Thisis apreviousversionof thearticle publishedby Wiley-VCH VerlagGmbH& Co.KGaA in ChemElectroChen2015,2(7): 958-962.d0i:10.1002/celc.2015000

Electrochemical oxidation of small organic molecules on

Au nanoparticles with preferential surface orientation

J. Monzé?, Y. Malewski?, F. J. Vidal-Iglesias®, J. Solla-Gullén® and P. Rodriguez®
& University of Birmingham. School of Chemistry, Birmingham. B15 2TT, UK.
® Institute of Electrochemistry, University of Alicante, E-03080, Alicante, Spain.

Corresponding author: p.b.rodriguez@bham.ac.uk

Glycerol oxidation

Au(111)-Nps Au(100)-Nps

E IV vs RHE

Keywords: Gold, nanopatrticles, preferential surface orientation, alcohol oxidation.
Abstract

The surface orientation effect on the oxidation of small organic molecules such as
methanol, formaldehyde, ethanol and glycerol has been studied on Au nanopatrticles
in alkaline medium. Two sets of Au nanoparticles enriched in (100) and (111) facets
were synthetized by using colloidal methods in presence of cetyltrimethylammonium
bromide (CTAB). The nanoparticles were physically characterized by TEM and XRD
and electrochemically characterized by using Pb UPD as surface structure probe. It
is reported that while methanol oxidation was similar in both types of nanoparticles,
the oxidation of formaldehyde presented a clear surface orientation effect. For this

reaction, the nanoparticles with (111) preferential orientation presented higher
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current densities at low potentials, whereas Au(100) nanoparticles exhibited higher
activity at more positive potentials than 1.0 V vs RHE. On the other hand, for glycerol
and ethanol oxidations, the onset of the reaction was similar in both types of
particles, although Au(111) nanoparticles showed higher current densities than the

Au(100) ones.
1. Introduction

During the last decades, the search for materials with enhanced catalytic activity
toward the oxidation of potential alcohols and their intermediates to be used in power
sources has increased exponentially’®. Besides the search of new alloy materials,
special attention has been paid to the effect of the composition of the electrolyte®™**,
In acidic media, among all the metals, Pt and Pd are the metal catalysts of choice for
the oxidation of many organic molecules. Inclusive, the search for suitable alloys with

higher catalytic activity is mainly based on Pt alloys including in the matrix metals as

Bi**™°, Pb'®", sn'®1® or M0o?®>** among others.

On the other hand, in alkaline media, Au electrodes are quite often more active than
Pt and Pd electrodes towards the oxidation of carbon monoxide and some small
organic molecules®®?>?* Interestingly, this is not always the case since for glycerol,
the catalytic activity of Pt/C and Pd/C is superior to the activity of Au/C.**?® The main
reason for the high catalytic activity of gold is the lower propensity of gold to form
surface oxides, which inhibit the alcohol oxidation activity?”?°. Therefore, the high
catalytic activity of gold for the electrochemical oxidation of alcohols in alkaline media
has little to do with special catalytic properties of gold, but rather with the favourable
reaction conditions in solution (i.e. effect of the pH in decoupled proton—electron
transfer steps)’ combined with the low tendency of gold to become poisoned by

either CO or surface oxides (i.e. weak adsorption properties of intermediates).



In addition to the effect of the pH, only few works have included the influence of the
surface structure on the catalytic activity of gold 2*. In particular the role of the surface
structure of gold towards the oxidation of methanol, ethanol and glycerol has been
under looked and scarce contributions can be found in the literature®®?"%,
Additionally, even fewer contributions have been published dealing with the alcohol
oxidation on nanoparticulated systems>**’. Consequently, the aim of this work is to
explore the electrocatalytic properties of two shape-controlled Au nanoparticles

towards the oxidation of formaldehyde and some alcohols, including methanol,

ethanol and glycerol, in alkaline solution.
2. Experimental section
2.1 Synthesis of Au nanoparticles

