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Abstract

This thesis consists of two parts. For the first part sample preparation
and electrochemical detection techniques were developed using thin film layer and
nanomaterials. The second part focused on the preparation of nanowires via
electrodeposition technique.

The first developed technique was on on-line system for volatile
organic compounds (VOCs) based on pervaporation technique for methanol, ethanol,
1-propanol, methyl-isobutyl ketone (MIBK) and tert-butyl methyl ether (MTBE)
analysis, The diffusion rate and system performance of each compound was studied.
The results show that diffusion rate of MTBE was the highest and the lowest was
methanol and ethanol. In addition, this technique was applied for the analysis of
environmental sample, ie., wastewater and biosolids. Matrix effect and the
percentage of relative recovery were also investigated. From real sample analysis,
none of the studied compounds were detected in the wastewater and biosolids in this
area.

The second development aimed to overcome the drawback from
commercial adsorbent. Trapping tubes for volatile organic compounds (VOCs),
dichloromethane (DCM), 1, 2-dichloroethane (DCE), trichloromethane (TCM),
trichloroethene (T'CE), benzene (B), toluene (T) and xylene (X) in indoor air were
developed using silico-steel tube (1.02 mm LD. and 1.59 mm O.D.) coated with sol-
gel polyethylene glycol (PEG), sol-gel polyethylene glycol mixed with multi-walled
carbon nanotubes (PEG/MWCNTs). To achieve the highest adsorption and desorption
efficiencies, parameters affecting the response of the system were optimized. The

reproducibility, stability and system performance of developed trapping tube wete




investigated and compared to Carbopack B. The trapping tubes provided higher
sensitivity and lower detection limit than Carbopack B. The developed trapping tubes
were applied for the monitoring of VOCs in indoor air and only toluene and xylene
were found in the range of N.D.-3.3 ppmyv and N.D.-1.1 ppmv, respectivély.

For the third project, electrochemical detection of tetracycline was
investigated using bismuth thin film electrode (BiFE). A bismuth film was prepared
on glassy carbon electrode (GCE) via electrodeposition technique. This modified
electrode was set in a flow injection amperometric system for analysis of tetracycline
at -1,3 V. It provided higher sensitivity, 4.6 times, than bare GCE. Linear dynamic
range was between 1.0 and 6.0 mM with a low detection limit of 1.2 pM. Good
reproducibility of bismuth film preparation was obtained with relative standard
deviation 4.7% whete one preparation could be used to analyze tetracycline up to 40
times, The BiFE was validated with three different lots of real sample, 250 mg
tetracycline capsules, the results showed good agreement i.e., between 240 and 260
mg per capsule. Good relative recoveries were also obtained in the range of 86-106%.

For the development of alloy nanowires preparation, electrodeposition
technique with template-assisted was carried out whereas the mixture of metal plating
solution was used for single segment alloy nanowires (Co, Ni and Cu mixture,
deposition potential -1.4 V) and multi segment alloy nanowires (Ag and Au,
alternative deposition potential between -0.5 to -1.2 V) including step-like porous
gold nanowires (Ag and Au, changing deposition potential between -0.9 to -1.1 V
following etching silver component). Finally, the template was dissolved to obtain
free standing nanowires. Composition profile of single-segment alloy nanowire,
qualitatively and quantitatively, was detected by X-ray fluorescence (XRY) whereas
optical reflectivity was used to qualify the multi-segment alloy nanowires. These can
be interpreted for coding pattern. Energy dispersive X-ray fluorescence (EDX) was
used to study the amount (% atom) of gold and silver at different deposition potential
for multi-segment and porous gold nanowires. Scanning electron microscope (SEM)
was used to study the pore distribution, the diameter of porous gold at different
composition of gold/silver and the characteristic of all nanowires. XRF and optical

reflectance are effective readout techniques of alloy nanowires. SEM illustrated the
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step-like porous gold and also the composite materials. These versatile composition-
and shape- tailored concept can be extended to nanowires which have diverse
properties based on different metals and also composite material. These production

can be used for a wide range of application . e.,. product tagging and nano-devices.
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The Relevant of the Research Work to Thailand

The purpose of this Doctor of Philosophy thesis in chemistry
(analytical chemistry) is 'to develop and evaluate the .sample preparation techniques
for the analysis of organic compounds. These developed methods are simple, cost
effective and casy to operate. The first technique is membrane extraction of organic
compounds in aqueous sample followed with preconcentration using p-trap. This
technique is suitable for on-line analysis of volatile organic compounds (VOCs) in
aqueous sample. The second method is the development of trapping tube by coating
the silico-steel tube with polymer ﬁlm (polyethylene glycol, PEG) and PEG
incorporated with multiwall carbon nanotubes to be applied to monitor volatile
organic compounds in indoor air. This will be useful for the evaluation of indoor air
quality in work place. The third method is the electrode modification using bismuth
thin film for tetracycline detection in flow injection system. This electrode can be
used replacing mercury film electrode and useful for other organic compounds
detection, The last developed method is the preparation technique of single- and
multi- segment nanowires including porous gold nanowires via electrochemical
deposition with template-assisted. Using the mixture of plating solution then all
nanowires can be synthesized. These nanowires will be useful for the security system,
nano-sensor and nano-hardware.

