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Heavy metals are considered one of the main sources of
environmental pollution. Their main source is industrial activity,
which directly or indirectly discharge the heavy metal species into the

i

environment. Certain heavy metals (e.g., mercury, cadmium,
chromium, and lead) are highly toxic and affect several human organs,
even at trace levels. For example, mercury and lead are known to
cause damage to the nervous system, cadmium causes kidney and
bone disease, and excessive absorption of zinc affects multiple
aspects of the immune system. Heavy metal pollution is of great
concern for global sustainability. It is therefore essential to monitor
heavy metals in the environment, drinking water, food, and biological
fluids. Traditional analytical methods include atomic absorption
spectroscopy (AAS), inductively coupled plasma mass spectrometry
(ICP-MS), and inductively coupled atomic emission spectrometry
(ICP-AES). Although these techniques are highly sensitive and
selective, they require laborious pre-treatment processes, expensive
instruments, and professional personnel. In contrast, analytical
electrochemical stripping techniques have attracted great interest in
the detection of heavy metals. Owing to properties including short
analytical time, low cost, and high sensitivity, electrochemical
detection methods have been widely recognized as powerful
techniques for the detection of heavy metals. In particular, anodic
stripping voltammetry (ASV), a technique that consists of deposition
ii

and stripping steps, is used very frequently. Mercury electrodes have
proven to be valuable tools for this technique. However, considering
their toxicity and the difficulty involved in the handling of mercury,
these electrodes have recently been replaced by mercury-free
electrodes. Several elements have been tested for their capacity to
replace mercury (e.g., bismuth, gold, silver, antimony, and carbon). In
recent years, bismuth electrodes have been attracting increasing
attention in ASV analysis. The remarkable stripping performance of
bismuth electrodes is attributed to the ability of bismuth to form
‘fused alloys’ with heavy metals. These alloys are analogous to the
amalgams formed by mercury. Additionally, because of their fast
electron transfer rate, unique structural characteristics, and high
surface area, carbon-based nanomaterials are employed extensively
as sensing materials to detect heavy metals.
This dissertation aims at presenting the fabrication of bismuthbased nanocomposites that can be employed in the development of
electrochemical sensors for the detection of heavy metals.
Firstly, chemically activated reduced graphene (AG) was used with
Nafion as a sensing material for the first time. This material was
placed on a glassy carbon electrode (GCE, modified by in-situiii

deposited bismuth) to fabricate an electrochemical platform for the
simultaneous and individual determination of three heavy metals in
solution. Next, the graphene was prepared by electrochemical
deposition directly onto a GCE surface. The bismuth film was then
deposited in situ on the surface of the electrochemical sensor
electrode that was used for sensitive determination of trace heavy
metals. Finally, an iron oxide/graphene nanocomposite was directly
produced by heat treatment of a mixture of iron oleate and graphene.
The GCE was modified with the as-prepared nanocomposite, and
employed as an electrochemical sensing platform for sensitive
analysis of heavy metal ions. The generated iron oxide nanoparticles
were homogeneously embedded in the graphene layers. These act as
mutual spacers in the nanocomposite, preventing restacking of the
graphene, and enhancing the detection sensitivity towards heavy
metals.
These bismuth-based nanocomposites enable the electrochemical
sensing of heavy metals with graphene- or nanoparticle-modified
electrodes. The results suggest that these nanocomposites can
improve the sensitivity and stability of the system.
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Chapter 1. Introduction:

Bismuth/Graphene

Nanocomposite-Modified

Electrodes

for

Detection of Trace Heavy Metal Ions and
Dissertation Overview

1.1 Introduction

Heavy metal pollution is one of the most serious environmental
problems hindering global sustainability. Although some heavy
metals (iron, selenium, cobalt, copper, manganese, and zinc) play
vital roles in biological functions, many others are toxic [1]. Moreover,
they tend to form complexes, especially with ligands in biological
matter containing nitrogen, sulfur, and oxygen. This may lead to
changes in the molecular structure of proteins, breaking of hydrogen
bonds, or enzyme inhibition

[2]

. For example, mercury (sources: coal

burning, as well as mining and industrial waste) and lead (sources:
automobile exhaust, old paints, mining wastes, incinerator ash, and
water from lead pipes) are both known to cause damage to the
nervous system; cadmium, whose sources include the electroplating
1

and mining industries, is associated with kidney disease; and arsenic
(sources: herbicides and the mining industry) is known to cause
damage to the skin, eyes, and liver [3].
They are non-biodegradable and therefore can accumulate in the
food chain and persist in ecological systems, exposing top-level
predators to very high levels of pollution. Thus, safe limits or
maximum contaminant levels for drinking water have been defined
by different organizations worldwide. Table 1.1 summarizes the
standards and guidelines for heavy metals in drinking water
recommended by the World Health Organization [4]. These guidelines
are based on toxicity data and scientific studies. Heavy metal
pollution has become of great concern for global sustainability.
Therefore, it is essential to monitor heavy metals in the environment,
drinking water, food, and biological fluids.
Conventional methods for trace heavy metal analysis require
sophisticated analytical techniques, including atomic absorption
spectroscopy

(AAS)

spectrometry (ICP-MS)

[5]

,

[6]

inductively

coupled

plasma-mass

, inductively coupled plasma-atomic

emission spectrometry (ICP-AES) [7], and ultraviolet-visible (UV-vis)
spectroscopy

[8]

. Although these techniques are highly sensitive and
2

selective,

they

require

tedious

sample

preparation

and

preconcentration procedures, expensive instruments, and professional
personnel. Moreover, they cannot be carried out using portable
devices for on-site detection. Efforts are ongoing for the preparation
of rapid and inexpensive techniques for heavy metal detection. Thus,
techniques including colorimetry, fluorimetry, and voltammetry have
been adapted to allow miniaturization and on-site application.
Electrochemical

measurements

have

exhibited

numerous

advantages for the detection of trace heavy metals. These include
rapid analysis, good selectivity, and sensitivity. Because heavy metals
have a defined redox potential, selectivity toward specific heavy
metal ions can be achieved by bare electrodes without the need of a
molecular recognition probe. Several techniques have been employed
in electrochemical sensing, including voltammetry, amperometry,
potentiometry, impedemetry, and conductometry [10]. In particular, the
anodic stripping voltammetry (ASV) method is readily amendable for
the determination of heavy metals. Its remarkable sensitivity is
attributed to the combination of an effective preconcentration step
with advanced measurement procedures. This generates an extremely
favorable signal-to-background ratio. Four to six metals can be
3

measured simultaneously in various matrices at concentration levels
as low as 10-10 M. Moreover, this technique utilizes relatively
inexpensive and portable instrumentation. Proper choice of the
working electrode is crucial for the success of the stripping operation.
The ideal working electrode should offer effective preconcentration, a
favorable redox reaction of the target metal, a reproducible and
renewable surface, and a low background current over a wide
potential range. Owing to the high overpotential of hydrogen that
allows its use at useful negative potentials, mercury became
established as the preferred electrode for electrochemical stripping
analysis. Two basic electrode systems, the mercury film electrode and
hanging mercury electrode, have gained wide acceptance in the
development of ASV

[11]

. While these mercury electrodes provide an

attractive stripping performance, new alternative electrode materials
with a similar performance are desirable for addressing growing
concerns regarding the toxicity, handling, volatility, and disposal of
mercury. The recent trend towards green chemistry aims to reduce
and eliminate the use and generation of hazardous substances. Thus,
several countries have banned the export and storage of metallic
mercury. In this context, the search for alternative materials that can
4

be applied to the fabrication of heavy metal electrochemical sensors
has spurred considerable research during the last decade. Several
metals such as bismuth, gold, silver, antimony, carbon, and borondoped diamond have been tested for their capacity to replace mercury.
The proposed alternative, touted as an environmentally green species,
is bismuth. This metal has been widely adapted by researchers as a
replacement for mercury film electrodes. Moreover, the use of an exsitu- or in-situ-modified bismuth electrode has been reported to give
rise to significant electroanalytical improvements over that of a bare
electrode. The advantageous analytical properties of bismuth-film
electrodes, roughly comparable to those of mercury-film electrodes,
are attributed to the property of bismuth to form “fused alloys” with
heavy metals. This may be analogous to the amalgams that mercury
forms with a similar sensitivity

[12]

. The design of the bismuth

electrode plays a major role in the resulting stripping performance. In
most cases, a carbon substrate is used to support the bismuth film. A
variety of carbon electrodes of different sizes and geometries can be
used. The choice of substrate affects the final results and is therefore a
crucial factor in the production of bismuth film electrodes. Thus, very
different results can be obtained from different electrode substrates,
5

even when the same conditions to form the bismuth film are applied.
Although these electrodes have been used in ASV analysis of heavy
metals, the limit of detection and the sensitivity of bismuth film
electrodes cannot meet the need for the detection of trace heavy
metals. An effective way to solve these issues is the surface
modification

of

bismuth

electrodes

with

nanomaterials.

Nanomaterials (for example, nanoparticles, carbon-based materials
such as carbon nanotubes and graphene, and nanostructures) possess a
higher surface area, improved electron transfer rate, and increased
mass transport. Such nanomaterial-modified electrodes, employed for
the stripping analysis of heavy metals, exhibit dramatically increased
sensitivity due to their unique chemical, physical, and electronic
properties.
The combination of bismuth with nanomaterials such as
nanoparticle- or carbon-based materials possesses a high degree of
specificity. This makes the developed sensing formats attractive for
the design and fabrication of integrated detection systems for real
sample application.
This chapter introduces a classification of electrochemical sensors
and presents synthetic methods of bismuth-based electrodes suitable
6

for the detection of heavy metals. In the succeeding section, various
types of bismuth-based nanocomposite electrodes are introduced. The
final section is an overview of the fabrication of bismuth-based
nanocomposite electrodes, and the application of these electrodes for
the detection of heavy metals.
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Metal

World Health Organization (mg/L)

Nickel

0.07

Copper

2

Zinc

3

Cadmium

0.003

Mercury

0.001

Lead

0.010

Arsenic

0.010

Table 1. 1 Standards and guidelines for heavy metals in drinking
water recommended by the World Health Organization.
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1.2 Electrochemical Sensors

The oldest electrochemical sensors date back to the 1950s and
were used for oxygen monitoring. More recently, many efforts have
been made to develop new and better electrochemical sensors for the
monitoring of toxic materials in environment. Electrochemical
measurements have shown numerous advantages for trace heavy
metal detection, including rapid analysis, good selectivity, and
sensitivity. Several techniques are employed in electrochemical
sensing,

including

voltammetry,

impedemetry, and conductometry

amperometry,

[13]

potentiometry,

. In particular, the ASV method

is readily amendable for determination of heavy metals.
The electrochemical analysis techniques are discussed in the next
section.
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Stripping step

Accumulation step

Measure

Electrolytic reduction

i vs E

Technique
Anodic

Linear

or

stripping

voltammetry
staircase anodic
Adsorptive
voltage scan

Adsorption

anodic

i vs E
stripping voltammetry

Electrolytic reduction
Pulsed

Δi vs E

Differential pulse anodic
stripping voltammetry

anodic

voltage scan
Adsorption

Δi vs E

Differential

pulse

adsorptive

anodic

stripping voltammetry
Linear

or

Cathodic
Electrolytic oxidation

stripping

i vs E

staircase

voltammetry

cathodic voltage

Adsorptive
Adsorption

cathodic

i vs E

scan

stripping voltammetry
Anodic

Constant anodic
Electrolytic oxidation

E vs t

chronopotentiometric

current
stripping analysis
Cathodic
Constant
Adsorption

E vs t

chronopotentiometric

cathodic current
stripping analysis
Adsorptive
Constant current

Adsorption

E vs t

chronopotentiometric
stripping analysis

Chemical
Electrolytic reduction
oxidation

Potentiometric

or

stripping

E vs t
or oxidation

analysis

reduction

Table 1. 2 Classification of electrochemical stripping techniques [4].
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1.2.1 Electrochemical Stripping Techniques

Electrochemical stripping techniques are among the most sensitive
of instrumental analytical techniques. Because of their high
sensitivity and selectivity, they are important in trace analysis and
speciation studies. With detection limits generally in the 10 −11 to 10−9
mol L−1 range and in a few cases as low as 10−12 mol L−1, they are
three or four orders of magnitude more sensitive than the simple
polarographic methods. The high sensitivity and selectivity of
stripping

techniques

arises

because

two

distinct

controlled

electrochemical steps are involved.
In the first step the analyte is transferred to the electrode surface in
one of two ways namely; (i) by electrolytic oxidation or reduction
which results in the analyte forming a deposit on the working
electrode or (ii) by the adsorption of the analyte directly or in
combination with other reagents onto the electrode surface. This first
step, which is a pre-concentration, enrichment or accumulation step, is
carried out while the working electrode is held at a constant potential. In
the accumulation process a fraction of the analyte is transferred from the
test solution matrix and forms a phase on or in the electrode in which its
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concentration is orders of magnitude higher than it is in the test solution.
On completion of the accunulation step, a rest period of 10 to 30 s is
observed so that the test solution can come to rest before the second step
is commenced.

In the second step, the amount of analyte accumulated at the
working electrode is determined by monitoring the electrical response
produced as this accumulated material is either oxidised or reduced
from the electrode. This process is referred to as the stripping step
since the material accumulated during the first step is stripped from
the electrode and normally passes back into solution. The stripping is
carried out in one of three ways namely: (i) varying the potential on
the working electrode and monitoring the current response
(voltammetry), (ii) passing a constant current through the cell and
measuring the potential that the working electrode develops as a
function of time (chronopotentiometry), or (iii) chemically and
monitoring the potential of the working electrode during the stripping
process (potentiometry). In the voltammtric methods the potential
applied to the working electrode in the stripping step may be in the
form of a linear scan, staircase, A.C. modulated linear scan or
staircase, square wave modulated linear scan or staircase, or a pulsed
12

linear scan or staircase voltage [9].
Because the different accumulation and determination procedures may
be combined in a variety of ways, a whole family of electrochemical
stripping techniques has been developed many of which are listed in
Table 1.2.

1.2.2 Voltammetric Stripping

Stripping voltammetry comprises a group of various techniques
including Anodic stripping voltammetry (ASV), Cathodic stripping
voltammetry (CSV) and Adsorptive stripping voltammetry (AdSV). It
is an ultrasensitive detection technique based on electrochemical
measurements similar to polarography. Stripping voltammetry is a
two-step technique that allows simultaneous detection of various
inorganic and organic species in the sub-nanomolar range. The first
step consists of the electrolytic deposition of a chemical species onto
an

inert

electrode

surface

at

a

constant

potential.

This

preconcentration step explains the remarkable sensitivity of the
technique. It can involve either an anodic or cathodic process.
However, the most common use of stripping voltammetry involves a
13

cathodic process for deposition in which the metal ionic species are
reduced from the solution to the electrode surface. The second step
consists of the application of a voltage scan to the electrode. At a
specific potential, it causes the stripping of a specific species
accumulated onto the electrode surface as amalgam or thin films, into
the solution. The resulting faradic current is proportional to the
concentration of the chemical species [12].
In particular, ASV method is readily amendable for determination
of heavy metals. ASV analysis typically involves two steps; (i)
electrochemical deposition or accumulation of heavy metals at a
constant potential to preconcentrate the analyte onto the electrode
surface, and (ii) stripping or dissolution of the deposited analyte from
the electrode surface (Figure 1.1 and 1.2).
Cathodic stripping voltammetry is used for the indirect
determination of inorganic and organic anions which form sparingly
soluble salts with Hg(I) or Ag(I). When a mercury (or silver)
electrode is anodically polarized, Hg22+ (or Ag+) are produced and
react with the analyte to form the sparingly soluble Hg(I) or Ag(I) salt
which accumulates on the electrode surface. The accumulation
potential depends on the supporting electrolyte, the solubility product
14

of the Hg(I) or Ag(I) salt, and the concentration of the analyte in the
test solution. For mercury electrodes Eacc is usually in the range
+0.4V to −0.2V (vs Ag/AgCl). In the determination step, a cathodic
potential scan is applied to reduce the Hg(I) or Ag(I) in the sparingly
soluble salt accumulated on the electrode surface which gives rise to
the voltammetric current peak.
In AdSV, conversely to ASV, the preconcentration step of the metal
ions at the surface of the electrode is made by a non-electrochemical
process, in the form of complexes. Notably, Ni and Co were
quantified by AdSV after complexation with dimethylglyoxime
Cr after complexation with cupferron
with cupferron

[15]

[14]

[13]

,

and Al after complexation

. In analytical practice, stripping voltammograms

are recorded in the differential pulse or square wave modes, which
are generally more sensitive than normal scan mode.
Differential pulse voltammetry is comparable to normal pulse
voltammetry in that the potential is also scanned with a series of
pulses. However, it differs from normal pulse voltammetry because
each potential pulse is fixed, of small amplitude (10 to 100 mV), and
is superimposed on a slowly changing base potential. Current is
measured at two points for each pulse, the first point (1) just before
15

the application of the pulse and the second (2) at the end of the pulse.
These sampling points are selected to allow for the decay of the nonfaradaic (charging) current. The difference between current
measurements at these points for each pulse is determined and plotted
against the base potential. The excitation signal in square wave
voltammetry consists of a symmetrical square-wave pulse of
amplitude Esw superimposed on a staircase waveform of step height

ΔE, where the forward pulse of the square wave coincides with the
staircase step. The net current, inet, is obtained by taking the
difference between the forward and reverse currents (ifor – irev) and is
centered on the redox potential. The peak height is directly
proportional to the concentration of the electroactive species and
direct detection limits as low as 10–8 M are possible [16].

