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Abstract

Macroporous platinum structures have been prepared by electrodeposition in the interstitial spaces
between a 500 nm polystyrene sphere template, onto platinum and glassy carbon electrodes. The
structures were analysed with scanning electron microscopy and confocal microscopy. These
electrodes are employed for the electrochemical oxidation of hydrogen in the room temperature ionic
liquid  1-ethyl-3-methylimidazolium  bis(trifluoromethylsulfonyl)imide  ([Comim][NTf.]). The
behaviour on the porous electrodes showed obvious thin-layer characteristics in the cyclic
voltammetry, with a strong tendency for hydrogen to accumulate and remain in the pores after being
removed from the cell. Plots of peak current vs concentration (10 — 100 % H) were linear, but currents
continued to increase over time. The sensitivities (gradients) of the calibration plots were the highest
for the platinum porous structures (compared to the bare, or nanoparticle-modified surfaces). Due to
the accumulation of gas, such modified electrodes could be employed as leak-detectors for very low

concentrations of hydrogen.
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1. Introduction

Hydrogen is an important, widely-used gas that finds applications in a range of fields, including as a
rocket fuel during aerospace operations [1], for removing sulphur from fuels during oil-refining [2], as
a reagent to synthesise ammonia in the Haber process [3], for removing friction-heat in power plant
turbines [2], as a therapeutic medical gas [4], and it is a product in many chemical reactions. It is also
being used as a fuel for next-generation hydrogen powered vehicles, since the only emission products
are water [5]. It is colourless and odourless but presents a potential hazard, since it forms explosive
mixtures with air in the concentration range 4 — 75 % vol. Continuous monitoring for potential leaks
and build-up of hydrogen is therefore required, and electrochemical hydrogen sensors have been

developed to overcome this challenge [6].

In addition to detecting hydrogen, it is also important to understand the hydrogen oxidation reaction
(HOR) in fuel cells. It is well known that the mechanism for HOR in aqueous solutions involves the
formation of adsorbed hydrogen on platinum, followed by its dissociative oxidation [7, 8]:
Pt+-Hy g = Pt-Haq = Pt+H* +e” (1)

Less has been published on the mechanism in aprotic solvents such as room temperature ionic liquids
(RTILs). The oxidation of hydrogen on Pt in RTILs has been reported by various groups [9-19], with
pre-anodization (“activation”) of the electrode giving rise to higher currents and more reversible
voltammetry [9, 12, 15, 16]. A detailed four-step mechanism involving the radical of the RTIL anion

(INTT2]) was recently proposed [17]:

NTf,” = NTf, + e~ (1)
Pt-NTf,” = Pt-NTf, + e~ 2)

2 Pt-NTf,  + H, = 2 H-Pt-NTf, (3)
H-Pt-NTf, = Pt-NTf, + H* + e~ (4)



In an effort to explore more sensitive electrode materials for gas sensing applications, high surface area
porous electrodes were prepared in this work. The desired physical effects of these porous materials
that may lead to advantageous sensing properties are: (i) a larger surface area to enable a greater
preconcentration of hydrogen at the electrode via adsorption, and (ii) “thin-layer” adsorption of
hydrogen within the porous electrode — allowing quantification of the amount of hydrogen initially
located in the porous layer. Porous electrodes of various materials (e.g. gold, platinum, palladium,
cobalt, aluminium) have previously been produced by template-assisted electrodeposition [20-25], and
some were used for electroanalytical applications [25, 26]. In the present work, we report the
preparation of platinum modified electrodes for the targeted detection of hydrogen gas in a RTIL. This
is the first time that such porous electrode materials have been employed for ambient temperature (ca.

