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a b s t r a c t

The crystallographic orientation of Au nanoparticles electrodeposited at glassy carbon (nano-Au/GC) elec-
trodes (prepared by potential step electrolysis) is markedly influenced by the width of the potential step.
The oxygen reduction reaction (ORR) and the reductive desorption of cysteine have been studied on nano-
Au/GC electrodes. Furthermore, electron backscatter diffraction (EBSD) technique has been used to probe
eywords:
lectrodeposition
referential orientation
RR
anostructures

the crystallographic orientation of the electrodeposited Au nanoparticles. That is, Au nanoparticles pre-
pared in short time (5–60 s) have been found rich in the Au(1 1 1) facet orientation and are characterized
by a relatively small particle size (ca. 10–50 nm) as well as high particle density (number of particles per
unit area) as revealed by SEM images. Whereas Au nanoparticles prepared by longer electrolysis time
(>60 s) are found to be much enriched in the Au(1 0 0) and Au(1 1 0) facets and are characterized by a
relatively large particle size (>100 nm). EBSD patterns provided definitive information about the crystal

Au na
lectron back scatter diffraction (EBSD) orientations mapping of

. Introduction

Nanometer-scale materials are continuously attracting consid-
rable attention due to their unusual and fascinating properties
1–5]. The decrease of the size of materials down to the nanometer
ange leads to a tremendous change of their surface, electronic and
ptoelectronic properties compared with their bulk metal counter-
arts [6,7]. The use of gold nanoparticles has been rapidly extended
o several applications in electronics, optoelectronics, electroanaly-
is [8,9] as well as chemical and electrochemical catalysis [4,10–13].
n this regard, the preparation of tailored design nanostructures in
erms of size and crystallographic structure is a subject of unequiv-
cal importance [14–17].

Electrodeposition is among the most familiar binder-free tech-
ique used for the preparation of nanoparticles. It is a facile
echnique which results in the direct attachment of the nanopar-
icles to the substrate in addition to the facile control of the
haracteristics of the metal (or metal oxide) (e.g., size, crystal-
ographic orientation, mass, thickness and morphology of the
anostructured materials) by adjusting the operating conditions

nd bath chemistry [17–21] in contrast to other techniques which
equire several steps and consume relatively longer time, such as
ol–gel [22,23], micelle-based cluster generation [24,25] and metal
apor synthesis routes [26,27].
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noparticles prepared at various deposition times.
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This paper addresses the influence of the electrodeposition time
on the crystallographic orientation of Au nanoparticles deposited
on glassy carbon (nano-Au/GC) electrodes. SEM, XRD and electron
backscatter diffraction (EBSD) techniques are used to characterize
the electrodeposited Au nanoparticles in terms of size and prefer-
ential facet orientation. Furthermore, the reductive desorption of
cysteine and the oxygen reduction reactions in alkaline medium
are used as probing electrochemical reactions to monitor the vari-
ation of the crystallographic orientation of the electrodeposited Au
nanoparticles with time.

2. Experimental

The working electrode was a GC rod of 3.0 mm diameter sealed
in a Teflon jacket leaving an exposed geometric surface area of
0.07 cm2. A spiral Pt wire and an Ag/AgCl/KCl (sat) were the counter
and the reference electrodes, respectively. Prior to the electrode-
position of Au nanoparticles, the GC electrode was polished with
aqueous slurries of alumina powder (particle size down to 0.06 �m)
with the help of a polishing microcloth then sonicated for 10 min in
Milli-Q water. Au nanoparticles were electrodeposited from 0.5 M
H2SO4 + 1.0 mM Na[AuCl4] solution by applying potential step elec-
trolysis from 1.1 to 0.0 V vs. Ag/AgCl/KCl(sat) [20,28]. The duration

