Nanoscale

Accepted Manuscript

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Nanoscale

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
standard Terms & Conditions and the Ethical guidelines still

apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript
or any consequences arising from the use of any information it
contains.

ROYAL SOCETY
&cuzmsmv

ROYAL SOCIETY
OF CHEMISTRY www.rsc.org/nanoscale


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 4

Nanoscale

COMMUNICATION

Nanoscale

RSCPublishing

From gold porphyrin to gold nanoparticles:
catalytic nanomaterials for glucose oxidation

Cite this: DOI: 10.1039/x0xx00000x

Kamal Elouarzaki’, Alan Le Goff“, Michael Holzinger®, Charles Agnésb, Florence Duclairoir’,
Jean-Luc Putaux® and Serge Cosnier “*

Received 00th January 2012,
Accepted 00th January 2012

DOI: 10.1039/x0xx00000x

www.rsc.org/

Au(IIl) porphyrin was synthesized and evaluated for
electrocatalytic oxidation of glucose. These Au(IIl)
porphyrin, immobilized on a multiwalled carbon nanotube
matrix, oxidized glucose at low overpotentials. Furthermore,
AuNPs were electrogenerated by reduction of the Au(IIIl)
porphyrins. The electrocatalytic properties towards glucose
oxidation of these compounds were compared and
characterized with electron microscopy and XPS.
Electrocatalytic glucose oxidation is currently of widespread
interest because of its application in glucose biosensors and
glucose fuel cells'>. Due to the high cost and limited supply of
noble metals such as platinum and the instability and fragility
of redox enzymes such as glucose oxidases or
dehydrogenases®, molecular abiotic or bioinspired catalysts
providing sufficient catalytic activity represent a promising
alternative. Platinum or gold electrodes®, as well as redox
enzymes, are well described for the oxidation of glucose. Gold
nanoparticles (AuNPs) have also been studied extensively for
electrocatalytic oxidation of glucose®®. However, only few
molecular catalysts show interesting catalytic properties
towards the oxidation of glucose”'’. Porphyrin complexes of
gold(Ill) gained particular interest due to their promising
properties as chemotherapeutics against tumour cells''™',
Human Immunodeficiency Virus'®, and as chromophores in
photophysical molecular systems'> ‘%, Even if metal porphyrins
are well known for many applications in catalysis or
electrocatalysis, only few reactions such as the
cycloisomerization of allenones can be catalyzed by gold(III)
porphyrins'®. In addition, gold(Ill) porphyrins are mainly
insoluble in water and their electrochemical properties in water
were scarcely studied. In this context, Kadish et al. studied the
Au(Ill)/Au(Il) reduction process of gold(IIl) porphyrins in
organic media'®*®**'. Here, we present fundamental
investigation of the reduction process of gold(IIl) porphyrin in
organic media and demonstrate, for the first time, its role as
electrocatalyst of the oxidation of glucose in aqueous media.
We employed a simple method for the evaluation of the
electrocatalytic activity of these water-insoluble porphyrin
compounds by immobilization of the catalyst on multiwalled
carbon nanotubes (MWCNTs). The use of MWCNT support
allows improving the catalytic properties of supported catalysts
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due to the enormous specific surface area, unique electrical or
electrochemical properties, and their ability to easily adsorb
n—extended molecules '®?*%. The electrocatalytic activity of
deuteroporphyrin IX dimethyl ester gold(IIl) (DPDE)Au(IIl)),
immobilized on MWCNT electrodes, was studied towards
glucose oxidation. Furthermore, it was evidenced that the
electrochemical reduction of (DPDE)Au(Ill) initiates the
formation of AuNPs. These gold-based MWCNT electrodes
were characterized using electrochemical methods, electron
microscopy, and XPS. Both gold compounds (Au(IIl) and
Au(0)) and their respective electrocatalytic properties towards
glucose oxidation in alkaline medium were compared.

Cyclic voltammograms of deuteroporphyrin IX dimethyl ester
(Hy(DPDE))and (DPDE)Au(Ill) in DMF are illustrated in
Figure 1A. Two one-celectron reduction waves at E;p,= -1.65 V
and -2.05 V (vs. Ag/Ag") are observed for Hy(DPDE) which is
consistent with the stepwise formation of a porphyrin m—anion
radical followed by the dianion formation. (DPDE)Au(III)
exhibits two reduction features, one reduction processes
correspond to the porphyrin ligand at E;p,= -1.65 V (vs.
Ag/Ag"), and the reduction wave observed at E;,=-1.12 V (vs.
Ag/Ag") corresponds to the Au(IIl)/Au(Il) redox couple. As
reported by Kadish et al, porphyrin gold(Ill) undergoes
monoelectronic reduction to give a gold(Il) porphyrin
according to spectroelectrochemical and electron spin
resonance studies®®. (DPDE)Au(IIl)-functionalized MWCNT
electrodes were obtained by deposition of a catalyst-MWCNT
mixture as an ink on glassy carbon electrode (Figure 1B). The
ink was formed by using ultrasound for 30 min of a mixture of
MWCNTs, (DPDE)Au(Ill) and Nafion in NMP. Figure 1C
displays the electrochemical behaviour of
MWCNT/(DPDE)Au(III) electrodes in DMF.

