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Reductive electrodesorption has been used to produce “naked” gold nanoparticles (AulNPs) 3 nm in
size on HOPG from different thiolate-capped AuNPs. The clean AuNPs transform the electrocatalytic
inert HOPG into an active surface for hydrogen peroxide electroreduction, causing a lowering of the
cathodic overpotential of 0.25 V with respect to the Au(111) surface. Compared to the plain gold
substrates, the nanostructures promote only a slight increase in the hydrogen evolution reaction. In

a second modification step a ~1 nm thick melanin—iron coating is electrochemically formed around the
AuNPs. This ultrathin melanin—iron coating largely improves the catalytic activity of the bare AuNPs
for both hydrogen peroxide electroreduction and hydrogen evolution reaction. This strategy, which

integrates electrochemistry and nanotechnology, can be applied to the preparation of efficient “naked”

AuNPs and organic-iron capped AuNPs catalysts.

Introduction

The preparation of bare nanometre sized metallic nanoparticles
(NPs) with a narrow size distribution on solid surfaces is an
active field of research in nanoscience and nanotechnology, with
particular interest in heterogeneous catalysis and electro-
catalysis."* Among metallic nanoparticles, gold nanoparticles
(AuNPs) have attracted considerable attention since the
discovery that they are able to catalyze oxidation, hydrogenation
and hydrochlorination reactions when supported by oxides or
carbon substrates.>® In general, in order to have excellent cata-
lytic activities gold nanoparticles 1-5 nm in diameter with
a narrow size distribution are required.’

For catalytic purposes, metallic nanoparticles can be usually
prepared either by co-deposition of a Au salt and a metal oxide,*®
by deposition—precipitation using precipitation agents, by co-
sputtering of gold and metal oxide, or by chemical vapor depo-
sition of gold nanoparticles.* However, AuNPs prepared by these
methods usually exhibit a size distribution too broad to have
defined size-dependent properties. Better quality metallic nano-
particles can be produced by wet chemistry synthetic
methods.'** However, these methods require the use of organic
stabilizers such as thiols, which in most cases must be completely
removed in order to use the NPs as efficient catalysts and
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electrocatalysts. Different methods are available to remove the
thiol components from thiolated surfaces, like thermal treat-
ment, UV-exposure and atomic hydrogen,’® and all of them
present both advantages and disadvantages. Finally, the nano-
particles prepared by wet chemistry must be efficiently immobi-
lized on a solid support in order to be employed in heterogeneous
catalysis and electrocatalysis. However, clean AuNPs on external
surfaces are susceptible to aggregation and sintering, thus
reducing their catalytic properties.

Therefore, the application of AuNPs capped by molecules in
catalysis and electrocatalysis requires the ability to manipulate
the core and the capping properties in controllable ways. In this
context, the development of new strategies capable of immobi-
lizing, cleaning and functionalizing stable small metallic NPs by
using simple and inexpensive methods is a frontier topic that
deserves special attention.

We have recently demonstrated that butanethiol-capped
AuNPs prepared by the Brust method can be adsorbed on highly
oriented pyrolytic graphite (HOPG) by simple immersion in
AuNP containing solutions." The immobilized AuNPs substrate
can be subsequently cleaned by reductive desorption of the short
thiol, leading to bare nanometre sized NPs on the carbon
substrates.

In this work electrochemistry is used to produce bare ~3 nm
AuNPs on HOPG surfaces starting from nonanethiol (NT)- and
dodecanethiol (DT)-capped AuNPs prepared by the Brust
method. We demonstrate that even relatively long thiols, for
which hydrocarbon-hydrocarbon chain interactions are more
important, can be completely removed from the AuNPs by
reductive desorption. The bare nanoparticles increase the elec-
trocatalytic activity for hydrogen peroxide electroreduction and
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for the hydrogen evolution reaction with respect to the Au(111)
surface. In a second step, the AuNPs are coated with melanin—
iron in a controlled way, following the electrochemical method
previously described for the modification of planar Au(111)
surfaces.'®'® Bioorganic-iron coatings have been extensively
studied as efficient catalysts and electrocatalysts. In particular,
iron-containing molecules, such as phthalocyanines,'2°
porphyrins,®** and melanins'*'¢ have shown promising catalytic
properties for a wide range of chemical and electrochemical
reactions. We show that the iron-melanin coating markedly
enhances the catalytic activity of the bare AuNPs for both the
hydrogen peroxide electroreduction and hydrogen evolution
reaction. Our results show that electrochemistry can be used to
improve nanomaterials with potential applications as efficient
catalysts and electrocatalysts.