Government and private organizations in Thailand which are the
Ministry of Public Health, the Ministry of Industry, the Ministry of Environment and
the Ministry of Education can used these sample preparation techniques and electrode
modification for quantitative analysis of trace amount of organic compounds. For
nanowires synthesis, they can be used to improve the security system and nano-sensor

device.
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CHAPTER 1

Introduction

1.1  Background and rationale

Sample preparation is an important procedure in analytical techniques.
In most cases contaminated compounds are at very low concentration with
complicated matrices, making direct analysis by analytical devices not possible.
Therefore, cleaning and preconcentrating processes are also necessary (Dettmer and
Engewald, 2002). Trends in sample preparation are aiming toward miniaturization,
fast detection, green chemistry and on-line analysis system. These lead many
researchers to try to develop preconcentration devices which can reduce the sample
size, use minimal organic solvent and can directly connect to analysis tools.

Many sample preparation methods such as solid phase extraction
(SPE) (Bruzzoniti ef al., 2006), solid phase microextraction (SPME) (Bruzzoniti ef
al., 2006), liquid-phase microextraction (LPME) (Zou et al, 2008) and membrane
extraction (ME) (Bishop and Mitra, 2004; Esrafili ef al., 2007) can achieve some
goals such as being small and use small amounts of organic solvent, however, they
still suffer from long extraction times, are off-line systems and require organic
solvents. In a move toward green analytical techniques, saihple preparation by
headspace technique was developed (Knivinen and Johnsson, 1999). This technique
can reduce or eliminate the use of organic solvent. However, sometimes its sensitivity
is not sufficient for analytical purposes. Techniques that were brought in to help
improve sensitivity include single drop microextraction-headspace (SDME-IIS)
(Gupta et dl., 2007) and solid phase microextraction-headspace (SPME-HS) (Knupp
ef al., 2005). However, they are off-line systems, time-consuming, laborious and still
require organic solvent.

To overcome these problems, a number of on-line analysis systems
were investigated. For liquid samples one such example is the usc of membrane

extraction technique (Guo and Mitra, 1998). In this system no organic solvent is
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required but if is still time consuming due to the cleaning step of the membrane. For
gas samples, adsorption of VOCs on solid adsorbent is a widely used technique and
this led to the development of continuous analysis of VOCs in air using “sorbent
trapping” (Harper, 2000) and later the development of “microtrap” for methane
adsorption in high purity gas (Thammakhet et al., 2005). Since one adsorbent can not
trap all volatile organic compounds, in other studies multi-bed adsorbent was
infroduced. For example, the mixture of Tenax TA and Carbopack B have been used
to frap VOCs from C5-C12 (Kuntasal ef al, 2005). However, porous polymer
adsorbents are still limited by theirs instability at high temperature and only a few
adsorbent can be applied for multi-bed adsorption tubes.

In view of these we are interested in the development of a simple, cost
effective and environmental-friendly sample preparation technique using polymers
coated on porous membranes coupled with adsorbent tube to extract and
preconcentrate organic cofnpounds in liquid samples. In addition, to overcome the
limitation of commercial adsorbents, we investigate the preparatioh of a
preconcentration tube by coating it with thin film of polymer incorporated with
nanomaterials and used it to preconcentrate organic compounds in gas samples.
Besides chromatography, an alternative technique to detect organic compounds is
clectrochemical detection. In general, electrochemical téchniques can provide fast
detection, be cost effective, highly specific (Deo and Wang, 2004) and easily
developed into an on-line analysis system (Luque ef «l., 2007). Electrochemical
detection techniques such as amperometry, potentiometry (Chen and Hibbert, 1997),
and voltammetry (Vaze and Srivastava, 2007) can be applied with modified
electrodes using biological material (Limbut es al, 2006; Park et al, 2006),
conducting polymer (Kozlowski and Frackowiak, 2005), carbon nanotubes (Musameh
et al., 2005; Wang et al., 2007) and nanoparticles (Jia et al., 2007; Valentini ef al.,
2007). However, the number of steps required for electrode preparation, electrode
stability and analytical conditions are the main limitations of these techniques; In this
work we investigated a simple modification of the electrode for electrochemical
detection of organic compounds using electrodeposition technique of metal thin filn

onto the bare electrode.




