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Abstract: Highly sensitive electrochemical electrodes for glucose detection were developed
by using Au nanoclusters (NCs) to modify nitrogen-doped diamond-like carbon thin films
(DLC:N/Au). The DLC:N/Au electrodes were prepared with a filtered cathodic vacuum arc
process followed by electrodeposition and characterized by X-ray photoelectron spec-
troscopy, Raman spectroscopy, and scanning electron microscopy. The size of the Au NCs
covered by Au oxide ranged between 10 and 70 nm with a density of 103-10° clusters per
cm?2. Glucose oxidation at the DLC:N/Au electrodes started from about —0.5 V due to the
high catalytic activities of the Au NCs in NaOH solutions, and the catalytic ability of the
electrodes depended on the amount of Au NCs deposited on the electrode surfaces. A linear
detection range of glucose with the DLC:N/Au electrodes was identified from about 0.25 to
30 mM (covering blood glucose levels in diabetic patients) with a detection limit of 60 UM.
The experimental results showed that the non-enzymatic glucose sensors based on the
DLC:N/Au electrodes had high sensitivity and good reproducibility and stability.

Keywords: catalytic activity; glucose detection; gold nanoclusters; nitrogen-doped diamond-
like carbon thin film.

INTRODUCTION

Glucose detection and determination are of great importance in the fields of biological, environmental,
clinical, and food analyses [1,2]. Glucose sensors are convenient in monitoring the concentration of glu-
cose under actual conditions including extreme conditions inside the human body, which requires the
materials and configurations of the sensors to be chemically stable and biocompatible. Metal and noble
metal electrodes with high electrocatalytic activities, such as Ni, Cu, Pt, and Au, have been widely used
to oxidize carbohydrates in liquid chromatography and capillary electrophoresis [3—6]. However, the
oxidized products may be easily adsorbed onto the metal electrode surfaces, causing a decrease in ac-
tivity and poisoning of the electrodes [7]. Furthermore, the poor biocompatibility of metal electrodes
also restricts their applications in in vivo detection. Carbon materials with excellent biocompatibility
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are regarded superior to noble metals due to their low cost, wide potential window, and relative inert-
ness in both aqueous and nonaqueous media [8—13]. Glucose detection using different carbon electrodes
has been widely reported in the past few years [14—18]. For example, Zhang et al. developed an ampero-
metric glucose biosensor based on immobilization of glucose oxidase in a nonconducting
poly(o-aminophenol) film on a platinized glassy carbon electrode [14]. Wang et al. investigated the co-
valent immobilization of redox enzymes onto electrically conductive nanocrystalline diamond thin
films to detect glucose [15]. Lin and co-workers developed glucose biosensors based on carbon nano-
tubes and glucose oxidase covalently bonded nanoelectrode ensembles for the selective detection of
glucose [17]. However, most of the studies on this subject involved glucose oxidase. The stability and
activity of enzyme in these sensors, which are affected by temperature, pH, and oxygen, etc., determine
and control the performances of glucose sensors. Direct oxidation of glucose at an enzyme-free elec-
trode was therefore proposed to improve the stability of glucose sensors used in different environments
[19,20].

Diamond-like carbon (DLC) thin films composed of sp? and sp® hybridized carbon show rela-
tively high hardness, excellent biocompatibility, and chemical inertness, and high corrosion resistance
similar to diamond films [13]. By introducing impurity elements, such as N, P, and Ni, the doped DLC
films can possess sufficient conductivity (electrical resistivity: 1-10* Q-cm) for electrochemistry, low
double layer capacitance, large potential window, low background current, high stability in challenging
environments, and comparative resistance to deactivation by fouling [8,11,12,21-24], and thus are re-
garded appropriate for glucose detection. However, similar to boron-doped diamond (BDD) film elec-
trodes, the electrocatalytic activity of doped DLC electrodes for glucose oxidation is still limited [19].
Metallic nanoparticles (NPs) or nanoclusters (NCs) loaded on an inert electrode surface represent ob-
vious differences in physical and chemical properties from both substrate materials and isolated bulk
metals, and may drastically increase the catalytic activity and sensitivity of the electrodes, resulting in
the enhancement of the performances of biosensors [25-27]. Large surface areas and good electronic
properties of dispersive metallic particles, such as Cu, Au, Pt, and Ni, can accumulate charges and im-
prove electrochemical response of carbon electrodes in electrochemical glucose sensors [28—32]. For
example, Watanabe et al. reported the oxidation behavior of glucose on a metal-implanted BDD elec-
trode [28]. Mena and co-workers designed Au NP-modified glassy carbon electrodes by electrodeposi-
tion to detect glucose and analyze kinetic parameters of glucose sensors [29]. Hrapovic et al. prepared
Pt NPs with 2-3 nm in diameter in combination with single-wall carbon nanotubes for fabricating elec-
trochemical glucose sensors [30]. However, to our knowledge, there were fewer reports on glucose ox-
idation on metallic NPs- or NCs-modified conductive DLC electrodes.