Experimental
AuNP synthesis

Thiol-capped gold nanoparticles (AuNPs) were synthesized
through a modification®* of the two-phase method developed by
Brust.!! After the borohydride reduction step, the nanoparticles
were cleaned as follows. The organic phase was isolated, and the
solvent was removed with a rotatory evaporator. The dark solid
of AuNPs was suspended in absolute ethanol for 30 min, soni-
cated for 1 min and separated from the solvent by centrifugation.
The supernatant was discarded, and this washing process was
repeated another three times. Further repetition of the ethanol
cleaning cycle produced no change in the Au : S ratio determined
from XPS data. Finally, a small amount of acetone was added to
remove the ethanol, and easily dry the AuNPs in air at room
temperature.

TEM characterization

Transmission electron microscopy (TEM) characterization of
thiol-capped gold nanoparticles was done using a FEI CM200
UT microscope, operating at 200 kV. Some drops of hexane-
dispersed nanoparticles were placed on a 400 mesh ultrathin
carbon type-A copper grid (Ted-Pella) and bright-field images
were taken to measure the size of the nanoparticles. The size
distribution of the nanoparticles was performed using Imagel
software by measuring 200 nanoparticles without using any
algorithm.?* A log-normal distribution function was fitted to the
histogram obtained, according to ref. 25.

Electrochemical measurements

Electrochemical runs were made in a specially designed Teflon-
made cell that leaves an exposed working electrode area of
0.28 cm?, thus eliminating the contribution of the HOPG edges in
the voltammograms. An Ag/AgCl/KCl saturated electrode (SSC)
and a large area platinum foil were used as reference and counter
electrode, respectively.!>1®

XPS, XANES and EXAFS characterization

XANES measurements at the Fe L, 5 edges were taken in total
electron yield (TEY) mode under UHV (10~? torr) at beamline

9.3.2 of Advanced Light Source at the Lawrence Berkeley
National Laboratory. EXAFS measurements at the Au L3 edge
(11919 eV) were performed at the XAFS-2 beam-line, LNLS
(Campinas, Brazil), at room temperature in fluorescence mode
using a Si(111) crystal monochromator. The EXAFS signals
were extracted from the absorption spectra using the Athena
program and analyzed using the Artemis program.?® Phase and
amplitude of reference compounds used in the analysis were
generated using the FEFF code.”” XPS measurements were
performed with a Mg Ka source (XR50, Specs GmbH) and
a hemispherical electron energy analyzer (PHOIBOS 100, Specs
GmbH). A two-point calibration of the energy scale was
performed using sputtered cleaned gold (Au 4f7/2, binding
energy (BE) = 84.00 eV) and copper (Cu 2p3/2, BE = 932.67 eV)
samples.

STM and AFM imaging

STM imaging of the nanoparticles on HOPG was made in air in
the constant current mode with a STM microscope controlled by
a Nanoscope I11a unit from Veeco Instruments (Santa Barbara,
CA) and by using commercial Pt-Ir tips. Typical tunneling
currents, bias voltages and scan rates were 25 pA, 1.5 V, and
0.8 Hz, respectively. The AuNPs on HOPG were also imaged by
AFM operating in tapping mode using a Multimode microscope
and a Nanoscope V control unit from Veeco Instruments at
a scan rate of 1.0-1.2 Hz. To this end, etched silicon tips
(RTESP, 271-311 kHz, and 40-80 N m™', from Veeco)
were used.

UVlvisible spectroscopy

UV/visible spectroscopy (UV/vis) was performed with a Perkin
Elmer Lambda 35 Spectrometer, equipped with a double beam.
AuNPs were dispersed in hexane, which was used as reference.

AuNPs immobilization, cleaning and functionalization

The thiol-capped AuNPs were immobilized by immersing HOPG
substrates in AuNP solutions in hexane, as described in ref. 14.
Concentration and adsorption times were 2 mg mL ™' and 24 h,
respectively. For some STM and AFM imaging measurements
0.2 mg mL"! solutions were used. After incubation, the AuNPs
modified HOPG substrates were repeatedly rinsed with hexane
and dried with nitrogen before characterization.

