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ABSTRACT

Diamond-like carbon (DLC) thin films deposited
by unfiltered cathodic pulsed arc in vacuum system
with high sp® content are more promising electrode
material than conventional carbon-based electrodes,
because they have wide potential window and low
background current.

The determination of trace heavy metals such as
lead, cadmium and zinc, by anodic stripping
voltammetry (ASV) on microelectrode array in
environmental analysis is very attractive due to its
remarkable sensitivity, extremely low detection limits
(< ppb), portability and ease to application.

General trend for more environmentally-friendly
analytical methods is bismuth film electrode as
bismuth has low toxicity analytical characteristics in
comparison with mercury, it can lead to widely
spread use of these devices.

Key words - DLC, BiFE, MEA, SWASYV, trace
heavy metals

1. INTRODUCTION

Glassy carbon, carbon paste, graphite and other
metal films have been reported as support materials
for electrochemical analysis [1]. Nano-crystalline
diamond and diamond like carbon (DLC), as relative
new materials in this field, can open wide range of
applications for their excellent mechanical properties,
chemical inertness to any acids, alkaline solutions or
organic solvents. Simultaneously, the use of mercury
is in many countries denied, as a consequence this
causes a drop-out of important segment in
electrochemical industry. For this reason the basic
research in finding suitable electrodes using non-
mercury active materials is forced. Bismuth has a
potential to replace toxic mercury used most
frequently for determination of heavy metals by
square-wave anodic stripping voltammetry (SWASV)
[2], [3]. Analytical performance of the bismuth film
electrode (BiFE) on DLC films is influenced by its
properties.

In this paper we describe a study of Zn, Cd, Pb
trace metal determination by bismuth in situ coated
microelectrode array (MEA) based on diamond-like
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carbon thin films characterized by anodic stripping
voltammetry.

2. EXPERIMENT

DLC films with different deposition conditions
were prepared by unfiltered cathodic arc in vacuum
system on highly conductive (0.008 - 0.024 Qcm) Si
(100) substrates. The area which acts as working
electrode (array of 50,625 microdiscs with 3 0m in
diameter and distance of 20 Im between microdiscs)
is shown on Fig. 1. Process of MEA definition was by
standard photolithographic process which is decribed
in details elsewhere [4].

Before the  deposition  substrates  were
ultrasonically cleaned for 10 min in
izoprophylalcohol bath. DLC deposition process

could be characterized in tree steps: the first step was
chamber pumping down to py = 3x107 Pa, the second
step was substrate cleaning by 10 min Ar ion
bombardment (60 sccm, p = 0.2 Pa) and the last step
was carbon layer deposition. Through the deposition,
gas flows into reaction chamber were controled
(Ar, N, in 0, 30, 50 and 70 sccm), applying 5 000
pulses with 5 Hz repeatability.

The morphology and composition of MEA has
been analyzed by Raman spectroscopy and scanning
electron microscopy (SEM). All solutions were
prepared from analytical grade chemicals in
18 MQ.cm deionized water. A three-electrode
arrangement was used in all experiments. As
reference electrode the home-made Ag/AgCl/agar CI”
(3 mol/L)/agar NO;~ (1 mol/L) electrode was used
and as the counter electrode a platinum wire served.
Voltammetric experiments were performed with an
electrochemical sensor interface (PalmSens, Palm
Instruments BV) in combination with a personal
computer.

3. RESULTS AND DISCUSION

Layers after deposition have continual and
adherent character with the thickness from 81 nm
(DLC) to 206 nm (Ar=70sccm, N,=70sccm),
which was dependent on pressure in the chamber. In
Fig. 2 the dependence of growth rate on pressure is
given. With increasing pressure the growth rate has



increased from 4.9 nm/min for DLC to 12.4 nm/min
for carbon nitride (CN,, 70/70 sccm Ar/N,).
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Fig. I Detail of the microelectrode array

Fig. 3 shows a comparison of DLC and CNj film
Raman spectra. With increasing thickness an intensity
decrease of sharp peaks for Si (520 cm™), and Si
compound (960 cm™') occurs. Characteristic for these
spectra is the transformation intensity of “D” and “G”
broad band dependence on working gas pressure.
This change 1is corresponding to activation of
disordered bonds of carbon in films [5]. Further
growth of C-N bonds is corresponding to existing “L”
band around 720 cm”. In Fig. 4 different Raman
spectra from DLC layers with argon gas
(Ar = 30 sccm) during deposition are shown.
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Fig. 2 Dependence of DLC and CN, film
thickness on gas flow