298 K) gas sensing using RTILs.

2. Experimental

Electrochemical experiments were preformed using a PGSTAT101 (Metrohm Autolab, Netherlands)
interfaced to a PC with NOVA 1.11 software. For deposition experiments, a three-electrode cell was
employed; the working electrode was a “change-disk™ platinum (Pt) or glassy carbon (GC) stub 5 mm
in diameter (PINE Research Instrumentation Inc., Durham, NC, USA), with a Ag/AgCI reference
electrode (BASI, Indiana, USA) and Pt coil counter electrode (Goodfellow, UK). The electrodes were
immersed into 10 mL of electrolyte solution in a glass vial. Ultrapure water (resistance 18.2 MQcm)
was prepared by an ultrapure water purification system (Millipore Pty Ltd., North Ryde, NSW,
Australia). The working electrodes were first polished on soft lapping pads (Buehler Illinois) with
decreasing size of alumina (3, 1 and 0.5 pum, Kemet, NSW, Australia). For deposition, GC and Pt
electrodes were templated with polystyrene latex spheres (500 nm diameter, 10 wt % aqueous
suspension, Magsphere Inc., Pasadena California) in a 1:3 water:ethanol preparation. 5 pL of
polystyrene sphere suspension was spread over the electrode, covered, and allowed to dry for ca. 4

hours. Electrodeposition was performed in 5 mM chloroplatinic acid hydrate (H2PtCls.xH20, >99.9 %,
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Sigma-Aldrich) 0.5 M H2SO4q) (98 % w/w [18.4 M], Sigma-Aldrich) solution, by holding at -0.2V (vs
Ag/AgCI) for 300 seconds. After deposition, the electrodes were washed with ultrapure water, dried
under nitrogen, before immersing in tetrahydrofuran (> 99.9 %, Sigma-Aldrich) for 2 days to dissolve

the polystyrene spheres, and finally washed with isopropanol (99.5 %, Sigma-Aldrich).

For gas sensing experiments, the reference and counter electrodes were Ag and Pt wires, respectively.
300 pL of the RTIL 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide ([Comim][NTT,],
>99 %, Merck, Kilsyth, Victoria, Australia) was contained in a fixed cavity above the change-disk
working electrode, consisting of a 1 cm high polytetrafluoroethylene (PTFE) reservoir custom-made
by PINE Research Instrumentation Inc. This RTIL has shown to give chemically reversible HOR
peaks previously on Pt surfaces [15]. The electrochemical cell was a modified glass ‘T-cell’ designed
for investigating microsamples of ionic liquids under controlled atmospheres [27, 28], which was
purged with N2 (>99.99 %, BOC gases, Welshpool, WA, Australia) to remove impurities (e.g. oxygen,
water) naturally present in the RTIL. When the baseline was stable, hydrogen (99.999 %, BOC gases,
Welshpool, WA, Australia) was introduced until equilibrium was obtained (typically after 10 minutes).
An outlet gas line (PTFE tube) led from the other arm of the cell. All experiments were inside a
Faraday cage in a fume cupboard, at 294+1 K. The gas mixing system (using nitrogen as a dilution
gas) is described in [29]. Hydrogen concentration was controlled by varying the relative flow of
hydrogen and nitrogen gases, with the total flow rate held constant at 800 sccm. Flow rates were varied
from 80 to 800 sccm for hydrogen and 720 to 0 sccm for nitrogen. Scanning electron microscopy
(SEM) was performed using Zeiss Evo 40XVP model, with an accelerating voltage of 5.0 kV. The size
of polystyrene spheres, platinum nanoparticles (PtNPs), and macropores was measured using ImageJ.

Depth-profiling was performed using a WITec (alpha300 series) confocal microscope.



3. Results and Discussion

3.1 Electrodeposition and characterisation of electrodes

Figure 1 shows SEM images of the different modified electrodes. PtNPs were deposited onto GC
(Figure 1a) by holding at -0.2 V (vs Ag/AgCl) in 5 mM H2PtCls/0.5 M H.SO4 for 20 seconds (charge,
Q =-0.029 Ccm?, averaged over the whole electrode), revealing randomly dispersed nanoparticles of
size 215+14 nm (averaged over 100 particles, n = 100). The PtNPs will provide the active surface for

hydrogen oxidation, since glassy carbon does not have significant activity towards hydrogen.

An image of the polystyrene spheres used for the template on the GC electrode surface (Figure 1d)
shows spheres of size 500+£20 nm (n = 50). There are areas of organised hexagonal close packing, with
several areas of disorder. This may be due to poor adhesion of the spheres on the surface of the GC
electrode, coupled with the relatively fast drying of the casting solvent. More regular alignment was

observed on the Pt surface.

