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Gold nanostructures with controllable morphologies were synthesized by electrochemical deposition
on phosphorus doped diamond-like carbon (DLC:P) film surfaces. The morphology of the as-synthesized
gold nanostructures controlled by deposition potentials affected the electrocatalytic behavior of Au/DLC:P
electrodes. The gold nanostructures obtained at —0.1 V showed a 3D flower-like morphology (consisting
of staggered nanosheets), and exhibited higher electrocatalytic activity towards glucose electrooxidation

at the potential below 0.1V in alkaline media compared with other gold nanostructures (hemispherical
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and branched clusters) in terms of more unsaturated gold (22 0) and (3 1 1) crystal faces and monolayer
oxide mediators on gold surfaces. The gold nanostructures with controllable morphologies were hence
promising for the development of an electrocatalyst of non-enzymatic glucose sensor.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Diabetes is one of the most serious diseases, which is charac-
terized by an abnormal level of blood glucose due to the defects
in insulin production and insulin action [1]. Electrochemical glu-
cose sensor has been extensively investigated due to its important
applications in clinical diagnosis of diabetes, food analysis and
glucose fuel cells [2,3]. The sensitivity and stability of glucose
sensors depend on the physicochemical characteristics of elec-
trode materials employed as a transducer and catalytic activity
of redox mediators. Metallic nanostructured materials with high
electrocatalytic activities have been widely developed by various
synthetic methods [4-6] and used to oxidize carbohydrates in
the aqueous solution [7-10]. The nanostructured gold, consider-
ing its potential in catalysts, electronic detectors, optical devices,
electrochemical sensors or biosensors [4,6,11-13], has been partic-
ularly given great attention and investigation due to its controllable
electronic and optical properties, great promotion for the direct
electron transfer, and anti-poisoning ability for adsorbed interme-
diates. The chemical compositions, sizes, shapes and distribution
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of gold nanostructures, which play crucial roles in their electro-
catalytic properties, can be successfully tailored and controlled by
wet-chemical methods or colloid chemistry [13-20] when using
templates or precursors or matrix, such as porous materials [21],
geranium leaves [15], polypyrrole or polyelectrolyte modified sub-
strate [22,23],as well as polystyrene spheres [24] to inherit a certain
morphology from their previous templates or precursors. However,
the dosages of surfactants or organic additives, reaction rate and
temperature need be accurately controlled in these chemical meth-
ods and the resulted metallic nanostructures must be separated
and recycled to remove heterogeneous impurities or templates
before immobilized to a solid substrate [25]. A substitutable simple,
rapid and direct method to produce well-defined metal nanostruc-
tures on a certain substrate is electrochemical deposition, which
is a versatile technique used to synthesize desirable nanostruc-
tures for various applications [22,24,26-29]. The shapes, sizes and
coverage of electrodeposited gold nanostructures can be elab-
orately controlled by simply changing reactant concentration,
reaction time and deposition potentials in the reaction process
[22,27]. For example, Wang et al. electrochemically synthesized
diameter-controlled hierarchical flower-like gold microstructures
by changing the deposition time and potential [27]. Li and Shi fab-
ricated two-dimensional gold nanoparticles with dendritic, sheet,
flower-like and pinecone-like structures by electrochemical depo-
sition onto indium tin oxide glass substrate modified with thin
polypyrrole film and controlled their catalytic activity on electro-
chemical reduction of oxygen [22].
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Furthermore, the substrate material should be well-chosen to
provide desirable electrical connection to the metallic nanopar-
ticles on it. Carbon materials, including glassy carbon, pyrolytic
graphite, carbon nanotube, diamond and diamond-like carbon
(or amorphous carbon), are regarded as ideal electrode materials
due to their wide potential range, low residual current, repro-
ducible surface structure and suitability for chemical modification
[30-34]. Glucose detection using different carbon electrodes has
been broadly reported in the past few years [7,8,30,33-35]. Among
these carbon materials, doped DLC or amorphous carbon film with
attractive features [36], such as room temperature preparation,
reasonable conductivity, wide potential window, low background
current, chemical stability and biocompatibility represents a favor-
able substrate electrode for metallic nanoparticles anchoring and
can be used as an electrochemical sensor [33,37-41]. However, to
the best of our knowledge, there were few reports on glucose oxi-
dation at morphology-controllable gold nanostructures modified
conductive DLC electrodes. Herein, we report the direct forma-
tion of gold nanostructures with different morphologies in situ
on the phosphorus doped DLC (DLC:P) thin film electrodes by
a simple and efficient electrodeposited approach. The morphol-
ogy of gold nanostructures can be solely controlled by changing
deposition potentials during preparation. The gold particles with
pseudo-spherical, dendritic or branched and flower-like (consisting
of staggered nanosheets) nanostructures are generated. Further-
more, the electrocatalytic activity for glucose oxidation and surface
properties of these gold nanostructures depend strongly on their
morphologies.