In this study, nitrogen-doped DLC (DLC:N) thin films modified with Au NCs (DLC:N/Au) were
fabricated, and the resulting DLC:N/Au electrodes were characterized by X-ray photoelectron spec-
troscopy (XPS), Raman spectroscopy, and scanning electron microscopy (SEM). The capability of non-
enzymatic DLC:N/Au films as an analytical electrode for glucose detection was investigated by voltam-
metric measurement. The mechanism of glucose oxidation at the DLC:N/Au electrodes was examined
in detail.

EXPERIMENTAL
Reagents

D-Glucose (purity 98 %) and HAuCl,*3H,0 (purity 99.99 %) were supplied by Sigma, USA; deionized
water was obtained from a Millipore Q purification system (resistivity >18 MQcm); and 0.2 M buffer
solutions with pH of 4, 7, and 10 were also supplied by Sigma, USA. All the chemicals were of ana-
lytical grade.
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Sample preparation

DLC:N thin films were deposited on conductive n-Si (100) substrates (0.001-0.0035 Qcm) via a filtered
cathodic vacuum arc deposition process (Nanofilms) using a pure graphite target (99.95 % C) as the car-
bon source. When the pressure of the vacuum chamber was lowered to about 2 x 10~ Torr, the Si sub-
strates were etched by pure Ar plasma to remove surface oxide layers and impurities. During film dep-
osition, 10-sccm nitrogen (99.999 %) was continuously introduced into the vacuum chamber and an arc
was ignited by contacting the graphite anode against the graphite target (cathode), thus producing a
mixed plasma of carbon and nitrogen passing through a double-bend off-plane filter and leading to a
DLC:N film deposited on the substrate. All the depositions were carried out at a fixed-pulse voltage of
800 V. The DLC:N films with a thickness of about 100 nm were obtained by controlling the deposition
time.

The as-prepared DLC:N films were anodically pretreated in a 0.1 M NaOH solution using an
electrochemical workstation (CHI 660C) having a three-electrode cell consisting of DLC:N working
electrode, Ag/AgCl (saturated KCl) reference electrode, and Pt foil counter electrode. The pretreatment
potential was controlled in the range of —0.2 to 1.0 V (vs. Ag/AgCl) until a stable current response was
obtained after 10 cycles (Fig. 1). The NaOH-treated DLC:N films were then immersed into a 0.1 M
H,SO, solution containing 0.1 mM HAuCl, to electrodeposit Au NCs on the film surfaces. The depo-
sition potential was controlled from 0.9 to —0.1 V (vs. Ag/AgCl) for 1, 3, 5, and 8 cycles at a scan rate
of 0.02 V/s under nitrogen bubbling conditions, and the DLC:N/Au samples prepared were corre-
spondingly labeled as DLC:N/Aul to DLC:N/Au8 with respect to increased cycles. The as-prepared
DLC:N/Au electrodes were cycled in a 0.1 M H,SO, solution until stable voltammograms were
achieved, indicating the complete cleaning of the Au active areas. The apparent geometric surface area
of all the DLC:N and DLC:N/Au films was about 0.1 cm?.

Current (pA)
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Potential (V) vs. Ag/AgCl

Fig. 1 Cyclic voltammograms (CVs) of DLC:N electrodes in 0.1 M NaOH solution with a scan rate of 0.05 V/s.