The electrode behavior was characterized by cyclic
voltammetry in 0.1 mol/L. KNOj; buffer (pH = 2) with
0.5 mg/L Bi**. Pre-concentration time was 180 s at a
potential of -1.3 V. After 15s in a potential range
from -1.3 to -0.4 V at a scan rate of 50 mV/s effect of
bismuth film was investigated. CV of bismuth peak
for different gas flow is shown in Fig. 5. From these
voltammograms the influence of deposition
conditions is not clearly visible, but we choose DLC
0_0 and DLC 30_0 as an electrode material for heavy
metal trace detection for better current response.
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Fig. 3 Raman spectra of DLC and CN, films
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Fig. 4 Raman spectra of DLC films: DLC 0_0
(Ar = 0 sccm), DLC 30_0 (Ar = 30 sccm)

Bismuth-plated DLC microelectrode arrays for in
situ determination of Pb**, Zn**, Cd** were prepared
by co-deposition of Bi** and metals at —1 300 mV for
180 s versus Ag/AgCl/CI” in a plating solution of
Bi(NOs); in a supporting electrolyte with a different
content of heavy metals. Stripping currents from
reoxidation of analyte were recorded by SWASV.
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Fig. 5 Influence of pressure on bismuth film
formation in 0.1 mol/L KNO; with 0.5 mg/L Bi’*

The influence of many parameters, including
concentration of plating solution, kind of supporting



electrolyte and concentration of heavy metal on the
stripping current responses has been analyzed.
Influence of concentration of a plating solution on
bismuth film formation for in situ technique was
investigated in range of 0.5 — 2 mg/L Bi** in
0.1 mol/L acidified KNO; (pH 2). For the SWASV
experiments, concentration of 0.5 mg/L has been
selected because a stripping current was not increased
at higher than 1 mg/L concentration and bismuth peak
shape was deformed moreover [6]. We estimated the
optimal concentration of Bi** for measurement at
0.5 mg/L (1x10” mol/L).

The dependencies of voltammetric response of
bismuth-plated DLC array without Ar (DLC 0_0) and
with Ar (DLC 30_0) on metal concentration are
shown in Fig. 6 and Fig. 7, respectively. Stripping
current was linear in the range from 2x107° to
8x10™* mol/L concentration of metals complex at
180 s pre-concentration time. Sensitivity of trace
heavy metals detection for DLC 0_0 was for
Zn =1.465; Cd=0.775; Pb=2.59 uAL/umol and
sensitivity for DLC 30_0 was for Zn=1.12;
Cd = 0.845; Pb = 1.62 pAL/umol.
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Fig. 6 Dependence of current responses of DLC 0_0
array; ¢(Bi**) = 1 x 10° mol/L on Zn**, Cd** and
Pb** concentration 2 - 8x10™ mol/L with calibration
curve inside; pre-concentration time 180 s
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Fig. 7 Dependence of current responses of DLC 30_0
array; ¢(Bi**) = 1 x 10° mol/L, Zn**, Cd** and Pb**
concentration 2 - 8x10° mol/L with calibration curve
inside; pre-concentration time 180 s

4. CONCLUSIONS

Bismuth film microelectrodes have a potential to
replace toxic mercury used most frequently for
determination of heavy metals (Cd, Pb, Zn) by anodic
stripping voltammetry. We have developed nitrogen
doped diamond-like carbon microelectrode array
consisting of 50,625 microdiscs with 3 pum in
diameter and interelectrode distances of 20 um as a
support for bismuth electroplating on highly
conductive silicon substrate. The properties of DLCs
were analyzed by Raman spectroscopy, cyclic
voltammetry and anodic striping voltammetry. The
morphology of bismuth-coated DLCs has been
investigated by scanning electron microscopy.

It was found that the analytical performance of
bismuth film microelectrodes is influenced by the
properties of DLCs. The influence of bismuth plating
solution and supporting electrolyte on current
responses has been investigated. We have found that
the stripping current for bismuth-coated DLC array is
linear in the range from 2x10™ to 8x10™* mol/L
concentrations of heavy metals diluted in water. The
stripping  current responses of DLC 30_0
microelectrode array, reached under the same
conditions, were lower in comparison with DLC 0_0
bismuth-coated array. Measured LOD did indicate a
better detection of Zn>* and Pb** (LODy, = 0.9x10°%;
LODp, = 0.4x10° mol/l) for DLC 0_0 and Cd*
(LOD¢q = O.leO'S) for DLC 30_0, which is not
corresponding to Bi** stripping on DLC/CN,, where
the current is approximately twice higher for DLC
30_0 than for DLC 0_0.
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