Cubic nanoparticles were synthetized by a colloidal seed-mediated method, using
spherical gold nanoparticles as seeds, following the experimental procedure
described by Murphy and Sau®. Briefly, Au seeds were prepared by the reduction of
HAUCI4-3H,0 (2.5 x 10 M) by ice-cold NaBH, (6.0 x 10 M) in the presence of
CTAB (7.5 x 102 M). Au seeds were used to induce the nanocubes formation in a
growth solution containing HAuUCl, (2 x 10* M) + CTAB (1.6 x 102 M) + L-ascorbic

acid (6 x 10 M) to which Au seeds (1.25 x 10® M) were added.

On the other hand, the octahedral/tetrahedral nanoparticles were synthesized using a
similar methodology to that previously described by Han et al.***°. In brief, an
aqueous solution of L-ascorbic acid (5 x 10 M) was added to a growth solution
containing HAUCl4 (1.25 x 10 M) and CTAB (10 mM). Then, Au particle formation

was induced by adding NaOH (100 mM).



In both cases, after the reaction was completed, the solution was centrifuged at 3000
rpm for 30 minutes to precipitate the solid and remove the excess of reactants. Then,
Au nanoparticles were redispersed in ultra-pure water, and their precipitation was
induced with the addition of NaOH which destabilized the CTAB adsorbed on the
surface of the Au nanoparticles producing nanoparticle precipitation. The
nanoparticles were again collected by centrifugation and the supernatant discarded.
Then, the Au nanoparticles were cleaned 2-3 times with ultra-pure water following the
same process of centrifugation and redispersion in ultra-pure water. This protocol

allows the removal of as much CTAB from the surface of the particles as possible.
2.2 Characterization of the nanoparticles

Transmission Electron Microscopy (TEM) was performed using a JEOL JEM 1200
EX MKI instrument. Samples were prepared by drop-casting ethanolic suspensions

of each catalyst on carbon-coated copper grids and drying in air.

X-ray diffraction (XRD) patterns were obtained with a Bruker AXS D2 PHASER
diffractometer using CoKa (0.179 nm) radiation. Samples were prepared by
depositing a couple of drops (20 uL) of the CTAB protected nanoparticles on a quartz

holder and drying in air.
2.3 Electrochemical measurements

In order to obtain very clean and reproducible conditions, prior to each experimental
session, the cell and all glassware were immersed overnight in an acidic solution of
KMnO,4. Next the solution was removed and the residual MnO,4" was rinsed with an
acidic solution of H,O, and sulphuric acid (3:1) and finally thoroughly washed several
times by boiling with ultra-pure water (Elga PureUltra, 18.2 MQ cm, 1 ppb total

organic carbon). A two-compartment electrochemical cell was employed, with a gold



wire as counter electrode and a reversible hydrogen electrode (RHE) as the
reference electrode. Electrochemical measurements were performed with an Autolab
PGSTAT12. Solutions were prepared from NaOH (99.99 %, Sigma-Aldrich), and
ultra-pure water. Argon (Ar, (N66)) was used to deoxygenate all solutions. Au
nanoparticles were deposited on a glassy carbon rod (SIGRADUR) electrode with 2.0

mm diameter which was polished before each experiment with diamond alumina.
3. Results and discussion
3.1Characterization of the preferential oriented nanoparticles

Figures 1A-B show the transmission electron microscopy (TEM) images and the
corresponding X-ray diffraction (XRD) patterns of the two different samples of gold
nanoparticles employed in this work. The TEM images indicate the presence of Au
cubes and octahedrons with a particle size of about 45-50 nm in agreement with a
previous contribution*'. Thus, whereas the cubic nanoparticles (fig.1A) suggest the
presence of (100) facets, the octahedral/tetrahedral ones (fig.1B) should have a
preferential (111) surface orientation. This fact is confirmed by the XRD patterns
shown in figure 1A-B respectively. The XRD patterns of the different Au nanoparticles
clearly show a distinct relative intensity of the different diffraction peaks indicating the
presence of a preferential orientation parallel to the substrate in agreement with

previous observations by M. Eguchi, et al.*?