Bare AuNPs onto HOPG substrate were obtained by reductive
electrodesorption of the thiol-capped AuNPs in 0.1 M NaOH by
performing cyclic voltammetry between —0.2 and —1.7 at
0.05 V s7.** Then, melanin films were electrochemically self-
assembled as described in ref. 15 and 16. Briefly, the previously
cleaned AuNPs supported on the HOPG surface were immersed
in a synthetic eumelanin-containing aqueous 0.1 M NaOH
solution (0.3 g L', melanin from Sigma, M8631). This eumela-
nin is formed by 5,6-dihydroxyindole (DHI) and 5,6-dihydrox-
yindole carboxylic acid (DHICA). The eumelanin-containing
solution also has ~0.3 ppm of Fe, as determined by atomic
absorption spectroscopy. The AuNP-covered HOPG substrates
were polarized at —1.0 V in a conventional three-electrode elec-
trochemical cell containing the melanin solution for 2 h in order
to coat the nanoparticles with a melanin—iron shell. The modified
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AuNP-HOPG substrates were then removed from the cell,
carefully rinsed with MilliQ water, and dried under nitrogen
before characterization.

Vapor deposited Au films on glass with (111) preferred
orientation (Arrandee™, AF 45 Berliner Glass KG, Germany)
annealed under a hydrogen flame were used for control experi-
ments in order to compare the behaviour of the AuNPs with that
of planar Au substrates.

Results and discussion

The characterization of the thiol-capped nanoparticles is shown
in Fig. 1. The UV-vis spectrum (Fig. 1a) is consistent with the
presence of AuNPs with average sizes smaller than 4 nm. In fact,
the analysis of the TEM images (inset in Fig. 1b) leads to
a relatively narrow particle size distribution with average size
<D> = 3.0 + 0.9 nm (Fig. 1b).

XPS spectra of HOPG substrates taken after immersion in
hexane solutions of thiol-capped AuNPs for 24 h show the
typical Au 4f signal, indicating that the NPs have been effi-
ciently adsorbed on the surface (Fig. 2a, black points). More-
over, the XPS S 2p signal with a maximum at 162 eV (Fig. 2b,
black points) reveals the presence of Au-thiolate bonds at the
NP surfaces.?® In fact, the spectrum shown in black in Fig. 2b
can be fitted by considering the usual three components cor-
responding to unbounded thiols (163 eV), chemisorbed thiols
(162 eV) and S impurities (161 eV).® However, only the
contribution of chemisorbed thiols at 162 eV was significant
(the 161 eV and 163 eV components represented only ~5% and
~10%, respectively).
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Fig. 1 (a) UV-vis spectrum of dodecanethiol-capped AuNPs in hexane.
(b) Particle size distribution obtained from TEM images (inset).
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Fig. 2 (a) (Black) Au 4f XPS spectrum after immersion of HOPG in
NT-capped AuNP in hexane (2 g L") for 24 h, (red) same spectrum taken
after NT reductive desorption. (b) (black) S 2p XPS spectrum for the
AuNPs supported in HOPG, (red) same taken after NT reductive
desorption. (c) Current density—potential profiles corresponding to
reductive desorption from the NT-capped (wine line) and DT-capped
(blue line) AuNPs supported on HOPG. (d) Cyclic voltammogram for
the AuNPs-HOPG system after NT (or DT) reductive desorption. Scan
rate v = 0.1 V s7'; electrolyte: 0.1 M NaOH.

The alkanethiol capping was then removed from the nano-
particles by reductive electrodesorption by performing cyclic
voltammetric scans (current density—potential profiles) between
—0.2 Vand —1.7 V at 0.05 V s7'.?° The first scan in the negative
direction shows broad cathodic humps related to the thiol
reductive desorption that precedes the hydrogen evolution
reaction (Fig. 2¢)."* DT molecules are desorbed from the AuNPs
at more negative potential values than NT ones due to the
increase in the hydrocarbon chain—chain interactions.’® More-
over, the peak potentials of the desorption process are shifted in
the negative direction (~—0.2 V) with respect to the corre-
sponding thiol SAMs on Au(111), in agreement with previously
reported data for alkanethiol desorption from AuNPs, and
nanostructured (rough) Au.3! DFT calculations have shown that
the binding energy of alkanethiols on Au surfaces containing
defects such as steps and adatoms is higher than that found on
smooth terraces, thus explaining the increase in SAM stability on
the nanoparticle highly defective surfaces.®* Although several
voltammetric cycles (5-6) were necessary to completely remove
alkanethiol capping from the nanoparticles, data in Fig. 2c
demonstrate that even alkanethiols with relatively long hydro-
carbon chains can be completely removed, leading to clean
AuNPs.

