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tethering to gold surfaces3
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Gold nanoparticles covered by derivatives of 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) with well-

defined coverage and narrow size distribution were synthesized and self-assembled on the gold electrode.

The TEMPO nanoparticle-coated electrode was characterized using STM and AFM. The kinetics of

oxidation of the nitroxide radicals attached to the nanoparticles was evaluated based on cyclic

voltammetry measurements. The TEMPO–nanoparticle modified electrode was found more efficient in

electrocatalytic oxidation of benzyl alcohol than the electrode modified with a monolayer of TEMPO

molecules directly bound to the gold surface.

1 Introduction

Nitroxides, in particular TEMPO (2,2,6,6-tetramethylpiperi-
dine-1-oxyl), are well-known oxidation catalysts with a number
of applications in organic synthesis, including oxidation of
primary and secondary alcohols, sulfides and organometallic
compounds.1–3 Of particular interest is the reaction of
oxidation of alcohols to carbonyl compounds, catalyzed by
oxoammonium cations formed during the oxidation of
nitroxides with primary oxidants, e.g. hypochlorite, or O2 with
active metal catalysts (Ru2+, Mn2+/Co2+ and Cu+).4 It was
reported that the TEMPO radical can be used in catalytic
aerobic oxidation of alcohol to aldehydes and ketones in ionic-
liquids.5 Recently TEMPO and its derivatives have found
industrial applications in the production of medicines and
others speciality chemicals.6

The immobilization of homogeneous catalysts facilitates
separation and allows easy catalyst recycling. TEMPO radicals
were anchored earlier to solid supports, e.g. polymers,7 silica,8

zeolites9 and recently multi-walled carbon nanotubes.10

Tanaka et al. reported electrooxidation of selected primary
and secondary alcohols with nitroxyl radicals immobilized on
silica gel in aqueous solution NaHCO3/NaBr with platinum
electrodes which can be applied to enantioselective oxidation
of meso-1,4-diol affording optically active c-lactone.11,12

Tokuda et al.13 reported the preparation of a glassy carbon
rotating electrode modified with TEMPO radical for 4-methox-
ybenzyl alcohol electrooxidation. On the basis of the electro-
chemical behavior of the TEMPO modified electrode they
proposed a mechanism for electrooxidation of alcohol in the

presence of 2,6-lutidine as reaction medium. It was found that
the rate-determining step is the decomposition of an
intermediate formed from the oxoammonium cation, 4-meth-
oxybenzyl alcohol and 2,6-lutidine acting as a proton acceptor.
The presence of 2,6-lutidine is essential for the alcohol
electrooxidation to proceed at a reasonable rate.13

In the last years interest in the application of metallic
nanoparticles in the preparation of new effective and recycl-
able catalysts has increased rapidly.14 Contrary to typical
heterogeneous catalysts, nanoparticles can be soluble in many
solvents thus can act homogeneously and at the same time
their activity is very high under mild conditions because of
their large surface area.14 Gold nanoparticles (AuNPs) are
especially convenient in such applications due to their high
stability, relatively easy preparation and easy introduction of
functional groups.15 The colloidal methods of synthesis are
the most commonly used in the preparation of gold
nanoparticles.16 They are based on the reduction of gold salts
dissolved in organic solvents in the presence of surface
capping ligands which prevent aggregation of the particles
by electrostatic and/or physical repulsion.16 For water soluble
gold nanoparticles with ca. 20 nm diameter, the Turkevitch
method of citrate reduction of HAuCl4 is a favorable
approach.17 Brust and co-workers two-phase procedure invol-
ving tetraoctylammonium bromide as a phase-transfer reagent
is usually employed for thiol-stabilized gold nanoparticles.18

This procedure has been applied as the starting point in many
experiments using different types of sulfur containing capping
ligands such as di and trithiols, xanthates, resorcinarene
tetrathiols and disulfides.19

Application of disulfides in gold and silver nanoparticles
preparation was proposed in the literature as a promising way
to obtain mixed monolayers with homogeneous distribution of
the functional groups.20 The mechanism of disulfides adsorp-
tion on the gold surface has been repeatedly discussed in the

Faculty of Chemistry, University of Warsaw, Pasteura 1, 02-093 Warsaw, Poland.