Another intefesting and relatively new rescarch field which can be
applied to analytical techniques are nanomaterials such as nanoparticles, nanorods and
nanow1res Among these, nanowires based on electrochemical deposition technique
have attracted some attention (Nlcewarner-Peﬁa et al., 2001 Saedi and Ghorbani,
2005) since they can be used to provide simpler analytical technique. For examples,
multisegment of gold and silver nanowires were used for multiplexed bioanalysis
(Keating and Natan, 2003), biological barcodes (Walton et al., 2002) and product
tracking (Walton et al., 2002; Wang et al, 2003). However, the preparation
techniquel are generally based on sequential deposition of each metal to obtain
different segment of metal making it quite complicated and time consuming
(Nicewarner-Pefia et al., 2001; Saedi and Ghorbani, 2005; Keating and Natan, 2003;
Walton et al., 2002; Walton et al., 2002 and Wang ef al., 2003). In this study, a

simple technique for nanowires preparation and their application will be investigated.
1.2  Objectives

The aim of this study is fo investigate some new analytical approaches
based on thin film and nanomaterials, This involves on one hand the use of thin film
and nanomaterials concepts in sample preparation techniques and electrochemical
detection of organic compounds using electrode coated thin films. On the other hand,
preparation technique for nanowires is developed to obtain a simple route for versatile
nanowires synthesis. To achieve these objectives five research projects were carried

out as follows.
1.2.1 Gas injection membrane extraction for trace organic compounds

In this research, hollow fiber membrane coupled to a microtrap was
used as an extraction and preconcentration device for on-line analysis of VOCs from
water samples. The aim of this study is to use polymer thin film coated on porous
membranes to extract the analyte from liquid sample based on pervaporation of
analytes vapor. Analytes in carrier gas were then preconcentrated with muiti-bed

adsorbent, thermally desorped and injected into a gas chromatograph. This system




does not require any organic solvent and there is no complicated sample preparation
step. This can prevent the loss of analyte, reducing analysis time and is an

environmentally friendly technigue.
1.2.2 High efficiency coating film for YOCs preconcentration device

The purpose of this study is to develop a preconcentration device with
high thermal stability that can adsorb a wide range of VOCs. In this project, a VOC
preconcentration device was developed by coating polymer thin film and polymer
coupled with multiwall carbon nanotubes inside silico-steel tubes followed by thermal
desorption. The device could be used for on-line analysis of VOCs contaminant in air

samples.
1.2.3 Bismuth film electrode for analysis of tetracycline in flow injection system

For this part, a chemically modified electrode based on electrochemical
deposition of bismuth thin film onto glassy carbon elecirode was investigated. The
aim is to use bismuth film modified electrode instead of the highly toxic mercury
film. This electrode was applied in a flow injection system for fast and sensitive

detection of an antibiotic compound,
1.2.4 Alloy nanowires

In this study, elecirochemical synthesis of alloy nanowires using
template-assisted electrodeposition technique was proposed. To obtain alloy
nanowires, a mixture of metal plating solution was used. Two types of alloy
nanowires were synthesized which are Co/Ni/Cu and Ag/Au alloy nanowires and
applied as a barcode systems using X-ray fluorescence (XRF) and reflectance as
detection principles. Tt is expected that fast and reliable response could be

accomplished.




1.2.5 Shape-tailored porous gold nanowires

A new route for porous gold nanowires preparation was studied via
Au/Ag alloy.nanowires and chemical etéhing of electro-active compﬁnent (Ag) to
obtain the porous structure of gold. Due to different composition of gold and silver
the diameter of porous gold, different shape of porous gold nanowires could be
synthesized. This facilitates an easy, fast and controllable size and shape of nanowires
which could be applied to various devices such as nano-hardware, chemical and

biological sensors,
1.3 Benefits

Expectations are that the new sample preparation and electrochemical
detection approaéhes involving thin film layer and nanomaterials could become
alternative techniques for on-line analysis of organic compounds since they are
simple, cost effective and environmental friendly. And as for nanomaterials, it is our
hope that the new, simple and fast technique to synthesize versatile nanowires could

be obtained.




CHAPTER 2

Sample Preparation Techniques for Volatile Organic Compounds

2.1 Introduction

Volatile organic compounds (VOCs) are organic compounds with a
vapor pressure greater than 13.3 Pa at 25 "C and a vapor pressure of at least 10 Pa at
20 °C (Michulec et al., 2005). Environmental and human health problems arise from
the volatile organic compounds (VOCs) are on the increase every year (US EPA,
1994; Zogorski, 2006), hence bring up the awareness of VOCs impacts. Generally,
VOCs contaminated are at very low concentration i.e., pg L to pgL™" (Michulec ef
al., 2005), making it very difficult to directly monitor or detect contaminated VOCs
particularly in environmental matrices. Hence appropriate sampling is necessaty to
separate the target analyte from the matrices. To meet the sensitivity of the analytical
instrument, preconcentration techniques are also required. Several conventional and
novel techniques have been used to separate and enhance the response of the
instrument for VOCs determination. Some of the commonty used techniques for

VOCs analysis in liquid and air sample are summarized in this chapter.
2.2 Sample preparation methods for VOCs analysis in liquid sample

The techniques applied for liquid sample is limited due to low
concentrations of VOCs and complicated matrix. Therefore, high preconcentration
factors are required in the sample preparation technique. In this section, the classical

and new sample preparation approaches for liquid sample are reviewed.
2.2.1 Direct aqueous injection (DAI)