16

Figure 1. 1 Anodic stripping voltammetry principle. (Reprinted with
permission from Ref. Biosensors, 5, 2015, 241)
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Figure 1. 2 Principle of anodic stripping voltammetry illustrated by
the potential–time waveform for a solution containing zinc, cadmium
and lead.
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1.2.3 Electrode Materials for Stripping Voltammetry

1.2.3.1 Mercury Electrodes

Mercury has been the electrode materials of choice for many
stripping applications

[2c]

. The use of mercury electrodes for metal

detection has been reported since the middle of the 20th century. The
mercury-based electrode was the first one that received attention for
electrochemical detection of heavy metals because it brought high
sensitivity, good reproducibility, and a wide cathodic potential range
for heavy metal detection

[17]

. Two basic electrode systems, the

mercury film electrode (MFE) and hanging mercury electrode
(HMDE), have gained wide acceptance in the development of anodic
stripping voltammetry (Figure 1.3)

[18]

. The hanging mercury drop

electrode has been used successfully in countless applications
involving reduction of

organic

and

inorganic

electroactive

compounds. However successful, the HMDE, consisting of a
renewable drop of mercury at the end of a fine capillary, has some
drawbacks: it is bulky, requires a mercury reservoir and regular
maintenance of the capillary and incorporates complicated electronics
19

for precise drop generation and disposal. Besides, the HMDE, unlike
solid electrodes, is mechanically unstable (i.e. the mercury drops are
easily dislodged) so that it is not particularly suitable for on-site
analysis (e.g. shipboard operations that involve vibrations) or for
flow-through applications (where the electrode is subject to high flow
rates). Finally, the HMDE is not the ideal substrate for permanent
modification by chemical reagents or permselective coatings that
improve the analytical properties. Although, in principle it is possible
to modify the surface of the HMDE, such procedures have only been
occasionally used due to the electrode sensitivity to mechanical
handling and to its very principle of operation (one drop for each
measurement). Mercury film electrodes (MFE), prepared by coating a
suitable substrate with a thin ‘film’ of metallic mercury, have come
into use in order to address some of these limitations. MFEs can be of
fairly small size, do not require any ancillaries, provide a larger
surface-to-volume ratio, are mechanically more stable than mercury
drops and offer great scope for different cell configurations and for
chemical modification of their surface. Additionally, the mercury film
can be pre-plated and reused for some time. However, greatest
sensitivity is obtained using in situ deposition of mercury: the
20

mercury is then plated simultaneously with the heavy metals, giving a
thinner mercury film with a higher internal metal concentration, and
which is less affected than the pre-plated film by interference by
surfactants which are known to occur in natural waters. Glassy
carbon is the usual conductive substrate for the electrode as it is inert
and relatively easy to polish [18-19].
However, despite the excellent performance of mercury electrodes,
future regulations and occupational health considerations may
severely restrict or even ban the use of mercury as an electrode
material because of its high toxicity. Indeed, mercury compounds that
are characterized by a high toxicity, like mercuric ions (Hg2+) or
organic compounds (e.g. dimethyl mercury), can be formed by
immersion of metallic mercury (Hg0) in natural waters in the
presence of dissolved oxygen or by the mean of bacterial activity. A
few years ago, Yosypchuk and Novotný

[20]

described the use of

“non-toxic” electrodes of solid mercury amalgams (Ag, Cu, Au) for
stripping analysis. However, despite these electrode materials can be
considered as “non-toxic” for laboratory use, it is not the case for
environmental on-site monitoring. Indeed, mechanical and/or
bacterial corrosion can lead to mercury release from amalgams, as
21

mercuric ions or metallic mercury. As a result, electrode materials
that can potentially replace mercury are continually sought. Different
bare carbon, gold, silver or iridium electrodes have been used as
possible alternatives to mercury [1, 21].

1.2.3.2 Gold and Silver Electrodes

Gold and silver materials exhibit unique electrical, optical and
catalytic properties. Meanwhile, various detection methods with high
specificity have been designed for heavy metal sensing. KirowaEisner et al. used gold and silver electrodes to detect cadmium, lead
and copper

[22]

. They showed that gold is unsuitable for mixtures of

lead and cadmium because of overlapping of the two stripping peaks.
Silver exhibits excellent characteristics for lead and cadmium
detection: high repeatability and long-term stability without the need
of any pretreatment, with limits of detection (LOD) in the nM range.
The sensitivity can be further improved by using advanced
procedures or electrode surfaces. For example, Compton’s group has
detected arsenic(III) with a LOD of 1 ppb on gold

[23]

and silver

[24]

electrodes using ASV assisted with ultrasound. Note that Compton et
22

al. have also shown that gold electrodes are highly sensitive for the
detection of chromium (VI) even with cyclic voltammetry, with a
LOD of 228 ppb and have proven superior performances compared to
glassy carbon

[25]

. For real application, more and more heavy metal

electrochemical sensors have been fabricated on gold-based screenprinted electrodes due to its nature of inexpensiveness, portability and
easy to mass production [26].

1.2.3.3 Carbon-based Electrodes

Although carbon materials used in electrochemistry share some of
the electronic properties of metals, their structures and chemistry
differ dramatically from all metallic electrodes. The well-known
materials of carbon include graphite, diamond, and fullerenes, each of
which can exist in a variety of materials with differing
electrochemical properties. The simplest graphite material is a twodimensional graphene sheet, which is essentially a very large
polyaromatic hydrocarbon. The synthesis and properties of a wide
variety of graphene structures were recently reviewed [27].
Carbon fibers have been used in electrochemistry since
23

approximately the early 1980s, and their structures and properties
relevant to electrochemical applications were reviewed in 1991.
There has been significant activity since that time due to the utility of
carbon fibers for making ultramicro electrodes and for in vivo
voltammetry. Furthermore, the discovery of carbon nanotubes
provided a completely new type of carbon “fiber” with distinct
electrochemical properties [28].
An electrochemically important variant on the graphite structure is
glassy carbon (GC), which is made by heat treating various polymers,
often poly acrylonitrile. By heating the polymer under pressure in an
inert atmosphere to 1000-3000 °C, the heteroatoms are evaporated
until only carbon remains. Glassy carbon should be distinguished
from a variety of other disordered graphitic materials, such as
“diamond-like carbon”, amorphous carbon, polycrystalline graphite,
and carbon black. While the properties of the materials vary greatly
with preparation and pretreatment, some generalizations based on
their origins are useful.
In the year 2008, it was exactly a half of a century since R. N.
Adams published a short one-page report, in which he had introduced
a new type of electrode, carbon paste electrode (CPE)
24

[29]

. The

respective assembly, i.e., an electrode holder (body) filled with
carbon paste, used in the pioneering studies was already viewed and
described in Adams’s initial report

[29]

. The proper construction had

been based on short Teflon rod with a well drilled in and a Pt-wires
electrical contact. Their main advantages are the simplicity and
variability in size, whereas the renewal of carbon paste or its total
exchange is less convenient. As possible alternatives to commonly
used configurations with solid electrodes (glassy carbon or gold disks)
in electrochemical stripping analysis of heavy metals, the individual
carbon paste variants are then as follows; i) the bare carbon paste
plated with mercury film and bismuth film, ii) bulk modified carbon
pastes with bismuth or antimony oxide, or fine metal powders [30].
The discovery of numerous nanoscale materials, specifically
carbon-based ones continue to add new dimensions to the rapid
development of nanotechnology (Figure 1.4). At such small scales,
materials adopt certain properties resulting in unique optical,
electrical, chemical and mechanical characteristics. Nanoscale
carbon-based

materials

nanotubes (SWNTs),

include

single

multiwalled carbon

walled carbon
nanotubes

(MWNTs), fullerenes and graphene among many others. Carbon has
25

the ability to hybridize into sp, sp2 and sp3configurations depending
on the bonding relationships with neighboring atoms. This is due to
the narrow gap between the 2s and 2p electron shells. These hybrid
states are responsible for the diversity of organic compounds as well
as the ability to fabricate a wide variety of nanoscale carbon-based
materials. Hexagonal sp2 hybridization seems to be the most
preferred conformation in nanoscale carbon-based materials. The
distinctive properties of sp2 hybridized carbon in particular and
unique behavior of nanoscale materials in general create very
versatile materials that exhibit distinct properties in terms of size,
surface area, strength, optical and electrical properties. Further, the
sensitivity of carbon's structure to perturbations in synthetic
conditions, allow for tailored manipulations to a degree not yet
matched by inorganic nanostructured [31].
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Figure 1. 3 Two examples of mercury electrodes; (a) hanging mercury
drop electrode (HMDE); (b) mercury film electrode (MFE).
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Figure 1. 4 Some examples of nanoscale carbon-based materials
(Reprinted with permission from Ref. Environ. Sci. Technol., 42, 2008,
5843)
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1.2.3.4 Bismuth Electrodes

In 2000, Wang, for the first time, reported a Bi-coated carbon
electrode as a sensor for the stripping voltammetric analysis of lead,
cadmium and zinc

[32]

. Bismuth is known to form binary – or

multicomponet (low-temperature melting) ‘fusible’ alloys with
numerous heavy metal, including lead, cadmium, thallium, antimony,
indium, or gallium. Such formation of low-temperature alloys
facilitates the nucleation process during the deposition of heavy
metals. Moreover, bismuth has the advantage of not requiring the
removal of dissolved oxygen during stripping analysis, and it is also
characterized by a wide negative potential window, which is a good
analytical advantage, as reported in several papers [33].
Bismuth electrodes used for the electrochemical-stripping analysis.
The technique is based on two different steps: i) a preconcentration
step, where heavy metal ions (Mn+) are reduced to form a M-Bi alloy;
ii) in the second step, the heavy metals are re-oxidized and go back
in solution M(Bi) → Mn+ + ne−. In this step, the amount of metal
present is determined by use of sensitive electrochemical techniques.
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Underlying

In-/Ex

Target

LOD

Electrode

situ

Analyte(s)

(µg/L)

BiF

GCE

In-situ

Pb

BiF

GCE

In-situ

Cd, Pb ,Zn

In-situ

Cd, Pb, Zn

Electrode

Carbon film
BiF

Technique

Ref.

1.1

ASV

[2a]

0.2 ,0.2, 0.7

SW-ASV

[13]

SW-ASV

[14]

SW-ASV

[15]

SW-ASV

[16]

SW-ASV

[17]

0.11, 0.16,

resisitor

0.008

Edge-plane
0.062,
BiF

pyrolytic

In-situ

Cd, Pb
0.084

graphite

Graphite2.2, 23.1,
BiF

epoxy

In-situ

Cd, Pb, Zn
600

composite

Multi-Walled
BiF

Carbon

In-situ

Cd, Pb, Zn

0.7, 1.3, 12

Nanotubes
ASV;Anodic stripping voltammetry, BiF;Bsmuth film, BiO;Bismuth oxide, G;Graphene,GCE;Glassy
carbon electrode SW-ASV; Square-wave anodic stripping voltammetry, SPE;Screen printed electrode

Table 1. 3 Comparison of different electrodes for determination of
heavy metal ions.
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1.3 Preparation of Bismuth-based Electrochemical
Electrodes

1.3.1 Design of Bismuth Electrodes

From the early 2000, bismuth has emerged as a promising
electrode material in electroanalysis field being with interest overall
in electrochemical stripping, voltammetric and amperometric-based
sensors

[34]

. Bismuth-based nanomaterials are proposed to achieve

better analytical performance in heavy metal detections (Table 1.3).
The role of bismuth in electrode modification to be used for heavy
metal detection is well known as an alternative to mercury. In
addition, the development of new sensing platforms using bismuthbased electrode is a focus of recent research for detection trace heavy
metal. Bismuth-based nanomaterials play an important role in this
field being the principal function its use for the surface modification
of working electrode. Different types of bismuth-based sensors have
been reported but the most used configurations are based on the codeposition (in situ) of bismuth during electrochemical stripping
analysis and the use of bismuth modified (ex situ) electrodes. Also,
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various strategies for the synthesis of bismuth nanoparticles have
been reported for modifying electrode for heavy metal detection.

1.3.2 Synthesis of Bismuth Nanoparticles

Different ways to obtain bismuth nanoparticles (BiNPs) have been
reported. In general, BiNPs are synthesized by a thermal plasma
method, aerosol quenching, electron beam irradiation and chemical
reduction, etc. On one hand, the obtaining of BiNPs can be performed
form bulk metallic bismuth by using thermal decomposition; however,
this method usually is not efficient enough in terms of production
yield

[35]

. On the other hand reductive methods to synthesize BiNPs

also have been reported. Various reducing agents, including ethylene
glycol

[36]

, sodium borohydride

ethylene-diamine

[39]

[37]

, aqueous hydrazine solution

and, recently, sodium hyposphite

[40]

[38]

,

have been

used to prepare Bi crystals. The use of an organometallic complex of
bismuth as a precursor for the decomposition also has been reported
[41]

. In addition, photochemical activation has been used to synthesize

BiNPs

[42]

. The use of reductive methods provides not only

advantages in terms of size and shape control but also the efﬁciency
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of BiNP preparation in terms of massive production. Among the
many synthesis strategies reported so far, chemical, physical and
electrochemical methods are described in the next sections.

1.3.2.1 Chemical Methods

Chemical methods have been developed for synthesizing BiNPs.
The most popular chemical approaches, including chemical reduction
using a variety of organic and inorganic reducing agents,
physicochemical reduction, and radiolysis are widely used for
synthesis of BiNPs. Reducing reagents such as ethylene glycol,
sodium borohydride, hydrazine solution, sodium hyposphite have
been used to prepare BiNPs. Most of these methods are still in
development stage and the experienced problems are the stability and
aggregation of NPs, control of crystal growth, morphology, size and
size distribution. Furthermore, purification of these nanomaterials is
often challenging due to the necessity of removing the excess of
potentially

toxic

reagents,

such

as

tris[bis(trimethylsilyl)amino]bismuth, prior to their application in
further applications [42b, 43] (Figure 1.5 and 1.6).
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1.3.2.2 Physical Methods

Another different way to synthesize BiNPs is focused on the
physical method. One of the first attempts was based on solution
dispersion of melted bismuth, taking advantage of their low melting
point. The production of monodispersed bismuth particles was
realized by emulsifying molten drops of bismuth in boiling
di(ethylene glycol) (the top-down approach), followed by quenching
with cold ethanol. Bi powders (100 mesh, Aldrich) were directly
added to boiling di(ethylene glycol) (DEG, with a bp of 241 °C) and
melted to produce big drops. PVP was also added as a stabilizer.
After the reaction mixture had been vigorously stirred and thus
emulsified for 20 min, uniform spherical colloids of bismuth were
obtained as the hot mixture was poured into a cold ethanol bath.
Depending on the concentration of Bi and the stirring rate, the
diameters of these uniform spherical colloids could be readily varied
from 100 to 600 nm. This procedure was schematically resumed in
the Figure 1.7 [44].
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Figure 1. 5 TEM images of different examples of bismuth
nanostructures generated through polyol process in presence of
different amounts of PVP. (Reprinted with permission from Ref. 1) J.
Phys. Chem. B, 51, 2006, 25702, 2) Biosens. Bioelectron. 40,
2013,57)
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Figure 1. 6 TEM images of Bi nanoparticles of various sizes in the
range 11-22 nm (A-D). SEM images of various colloidal crystals grown
by slow destabilization of dispersions of Bi nanoparticles (E).
(Reprinted with permission from Ref. J. Am. Chem. Soc. 2010, 132,
15158)
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The top-down approach

Figure 1. 7 Schematic illustration of the top down approach to
monodispersed spherical colloids of metals with relatively low melting
points. SEM and TEM images of sample that was prepared using the
top-down route. (Reprinted with permission from Ref. Nano. Lett. 4,
2004, 2047)
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1.3.2.3 Electrochemical Methods

The fabrication of nanostructured materials has recently received
much attention due to their interesting optical, electronic, chemical
and electrochemical properties

[45]

. The use of electrochemical

methods has resulted in a plethora of interesting shaped metals such
as spheres, cubes, prisms, dendrites, stars, spikes, rods and flowers [43,
46]

(in Figure 1.9). The electrodeposition of nanostructured metals is

an intense area of research interest with a significant advantage as it
is known that shape plays a critical role in analytical applications

[47]

.

One obvious advantage is the ability to create deposits with high
surface areas that are rigidly attached to a substrate. This is often
problematic using chemically synthesized nanomaterials due to poor
attachment and agglomeration effects. It also alleviates any influence
of capping agents which may adversely affect the surface chemistry
of the material for specific applications and in particular sensing of
trace analytes

[48]

. Other advantages include the ease of fabrication,

low cost, and precise control over the amount of material
electrodeposited. This kind of synthesis process can be controlled by
a number of electrodeposition techniques, such as cyclic voltammetry
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(CV),

step

methods

such

as

chronoamperometry

(CA),

chronopotentiometry (CP) and chronocoulometry (CC), pulsed
plating at a fixed or varying potential or using AC methods [49].
Many researchers have chosen to electrodeposit metals onto
untreated substrates in order to maintain an overall clean surface,
thereby avoiding possible complications in later applications with
surface capping organic moieties. In particular, a good way to
improve the properties of bismuth nanostructures obtained during
electrochemical methods is the use of noble metals or carbon
substrate as a sensing layer.
In 2000, bismuth film electrodes were introduced as an alternative
to mercury film electrode. Bismuth film electrodes are prepared by
plating thin bismuth films on suitable electrode materials. They can
be plated on the same substrate as mercury; glassy carbon, gold,
silver, and boron-doped diamond electrode. Among the carbon
substrates for bismuth film electrodes, glassy carbon generates a low
background current

[50]

. In addition, carbon fibers[51] or gold[51] and

platinum[52] wires have been used. This process can be carried out in
two different ways (ex situ and in situ). The first method, pre-plating
or ex situ plating, involves electroplating the bismuth-film ions before
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transferring the electrode to the sample solution for analysis. The
reported plating conditions of the bismuth film are rather variable; an
acidic media is always recommended (as Bi(III) is easily hydrolyzed
at higher pH, as discussed below) containing 5–200 mg/l Bi(III) with
a deposition potential in the range −0.5 to −1.2 V and a deposition
time of 1–8 min under conditions of forced convection (electrode
rotation or stirring)[50, 53].