In addition to the TEM and XRD analyses, the electrochemical characterization of the
nanoparticles was performed by using Pb underpotential deposition (UPD) in order to
proof the existence of the preferential surface sites and the absence of undesirable
faceting®**. The Pb UPD on gold single-crystal electrodes has shown surface

structure dependence and has been used for the characterization of preferential



oriented nanoparticles®. Figure 2A shows the Pb UPD on both types of gold
nanoparticles. In the positive cycle (Pb dissolution) 4 main contributions can be
distinguished. The voltammetric signal at ca. 0.44 V (RHE) has been associated with
the dissolution of Pb adsorbed on the (111) terrace sites, while the signals at ca. 0.38
and 0.47 V (RHE) have been ascribed to the presence of (100) terraces. Finally, the
contribution at 0.56 V (RHE) corresponds to the presence of (110) and defect surface
sites. As can be seen, the results found here are in good agreement with the results
obtained from ex situ TEM and XRD experiments and reveal a high contribution of
(100) and (111) surface sites on the cubic and octahedral/tetrahedral nanoparticles,

respectively.

In addition to the surface characterization using the Pb UPD, the formation of PbO,
layers at potentials higher than 1.1 V vs RHE also promote the oxidation of organic
contaminants from the electrode****. Subsequently, in order to remove the Pb/PbO,
after the electrochemical cleaning process, the supported particles were dipped in
0.1 M HNOj; for 10 minutes®®. Figure 2B shows the blank voltammetric response of
the Au nanoparticles after this cleaning procedure. As can be seen in the
voltammetry, no peaks were observed between 0.25 and 0.8 V, which confirms the
absence of residual Pb from the cleaning procedure. The peaks at 1.2 V vs RHE in
the positive scan and at 1.1 V in the negative scan correspond to the formation and
reduction of gold oxides respectively. In particular, the peak at 1.28 V is attributed to
the oxide formation on (111) sites while the peak at 1.40 V is characteristic of the

oxide formation on (100) sites.*’

In order to properly normalize the catalytic activity, the electrochemical active surface
area of the nanoparticles was calculated both by using the charges of the Pb

UPD**! and the Au oxide reduction *®*° The electrochemical surface area of Au



electrode was determined from the reduction of the monolayer of gold oxide. The
charge of the reduction of monolayer gold oxide on a polyoriented electrode, when
the anodic limit of the voltammogram is set just before the onset of oxygen evolution
reaction, is 420 pCcm™2 *°. On the other hand, for the upd process between 0.25 and
0.70 V a charge density value of 420 uC cm™ was used to determine the surface
area of the nanoparticles. Table 1 summarizes the values of the electrochemical

active surface areas determined by both methods.

Table 1. Electrochemical surface area (cm?®) of cubic and octahedral/tetrahedral

nanoparticles determined by Pb UPD and Au oxide reduction.

Sample/Method Pb UPD Au oxide reduction
Cubic 0.0333 cm? 0.0359 cm?
Octal/tetrahedral | 0.0325 cm? 0.0349 cm?

3.2Electrochemical oxidation of carbon monoxide, methanol and formaldehyde

It has been previously shown that gold catalyses the methanol oxidation in alkaline
media at low potentials on very rough surfaces®. Intuitively, this effect could be
attributed to the high catalytic activity of low coordinated atoms on the surface of the
electrode. Based on spectroscopic observations, it has been proposed that during
methanol oxidation the first step is always the dehydrogenation of the methyl group
followed by the formation of formaldehyde, formic acid and CO as stable
intermediates®®°!. Therefore, the oxidation of methanol and its oxidation reaction
intermediates on the preferential oriented nanoparticles is of high interest in order to
elucidate the reaction mechanism on these types of catalysts. Previous studies have