2. Experimental
2.1. Reagents

HAuCly-3H,0 (purity 99.99%) and p-Glucose (purity 98%) were
supplied by Sigma, USA. All other chemicals were of analytical grade
and used without further purification. The water was obtained from
a Millipore Q purification system (resistivity >18 M2 cm).

2.2. Preparation of DLC:P electrodes anchored with gold
nanostructures

The DLC:P thin films were deposited on conductive p-Si (100)
substrates (0.001-0.0035 2 cm) by a filtered cathodic vacuum arc
deposition system (Nanofilms) using the same procedure described
in literature [38,39]. Briefly, when the pressure of vacuum chamber
was down to 2x 1076 Torr, 15-sccm PH3 (99.999%) was con-
tinuously introduced into the vacuum chamber to maintain a
dynamically balanced chamber pressure. DLC:P films with a thick-
ness about 90 nm were deposited on the silicon substrate under a
fixed negative pulse voltage of 500 V. The as-prepared DLC:P films
were pretreated in a 0.1 M NaOH solution as described in litera-
ture [33]. The NaOH-treated DLC:P films were then immersed into
a 0.1 M H,S04 solution containing 0.5 mM HAuCl, to electrode-
posit gold nanoparticles on the film surfaces. An electrochemical
workstation (CHI 660C, USA) with a three-electrode system includ-
ing DLC:P working electrode, Ag/AgCl (saturated KCl) reference
electrode and platinum foil counter electrode, was used. The
deoxygenated electrolytes were prepared by bubbling the elec-
trolytes with dry N, for 30 min before experiment. The deposition
potential step was controlled from 0.9 to 0.5V, 0.2V and -0.1V
(vs. Ag/AgCl), respectively, with a potential pulse width of 100s
and sampling interval of 0.002 s. The prepared Au/DLC:P samples
were correspondingly labeled as Au/DLC:P-0.5, Au/DLC:P-0.2 and
Au/DLC:P-0.1, respectively. The as-prepared Au/DLC:P electrodes
were cycled in a 0.1 M H,SO4 solution until stable voltammograms

were achieved, indicating the complete cleaning of the gold active
areas. The real surface areas of gold loading were estimated using
the same procedure described in literature [38].

2.3. Characterization and measurements

The compositions of DLC:P films were measured by X-ray
photoemission spectroscopy (XPS, PHI ESCA 5700) with Al K
(1486.6eV) as the X-ray source and quantified as 4.3, 90.6 and
5.1 at.% for phosphorus, carbon and oxygen elements, respectively,
corresponding to the P 2p, C 1s and O 1s core level spectra. The
morphologies of gold nanostructures were observed by transmis-
sion electron microscopy (TEM, Philips CM 300 FEG) at 200 kV and
scanning electron microscopy (SEM, Hitachi S4800) equipped with
an energy-dispersive X-ray spectroscopy (EDS). The X-ray diffrac-
tion (XRD) patterns of the gold nanostructures were recorded by
a diffractometer (Bruker AXS D8) with an area detector operat-
ing under a voltage of 40kV and a current of 40 mA using Cu K,
radiation (A =0.15418 nm).