As already reported,'* a fraction of the AuNPs is released to
the electrolyte during thiol desorption, while another fraction of
the thiol-free AuNPs remains adsorbed on the HOPG surface. In
fact, the XPS spectra of the clean AuNPs on the HOPG substrate
(after the voltammetric runs and careful rinsing of the sample)
still show the Au 4f signal (Fig. 2a, red line), while the S signal
has disappeared (Fig. 2b, red line). This point has been verified
by recording cyclic voltammograms in 0.1 M NaOH between
—1.7 Vand 0.75 V for AuNP-covered HOPG samples after thiol
cleaning by reductive desorption. These voltammograms clearly
show the typical response of clean Au substrates (Fig. 2d), i.e. the
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formation and electroreduction of the AuO monolayer. This
procedure allows us to estimate the surface coverage of the
AuNPs on the HOPG substrate by using the charge involved in
the AuO electroreduction.?*

Melanin-iron modification of clean AuNP

The HOPG substrates modified with the thiol-free AuNPs were
immersed in melanin-containing 0.1 M NaOH solutions and
polarized at —1.0 V for 2 h. Afterwards, the substrates were
carefully rinsed with water and inserted into the Teflon-made
electrochemical cell containing 0.1 M NaOH solution. The vol-
tammetric runs recorded between —0.2 Vand —1.6 Vat 0.1 Vs™!
show two redox couples located at —0.50/—0.60 V (AI/CI) and
—0.75/—0.80 V (AII/CII) (Fig. 3a, black line). These peaks are
similar to those observed for melanin-iron covered Au(111)
surfaces and have been assigned to the quinol/quinone redox
couple and Fe(i)/Fe(ir) species in tetrahedral and octahedral
environments, respectively'® (Fig. 3a, red line). In contrast, peaks
AIII/CIII, which have been related to oxidation/reduction of
co-deposited iron oxide particles species, are much smaller for
the melanin-covered AuNPs than for melanin on Au(111).

The system has also been characterized by XPS after melanin
deposition (Fig. 3b—-d). First, we have verified that the Au signal
arising from the AuNPs immobilized on the HOPG substrate is
still present (Fig. 3b). This is not a minor point because it
demonstrates that the AuNPs remain on the HOPG substrate
after the long-time (2 h) melanin-iron deposition process. In
addition to the Au 4f signal, the N 1s and Fe 2p signals arising
from the melanin deposit!>'® can be observed (Fig. 3¢ and d). We
have therefore compared the Fe and N signals obtained for the
melanin—iron covered AuNPs with those recorded for melanin
evaporated from ethanolic solutions on Au(111), and with those

Alll [ i
gl @ Al A b I
\
B —_ A i
5| : ;
§ - fuv i
< 0 A A U
3 ol f \ 7 \ ]
= € I N
3
Cl = J |
o[ i
(elllhort
16 -2 08 04 00 92 90 88 86 84 82 80
EM Binding Energy [eV]
. P g
3 —t
d 3
5, ok
£ y:
5 ct
o 2t
o St

730 725 720 715 710 705 408 406 404 402 400 398 396 394
Binding Energy [eV] Binding Energy [eV]

Fig.3 (a) Voltammograms (first scan) recorded at v=0.1 Vs~'in 0.1 M
NaOH for melanin-iron deposited on (black line) clean AuNPs on
HOPG and (red line) Au(111). XPS spectra (b) Au 4f for melanin—iron
covered AuNPs, (c) Fe 2p for:(red line) melanin-iron deposited on
Au(111) and (black line) melanin—iron deposited on AuNPs, (d) N Is for
(black line) melanin powder evaporated on Au(111), (red line) melanin—
iron deposited on Au(l111) and (blue line) melanin-iron deposited on
clean AuNPs on HOPG.

arising from melanin—iron films electrochemically deposited on
preferred oriented Au(111) surfaces prepared following the same
procedure described for AuNP modification.