E-mail: emegiel@chem.uw.edu.pl

3 Electronic supplementary information (ESI) available: ESI MS analysis of DiSS,
TG, UV, IR, XPS, FTIR analyses of the obtained AuNPs. See DOI: 10.1039/
c3ra23106b

RSC Advances

PAPER

This journal is � The Royal Society of Chemistry 2013 RSC Adv., 2013, 3, 5979–5986 | 5979

D
ow

nl
oa

de
d 

by
 R

SC
 I

nt
er

na
l o

n 
14

/0
5/

20
13

 1
3:

17
:1

1.
 

Pu
bl

is
he

d 
on

 0
6 

M
ar

ch
 2

01
3 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
3R

A
23

10
6B

View Article Online
View Journal  | View Issue

http://dx.doi.org/10.1039/c3ra23106b
http://dx.doi.org/10.1039/c3ra23106b
http://dx.doi.org/10.1039/c3ra23106b
http://pubs.rsc.org/en/journals/journal/RA
http://pubs.rsc.org/en/journals/journal/RA?issueid=RA003017


literature.21 Ionita et al.22 reported a place-exchange reaction
of stable radical-functionalized disulfide on Au nanoparticles
monitored using the EPR technique. They proved a zero-order
process with respect to the disulfide concentration, indicative
of a dissociative exchange mechanism. Schőnherr and
Ringsdorf23 proved the sulfur–sulfur bond cleavage of the
disulfide in the reaction with the gold surface in the studies of
unsymmetrical disulfides.

Nitroxide functionalized gold nanoparticles have been
prepared earlier in a two-step synthesis with the first step
involving the two-phase procedure proposed by Brust and co-
workers18 and a place-exchange reaction of the ligands on the
AuNPs as the next step.24,25 In the place exchange reactions
only a small number of nitroxyl radicals replaced the
alkanethiols on the AuNP surface and a large excess of
incoming ligand should be used.26 Additionally, the two-phase
procedure is limited to non-polar and weakly polar ligands and
persistent contamination of isolated products with residual
phase transfer agent (tetraoctylammonium bromide) took
place.27 The one-phase procedure was also tried and was
carried out in a water–methanol system with a variety of water
soluble ligands.28,29 For the ligands soluble in organic
solvents, the anhydrous THF one-phase route was proposed
with the very strong reductive agent lithium triethylborohy-
dride.30 Employing very strong reductive agents causes,
however, the reduction of many functional groups during the
synthesis. Rowe et al.31 described a one-phase synthesis of
thiolate monolayer-protected gold nanoparticles in anhydrous
THF with using LiBH4 as the reductive agent. Theato and co-
workers32 prepared functional gold nanoparticles in a two-
phase synthesis using disulfides with polar groups as
stabilizing ligands in the mixture of ethyl acetate and water
with NaBH4 as reductive agent. Under these mild reducing
conditions the carboxyl and ester groups survived.

Schätz et al.33 reported the synthesis of graphene-coated
nanobeads functionalized by TEMPO radicals and their high
activity for the selective oxidation of primary and secondary
alcohol. However, the procedure of the described material
preparation seems rather complicated.

We described earlier a method of binding the nitroxide
functionalized gold nanoparticles obtained in the two-phase
mode with a gold electrode through Au–ON, interactions. In
this system gold nanoparticles were covered by a mixture of
ligands (thiols and nitroxides).34 Now we report the synthesis
of gold nanoparticles covered only by nitroxides, according to
a simple one-phase procedure and their application in the
preparation of a new type of catalyst for selective alcohol
oxidation easy removal from the reaction medium. The
obtained nitroxide coated gold nanoparticles were immobi-
lized on the gold electrode surface by means of a 1,9-
nonanedithiol linker (Scheme 1). Monolayers obtained in this
method should be more stable than prepared by Au–ON,

interactions. This is caused by instability of the Au–ON,

binding at the potential of catalysis. Cyclic voltammetry was
performed for the AuNPs covered electrode and the kinetics of
the electrode process of the TEMPO/TEMPO+ couple were

evaluated. The modified electrode was applied for electro-
catalytic oxidation of benzyl alcohol to aldehyde in acetoni-
trile,35 and the catalytic efficiency of the AuNPs
nanostructured gold electrode was compared with that of a
TEMPO–SH monolayer directly self-assembled on the gold
surface.