The electrochemical properties of glucose oxidation at Au/DLC:P
electrodes with different gold nanostructures were investigated in
a 0.1 M NaOH solutions using the above three-electrode system.
The interference experiment was carried out by recording a steady-
state current-time curve under an optimal potential with a stirring
rate of 300 rpm. All electrochemical experiments were carried out
at 20°C monitored by a thermostatic water jacket.

3. Results and discussion
3.1. Microstructures of gold with controllable morphologies

Fig. 1 shows different magnifications of SEM images of gold
nanostructures electrodeposited on DLC:P surfaces at adjusted
potential steps. At the higher deposition potential of 0.5V, the as-
deposited gold shows a 3D pseudo-spherical nanostructure (Fig. 1a
and b) with a medial diameter about 126 nm (Fig. 2a). When the
deposition potential decreases to 0.2V, gold morphology changes
to dendritic or branched structure composed of many nanoparti-
cles, as shown in Fig. 1c and d. Further decreasing the potential to
—0.1V,we obtain a flower-like (consisting of staggered nanosheets)
nanostructure (Fig. 1e and f) with a medial diameter about 135 nm
(Fig. 2a). Local magnification reveals that the 2D nanoflakes are
about 20-40nm in thickness (Fig. 1f). At the lower deposition
potential, the particle sizes are more inhomogenous. This is pos-
sibly due to a higher overpotential providing more active positions
for nucleation and growth of gold. The EDX spectrum of Au/DLC:P
sample (Fig. 2b) confirms the existence of gold.

It is generally believed that the crystal morphology is related
to the formation condition away from the thermodynamic equi-
librium [42,43], which is determined by the overpotential in
electrochemical deposition [26]. Under the higher deposition
potential (0.5V), the gold nanostructure is formed when close to
the thermodynamic equilibrium. The crystal has a slower growth
rate and the morphology turns to be spherical to maintain a mini-
mum surface energy (Fig. 1a and b). According to the lowest-energy
principle, the growth rate along the closely packed (111) plane
is obviously enhanced due to the lowest surface energy of (111)
crystalline face [44], leading to the formation of hemispherical
nanostructure with preferential growth direction along [11 1], as
confirmed by the corresponding XRD pattern (Fig. 3a). Under a
lower deposition potential (0.2 V), the gold nanostructure is formed
farer away from the thermodynamic equilibrium, which provides
the crystal a relatively higher growth rate and a thermodynami-
cally stable branched structure. At the lowest deposition potential
of —0.1V, the potential is much more negative than the standard
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Fig. 1. Low magnification (a, ¢, and e) and high magnification (b, d, and f) scanning electron microscope images of gold nanostructures synthesized by electrochemical

deposition. (a) and (b) hemispherical accumulation deposited at 0.5V, (c¢) and (d) branched clusters deposited at 0.2V, (e) and (f) flower-like nanostructures (consisting of
staggered nanosheets) deposited at —0.1V.
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Fig. 2. (a) Diameter distribution of gold nanostructures with controllable morphologies prepared under different electrochemical deposition potentials, and (b) EDX spectra
of Au/DLC:P and DLC:P surfaces.
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Fig. 3. (a) X-ray diffraction patterns of gold nanostructures with controllable
morphologies, and (b) high-resolution TEM image at the interface area of gold
nanostructure and DLC:P film.

electrode potential of gold, resulting in a highest growth rate of
the crystals and a maximal surface energy. The XRD pattern of
Au/DLC:P-0.1 indicates five obvious peaks at about 260 =38.0, 44.3,
64.5,77.6 and 81.8° which are assigned to the (111),(200),(220),
(311) and (222) diffraction peaks of metallic gold, respectively
[14]. The intensity ratio between the (200) and (11 1) diffraction
peaks is much lower than the standard file (JCPDS, 0.33) [45]. There-
fore, our gold nanostructures are primarily dominated by (111)
facets, namely their (11 1) planes tend to be preferentially oriented
parallel to the surface of the supporting substrate [27,46]. With the
Scherrer equation [47], the grain size of gold is calculated to be
about 20 nm from the full width at half maximum. The interface
between gold nanostructure and DLC:P film is further character-
ized by TEM. Fig. 3b exhibits clear lattice planes, showing a perfect
single-crystal structure of gold.