While the Fe signal is not detected for evaporated melanin on
Au(111), a fact consistent with the low iron content in the
melanin powder, the Fe 2p signal for iron melanin electro-
chemically deposited both on AuNP and on preferred oriented
Au(111) is clearly visible (Fig. 3c). This indicates that Fe-con-
taining species are concentrated at the Au surface during the
electrochemical deposition process. Moreover, XPS data indicate
that Fe is in an oxidized state.

On the other hand, the N 1s peak exhibits some interesting
features. In fact, the N 1s signal of melanin evaporated on
preferred oriented Au(111) (Fig. 3d) can be fitted with the three
components (399 eV, 400.3 eV and 402 eV) usually observed for
melanins®* (Fig. 3d, black line). While the 400.3 eV signal has
been associated to indolic N in DHICA monomers and dimers,3®
a component at 399.4 eV has been related to the pyrrol ring.*® In
the case of melanin aggregates the 400 eV and 402 eV compo-
nents have been assigned by XAS measurements to excitations of
7 and o orbitals, respectively.’” We note that for melanin—iron
deposited on Au(111) only the components at 399 eV and
400.3 eV are significant (Fig. 3d, red line). Finally, for melanin
electrochemically deposited on the AuNPs only the N Is
component at 400.3 eV is present. This means that the electro-
chemical method induces not only iron enrichment, but also the
selective adsorption of certain melanin fractions at the surfaces;
this effect being more important for the AuNPs. Therefore, they
could be possibly employed for the analytical separation of
oligomeric species from the complex melanin solution.

Blank experiments made using HOPG substrates free of
AuNPs revealed a small amount of N and no evidence of Fe,* i.c.
no significant melanin—iron adsorption takes place on the carbon
substrate during the 2 hour polarization at —1.0 V. Thus, the N
and Fe signals only arise from melanin bounded to the AuNPs.

The nature of the oxidized iron present in our system was
determined by XANES. Fig. 4 shows the XANES spectra at the
L, edges for melanin-iron AuNPs on HOPG and also for
crystalline Fe,O5 used as reference. The L3 edge energy value of
our sample is the same as that of the reference, indicating that the
mean oxidation state of Fe in melanin—iron AuNPs is the same as
in Fe,03%* and in XANES data obtained for the solid melanin

Normalized absorption [a.u.]

700 705 710 715 720 725
Energy [eV]

Fig. 4 XANES spectra at the Fe L, 3 edges for Fe,O; (blue line) and
melanin-iron on AuNP (wine line).
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used as reactant in this work.'® There is also a big similarity in the
general shape of both XANES spectra, showing corresponding
features at both L, 5 edges.

However, previous data obtained for thick melanin—iron films
on Au(111) indicated a more reduced state of the Fe species, close
to magnetite.’® Outer Fe,Os-inner magnetite films are usually

>

Fourier Transform [a. u.]

RI[A]

Fig. 5 Fourier Transforms of Au L3 EXAFS signals corresponding to
bulk Au (black circles), isolated NT-capped AuNPs in hexane (red
circles), thiol-free AuNPs on HOPG (grey circles) and melanin-covered-
AuNPs on HOPG (blue circles). Solid lines show the Fourier transforms
of the fitted functions.

observed on Fe substrates exposed to ambient conditions.**!
Magnetite nanoparticles co-deposited with the melanin film on
the Au(111) surface have been detected by MFM,' and related
to the voltammetric peak AIII (Fig. 3a). Both the XANES data
of iron species (Fig. 4) and the absence of peak AIII in the vol-
tammograms (Fig. 3a) indicate that the main iron component in
melanin—AuNPs is Fe(iir) bounded to the melanin monomers in
octahedral environments.

Fig. 5 shows the Fourier Transform of the EXAFS oscillation
and the corresponding fit of the original NT-capped AuNPs in
hexane, of the bare AuNPs supported on HOPG, and of the
melanin—-AuNP on HOPG. These results are compared to that
obtained for Au films.