2 Experimental section

2.1 Materials

HAuCl4?4H2O in a solution of 30% HCl, and all other solvents
were purchased from Sigma–Aldrich. Bis[2-(4-oxy-2,2,6,6-tetra-
methylpiperidine 1-oxyl)ethyl] disulfide (DiSS) was synthesized
according to the procedure described in the literature.36

Milli-Q ultrapure water (resistivity 18.2 MV cm21) was used
during the preparation of the modified electrodes.

2.2 Preparation of TEMPO covered AuNPs

In a common procedure, 0.3 ml of solution of HAuCl4 (430
mmol) was mixed with 120 ml of ethyl acetate (p.a.); next 300
mg of DiSS (579 mmol) was added (Au : S = 1 : 2.6) and the
mixture was stirred under a stream of argon. After 10 min a
freshly prepared solution of NaBH4 in methanol (0.274 g in 70
ml, 7.2 mmol) was added slowly during half an hour, under
vigorous stirring and a stream of argon. The mixture turned
from yellow to dark brown. Next, the solution was stirred
under argon atmosphere for 24 h at room temperature. After
this time the mixture was washed with deionized water (3 6
100 ml), the organic phase was evaporated to ca. 5 ml and
precipitated by the addition of n-hexane (150 ml). The freshly
obtained black precipitate was sonicated in hexane for 1 min
and centrifuged (5 min, 15 000 rpm). The solid product was
dissolved in THF and then precipitated with hexane. The
procedure of dissolving AuNPs in THF and precipitating in
hexane was repeated three times until no traces of free ligands
were found. The absence of impurities was confirmed by TLC.
The obtained solid was dried under vacuum at 40 uC. The dark
brown solid (49.9 mg, yield ca. 45%) was soluble in most
common organic polar solvents, e.g. methanol, ethanol,
acetone, THF, chloroform, acetonitrile. The solutions were
stable and no sedimentation process was observed even after
several months.

2.3 Techniques

Transmission Electron Microscopy (TEM) observations were
carried out using a JEM 1400 JEOL Co. microscope, at 120 kV
acceleration voltage. The samples were obtained by casting the
ethanol solution onto a carbon coated nickel microgrid (200
mesh) and air-dried overnight. SEM-EDS spectroscopy mea-
surements were carried out with a scanning electron micro-
scope JEOL-JSM-5600 equipped with a energy dispersive X-ray
spectrometer OXFORD Link-ISIS-300.

Thermogravimetric measurements (TG) were performed
using a DuPont 951 thermobalance (precision ¡0.4%; mini-
mal mass 0.02 mg) coupled with a DuPont 9900 thermal
analyzer.
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Elemental analysis was performed using a CHNS analyzer
model Vario EL III Elementar Analysen systeme GmbH.

Electron Paramagnetic Resonance (EPR) measurements
were carried out at room temperature in acetone solution
with an X-band (9.3 GHz) using a Miniscope MS200 spectro-
meter (Magnettech GmbH, Berlin, Germany). Modulation
frequency was 100 kHz.

X-Ray photoelectron spectroscopy (XPS) measurements were
done using a VG ESCALAB 210 electron spectrometer equipped
with an Al Ka source (1486.6 eV). XPS data were calibrated
using the binding energy of Au 4f7/2 = 84.0 eV as the internal
standard.

Electrochemistry. Voltammetry measurements were per-
formed using a PGSTAT Autolab (Eco Chemie BV, Utrecht,
Netherlands) or a CHI 750B potentiostat (CH Instrument,
Austin, USA). All electrochemical experiments were done in a
three-electrode arrangement with platinum foil as the counter,
silver/silver chloride (Ag/AgCl) (BAS) as the reference electrode,
and an Au disc (BAS, 1.5 mm diameter) as the working
electrode. The supporting electrolyte solution was 0.1 M
tetrabutylammonium hexafluorophosphate (TBAHFP) in anhy-
drous acetonitrile (ACN). Where needed, Milli-Q ultrapure
water (resistivity 18.2 MV cm21) was used. The solutions were
deaerated using argon and room temperature was maintained.

Scanning tunneling microscope (STM) images were taken
under ambient conditions using a Nanoscope IIIa (Digital

Instruments, Santa Barbara, CA) and commercially available
Pt–Ir tips.

Atomic force microscope (AFM) imaging was performed in
the air in ambient conditions using a PicoPlus 5500 AFM
(Agilent). The images were taken in alternating current mode
(AC-AFM) at a scan rate of 2.0 nm s21 using silicon probes
(PPP-NCST, Nanosensors, Switzerland) with an average force
constant of 7.4 N m21 and a resonant frequency of 160 kHz.