Direct injection of an aqueous sample into a chromatographic column

can eliminate sample pre-treatment and preconcentration, minimizing losses of

6




volatile analytes and sample contamination from sample preparation step. However,
the main disadvantages are interferences from sample matrices to the obtained
responses. In most cases, the stationary phases are non-polar and not compatible with
water. For examplé, direct injection of 2 uL real water sample to gas chromatographic
system for volatile organohalogen compounds was reported by Kot-wasik and co-
workers (Kot-Wasik ef al., 2004) providing a limit of detection between 1 and 50 ng
L!. In another report, Polkowska and co worker (Polkowska, 2004) injected 2-5 pL
DAI of volatile organohalogen compounds (cold on column injector) using gas
chromatograph coupled with electron capture detector a limit of detection was 50 ng

L. However, this technique is not svitable for complicated samples.
2.2.2 Liquid-liquid extraction (LLE)

Liquid-liquid extraction (LLE), known as solvent extraction and
partitioning, is the separation technique based on different solutes being soluble to
two liquids phases which is immiscibie. Generally, one phase is hydrophilic (water)
and the other is a hydrophobic (organic solvent). However, conventional LLE
required a large volume of organic solvent that can cause environmental and human
health problems and this has lead to the development of liquid phase microextraction
(LPME) or single drop microextraction (SDME) which can reduce the usage of
organic solvent from ml to pL and miniaturize the system (Farahani et al., 2008;
Hyétyldinen and Riekkola, 2008).

‘ In SDME a microdrop of solvent is hanged from the tip of a
microsyringe and then is either exposed to the headspace of the sample called
headspace-single drop microextraction (HS-SDME) (Figure 2.1A) (Yamini et al,
2004) or immersed in a sample solution in which it is immiscible (Figure 2.1B)
(Rarahani et al., 2008). The latter SDME is a simple mode of LPME where analytes
are extracted from a stirred aqueous sample into a drop of organic soivent (ca. 1-3
uL) at the tip of a microsyringe. Once the extraction is completed, the solvent drop is
retracted into the microsyringe and injected to the chromatographic system for

analysis (Figure 2.2) (Farahani et af., 2008). Advantages of this SDME technique are




that a wide range of solvents can be used to extract a wide range of analytes, low
solvent consumption and cost and elimination of memory effect. However, its
limitation is the drop instability causing the loss of organic drop from the needle tip of
the syringe during the extraction and is not suitable for the extraction of highly

volatile analytes.
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Fig. 2.1  Schematic representation of (A) Headspace-single drop microextraction
(HS-SDME) (Yamini et al., 2004) (B) Liquid phase microextraction
(LPME) by immersion of organic solvent into a sample solution (Farahani
et al., 2008).
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Fig. 2.2 Schematic representation of the SDME procedure (Farahani et al., 2008).

From the limitation of drop stability, LPME using a porous hollow
fiber (HF) membrane was developed (Figure 2.3). In this technique, organic solvent is
impregnated in the pores and filled the inside of HF membrane therefore the loss of
organic solvent can be eliminated and sample matrix is also reduced, After extraction,
organic solvent was drawn into the syringe and injected to the analytical system
(Pavén et al., 2008).
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Fig. 2.3 Liquid phase microextraction (LPME) using a hollow fiber (HF) membrane
(Pavon et al., 2008),

In addition, a new solvent microextraction technique called dispersive
liguid-liquid microextraction (DLLME) has also been developed (Figure 2.4) (Pavén
et al., 2008). In this method, an organic solvent, usually hydrophobic, is dispersed
into water sample by agitation for a period of time. The analyte is allowed to transfer
from water to the organic solvent, following centrifugation to separate between water
and organic phase. Organic phase is further injected into analytical system. The
advantages of DLLME are the extraction time and efficiency since the small drop of
organic solvent is used which much improves the contact surface area with water
sample. Therefore, less exiraction time and high extraction efficiency than

conventional LIE could be accomplished.
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Fig 2.4 Dispersive liquid-liquid microextraction (DLLME) (Pavon et al., 2008).
2.2.3 Enrichment using immersed immobilized sorbents
2.2.3.1 Solid phase extraction (SPE)

Solid phase extraction (SPE) is the liquid-solid separation and was
made commercially available by Water Co., in 1978 (Meloan, 1999). SPE has several
benefits over conventional LLE, 7.e, it is faster and requires less organic solvent for
trace organic compounds analysis. SPE is widely use for semi-volatile organic
compounds analysis (Santos and Galceran, 2002) but there were only a few reports of
SPE applications for VOC preconcentration due of the risk of losing the compounds
because of their volatility. For example, SPE with Carbograph 1 packed tube called
“Trap” was used to adsorb benzene, toluene, xylene, ethylbenzne and styrene
(Mangani et al., 1998). However, in this technique a large sample volume was

required making the transportation and storage steps very critical,
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2.2.3.2 Solid phase microextraction (SPME)