In situ, bismuth ions are added directly

into the solution to be analyzed, and the analyte is incorporated as the
bismuth film is formed

[54]

. Stripping potentiograms obtained with

analyte sample by using the Autolab potentiostats are shown in
Figure 1.8. In in situ plating, a general practical rule is that the Bi(III)
concentration must be at least 10-fold higher than the expected
analyte concentration to avoid saturation effects. When this method
of preparing the bismuth coating is selected, the plating conditions
(plating potential and time) are necessarily dictated by the conditions
used for the actual analytical cycle. In preparing bismuth film
electrodes, the ex situ approach can be suitable when the plating can
be carried out in a medium different from that of the target metal ions
analysis. The choice of substrate is a crucial factor in the case of
bismuth film electrodes, because very different results can be
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obtained even when applying the same conditions on different
electrode substrates to form the bismuth film. Recently Bi-based
composite electrodes for heavy metal detection were developed using
carbon paste[55], glassy carbon[56] or silver[57]. The major advantage of
composite electrodes, as in the case of ex situ plating, includes
simplicity of analytical measurements. Moreover, three-dimensional
nanostructures with large specific surface area and high surface free
energy, which is superior to the film in the chemical sensor
applications, have aroused much attention in recent years. In addition,
electrochemistry offers convenient and elegant techniques for the
fabrication of nanostructures. Z. Zhang et al.[46e] reported a singlecrystalline bunch-like bismuth nanostructure using a two-step
electrodeposition in anodic alumina membranes for the first time. The
growth mechanism of the bunch-like Bi as follows: at the beginning
of deposition, bismuth nanowires embedded in the anodic alumina
membrane were fabricated by pulsed electrodeposition. After the
nanowires grew out of the membranes, the bismuth nanowire array
formed the nano electrode array, which acted as the cathode in the
following deposition. The growth of these Bi nanoparticles proceeds
to nanowires, self-assembly, and finally to the bunch-like bismuth,
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which is depicted in the Figure 1.10.
In the case of bismuth electrodes developed by the in situ approach,
the concentration of bismuth is an important parameter to be
investigated. The concentration of bismuth controls the thickness of
the bismuth film. The thickness of the film usually does not affect the
peak position of heavy metal but rather affects the peak height. The
results of Kefala et al. showed a decrease of current intensity of the
peak with increasing thickness of the bismuth film

[50]

. For the

usual in-situ deposition method under the conditions employed and
assuming a uniform distribution of the bismuth film on the electrode
surface (which is only a rough approximation), the average bismuth
film thickness, lBi, can be calculated using the equation:

𝒍𝑩𝒊 =

𝒎𝑩𝒊
𝑸𝑩𝒊 𝑴𝑩𝒊
=
𝝅𝑹𝟐 𝒅𝑩𝒊
𝒏𝑭𝝅𝑹𝟐 𝒅𝑩𝒊

where mBi is the amount of metallic bismuth deposited on the
electrode surface, QBi is the charge for bismuth deposition, MBi is the
formal weight of bismuth (209 g mol−1), n is the number of electrons
per molecule of Bi during Bi(III) reduction (3 eq mol−1), F is the
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Faraday constant (96,487 Cb eq−1), R is the electrode radius (1.5 mm)
and dBi is the density of metallic Bi (9.8 g cm−3). Specifically, at
concentrations of bismuth of 0.01–1 mg/L, the heavy metal signal
increases significantly. This behavior was attributed to the increased
number of nucleation sites and increased alloy formation. However,
at bismuth concentrations greater than 2 mg/L, it was found that a too
high concentration of bismuth ions led to a substantial decrease in
sensitivity, which was ascribed to the formation of a thick layer of
bismuth on the electrode surface that partially blocks the conductive
surface of the electrode, reducing the number of sites (Figure 1.11)
[46a]

.
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Figure 1. 8 Stripping potentiogram for a solution containing zinc,
cadmium, lead and bismuth.
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Figure 1. 9 Examples of bismuth nanostructures generated by
electrodeposition. (a)-(d) hexagonal discs, (e), (f) nanofloweres, (g)
dendrites, and (h) prisms. (Reprinted with permission from Ref. Chem.
Lett., 42, 2013, 150, CrystEngComm., 13, 2011, 794, ChemPhysChem.,
13, 2012, 2162, J. Mater. Chem., 21, 2011, 3119, J. Ceram. Process.
Res., 10, 2009, 190)
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Figure 1. 10 Schematic for the synthesis of bunch-like bismuth that
can be achieved via two-step electrodeposition. (Reprinted with
permission from Ref. Nanoscale Res. Lett. 5, 2009, 398)
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Figure 1. 11 Illustration of the effect of bismuth concentration.
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1.3.3 Bismuth-based Modifications and Nanocomposite for
Detection of Heavy Metal Ions

Benefiting from the potential advantages of chemical and thermal
stability, high surface reaction activity and catalytic efficiency,
nanomaterials are often used for electrode modification. In particular,
metal, metal oxide, and carbon based nanomaterials are the most
commonly used nanomaterials in electrochemical detection of heavy
metal ions.

1.3.3.1 Metal Nanoparticles

Metal nanoparticles have interesting electrical, optical and catalytic
properties, depending not only on their size but also on their shape,
composition, crystal structure and surface properties

[58]

. The interest

in metal nanoparticles for sensing applications is growing nowadays
due to their strong emission and stability to photobleaching and also
thanks to their possibility to be easily functionalized by specific
receptors to afford water compatibility and increase target specificity
[2]

.
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Gold nanoparticle-modified electrodes possess higher surface area,
improved electron transfer rate, and increased mass-transport rate. By
co-deposition of bismuth and target heavy metals on the gold
nanoparticle-modified glassy carbon electrode. The nanocomposite
modified electrode significantly lowered the limit of detection toward
Hg2+

[59]

. It has also been reported that the sensitivity of gold

nanoparticle-modified electrodes was an order of magnitude higher
than that of the macro electrode counterpart when used for As3+
detection [60].
By layer-by-layer assembly, multi-layer of gold nanoparticles can
be immobilized on the surface of gold electrode to construct sensitive
sensor for As3+ detection

[61]

. Combining with ASV detection, this

sensor can detect 4.36 µg L−1 level of As3+. Based on the facile wetchemical

process,

a

composite

of

bimetallic

Au–Pt

nanoparticles/organic nanofibers with uniform three-dimensional
porous nanostructure has been prepared [62]. Benefiting from the large
effective surface area and good conducting property of the
nanocomposite, this sensor shows a low detection limit of
0.008 µg L−1 for Hg2+.
Similar to bismuth, antimony nanoparticles have also been proven
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to be highly sensitive and reliable for tracing analysis of heavy metals
in conjunction with anodic stripping voltammetry (ASV). For
example, Toghill et al.

prepared an antimony nanoparticles

modified boron doped diamond electrode

for simultaneous

electrochemical determination of Pb2+ and Cd2+ over the range of 50–
500 mg L−1 [63].
Metal

nanoparticles

modified

electrodes

have

also

been

constructed by the composites that combine two to three materials
together to provide synergistic contribution from individual
components. Zhu et al. has been developed based on the gold
nanoparticle-graphene-cysteine composite (Au-GN-Cys) modified
bismuth film glassy carbon electrode using square wave anodic
stripping voltammetry

[64]

. The synergistic effect of cysteine as well

as the enlarged, activated surface and good electrical conductivity of
gold nanoparticles and graphene contributed to the deposition of
Cd(II) and Pb(II) on the electrode surface [65].

1.3.3.2 Carbon Nanotubes

Carbon nanomaterials such as carbon nanotubes (CNTs), carbon
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nanofibers, and graphene have been explored as the electrode
materials for detection of heavy metals. For electrochemical sensing
applications, CNTs have many advantages including a large surface
area, small size, excellent electron transfer ability, and easy surfacemodification

[2, 31, 66]

. In addition, CNTs have been recognized as

excellent sorbents for heavy metal ions. Therefore, it is promising to
construct electrochemical sensors using the CNT-modified electrodes
for heavy metal detection because they are capable of simultaneous
pre-concentration and detection of multiple heavy metal ions. Hwang
et al. has been reported a bismuth-modified carbon nanotube
electrode (Bi-CNT electrode) was employed for the determination of
trace lead, cadmium and zinc. Bismuth film was prepared by in situ
plating of bismuth onto the screen-printed CNT electrode. The BiCNT electrode presented well-defined, reproducible and sharp
stripping signals

[67]

. Xu et al. reported a multiwall carbon nanotubes

(MWCNTs) were dispersed in Nafion solution and used in
combination with bismuth for fabricating composite sensors to
determine trace Pb(II) and Cd(II) by differential pulse anodic
stripping voltammetry. The synergistic effect of MWCNTs and
bismuth composite film was obtained for Pb(II) and Cd(II) detection
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with improved sensitivity and reproducibility. Linear calibration
curves ranged from 0.05 to 100 μg/L for Pb(II) and 0.08 to 100 μg/L
for Cd(II)

[68]

. Figure 1.14 shows a scheme of the structure of the

CNT nanoelectrode array. CNTs have been employed to prepare
nanoelectrode arrays (NEAs) by using plasma-enhanced chemical
vapor deposition [69]. CNTs-NEAs have the properties of low
background current and a high signal-to-noise ratio, and can be used
for ultrasensitive voltammetric detection of trace Cd2+ and Pd2+. A
detection limit of 0.04 ng L−1 (40 ppt) in connection with a 240 s
accumulation time is reported (Figure 1.12).
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Figure 1. 12 (A) Structure of carbon nanotubes nanoelectrode array.
(B) Square wave voltammetric response for an increasing Cd2+ the
concentration of 0.5, 1, 2, 4, 6, 8 mg L−1. Also shown (inset) is the
resulting calibration plot. (Reprinted with permission from Ref.
Analyst, 130, 2005, 1098)
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1.3.3.3 Other Nanomaterials

The use of nanostructurated materials combined with a unique
three-dimensional network structure and particular multi adsorbing
sites results in an improved electrochemical sensing platform toward
heavy metals with high sensitivity and excellent selectivity for
stripping analysis.
Wu et al. reported mesoporous nickel oxide nanosheets and
chitosan composite system for detection of Hg2+ with a linear range
of 0.8 to 500 μM in pH 6.0 phosphate-buffered solutions

[70]

.

Mesoporous carbon also used for detection of heavy metals. Zhu et al.
proposed based on an ordered mesoporous carbon and Nafion
composite film (OMC/Nafion) coated glassy carbon electrode. The
analysis of Pb2+ using anodic stripping voltammetry (ASV) includes
two steps. OMC can provide higher electrical conductivity, enlarged
active surface area, and more coordinate sites to the interface so that
enhance the detection sensitivity of lead. Linear calibration curve was
found to be from 20 nM to 2 μM for Pb2+ with a sensitivity of
17.4±1.38 μA/μM [71].
A similar work presented by Huang et al. for trace detection of
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mercury ions combining the use of 2-mercaptobenzothiazole adapters
in a SiO2 3D gold micro/nanopore array has been recently reported
showing an excellent linear range (0.05-10 nM) and a good
repeatability (relative standard deviation of 2.10%) [72].

1.4 Preparation of Bismuth/Graphene Nanocomposite
Electrodes

1.4.1 Graphene

Graphene is a two-dimensional, single-layer sheet of sp2hybridized carbon atoms that are closely packed into a hexagonal
lattice

structure

[73]

.

Graphene

is

an

ideal

materials

for

electrochemistry because of its very large 2-D electrical conductivity,
large surface area and fast electron transfer rate, etc

[74]

. Several

electrochemical sensor based on graphene and graphene composites
for heavy metal detection have been developed. Li et al. reported that
Nafion-graphene composite film based electrochemical sensors not
only exhibits improved sensitivity for the metal ion (Pb2+ and Cd2+)
detections, but also alleviates the interferences due to the synergistic
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effect of graphene nanosheets and Nafion

[75]

. The stripping current

signal is greatly enhanced on graphene electrodes. The detection
limits (S/N =3) are 0.02 mg L−1 for both Cd2+ and Pb2+, which are
more sensitive than those of Nafion film modified bismuth electrode.
Willemse et al. also reported a Nafion-graphene nanocomposite
solution in combination with an in situ plated mercury film electrode
as a highly sensitive electrochemical platform for the determination
of Zn2+, Cd2+, Pb2+, and Cu2+ by square-wave anodic stripping
voltammetry (SWASV)

[3]

. Although the Nafion-graphene composite

electrochemical sensors discussed above showed high sensitivity for
the detection of metal ions, this simple mixture method to make
nanocomposites could easily lead to irreversible agglomerates and
even restacking of graphene to form graphite after the drying of
dispersion solutions, due to van der Waals forces and π–π stacking
interactions among individual graphene sheets

[76]

. One strategy to

minimize aggregation problems of graphene sheets is to incorporate
nanoparticles into graphene sheets. Recently, graphene decorated
with metal or metal oxide has been used for detection of heavy metals.
A SnO2/graphene nanocomposite with highly uniform size has been
used to modify electrode and fabricate sensor for heavy metal
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detection. As the SnO2/graphene nanocomposite can act as
electrochemical catalyst in detecting heavy metal ions with SWASVs,
the sensor can simultaneously detect Cd2+, Pb2+, Cu2+, and Hg2+ with
the limits of detection of 0.1, 0.18, 0.23, and 0.28 nM, respectively
[77]

. Gao et al. reported the preparation, characterization, and

electrochemical behavior toward heavy metal ions of the AlOOHreduced graphene oxide nanocomposites. This composite material
was synthesized through a green one-pot hydrothermal method. Due
to the strong affinity of AlOOH to heavy metal ions and the fast
electron-transfer kinetics of graphene, the combination of solid-phase
extraction and stripping voltammetric analysis allowed fast and
sensitive determination of Cd(II) and Pb(II) [78]. Recently, Huang et al.
reported agaphene-MWCNTs based electrochemical sensor was used
to detect heavy metal ions for the first time. Graphene-MWCNTs
nanocomposites

with

excellent

conductivity

were

obtained

conveniently by the direct electrochemical reduction of graphene
oxide–MWCNTs

nanocomposites. The

electrochemical

results

demonstrate that the graphene-MWCNTs nanocomposites can act as
a kind of practical sensing material to simultaneously determine
Pb2+ and Cd2+ ions in terms of anodic stripping voltammetry
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[79]

.

Cyclodextrins are toroidal in shape, which can bind selectively many
kinds of organic, inorganic and biological molecules into their
cavities to form stable host-gust inclusion complexes due to the
unique structure. Meijiao et al. reported the hydroxypropyl-βcyclodextrin-reduced graphene oxide hybrid nanosheets (HP-β-CDRGO) were synthesized by microwave irradiation. The hybrid
nanosheets, combining Nafion and in situ deposited bismuth film,
were used as the sensing material for the simultaneous determination
of Pb2+ and Cd2+ for the first time

[80]

(Figure 1.13). This sensor

exhibited two well-defined and sharp stripping peaks for Pb2+and
Cd2+ and improved the sensitivities and limits of detection. The limit
of detection (S/N = 3) were estimated to be 9.42 × 10−11 mol L−1 for
Pb2+ and 6.73 × 10−11 mol L−1 for Cd2+, respectively.
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Figure 1. 13 Schematic of the synthesis procedure of HP-β-CD-RGO
hybrid nanosheets and the interaction between HP-β-CD-RGO and
the heavy metal ions (Pb2+, Cd2+). (Reprinted with permission from
Ref. Electrochim. Acta, 108, 2013, 412)
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1.5 Dissertation Overview

The development of bismuth-based nanocomposite electrode
materials for the detection of heavy metal ions is thought to result in
better analytical performance, thus attracting much interest in the
field of electrochemical analysis. Additionally, these nanocomposites
should simplify the existing configurations and improve their
performance. Therefore, this work presents extensive research carried
out toward the design and fabrication of bismuth-graphene
nanocomposites with advanced properties using efficient synthetic
methods.

Subsequently,

the

obtained

nanocomposite-modified

electrode was employed in electrochemical sensors for the detection
of heavy metal ions.
This dissertation is composed of three parts. The first part (Chapter
2) reports on the chemically activated reduced graphene and its use in
combination with an in situ plated bismuth composite film to
fabricate a sensitive mercury-free electrochemical platform for the
analysis of zinc, cadmium, and lead. We report the first-time
fabrication of an activated graphene/Nafion/bismuth composite (AGNA/Bi) film electrode for the detection of trace heavy metal ions
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using differential pulse anodic stripping voltammetry (DPASV). The
surface and electrochemical properties of the AG-NA/Bi compositefilm-modified electrode were investigated by SEM and TEM imaging.
The experimental variables such as deposition potential, deposition
time, bismuth concentration, and stirring speed during preconcentration were optimized for determining trace metal levels in a
0.1 M acetate buffer (pH 4.5). The detection limits for simultaneous
analysis were 0.60, 0.08, and 0.05 μg L–1 for Zn2+ , Cd2+, and Pb2+,
respectively, while the individual analysis limits were 0.57 (Zn2+),
0.07 (Cd2+), and 0.05 μg L–1 (Pb2+). The composite film, displaying
integrated advantages of activated graphene, Nafion, and bismuth,
enhanced the sensitivity toward trace metal ions, especially zinc. The
produced AG-NA/Bi composite film electrodes were successfully
applied to the trace metal analysis of a real sample.
The second part (Chapter 3) describes a greatly enhanced sensing
platform (based on the direct electrochemical reduction of graphene
oxide on glassy carbon electrodes) developed for the determination of
zinc, cadmium, and lead by DPASV. The goal of this work was the
improvement of analytical performance and fabrication of a sensitive
mercury-free electrochemical platform, combining the advantages of
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electrochemically deposited graphene (EG) and the glassy carbon
electrode coated with an in-situ-plated bismuth nanocomposite film.
Owing to the enlarged active surface area, high electronic
conductivity, and strong absorptivity of graphene, the modified
composite electrode exhibited enhanced electron transfer properties
and excellent stripping performance in the analysis of trace heavy
metal ions. The linear calibration curve ranges for Zn2+, Cd2+, and
Pb2+ were 1 to 100 µg L–1. The detection limits of metal ions were
determined at a signal-to-noise ratio (S/N) of three. The simultaneous
analysis detection limits were 1.80, 0.18, and 0.11 μg L–1 for Zn2+,
Cd2+, and Pb2+, respectively. In the case of individual analysis, the
limits of detection were 2.05 (Zn2+), 0.14 (Cd2+), and 0.13 μg L–1
(Pb2+). The above method offers several advantages over other
graphene sheet fabrication techniques, being simple, fast, and free of
reduction agents. This green preparation method greatly expands the
scope of graphene-based electrochemical sensing devices and holds
promise for wide application in environmental analysis.
The last part (Chapter 4) describes the solvent-free thermal
decomposition used to prepare iron oxide/graphene nanocomposites
for electrochemical sensing materials. These nanocomposites can be
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easily prepared by simple heating of a mixture of the iron oleate
precursor and graphene. The as-synthesized nanocomposite-modified
electrode was used in combination with in-situ-plated bismuth as an
electrochemical sensor for the detection of heavy metal ions, and the
electrochemical properties of the iron oxide/graphene/Bi composite
electrode were also investigated. Due to the synergetic effect between
graphene and iron oxide nanoparticles, the modified electrode
showed improved electrocatalytic activity, with high sensitivity
toward trace heavy metal ions. Under optimized conditions, the
electrode exhibited a linear range of 1–100 μg L–1 for Zn2+, Cd2+, and
Pb2+, with the respective detection limits being 0.11, 0.08, and 0.07
μg L–1 (S/N = 3). The simple solvent-free thermal decomposition
method used in the synthesis of nanocomposite electrode materials
can be extended to the synthesis of nanocomposites and promising
electrode materials for the determination of heavy metal ions.
The above bismuth-based nanocomposites enable successful
electrochemical sensing of heavy metal ions with graphene- or
nanoparticle-modified electrodes, and the results suggest that these
nanocomposites lead to improved sensitivity and stability.
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Chapter 2.