of the potential step electrolysis was varied from 5 to 900 s to
obtain Au deposits with different characteristics (cf. Table 1). The
thus-prepared Au nanoparticles-electrodeposited GC electrodes
were characterized electrochemically in a deoxygenated (i.e., N2-
saturated) 0.5 M H2SO4 solution (cf. Fig. 1). The self-assembled
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ig. 1. SEM micrographs of Au nanoparticles electrodeposited onto GC electrodes fro
.1 to 0 V vs. Ag/AgCl/KCl(sat) with a step width of (a) 5, (b) 10, (c,c′) 60, (d,d′) 300, (
onolayer (SAM) of cysteine [HS-CH2-CH(NH2)-COOH] was pre-
ared by immersing the nano-Au/GC electrodes into an aqueous
olution of 1.0 mM cysteine for 20 min. The reductive desorption
xperiments were carried out in a deoxygenated 0.5 M KOH solu-
ion. For the oxygen reduction measurements, O2 gas was bubbled
M H2SO4 containing 1.0 mM Na[AuCl4] by applying potential step electrolysis from
00 s. Note that images c′–e′ are taken at an inclination of 70◦ of the sample.
directly into the cell containing 0.5 M KOH to obtain an O2-saturated
solution and during the measurements O2 gas was flushed over
the cell solution. Electrochemical measurements were performed
in a three-electrode cell using EG&G potentiostat (model 273A) at
room temperature. The current densities were calculated on the
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Table 1
Variation of QAu(1 1 1) of Au nanoparticles with electrodeposition time (td). The nano-Au/GC electrodes were prepared as described in the caption of Fig. 1.

td (s) Amount of deposited Au
nanoparticlesa (�g cm−2)

Equivalent film thicknessb

(nm)
QAu(1 1 1)

c (%) Particle size range (nm) Particle densityd

5 1.53 0.79 90 5–20 ∼100
10 1.94 1.01 85 10–50 ∼75
30 3.11 1.61 75 15–60 ∼70
60 5.37 2.78 55 20–80 ∼55

120 8.12 4.21 48 50–120 ∼55
300 18.26 9.46 35 50–200 ∼50
900 43.12 22.91 30 100–500 ∼30

a Calculated from the Q–t curves during the potential step electrolysis.
b C elec
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that is being tested.
Fig. 2 represents a current transient recorded during the elec-
The thickness of a homogeneous Au film that covers the entire surface area of G
c QAu(1 1 1) represent the ratio of the amount of charge consumed during the red

omains, respectively at −700 and −1000 mV vs. Ag/AgCl/KCl(sat)) [33–37].
d The number of particles per 1 �m2.

asis of the geometric surface areas of the electrodes. All chem-
cals used in this study were of analytical grade and were used

ithout further purification. XRD measurements were performed
n PANalytical X’Pert PRO MRD X-ray Diffractometer, using Cu
�1 radiation (� = 1.54056 Å) with a Ni filter working at 45 kV and
0 mA. Scanning electron microscopy (SEM) and electron backscat-
er diffraction analyses of the Au nanoparticles electrodeposited
nto GC electrodes were carried out using an JSM-6500F scanning
lectron microscope (JEOL Optical Laboratory, Japan) equipped with
backscatter camera.

. Results and discussion

.1. Morphological characterization of Au nanoparticles

Fig. 1 shows typical SEM images of Au nanoparticles electrode-
osited onto GC (nano-Au/GC) for different times. Images c′–e′ are
btained at an inclined angle of 70◦ of the sample to allow for the
bservation of the height and morphology of the electrodeposited

u nanoparticles. These images show an approximately hemispher-

cal shapes of the electrodeposited Au nanoparticles similarly to
hose in the previous reports [20,29,30]. Particle size distribution
nd the particle density of the Au nanoparticles electrodeposited
n GC electrodes were estimated based on the data in Fig. 1 and the

ig. 2. Current transient recorded during a potential step from 1.1 to 0 V vs.
g/AgCl/KCl(sat) for a GC electrode in 0.5 M H2SO4 + 1.0 mM Na[AuCl4].
trode and with the same Au loading as that of electrodeposited Au nanoparticles.
e desorption of cysteine SAMs from the Au(1 1 1) and Au(1 0 0) + Au(1 1 0) surface