Two reversible one-electron redox system are observed at E, =
-127 V (vs. Ag/Agh) and E;p = -1.68 V (vs. Ag/Ag")
representing the reduction of Au (III) to Au (II) porphyrin and
the formation of the m-anion radical, respectively. The peak
separations were virtually zero and the full widths at half
maximum (E;; = 98 mV, E,,= 110 mV, (vs. Ag/Ag") both at 20
mV s) are close to the theoretical value of 90 mV for a redox
system involving one electron. By integration of the charge
under the Au(Il)/Au(Il) oxidation or reduction peak, a surface

J. Name., 2012, 00, 1-3 | 1



Nanoscale

concentration of 4.4 10° mol c¢cm™ could be determined,
corresponding to 13 monolayers of closely-packed porphyrin
metal complexes. These results confirm the immobilization of
the gold complex on MWCNTs with high surface coverage and
excellent electron transfer rates between adsorbed
(DPDE)Au(IIl) and MWCNTs.
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Figure 1. (A) Cyclic voltammograms of a 1 mmol L™ solution of
(DPDE)Au(Ill)(dashed line) and H,(DPDE) at 100 mV s (black
line); (B) Schematic representation of the MWCNT/(DPDE)Au(III)
electrode (C) Cyclic voltammetry of MWCNT/(DPDE)Au(III)
electrode at 20 mV s™'. The measurements were performed in DMF.

Figure 2A shows the cyclic voltammograms of a
MWCNT/(DPDE)Au(Ill) electrode in absence (a) and
presence(b, ¢ and d) of different concentrations of glucose.
Upon addition of glucose, the oxidation current drastically
increased with an onset potential of ca. -0.46 V (vs. SCE). In
addition, catalytic current increases linearly with the glucose
concentration.

The anodic catalytic wave exhibits a twisted shape, i.c., a
catalytic current decrease at higher overpotentials followed by
current recovery upon reversed scan. This behaviour
corresponds to an  electrocatalytic  deactivation  of
(DPDE)Au(IIl) occurring at increasing overpotentials. On the
reverse scan, catalytic current is recovered by reductive
regeneration of the catalyst. This mechanism was already
observed for certain redox enzymes®® and metal electrodes’.
Furthermore, this oxidative activation/reductive deactivation
mechanism has intensively been studied for a similar Rh(III)
complex'®. This behaviour is caused by formation of a metal-
hydroxo/alkoxo derivative. In case of electrocatalytic glucose
oxidation by (DPDE)Au(IIl), a similar gold hydroxide specie is
likely involved in the deactivation process as encountered for
both the Rh(III) complex'® and Au(0) metal electrodes’.
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Figure 2. (A) Cyclic voltammograms of MWCNT/(DPDE) Au(III)
electrodes at a scan rate of 50 mV s in presence of (a) 0 mM, (b)
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250 mM, (c) 500 mM and (d) 1 M glucose (Measurements were
performed in KOH solution (pH=13) solution under nitrogen
atmosphere at 20 °C ; (B) Chronoamperometric measurements of
MWCNT/(DPDE)Au(III) electrodes obtained at 0.15 V before and
after poising the electrode at -1.6 V. The measurements were
performed in 1 M of glucose under nitrogen atmosphere (supporting
electrolyte: KOH solution, pH=13).