The fitted average coordination number (ACN) for the Au-Au
pair for all AuNPs samples is smaller than 12, the corresponding
value for the bulk Au material. The decrease in the ACN is
associated with the small size of the particles.** The ACN for the
NT capped AuNP in hexane is 8.6 + 1, that of the thiol-free
AuNPs on HOPG is 9.5 £+ 1 and that of the melanin-modified
AuNPs on HOPG is 9.6 + 1. These results indicate that, though
there may be a small increase in their size after the thiol
desorption, the AuNPs still retain their identity, i.e. they do not
collapse by sintering and their size do not change after the
melanin—iron modification.

We have also imaged the clean (thiol-free) AuNPs (Fig. 6a)
and melanin-modified AuNPs on HOPG (Fig. 6b) by tapping
AFM in air. In both cases the HOPG substrates are densely
covered by irregular islands 50-100 nm in size. In the case of the
clean AuNPs, most of the islands exhibit ~6 nm in height (h),
although the cross-section analysis also shows islands with
h = 3 nm (Fig. 6¢). These results correspond to islands formed by
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Fig. 6 In air AFM tapping images of AuNP on HOPG. 1.0 pm x 1.0 um top view image showing AuNP islands on HOPG (a) before and (b) after
melanin-iron deposition. Cross-sections (c) before and (d) after melanin—iron deposition showing the island heights.
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Table 1 Mean height, maximum height, and root mean square rough-
ness for islands of bare and melanin-covered AuNPs.

AuNP Melanin-covered

islands/nm AuNP islands/nm
Mean height 5.10 +0.30 6.33 + 0.53
Maximum height 12.63 + 1.00 16.21 £+ 2.80
Root mean square 2.37+0.23 2.95+0.32

roughness

one (h = 3 nm) and two (h = 6 nm) layers, respectively. Fig. 6b
shows similar AuNP islands after melanin deposition. In this case
the most frequent island height is # = 8 nm (two AuNPs layers)
although some islands formed by a single nanoparticle layer are
also observed (2 = 4 nm) (Fig. 6d). This means that the melanin—
iron coating increases the island height by ~1 nm. Table 1 shows
a statistical analysis of the island heights and root mean square
roughness made on several images of the substrate before and
after melanin-iron deposition. All the figures indicate that
melanin—iron has efficiently covered the AuNPs islands depos-
ited on the HOPG surface. The increase in the mean height
reflects the thickness of the melanin—-iron coating (~1 m), while
the maximum height shows that islands composed by several
AuNPs layers have also been coated by the iron-melanin film.
The root mean square roughness (rms) is also interesting to
confirm the increase in the AuNPs height in after melanin—iron
electrodeposition.

25 nm

= 5
o

-~

.r
-

10 nm

Fig. 7 STM images (200 nm x 165 nm) of (a) bare AuNPs on HOPG,
(b) AuNPs on HOPG after melanin—iron deposition. The white and
yellow bars indicate the lateral (x — y) and z scales, respectively.

STM images of islands of bare (Fig. 7a) and melanin—iron
covered (Fig. 7b) AulNPs are shown. The better resolution of this
technique compared to AFM allows imaging the individual NPs
that form the islands. The height of the first layer of AuNPs and
melanin-covered AuNPs is 3-4 nm, close to that measured by
tapping AFM (Fig. 6¢c and d). However, here we cannot perform
a statistical height analysis because it is extremely difficult to
obtain noise-free STM images of the AuNP islands. In fact,
although we operate our STM at very low tunneling currents,
sometimes the tip “moves” the islands from one place to another.
The average lateral size of the AuNPs and melanin—iron covered
AuNPs (measured with the power spectral density of the
software after highpass filtering, data not shown) is larger than
that expected from their height: 9 and 11 nm, respectively. We
consider that this is due to tip-sample convolution that increases
the real size of the nanoparticles, and also because possibly the
tip cannot resolve the smallest ones, therefore showing two or
three adjacent nanoparticles as just one feature.