Electrode characterization

The composition and chemical bonding structure of DLC:N and DLC:N/Au films were measured by
XPS (Kratos Axis Ultra) with Al K, (1486.6 €V) as the X-ray source. XPS core level spectra for C Is,
N 1s, O 1s, and Au 4f were acquired at a 0.125 eV step with a pass energy of 40 eV. The composition
of the DLC:N films was analyzed and quantified for N, C, and O elements from the total areas of the
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XPS bands corresponding to the N 1s, C 1s, and O 1s spectra. Raman analysis was performed using a
Renishaw RM1000 confocal micro-Raman spectroscope with a He—Ne laser source (632.8 nm). The
recorded Raman wave numbers ranged from 800 to 2000 cm™!.

The deposition process of the Au NCs on the DLC:N films was analyzed by cyclic voltammetry
in a 0.1 M H,SO, solution at different scan rates. The resulting Au NCs were examined using a Hitachi
S4800 SEM. Voltammetric measurements for glucose oxidation at the DLC:N and DLC:N/Au elec-
trodes were performed in buffer solutions with different pHs and 0.1 M NaOH solutions with and with-
out glucose using the above three-electrode system. Electrochemical oxidation of glucose at a bulk Au
electrode (0.1 cm?) was also carried out for comparison. All the electrochemical experiments were car-
ried out at 20 °C monitored by a thermostatic water jacket.

RESULTS AND DISCUSSION
Microstructures of DLC:N and DLC:N/Au films

In previous reports, many physical or electrochemical methods including anodic, cathodic, and plasma
treatments have been used to evolve the surface termination of BDD and active sites of amorphous car-
bon electrodes [23,33,34]. XPS measurement is effective to provide the surface information of differ-
ent samples after surface treatment. The content of nitrogen in DLC:N film is calculated to be about
2.3 atom %. It can be seen from the XPS spectra of the as-prepared DLC:N, NaOH-treated DLC:N, and
DLC:N/Au electrodes (Fig. 2a) that the oxygen signals for the NaOH-treated DLC:N electrode are
enhanced after the NaOH treatment. The increase in oxygen content from about 7.3 to 9.4 atom % after
the NaOH treatment indicates that the anodic pretreatment has promoted the oxygen-terminated sur-
face. The adsorption of species involved in the oxygen evolution reaction occurs at more positive po-
tentials (Fig. 1). Figure 2b shows the XPS core level spectra of C 1s and N 1s for the DLC:N before
and after the NaOH treatment. The C1 (284.3 £ 0.2 eV) and C2 (285.0 + 0.2 eV) peaks are attributed
to C—C sp2-coordinated bonds in graphite and C—C sp3 bonds in diamond, respectively [35]. The C3
(285.6 £ 0.2 eV) and C4 (286.8 = 0.2 eV) peaks are related to C=N bonds and C—N bonds, respectively
[36]. The C5 peak at 288.0 = 0.2 eV is attributed to C=0O bonding. After the NaOH treatment, the C5
peak is more obvious, indicating the formation of oxygen-terminated surface. The N 1s core level spec-
tra can be decomposed into three peaks at 398.3 + 0.2, 399.4 + 0.2, and 400.3 + 0.2 eV. The N1 and N2
peaks are attributed to sp> C-N and sp? C=N bonds, respectively [37]. The N3 peak is related to the
N-O bonding in the surface layer. It is clear that most of the N atoms are bonded to the sp2-bonded car-
bon. The Au 4f;,, and Au 4f;, peaks located at 84.2 = 0.1 and 87.8 £ 0.1 €V for the Au NPs (Fig. 2¢)
are found to be higher than those for the Au foil (83.9 £ 0.1 and 87.6 + 0.1 eV). These small shifts in
core-level binding energy can be attributed to a quantum size effect [38]. The Au 4f core-level spectrum
can be characterized by three pairs of peaks: the peaks at 84.2 + 0.1 and 87.9 = 0.1 eV related to ele-
mental gold (AuP), the peaks correlated with Au oxides of Au* at 85.4 + 0.1 and 89.1 + 0.1 eV and of
Au3* at 86.7 + 0.1 and 90.0 + 0.1 eV. By integrating the relative peaks, their respective atomic per-
centages are estimated to be about 87.9 % for AWC, 7.8 % for Au*, and 4.3 % for Au3*. The XPS re-
sults indicate that the surfaces of the Au NCs are partially oxidized to form Au oxides during the pos-
itive scans [39]. The Au oxides covering the surfaces of the Au NCs may be served as a mediator and
provide an electrocatalytic activity together with the Au NCs.