Figure 1. SEM images of (a) Pt nanoparticles on GC, (b) Pt-porous GC, and (c) Pt-porous Pt. Close-up
SEM images of (d) polystyrene spheres on GC, (e) Pt-porous GC, and (f) Pt-porous Pt.



Figures 1b, 1c, 1e and 1f show the polystyrene sphere templated porous-Pt structure, electrodeposited
by holding at -0.2 V for 300 s on both GC (Q = -0.179 Ccm™) and Pt (Q = -0.180 Ccm) electrodes at
two different magnifications. The height of deposit is relatively regular over the centre of the electrode
surface on both electrodes. The thicknesses of the porous-Pt deposits (measured via. depth profiling
with a confocal microscope) were ca. 550 nm and ca. 250 nm on Pt and GC, respectively — with some
evidence of multilayer deposits close to the edges. A thinner deposit on the GC electrode can be
attributed to the poorly packed polystyrene spheres. Longer deposition times/charges would likely
build up more multilayer deposits [21], but were not required in this work. Pore sizes are 451+14 nm
(n =50) on GC, and 440+12 nm (n = 50) on Pt. The deposit on Pt appears to be strongly bound to the
Pt electrode and is fairly uniform over the electrode, but with some obvious nanoporosity when
magnified (image not shown). In contrast, the deposit on GC is disconnected, highly cracked, but
smoother, and is very easily removed by scratching (although stable for use in the RTIL for hydrogen

experiments).

3.2. Hydrogen oxidation in the RTIL [Comim][NTf]

Figure 2 shows cyclic voltammograms (CVs) for the HOR in [Comim][NTf2] on the five surfaces. On
GC (Figure 2a), there is little response to increasing hydrogen concentration, consistent with hydrogen
being relatively inactive on GC. On the four other electrodes, chemically reversible voltammetry was
observed. Highly linear plots of peak current vs scan rate indicate adsorption behavior of hydrogen on
all electrodes, consistent with that reported previously [14, 17]. Additionally, peak-to-peak separations
(AEp) increased significantly with increasing scan rate (10 — 1000 mVs™), which could be indicative of
quasi-reversible kinetics. However, AE, was observed to also vary with increasing concentration (10 -
100 %) on all surfaces, which may be related to a resistance effect — as verified using the voltametric
digital simulation program DigiElch (not shown). The resistance may be a result of the thickness and
high viscosity of the electrolyte layer, or due to contact resistance [30] as a result of hydrogen

adsorption. It is less likely to be due to diffusion of ions within the porous-Pt or related to the quality
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of the electrical contact of the material, since AE, also increased on the bare and PtNP modified

electrodes.

The major difference between the CVs in Figure 2 is that the current falls almost to zero after the
oxidation peak on the porous electrodes, whereas on the Bare Pt and PtNP modified GC electrodes, a
more classical peak-shape (typical for a diffusion controlled species) is obtained. This could indicate
that hydrogen is strongly-adsorbed in a thin layer within the pores, as similar changes in voltammetric
waveshapes were reported by Streeter et al. [31] for electrode surfaces covered by porous layers. This
was evident when the system was purged with nitrogen, with ca. 12 hours required for the current to
return close to zero, compared to ca. 5 minutes for the non-porous electrodes. It is noted that no-such
current drop-off to zero was observed for a standard redox species, ferrocene, on the porous surfaces
(not shown), which reveals that the adsorption kinetics of hydrogen at the top layer of the porous
material are too slow (at the scan rates used in this study) to enable consumed species to be replenished
from the bulk. There is also no evidence of electrogenerated protons being trapped within the film, due
to the absence of the proton reduction peak when the cell was flushed with nitrogen after hydrogen
oxidation experiments.

