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Abstract

The electrocatalytic oxidation of glucose at Au nanoparticle-modified PFC electrodes has been studied using
voltammetry technique in a (5 mM glucose + 0.1 M NaOH) solution. The PFC electrode didn't show any
activity in the potential of interest (i.e. —0.8 V to 0.8 V). However, a very interesting positive catalytic effect
was observed upon modification of the electrode surface with gold nanoparticles (AuNPS). In fact, the effective
glucose oxidation, via a two-electron process, to gluconolactone took place with an oxidation peak potential of
ca. —0.38 V vs. Ag|AgCI (Sat. KCI) at the modified PFC electrode. The lactone was further oxidized at higher
overpotential with a peak current at ca. 0.35 V vs. Ag|AgCl (Sat. KCI). The electrochemical deposition of gold
nanoparticles onto PFC electrodes offered a cost-effective and rather simple way to prepare highly-catalytic
catalyst (i.e. AUNPS/PFC) for a promising wide range of applications, fuel cells in particular.

Keywords: Fuel cells, Glucose Oxidation, Nanoparticles and Electrocatalysis.

1. Introduction

The electrocatalytic oxidation of glucose bas been examined extensively especially on gold substrate [1-12] that
has been paid much attention so far due, among others, to an increasing interest in its fuel cells applications. In
this respect, underpotential deposited (UPD) metal ad-atoms modified gold electrodes exhibited interesting
catalytic activities [1, 2, 10, 11] where, for instance, an effective oxidation of glucose at relatively negative
potentials was observed at Ag-UPD Au single crystal electrodes.

On the other hand, the use of nanoparticles of different metal substrates to fabricate highly active electrodes
has attracted great interest due to its wide range of electrochemical applications. For instance, Au nanoparticles
showed interesting electrocatalytic activity towards many reactions, among which are CO oxidation [13-15], O,
reduction [16-20] and glucose oxidation [21, 22].

We have a special interest in the fuel cells applications of the elctrocatalytic oxidation of glucose [1, 2, 10,
11, 21, 22]. Our aim is the design and preparation of anode catalysts that would achieve an effective glucose
oxidation at reasonable low overpotentials and enable the preparation of a glucose-air fuel cell as schematically
presented in scheme 1. The preparation of Au nanoparticles (AuNPS) was reported mainly through chemical
reduction of aqueous solution of the chloro-metallate anion [23-25] or the electrochemical deposition on an
inert substrate [26-28]. Other methods include metal vapor synthesis, sol-gel, impregnation, deposition-
precipitation and dip coating.

Carbon-based catalysts are of special practical interest since they are very cost-effective, offer a more
convenient usage and can have quite large surface area. In last decade, a novel carbon material, namely the
plastic formed carbon (PFC) was prepared through the mixing of graphite with an organic binder followed by a
pyrolysis to a glassy carbon [29]. In the present work, we report the voltammetric studies of the electrocatalytic
oxidation of glucose in an alkaline solution (i.e. 0.1 M NaOH) at Au nanoparticle-modified (PFC) electrodes.
AUNPS were prepared via the chemical reduction of AuCl, to form Au nanoparticles (g = 2 nm) followed by
“mechanical” deposition onto a plastic formed carbon (PFC) substrate. This material has the advantage to
prepare electrodes of large surface area with reasonable rigidity.
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By comparison of the voltammetric curves of bare and modified electrodes we could obtain a clear idea about
the catalytic activity of the prepared (AuNPS/PFC) electrodes toward the electrocatalytic oxidation of glucose
in alkaline media.
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Scheme 1. Schematic representation of the parameters of the desired “Glucose-Air” fuel cell.

2. Experimental

2-1. Chemicals and Electrodes:

D-glucose was purchased from Wako Pure Chemical Industries, Ltd. NaOH and H,SO, (ultra pure grade, Kanto
Chemical Co., Inc.) were used to prepare the electrolytes. All solutions were prepared using ultra pure water
(Milli-Q 18.2 MQ.cm, Millipore System Inc.). For nanonparticles preparation, tetraoctylammonium bromide
(TOAB), ethanol (EtOH) and Toluene (99.5%) from Wako Pure Chemical Industries, Ltd., Japan, along with
decane-1-thiol (DT, 96%) and sodium borohydride (NaBH,, 99.995%) purchased from Aldrich Chemical
Company, Inc., and HAuCI,;.3H,0 (99.9%) from Sigma-Aldrich Japan, Co.Ltd., were used.

