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Gold nanoparticles (NPs) with 10-50 nm in diameter were synthesized on nitrogen incorpo-
rated tetrahedral amorphous carbon (ta-C:N) thin film electrode by electrodeposition. The depo-
sition and nucleation processes of Au on ta-C:N surface were investigated by cyclic voltammetry
and chronoamperometry. The morphology of Au NPs was characterized by scanned electron
microscopy. The electrochemical properties of Au NPs modified ta-C:N (ta-C:N/Au) electrode and
its ability to sense glucose were investigated by voltammetric and amperometric measurements.
The potentiostatic current-time transients showed a progressive nucleation process and diffusion
growth of Au on the surface of ta-C:N film according to the Scharifker-Hills model. The Au NPs
acted as microelectrodes improved the electron transfer and electrocatalytic oxidation of glucose on
ta-C:N electrode. The ta-C:N/Au electrode exhibited fast current response, a linear detection range
of glucose from 0.5 to 25 mM and a detection limit'of 120 wM, which hinted its potential application
as a glucose biosensor.
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1. INTRODUCTION

Diabetes is one of the most serious diseases, which is char-
acterized by an abnormal level of blood glucose due to
the defects in insulin production and insulin action.! Elec-
trochemical glucose sensor has been extensively investi-
gated due to its important applications in clinical diagnosis
of diabetes, food analysis and glucose fuel cells.®> The
sensitivity and stability of glucose sensors depend on
the physicochemical characteristics of electrode materi-
als employed as a transducer and catalytic activity of
redox mediators. Carbon materials, including carbon paste,
glassy carbon, pyrolytic graphite, diamond and amor-
phous carbon, are regarded as ideal electrode materials
due to their low cost, wide potential range, low resid-
ual current, reproducible surface structure and suitability
for chemical modification.*®* Among these carbon materi-
als, diamond-based thin films have attracted great attention
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in the biosensor and biochip applications.”” Furthermore,
tetrahedral amorphous carbon (ta-C) or amorphous dia-
mond (a-D) films composed of sp?> and sp® hybridized
carbon show high hardness, excellent biocompatibility,
chemical inertness and high corrosion resistance similar
to diamond films and lower deposition temperature than
diamond films.'° By introducing impurity elements,!!"!3
such as nitrogen, phosphorus and nickel, the doped ta-
C films possess sufficient conductivity (electrical resistiv-
ity 1-10* Q-cm) for electrochemistry, low double layer
capacitance, stability in challenging environments, and
comparative resistance to fouling deactivation and thus are
regarded appropriate for glucose detection. The electron-
transfer behavior and electrochemical activity of doped
ta-C films can further be enhanced after electrochemi-
cal pretreatment or modification using metal nanoparti-
cles (NPs) or nanoclusters.”>'> Transition metals such
as copper, gold, platinum and nickel are known to be
active for glucose oxidation in alkaline solutions.'®'® For
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example, Mena and co-workers designed Au NPs modified
glassy carbon electrodes by electrodeposition to detect glu-
cose and analyze kinetic parameters of glucose sensors.!’
Hrapovic et al. prepared Pt NPs with 2-3 um in diameter
on single-wall carbon nanotubes for fabricating electro-
chemical glucose sensors.'® However, to our knowledge,
there were few reports on glucose oxidation on metallical
NPs modified conductive ta-C electrodes.

In the present work, we reported a glucose biosensor
based on Au NPs modified nitrogen incorporated ta-C
(ta-C:N/Au) thin film. Voltammetric and current transient
experiments were carried out to investigate the nucle-
ation and growth processes of Au on ta-C:N surface. The
capability of ta-C:N/Au electrode for glucose sensing was
confirmed.

2. EXPERIMENTAL DETAILS

2.1. Reagents

D-Glucose (purity 98%) and HAuCl, - 3H,0 (purity
99.99%) were supplied by Sigma, USA. All other chem-
icals were of analytical grade. The water (resistivity >
18 M) -cm) was obtained from a Millipore Q purification
system.