Preparation of electrode surfaces modified with TEMPO
nanoparticles and TEMPO-SH monolayer. Gold disc electrodes
(BAS) were polished mechanically with 1.0, 0.3 and 0.05 mm
alumina powder on a Buehler polishing cloth. After thorough
washing with water, the electrodes were placed in the
ultrasound for 10 min in water solution. Next, the substrates
were cleaned electrochemically in 1 M NaOH by holding at
21.5 V for 60 s and scanning 10 times within the potential
range 21.5 V to 1 V. Finally, they were cleaned in 0.5 M H2SO4

solution by cycling the potential in the range 20.2 V to 1.6 V
until the characteristic curve for a gold electrode was
obtained.37 The pre-cleaned electrodes were used as the
substrates for the deposition of the 1,9-nonanedithiol/buta-
nethiol mixed monolayer from ethanol solution (ratio 1 : 1) for
24 h. The surface concentration of 1,9-nonanedithiol mono-
layer, calculated from desorption experiments, showed a well-
covered monolayer without double adsorption of 1,9-nonane-
dothiols. Following washing with pure acetone (¢99.9%) they

Scheme 1 A schematic presentation of TEMPO nanoparticles (above) and TEMPO–SH monolayer modified gold electrodes (below).
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were immersed in an acetone solution of TEMPO nanoparti-
cles (1 mg ml21) for 24 h. Finally, the electrodes were washed
with acetone and anhydrous acetonitrile, and used in
experiments. The idealized structure of the TEMPO NPs
modified electrode is shown at Scheme 1. For TEMPO-SH
monolayer deposition, the pre-cleaned electrodes were
immersed in 5 mM bisnitroxide disulfide (DiSS) solution in
acetonitrile for 24 h in the absence of oxygen, then rinsed with
acetonitrile and used for further experiments.

3 Results and discussion

3.1 Characterization of AuNPs

AuNPs were obtained in a one-phase procedure using
bisnitroxide disulfide as stabilizing ligand, ethyl acetate as
reaction medium and methanol as solvent for NaBH4 accord-
ing to Scheme 2.

The results of our FTIR spectroscopy studies confirm the
mechanism proposed in the literature involving cleavage of
the disulfide bond during adsorption of disulfide on the gold
surfaces (see ESI3).

Fig. 1A and 1B show the TEM image and the size
distribution histogram of the obtained nanoparticles, respec-
tively. Clearly, nanoparticles of the size of approximately 2 nm
in diameter (2.5 ¡ 0.50 nm) and relatively narrow distribution
are uniformly dispersed.

Table 1 shows the elemental composition of the gold
nanoparticles obtained, determined from EDS, XPS, TG and
elemental analysis. With the exception of results from EDS
analysis, the composition shows excellent agreement with the

expected atomic molar ratio. It should be mentioned that EDS
analysis allows identification of the elements in the sample
and accurate elemental composition determination is rather
limited.

The presence of characteristic functional groups in the
obtained AuNPs was confirmed using X-ray photoelectron
spectroscopy XPS. The photoemission spectrum of the N(1s)
line is shown in Fig. 2. This broad signal was deconvoluted
into two peaks at 399.2 and 401.1 eV binding energy,
respectively, both with a full width at half maximum
(FWHM) of 2.2 eV. The first signal could be attributed to the
nitrogen of the nitroxide group NON according to the literature
data (398.9 eV, FWHM = 2.1 eV;38 400.6 eV, FWHM = 1.2 eV39).
The shoulder observed at 401.1 eV shifted by 2.1 eV to higher
binding energies can be assigned to a shake-up satellite40

involving N–O bands in analogy to those observed earlier for

Scheme 2 Synthetic route of the AuNPs preparation.

Fig. 1 A) TEM image of the obtained AuNPs and B) their size distribution
histogram.

5982 | RSC Adv., 2013, 3, 5979–5986 This journal is � The Royal Society of Chemistry 2013

Paper RSC Advances

D
ow

nl
oa

de
d 

by
 R

SC
 I

nt
er

na
l o

n 
14

/0
5/

20
13

 1
3:

17
:1

1.
 