Plastic-formed carbon (PFC) electrodes (Mitsubishi Pencil Co., Japan) were used as working electrodes.
Home-made Ag|AgCI|KCl(sat) electrode and Pt-plate served as reference and counter electrodes, respectively.

To avoid any possible contamination, all glassware used were cleaned thoroughly by boiling in three-times
diluted nitric acid solution then rinsing and further sonicating in Milli-Q water for 30 min. Additionally, the
electrochemical cell was specially designed so that the reference electrode’s compartment was separated from
the other two by means of a fritted glass wall to avoid any possible leakage of chloride anions into the
investigated electrolytic solutions.

Electrochemical measurements were performed in a conventional three-electrode cell using a computer-
controlled CV-50 W voltammetric analyzer (Bioanalytical Systems, Inc.). Electrolyte solutions were initially
purged with high-purity nitrogen for at least 20 minutes, and during measurements the nitrogen flow was kept
uninterrupted to maintain an N,-saturated experimental condition.

2-2. Nanoparticles preparation:

Gold nanoparticles of 2nm core size were prepared using a two-phase (water-toluene) reduction of AuCl, by
(NaBH,) in the presence of decanthiol (DT) as reported elsewhere [24, 30]. AuCl, was transferred from
aqueous solution (10 mM) to toluene (80 ml) using TOAB (1.5g) under vigorous stirring for about 15 min. This
was visualized as the clearing of the initially yellow-colored aqueous phase and the orange-brown coloring of
the toluene phase as AuCl, was transferred into it. The organic phase was then isolated, DT (360 pl) was added
and the solution stirred again for about 5 min and the orange-brown color cleared. NaBH, (0.77g in 25 ml Milli-
Q water) was then added very slowly while stirring vigorously, and the solution's color turns to very dark. The
organic phase was then stirred for further 3 hours at room temperature then collected and the solvent (toluene)
removed on a rotary evaporator. The dark-brown DT-Au nanoparticles were then three-times cleaned with
ethanol by centrifugation. Finally, the purified pellet was then dissolved in Hexane (15 ml) for storage.

Before each experiment, Au nanoparticle-modified PFC (AuNPS/PFC) electrodes were prepared by casting
50 ul of the above prepared solution onto the pre-cleaned electrode surface (i.e. carefully polished then
sonicated in Milli-Q for at least 20 min). Upon air drying at room temperature, the electrode was heated to 300
°C for 2 hours to remove the DT encapsulate. The so-prepared AuNPS/PFC electrode was then sonicated in
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Milli-Q water prior to being mounted on the electrochemical cell between an o-ring and a glass disc using a
metal clip. The geometrical electrode area (ca. 0.28 cm?) was defined by the circumference of the o-ring and
forms the bottom of the cell. All potentials are reported with respect to Ag|AgCI|KCl(sat) electrode and current
densities are calculated based on the apparent geometric area. All experiments were carried out at room
temperature.

3. Results and discussion

The data obtained at a bare, unmodified (PFC) electrode in a (5mM glucose + 0.1 M NaOH) solution showed that
this surface is completely inactive for glucose oxidation in the potential range of interest and only oxidation and
reduction peaks of the electrode surface itself are observed (cf. inset of figure 1). This kind of behavior is
indeed expected for carbon-based electrodes [21, 22, 31].

Upon modification of the PFC electrode surface by deposition of AuNPS, as described in the experimental
section, the as-prepared AUNPS/PFC electrode showed an extraordinary, completely different catalytic activity
towards glucose oxidation in the same experimental conditions as displayed in figure 1.

Two distinct oxidation peaks were observed at around ca. —0.38 V and ca. 0.35 V that are due to the direct
electrochemical oxidation of glucose to gluconolactone, its two-electron oxidation product, and the further
oxidation of the latter at more positive potentials, respectively [1-3, 5, 32, 33]. The electrocatalytic oxidation of
glucose in the present work condition is believed to proceed via the scheme outlined in scheme 2 [1].