2.2. Sample Preparation

80-nm ta-C:N films were deposited on p-type, silicon
wafers (p = 0.01-0.02 Q -cm) with 30-sccm N, (purity
99.9999%) as the dopant source under a 120 V negative
bias using a filtered cathodic vacuum arc system.'* Au NPs
were electrodeposited on as-prepared ta-C:N surfaces in a
0.1 M H;BO, solution containing 0.1 mM HAuCl, using
an electrochemical workstation (CHI 660A, China).'* The
potential was scanned from 0.9 V to —0.1 V (vs. Ag/AgCl
(saturated KCl) electrode) and back to 0.9 V for 200 s at
0.02 Vs~!under nitrogen bubbling conditions. The three-
electrode system consisted of either a ta-C:N or a ta-
C:N/Au working electrode, a Ag/AgCl reference electrode
and a Pt foil counter electrode. The exposed area of ta-C:N
or ta-C:N/Au in the solution was controlled to be about
0.1 cm?.

2.3. Electrode Characterization

The composition of ta-C:N film was measured by X-ray
photoemission spectroscopy using a PHI ESCA 5700 spec-
trometer with an Al K, line (1486.6 eV) as the X-ray
source. The content of nitrogen (N/(C+N)) in the ta-C:N
film was calculated to be 6.2 at.% from the core level
spectra of C 1s and N 1s using the sensitivity factors
of the instrument, assuming 1.00 for C and 1.64 for N.
The deposition process of Au was analyzed by cyclic
voltammetry in a 0.1 M H,SO, solution at different scan
rates. The morphology of Au NPs was examined using a
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Hitachi S4800 scanned electron microscopy (SEM). The
nucleation mechanics of Au at the ta-C:N electrode was
estimated by chronoamperometry at a potential step from
09 Vto 05 Vin a 0.1 M H;BO, solution containing
0.1 mM HAuCl,. Potential pulse width was 100 s and
sampling interval was 0.002 s. Glucose detection at the ta-
C:N and ta-C:N/Au electrodes was performed in a 0.1 M
NaOH solution using the above three-electrode system.
A steady-state current-time curve was recorded under an
optimal potential with a stirring rate of 300 rpm. Sufficient
high-purity N, was introduced to the bottom of working
solution for about 30 min before experiments. Continuous
and slow nitrogen bubbling was controlled to lower the
influence of nitrogen flow on signal stability during elec-
trochemical experiments at 25 °C.

3. RESULTS AND DISCUSSION

3.1. Deposition and Nucleation Processes and
Morphology of Au NPs

Figure 1 displays the cyclic voltammogram (CV) of
ta-C:N/Au electrode in a 0.1 M H,SO, at 0.1 Vs7!.
The reduction and oxidation peaks related to Au can
be observed at about 0.78 V in the negative scan and
1.40 V on the positive scan, respectively. The reduction of
hydrogen'ions to hydrogen adatoms occurs at —0.18 V.*
A linear relation between the reduction peak current of Au
and‘the square root of scan rate, v, (correlation coefficient,
R =0.9933) indicates that the reduction process of Au on
the ta-C:N electrode is diffusion-controlled (the inset of
Fig. 1). The real surface area of Au loading is estimated
to be 0.02 cm? from the charge consumed in the reduction
of the surface oxide monolayer of Au between 0.5 V and
1.1 V in the cathodic scan (v = 0.1 Vs~!) by using the
value of 400 uwC cm~2.2%2! Figure 2 illustrates the mor-
phology of Au NPs on the ta-C:N film. The diameter of

0.2+—
< -0.027
£
= -0.04 .
S _0.06 5
S " R=0.9933 *
014 3 _o0s .
z § 0.1 02 03 04 05
é o sz ((V/S)”z)
§ 0.0
5
o
_O.']_
-0.2 - T