Synthesis

Graphene/Bismuth

of

Activated

Nanocomposite

for

Electrochemical Detection of Trace Heavy Metal
Ions

2.1 Introduction

Among environmental pollutants, heavy metals, such as lead,
cadmium, and zinc, are considered to be the most important that
cause major public-health concerns owing to their high stability and
bio-accumulation

[1]

. Heavy metals affect several human organs in

even very low concentrations. It is important to develop a simple and
highly sensitive analytical method for assessing environmental
pollutants in soil, water, and air to improve the quality of
environment and human life. Analytical methods, such as
electrothermal

atomic

absorption

spectrometry

(ET-AAS),

inductively coupled plasma mass spectrometry (ICP-MS), flame
atomic absorption spectrometry (FAAS), and electrochemical (EC)
techniques, have been developed for trace metal determination
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[2]

.

However, spectrometric methods are cumbersome, time consuming,
expensive, and unsuitable in situ measurements owing to the required
complex instrumentation. In contrast, electrochemical techniques are
attractive because of their remarkable sensitivity, portability, and low
cost. Among the electrochemical methods, anodic stripping
voltammetric analysis is recognized as a powerful tool for the
determination of trace metal ions

[3]

. In stripping voltammetry,

mercury is commonly used as the working electrode because of the
resultant of excellent reproducibility and high sensitivity. However,
owing to the toxicity, various attempts have been made to design a
mercury-free replacement. In recent years, bismuth film electrodes
have attracted attention to the stripping technique because of
remarkable low toxicity and environmentally friendly material.
Moreover, it can be formed with alloy with many metals and has a
wide potential window, which is an analytical advantage [4].
Graphene, which comprises two-dimensional nanostructures of
sp2-bonded carbon atoms in a hexagonal configuration, is an
excellent nanomaterial for electrochemistry owing to its good
electrical conductivity, low cost, mechanical properties, and high
specific surface area

[5]

. In 2004, Geim and co-workers
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[6]

reported

graphene sheets prepared by mechanical exfoliation

[7]

. Since then,

more studies were researched focusing on developing attractive
applications in electroanalytical chemistry as a unique electrode
material for manifolds

[8]

. Moreover, chemical modification of

graphene oxide could be further improve in its electrochemical
performance [9].
Graphene formed through chemical activation of graphene oxide
(GO) with KOH has a very high specific surface area and in-plane
electrical conductivity resulting in its good electrochemical
performance as an electrode material. A chemically activated
graphene has been proven to be excellent applications, including
lithium-ion batteries and supercapacitors [10]. However, to the best our
knowledge,

activated

graphene

has

never

investigated

in

electrochemical analysis of heavy metal ions.
In this paper, we synthesized chemically activated reduced
graphene (AG) with a Brunauer-Emmett-Teller (BET) surface area of
up to 2335 m2 g-1. AG was used in combination with an in situ
electrochemically deposited bismuth composite film to fabricate a
sensitive and mercury-free electrochemical platform for the analysis
of zinc, cadmium, and lead ions. Nafion acts as an effective
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solubilizing agent for activated graphene (AG-NA) and anti-fouling
coating to reduce the influence of surface-active macromolecules [4d].
Both AG and Nafion provide negative charge to bind positively
charged Bi3+ to drive the formation of homogeneous, and stable
nanocomposite materials [9b]. In this work, we report the first example
of the fabrication of an AG-NA/Bi composite film electrode for the
detection of trace heavy metal ions using DPAVS; its performance
was compared with that of synthesized reduced graphene oxide
(RGO). Thus, the increased analytical performance of the AG-NA/Bi
composite film electrode was verified: It showed the combined
advantages of electrical conductivity and large specific surface area
together with the unique features of in situ plated bismuth. Bismuth
and the target metal ions nucleate on the surface of the electrode, and
form a “fused alloy,” which facilitates the nucleation process during
the deposition of heavy metals; they also can be anodically stripped
during the stripping step, resulting in well-defined peaks for trace
metals [3a, 11].

74

2.2 Experimental Section

2.2.1 Chemicals

All the chemicals used were of analytical reagent grade, and the
water was double-distilled. Bi3+, Zn2+, Cd2+, and Pb2+ were prepared
from 1000 mg L-1 atomic absorption standard solutions via dilution.
Nafion (NA, 5 wt% solution in a mixture of water and lower aliphatic
alcohols) was purchased from Sigma-Aldrich (USA), and sodium
acetate and acetic acid were purchased from Aldrich (USA). The
working supporting electrolyte comprised 0.1 mol L-1 acetate buffer
(pH 4.5), which was prepared by mixing appropriate amounts of
acetic acid and sodium acetate.

2.2.2 Characterization Methods

The BET speciﬁc surface area was determined via N2 adsorption
using a Micromeritics ASAP 2010 (USA) analyzer at the temperature
of liquid nitrogen. A high resolution transmission electron
microscope (HR-TEM; JEM-3010, JEOL) and ﬁeld-emission
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scanning electron microscope (FE-SEM; JSM-6700F, JEOL) were
used to check the morphologies of the AG and AG-NA/Bi composites.

2.2.3 Apparatus

The electrochemical experiments were performed using an Autolab
potentiostat (Metrohm, USA) with conventional three electrode
system. A modified glassy carbon electrode (3 mm in diameter,
Bioanalytical Systems, Inc.) served as the working electrode, while a
Ag/AgCl electrode (Bioanalytical Systems, Inc.) and platinum wire
were used as the reference and counter electrodes, respectively.

2.2.4 Preparation of the Activated Graphene and Reduced
Graphene Oxide

Graphite oxide (GO) was synthesized from graphite powder
according to the modified Hummers method

[12]

. Graphite oxide (500

mg) was dispersed in de-ionized water (20 mL) and sonicated for 20
min, and then KOH (3 g) was added to the dispersion. The mixture
was stirred at room temperature for 6 h and dried in an oven at
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120 °C for 6 h. The dry mixture was then heated at 800 °C for 1 h in
a horizontal tube furnace under nitrogen flow. After several washings
and drying at 80 °C, AG was obtained

[10]

. The as-prepared GO was

thermally expanded to synthesize RGO by rapid heating to 250 °C in
a tube furnace (heating rate: 13°C min-1)

[13]

, and the final products

were washed several times with ethanol.

2.2.5 Preparation of the AG/Nafion (NA) Nanocomposite
Modified Electrode

Prior to use, the glassy carbon electrode was carefully polished
with wet 0.3 and 0.05 μm alumina slurries on a felt pad in succession
and then rinsed with double-distilled water. AG (1 mg) was sonicated
in a solution containing H2O (1 mL), isopropyl alcohol (3.4 mL), and
Nafion solution (0.1 mL) for 15 min to form the AG dispersion. Then,
a 6 μL aliquot of the mixture was coated onto the glassy carbon
electrode to prepare the AG-NA composite-film–modified electrode.
The modified electrode was dried for 5 min under an infrared heat
lamp.
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2.2.6

Fabrication

of

Bismuth

(Bi)-coated

the

AG/NA

Nanocomposite Modified Electrode

The AG-NA–coated glassy carbon electrode modified (AGNA/GCE) with bismuth was plated in situ using the following
procedure: The AG-NA/GCE, Ag/AgCl, and Pt wire electrodes were
immersed in an electrochemical cell containing 0.1 mol L−1 acetate
buffer (pH 4.5), 1 mg L−1 of bismuth, and the target metals ions; Bi
and the target metals were simultaneously deposited on the surface of
the electrode by treatment at −1.4 V for 300 s with stirring.

2.2.7

Procedure for Differential

Pulse

Anodic Stripping

Voltammetry Analysis

After deposition, the solution was left in quiescence for ~10 s.
Differential pulse voltammetry was performed via a potential scan
from −1.4 to 0.0 V with an amplitude of 50 mV, pulse width of 50 ms,
potential step of 4 mV, and pulse period of 0.2 s (without stirring).
The scan was terminated at 0.0 V. Prior to the next cycle, the
electrode was cleaned for 60 s at 0.3 V in fresh supporting electrolyte
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with stirring to remove the target metals and bismuth. All potentials
are given versus the Ag/AgCl electrode.

2.3 Results and Discussion

2.3.1 Characterization of the AG and AG/NA/Bi composite

Figure 2.1 is illustrates the synthetic approach for preparing the
AG through of process of chemical activation of graphene oxide (GO)
with KOH to create pores. The structure and morphology of AG were
characterized using a TEM and SEM. Figure 2.2 (a) shows the TEM
image of reduced graphene oxide. Figure 2.2 (b) and (c) shows the
HR-TEM and SEM images of chemically activated graphene oxide
and demonstrate its porous structure. As seen in Figure 2.2 (a) the
sheet of RGO has a smooth and wrinkled monolayer. Figure 2.2 (b)
shows that the morphology of AG is markedly different from that of
RGO and contains many pores, which are advantageous for the
transport of electrons. TEM images of the AG-NA/Bi composite are
shown in Figure 2.3 (a) and (e). For further investigation, TEM
observations

and

energy

dispersive
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X-ray

(EDX)

mapping

measurements were performed. Figure 2.3 shows the TEM images
and EDX mapping of the bismuth distribution in the composite
sample; Figure 2.3 (b) and (c) shows the results of carbon and
bismuth, respectively, while Figure 2.3 (d) shows a mapping overlay
of (b) and (c). Figure 2.3 (e) also shows that bismuth was deposited
on the AG surface. Based on these results, the bismuth particles were
well distributed.
N2 adsorption–desorption isotherms of AG are shown in Figure 2.4
(a) and (b). The specific surface area, total pore volume, and average
pore size of AG and RGO are shown in Table 2.1. The BET speciﬁc
surface areas of AG and RGO were 2335.0 and 370.0 m2 g-1 (as
calculated from the linear relative pressure range between 0.1 and
0.5). Compared with that of RGO, the surface area of AG is much
larger, which indicates the degree of activation of GO by KOH. The
isotherm of AG can be classified as having typical type IV isotherm
hysteresis, which indicates a narrow distribution of mesopores.
Generally, the pore diameters of mesopores are within the range of 2
– 50 nm. The average pore diameter and total pore volume of AG are
3.06 nm and 1.54m3 g-1, respectively. These pores could provide
sufficient mass-transport pathways for reactants and products.
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Figure 2. 1 Schematic of preparation of an activated graphene.
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Figure 2. 2 TEM and SEM images of reduced graphene oxide (a),
chemically activated graphene oxide (b), (c).
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Figure 2. 3 TEM images of activated graphene / Bi composite film
(a), (e) and the corresponding elemental mapping of carbon (b),
bismuth (c) and overlay (d) for AG-NA/Bi composite film.
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Figure 2. 4 Nitrogen adsorption–desorption analysis of activated
graphene oxide and reduced graphene oxide. (a) N2 isotherm curves
at 77.4 K. (b) Cumulative pore volume and pore size distribution
obtained from the adsorption isotherm in (a).
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Figure 2. 5 Anodic stripping voltammograms of 50 μg L−1 Zn2+, Cd2+
and Pb2+ at in situ plated bismuth film on AG and RGO (a), at bare
AG and in situ plated bismuth film on AG (b).
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Reduced

Activated

graphene oxide

graphene

Specific surface area(m2g-1)

370.0

2335.0

Total pore volume(m3g-1)a

0.99

1.54

Average pore diameter (nm) b

11.93

3.06

a

Total pore volumes measured at P/P0 = 0.992.

b

BJH desorption averate pore

diameters.

Table 2. 1 The speciﬁc surface area, total pore volume and average
pore diameter of samples.
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2.3.2 Electrochemical Characterization

To prove the performance of AG for trace metal ion determination,
the voltammetric behaviors of the AG- and RGO-modified electrode
were investigated with an in situ plated bismuth film electrode using
DPASV in 0.1 mol L−1 acetate buffer solution (pH 4.5). Stripping
voltammograms of the different film-coated GC electrodes with
bismuth are shown in Figure 2.5 (a) (RGO: dashed line; AG: solid
line). The stripping voltammograms were obtained in a solution
containing 50 μg L−1 of Zn2+, Pb2+, and Cd2+. Sharper and higher
peak currents for the target metal ions were obtained by using the
AG-modiﬁed electrode. Compared with RGO-modified electrode, the
sensitivity of the AG-coated electrode was higher by ~67%. This
enhanced signal indicates that the unique properties of highly
conductive AG result from the extensive conjugated sp2 carbon
network and porous structure. Thus, the AG-based electrode had
much better sensitivity than the other electrodes for anodic stripping
voltammetry.
Figure 2.5 (b) shows the stripping voltammograms of 50 μg L−1 of
Zn2+, Cd2+, and Pb2+ on the bare AG-NA–coated glassy carbon
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electrode and AG-NA/Bi composite-film–coated electrode in an
acetate buffer. Although the AG-NA/GCE shows separate peaks for
Zn2+, Cd2+, and Pb2+, the sensitivity of the AG-NA/Bi composite-film
electrode for trace metal ion detection was much higher with welldefined, sharp, and separate peaks for the analytes. Relative to the
bare AG-NA/GCE, the stripping signals on the AG-NA/Bi composite
film electrode were notably improved by about 15 times for zinc, 2
times for cadmium, and 1.5 times for lead. This enhanced signal is
attributed to the capacity of bismuth to form a “fused alloy” with
trace metal ions resulting in easier reduction of zinc, cadmium, and
lead

[2b]

. In addition, the large electroactive area and strong

absorption of AG result from attracts trace metal ions and bismuth the
bulk solution to the electrode surface

[10]

. Graphene has a narrow

potential window and the hydrogen evolution potential is more
positive than the reduction potential of zinc (around –1.3 V).
However, when bismuth was plated onto the AG/NA electrode, the
voltammetric analytical curve of the electrode depends on the
bismuth film. In these experiments, zinc was successfully determined
at the AG-NA/Bi composite electrode. Therefore, AG could be used
as a substrate for the bismuth film, which is appropriate for the
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determination of most heavy trace metal ions including zinc.

2.3.3 Effect of Experimental Variables

In order to get the best detection results, a solution containing 50
μg L−1 each of trace metal ions was utilized to investigate the effect
of different parameters. The influence of pHs of buffer solutions on
the stripping peak currents was studied in the pH range 3.0 and 6.0 by
DPASV. As shown in Figure 2.6 (a), the stripping peak currents were
significantly influenced by pH values of acetate buffer solutions. The
optimum pH ranges were 4.5 ~ 5.5 for trace heavy metal ions,
respectively. If the acidity was higher or lower than the best range
above, the peak currents of trace heavy metal ions were decreased.
The maximum peak current of Cd2+ and Pb2+ was observed at pH 4.5,
which is mildly acidic condition. However, the peak current of Zn2+
was maximal at pH 5.5 and then decreased. The decrease of the peak
currents at the lower pH than 4.5 can be attributed to the protonation
on the graphene plan. At the pHs higher than 4.5, the decrease in the
peak currents is due to the hydrolysis of cations. Thus, pH 4.5 was
chosen as the optimal pH for the simultaneous determination of Zn2+,
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Cd2+ and Pb2+.
The effect of pre-concentration time is shown in Figure 2.6 (b). At
shorter pre-concentration times, the peak currents for the three metal
ions increased linearly with deposition time owing to the increased
amount of metals ions on the AG-NA/Bi-modiﬁed electrode.
However, the plot tended to curve with a diminished slope value up
to 300 s. As the deposition time increased, the thickness of the
bismuth film was also increased, which hindered the mass transfer of
metal ions during the stripping step. Thus, 300 s was chosen to be the
optimal pre-concentration deposition time.
The thickness of the bismuth film also depends on the ion
concentration. Figure 2.6 (c) demonstrates the effect of bismuth
concentration on the stripping responses. As shown, the peak currents
of trace metal ions tend to increase with the increasing concentration
of bismuth from 0 to 0.4 mgL−1. However, for bismuth concentrations
higher than 0.4 mgL−1, the peak currents of trace metal ions
decreased or in similar state. An excess concentration of bismuth ion
did not lead to a substantial increase in sensitive over the bismuth
concentration

of

0.4

mgL−1.

Consequently,

concentration of bismuth was chosen as 0.4 mgL−1
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the

optimized

The effect of the deposition potential on the peak currents of Zn2+,
Cd2+, and Pb2+ was studied in the potential range from −1.6 to −0.8 V
and the stripping response of the metal ions was obtained, as shown
in Figure 2.6 (d). As the pre-concentration potential became
increasingly negative, the peak current of Zn2+ increased to –1.4 V.
The peak currents of Cd2+ and Pb2+ did not increase significantly and
were not influenced by the pre-concentration potential owing to their
more positive reduction potentials. The different trends observed for
Zn2+, Cd2+, and Pb2+ may be due to their different standard potentials.
To obtain better sensitivity for the simultaneous detection of trace
heavy metal ions, −1.4 V was determined to be the optimal preconcentration potential.
In Figure 2.6 (e), the effects of the variation of the stirring speed
during pre-concentration step between 0 and 2500 rpm are shown, in
order to investigate the mass transport behavior. As demonstrated by
the Levich equation, the plot of the stripping current indicates that the
mass transport behavior correlates linearly with the square root of the
electrode stirring speed. The stripping peak currents for the metal
ions were continuously increased with stirring speed. Therefore, a
stirring speed of 2500 rpm was used during pre-concentration [14-15].
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Figure 2. 6 Effect of pHs (a), deposition time (b), bismuth
concentration (c), deposition potential (d), and stirring speed during
pre-concentration (e) on the stripping peak current of 50 μg L−1 each of
Zn2+, Cd2+ and Pb2+ on an in situ plated AG-NA/Bi composite film
coated electrode in solution.
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Figure 2. 7 Stripping voltammograms for the different concentrations
of Zn2+, Cd2+ and Pb2+ over a concentration range of 5, 10, 20, 30, 40,
50, 60, 70, 80, 90 μg L−1 from a to k in 0.1 M acetate buffer solution at
pH 4.5 using the AG-NA/Bi composite film electrode (a). The right part
show the calibration curves (b) for the simultaneous determination of
Zn2+, Cd2+ and Pb2+ in 5 to 90 μg L−1 concentration ranges. Error bar :
n=3
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Figure 2. 8 Differential pulse anodic stripping voltammetry (left part)
and corresponding calibration plots (right part) for individual analysis
of Zn2+ (a), Cd2+ (b) and Pb2+ (b) obtained at AG-NA/Bi composite film
electrode over 5 - 100 μg L−1. Error bar: n=3.
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Figure 2. 9 DPASV response of the AG-NA/Bi nano composite modified GCE:
−1

(a) at 20, 50, 100, and 200 μg L

−1

Zn2+ in the presence of 20 μg L

Cd2+ and
−1

Pb2+ in 0.1 M acetate buffer solution (pH 4.5); (b) at 20, 50, 100, and 200 μg L
−1

Cd2+ in the presence of 20 μg L

Zn2+ and Pb2+ in 0.1 M acetate buffer solution
−1

(pH 4.5); (c) at 20, 50, 100, and 200 μg L

Zn2+ and Cd2+ in 0.1 M acetate buffer solution (pH 4.5).
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−1

Pb2+ in the presence of 20 μg L

Figure 2. 10 The stability of 10 repetitive measurements of 50 μg L−1
Zn2+, Cd2+ and Pb2+ on an in situ plated AG-NA/Bi composite film
coated electrode in solution.
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Linear range

Electrodes

Limit of detection

−

−

(μg L 1 )

RGO/NA/Hg
RGO/NA/Bi
CNT/Bi

(μg L 1 )

Zn2+

Cd2+

Pb2+

0.5 – 5.0

0.5 – 5.0

–
20 – 100

Ref.