3.2. Deposition mechanism of gold

Fig. 4 displays the cyclic voltammograms of Au/DLC:P elec-
trodes in a 0.1 M H,SO4 at 0.1V s~1. The reduction and oxidation
peaks related to Au can be observed at about 0.75V in the negative
scan and 1.20V on the positive scan, respectively. The obvious
cathodic peak at ca. —0.28 V might be attributed to the reduction
of recalcitrant oxides formed on the nanostructured gold in the
positive sweep, as observed by Burke [48]. The surface areas of gold
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Fig. 4. Cycle voltammograms of Au/DLC:P electrodes in a 0.1 M H,SO4 solution at
0.1Vs .

nanostructures are estimated from the charge consumed in the
reduction of the surface oxide monolayer of gold in the cathodic
scan using H,SOy4 as a probe, as described in literature [38]. The
surface areas of gold loading are estimated to be 0.041, 0.053
and 0.078 cm? for Au/DLC:P-0.5, Au/DLC:P-0.2 and Au/DLC:P-0.1,
respectively. The current densities of the DLC:P electrodes with
different gold nanostructures are therefore used in this paper
when currents divided by the surface area of gold nanostructures.

In order to investigate the nucleation process of gold nanos-
tructures on the DLC:P surfaces, we collect the potentiostatic
current-time curves (Fig. 5a) with potential step from 0.9V to 0.5,
0.2 and —-0.1V, respectively. This chronoamperometric curve can
be divided into four successive time intervals, namely the double-
layer charging and initial nucleation process, the free growth of
independent nuclei and formation of new nucleation sites without
overlapping, the growth of independent nuclei and their overlap,
and the overlapping of diffusion zones of different nuclei [49]. The
12 ys, t plotis linear in the phase of independent nuclei growth and
new nucleation formation, indicating a 3D-nucleation process with
diffusion control [49]. According to Scharifker and Hills’ viewpoint,
there are two kinds of nucleation processes, instantaneous nucle-
ation and progressive nucleation, for the diffusion-limited growth
[50]. Our current-time curve is further compared with the two lim-
iting mechanisms using the reduced variables I, and ty,, as shown
in Fig. 5b-d. Here t, is the time corresponding to the maximum
current Iy in the chronoamperometric curve. The experimental
result agrees better with the progressive nucleation mechanism.
Similar results had been obtained for platinum electrodeposition
on diamond and pyrolytic graphite [51,52].

3.3. Electrocatalytic activities towards glucose oxidation

The morphology-controllable gold nanostructures exhibit obvi-
ously electrocatalytic activities towards glucose oxidation in
alkaline media. The glucose oxidation occurs from about —0.5V on
Au/DLC:P-0.5 electrode and displays two oxidation peaks at —0.04 V
(Peak A) and 0.32V (Peak B), as shown in Fig. 6a. During the nega-
tive sweep, an intense re-oxidation peak of glucose at about 0.03V
(Peak C) appears in the same potential region as soon as the gold
oxides are reduced. Increasing the concentration of glucose in the
solution moves the three peaks to the positive direction. The lin-
ear detection range of glucose with the Au/DLC:P-0.5 electrode is
identified from about 0.5 to 25 mM (covering blood glucose levels
in diabetic patients) with a detection limit of 300 uM and a sensitiv-
ity of 37 wA/(cm? mol) for Peak A, 320 wM and 55 wA/(cm? mol) for
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Fig.5. (a)Potentiostatic current-time transients of gold deposits on DLC:P film surfaces under different deposition potentials, (b)-(d) current-time transient response plotted
in reduced variables /I, vs. t/t, for gold deposition on the DLC:P electrodes under different potential steps. The t, is the time corresponding to the maximum current Iy,

under different deposition potentials in (a).