T T T T
-0.5 0.0 0.5 1.0 1.5 2.0
Potential (V) vs. Ag/AgCI

Fig. 1. Cycle voltammogram of ta-C:N/Au electrode in a 0.1 M H,SO,
solution at 0.1 Vs~!. The inset shows the linear relation between the
cathode peak current of Au and square root of scan rate.
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Fig. 2. Scanning electron microscopy image of ta-C:N/Au electrode.
The inset shows a cluster of Au NPs. 1.04
. . 0.8 1
Au NPs ranges from 10 nm to 50 nm with a density about
2 x 10° per cm?. Increasing the deposition time can enlarge 064 § K
Au NPs size, forming a flowerlike cluster of Au NPs after o~ ’ : /
800 s deposition (the inset of Fig. 2). S 54
With the aim to better understand the formation of Au D
NPs with different sizes, transient current measurement 024 i/ i
was carried out to analyze the nucleation process of Au. i’;ﬁ:ggig;us
Figure 3(a) shows a typical current (I) versus time (¢) 004 & progressive
profile with a potential step from 0.9 V to 0.5 V in a , , , : :
0.0 0.5 1.0 1.5 2.0

0.1 M H;BO, solution containing 0.1 mM HAuCl,. This
chronoamperometric curve can be divided into four suc-
cessive time intervals: the double-layer charging and initial
nucleation process at Zone A, the free growth of indepen-
dent nuclei and formation of new nucleation sites without
overlapping at Zone B, the growth of independent nuclei
and their overlap at Zone C, and the overlapping of diffu-
sion zones of different nuclei at Zone D. The I'/? versus ¢
plot is linear in Zone B, which indicates a 3D-nucleation
process of hemispherical nucleus with diffusion control.??
According to Scharifker and Hills’ viewpoint, there are
two kinds of nucleation processes, instantaneous nucle-
ation and progressive nucleation, for the diffusion-limited
growth.” Our current—time curve is further compared with
the two limiting mechanisms using the reduced variables
I, and 7, as shown in Figure 3(b). ¢, is the time corre-
sponding to the maximum current / in the chronoamper-
ometric curve. The experimental result agrees better with
the progressive nucleation mechanism. Similar results had
been obtained for Pt electrodeposition on diamond and
pyrolytic graphite.”*? New Au nuclei may therefore be
continuously formed at a vacant position of ta-C:N sur-
face or existent Au nuclei, forming Au NPs with different
diameters.

3.2. Glucose Detection on ta-C:N and ta-C:N/Au
Electrodes

Figure 4 shows the CVs of glucose oxidation on the ta-
C:N/Au electrode. The two peaks at 0.22 V (Peak A) and
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Fig. 3. | (a) Chronoamperogram and (b) current-time transient response
plotted inreduced variables 7/1,, versus ¢/t for Au deposition on the ta-
C:N electrode with a potential step from 0.9 V to 0.5 Vina 0.1 M H;BO,
solution containing 0.1 mM HAuCl,. The 7, is the time corresponding
to the maximum current /.

0.51 V (Peak B) are attributed to the oxidation peaks of
glucose and Au, respectively. During the negative sweep,
an intense re-oxidation peak of glucose at about 0.02 V
(Peak C) appears in the same potential region as soon as
the gold oxides are reduced. However, no obvious response
related to glucose oxidation is observed at ta-C:N elec-
trode, hinting a low electrochemical activity of ta-C:N
electrode for glucose oxidation (the figure is not shown
here). Therefore, the effective electrode surface contribut-
ing to glucose oxidation is the area of Au NPs and all
currents are normalized to the real surface area of Au,
as shown in Figure 4. Increasing the scan rate from 0.05
to 0.2 Vs~! moves Peak A to the positive direction and
Peak C to the negative direction. The linear relations
between the peak current densities for Peaks A and C
and the square root of scan rate, v, suggest diffusion-
controlled glucose oxidation at the ta-C:N/Au electrode
(the inset of Fig. 4). The reactions occurring at the inter-
face of ta-C:N/Au electrode and working solution can
be explained as follows (Parpot proposed).?® A catalytic
hydrous gold oxide, i.e., AuOH,y, was formed on the
surface of Au NPs after Au/AuO, NPs had abstracted
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Fig. 4. Cycle voltammograms of glucose oxidation on the ta-C:N/Au
electrode in a 0.1 M NaOH solution with 1mM glucose at different scan
rates. The inset shows the linear relations between peak current densities
of Peaks A and C and square root of scan rate.

hydrogen atoms to yield radicals in the NaOH solution.
A glucose molecule then adsorbed onto the AuOH site
and transferred an electron to the AuOH site to form glu-
conate or gluconolactone.?® Our results indicate that the
three-dimensional Au NPs not only accelerate the electron
exchange between ta-C:N and glucose but also directly
favor glucose oxidation as microelectrodes dispersed on
the ta-C:N surface.