Despite this drawback AFM, STM and EXAFS data are
consistent with the presence of NPs with a melanin—iron coating
~1 nm thick (assuming a uniform layer of melanin) on a 3 nm
size Au core, thus accounting for the 1 nm increase in height
measured by AFM (Fig. 6). Note that a 1.8 nm thickness has
been estimated from XPS data for dopamine-melanin films on Si
after 1 h immersion.** The extremely thin melanin layer explains
the presence of the Au 4f signal in the XPS measurements. It is
interesting to note that, while metallic cations induce the
formation of spherical melanin nano/micro particles,** only
extremely thin and structureless layers of melanin—iron seem to
be present on the AuNPs. This is consistent with the low iron
content in the coating and with the fact that synthetic eumelanin
from a metal-free solution appears to be structureless.

Electrocatalytic activity of AuNPs and melanin—iron covered
AuNP supported on HOPG

We have tested the catalytic ability to electroreduce hydrogen
peroxide of both bare AuNPs and melanin-iron covered AuNPs
supported on HOPG. The development of a biosensor for H,O,
involves important areas of application, like clinical, food and
pharmaceutical industries, and also environmental analyses.*
Moreover, hydrogen peroxide is also used as an antibacterial
agent in the food and beverage industry. These applications have
raised extensive demands for establishing protocols for H,O,
detection. Additionally, H,O, is an important analyte because it
is one of the most important products/substrates of enzyme
catalyzed oxidation reactions.*> The H,O, electroreduction
reaction yields OH" and HO™ species.'¢

In Fig. 8 the cathodic polarization curves recorded for HOPG,
Au(111), bare AuNPs on HOPG, and melanin—-iron covered
AuNPs on HOPG in 4mM H,0, + 0.1 M NaOH are shown. The
total surface coverage of AuNPs in these experiments was less
than 0.1 (determined from gold oxide electroreduction experi-
ments). While no significant electroreduction of hydrogen
peroxide takes place on the plain HOPG substrate (Fig. 8, black
line), a cathodic current peak at —1.15 V, related to hydrogen
peroxide electroreduction, preceding the hydrogen evolution
reaction (HER) is seen for Au(111) (Fig. 8, red line). However,
the catalytic activity for the hydrogen peroxide electroreduction
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Fig. 8 Cathodic polarization curves recorded at 0.025 V s~' in 4 mM
H,O, + 0.1 M NaOH. (black) HOPG, (red) Au(111), (green) clean
AuNPs on HOPG, (blue) melanin-iron covered AuNP (deposition
time = 120 min). The current density (j) is referred to the geometrical area
of the HOPG substrate.

is rather poor, involving large overpotentials. In fact, it is well-
known that gold is not a suitable catalyst for this reaction, in
particular the Au(111) face.* On the other hand, the presence of
AuNPs has a considerable effect, turning the inert HOPG into an
electrocatalytically active substrate with a significant hydrogen
peroxide electroreduction current peak at —0.9 V (Fig. 8, green
line). Interestingly, the AuNP-modified HOPG substrates are
much more active than clean Au(111) surfaces (Fig. 8, red line),
reducing the overpotential in 0.25 V. It has been shown that
hydrogen peroxide electroreduction takes place on Pt by
HO-OH adsorption with the oxygen atom pointed out from the
metal surface. Adsorption is followed by elongation and O-O
bond scission, resulting in Pt-OH formation.*®* In contrast,
a negligible elongation takes place on Au(111) or Au(110) faces,
explaining their poor catalytic behavior.

On the other hand, it has been reported that O-O interactions
on 2 nm AuNPs are quite different from those corresponding to
flat Au(111) surfaces because low-coordinated Au atoms enable
strong O-O adsorption, although this is not enough to explain
0-0 dissociation.*” The minimum energy pathway occurs on
(100) facets with O-O at bridge sites. In this case elongation of
the O—O bond leading to dissociation is predicted, but this effect
is restricted to AuNPs smaller than 55 atoms.*”®

Our results demonstrate that 3 nm AuNPs are very active for
hydrogen peroxide electroreduction, although we cannot exclude
that the catalytic activity arises from the smallest particles
(<2 nm) observed in the size distribution function (Fig. 1b).**

On the other hand, the iron-melanin covered AuNPs (Fig. §,
blue line) exhibit the highest catalytic activity, with a peak
potential of —0.82 V and the largest current density in the overall
potential range. Note that the electrocatalytic effect is observed
in the potential range where the melanin—iron films are electro-
chemically active (peaks CI and CII in Fig. 3a). Therefore,
a small amount of melanin-iron on AuNPs reduces the over-
potential needed for H>O, reduction with respect to the AuNPs
and has been assigned to an enhanced electron transfer from the
H,0, to the Au(111) surface mediated by the quinol/quinone
groups and the Fe(i)/Fe(1) system as discussed in ref. 16.