Solid phase microextraction (SPME) is based on sorptive extraction,
i.e. the analytes are extracted from either a headspace or from a liqi.lid sample into a
polymeric coating material. It is a fast, universal, sensitive, solventless and
economical method of sample preparation for analysis by gas chromatography (GC).
It has important advantages over conventional extraction techniques i.e., solvent-fiee,
fast, portable and easy to use. For example, ametryn, parathion, prometryn, simetryn
and terbutyn was selected for direct adsorption from aqueous samples using a 100 pm
poly(dimethylsiloxane) fiber (Eisert and Pawliszyn, 1997). The effectiveness of
analyte preconcentration by SPME depends on many parameters such as fiber type,
mode of extraction (Figure 2.5), sample volume (stationary phase), temperature and
extraction time and salting-out among others (Meloan, 1999; Mitra, 2003). However,
fibers are fragile and easily broken. Carry-over of the fiber may also be a problem and

it is difficult to eliminate even at high desorption temperature.

- Membrane

Sample

B C

Fig. 2.5 Mode of SPME operation (A) Direct extraction by immersion SPME into
sample (B) Headspace-Solid phase microextraction (HS-SPME) (C)
Membrane-protected SPME for direct extraction (Mitra, 2003).
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2.2.3.3 Stir bar sorptive extraction (SBSE)

Stir bar sorptive extraction (SBSE) was introduced in 1999 to be used
as a solventless (environmental friendly) sample preparation technique. SBSE can be
used simultaneously for the extraction and enrichment of organic compounds from
aqueous matrices. SBSE is based on sorptive exfraction where the solutes are
extracted from the matrix (liquid or gaseous) into a polymer coating (non-miscible
liquid phase) on a magnetic stirring rod. In contrast to the use of adsorbents, analytes
interact with active sites on a surface, then migrate into the sorbent phase.
Consequently, the total amount of extraction phase of SBSE technique is very
important in sorptive extraction technique (David and Sandra, 2007).

Recently, a novel extraction procedure based on stir bar sorptive
extraction (SBSE) was developed for sequential extraction as shown in Figure 2.6
(Ochiai et al., 2008). SBSE was performed on a 5-mL sample, first without modifier
using one stir bar, then using the same sample after addition of 30% NaCl using a
second stir bar to extract the target anatyte. The first extraction is mainly targeting
solutes with high K, the second extraction with modified sample solution
(containing 30% NaCl) is targeting solutes with low and medium Kow. Therefore, a

wide range of compounds was extracted in this novel idea.
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Fig. 2.6 Experimental set-up of sequential SBSE (Ochiai ef al., 2008).

2.2.3.4 Solid phase dynamic extraction (SPDE)

Solid phase dynamic extraction (SPDE) a newly released technology
developed by CHROMTECH GmbH of Idstein, Germany, is a micro extraction
method (Sofia GmbH, 2007). SPDE is based on the usage of injection needle which is
coated with a polymeric material inside (Figure 2.7) in contrast to SPME where a
coating film is outside the needle. Liquid sample is repeatedly drawn through the
needle and pushed out again, with the organic analytes preconcentrated in the polymer
film. The needle is transferred to the injection port whereby analyte is thermally
desorbed (Sofia GmbH, 2007).
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Fig. 2.7 Schematic diagram of solid phase dynamic-extraction (Sofia GmbH, 2007)
2.2.4 Membrane extraction

Membrane extraction is a method which offers a high degree of
selectivity and enrichment power and uses small amounts of organic solvents. It also
provides convenient possibilities for direct and automated connecting with
chromatography systems and other analytical instruments (Jonsson and Mathiasson,
2003). The application of membrane extraction as a sample preparation method was
introduced by G. Audunsson (Audunsson, 1986). Several membrane extraction
techniques were further developed. In this section we focus on the principles and
application of non-porous membrane extraction techniques for sample preparation

Typically, membrane uses in extraction technique can be either flat or
hollow fiber membrane. Therefore, the membrane holder must be properly
constructed to obtain the highest extraction efficiency. Generally, the holder is
constructed from two blocks of inert material, the membrane is placed between the
two blocks and clainped together where a ﬂow;th_rough channel is formed on each

side of the membrane (Figure 2.8) (Jonsson and Mathiasson, 2000).
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Fig. 2.8 Membrane extraction construction (A) Membrane unit with 1 ml channel
volume (B) Membrane unit with 10 pd channel volume (C) Hollow fiber

membrane unit (Jonsson and Mathiasson, 2000)
2.2.4.1 Supported liquid membrane (SLM) extraction