Pu
bl

is
he

d 
on

 0
6 

M
ar

ch
 2

01
3 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
3R

A
23

10
6B

View Article Online

http://dx.doi.org/10.1039/c3ra23106b


thin films of TEMPO derivatives on the solid support.23 The
remaining characteristic signals obtained in the XPS spectra
are shown in the ESI.3

The EPR spectrum of the obtained AuNPs (Fig. 3) shows a
typical three-line spectral pattern of a nitroxide free radical in
the fast motion regime overlapping a single broad line with a
small amplitude. This broad line probably results from the
averaging of a number of EPR signals of groups of radicals
close enough to each other on the Au nanoparticle surface to
undergo exchange interactions. Also the line width broadening
can be ascribed to intermolecular interactions between
radicals close to each other.

3.2 Cyclic voltammetric behavior of the gold electrode
modified with TEMPO nanoparticles

Cyclic voltammograms obtained for the gold electrode
modified with TEMPO covered gold nanoparticles are shown
in Fig. 4. The reversible redox peaks centered at ca. 0.838 V
were ascribed to the redox processes of the TEMPO/TEMPO+

couple. The peak separation of the redox wave was ca. 20 mV
(at scan rate 1 V s21), so the anodic and cathodic peaks were
nearly mirror images of one another. The electrochemical

response at each of the modified electrodes became almost
constant after the voltammetric measurement was repeated 15
times and the differences between the anodic peak currents on
first and 15th voltammograms were less than 8%. The anodic
peak currents exhibited a linear relationship vs. potential
sweep rate over the range between 10 mV s21 and 1 V s21.
Values of surface concentrations calculated from the area
under the TEMPO oxidation peak were equal to (4.8 ¡ 0.45) 6
10210 mol cm22 reflecting the high density of the TEMPO
groups on the gold electrode. AFM images confirmed that the
electrode surface is densely and uniformly packed with
TEMPO nanoparticles with only few aggregates (Fig. 5). For
comparison, the surface concentration of the TEMPO group
for the TEMPO-SH monolayer on the gold electrode was
estimated to be much lower, (1.72 ¡ 0.35) 6 10210 mol cm22.

3.3 Kinetics of electron transfer in the TEMPO/TEMPO+ redox
system immobilized on the gold electrode

The standard rate constants, k of the electrode processes of
TEMPO nanoparticles and TEMPO-SH immobilized on the
electrode surface were calculated from the cyclic voltammo-
grams using the Laviron equation:41,42

Table 1 The composition of the gold nanoparticles obtained from different methods

% of weight

EDSa XPSa Elemental analysisb TG

Gold 67.3 63.2 76.9
Sulfur 6.87 4.94 3.30

3.01
Nitrogen 2.85 1.91 1.28

1.20
Oxygen 3.24 6.65
Carbon 23.3 15.33

15.30
Hydrogen 2.13

2.14
Molar ratio Au : S 1.8 : 1 2.08 : 1 3.78 : 1c

Molar ratio: S : N : O S : N : O : C S : N : C : H
Obtained 1 : 1.1 : 1.1 1 : 0.9 : 2.7 : 12.6 1 : 0.9 : 12.3 : 20.6
Calculatedd 1 : 1 : 3 1 : 1 : 3 : 12 1 : 1 : 12 : 21

a Calculated on the basis of atomic %. b Data were collected for two samples. c From elemental and TG analysis. d On the basis of ligand
composition.

Fig. 2 XPS spectrum of the N(1s) electrons of TEMPO covered AuNPs. Fig. 3 EPR spectrum at 293 K of TEMPO covered AuNPs in acetone solution.
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k~
a:n:F :vc

R:T
~

(1{a):n:F :va

R:T
(1)

The scan rate corresponding to the intersection point of the
two asymptotes, va = vc is obtained from Fig. 6A and 6B. The
transfer coefficient a was obtained by measuring the variation
of the peak potential with the scan rate. A plot of Ep versus logv
yields two straight lines with slopes equal to 2.3RT/(1-a)nF and
2.3RT/anF for anodic and cathodic peaks. The scan rate
corresponding to the intersection point of the two asymptotes,
va = vb is obtained from Fig. 6. For TEMPO-SH monolayer, the
electron transfer rate constant, k and electron transfer
coefficients a were calculated to be 165 ¡ 18 s21 and 0.61
¡ 0.02, respectively.