also shown that the adsorption of one CO monolayer on a gold electrode in alkaline



media takes places at lower potentials than 0.3 V vs RHE with further oxidation at
potentials higher than 0.7 V3>, Inclusive, additional studies have shown that the CO
adsorbed on Au(111) and Au(100) promotes the oxidation of methanol and other
alcohols®®. In order to evaluate the surface selectivity of CO oxidation on the Au
preferentially oriented nanoparticles, a similar procedure than that used in ref 3 was
followed. In brief, the electrolyte was saturated with carbon monoxide after bubbling
through the solution for 3 min under potential control and subsequently purging with
Ar for 30 min so as to remove all CO from solution. The resulting cyclic voltammetries
have shown no difference with respect to the blank voltammetries, which suggests
the poor interaction of CO on Au nanoparticles even upon adsorption at low
potentials, regardless of their shape/preferential surface structure. The differences
between the single-crystal behaviour and the nanoparticles might be attributed to the

5354 or to the

lack of long order surface structure on the facets of the nanoparticles
higher surface energy of the nanoparticles. It has been shown that the oxidation of
irreversibly adsorbed CO is strongly dependent on the presence of long order (111)
sites on the surface®. The bulk oxidation of carbon monoxide on the nanoparticles
did not show surface structure sensitivity in agreement to those results described

previously in the literature #*3°°,

Figures 3A-B show the voltammetric profiles of methanol and formaldehyde on the
cubic and octahedral Au nanopatrticles in alkaline medium. For methanol, as can be
seen in figure 3A, the voltammetric profiles are quite similar both in terms of the
onset of the oxidation (ca. 0.6 V) and recorded current densities. Even though the
differences are subtle, it is important to note that the octahedral nanoparticles
present slightly higher current densities between 0.75 and 0.9 V, while at higher

potentials, the cubic nanoparticles present a higher catalytic activity. It is widely-



accepted that the most important reactive intermediate species on the oxidation of

methanol is formaldehyde 2°

. In this regard, figure 3B reports the voltammetric
responses obtained on both Au nanoparticles towards the direct oxidation of this
intermediate (formaldehyde). Clear similarities can be found between methanol and
formaldehyde electrochemical oxidations. In particular, and despite the formaldehyde
oxidation occurs at much lower potentials than the methanol oxidation (ca. 0.3 V vs
RHE), in both cases the current densities obtained on the (111) preferentially
oriented nanoparticles are higher at low potentials (up to 0.95 V) while the Au cubic
nanoparticles are more active at potentials higher than 1.0 V. Previous FTIR
measurements have indicated that formate is the final product of the oxidation of

formaldehyde when the potential is limited to 1.5 V and cannot be further

oxidized?31%°6
3.3 Electrochemical oxidation of ethanol and glycerol

Since the adsorption and oxidation of small organic molecules have shown surface

22,24-30

structure sensitivity , it is expected that the adsorption of C2 and C3 molecules

might be also affected by the surface orientation of the electrocatalyst.

The role of the surface structure in the electrochemical oxidation of ethanol in
alkaline medium, has not been extensively studied®®. Very recently, it has been
shown that the presence of defects on the surface of the electrode promotes the
oxidation of ethanol at low overpotentials, although at higher potentials (ca. 1 V),
Au(111) has shown the highest catalytic activity in comparison with Au(100) and
Au(110) electrodes®. This can be associated to the adsorption strength of OH and
the gold oxide formation. Interestingly, it has been also shown that the only product
of ethanol oxidation on gold electrodes in alkaline media is acetate, regardless of the

electrode’s orientation?.



Figure 4A shows the voltammetric profiles of the cubic and octahedral Au
nanoparticles towards the oxidation of ethanol in alkaline medium. As can be seen,
both types of nanoparticles show a similar voltammetric profile and a similar onset
oxidation potential. However, the Au nanopatrticles with (111) preferential orientation
displayed higher current densities during the whole potential range. Even though the
Au nanopatrticles are preferentially oriented, the appearance of a pre-peak at 0.75 V
is an indication of the presence of defects on the surface as expected from

nanoparticulated materials.