Figure 3 shows the Raman spectra of the as-prepared DLC:N, NaOH-treated DLC:N, and
DLC:N/Au electrodes. The peaks from 900 to 1040 cm™! are the second-order peaks of Si. The asym-
metric broad peaks centered at about 1500 cm™! are determined as the first-order peaks of carbon, which
are fitted by two Gaussian lines, i.e., D peak centered at about 1350 + 2 cm™! and G peak centered at
1523 + 5 cm™!. Generally, the G peak is attributed to the bond stretching of all pairs of sp2 atoms in aro-
matic rings as well as chains, while the D peak is related to the breathing modes of sp? sites only in aro-
matic rings [40]. Neither significant differences in structure nor remarkable variations in the I/l ratio
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Fig. 2 XPS spectra of as-prepared DLC:N, NaOH-treated DLC:N, and DLC:N/Au3 electrodes: (a) full spectra, (b)
C Is and N 1s core level spectra, and (c) Au 4f core level spectrum.

for the NaOH-treated DLC:N and DLC:N/Au electrodes are observed from the Raman spectra, which
indicates that the anodic treatment and metal modification affect the surface termination of the DLC:N
films but do not significantly modify the microstructure of the bulk DLC:N thin films.
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Fig. 3 Raman spectra of as-prepared DLC:N, NaOH-treated DLC:N, and DLC:N/Au electrodes. The DLC:N/Au
electrodes were prepared after different deposition cycles in the 0.1 M H,SO, solution containing 0.1 mM HAuCl,.

Deposition process and morphology of Au NCs

Figure 4 illustrates the cyclic voltammograms (CVs) of the DLC:N/Au3 electrode in the 0.2 M H,SO,
solution at different scan rates. Reduction peaks of Au are observed at about 0.77 V in the negative
scans, and the peaks at about —0.21 V are related to the reduction of hydrogen ions to hydrogen
adatoms. The peaks at about 1.40 V in the positive curves are verified due to the oxidation of the de-
posited Au NCs on the DLC:N surfaces. Furthermore, the reduction and oxidation peaks of Au shift
cathodically and anodically, respectively, with increasing sweep rate. A linear relationship between the
reduction peak current density and the square root of scan rate (correlation coefficient, R = 0.9985) in-
dicates that the reduction process of Au is diffusion-controlled as shown in the inset in Fig. 4.
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Fig. 4 CVs of DLC:N/Au3 electrode in 0.2 M H,SO, solution with different scan rates. The inset shows the linear
relation between cathode peak current density and square root of scan rate.
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Figure 5 displays the SEM micrograph of DLC:N/Au3 electrode surface on which the Au/AuO,
NCs deposited after one cycle uniformly distribute, with the sizes ranging from 10.2 to 68.8 nm with a
35.6-nm mean value. Increasing the deposition time can enlarge the size of the Au/AuO, NCs. The
mean diameters of the Au/Aqu NCs on the DLC:N/Au3, DLC:N/AuS5, and DLC:N/Au8 electrodes are
about 40.3, 51.0, and 68.5 nm, respectively. The densities of the Au/Aqu NCs on the DLC:N/Au

electrode surfaces are roughly calculated to be 108 to 10° clusters per cm?2.

100 nm
L

Fig. 5 SEM micrograph of DLC:N/Au3 electrode surface.

Glucose detection on DLC:N and DLC:N/Au electrodes

Voltammetric response and mechanism of glucose oxidation at DLC:N and DLC:N/Au
electrodes in solutions with different pHs