results are given in Table 1. This table shows that, Au nanoparticles
with different sizes are present: the size of Au particles increases
with increasing electrodeposition time (td). At long td, a noticeable
decrease in particle density is observed which is attributed to the
growth and coalescence of the neighboring Au particles. Generally,
the first step of metal deposition is the formation of nuclei of the
depositing metal. Subsequently, two processes take place, i.e., the
growth of the initially formed nuclei and progressive nucleation
[31]. The characteristics of the deposit (e.g., granularity, thickness,
preferential crystallographic orientation) are determined by sev-
eral parameters including the overpotential, concentration of active
species and the electrodeposition time [20]. For the sake of simplic-
ity, the electrodeposition of Au nanoclusters has been carried out
from a solution of 0.5 M H2SO4 + 1.0 mM Na[AuCl4] and one value
of overpotential has been used (the potential was stepped from 1.1
to 0 V vs. Ag/AgCl/KCl(sat), corresponding to an overpotential (�) of
−800 mV [20], and the electrodeposition time is the only parameter
trodeposition of Au nanoparticles by applying a potential step from
1.1 to 0 V vs. Ag/AgCl/KCl(sat). The initial sharp high current is due

Fig. 3. CVs measured at 100 mV s−1 for the various nano-Au/GC electrodes in 0.5 M
H2SO4. The nano-Au/GC electrodes have been prepared as described in the caption
of Fig. 1 with a step width of (a) 5, (b) 10, (c) 30, (d) 60, (e) 300 and (f) 900 s.



M.S. El-Deab / Electrochimica Acta 54 (2009) 3720–3725 3723

F
f
A
o

t
w
a
s
[

F
n
T
s

ig. 4. CVs measured at 50 mV s−1 for the reductive desorption of cysteine-SAM
ormed at various nano-Au/GC electrodes in N2-saturated 0.5 M KOH. The nano-
u/GC electrodes are prepared as described in the caption of Fig. 1 with a step width
f (a) 5, (b) 10, (c) 30, (d) 60, (e) 120, (f) 300 and (g) 900 s.

o the charging of the double layer. A current decay is observed

hich is linear with t−1/2 indicating a planar diffusion regime which

rises due to the overlapping of the growing hemispherical diffu-
ion layers which provide mass transport for nanocrystal growth
20,32].

ig. 5. CVs measured at 100 mV s−1 for the oxygen reduction at (a) bare GC, (b–d)
ano-Au/GC and (e) bare polycrystalline Au electrodes in O2-saturated 0.5 M KOH.
he nano-Au/GC electrodes are prepared as described in the caption of Fig. 1 with a
tep width of (b) 60, (c) 300 and (d) 900 s.
Fig. 6. XRD patterns of nano-Au/GC electrodes prepared in the same way as in Fig. 1
with a step width of (a) 60, (b) 300 and (c) 900 s.

3.2. Electrochemical characterization of Au nanoparticles

3.2.1. Characteristic CVs
Fig. 3 shows cyclic voltammetric (CV) curves of the various nano-

Au/GC electrodes in 0.5 M H2SO4 solution at a potential scan rate
of 100 mV s−1. This figure shows that the peak current at around
0.9 V (corresponding to the reduction of the Au-oxide monolayer
formed during the positive-going potential scan) increases with td
reflecting the increase of the Au surface area. Table 1 summarizes
the loading and surface characteristics of the Au nanoparticles elec-
trodeposited on GC electrodes for different td. The appearance of
different patterns (positive to 1.1 V) for the formation of the gold
oxide layer indicates a difference of the compositional ratios of the
different facets covering the Au nanoparticles at each case. How-
ever, no quantitative estimation for each facet can be given.

3.2.2. Reductive desorption of cysteine
It has been reported that the polycrystalline Au surfaces are

composed, mainly, of three facets of low index crystallographic
orientations, i.e., domains of Au(1 1 1), Au(1 0 0) and Au(1 1 0) ori-
entations [33,34]. Each single crystalline domain exhibits different
binding strength towards an attached thiol. For instance, for a short
chain thiol species like cysteine, a multiple reductive desorption CV
pattern was observed at potentials of −700, −1000 and −1100 mV
vs. Ag/AgCl/KCl(sat) [33,34], corresponding to the reductive des-
orption of cysteine from the (QAu(1 1 1)), Au(1 0 0) and Au(1 1 0)
domains of a polycrystalline Au electrode [33–37]. The ratio of the
peak current intensities reflects the proportion of the low index
facets. In order to assess the ratio of the different Au facets, the
reductive desorption of cysteine was followed at various nano-
Au/GC electrodes.