This deactivation process was also confirmed by
chronoamperometric measurements (Figure 2B). It appears that
the initial anodic current intensity (1 mA cm™) recorded at 0.15
V, corresponding to the top of the catalytic peak, decreases
continuously over time, namely -13 % after 500 s. A similar
behaviour was observed for the MWCNT/(DPDE)Au(III)
electrode previously reduced at -1.6 V (vs. SCE). The latter,
however, exhibits a slightly higher initial catalytic current and a
relative better stability than MWCNT/(DPDE)Au(III) electrode.
It is well known that glucose can induce the conversion of
Au(ll) salts into Au(0)®. In addition, MWCNT/(DPDE)Au(III)
electrodes exhibit an irreversible reduction at -1.6 V (vs. SCE).
To investigate the possible formation of gold nanoparticles
from (DPDE)Au(lll), we studied the stability of
MWCNT/(DPDE)Au(III) upon reduction or in the presence of
glucose. Figure 3 shows the comparison between the
electroactivity of MWCNT/(DPDE)Au(III) electrode,
MWCNT/(DPDE)Au(IIl) electrode previously poised for
several seconds at -1.6 V (vs. SCE) and MWCNT/HAuCl,
electrode (commercial HAuCl,; salt is replaced by
(DPDE)Au(III) in the catalyst ink).
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Figure 3. Cyclic voltammograms of (a) MWCNT/(DPDE)Au(III)
after poising the electrode at -1.6 V, (b) MWCNT/HAuCl, and (c)
MWCNT/(DPDE)Au(IIl) electrodes. The measurements were
performed in 1 M of glucose obtained at 20 mV s under nitrogen
atmosphere (supporting electrolyte: KOH solution, pH =13).
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Electrooxidation toward glucose was carried out in aqueous solution
containing potassium hydroxide (pH 13) and 1 mol L' glucose,
using cyclic voltammetry measurements, sweeping from —0.9 V (vs.
SCE) to 0.35 V (vs. SCE) at a scan rate of 20 mV s, Commercial
HAuCly is rapidly reduced by glucose to Au(0). This is confirmed by
the electrocatalytic Au(0) signature® which is characterized by two
well-defined current peaks with an onset potential of E = -0.78 V
(vs. SCE). This is commonly observed for the electrocatalytic
oxidation of glucose by Au(0) electrodes. A similar signature is also
observed for MWCNT/(DPDE)Au(III) electrode previously poised
at -1.6 V (vs. SCE). This behavior indicates that (DPDE)Au(III) is
only reduced to Au(0) at negative potentials below -1.6 V (vs. SCE).
In this case, similar Au(0) response between HAuCl; and
(DPDE)Au(IIl) confirms the respective formation of Au(0) from
respective reduction of HAuCly; by glucose and reduction of
(DPDE)Au(III) by electrolysis at -1.6 V (vs. SCE).
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When comparing Au(0) and (DPDE)Au(IIl), the first oxidation peak
observed at -0.3 V (vs. SCE) at Au(0) electrode is inexistent in case
of (DPDE)Au(IIl). The second oxidation peak around 0.25 V (vs.
SCE) is observed for both catalysts, Au(0) and (DPDE)Au(III). The
first oxidation peak involves electrosorption and dehydrogenation of
glucose on gold electrode. The second peak exhibits similar shape
with both Au(0) and (DPDE)Au(III) electrodes, which might be due
to the occurrence of a similar mechanism for both gold-based
electrode, i. e., the oxidation of gold-gluconolactone intermediate.
The inexistent electrosorption mechanism on (DPDE)Au(IIl) is
likely caused by the occurrence of a molecular CE mechanism?, i.
e., chemical dehydrogenation mechanism upon glucose binding
followed by electron transfer. This mechanism was already proposed
for the (DPDE)Rh(IIl) catalyst'®.  Chronoamperometric
measurements were performed to estimate the catalyst efficiency. By
taking into account the (DPDE)Au(IlI) surface of 4.4 10® mol cm™,
a turnover number of 2.12 s was calculated for 500 s at 0.15 V (vs.
SCE) in 1 M glucose.

We performed, in parallel to the electrochemical experiments, XPS
measurements to further investigate the stability of (DPDE)Au(III)
towards electrocatalytic glucose oxidation, to get more insight in the
electrocatalytic behavior of (DPDE)Au(IIl) and to investigate the
formation of Au(0) by electrochemical reduction. The samples were
coated on carbon felts and especially prepared without the Nafion®™
protection layer in order to improve signal capture and avoid
overlapping of its XPS signals with those of the matrix.