Figure 6 shows the CVs obtained at the NaOH-treated DLC:N electrode in the 0.1 M NaOH solutions
(pH 14) without and with 5 mM glucose. No obvious response is observed at the NaOH-treated DLC:N
electrode within the potential window, hinting at a low electrochemical activity of the DLC:N electrode
for glucose oxidation. Comparatively, the DLC:N/Au3 electrode represents an evident current response
to glucose in the NaOH solution (Fig. 6b). The Au oxidation starts at about 0.25 V and peaks at around
0.5 V (peak A), and the Au reduction peak (peak B) is observed at about 0.17 V (dashed curve in
Fig. 6b). When 5 mM glucose is added into the NaOH solution, the glucose oxidation begins at ap-
proximately —0.5 V during the positive potential scans and shows two distinctive peaks at about —0.14 V
(peak C) and 0.37 V (peak D), respectively. The first band is speculated to correspond to the oxidation
of the aldehyde functionality of glucose to produce the gluconate anions (gluconolactone or gluconate)
in this alkaline medium, which is in agreement with the literature [41,42]. The second peak is specu-
lated to correspond to the oxidation of the primary alcohol of the gluconate anions to produce glu-
caronate dianions. As the potential is swept further positively, the rate of glucose oxidation decreases
and the glucose oxidation virtually ceases at E > 0.5 V due to the formation of trivalenced Au oxides.
During the negative sweep, an intense re-oxidation peak (peak E at about 0.16 V) appears in the same
potential region as soon as the Au oxides are reduced. Increasing the scan rate moves peaks C and D to
the positive direction. The linear relationships between the oxidation peak current densities, ip, for
peaks C and D and the scan rate, v, in a scale of logarithm are investigated (R = 0.9984 for peak C and
R =0.9998 for peak D). A (dlog ip/alog v) value of about 1.0 for peak C suggests a control by adsorp-
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Fig. 6 CVs obtained at (a) NaOH-treated DLC:N and (b) DLC:N/Au3 electrodes in the 0.1 M NaOH solutions
without or with 5 mM glucose. The inset in (b) shows the linear relations between oxidation peak current density
of glucose and scan rate in logarithm.

tion for glucose oxidation while (dlog ip/alog v) = 0.45 for peak D suggests a control by diffusion for
glucose oxidation at the DLC:N/Au3 electrode. The current densities of re-oxidation peak E decrease
and the positions shift toward the negative direction with successive cycles and increased scan rates,
which indicates the poisoning of the electrode surfaces. A reactivation program at 1.5 V for 1 s or
cathodic desorption of carbohydrate residues at —1.0 V for 10 ms is effective to maintain the electrode
activity [5,43].

No peaks related to glucose oxidation are observed from acidic (pH 4) and neutral (pH 7) sys-
tems. The glucose oxidation in an alkaline solution with pH 10 is weaker than that in a NaOH solution
with pH 14. These results have been explained as the lack of formation of a catalytic hydrous Au oxide,
i.e., AuOH, 4, in acidic and neutral solutions [3,44] because the formation rate of AuOH,y is depend-
ent upon the amount of OH™ transported to the electrode surface. On the DLC:N/Au electrode surface,
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the Au/AuOx NCs can act as a strong oxidant and directly react with the organic compounds by ab-
stracting hydrogen atoms to yield radicals. The resulting radicals further react with additional surface
sites to form some products. The possible reaction pathways are suggested as follows [5]. Firstly, a cat-
alytic AuOH is formed in the solution. A glucose molecule then adsorbs onto the AuOH site, and the
transfer of an electron from the adsorbed species to an Au site occurs to form gluconolactone.

Au size effect on response current of glucose oxidation

Furthermore, the DLC:N/Au electrodes with different sizes of Au NCs are used to oxidize the glucose.
Figure 7 shows the CVs of the DLC:N/Au and bulk Au electrodes in the 0.1 M NaOH solutions with-
out and with 1 mM glucose at a scan rate of 0.1 V/s. The current density of glucose oxidation depends
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Fig. 7 CVs of DLC:N/Au and bulk Au electrodes in the 0.1 M NaOH solutions without or with 1 mM glucose: (a)
DLC:N/Aul, (b) DLC:N/Au3, (c) DLC:N/AuS5, (d) DLC:N/Au8, and (e) bulk Au. (f) S/B ratios obtained from the
current response of different electrodes in the 0.1 M NaOH solutions without or with 1 mM glucose.
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on the size of Au NCs. When 35.6-nm Au NCs are deposited on a DLC:N electrode surface, the real
surface area of the DLC:N electrode increases accompanied by the enhanced catalytical activity for glu-
cose oxidation and signal/background (S/B) ratio. The Au NCs can be regarded as microelectrodes uni-
formly distributed on the DLC:N electrode surface and a higher detection current density can be ob-
tained at each Au NC. Three-cycle deposition induces a higher current response due to an increase in
average diameter of Au NCs (Fig. 7b). Further lengthening the deposition time improves the growth of
the Au NCs but promotes the background current as well, resulting in the decreased S/B ratios
(Figs. 7c,d,f). In a study, Hutton and co-workers reported that the exchange current density of platinum
cluster-modified glassy carbon for hydrogen evolution increased with the decrease of Pt particle size
[45]. Jia et al. also found that a biosensor fabricated with smaller Au NPs exhibited a larger response
than that prepared with larger Au NPs [46]. The oxidation of glucose on the bulk Au electrode starts
from about —0.55 V and represents three oxidation characteristics in the positive (peak C at about
—0.42 V and plateau D from about —0.03 to 0.17 V) and negative (peak E at about 0.04 V) scans
(Fig. 7e). The current density obtained at the Au electrode decreases quickly with time due to the elec-
trode surface poisoning. A maximum S/B ratio is obtained with the DLC:N/Au3 electrode, indicating
that the catalytical ability of this electrode is the best among the DLC:N/Au electrodes used in this
study. The DLC:N/Au3 electrode is therefore chosen for the following voltammetric measurements.