Zn2+ Cd2+

Pb2+

0.5 – 5.0

0.14

0.13

0. 07

[1]

0.44 – 178

2.4 – 241

–

0.18

0.09

[4e]

20 –100

20 – 100

12

0.70

1.30

[14]

MWCNTs/NA/Bi

–

0.08 – 100

0.05 –100

–

0.04

0.03

[15]

RGO/AlOOH

–

200 – 800

200 – 800

–

0.03

0.09

[16]

[17]

ERGO/PG/Bi

10 – 100

10 – 100

10 – 100

0.26

0.10

0.16

AG/NA/Bi

5 – 100

5 – 100

5 – 100

0.57

0.07

0.05

This
work

Table 2. 2 Comparison of different electrodes for determination of
heavy metal ions.
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2.3.4 Analytical Performance

The analytical performance of the AG-NA/Bi composite electrode
was investigated for the simultaneous and individual determination of
Zn2+, Cd2+, and Pb2+ using DPASV. Figure 2.7 show the
voltammograms and calibration plots for simultaneous analyses. It
was found that the peak current and the concentration of trace metal
ion exhibited a favorable linear relation over the range from 5 to 90
μg L−1. The corresponding calibration plots are shown in Figure 2.7
(b). The The corresponding calibration plots and correlation
coefﬁcients are y = 0.586x – 1.623 and R = 0.994 for Zn2+, y = 0.839x
– 0.592 and R = 0.978 for Cd2+, and y = 1.024x – 2.951 and R =
0.994 for Pb2+ (x: concentration (μg L−1), y: current (μA)). In
comparing, the individual analysis of heavy metal ions was
performed at the same conditions as shown in Figure 2.8. It was
found that the peak current and the concentration of trace metal ion
exhibited a favorable linear relation over the range from 5 to 100 μg
L−1. The corresponding calibration plots and correlation coefﬁcients
are y = 0.737x – 3.302 and R = 0.995 for Zn2+, y = 0.818x – 0.693 and
R = 0.991 for Cd2+, and y = 0.614x – 1.303 and R = 0.999 for Pb2+ (x:
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concentration (μg L-1), y: current (μA)). The limits of detection were
0.60 μg L−1 for Zn2+, 0.08 μg L−1 for Cd2+, and 0.05 μg L−1 for Pb2+
for simultaneous analysis. In case of individual analysis, the limits of
detection were were 0.57 μg L−1 for Zn2+, 0.07 μg L−1 for Cd2+, and
0.05 μg L−1 for Pb2+; these values are comparable to those of the
Nafion/CNT-coated bismuth film electrode (12 μg L−1 for Zn2+, 0.7
μg L−1 for Cd2+, and 1.3 μg L−1 for Pb2+

[11]

) and RGO/Bi composite

electrode (17 μg L−1 for Zn2+, 2.8 μg L−1 for Cd2+, and 0.55 μg L−1 for
Pb2+

[18]

, which indicates that the present method shows similar

sensitivity for the simultaneous detection of trace heavy metals.
Therefore, the AG-NA/Bi composite electrode with a well-defined
stripping response could successfully applied to the determination of
trace heavy metal ions. Mutual interference is a common problem
existing in detection of several metal ions simultaneously. Thus, we
studied the mutual interferences between trace metal ions at the
modified electrode. When fixing the concentration of other cations,
but increasing the concentration of Zn2+, as shown in Figure 2.9 (a),
the peak current of Zn2+ linearly increased while the peak current of
other cations almost remains the same. Similarly, when fixing the
concentration of other cations, but increasing the concentration of one
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cation, as shown Figure 2.9 (b) and (c), the peak current of the one
cation linearly increased while the peak current of other two cations
almost remais the same. All the results indicate that, there is no
mutual interferences among trace metal ions at the AG-NA/Bi nano
composite modified electrode when detecting the target metal ions.
Furthermore, the detection limits obtained with the AG-NA/Bi
composite electrode compares favorably with previously reported
modified electrode listed in Table 2.2. The results indicate that the
present method shows high sensitivity for the detection of trace heavy
metals.
The reproducibility of AG-NA/Bi composite-film–modified glassy
carbon electrode was studied by 10 repetitive measurements of 50 μg
L−1 heavy metal ions, as shown in Fig. 8. The relative standard
deviation (RSD) was 0.8 % for Zn2+, 0.8 % Cd 2+, and 1.6 % for Pb2+,
respectively. Such good precision may be related to the controllable
structure the Nafion film resulting from the interfusion of the AG
nanosheets.
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2.3.5 Application to Real Environments

To evaluate its accuracy in practical application, the AG-NA/Bi
composite film electrode was also employed to the simultaneous
determination of Zn2+, Cd2+, and Pb2+ in local tap-water sample by
using standard addition method. Different concentrations of trace
heavy metal ions were added to the tap water, and the samples were
analyzed three times. The mean recoveries (% ± SD) of the method
were calculated, and their values were summarized in Table 2. The
result of DPAVS determination were compared with those obtained
by inductively coupled plasma mass spectrometry (ICP-MS). The
comparative results, shown in Table 2, all results indicated that the
AG-NA/Bi composite electrode is potentially useful for the analysis
of heavy metals in real samples.
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Added
Metal

−1

(μg L )

Found

Recovery
Found by ICP-MSa

−1 a

(μg L )

(%)

b

5

4.8 ±0.1

96.4 ± 4

6.5 ± 0.1

10

9.8 ± 0.1

98.5 ± 3

10.6 ± 0.0

15

16.2 ± 0.5

100.7 ± 7

15.2 ± 0.3

20

19.9 ± 0.3

99.3 ± 2

19.9 ± 0.6

5

4.8 ± 0.2

87.4 ± 3

4.1 ± 0.0

10

9.2 ± 0.4

93.8 ± 2

8.91 ± 0.1

15

14.0 ± 0.5

93.6 ± 8

13.5 ± 0.3

20

18.4 ± 0.2

92.1 ± 3

17.5 ± 0.3

5

4.3 ± 0.1

85.5 ± 6

3.2 ± 0.1

10

9.3 ± 0.3

92.6 ± 3

6.7 ± 0.1

15

13.8 ± 0.6

93.2 ± 4

11.7 ± 0.4

20

18.2 ± 0.3

91.2 ± 2

16.8 ± 0.3

Zn

Cd

Pb

a

b

Mean of three repetitive measurements at a 95 % confidence level
Mean ± standard deviation %

Table 2. 3 Recoveries of trace heavy metal ions in tap water samples
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2.4 Conclusion

We developed a method for the preparation of a new and enhanced
sensing platform based on porous graphene through simple KOH
activation of GO. The resultant AG has a unique structure that makes
it attractive as a potential material for the electrochemical
determination of trace metal ions. The AG-NA/Bi composite
electrode was applied for the simultaneous determination of trace
zinc, cadmium, and lead by DPASV. The composite film integrates
the unique properties of AG and the advantages of bismuth electrodes,
leading to enhanced sensitivity towards trace metal ions, especially
zinc. The appearance of a zinc stripping peak reveals its superior
sensitivity as compared to previous Bi electrodes. The AG-NA/Bi
composite was also used as an electrode material for the sensitive
determination of metal ions in a real sample. Thus, the proposed
method facilitates the monitoring of trace heavy metals and can be
expanded to detect other environmental pollutants.
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Chapter 3.

Development

Electrochemically

of

Reduced

an
Graphene

Oxide/Bismuth Modified Electrode for Stripping
Analysis of Heavy Metal Ions

3.1 Introduction

Heavy metals such as lead, cadmium, and zinc are well-known
undesirable constituents in groundwater, drinking water, and soil.
Especially they can be accumulated in the human body through the
food chain to induce a severe threat to human health

[1]

. The increase

in concentration of heavy metals, resulting from anthropogenic
activities such as mining and industrial processing, has become a
global concern

[2]

. Accordingly, it is increasingly necessary to

develop sensitive, rapid, and simple analytical methods required for
continuous monitoring of these pollutants. Analytical methods, such
as electrothermal atomic absorption spectrometry, flame atomic
absorption spectrometry
spectrometry (ICP-MS)

[3]
[4]

, inductively coupled plasma mass

, and electrochemical techniques, have
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been

developed

for

trace

metal

determination.

However,

spectrometric methods are unsuitable for in situ measurements owing
to the complex instrumentation required. In addition, they are
expensive, cumbersome mode of administration, and time consuming,
requiring analysis to be performed by skilled personnel in a
specialized manner. In contrast, electrochemical methods, especially
electrochemical stripping analysis, have been widely recognized as
convenient techniques for measuring heavy metal ions owing to good
selectivity, low cost, portability and the ability to accurately
determine multiple elements at trace level [5]. Until now, mercury and
mercury film electrodes have been commonly used as materials in
stripping voltammetric analysis for heavy metal determination, due to
good reproducibility and high sensitivity

[6]

. Mercury is, however, a

very hazardous material, its use raising serious health and
environmental concerns. Numerous attempts have been made to
replace it with new, more environmentally friendly mercury-free
electrodes. Bismuth electrodes have recently been developed in the
field of the stripping technique as a possible replacement for mercury
electrodes. Bismuth electrodes have shown results comparable to
mercury electrodes, which can form fused alloys with trace heavy
108

metals. Moreover, bismuth electrodes have many beneficial
properties such as low toxicity, high sensitivity, good stripping signal,
and simple preparation

[5b, 7]

. However, new materials with bismuth

film for working electrodes are still needed for developing a highsensitivity heavy metal-sensing platform [8].
Graphene, a one atom-thick planar sheet of sp2-bonded carbon
atoms, is attracting tremendous attention due to its large specific
surface area, high thermal conductivity, and good electrical
conductivity.

Moreover,

graphene

exhibits

remarkable

electrochemical properties, such as a large potential window, low
charge-transfer resistance, excellent electrochemical activity, and fast
electron transfer rate

[9]

. The extraordinary properties of graphene

enhance its application to electrochemical sensing

[10]

. Mechanical

cleavage of graphite led to the discovery of graphene, but the low
productivity of this approach makes it impractical for large-scale
preparations

[11]

. Later, graphene sheets were grown on a single

crystal of silicon carbide by vacuum graphitization
continuously in microwave plasma reactors

[12]

[13]

, or produced

. Furthermore,

graphene has been made from rapid thermal expansion of graphite or
chemical reduction of exfoliated graphite oxide (GO), a soft chemical
109

synthesis route

[14]

. All these methods suffer from limitations of high

temperature, expensive special equipment, use of toxic chemicals or
conditions, and tedious procedures. Therefore, a “green synthesis” of
graphene under mild conditions is needed. Recently, electrochemical
deposition has been reported as a simple method and green strategy
for graphene synthesis [15]. For sensing applications, the modification
of electrodes for depositing graphene is crucial. Graphene-modified
electrodes are normally fabricated by drop-casting solution-based
graphene obtained from chemical reduction of graphene oxide.
However, this method has intrinsic limitations such as weak adhesion
to substrate electrode, lack of control of film thickness, and
agglomeration of the reduced graphene suspension through strong
interactions and π-π stacking. Thus, a method for the direct
electrochemical reduction of GO was proposed [16].
In this study, we carried out direct electrochemical reduction of
GO on a glassy carbon electrode (GCE) from GO dispersion to
determine trace heavy metal ions by differential pulse anodic
stripping voltammetry (DPASV). This method can be used to control
film thickness quantitatively and form a stable film on the electrode
surface without any further treatment.
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The objective of this work was to improve analytical performance
and fabricate a sensitive, mercury-free, electrochemical platform
combining the advantages of EG with the in situ plating bismuth
nanocomposite film-coated GCE. Associated with an enlarged active
surface area, high electronic conductivity, and strong absorptive
ability of graphene, the modified composite electrode showed
enhanced electron transfer properties and excellent stripping
performance for the analysis of trace heavy metal ions. The
experimental results indicated that this electrode exhibited excellent
voltammetric response to heavy metal ions. This simple, fast, highly
sensitive, reducing-agent-free, low-cost sensor was fabricated to
determine the traces of lead, cadmium, and zinc in real samples.

3.2 Experimental Section

3.2.1 Chemicals

All chemicals were of analytical grade and used without further
purification. Standard solutions of Bi3+, Zn2+, Cd2+, and Pb2+ (1000
mg L-1) were obtained from Sigma-Aldrich and diluted as required.
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Graphite powder (<20 μm), sodium acetate, and acetic acid were
purchased from Aldrich (USA). Sodium phosphate buffer (PBS) was
used as supporting electrolyte to prepare the EG film. A 0.1 M acetate
buffer (pH 4.5), prepared by mixing appropriate amounts of acetic
acid and sodium acetate, was used to prepare solutions of the
supporting electrolyte. All solutions were prepared with doubledistilled water.

3.2.2 Characterization Methods

A transmission electron microscope (TEM; JEM-3010, JEOL) and
ﬁeld-emission scanning electron microscope (FE-SEM; JSM-6700F,
JEOL) were used to check the morphologies of the GO, EG and
EG/Bi composite. Raman analysis was performed using a Raman
spectrometer (Dongwoo DM 500i) employing a 15 mW Argon laser
at 514.5 nm.

3.2.3 Apparatus

Electrochemical measurements were performed on an Autolab
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potentiostat (Metrohm, USA) with a conventional three-electrode
system. A modified GCE (3 mm in diameter, Bioanalytical Systems,
Inc.) served as the working electrode, while a Ag/AgCl electrode
(Bioanalytical Systems, Inc.) and platinum wire were used as the
reference and counter electrodes, respectively.

3.2.4 Preparation of Graphene Oxide

Graphite oxide (GO) was prepared from graphite powder
according to an improved Hummers method

[14a]

. A mixture of 72 ml

of H2SO4 and 8 ml of HCl was added to a beaker containing 3 g of
graphite at room temperature. Then 18 g of KMnO4 was added to the
mixture slowly with stirring in an ice bath. After the reaction for 1 h
at room temperature, the beaker was heated to 90 ℃ and maintained
at this temperature for 24 h for further reaction. Finally, 300 ml of
deionized water and 5 ml of H2O2 (30 wt% in H2O) were sequentially
added to dissolve insoluble materials. The color of the mixture
immediately turned to bright yellow from dark purple. The resulting
GO suspension was washed with 250 ml of 10 wt% HCl aqueous
solution three times to remove residual metal ions and with deionized
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water repeatedly until the solution pH reached a constant value of 7.

3.2.5 Preparation of Electrochemically Reduced Graphene Oxide
(EG) Modified Electrode

The prepared graphite oxide powder was exfoliated into PBS
solution (0.1 M, pH 7) by ultrasonication, forming a 5 mg ml-1 GO
suspension [16c]. Prior to use, the GCE was carefully polished on a felt
pad with successive 0.3 and 0.05 μm wet alumina slurries and rinsed
with double-distilled water. Electrochemical reduction of GO on the
GCE surface was performed in the GO dispersion solution with
magnetic stirring using cyclic voltammetry (CV). The CV scan was
performed between –1.5 and 0.8 V at a rate of 50 mV s−1. After
electrochemical reduction, the working electrode was washed with
double-distilled water and dried under an infrared heat lamp for 2
min.
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3.2.6 Preparation of EG/Bismuth (Bi) Nanocomposite Modified
Electrode

The analysis of trace heavy metal ions by differential pulse anodic
stripping voltammetry (DPASV) was performed in 0.1 M acetate
buffer solution. The EG-coated CGE (EG/GCE) modified with
bismuth was plated in situ using the following procedure: The
EG/GCE, Ag/AgCl, and Pt wire electrodes were immersed in an
electrochemical cell containing 0.1 M acetate buffer (pH 4.5), 0.6 mg
L−1 of bismuth, and the target metals ions; Bismuth and the target
metals were simultaneously deposited on the surface of the electrode
by treatment at –1.4 V for 300 s with stirring.