For the system based on TEMPO nanoparticles, the values of
the electron transfer rate constant and transfer coefficient
were equal to k = 106 ¡ 18 s21, a = 0.66 ¡ 0.07. The smaller
electron transfer rate constants for the TEMPO NPs covered
electrode may be due to longer alkyl chains in the 1,9-
nonanedithiol than in the TEMPO-SH molecule and the less
efficient electron transport between the TEMPO molecule

Fig. 6 (A) Voltammetric peak potential vs. scan rate dependencies for a gold
electrode covered with TEMPO(SH) monolayer and (B) TEMPO nanoparticles
immobilized on a 1,9-nonanedithiol monolayer. Supporting electrolyte 0.1 M
TBAHFP/ACN. Inset: linearized plots for k value determination.

Scheme 3 The scheme of oxidation of benzyl alcohol catalyzed by TEMPO
molecules in the presence of 2,6-lutidine.43

Fig. 4 Cyclic voltammograms of 1,9-nonaneditiol monolayer covered with
TEMPO nanoparticles in 0.1 M TBAHFP in ACN. The current is normalized by scan
rate (mA/(V s21)). Scan rates (V s21) are shown in the figure.

Fig. 5 AFM images of the gold electrode coated with a monolayer of 1,9-
nonanedithiol and TEMPO nanoparticles. Nanoparticles deposition time: 24 h.
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located on NPs and the electrode. No special attempts to
compensate the IR contribution at high scan rates were made.

3.4 Electrocatalytic oxidation of benzyl alcohol

The catalytic abilities of a TEMPO-nanoparticles modified gold
electrode were evaluated by performing experiments in
anhydrous ACN containing benzyl alcohol and 2,6-lutidine.
The mechanism of oxidation of benzyl alcohol is shown in
Scheme 3. 2,6-Lutidine serves as the base, responsible for the
regeneration of the free catalyst.43 Benzyl alcohol and 2,6-
lutidine themselves exhibited no voltammetric responses at
the bare gold electrode. The voltammogram of the TEMPO-
nanoparticles modified gold electrode was not affected by
addition of benzyl alcohol.

In the presence of 2,6-lutidine the modified electrode
showed typical behavior for the catalytic oxidation of benzyl
alcohol to aldehyde (Fig. 7A and 7B). At the nanoparticle
covered electrode (Fig. 7A), the peak current corresponding to
TEMPO oxidation is larger than in the case of TEMPO-SH
monolayer covered surface (Fig. 7B) which reflects the
increased number of catalytic sites available for the same
geometric area of the working electrode. Moreover, the
catalytic abilities of each TEMPO molecule are strengthened
for the nanoparticles covered surface since the catalytic
current is twenty times larger (Fig. 7A) than recorded using
the electrode modified with the monolayer of TEMPO-SH
(Fig. 7B). We ascribe the improved catalytic ability to the better
accessibility of TEMPO groups attached to the gold nanopar-
ticles than in the case of a closely packed monolayer. The ratio
of catalytic peak current (Ic) to catalyst peak current in the
absence of benzyl alcohol (Io), increases with the concentration
of benzyl alcohol up to a limiting value. In the plateau region
of the plot, the ratio Ic/Io is 1.63 times larger for the NP-covered
surface (Fig. 7C).

4 Conclusion

We show that the population of TEMPO groups on the
electrode surface can be significantly increased when TEMPO
radicals coated gold nanoparticles form the electrode modify-

ing layer instead of TEMPO-SH molecules. As shown by several
methods, the multilayer system containing TEMPO nanopar-
ticles is characterized by high density of the TEMPO groups
and their good organization. The kinetics of electron transfer
in the two types of TEMPO modified electrodes are compar-
able. The electrocatalytic oxidation of benzyl alcohol is shown
to be more efficient at the electrode surface nanostructured
with gold nanoparticles coated with TEMPO radicals than at
the electrode modified directly with a monolayer of TEMPO-
SH. More importantly, the catalytic efficiency of each TEMPO
molecule is found to be larger when the catalyst is immobi-
lized at the nanoparticle surface. We ascribe this improvement
to better accessibility of the catalyst at the NP structured
electrode compared to that in the well-organized dense
TEMPO-SH monolayer. The high value of heterogeneous
electron transfer rate constant in the system based on layers
of AuNPs modified with TEMPO together with its stability and
increased efficiency in oxidizing benzyl alcohol lead us to
propose electrodes nanostructured with TEMPO-coated Au
nanoparticles as promising surfaces for electrocatalytic appli-
cations.
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