Linear calibration and repeatability of DLC:N/Au electrode

Figure 8 shows typical linear sweep voltammograms of glucose oxidation at the DLC:N/Au3 electrode
with successive increments of glucose in concentration in the 0.1 M NaOH solution, and the linear char-
acteristics of the electrode for glucose detection are investigated. The current density of peak C does
not show a good linear characteristic with the increase of glucose concentration. This means that the
oxidation process of glucose to form gluconolactone is controlled by adsorption. The current density of
peak D is linear within a wide concentration range from 0.25 to 30 mM (R = 0.9980) with a sensitivity
of 12.0 = 1.0 A/(cm? mM). The detection limit, based on a signal-to-noise (S/N) ratio of 3, is estimated
to be 60 + 2 uM. This range is broader than the blood glucose level of a normal human body (4-7 mM).
The linear glucose response based on the DLC:N/Au3 electrode is therefore enough and suitable for the
practical application in determining blood sugar concentration.
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Fig. 8 Linear sweep voltammograms of DLC:N/Au3 electrode with respect to increase in glucose concentrations
in 0.1 M NaOH solutions. The inset shows the relation between the oxidation current density and concentration of
glucose obtained at DLC:N/Au3 electrode in the 0.1 M NaOH solutions.
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The repeatability of the DLC:N/Au3 electrode is tested as shown in Fig. 9 where the relative stan-
dard deviation of amperometric current responses recorded by 20 injections of 1 mM glucose in the
0.1 M NaOH solutions is calculated to be about 5.7 %. The stability of the DLC:N/Au3 electrode is in-
vestigated over a 60-day period. The glucose oxidation current exhibits a sharp drop to about 83 % of
the initial response after 2 weeks due to the absence of some Au NCs. However, the current response
of the electrode remains relatively stable throughout the rest of the 60-day period, implying a long-term
stability of the electrode.
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Fig. 9 Long-term stability of DLC:N/Au3 electrode in the 0.1 M NaOH solution with 1 mM glucose over a 60-day
period.

CONCLUSIONS

DLC:N/Au thin film electrodes were fabricated by a filtered cathodic vacuum arc process followed by
electrodeposition. An O-terminal surface was developed after the DLC:N thin films were treated by a
NaOH solution. The size of the Au NCs covered by a Au oxide layer could be adjusted by controlling
the electrodeposition time. The Au/AuO, NCs significantly improved the electrochemical activity of
DLC:N electrodes toward glucose oxidation due to the catalytic actions of AuOH, , species in the
alkaline solutions. A maximum S/B ratio of glucose oxidation was obtained with the DLC:N/Au
electrodes with smaller Au NCs. The glucose oxidation at about —0.1 and 0.4 V was controlled by ad-
sorption and diffusion processes, respectively. A wide detection range of glucose concentrations from
about 0.25 to 30 mM, and a low detection limit of about 60 UM were obtained with the DLC:N/Au elec-
trodes, which implies that the DLC:N/Au electrodes developed in this study may further be applied as
a non-enzymatic glucose biosensor due to their instant response, high sensitivity, and good repro-
ducibility.
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