In a first stage, reference samples MWCNT/(DPDE)Au(Ill) and
MWCNT/(DPDE)H, were analyzed. The high resolution (HR) Au4f
XPS spectra was studied in order to verify metal insertion into
porphyrin and also to extract a reference value for the Au4f peak
position for the Au(Ill) complex (Figure 3A a, b and c). When
Au(Ill) is incorporated into the porphyrin core, the Au4f region
(Figure 3A, c) shows two peaks (Au4df;, and Au4fs,) at 88 eV and
92 eV, which is in accordance with binding energies reported for
Au(I1I) tetraphenylporphyrin (88.4 eV and 91.7 eV)*”. Then, the XPS
spectra were recorded for MWCNT/(DPDE)Au(IIl) after
electrocatalysis and  after electrochemical reduction of
(DPDE)Au(III) at -1.6 V (vs. SCE). The Au4f region (Figure 3A, ¢
and d) shows two peaks which remain unchanged for the
MWCNT/(DPDE)Au(IIl) samples before and after electrocatalytic
oxidation of glucose. After electrochemical reduction of
(DPDE)Au(III) at -1.6 V (vs. SCE), the binding energies of the Au4f
peaks shifted to 84 eV (Au4f;,) and 88 eV (Audfs,) (Figure 3A, e)
confirming the formation of Au(0) corresponding to Au in its zero
oxidation degree’’. These results are in good agreement with the
results obtained by cyclic voltammetry. It is important to notice, in
that case, Au(0) is expected to be removed from the porphyrinic
core.
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Figure 4. Au4f core levels XPS spectra of (a) MWCNT, (b)
MWCNT/(DPDE), (c) MWCNT/(DPDE)Au(Ill) before glucose
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electrocatalysis, (d) MWCNT/(DPDE)Au(Ill) after glucose
electrocatalysis and (¢€) MWCNT/(DPDE)Au(Ill) after poising the
electrode at -1.6 V.

To further investigate the formation of Au(0) via electrochemical
reduction of (DPDE)Au(III) at -1.6 V (vs SCE), electron microscopy
(SEM and TEM) was used to observe morphological changes. Figure
5A shows a SEM image of the surface of a MWCNT/(DPDE)Au(III)
electrode. No aggregates of the porphyrin catalyst were observed.
This was confirmed by higher magnification TEM observations of
the MWCNT/(DPDE)Au(IIl) sample. The micrograph in Figure SD
represents the TEM micrograph of this (DPDE)Au(III))MWCNT
sample. Here, a dark shadow around the MWCNTs reveals the
presence of a heavy element coating. These shadows are assigned to
the (DPDE)Au(III) attached to the MWCNTs, as confirmed by XPS
via m-stacking interactions. Interestingly, the contrast along the
nanotubes is not homogenous and these shadows are not always
visible on the MWCNT. This might be due to a high amount of

defects on the outer MWOCNT wall preventing stable
n-n—interactions. Figure 5B and S5E show SEM and TEM
micrographs, respectively, of  the surface of a

MWCNT/(DPDE)Au(IIl) electrode after reduction at -1.6 V (vs.
SCE). AuNPs appear to be homogeneously distributed within the
MWNCT network. The presence of AuNPs demonstrates that the
Au(IIl) ions are expelled from the porphyrin ring during reduction,
which is followed by Au(0) aggregation at the surface of MWCNTs.
As seen in Figure 5C, energy selective backscattered electron
imaging enhances the contrast of AuNPs that appear as white dots.
Higher magnification TEM images such as that in Figure SE clearly
show that AuNPs are located on the surface of the MWCNTSs. Their
diameter was estimated to be between 1 and 5 nm. These
characterizations demonstrate the formation of AuNPs via
electrochemical reduction of (DPDE)Au(Ill). These findings shed
light on the electrocatalysis results obtained for the reduced form of
(DPDE)Au(III) as it allows to explain safely that These AuNPs are
involved in the lower-potential oxidation of glucose.

IS £ ) 0

Figure 5. A,B) SEM images (secondary electrons) of a MWCNT/
(DPDE)Au(IIl) electrode and MWCNT/(DPDE)Au(Ill) after poising the
electrode at -1.6 V, respectively. C) same sample as in B imaged with
backscattered  electrons (EsB). D,E): TEM images of a
MWCNT/(DPDE)Au(I1I) electrode and MWCNT/AuNPs  after
electrochemical reduction of Au(IIl) at -1.6 V, respectively.
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In conclusion, the electrocatalytic properties of (DPDE)Au(III)
towards glucose oxidation in alkaline medium were evaluated.
(DPDE)Au(IIl) exhibits a low onset potential (-0.46 V (vs.
SCE)) towards glucose oxidation. This onset potential is 0.185
V (vs. SCE) more positive than Au(0) and 0.33 V (vs. SCE)
more positive than Rh(IIl)porphyrins’ but still negative
compared to those with other complex-based electrocatalysts
such as Co macrocycles®™, Ru bipyridine® and polymerized Ni
porphyrins3°. Furthermore, we demonstrated the excellent
stability of (DPDE)Au(IIl) towards glucose and its role as a
precursor of AuNPs by electrodeposition at low potentials.
These promising properties are of great interest in the future
design of molecular glucose fuel cells
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