Fig. 4 shows the CV patterns, measured in 0.5 M KOH solution
at potential scan rate of 50 mV s−1, for the reductive desorption of
cysteine-SAM formed at the various nano-Au/GC electrodes. This
figure shows the existence of multiple reductive desorption peaks

at each electrode with different heights depending on td. Table 1
summarizes the variation of the ratio of the amount of charge
consumed during the reductive desorption of cysteine from the
Au(1 1 1), Au(1 0 0) and Au(1 1 1) surface domains (QAu(1 1 1)). It
reveals two points:
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ig. 7. Electron backscatter diffraction (EBSD) patterns of Au nanoparticles electrode
ime: (A) 60, (B) 300 and (C) 900 s. (D) is a color coding to identify the crystallograp
acets).

(i) Au nanoparticles electrodeposited at short time are enriched in
the Au(1 1 1) facet orientation (cf. Fig. 7A). It is worth to mention
here that the Au(1 1 1) facet is thermodynamically more stable
than the Au(1 0 0) and Au(1 1 0) ones of Au [31].

ii) The percentage of QAu(1 1 1) decreases with td and reaches about
30% for Au nanoparticles electrodeposited for 900 s (close to
the natural ratio obtained at the polycrystalline Au electrodes
(25 %) [17]). This reflects the polycrystalline nature of the Au
nanoparticles electrodeposited at longer td (cf. Fig. 7C).

.2.3. Oxygen reduction
The oxygen reduction reaction (ORR) was taken as a probing

eaction to further assign the facets of the prepared nano-Au/GC
lectrodes. This reaction has been extensively studied at Au sin-
le crystal electrodes [38,39], Au nanoparticles-based electrodes
11,40–42] as well as on thin Au films coated carbon substrates
13,43]. The ORR is well known to depend on the crystallographic
rientation of the Au surface in alkaline media [33,38]. Fig. 5 shows
Vs measured in O2-saturated 0.5 M KOH at (a) bare GC, (b–d) nano-
u/GC and (e) bulk Au electrodes. Inspection of this figure reveals
ome interesting points:

(i) The ORR proceeds quasi-reversibly at the nano-Au/GC elec-
trode prepared at 60 s (curve b) This behavior is similar to that
obtained at Au(1 1 1) single crystal electrode [33], indicating the
enrichment of this nano-Au/GC electrode with Au(1 1 1). Fur-
thermore, the peak current density of the ORR at this electrode

(curve b) is very close to that obtained at the bare GC (curve a).
The latter is know to support a two-electron reduction path-
way of O2 to hydrogen peroxide in alkaline media [40,44,45]
and similarly electrode marked b supports the two electron
reduction of O2 as well [33,40].
ed onto GC electrodes (at magnification factor of 80k, S = 500 nm). Electrodeposition
entation of Au nanoparticles (Colour online: blue = 1 1 1, red = 0 0 1 and green = 1 0 1

(ii) The ORR proceeds irreversibly at the nano-Au/GC electrodes
(curves c and d) prepared for 300 and 900 s with about 1.7
times higher peak current density compared with electrode
marked b. The increase in the peak current density is attributed
to the increase in the number of exchanged electron during the
course of the ORR [33,17]. The behavior of electrodes marked c
and d is similar to that observed at the polycrystalline Au elec-
trode (curve e) reflecting the polycrystalline nature of the Au
nanoparticles electrodeposited at longer deposition time.

It is worthy to mention here that each nano-Au/GC electrode is
considered as a micro disk array-type electrode at which the diffu-
sion layers at individual Au nanoparticles overlap each other to form
a linearly expanding diffusion region as can be expected by com-
parison of the diffusion layer thickness (ı = √

(�DO2 t) ≈ 0.021 cm;
DO2 is the diffusion coefficient of O2 in alkaline aqueous medium
(≈10−5 cm2 s−1) and t is the electrolysis time (s)) and the average
distance between Au nanoparticles (≈50–200 nm). As can be read-
ily seen that ı is much larger than the average distance between the
Au nanoparticles prepared in all cases. Thus, the particle size is of
insignificant role towards the ORR and the crystallographic orien-
tation of the Au nanoparticles is believed to play the primary role
in determining the electrocatalytic activity towards the ORR.