Figure 2f shows overlaid CVs for 100 % hydrogen, with an expected concentration (solubility) of ca.
4.2 mM in the RTIL [12, 16, 19]. The widest AE, was on the bare Pt (449 mV), followed by PtNP GC
(242 mV) > Pt-porous Pt (222 mV) > Pt-porous GC (220 mV). This indicates that the Kinetics are
faster on the electrodeposited materials compared to the polished Pt macrodisk. This could be due to
more defect sites on the deposited Pt, which are known points of high electrochemical activity [32].
Peak currents on the porous electrodes are up to double those of the non-porous electrodes, however,
the reverse peak currents are similar for all surfaces. The peak current ratio lox/lred is ca. 2 — 3 on the
porous electrodes compared to 0.7 — 1 on the non-porous surfaces, further suggesting a not fully

reversible process. Apparent rate constants for electron transfer for hydrogen oxidation (6.5 x 10 cms



1y and proton reduction (4.5 x 10* cms™) were reported in this RTIL on polished Pt microdisk
electrodes, along with diffusion coefficients for hydrogen (~5.5 x 10"2° m?s?) and the solvated proton

(~2.5 x 10 m?s?) [12].
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Figure 2. CV (100 mVs™) for the oxidation of 10-100 % H in [C2mim][NTf.] on (a) bare GC, (b) bare
Pt, (c) PtNPs GC, (d) Pt-porous GC, (e) Pt-porous Pt, and (f) a comparison of 100 % H2 oxidation on
all five electrodes. All CVs were pre-anodized at +2.0 V for 60 s [15]. Note that the CV for bare Pt in
(f) has been shifted -0.3 V to allow for an easy comparison to the other CVs.

Figure 3 shows a comparison of calibration graphs obtained from the CVs in Figure 2. The negligible
sensitivity (gradient) of the bare GC electrode confirms that hydrogen has very little activity on GC.
The sensitivity of the other electrodes follow the order: bare Pt (gradient 2.1 uA/% H2) < PtNP GC
(gradient 2.5 pA/% Hy) < Pt-porous GC (gradient 4.0 uA/% H,) < Pt-porous Pt (gradient 5.5 uA/%
H>), showing that the porous electrodes give rise to higher sensitivity — favourable for analytical
applications. The higher sensitivity of the porous-Pt on the Pt electrode can be attributed to a larger
electroactive surface area, likely due to the greater micro and nano porosity compared to the Pt deposit
on the GC electrode — noting that the same deposition parameters were employed, and very similar

deposition charges were measured. This suggests that the choice of deposition substrate is crucial to



ensuring high coverage and ordering of the polystyrene spheres, and maximum porosity of the
resultant films. Exploring soft-templated films on cheaper substrate materials (e.g. silver, copper) may

be worthwhile in future studies.

Error bars for three repeat measurements on the same electrode are negligible for all surfaces,
indicating good reproducibility. However, it should be noted that for the porous materials, the current
continued to rise over time while exposed to a fixed % H»; hence, these calibration graphs were
produced using a consistent procedure (applied to all surfaces): (i) starting from low to high
concentration, (ii) leaving precisely 5 minutes between concentration changes, and (iii) only recording
one CV per concentration. Even steeper gradients were observed if left for a longer gas exposure time,
with a plateau current observed at ca. 600 PA, although the oxidation peak shape remained the same.
This suggests an accumulative build-up of H> gas on the porous material. This behaviour may be
problematic for a long-term reversible sensor where accurate quantification is needed, but could be

utilised as a highly-sensitivity early-warning leak detector for low concentrations (< 0.1 % H,) of

hydrogen gas.
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Figure 3. Calibration graphs (peak current vs concentration) for hydrogen oxidation in [Comim][NTf]
on the five surfaces. Error bars represent one standard deviation for three repeat measurements on the
same electrode on different days.



4. Conclusions

Various platinum-modified electrodes have been prepared for the electrochemical detection of
hydrogen in an ionic liquid. SEM imaging and depth-profiling of the Pt-porous electrodes revealed that
a single layer was deposited, with some multilayers near the edges. Cyclic voltammetry wave shapes
suggest strong evidence of hydrogen adsorption and accumulation occurring within the pores, and
higher peak currents were found on the porous electrodes — which may allow higher sensitivity for
analytical applications. It was observed that hydrogen is retained in the pores and can build-up over a
period of time, suggesting that these electrodes may be of potential use as leak detectors for low %
concentrations of hydrogen gas. Future work may include more fundamental studies on the porous
materials, especially the effect on diffusion coefficients of species inside the porous structure

compared to the bulk.
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