Peak B, and 880 wM and 10 pA/(cm?2 mol) for Peak C. For Au/DLC:P-
0.2 electrode, the oxidation peak of glucose (Peak C) is more intense.
The detection limit and sensitivity for glucose with this electrode
is identified about 150 wM and 50 wA/(cm? mol) for Peak B and
500 wM and 95 pA/(cm? mol) for Peak C. The Au/DLC:P-0.1 elec-
trode displays more arrestive electrocatalytic activities towards
glucose oxidation. Three intense re-oxidation peaks of glucose can
be detected during the negative sweep. The linear detection range
of glucose with the Au/DLC:P-0.1 electrode is identified from about
0.3 to 30 mM with a detection limit of 150 wM and a sensitiv-
ity of 20 wA/(cm? mol) for Peak A, 1.8 mM and 100 pA/(cm? mol)
for Peak C, 270 uM and 140 pwA/(cm? mol) for Peak D, and 5 uM
and 110 wA/(cm? mol) for Peak E. Though Au/DLC:P-0.1 electrode
might have a wider linear detection range and higher sensitiv-
ity, the current response for Peak B is lower compared with those
obtained at other two electrodes. This might be explained by the
electrocatalysis model of hydrous oxide mediation of gold. It is
known that gold adatoms at the gold electrode surface undergo
pre-monolayer oxidation to form hydrous oxide species with highly
reactive, including a cationic Au(I) species [Au*(H30)p ] .45 at a lower
potential and anionic Au(IIl) hydrous oxide species [Auy(OH)g3~ |45
at a higher potential [53]. The oxidation of glucose in alkaline
media is mainly mediated by the Au(Ill) hydrous oxide species
at a higher potential (might be over 0.1V in the present result)
and a combination of Au(I) and Au(Ill) mediators at the potential
below 0.1V. The observed Peak A and Peak B at Au/DLC:P-0.5 elec-
trode could be controlled by the increased Au(I) mediator and the
Au(IIl) one, respectively. The first-order curves of the reaction rate
are obtained according to the kinetic theory of mediator-catalyzed
oxidation processes [54], as show in the inset of Fig. 6a. How-
ever, the increasing surface area of gold nanostructures results in
a decrease of current response, even no enhancement for Peak B
(Fig. 6b and c) in the positive sweep due to the over oxidation

of gold active states (the increased oxidation and reduction peaks
related to gold in Fig. 4). The gluconorate anion might be repulsed
by the Au(Ill) mediator sites assumed to bear a similar anionic
charge [53]. On the reverse sweep, the surface is inactive due to
the glucose oxidation until the monolayer film of gold hydrous
oxide is reduced below 0.1 V. The high rates of reaction for Peaks
C-E on the negative sweep might be due to the regenerated Au(I)
mediator after the reduction of Au(lll) one by glucose. The elec-
trostatic interaction between the cationic mediator [Au*(H,0),]
and the anionic form of glucose is evidently a major factor in pro-
moting oxidation of glucose at the low potentials in the reverse
sweep.