3.2.7

Procedure for Differential

Pulse

Anodic Stripping

Voltammetry Analysis

The DPASV potential scan was carried out from –1.4 V to 0 V.
Prior to the next cycle, a 60 s cleaning step was performed at 0.3 V in
fresh supporting electrolyte, with stirring to remove the target metals
and bismuth. All potentials are given versus the Ag/AgCl electrode.
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Figure 3. 1 Schematic of preparation of electrochemically deposited
graphene/bismuth nanocomposite modified electrode.
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Figure 3. 2 SEM images of (a) GO and (b) EG samples. Also shown
are TEM images of EG/Bi composite (c), (d).
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Figure 3. 3 A cyclic voltammogram of GCE in 5 mg ml

−1

GO

dispersion solution containing 0.1 M PBS (pH 7) at scanning rate of
50 mVs−1 (a). CVs for electrochemical reduction of GO on GCE in
PBS solution (0.1 M) at a scan rate of 50 mVs−1 for five cycles (b).
CVs obtained at a bare GCE and EG electrode in 0.1 M KCl solution
containing 5 mM K3Fe(CN)6 + 5 mM K4Fe(CN)6 at a scan rate of 50
mVs−1(c). Raman spectra of GO and EG (d).
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Electrode substrate

Measurement

Detection

technique

Detection

range

Ref.

limit
Zn2+ Cd2+ Pb2+
12.0 0.70 1.30

[8d]

Bi/CNT/GCE

SWASV

20 - 100

Bi/CNT/SPE

SWASV

2 - 100

-

0.80 0.20

Bi/Graphene/MWCNT/GCE

DPASV

5 - 30

-

0.1

Bi/Nafion/Graphene/GCE

DPASV

0.5 - 50

-

0.02 0.02

[19]

Bi/EG/PG

SWASV

10 - 100

0.26 0.10 0.16

[20]

Bi/EG/SPE

SWASV

1 - 60

Bi/EG/GCE

DPASV

1 - 100

-

0.5

0.2

0.8

1.80 0.18 0.11

[17]

[18]

[21]

This work

*Bi: bismuth, CNT: carbon nano tube, DPASV: Differential pulse adsorptive
stripping voltammetry, EG: electrochemically deposited graphene, GCE: glassy
carbon electrode, MWCNT: multiwalled carbon nanotube, PG: pencil-graphite,
SPE: screen - printed electrode, SWASV: square wave anodic stripping.

Table 3. 1 Comparison of the electrodes modified with EG/GCE and
other materials for the detection of heavy metals.
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Added
−

(μg L 1)

−

Found (μg L 1)a
Zn2+

Cd2+

Pb2+

Recovery (%)b
Zn2+ Cd2+ Pb2+

Found by ICP-MSa
Zn2+

Cd2+

Pb2+

5

4.7 ± 0.3 4.8 ± 0.4 4.2 ± 0.2

94.4

96.3

84.6

4.5 ± 0.1

4.2 ± 0.4 3.6 ± 0.4

10

9.5 ± 0.3 9.3 ± 0.6 9.1 ± 0.4

95.3

93.6

91.4

9.4 ± 0.2

8.7 ± 0.4 7.4 ± 0.5

15

14.6 ± 0.2 14.1 ± 0.3 12.9 ± 0.4

97.3

94.2

86.2

14.5 ± 0.5 14.7 ± 0.3 12.6 ± 0.3

20

19.6 ± 0.5 18.7 ± 0.4 17.2 ± 0.6

98.3

93.5

86.3

19.6 ± 0.3 18.2 ± 0.5 17.2 ± 0.2

a

Mean of three repetitive measurements at a 95 % confidence level

b

Mean ± standard deviation %

Table 3. 2 Results for the determination of trace heavy metal ions in
tap water samples.
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Figure 3. 4 The effect of (a) bismuth concentration, (b) deposition
potential, (c) deposition time, and (d) pH value on the stripping peak
current of 40 μg L−1 each of Zn2+, Cd2+ and Pb2+ on an in situ plated
EG/Bi composite film coated electrode in solution. Error bar: n=3.
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3.3 Results and Discussion

3.3.1 Characterization of EG/Bi Composite

The

preparation

of

electrochemically

deposited

graphene

(EG)/bismuth nanocomposite modified electrode is illustrated in
Figure 3.1. The prepared EG was characterized first by SEM and
TEM. Figure 3.2 (a) and (b) shows the SEM image of GO and EG
obtained by electrodeposition. Figure 3.2 (b) reveals a wrinkled
texture associated with the presence of flexible graphene sheets. TEM
images of the EG/Bi composite are shown in Figure 3.2 (c) and (d).
From the TEM images, it can be seen that the morphologies and the
structure of the EG/Bi composite were well formed.

3.3.2 Electrochemical Characterization

Figure 3.3 (a) and (b) show the cyclic voltammograms of GO
electrolysis on GCE, where one anodic peak (I) and two cathodic
peaks (II and III) are observed during the process. Repetitive cyclic
voltammograms were obtained from the direct electrochemical
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deposition of EG by reducing a GO colloidal solution (5 mg ml−1)
synthesized with the modified Hummers’ method. The CV curve of
GO on the GCE in 0.1 M PBS (pH 7) electrolyte solution was
obtained by potential cycling between 0.8 V and –1.5V. Figure 3.3 (a)
shows a cathodic current at –1.15 V with an observed onset at –0.8 V.
The reduction current was clearly larger in these first cycles, with the
wave attributed to the reduction of the hydroxyl and epoxy groups on
the GO sheet. The CV curves in Figure 3.3 (b) prove that the
electrodeposited graphene-modified GCE only exhibits peaks I and II,
while peak III at –1.15 V decreases rapidly over five cycles.
Therefore, cathodic peak III was attributed to the irreversible
electrochemical reduction of GO, and as a result, the modified
graphene electrode from GO was very stable and insoluble in
aqueous solvents

[15d, 16d]

. The redox probe Fe(CN)63−/4− , which is

sensitive to surface chemistry of carbon-based electrodes [22], and was
used to investigate the bare GCE and EG/GCE shown in Figure 3.3
(c). The current response of EG/GCE toward Fe(CN)63−4− was
increase in both cathodic and anodic peak currents suggesting that the
electrochemical active sites of GCE increased by EG surface
modification

[23]

. Moreover, the narrowed the anodic–to-cathodic
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peak separation (ΔEp) for EG/GCE was lower than that bare GCE
suggests the improved electron transfer kinetics by EG (ΔEp = 95
mV), which ascribed to the reactive edge defects on graphene

[24]

.

Therefore, EG/GCE was attributed to the higher conductivity,
electroactivity, and faster electron transfer of graphene

[15a]

. Raman

spectroscopy is an effective tool to characterize the structural change
of GO after reduction. Raman spectra of GO and the EG are shown in
Figure 3.3 (d). Both GO and EG exhibit G and D bands. It is well
known that changes in the relative intensities of the D and G band
(ID/IG) indicate changes in the electronic conjugation state of GO
during reduction. In this study, the ID/IG ratio of 0.75 for GO is
increased to 0.83 in EG, suggesting that smaller sp2 domains are
formed upon reduction of the exfoliated GO. GO also displays peaks
at ~1357 cm−1 and 1610 cm−1, corresponding to D and G modes,
respectively. Following the electrochemical reduction of GO, the G
band was found to have shifted from 1610 to 1605 cm−1, indicating
that electrochemical reduction of GO does occur.
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Figure

3.

5

(a)

Stripping

voltammograms

for

various

concentrations( 1, 10, 20, 40, 60, 80, 100 μg L−1 from bottom to top)
of Zn2+, Cd2+ and Pb2+ ions on the EG/Bi composite film electrode. (b)
The calibration curves for the simultaneous analysis of Zn2+, Cd2+
and Pb2+. Error bar : n=3.
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Figure 3. 6 Differential pulse anodic stripping voltammetry (left part)
and corresponding calibration plots (right part) for individual analysis
of Zn2+ (a), Cd2+ (b) and Pb2+ (c) obtained at EG/Bi composite film
electrode.

Error bar: n=3.
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Figure 3. 7 The stability of 10 repetitive measurements of 40 μg L−1
Zn2+, Cd2+ and Pb2+ on an in situ plated EG/Bi composite film coated
electrode in solution.
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Peak current (μA)

Relative signal change (%)

Interference inos
Zn2+
No interference ions 29.56

Cd2+

Pb2+

16.24

17.52

Zn2+

Cd2+

Pb2+

Fe3+

27.47

15.19

16.25

7.60

6.91

7.81

2+

28.02

15.58

16.84

5.49

4.23

4.04

Ni2+

Co

27.94

15.24

16.91

5.80

6.56

3.60

2+

Mn

28.37

15.36

16.78

4.19

5.72

4.41

Cu2+

28.36

15.29

16.23

4.23

6.21

7.94

3+

28.32

15.37

16.57

4.37

5.66

5.73

Cr

Table 3. 3 Effect of interference ions on the detection of 40 μg L−1
Zn2+, Cd2+ and Pb2+.

128

3.3.3 Optimization of Experimental Parameters

In order to get the best conditions for the DPASV determination of
target metal ions, the different experimental conditions, such as the
concentration of Bi3+, deposition potentials, deposition times, and pH
values, were optimized with consideration of the sensitivity and peak
shape. These experiments were carried out in 0.1 M acetate buffer
solution containing 40 μg L−1 of Zn2+, Cd2+, and Pb2+.
The concentration of bismuth controlled the thickness of the
bismuth film, in turn affecting the electrochemical response of the
EG/Bi composite electrode. The influence of the bismuth ion
concentration on the stripping signal of Zn2+, Cd2+, and Pb2+ was
investigated (Figure 3.4 (a)). The peak heights for Zn2+, Cd2+, and
Pb2+ increased with increasing bismuth concentration from 0.2 mg
L−1 to 0.6 mg L−1 and decreased above 0.6 mg L−1. Accordingly, the
optimized concentration of bismuth was chosen as 0.6 mg L−1.
The effect of the deposition potential on peak current of heavy
metal ions was investigated in the potential range from −1.6 V to –0.6
V and the stripping current of the metal ions was obtained (Figure 3.4
(b)). As the deposition potential became more negative, the peak
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currents of Cd2+ and Zn2+ increased up to –1.4 V, with no significant
increase in the peak current of Pb2+. The maximal peak height could
be indicated at –1.0 V for lead and –1.4 V for Cd2+ and Zn2+ due to
preferential reduction and deposition of metal ions at the electrode
surface. Thus, a deposition potential of −1.4 V was considered
optimal to achieve good sensitivity for all three heavy metal ions.
As shown in Figure 3.4 (c), the influence of the deposition time
was studied over time intervals from 60 to 600 s. The peak currents
increased linearly with prolonged deposition time. However, the
slope of the curved plot tended to diminish for values up to 300 s due
to the saturation effect of the bismuth film. Thus, 300 s was chosen to
be the optimal pre-concentration deposition time.
The effect of pH on the stripping peak current was studied in 0.1 M
acetate buffer solution, with pH values ranging from 3.5 to 5.5
(Figure 3.4 (d)). The best signals for Cd2+ and Pb2+ were observed at
mildly acidic pH 4.5. In the case of Zn2+, the highest peak current
was observed at pH 5.0. To obtain good sensitivity for the target
metal ions, pH 4.5 was used as the optimal pH value for subsequent
experiments. The decrease of the peak current at lower pH can be
attributed to protonation of graphene. At higher pH, the decrease in
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the peak current is possibly due to formation of metal hydroxide
complexes [17, 25].

3.3.4 Analytical Performance

The analytical performance of the EG/Bi composite electrode was
investigated by simultaneous analysis of Zn2+, Cd2+, and Pb2+
concentrations from 1 µgL−1 to 100 µgL−1 in 0.1 M acetate buffer
containing 0.6 mg L−1 Bi3+ solutions. The DPASV response for
different concentrations of heavy metal ions is illustrated in Figure
3.5 (a). The peak currents were increased, with positive shifts of leak
potentials, when concentrations of heavy metal ions were increased.
This was due to the IR drop since the oxidation of metals became less
reversible. Figure 3.5 (b) shows that the DPASV response and the
resulting calibration plots are linear over the range 1 - 100 µg L−1 for
Zn2+, Cd2+, and Pb2+. The DPASV peak currents were obtained with
correction to the base line, and then the calibration plots were
evaluated from the peak currents. The corresponding calibration plots
and correlation coefﬁcients are y = 0.676x – 0.085 and R2 = 0.993 for
Zn2+, y = 0.450x – 0.4807 and R2 = 0.994 for Cd2+, and y = 0.490x –
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0.324 and R2 = 0.993 for Pb2+ (x: concentration (μg L−1), y: current
(μA)), based on three times of the background noise (S/N=3). For
comparison, the individual analysis of heavy metal ions was
performed at conditions shown in Figure 3.6. The corresponding
calibration plots and correlation coefﬁcients are y = 0.594x – 9.257
and R = 0.998 for Zn2+, y = 0.580x – 2.680 and R = 0.997 for Cd2+,
and y = 0.409x – 0.341 and R = 0.994 for Pb2+ (x: concentration (μg
L-1), y: current (μA)). From the calibration curves in Fig. 5 and 6, the
detection limits of the metal ions were determined based on three
times the background noise. The limits of detection were 1.80 μg L−1
for Zn2+, 0.18 μg L−1 for Cd2+, and 0.11 μg L−1 for Pb2+ for
simultaneous analysis. In the case of individual analysis, the limits of
detection were 2.05 μg L−1 for Zn2+, 0.14 μg L−1 for Cd2+, and 0.13
μg L−1 for Pb2+.
The heavy metal ion detection performance of the EG/Bi
composite sensor was compared with other reported Bi-modified
electrodes (Table 3.1). The results show that EG/Bi exhibits a
comparable performance for simultaneous determination of three
heavy metal ions, nevertheless the EG-modified electrode is costefficient and easily fabricated.
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A series of repetitive DPASV response measurements for 40 μg L−1
heavy metal ions in 0.1 M acetate buffer solution were performed to
further evaluate the stability of the EG/Bi composite electrode. As
shown in Figure 3.7, highly reproducible stripping currents were
observed, with a relative standard deviation (RSD) of 1.48 % for Zn2+,
3.11 % for Cd2+, and 1.42 % for Pb2+. Therefore, the EG/Bi
composite electrode has an excellent stability for repetitive DPASV
measurements.

3.3.5 Application to Real Environments

For the purposes of practical application, local tap water samples
were collected and analyzed for trace heavy metal ions using the
EG/Bi composite electrode. Different concentrations of trace heavy
metal ions were added to the tap water and each sample analyzed
three times. The mean recoveries (% ± SD) of the method were
calculated, and are summarized in Table 3.2. These results were
compared with those obtained using ICP-MS. The target metal ion
concentrations were in close agreement with the results obtained with
ICP-MS, demonstrating the potential for EG/Bi composite electrodes
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for analysis of trace heavy metals in real samples

3.3.6 Interference Study

The interference study was performed by adding various
potentially interfering metal cations including Fe (III), Co (II), Ni (II),
Mn (II), Cu (II), and Cr (III) in 50 fold excess with target metal ions
into a standard solution containing 40 μg L−1 Zn2+, Cd2+ and Pb2+
under the optimized working conditions. The results obtained are lists
currents of target metal ions in the absence (I0) and presence (Ii) of
interfering metal ions and the relative signal changes, Ii/I0 −1, are
shown in Table 3.3. We can see that most substance had little
interference on the signal of 40 μg L−1. The absolute values of
relative signal changes were varied from 3.60 % to 7.94 %, which
indicates a satisfying selectivity for the simultaneous determination
of trace heavy metal ions.
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3.4 Conclusion

An enhanced sensing platform, based on the direct electrochemical
reduction of GO colloidal solution at glassy carbon electrodes, has
been developed for the determination of zinc, cadmium, and lead by
DPASV.

The

electrochemically

deposited

graphene/bismuth

nanocomposite film-modified glassy carbon electrode exhibited high,
sharp peaks for heavy metal ions, showing improved detection limits
over other bismuth-modified electrodes, by incorporating the
beneficial properties of EG (enhanced electron transfer, huge specific
surface area, good conductivity, etc.) and good stripping character of
bismuth. The synthetic strategy described in this work has several
advantages. First, this method can be used to control film thickness
quantitatively and form a stable film on the electrode surface without
any further treatment; therefor, this would be a straightforward way
to integrate EG film and EG/Bi composite electrode. Second,
environmentally

friendly

electrochemical

method

has

been

demonstrated. A “green synthesis” of graphene film electrode under
mild conditions has used. Third, this strategy provides easy and fast.
We show that graphene films can be prepared on electrodes directly
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from GO dispersions by one step electrodeposition. Finally, we
reported that the sensor was successfully applied to the simultaneous
and individual determination of target metal ions in concentrations
ranging from 10 to 100 µg L−1. In the best case, the detection limits
of simultaneous analyses were 1.93 for Zn2+, 0.16 for Cd2+, and 0.09
for Pb2+. Additionally, this green preparation method, being simple,
fast, and free of chemical-reduction reagents, offers several
advantages over other graphene fabrication techniques and expands
the scope of graphene-based electrochemical sensing devices, with
promise for wider applications in environmental analysis.
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Chapter 4.

Iron

oxide/Graphene/Bismuth

Nanocomposite for Electrochemical Detection of
Heavy Metal Ions

4.1 Introduction

Certain heavy metals such as iron, copper, manganese, and zinc in
small quantities are nutritionally essential for a healthy life. However,
some heavy metals show a tendency to bind with ligands of
biological

matter

containing

nitrogen,

sulfur,

and

oxygen.