Membrane extraction or liquid-liquid membrane extraction is a widely
used technique (Liu and Shi). In this technique, a microporous membrane is used to
hold organic solvent and separate between sample phase (donor) and acceptor phase
(strip). There are three and two phase systems. The three-phase system namely
“supported liquid membrane” is aqueous-organic-aqueous where the organic phase is
held between the two aqueous phases by a porous hydrophobic supporting membrane
with capillary forces. Widely used solvents are long-chain hydrocarbons like n-
undecane or kerosene and more polar compounds like dihexyl ether, dioctyl
phosphate and others. Analytes are extracted through an organic phase. Figure 2.9
shows the principle of SLM extraction for a basic compound (B), the pH of the
sample is adjusted to a value that is high enough for anélytc (B) to be uncharged and

therefore they can be exfracted into the organic membrane phase. The acceptor
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channel on the other side of the membrane is filled with acidic buffer. After the
analyte diffuse through the membrane, it immediately becomes protonated (B”) at the
membrane—acceptor interface and, therefore, prevented from re-entering the
m_e;mbrane. After the extraction the acceptor phase is transferred to an analytical

instrument, either manually or on-line by a flow system.

f Donor phase
Wasts

Basic sample - —_—
Aquaous, stagnant : \— Organic
acidlc agceptor phiase membrane

Fig. 2.9  Schematic diagram illustrated extraction technique using supported liquid
membrane (SLM) (Jénsson and Mathiasson, 2000).

2.2.4.2 Microporous membrane liquid-liquid extraction (MMLLE)

In a two-phase system, one phase is aqueous and the other is organic.
A microporous hydrophobic membrane separates the two phases, the pores of the
membrane is filled with organic phase to provide a direct contact through a liquid—
liquid interface (Figure 2.10). These systems were called “microporous membrane
liguid-liquid extraction” (Jénsson and Mathiasson, 2003). MMLLE is more suitable
for highly hydrophobic compounds than SLM since they can not be back extracted
into a sample (aqueous) phase as in the SLM technique (Zorita et al., 2007).
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Fig. 2.10  Schematic diagram illustrated extraction technique using Microporous
membrane liquid-liquid extraction (MMLLE) (J6nsson and Mathiasson,
2000).

2.2.4.3 Polymeric membrane extraction (PME)

Another type of membrane is the polymeric membrane. In this mode, a
polymeric membrane is used to separate sample phase and organic phase. The
commonly used membrane material is silicon matrial. There are possibilities for either
aqueous—polymer—aqueous or aqueous—polymer—organic extraction (two-phase and
three phase system). In the aqueous-polymer—organic system, organic solvent
penetrates through the polymer causing membrane swelling and work similar to
MMLLE (Jénsson and Mathiasson, 2000).

Generally, there are three steps in the extraction process, the analyte is
first transferred from the bulk sample to the surface of a semipermeable membrane,
then diffuses across the membrane and evaporate from the other side (Figure 2.11)
 (Creaser et al., 1998).
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Fig. 2.11 Membrane pervaporation process (Creaser ef al., 1998).

Diffusion coefficients (K) of the analyte through the silicone

membrane (polymer) can be calculated using Hildebrand solubility parameters as a

given in equation 2.1 (Li ef al., 2004);

InK =

2 (50, - (6,-6.) ) X

W

Where &, §,, 8, are the solubility parameters of organic compound, membrane and

water respectively while v, and v,, are the molar volume of organic compound and

water (Li ef al., 2004),
2.2.44 Membrane extraction with sorbent interfaces (MESI)

The last type of membrane extraction that will be described is
membrane extraction with sorbent interfaces (MESI). In this mode, it can be used
with either gaseous or aqueous samples. The system consists of a membrane module
used to extract the analyte from the sample, generally a hollow fiber membrane.
Aqueous sample is pumped through the membrane while an inert gas (stripping gas)
flowed counter currently with the sample. In this technique, aqueous sample can be
flows inside the hollow fiber membrane while stripping gas flows outside (Figure
2.12) (Kou et al., 2001) or in reverse direction where aqueous sample flow outside the

hollow fiber membrane while stripping gas flow inside (Figure 2.13) (Matz ef al.,
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1999). Analyte permeate from the liquid phase across the membrane and flow into
the gas phase. This module is connected to a sorbent trap where extracted analyte
from membrane module is preconcentrated. The adsorbed analyte was thermally
desorbed and flow through analytical system'(Luo et al., 1997; Segal et al., 2000).

Table 1 shows the summary of membrane extraction techniques.

Hirogen Strpping Gas
Sampla In Exta Sample Ot Holow Fiber l

Sample Qut

b3 -

Dala System

Fig. 2.12  Membrane exiraction with sorbent interfaces (MESI) where the sample

flows inside the hollow fiber membrane (Kou ef al., 2001).
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Membrane exiraction with sorbent interfaces (MESI) where the sample is

outside the hollow fiber membrane (A) Aqueous sample is placed in the

vial (B) Aqueous sample flow outside the hollow fiber membrane (Matz

et al., 1999).
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2.2.4.5 Enrichment in membrane extraction

_ The concentration enrichment factors in SLM are not limited by the
partition coefficient. Instead, the trapping conditions in the acceptor phase need to be
considered. Tn the case of SLM extraction of a basic compound, the maximum

enrichment factor £, depends on the acceptor pH ,and the dissociation constant
of the analyte (pK a) (Equation 2.2) (J6nsson and Mathiasson, 2000):
log £ ey = PK, — PH (2.2)

With an acidic acceptor, it is easy to predict large values for the
maximum enrichment factor of strong bases. For éxample, the maximum enrichment
factor for aniline derivatives with pH , =1. For aniline itself with pK, = 4.6, this
leads to a maximum enrichment factor of about 4000 times (Jénsson and Mathiasson,
2000).