The electrochemical oxidation of glycerol is a reaction that has recently been studied
extensively on gold electrodes. However, to our knowledge, there is just one work
available regarding the oxidation of glycerol on Au(100) electrode?®. Figure 4B shows
the electrochemical oxidation of glycerol in alkaline medium on the cubic and
octahedral Au nanoparticles. As can be seen, once again the nanoparticles with
(111) preferential orientation show a higher catalytic activity. In addition, the current
density values for the oxidation of glycerol on the cubic nanoparticles are in
agreement with the value reported by Avramov-lvic et al. for the Au(100) single
crystal electrode®®. Concerning the reaction products, it is known that, in alkaline
media, the main oxidation products for glycerol oxidation are glycolate and formate®.
Moreover, Fernandes Gomes et al. also reported the formation of dihydroxyacetone,
tartronic acid, mesoxalic acid, glyoxylic acid, and carbon dioxide as products in
alkaline media for a gold disk electrode %. A similar product distribution was also
reported by Zhang et al. and Xi et al.®>’ for the oxidation of glycerol on gold
nanoparticles (2-6 nm) deposited on carbon and measured in the outlet of a Solid
Anionic Membrane Fuel Cells.®® In addition to the results presented by Zhang et al.

and Xi et al.”’, recently few reports have also shown the influence of the support™,



the particle size® and the loading®* of the nanoparticles towards the glycerol
oxidation. Unfortunately, the product distribution was not shown in any of these
studies. Therefore a more extensive and detailed analysis of the nature of the
reaction products generated with the shape controlled Au nanoparticles will be

included in forthcoming contributions.
4. Conclusions

In this work, we have reported the synthesis of preferential oriented Au nanoparticles
and their electrochemical activity towards the oxidation of small organic molecules in
alkaline medium. The nanoparticles were characterized by X-ray diffraction,
transmission electron microscopy and electrochemical methods. It was confirmed
that the cubic nanopatrticles present high ratio of (100) sites while octahedral particles

present (111) preferential orientation.

The oxidation of a small organic molecule, such as carbon monoxide and methanol,
did not present a clear surface structure sensitive effect. However, for the oxidation
of formaldehyde, an evident surface structure effect is observed. In particular, at low
potentials, the Au(111) nanoparticles presented higher activities, whilst the Au(100)
nanoparticles were more active at higher potentials. In the case of the oxidation of
larger molecules such as ethanol and glycerol, Au(111) nanopatrticles clearly showed
higher current densities, especially in the case of the glycerol oxidation, where

currents were twice larger than those observed for the Au(100) ones.
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Figure Captions

Figure 1. X-Ray diffraction pattern of (A) Au cubic nanoparticles and (B) Au
octahedral nanoparticles. The insets show the TEM images of the corresponding

nanoparticles.

Figure 2. Voltammetric profiles of the cubic Au nanoparticles (dashed or dotted line)
and octahedral Au nanoparticles (solid line) in (A) NaOH 0.1 M + Pb(NO3), 10> M

and (B) NaOH 0.1 M . Scan rate v=50 mV s,

Figure 3. Voltammetric profiles of the cubic Au nanoparticles (dashed or dotted line)
and octahedral Au nanopatrticles (solid line) in (A) 0.1 M NaOH + 2.5 M methanol and

(B) 0.1 M NaOH + 0.1 formaldehyde. Scan rate v="50 mV s™.

Figure 4. Voltammetric profiles of the cubic Au nanoparticles (dashed or dotted line)
and octahedral Au nanopatrticles (solid line) in (A) 0.1 M NaOH +0.5 M ethanol and

(B) 0.1 M NaOH + 0.01 M glycerol Scan rate v=50 mV s,
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