Accordingly, even low concentrations of some heavy metal ions can
cause serious health problems such as those affecting the central
nervous system (Hg2+, Pb2+, As3+); the kidneys or liver (Cu2+, Cd2+,
Hg2+, Pb2+); or skin, bones, or teeth (Ni2+, Cu2+, Cd2+, Cr2+). The
pollution caused by toxic heavy metals has drawn extensive attention
worldwide. Although heavy metals can progressively accumulate
through the food chain, they are readily excreted [1a, 1b, 2, 26]. Therefore,
it is necessary to develop highly sensitive, rapid, and simple methods
for the detection of these pollutants. At present, many analytical
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methods, such as inductively coupled plasma mass spectrometry
(ICP-MS)

[27]

, atomic absorption spectroscopy

absorption spectrometry (FAAS)

[29]

[28]

, and flame atomic

, are used to detect trace heavy

metal ions. These methods usually require analytical techniques
performed by skilled personnel and require expensive instruments.
Many efforts are ongoing to develop a simple and rapid technique for
trace-heavy-metal detection. Electrochemical methods have attracted
extensive attention as an alternative to spectroscopic techniques
because they offer advantages of quick analysis speed, simple
instrumentation, low cost, and high sensitivity

[30]

. Anodic stripping

voltammetry (ASV) has been extensively used to analyze trace metal
ions due to an effective preconcentration step prior to the stripping
measurements

[7a]

. Mercury-based electrodes are commonly used for

AVS due to the unique ability of mercury to preconcentrate heavy
metals

[31]

. However, because of its serious toxicity and difficult

handling, new and more environmentally friendly mercury-free
electrodes have replaced this electrode. Bismuth is a very attractive
alternative material due to its comparable performance to mercury for
electrochemical analysis. Moreover, the advantageous properties of
bismuth are attributed to its ability to form a “fused alloy” with heavy
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metals. Recently, there has been considerable interest in the study of
bismuth-modified

electrodes

to

improve

electrochemical detection methods

the

sensitivity

[5b, 7a, 7c, 8f, 10b, 32]

of

. A common

approach is to incorporate carbon materials, including carbon
nanotubes and graphene

[8a, 8c, 8d, 30b, 33]

. Moreover, graphene, a one-

atom-thick planar sheet of sp2-bonded carbon atoms, is a novel and
fascinating carbon material due to its unique thermal, mechanical,
and electrochemical properties. Graphene also has a larger specific
surface area than other carbon-based materials, and this combination
of physical properties enables graphene’s application in a wide range
of technological fields such as nanoelectronic devices, capacitors, and
sensors [9b, 10]. The integration of nanoparticles and graphene has been
reported by many researchers via various methods. Their enhanced
properties provide wide applications, for example, in catalysis,
biomedical fields, and energy storage [34].
Recently, the magnetic nanoparticle/graphene nanocomposite has
attracted increasing interest because of its stability, large surface area,
and catalytic activity. Thus, the magnetic nanoparticle/graphene
composite is used in many applications such as a contrast agent for
magnetic resonance imaging, magnetic separation, targeted drug
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delivery, wastewater treatments, and energy storage

[35]

. However,

magnetic nanoparticle/graphene composites have not been widely
investigated for application in electrochemical sensing [36].
We recently reported a solventless thermal decomposition method
to prepare iron oxide/graphene nanocomposites for application as
lithium-ion battery anodes

[37]

. This method was simple, cheap, and

scalable for mass production. It can be easily prepared by a simple
heat treatment using a mixture of an iron–oleate precursor and
graphene. After characterizing the as-prepared nanocomposite and
confirming the stable formation of iron oxide nanoparticles on
graphene, we modified a glassy carbon electrode (GCE) as an
electrochemical sensing platform for sensitive and selective analysis
of heavy metal ions. The experimental results indicated that this
electrode exhibited a better electrochemical performance and higher
electrocatalytic behavior response to heavy metal ions. Finally, this
simple, low-cost, and highly sensitive sensor was used to determine
the amounts of Zn2+, Cd2+, and Pb2+ in real samples.
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4.2 Experimental Section

4.2.1 Chemicals

All reagents were analytical grade and used as received without
further purification. Graphite powder (<20 μm), sodium acetate,
acetic acid, iron(III) acetylacetonate (Fe(acac)3) and oleic acid were
purchased from Sigma-Aldrich (USA). Standard solutions of Bi3+,
Zn2+, Cd2+, and Pb2+ (1000 mg L−1) were obtained from SigmaAldrich and diluted as required. Acetate (Ac) buffer solutions (HAcNaAc, 0.1 M) with different pH values were prepared by mixing
stock solutions of 0.1 M HAc and 0.1 M NaAc. All solutions were
prepared with doubly-distilled water.

4.2.2 Characterization Methods

Transmission electron microscopy (TEM; JEM-3010, JEOL) and
ﬁeld-emission scanning electron microscopy (FE-SEM; JSM-6700F,
JEOL) were used to examine the morphologies of the graphene and
iron oxide/graphene (Fe2O3/G) composite. X-ray diffraction (XRD)
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analysis was performed using a Rigaku Dmax 2500 diffractometer.
The carbon content was revealed by thermos-gravimetric analysis
(TGA) measurements, with a TA Instruments Q-5000 IR model at
20–700 ℃ and a heating rate of 10 ℃ min−1 in air flux.

4.2.3 Apparatus

Electrochemical experiments were performed with an Autolab
potentiostat (Metrohm, USA). A modified GCE (3 mm in diameter,
Bioanalytical Systems, Inc.) served as the working electrode, with the
Ag/AgCl electrode (Bioanalytical Systems, Inc.) and platinum wire
acting as a reference and a counter electrode, respectively.

4.2.4 Preparation of Reduced Graphene Oxide (RGO)

Graphene oxide (GO) was prepared from graphite powder (Aldrich,
<20 micron) by an imorived Hummers method. Graphene was
obtained by a thermal expansion of the GO under high vacuum. The
GO was put into a round flask that was sealed at one end and the
other end was connected to a high vacuum pump. The flask was
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rapidly heated under a high vacuum. At about 200 ℃, a dramatic
expansion of GO was observed. The final products were kept at 300 ℃
for 5 h.

4.2.5 Preparation of Iron-oxide Nanoparticles (F2O3)/Graphene
(G) Nanocomposite

Graphene oxide (GO) was prepared from graphite powder by an
improved Hummers’ method. The as-prepared GO was thermally
expanded to synthesize reduced GO by rapid heating to 250 ℃ in a
tube furnace (heating rate: 13℃ min−1) and the final product was
washed several times with ethanol. Fe2O3/G composites were
prepared by a solventless method according to a previous report.
Briefly, Fe(acac)3 (2 mmol) was mixed with oleic acid (6 mmol).
These iron–oleate precursors were mixed in a mortar with 0.2 g of the
as-prepared graphene without any solvent. The mixture was heated to
600 ℃ (heating rate: 10 ℃ min-1) and maintained at that
temperature for 3 h under a N2 atmosphere.
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Figure

4.

1

Schematic

of

preparation

nanocomposite.
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of

Fe2O3/graphene

Figure 4. 2 TEM images of RGO (a), Fe2O3/G nanocomposite (b)
and SEM image of Fe2O3/G nanocomposite (c).
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4.2.6 Fabrication of Bismuth-coated Fe2O3/G Nanocomposite
Modified Electrode

Prior to the modification, the GCE was polished with 1.0, 0.3, and
0.05 μm alumina slurries and then rinsed with doubly distilled water.
The cleaned electrode was dried. Fe2O3/G (1 mg) was sonicated in a
solution containing H2O (1 mL) and ethanol (3.4 mL) for 10 min to
form a homogenous solution. Then, 8 μL of the Fe2O3/G solution was
added onto the GCE and dried for 5 min under an infrared heat lamp.
For comparison, an RGO-modified electrode was fabricated using the
same process.

4.2.7

Procedure for Differential

Pulse

Anodic Stripping

Voltammetry Analysis

The Fe2O3/G/GCE modified with bismuth was plated in situ using
the following procedure:

the composite modified electrode,

Ag/AgCl (3 M KCl), and Pt wire electrodes were immersed in an
electrochemical cell containing 0.1 M acetate buffer (pH 4.5) and 0.2
mg L−1 of bismuth and the appropriate target metal ions. Differential
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pulse anodic stripping voltammetry (DPASV) was used for the
detection of trace heavy metals with a deposition potential of −1.4 V
for 300 s with stirring. Anodic stripping of the electrodeposited metal
was performed in the potential range varying from −1.4 V to −0.3 V
under the following conditions: amplitude, 50 mV; pulse width, 50
ms; potential step, 4 mV; and pulse period, 0.2 s. Prior to the next
cycle, the electrode was cleaned for 60 s at 0.1 V in a fresh
supporting electrolyte with stirring to remove the target metals and
bismuth.
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Figure 4. 3 XRD pattern of the RGO, Fe2O3/G nanocomposite (a) and TGA
result of the Fe2O3/G nanocomposite (b).
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Figure 4. 4 CV curves of the bare GCE, and RGO or Fe2O3/G
composite modified electrode in 1 M KCl solution containing 5 mM
Fe(CN)63−/4−; potential scan between 0.8 and −0.2 V; scan rate: 50
mVs−1.
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Figure 4. 5 CVs of the Fe2O3/G composite modified electrode (a) and
bare GCE (c) with different scan rates of 20, 40, 60, 80, 100, 150 and
200 mV s−1 in 1 M KCl solution containing 5 mM Fe(CN)63−/4−. (b
and d) Plots of ipa , ipc vs. v1/2 for the Fe2O3/G composite modified
electrode (b) and bare GCE (d).
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4.3 Results and Discussion

4.3.1 Characterization of Fe2O3/G Nanocomposite

The scheme of Fe2O3/G nanocomposite, as shown in Figure 4.1, is
performed by solventless thermal decomposition method. SEM, TEM,
TGA, and XRD were used to characterize the morphology and
structure of the as-prepared Fe2O3/G composite. Figure 4.2 shows the
TEM images and SEM image of RGO and the Fe2O3/G composite.
Figure 4.2 (a) shows the typical wrinkled and sheet-like character of
RGO. Figure 4.2 (b) and (c) show the TEM and SEM images of the
Fe2O3/G composite, respectively. The images of the Fe2O3/G
composite shows well-dispersed Fe2O3 nanoparticles that uniformly
decorated the graphene sheets (average particle size = 30 nm); the
folding nature of the graphene sheets is clearly visible. The crystal
structures of RGO and the Fe2O3/G composite were further
characterized by XRD in Figure 4.3 (a). The broad peak correspond
to the reflection peak of the RGO. The diffraction peaks in Figure 4.3
(a, red) are consistent with the standard structure of maghemite
(JCPDS card No. 39-1346). Due to the high XRD intensity of the iron
154

oxide nanoparticles and the broad peak of RGO, the peak from RGO
is very hard to distinguish in the Fe2O3/G composite. The
characteristics of thermal decomposition of the Fe2O3/G composite
were studied by TGA in air atmosphere (Figure 4.3 (b)). The carbon
contents of Fe2O3/G was measured to be 57.6 wt%.

4.3.2 Electrochemical Characterization

Cyclic

voltammetry

(CV)

was

used

to

investigate

the

electrochemical behavior of a bare GCE, and the electrodes modified
with RGO or Fe2O3/G composite with a scan rate of 50 mV s−1 in 1
M KCl containing 5 mM Fe(CN)63−/4− ; these CV curves are shown in
Figure 4.4. As can be seen, the peak currents obtained at RGO
modified electrode (dash) were obviously larger than those at the bare
GCE (dot), which were attributed to the fact that the electrochemical
active sites of GCE increased by RGO surface modification.
Moreover, the peak currents at the Fe2O3/G composite modified
electrode were significantly larger than those at RGO modified
electrode. Such increases could be explained in terms of the
electrocatalytic activity and large surface area of Fe2O3/G composite.
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The effect of scan rate on the Fe2O3/G composite modified
electrode was investigated. CV experiments were performed at
different scan rates using the Fe2O3/G composite modified electrode
and bare GCE in 1 M KCl containing 5 mM Fe(CN)63−/4−,
respectively. Figure 4.5 (a) and (c) show that the peak currents for the
redox reaction increase with the increasing scan rate. The plot of the
anodic peak current (Ipa) and cathodic peak current (Ipc) with respect
to the scan rate is shown in Figure 4.5 (b) and (d). Both
the Ipa and Ipc are linearly related with the square root of the scan rate
in the range of 20–200 mV s−1.
The linear regression equations of the Fe2O3/G composite electrode
are Ipa(A) = 9.852 × 10−6 ν1/2 (mV s−1)1/2 – 1.118× 10−5 (R2 = 0.999)
and Ipc(A) = −1.007 × 10−5ν1/2 (mV s−1)1/2 – 2.029 × 10−5 (R2 = 0.998),
respectively. The peak currents of the redox couples are directly
proportional to the scan rate, indicating that the redox process
occurring at the Fe2O3/G composite modified electrode was a
surface-confined process.
The electrochemically effective surface area was estimated by
cyclic voltammetry using K3[Fe(CN)6] as a probe and according to
the Randles–Sevcik equation [38]:
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ip = 2.69 × 105nAC0D1/2v1/2

(1)

where D and C0 are the diffusion coefficient and bulk concentration
of the redox probe, respectively. n is the number of electron transfer
(n = 1), v is the scan rate and A is the effective surface area.
For 5 mM K3[Fe(CN)6], n = 1, D = 6.67 × 10−6 cm2 s−1, as
computed from eqn (1), the effective surface area of the Fe2O3/G
composite modified electrode (0.082 cm2) is nearly 1.86 times as
large as that of bare GCE (0.044 cm2), which enhances the charge
transfer kinetics. In addition, the larger electrochemical surface active
area is not only useful for enhancing the sensor sensitivity, but also
beneficial for lowering the detection limit.

4.3.3 Analytical Performance

The first trial of the experiments is to compare the sensing
behavior of Bi toward heavy metal ions. The stripping signals on the
Fe2O3/G composite and Fe2O3/G/Bi composite electrodes were
compared using DPASV in a 0.1 M acetate buffer solution (pH 4.5)
containing 100 μg L−1 of Zn2+, Cd2+, and Pb2+ (Figure 4.6 (a)). Two
weak stripping peaks from Cd2+ and Pb2+ were observed only when
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the electrolyte did not contain any bismuth, while the peak belonging
to Zn2+ was not found. In contrast, the stripping currents for target
metal ions at the Fe2O3/G/Bi composite electrode were further
enhanced after the addition of 0.2 mg L−1 Bi3+ into the solution. This
result indicates that bismuth could significantly improve the
analytical performance by the formation of a "fused alloy" with the
target metals. Thus, the Fe2O3/G/Bi composite electrode had
improved sensitivity. Figure 4.6 (b) shows the stripping signals of
GCE, RGO, and Fe2O3/G by in situ plating of bismuth for target
metal ion determination. The stripping voltammograms were
measured under the same conditions as Figure 4.6 (a). The stripping
peaks for the heavy metal ions at GCE/Bi were very low, probably
due to the poor conductivity at the electrode surface. In contrast, the
RGO/Bi modified electrode exhibited a higher stripping response
toward the target-metal-ion detection, probably because RGO
possesses a good conductivity and a large surface area that can
increase the heavy metal loading amounts. The highest stripping
peaks were observed at the Fe2O3/G/Bi composite electrode. The
improvement in the stripping peak currents of the heavy metal ions
on the Fe2O3/G/Bi composite electrode could be attributed to the
158

synergetic effects between graphene and the Fe2O3 nanoparticles.
Graphene had a good electric conductivity, higher area-to-volume
ratio, and enhanced electron transfer at the electrode surface. Also,
highly monodisperse Fe2O3 nanoparticles were in close contact with
graphene, and they acted as mutual spacers in the nanocomposite to
prevent aggregation of the nanoparticles and restacking of the
graphene layers. In addition, the combination of Fe2O3 and graphene
may provide the necessary conduction pathways on the electrode
surface and a better electrochemical behavior. The resulting Fe2O3
nanoparticles and graphene composite exhibit a high catalytic activity
and contribute to a significantly improved analytical performance [39].
Simultaneous determination of Zn2+, Cd2+, and Pb2+ was performed
on Fe2O3/G/Bi composite electrode using DPASV under the optimum
conditions. Figure 4.7 (a) shows the stripping responses for the target
metal ions from 0 to 100 µg L−1 in 0.1 M acetate buffer containing
0.2 mg L−1 Bi3+ solution. The peak currents increased with increasing
concentrations of heavy metal ions. Figure 4.7 (b) shows that the
resulting calibration plots were linear over the range 1–100 µg L−1.
The DPASV peak currents were obtained with correction to the base
line, and then the calibration curves were evaluated from the peak
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currents. The calibration curves were y = 1.039x – 1.015 and R2 =
0.990 for Zn2+, y = 0.938x – 0.590 and R2 = 0.994 for Cd2+, and y =
0.731x – 0.476 and R2 = 0.994 for Pb2+ (x: concentration (μg L−1), y:
current (μA)), calculated based on six times the background noise
(S/N = 3). The limit of detection was calculated to be 0.11 μg L−1 for
Zn2+, 0.08 μg L−1 for Cd2+, and 0.07 μg L−1 for Pb2+. We also detected
the low concentrations of trace heavy metal ions over 0.4 − 8 μg L−1.
The stripping currents for low concentrations of heavy metal ions
were illustrated in Figure 4.8. The resulting calibration plots for
Cd2+ and Pb2+ were observed to be linear over the 0.4 to 8 μg L−1, but
Zn2+ was not liner over that range. The equation of calibration curve
were y = 0.265x + 0.003 and R2 = 0.290 for Zn2+, y = 0.797x + 0.054
and R2 = 0.906 for Cd2+, and y = 0.526x + 0.676 and R2 = 0.945 for
Pb2+ (x: concentration (μg L−1), y: current (μA)). The detection limits
were calculated based on three times the background noise (S/N = 3).
We have compared this composite electrode with other modified
electrodes, and the results are listed in Table 4.1. The analytical
performance of the Fe2O3/G/Bi composite electrode is comparable
and even better than previous reports.
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Figure 4. 6 (a) Effect of the presence of bismuth on Fe2O3/G
nanocomposite modified electrode. (b) DPASV responses at GCE
(black), RGO/GCE (red), and Fe2O3/G/GCE (blue). The test solution
contains 100 μg L−1 of each of the target metals and 0.2 mg L−1 of
Bi3+.
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Figure 4. 7 (a) Stripping voltammograms for various concentrations
(1, 10, 20, 40, 60, 80, 100 μg L−1 from bottom to top) of Zn2+, Cd2+
and Pb2+ ions on the Fe2O3/G/Bi composite film electrode. (b) The
calibration curves for the simultaneous analysis of Zn2+, Cd2+, and
Pb2+. Error bar: n=6.
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Figure 4. 8 (a) DPASV curves obtained of Zn2+, Cd2+ and Pb2+ ions
for low concentrations ( 0.4, 0.8, 4, 8 μg L−1 from bottom to top) on
the Fe2O3/G/Bi composite electrode. (b) The corresponding
calibration curves. Error bar: n=3.
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4.3.4 Optimization of Experimental Parameters