Figure 5 shows a typical amperometric response curve
of glucose at ta-C:N/Au electrode under 0.22-V with suc-
cessive increments of 0.5 or 1 mM glucose in the 0.1 M
NaOH solution. The electrode response achieves steady-
state signal within 8 s. The ta-C:N/Au electrode presents
a linear response to glucose oxidation from 0.5 mM to
25 mM with a detection limit of 120 M based on a

‘\.‘g 25] l
254 § 20l 25 mM -
= 151 j—"r’—ﬁ
<, |3 20|
'c 204 §
S ; 5‘ I
q::L ©® 9 15l
= S 0 4 & 12 16 20 24 28
%’ 154 © Concentration (mM)
5 10]
2 10-
c
2 5\
>
O 5
o.5w
\——J__
0

0 100 200 300 400 500 600
Time (s)

Fig. 5. Current density-time response for glucose oxidation at the ta-
C:N/Au electrode with successive addition of 0.5 or 1 mM glucose into
the 0.1 M NaOH solution at a potential of 0.22 V. The inset is the relation
between the current density and glucose concentration obtained at the
ta-C:N/Au electrode.
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Fig. 6. Cycle voltammograms of 1 mM AA, UA, AC and their mixture
without and with 1 mM glucose on the ta-C:N/Au electrode in the 0.1 M
NaOH solution.

signal-to-noise ratio of 3. This range is broader than the
blood glucose level of a normal human body (3-8 mM).
The ta-C:N/Au electrode may further be applied as a
glucose-based biosensor due to its immediate response,
acceptable sensitivity and wide detection range.

3.3. Selective Detection of Glucose in the Presence of
Ascorbic Acid, Uric Acid and Acetaminophen

Ascorbic acid (AA), uric acid (UA) and acetaminophen
(AC) existent in blood may interfere with the electrochem-
ical detection of glucose on the ta-C:N/Au electrode when
the ta-C:N/Au electrode is used to detect the blood glu-
cose. Figure 6 shows CVs of 1 mM AA, UA, AC and
their mixture without and with 1 mM glucose on the ta-
C:N/Au electrode in a 0.1 M NaOH solution, respectively.
The oxidation peaks of AA, UA and AC are at about 0.30,
0.35 and 0.40 V, respectively. A broad peak at 0.33 V is
observed when AA, UA and AC 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,
UA and AC. The ta-C:N/Au electrode has higher catalytic
ability for the oxidation of glucose than those of AA, UA
and AC at 0.22 V and 0.02 V. Therefore, the ta-C:N/Au
electrode may be good for blood glucose determination
without obvious interference from AA, UA and AC at least
at a lower potential.

4. CONCLUSIONS

Glucose detection using gold nanoparticles (NPs) modi-
fied nitrogen incorporated tetrahedral amorphous carbon
(ta-C:N/Au) thin film electrode was proposed. The fitting
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of potentiostatic current-time transient with the Scharifker-
Hills model showed a progressive nucleation of Au with
diffusion-controlled on the ta-C:N surface. The Au NPs
significantly improved the electrochemical activity of ta-
C:N electrode towards glucose oxidation due to the cat-
alytic action of Au NPs in the alkaline solution. A wide
detection range of glucose from 0.5 mM to 25 mM with a
low detection limit of 120 uM was obtained using the ta-
C:N/Au electrode, which implied that the ta-C:N/Au elec-
trode developed in this study might further be applied as
a glucose biosensor due to its instant response, accept-
able sensitivity, wide detection range and interference
resistance.
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