This data is in a good agreement with a previously published work of our group with a more positive
catalytic effect obtained in the current one, however. The reason for that would most probably be related to the
careful preparation of the modified electrodes in the current study, especially the pre-treatment of the electrodes
before electrochemical measurement as well as the electrochemical cell thorough cleaning. This is in line with
the behavior at Au single crystal electrodes were electrocatalytic activity of both bare and modified electrodes
depended clearly on the electrode surface quality (annealing) as well as the electrochemical cell preparations
(cleaning and reagents)[1, 2, 10, 11]. In a previous work we demonstrated the impact of the electrochemical
pre-treatment of carbon-based substrate electrodes on the obtained catalytic activities [21, 22].

Additionally, this observed catalytic activity is interestingly comparable to that obtained at Ag-UPD maodified
single crystal Au(111) and Au(100) electrodes [1, 2, 10] while it is very much cost-effective which is one major
concern in the field of fuel cells applications.
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Figure 1. Voltammetric curves of glucose oxidation in a (5 mM glucose + 0.1 M NaOH) solution at bare
(dashed line) and AuNPS-PFC electrodes. Scan rate: 50 mV s *. The inset shows the cyclic voltammogram at
bare PFC electrode in the same conditions.

It is noteworthy that the oxidation peak current density (j,) of glucose electrocatalytic oxidation in the
present work conditions is linearly proportional to the scan rate (v) confirming the adsorption electrochemical
process of the studied glucose oxidation at the prepared catalyst in the present work conditions as well-
documented in literature for similar catalysts [12, 25, 31, 32, 34] and in accordance with scheme 2. Moreover,
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the as-prepared (AuNPS/PFC) catalyst is much easier to design and handle compared with previously reported
Au single crystal-based electrodes [1, 2, 10, 11]. In fact, the latter require a very careful pr-treatment, for
instance annealing and guenching, in addition to the high cost demanded for the preparation of a larger-scale
surface area when it comes to the design of fuel cells prototype. This is very obviously not the case of the
investigated (AuNPS/PFC) catalyst in the present work.
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Scheme 2. Oxidation mechanism of glucose at gold electrodes (M = Au) at potentials more negative than 0 V
vs. AgIAgCl. MOH denotes the active site on the electrode surface.

The durability of the prepared catalyst was checked by constant potential (ca. —0.3V) electrolysis in the same
work solution (5 mM glucose + 0.1 M NaOH) and results are reported in figure 2 displaying the variation of the
ratio (j/jo) with time. Where j and j, are the current densities at a given time t (min) and that at the beginning of
the electrolysis (t = 0 min), respectively.
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Figure2. Time-variation of the anodic current density during the constant potential electrolysis (E = —0.3 V) of
glucose oxidation in a (5 mM glucose + 0.1 M NaOH) solution AUNPS-PFC electrodes.

As can be depicted from figure 2, despite its decrease with increasing electrolysis time, there is always a
positive anodic current flow even after one hour of continuous electrolysis. This makes the prepared AuNPS-
PFC catalyst a potential candidate for fuel cells application. An improved anodic current would be more
preferable, though.

4. Conclusion

Glucose electrocatalytic oxidation has been investigated at Au nanoparticle-modified plastic formed carbon
electrodes. The prepared AuNPS-PFC catalyst showed a very interesting catalytic activity that was nicely
comparable to the reported data for one of the best bimetallic electrodes for glucose electrocatalytic oxidation
(i.e. Ag-UPD modified single crystal Au electrodes).
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The voltammetric investigations of the catalytic activity of AUNPS/PFC electrode revealed that the oxidation
current flow commenced at ca. —0.6 V and reached the peak potential of the effective two-electron oxidation of
glucose to gluconolactone at ca. —0.38 V. Sweeping the potential to higher range confirmed the further effective
oxidation of the initially produced lactone with an oxidation peak potential appearing at ca. 0.35 V vs.
Ag|AgCI|KCl(sat).

This new approach enabled the preparation of a very much cheaper yet highly-active catalyst paving the way
to an interesting step forward, towards to design of glucose-based fuel cells.

A more “tunable” catalytic activity at similar catalysts is currently under investigation and will be the subject
of an upcoming communication.
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