To establish the most suitable experimental conditions for the
DPASV measurement of Zn2+, Cd2+, and Pb2+ at the Fe2O3/G/Bi
composite electrode, we optimized the pH, concentration of Bi3+,
deposition potential, and deposition time.
The effect of pH on the peak current of trace heavy metal ions in
DPASV in the pH range of 3.0–5.5 is shown in Figure 4.9 (a). For
Cd2+ and Pb2+ ions, the stripping peak currents increased by
increasing the pH in the range of 3.0–4.5 and decreased at higher pH.
In the case of Zn2+, the highest peak current was observed at pH 5.0.
The lower pH values resulted in reduction of the peak current due to
protonation of hydrophilic groups of the graphene. At higher pH, the
peak currents decreased due to the possible formation of metal
hydroxide complexes. Thus, the optimum pH value during the
measurements was determined to be 4.5.
Figure 4.9 (b) shows the effect of the bismuth concentration on the
current response in the range of 0–0.8 mg L−1. The stripping peak
currents of the target metal ions displayed a clear dependence on the
bismuth thickness. The peak currents increased rapidly with
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increasing concentrations of bismuth from 0 to 0.2 mg L−1. However,
the stripping currents of the three metal ions decreased when the
bismuth concentration was higher than 0.2 mg L−1. This result
indicates that a thick bismuth film might hinder the mass transfer of
heavy metal ions during the stripping step. Therefore, the optimum
concentration of bismuth was selected as 0.2 mg L−1 for the
simultaneous determination of heavy metal ions.
We also studied the effect of the deposition potential and
deposition time, as shown in Figure 4.9 (c) and (d). The deposition
potential is a very important factor for improving the sensitivity of
the DPASV measurement. The effect of the deposition potential was
studied in the potential range varying from −1.8 V to −0.8 V. Figure
4.8 (c) shows that the stripping currents of the target metal ions
exhibited a notable increasing trend with negative shifts of the
deposition potential. The maximum peak height could be observed at
−1.2 V for Cd2+ and Pb2+, and at −1.4 V for Zn2+. However, when the
accumulation potential was more negative than −1.4 V, the stripping
currents reduced because of the hydrogen evolution reaction at more
negative potentials, which might damage the metal alloy deposition at
the electrode surface. Thus, the deposition potential of −1.4 V was
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chosen as the optimum value for the three heavy metals.
Finally, we investigated the effect of the deposition time, as shown
in Figure 4.9 (d). The stripping peak currents increased linearly with
a prolonged deposition time. However, at a deposition time longer
than 300 s, the slope of the curved plot began to diminish, indicating
that there was a saturation effect for the bismuth film and the amount
of heavy metal ions on the electrode surface. Thus, 300 s was
selected as the optimum deposition time.
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Figure 4. 9 The effects of pH (a), Bi3+ concentration (b), deposition
potential (c), and deposition time (d) on the stripping peaks current of
100 μg L−1 heavy metal ions. Error bar: n=3.
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Electrode substrate
G/AlOOH/GCE
Bi/G/MWCNT/GCE
DMSA/Fe3O4
Bi/NA/G/PANI
Bi/Au/G/Cys/GCE
NA/MgO/GCE
G/Fe3O4/GCE
Fe3O4/MWCNT/GCE
Bi/NA/MWCNT/SPE

Detection range
−
(μgL 1)
200-800
5 – 30
1-50
1-300
0.5-40
1-6.7
20 – 40
1-130
0.5-100
(Cd2+; 0.5-80)

Bi/NA/IL/G/SPCE

0.1-100

Bi/Fe2O3/G/GCE

1-100

Limits of detection
−
(μgL 1)
Zn2+
Cd2+
Pb2+
0.03
0.09
0.10
0.20
0.50
1.00
0.10
0.10
0.1
0.05
7.21
0.43
2.68
0.50
0.3

0.1

0.07

0.09
0.06
0.08
(ngL-1) (ngL-1) (ngL-1)
0.11
0.08
0.07

Ref.
[33]
[18]
[40]
[41]
[42]
[8g]
[43]
[44]
[45]

[46]

This work

Bi: bismuth, Cys: cysteine, DMSA: dimercaptosuccinic acid, G: graphene, GCE: glassy
carbon electrode, IL: ionic liquid, MWCNT: multiwalled carbon nanotube, NA: nafion,
PANI: polyaniline, SPE: screen-printed electrode, SPCE: screen-printed carbon electrode.

Table 4. 1 Comparison of the electrodes modified with Fe2O3/G/GCE
and other.
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Figure 4. 10 The effects of Bi3+ concentration (a), pH (b), deposition
potential (c), and deposition time (d) on the stripping peaks current of
100 μg L−1 heavy metal ions in tap water sample. Error bar: n=3.
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Figure 4. 11 DPASV for the determination of heavy metals in tap
water. From below: sample and successive standard additions 5 μg
L−1 of each of target metals.
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Figure 4. 12 Stripping peak current of target metal ions for repeated
measurements (n=10) and different electrode in the solution of 100
μg L−1. Error bar n=3.
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4.3.5 Application to Real Environments

The Fe2O3/G/Bi composite electrode was applied to determine
heavy metal ions in local tap water samples by using a standard
addition method to show the practical applications of this method. All
water samples were filtered with a 0.22 mm membrane. We
optimized the pH, concentration of Bi3+, deposition potential, and
deposition time in tap water sample (Figure 4.10 a-d) and performed
triplicate measurements of the DPASV response with different
concentrations of trace heavy metal ions for the real sample. By
comparison with the results shown in Figure 4.9, their values were no
significant differences between the results. Figure 4.11 shows
representative stripping voltammograms of samples obtained with
composite electrode by method of standard additions in the tap water.
The mean recoveries (%) of the method were calculated, and are
summarized in Table 4.2. The same determinations were performed
by ICP-MS. These comparative results suggest that there is
satisfactory

agreement,

demonstrating

the

potential

for

the

Fe2O3/G/Bi composite electrodes for analysis of trace heavy metals in
real samples.
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4.3.6 Reproducibility of the Fe2O3/G/Bi Modified Electrode

The developed electrode was evaluated by repetitive measurements
of 100 μg L−1 heavy metal ions under optimized working conditions
to study its reproducibility. The relative standard deviation from 10
successive measurements using a single electrode was measured and
found to be 1.68% for Zn2+, 0.92% for Cd2+, and 1.69% for Pb2+. The
currents at same conditions was determined three times using
different sensors prepared independently. The relative standard
deviation was 0.89% for Zn2+, 1.15% for Cd2+, and 0.91% for Pb2+
for 5 different electrodes. The results show that the Fe2O3/G/Bi
composite electrode has a good reproducibility (Figure 4.12).

4.3.7 Interference Study

The interferences study was performed by adding interfering metal
cations, including Co2+, Ni2+, Mn2+, Cu2+, and Cr3+, in 50-fold excess
with the analytes to a standard solution containing 40 μg L−1 Zn2+,
Cd2+ and Pb2+. The results of the metal cation toward the target heavy
metal ions collected from the DPASV response currents are shown in
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Table 3. The peak currents of the heavy metal ions in the absence (I0)
and presence (Ii) of interfering metal ions and the relative signal
changes, Ii/I0 −1, are also summarized. Most substances provided
little interference to the 40 μg L−1 signal. The absolute values of the
relative signal changes varied from 2.31% to 8.46%, which suggests
that the Fe2O3/G/Bi nanocomposite-modified electrode was not
affected by other metal species. A good selectivity for Zn2+, Cd2+ and
Pb2+ is thus demonstrated for the present sensor, which is attributed to
the selective transportation of Zn2+, Cd2+ and Pb2+ from the sample
solution to the electrode via the stronger affinity of Fe2O3/G/Bi
composite for these ions [8e, 8g, 41].

4.4 Conclusion

A novel and highly sensitive electrochemical sensor for heavy
metal ions determination was fabrication based on graphene
supporting Fe2O3 nanoparticle composite modified electrode. The
Fe2O3/G nanocomposite was synthesized from iron–oleate precursor
and graphene by a solventless thermal decomposition method. The
new nanohybrid material combined the unique electronic behavior of
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graphene

with

the

excellent

catalytic

properties

of

Fe2O3

nanoparticles by a synergistic integration of the two nanomaterials.
Finally, the sensor was successfully applied to the simultaneous
determination of the target metal ions in concentrations ranging from
1 to 100 µg L−1, and the detection limits of the simultaneous analyses
were 0.11 for Zn2+, 0.08 for Cd2+, and 0.07 for Pb2+. Moreover, the
Fe2O3/G composite modified electrode offered excellent stability in
the electrochemical determination of heavy metal ions. In addition,
the sensor was applied for the determination of Zn2+, Cd2+, and Pb2+
in real samples and the result was consistent with the results by ICPMS. The proposed method will offer potential application for
monitoring of heavy metals and other pollutants in a wide range of
electrochemical sensing applications.
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Found (μg L-1)a

Original Added
μg L-1

Zn2+

Cd2+

Recovery (%)
Pb2+

Zn2+ Cd2+ Pb2+

Found by ICP-MSa
Zn2+

Cd2+

Pb2+

N.D

5

4.6 ± 0.4 4.3 ± 0.4

4.1 ± 0.4

92.3 86.2 82.6 4.7 ± 0.3 4.4 ± 0.2 4.6 ± 0.6

N.D

10

9.3 ± 0.2 9.2 ± 0.6

8.6 ± 0.6

93.4 92.5 86.6 9.4 ± 0.6 9.4 ± 0.4

N.D

15

14.3 ± 0.2 14.1 ± 0.4 12.1 ± 0.5 95.3 94.4 80.7 14.4 ± 0.3 14.6 ± 0.3 14.1 ± 0.3

9.2 ± 0.7

N.D, not detected
a

Mean ± standard deviation %

Table 4. 2 Results for the determination of trace heavy metal ions in
tap water samples.
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Relative signal
Peak current (μA)
change (%)
Interference inos
Zn2+

Cd2+

Pb2+

Zn2+

Cd2+

Pb2+

47.62

44.10

30.24

Co2+

44.21

42.46

28.47

7.16

3.44

3.72

Ni2+

46.52

42.11

29.42

2.31

4.51

2.71

Mn2+

45.34

43.03

28.76

4.79

2.43

4.90

Cu2+

44.97

42.41

27.68

5.56

3.83

8.46

Cr3+

46.08

42.64

28.17

3.23

3.31

6.84

No interference ions

Table 4. 3 Effect of interfering ions on the detection of 40 μg L−1
Zn2+, Cd2+ and Pb2+.
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Chapter 5. Conclusion

The development of new composite electrode materials is an
important issue in analytical chemistry. The proposed bismuth-based
nanocomposite electrodes achieve good analytical performance for
heavy metal detection. The remarkable stripping performance of the
bismuth electrode is due to the ability of this metal to form “fused
alloys” with other heavy metals, analogous to the formation of
mercury amalgams. In addition, carbon nanomaterials such as
graphene have been explored as electrode materials for the detection
of heavy metal ions. Nanostructured electrodes have also been
fabricated using composites of two or three materials, providing
synergistic contributions from individual components.
This

dissertation

aimed

at

fabricating

bismuth-based

nanocomposites for the detection of heavy metal ions. To achieve this,
we prepared a novel enhanced sensing platform based on porous
graphene via simple activation of GO by KOH. The resultant AG
exhibits a unique structure that makes it a potentially attractive
material for the electrochemical determination of trace metal ions.
The composite film integrates the unique properties of AG and the
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advantages of bismuth electrodes, leading to enhanced sensitivity
toward trace metal ions. The AG-NA/Bi composite was also used as
an electrode material for the determination of metal ions in a real
sample. Thus, the proposed method facilitates the monitoring of trace
heavy metal ions and can be expanded to detect other environmental
pollutants.
Further, an enhanced sensing platform based on the direct
electrochemical reduction of GO colloidal solution at glassy carbon
electrodes has been developed for the determination of zinc,
cadmium, and lead by DPASV. The glassy carbon electrode modified
with

an

electrochemically

deposited

graphene

(EG)/Bi

nanocomposite film exhibited intense sharp peaks of heavy metal
ions, showing improved detection limits compared to other bismuthmodified electrodes due to the combined beneficial properties of EG
(enhanced electron transfer, large specific surface area, good
conductivity, etc.) and the good stripping character of bismuth. The
synthetic strategy described in this work has several advantages. First,
this method can be used to quantitatively control film thickness and
form a stable film on the electrode surface without any further
treatment, leading to a straightforward integration of the EG film and
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the EG/Bi composite electrode. Second, the above method is
environmentally friendly, employing “green” graphene film electrode
fabrication under mild conditions. Third, this strategy is easy and fast
to implement. We show that graphene films can be directly prepared
on the electrodes using a one-step electrodeposition of GO
dispersions. Additionally, this green preparation method, being
simple, fast, and free of chemical reduction reagents, offers several
advantages over other graphene fabrication techniques and expands
the scope of graphene-based electrochemical sensing devices,
showing promise for wider applications in environmental analysis.
Finally, a novel and highly sensitive electrochemical sensor for
heavy metal ion determination was fabricated based on an electrode
modified by a graphene-supported iron oxide nanoparticle composite.
The iron oxide (Fe2O3)/graphene (G) nanocomposite was synthesized
from the iron oleate precursor and graphene by solvent-free thermal
decomposition. This novel nanohybrid combined the unique
electronic behavior of graphene with the excellent catalytic properties
of Fe2O3 nanoparticles due to their synergistic integration. The
fabricated sensor showed excellent stability and was successfully
applied to the simultaneous determination of Zn2+, Cd2+, and Pb2+ in
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real samples, with results being consistent with those obtained by
ICP-MS. The proposed method can be potentially used for the
monitoring of heavy metals and other pollutants in a wide range of
electrochemical sensing applications.
We have compared those composite electrodes with other modified
electrodes, and the results are listed in Table 5.1.and 5.2. The
analytical performance of the bismuth nanocomposite-modified
electrodes is comparable and even better than previous reports.
Thus, the prepared bismuth-based nanocomposite enables the
fabrication of highly sensitive electrode materials for the detection of
heavy metal ions, with the results suggesting its tremendous potential
for applications in other fields.
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Table 5. 1 Comparison of the effective surface area and peak
separation with bismuth nanocomposite-modified electrodes.
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Table 5. 2 Comparison of the electrodes modified with bismuth
nanocomposite and other materials for the detection of heavy metals.
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국 문 초 록

중금속은 대기 중에 미립자로서 부유하거나, 폐수의 형태
로 방류되어 토양, 수자원 등 자연환경을 광범위하게 오염시
키는 것으로 알려져 있다. 이 중 수은, 카드뮴, 크롬 등은 생
활에서 자주 접할 수 있고, 독성이 강하기 때문에 주요 환경
물질로 간주되고 있다. 중금속은 환경에 배출되면 생물 농축
에 따라 사람에게까지 피해가 미치므로 그 심각성이 더해지
고 있다. 소량의 중금속이더라도 체내에 축적이 되면 배설되
지 않고 장기간에 걸쳐 건강에 해를 미친다. 예를 들어 수은
과 납이 축적되는 경우 근육과 신경을 마비시키는 신경계 장
애를 일으키고, 카드뮴은 골연화증을 일으키고 폐암을 발생
시킬 수 있다. 아연은 적혈구의 활성저하를 일으켜 면역력이
저하된다. 이러한 문제들 때문에, 중금속의 검출과 분석은 매
우 중요한 이슈로 여겨진다.
기존의 중금속 이온 분석방법으로는 유도 결합 플라즈마
질량분석법 (Inductively coupled plasma mass spectrometry: ICPMS), 유도 결합 플라즈마 분광법 (Inductively couple atomic
emission spectrometry: ICP-AES), 원자 흡수 분광 광도법
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(Atomic absorption spectroscopy: AAS)등이 있다. 하지만 이러한
분석 방법은 샘플에 존재하는 중금속 이온들을 측정하기 위
한 복잡한 전처리 과정과 고가의 분석 장비 사용이 요구되기
때문에 비용과 시간이 많이 소요된다는 단점이 있다. 이로
인해 측정 가능한 시료의 수는 제한적이고 측정하고자 하는
시료의 중금속 오염 정도를 정확하게 모니터링 하는데 어려
움이 있다. 이와는 반대로 전기화학적 Stripping Voltammetry
기술은 샘플 내에 존재하는 중금속의 선택적 분리 및 농축이
가능하기 때문에 미량의 중금속 이온도 정량 분석이 가능하
다. 결과적으로 전기화학적 방법을 통한 미량의 중금속 이온
검출 방법에 대한 분석법이 활발히 연구되고 있다. 일반적으
로 사용되는 전기화학적 분석 방법으로는 Anodic stripping
voltammetry 인데, 이는 작업 전극(working electrode) 으로 주
로 수은을 사용 한다. 하지만, 분석 후 발생되는 유독성인 수
은의 후처리 문제와 분석결과의 재현성을 위한 표면처리 문
제, 그리고 공기 중에 노출되면 쉽게 변화하는 특성 등으로
인하여, 최근 수은을 함유하지 않은 무독성 및 친환경적인
대체 전극 개발에 많은 노력들이 이루어지고 있다. 현재 이
러한 문제점을 해결하기 위하여 비스무스 (Bismuth; Bi)를 수
은 대신 사용하여 중금속을 검출하려는 연구가 진행되고 있
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다. 이러한 전기 화학적 분석 방법을 도입함과 동시에 전극
용 물질로 전자전달 및 물질전달능력, 뛰어난 기계적, 구조적
성능 등을 가진 그래핀을 전극에 도입하여 우수한 민감도 및
내구성을 가진 센서를 제작하는 연구가 진행되고 있다.
본 학위 논문에서는 친환경적인 비스무스를 기반으로한 그
래핀과 나노입자를 도입하여 비스무스 기반의 나노복합체 전
극을 제조하고, 이를 활용하여 중금속 이온 검출에 대해 기
술하였다.
첫째로, 화학적으로 활성화 시킨 그래핀을 비스무스와 복
합체 개질 전극을 이용한 중금속 이온 센서를 개발하였다.
합성된 그래핀 옥사이드에 수산화칼륨을 이용하여 기공구조
를 형성하고, 이를 통해 기존에 열적 환원을 통해 얻은 그래
핀 보다 훨씬 큰 비표면적을 갖는 활성화된 그래핀을 얻었고,
이 활성화된 그래핀으로 작동 전극을 개질 하고 여기에 전기
화학적으로 환원된 비스무스를 복합시켜 중금속 이온검출을
위한 전극을 개발하였다. 두번째로, 전기화학적으로 환원된
그래핀과 비스무스 나노복합체를 합성하고 이를 중금속 이온
을 검출하였다. 그래핀 옥사이드를 수용액 상에서 작동전극
에 직접 환원 시키고, 이후 비스무스를 같은 방식인 전기화
학적 방법으로 환원시켜 복합체를 만들어 개질 전극을 개발
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하였다. 이 전극을 이용하여 보다 쉬운 단계로 중금속 이온
검출을 위한 전극 개발을 하였다. 마지막으로, 열적 방법으로
합성된 그래핀과 산화철 나노입자를 용매없이 건식 상태에서
나노복합체를 합성하였다. 이를 또한 작동전극에 개질 하여
중금속 이온을 검출 하였다.
다양한 방법을 통해 그래핀 및 나노입자를 복합재료로 형
성하고 이를 중금속 이온 검출 전극 재료로 적용하였을 때,
기존소재 대비 월등한 성능 향상 및 내구성 향상을 확인 할
수 있었다.

주요어: 비스무스, 나노복합체, 중금속 이온 검출, 그래핀,
양극 벗김 전류법, 전기화학 센서, 개질 전극.
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