Extraction for all membrane extraction techniques is usually evaluated
in terms of extraction efficiency (E), which is the fraction of analyte that is collected

in the acceptor (Jonsson and Mathiasson, 2000):

g=l4 (2.3)

Hg
where ngand 1, are the number of moles input from the sample during the extraction

and those collected in the acceptor, respectively. The concentration enrichment factor

(E,) can be calculated from the relation of the extraction efficiency as shown in

equation 2.4 (J6nsson and Mathiasson, 2000).

E, = Ca_gls (2.4)
C.s VA

where ¥V, and ¥, are the volumes of the extracted sample and the acceptor channel,

respectively.
It can be seen that if E approaches 1, the concentration enrichment
factor is the volume ratio between sample and acceptor phase. In SLM the extract

volume is kept small because of the trapping and at the same time giving relatively
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high extraction efficiencies and this leads potentially to high enrichment factors. To
obtain high enrichment factors with limited sample volumes, small acceptor volume
have to be used.

In MMLLE and PME,‘the maximum value of E,is .obviously equal to

the distribution coefficient between the donor and the acceptor phases. Therefore, in
those techniques, large distribution coefficients are needed to obtain high enrichment
factors. However, in MMLLE and PME, the acceptor is pumped continuously leading

to larger ¥,and consequently, a smaller E,will be obtained. This limitation can be

overcome by introducing a secondary focusing step which is MESI technique
(J6nsson and Mathiasson, 2000).

2.2.5 Headspace techniques

Headspace techniques have been widely used in the determination of
VOCs in water or solid sample since it is a “green chemistry” fechnique and ecasy to

use. Headspace technique can be divided to static and dynamic headspace techniques.
2.2.5.1 Static headspace technique

Static headspace technique refers to the analysis of gas phase of target
analyte from a heterogeneous system in equilibrium (Kolb and Btire, 1997) therefore
it is also known as equilibrium headspace extraction or headspace (Mitra, 2003).

Headspace is a widely used technique for VOCs analysis in various
matrices. There are {wo options for headspace operation, It can be done by manual
injection or by automatic sampler headspace where a sample is placed into a vial,
typically 10 or 20 mL. After applying heat for a period of time, the analyte will
diffuse in the headspace and reach equilibrium. The headspace is injected to the
analysis system by autosampler (Mitra, 2003). A variety of extraction techniques was
developed by combining headspace with the extraction techniques such as headspace-
single drop microextraction (HS-SDME), headspace-solid phase microextraction (HS-
SPME) as mention previously in section 2.2.2 and 2.2.3.
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2.2,5.2 Dynamic headspace technique (purge and trap)

Purge-and—trap is the method for extracting and preconcéntrating of
VOCs from several matrices. The procedure involves purging an inert gas, such as
nifrogen or helium, through an aqueous sample resulting in transferring of analyte to
the gas phase and flow to a {rap containing a suitable adsorbent. Finally, the trap is
heated to desorb the analyte. The trap is then held at the desorbed temperature for an
optimal time to achieve completely desorption. The vaporized contents are swept into
the analysis system. Figure 2.14 is an example of purge and trap system consists of a
purging (sparging) gas which used to purge analyte from aqueous sample to the vapor
phase. A dry purge gas is used fo reduce the water vapor condensation on the
adsorbent trap. Glass-lined stainless steel desorption tube containing the adsorbent

(Tenax ™ TA) which adsorb the vapor of analyte. (www.sisweb.com). This procedure

is particularly useful for insoluble or poorly soluble VOCs in water that has a boiling
point below 200°C. However, for polar compound longer purging time while applying
the heat to the sample can increase the purging efficiency of water soluble

compounds.

i~ Sparging Gas

Purge Head

\

GLT Desorption Tube

\\
Tenax™ TA 200 my

Sparging Needle '—“““”*“

Sample for
Analysis .

Fig 2,14 Purge and trap system (www.sisweb.com)
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2.3 Sample preparation methods for VOC analysis in air

Sample preparation for VOC in air primarily aims at preconcentratilon to
enhance the analytical sensitivity. Generally, VOCs contaminated is at very low
conceniration, air sample collection and transfer to laboratory for analysis is difficuit
therefore effective preconcentration device in the field is needed. In this section,
preconcentration of VOCs in air sample using adsorbent and membrane extraction

coupled with sorbent tube is focused.
2.3.1 Enrichment using immobilized sorbents

Solid sorbent is widely used technique for the enrichment and
measurement of VOCs in air sample. Samples collected on sorbents can be introduced
by thermal or solvent desorption, In this section thermal desorption is reviewed since
it is widely ﬁsed, casy to operated which can be either offline or online system and

solventless technique.
2.3.1.1 Adsorption on solid sorbent

Adsorption on a solid sorbent is a very important technology and
widely used in trace analysis. The desorption of the analytes can be preformed by
solvent and thermal desorption. However, the latter is solvent fiee and completely
desorbs. In addition, direct transferring of analytes into the gas chromatographic
system could be operated. Therefore, thermal desorption and types and guide for
selection of adsorbent is reviewed in this section.