Furthermore, the electrocatalytic character is related to the crys-
tal structures of the nanoarchitectures. It is clear from the XRD
patterns that all samples have lines of gold (11 1) and (2 00) crystal
faces. Furthermore, Au/DLC:P-0.1 sample with flower-like nanos-
tructures shows the evident lines of gold (220) and (31 1) faces
(Fig. 2a). The gold atoms in gold (220) and (311) crystal faces
have higher unsaturation than those in gold (11 1) and (2 00) faces
because of their high miller indexes exposing surface irregular-
ities [55]. Thus, they can adsorb more glucose molecules easily
and have relatively higher catalytic activity. Bhargava et al. also
observed a significant increase in the response of glucose oxida-
tion at the honeycomb nanogold networks with highly active sites
and high surface energy (3 1 1) facets [56]. Thus, the surface charac-
ters of gold nanostructures including surface area, oxidation degree
and crystal structures operate collectively the electrocatalytic reac-
tions occurred on the surface of nanomaterials [56]. The present
electrochemical method can be used to fabricate morphology-
controllable gold nanostructures with adjustable electrochemical
behaviors, which may further be applied as an electrocatalyst of
non-enzymatic glucose sensor and elaborately investigate the oxi-
dation process of glucose.
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Fig. 6. Cycle voltammograms of glucose oxidation on the Au/DLC:P electrodes pre-
pared under (a) 0.5V, (b) 0.2V, and (c¢) —0.1V at 50mVs~! in a 0.1 M NaOH solution
with continuous glucose injection. The insets show the linear relations between
peak current densities and glucose concentrations.

3.4. Selective detection of glucose in the presence of ascorbic acid,
uric acid and acetaminophen

Considering the existent of ascorbic acid (AA) and uric acid
(UA) in blood, which oxidize at a comparable potential to glucose
and may interfere with the electrochemical detection of glucose
using the glucose sensors, we investigate the glucose oxidation at
Au/DLC:P-0.1 surface when the concentrations of AA and UA com-
parable to blood glucose levels. Fig. 7a shows cycle voltammograms
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Fig.7. (a)Cycle voltammograms of 1 mM AA, UA and their mixture without and with
1 mM glucose on the Au/DLC:P-0.1 electrode in the 0.1 M NaOH solution, and (b)
current density-time response for glucose oxidation at the Au/DLC:P-0.1 electrodes
with successive addition of glucose into the 0.1 M NaOH solution with 1 mM AA and
UA at a potential of 0.1V.

of 1 mM AA, UA (over the levels present in human blood) and their
mixture without and with 1 mM glucose on the Au/DLC:P-0.1 elec-
trode in a 0.1 M NaOH solution, respectively. The oxidation peaks
of AA and UA are at about 0.5V and 0.30V, respectively. A broad
peak at 0.36V is observed when AA and UA are mixed in the 0.1 M
NaOH solution. The oxidation peaks of glucose are still visible when
1 mM glucose is added to the mixture of AA and UA. Therefore, the
Au/DLC:P electrode may be good for blood glucose determination
without obvious interference from AA and UA at least at a lower
potential (<0.2 V). The current density-time response for glucose
oxidation with successive addition of glucose into the 0.1 M NaOH
solution with 1 mM AA and UA is also obtained at a potential of 0.1V
(Fig. 7b). The amperometric response of Au/DLC:P-0.1 to glucose
additions in the presence of AA and UA is more evident, indicating
that AA and UA have little interference on the glucose oxidation at
Au/DLC:P surfaces.

4. Conclusion

Gold nanostructures with controllable hemispherical, branched
and flower-like morphologies were electrochemically deposited
on phosphorus doped diamond-like carbon (DLC:P) surfaces by
solely controlling the deposition potential. The fitting of poten-
tiostatic current-time transient with the Scharifker-Hills model
showed a progressive nucleation of gold with diffusion-controlled
on the DLC:P surface. The surface characters of flow-like gold
nanostructures, such as large surface area, high oxidation degree
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and high-unsaturation (220) and (31 1) crystal faces might con-
tribute the nanostructures with high catalytic activity for glucose
electro-oxidation in alkaline media by the electrocatalysis model of
hydrous oxide mediation of gold. The Au/DLC:P electrode showed
a low electrochemical response to common interfering species
including ascorbic acid and uric acid in blood, and therefore had
little effect on glucose analysis at least at a low potential. The use of
the DLC:P electrodes anchored with morphology-controllable gold
nanostructures as an amperometric glucose sensor might solve the
problem of intrinsically instability related to enzyme-based glu-
cose sensors, thus would be promising for the development of a
non-enzymatic glucose sensor.
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