3.3. XRD and electron backscatter diffraction (EBSD) patterns

The determination of microstructure of Au nanoparticles is
important because it determines many of their physical and elec-

trocatalytic properties. Fig. 6 shows the XRD patterns of the Au
nanoparticles electrodeposited onto GC electrodes for various dura-
tions. The diffraction peaks located at 2� values of ca. 45 and 80◦ are
attributed to the (0 1 1) and (1 1 0) planes of the carbon substrate,
respectively [46]. This figure reveals the existence of two peaks at 2�
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Table 2
Variation of the total fraction of the (0 0 1), (1 0 1) and (1 1 1) facet domains for the
Au nanoparticles electrodeposited for various durations.

td (s) Total fraction % of (1 1 1)

(0 0 1) (1 0 1) (1 1 1)
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60 0.010 0.026 0.030 45
00 0.055 0.097 0.069 31
00 0.089 0.210 0.108 26

f ≈38◦ and 64◦ corresponding to the Au(1 1 1) and Au(2 2 0) facet
omains of the Au nanoparticles, respectively [47]. For the present
ase, the substrate is glassy carbon, which is of less ordered surface
tructure and the quantitative estimation of the preferential crys-
allographic orientation of Au nanoparticles is difficult due to the
oisy background of the XRD patterns caused by the interference

rom the GC substrate.
EBSD is a powerful technique which advantageously allows

or obtaining crystallographic information (i.e., crystal orientation
apping) of samples (e.g., particles, clusters, aggregates). Fig. 7

hows typical crystal orientation maps obtained for the same sam-
les in Fig. 1(c–e). Note that particles of the similar orientations
re in similar colors. Black regions of the mapping image represent
reas undetected by electron backscattering due to roughness of
he GC substrate [48]. This figure reveals the following points: (i)
u nanoparticles electrodeposited at short time (60 s, image A) are
ich in the (1 1 1) orientation (as indicated from the predominance
f the blue color) and (ii) longer electrodeposition time (≥300 s)
eads to enrichment of Au nanoparticles with the (1 0 0) and (1 1 0)
rientations as reflected from the high intensity of the red and
reen colors of images B and C consistently with the observations
f the electrochemical measurements (Fig. 4). This observation
s consistent with the theoretical studies of the equilibrium and
rowth forms of three-dimensional crystals, in which the growth
orms of three-dimensional crystals contain closely packed crys-
allographic orientation (the most thermodynamically stable facet,
.e., the (1 1 1) facet for Au) at the early stage of electrodeposition
31]. On the other hand, at longer electrodeposition times the per-
entage of (1 0 0) and (1 1 0) increases probably due to the more
omplex mechanism of growth and coalescence of the neighbor-
ng Au nanoclusters [31]. The fractions for the (0 0 1), (1 0 1) and
1 1 1) orientations corresponding to the three samples are given
n Table 2. The total fraction of a specific facet is the percentage
f a specific orientation relative to the total area of the analyzed
egion of the surface [49]. This table shows that the increase of td
esulted in: (i) increase in the total fraction of the three low index
acets of Au nanoparticles and (ii) a decrease in the percent of the
1 1 1) orientation. It should be mentioned here that the analysis of
he EBSD images (given in Table 2) provided the relative percent-
ge of the three low index facet orientations of the electrodeposited
u nanoparticles and cannot be used to estimate the total surface
overage of GC.

. Conclusions
In this study, the influence of the electrodeposition time on the
referential crystallographic orientation of Au nanoparticles is fol-

owed by electrochemical and EBSD techniques. Au nanoparticles
lectrodeposited at relatively short potential step width (5–60 s) are
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[

[
[

ta 54 (2009) 3720–3725 3725

found rich in the Au(1 1 1) facet orientation. At longer deposition
time (>60 s), the Au nanoparticle’s surface consist more Au(1 0 0)
and Au(1 1 0) with a relatively big particle size (>100 nm) and low
particle density (number of particles per unit area) as depicted from
the SEM images.
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