Finally, we also note that the HER reaction is enhanced on the
AuNP-modified HOPG, in particular in the case of melanin—iron
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Fig. 9 Cathodic polarization curves recorded at 0.025 V s'in 0.1 M
NaOH. (black) Au(111), (red) clean AuNPs on HOPG, (green) melanin—
iron covered Au(111) (deposition time 120 min), (blue) melanin—iron
covered AuNPs on HOPG (deposition time 120 min). The current density
(j) is referred to the geometrical area of the HOPG substrate. The inset
shows in more detail the HER reaction on (black) Au(111) and (red)
clean AuNPs.

covered AuNPs. The HER on different Au substrates has been
explored in more detail in oxygen-free 0.1 M NaOH, as shown in
Fig. 9. In effect, we observe that the bare AuNPs exhibit an
enhancement of the HER in this electrolyte with respect to the
Au(111) surface (Fig. 9 and inset, red vs. black lines). The surface
of the AuNPs could provide a larger number of free electroactive
sites for the adsorption of water molecules present in the alkaline
medium that are catalytically reduced to hydrogen by applying
the adequate potential, with a resulting increment in the rate of
the hydrogen evolution reaction.*® Water dissociation on Au and
Cu nanoparticles is associated with the low-coordinated corners
and the edge sites, as well as with the fluxionality of the particles,
which makes the nanoparticles more active than flat surfaces for
breaking the O-H bond.*!

More interestingly, the melanin—iron coatings further
improves HER for both melanin-iron covered Au(111) and
melanin—iron covered AuNPs (Fig. 9, green and blue lines). In
particular, the melanin—iron covered AuNPs exhibit the largest
current densities for all the potential range. Note that the
enhanced HER in Fig. 9 is preceded by the two cathodic waves at
~—1.0 V corresponding to the CII-CIII peaks, related to the
Fe(m1) to Fe(0) redox couples (see also Fig. 3a). It is well known
that hydrogenase and its analogues include both a proton-
acceptor (a negatively charged non-metal site) to strongly trap
the protons, and a hydride-acceptor (usually the highly coordi-
nated and isolated metal site) to provide moderate bonding to the
hydrogen.

Surfaces with the cooperative function of these two kinds of
sites display a high catalytic activity in the HER region. There-
fore, both negatively and positively charged sites are needed in
the surface for catalysis (ensemble effect).>> The Fe environment
in melanins could fulfill this requirement because it consists of six
oxygens in a structurally distorted octahedral arrangement with
a Fe-O bond length of 0.199 nm.?® For instance, Fe porphyrins,
with similar geometry and a Fe-N bond length of 0.2 nm,*
exhibit catalytic activity for the HER?? which has been related to
the porphyrin—Fe(0) formed at negative potential values by
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reduction of the porphyrin—Fe(i1) species. We propose that the
catalytic activity observed in the melanin—iron system involves
water reduction to H, and OH™ and the oxidation of melanin—
Fe(0) to melanin—Fe(11). The melanin—Fe(11) is then reduced to
melanin—Fe(0) at these high negative potential values, thus
allowing a new reaction cycle.

Conclusions and outlooks

Reductive electrodesorption has been used to produce “naked”
gold nanoparticles 3 nm in size (AuNPs) on HOPG from thiol-
capped AuNPs. The clean AuNPs transform the electrocatalytic
inert HOPG surface into an active surface for the hydrogen
peroxide electroreduction, lowering the overpotential ~0.2 V
with respect to the Au(111) surface. The nanoparticles exhibit
also an increase in the hydrogen evolution reaction with respect
to the same substrate. In a second step a melanin—iron shell has
been electrochemically formed around the AuNPs. This proce-
dure results in melanin—iron covered AuNPs supported on the
carbon surface. The melanin-iron ultrathin coating largely
improves the catalytic activity of the bare AuNPs for both
hydrogen peroxide electroreduction and hydrogen evolution
reaction. This strategy, which integrates electrochemistry to
nanomaterials, can be applied to the preparation of efficient
“naked” AuNP and Fe-organic capped AuNP catalysts.
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