Breakthrough volume is one very important parameter for solid sorbent
and defined as the volume of gas that causes a compound to migrate through an
adsorbent bed of one gram at a specific temperature (Figge ef. al., 1987). Generally,
breakthrough volume can be investigated experimentally by frontal technique or
elution technique. In the experiment, adsorbent is i)acked mto the tube, placed info a

GC-oven, one end connects to injection and another connects to detector. In the
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frontal mode, a gas containing model analyte is passed continuously through the
adsorbent bed at a defined temperature, and a frontal chromatograms is recorded
(Figure 2.15A). The breakthrough can be caused by a migration of analytes and by a
- capacity overload at high analyte concentrations. In the elution technique, a model
substance is applied as a pulse onto the adsorbent bed, and the elution chromatogram
at a defined temperature is recorded (Figure 2.15B). The assumption of this technique
is that the dilution analyte is applied therefore the breakthrough is caused by a
migration of the analyte through the adsorbent bed (Dettmer and Engewald, 2002).
The specific retention volume can be calculated using the reduced
retention time (elution technique) or the point of inflection (frontal technique). These
values are used for the calculation of the specific breakthrough or retention volume

according to equations 2.5, 2.6 and 2.7 (Dettmer and Engewald, 2002)

Voum =—LxF, (2.5)

Vel =Ry (2.6)

AT

Where V%, is the specific breakthrough volume, ¥%; is the specific retention

Q2.7

[+

T, 3
=a—X—
T2

volume, ', is the reduced breakthrough time(t, ~1,,), # x 1s reduced retention time
(1, ~ty)s t, is the breakthrough time, f is retention time, #,, is hold-up time, F,
is adsorbent tube gas flow rate, F,is the measurement gas flow rate at the end of
adsorbent tube, 7, is temperature at the end of adsorbent tube, T, is adsorbent fube

temperature, F; is pressure P,is pressure at the end of adsorbent tube and 4 18 mass

of adsorbent (Dettmer and Engewald, 2002).

For breakthrough volume study, some research used a back-up tube
(another adsorbent tube) placed behind the adsorbent tube. This technique is similar to
' frontal technique where model analyte is continuously-ﬂow through the adsorbent

tube. Back-up tube works as a guard to adsorb the analyte from the first tube until its
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concentration at the outlet reaches 5% of its inlet concentration. The acceptable
percentage found in the back-up tube should be less than 15% of the total
concentration. This can then be combined to the concentration obtained from the front
section and used as the results. The sampling using both front and back-up beds is
limited and inefficient when the sample found in back-up section exceeds 20-25% of
the total sample when this is more than 33%, saturation has occurred (Figure 2.16)

(Harper, 2000).

Signal /
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Fig. 2.15  Chromatographic techniques used for the determination of the specific
breakthrough/retention volume (A) Frontal technique (B) Elution
technique (Dettmer and Engewald, 2002).
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Fig. 2.16 Relationship of breakthrough to sample loss in a typical two-section
sample tube sampling an atmosphere of constant sorbate concentration,
showing the difference between 5% breakthrough volume and 5%
sample loss to the back-up section. Actual shape of the curves will vary
with sorbent, sorbate, concentration, temperature and the presence of

other sorbates (Harper, 2000).
2.3.1.2 Thermal desorption and type of adsorbent

The criteria for thermal desorption to guarantee accurate
determinations of VOCs are (Dettmer and Engewald, 2002).

- Complete adsorption and desorption of the analytes.

- Homogenous and inert surface.

- Low affinity to water to eliminate displacement and hydrolysis reactions
and to minimize disturbances of the gas chromatographic analysis, for example,
damage of the stationary phase or retention time shift.

- Low adsorption capacity for other inorganic constituents of air, for
cxample, nitrogen oxide, sulfur dioxide, carbon dioxide, ot ozone,

- High mechanical and thermal stability which can repeat using,

There are various types of commercially available adsorbents that can
be used for trace analysis of volatile organic compounds. They are divided into 2

categories, carbon adsorbent and organic polymers,
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Carbon adsorbents

Carbon adsorbent materials could be classified into activated carbon,
carbon molecular sieves and graphitized carbon blacks.

 Activated carbon |

Activated carbons are micro-porous carbon materials with a broad pore
size distribution and high specific surface areas (800-1500 m® g™). Activated carbons
are thermally stable materials allowing the application of thermal desorption (Dettmer
and Bngewald, 2002; Harper, 2000). Activated carbons are often used for monitoring
work place air. For example, multisorbent tubes packed with Carbopack B, Carbopack
C, and Carbosieve SIII were used to adsorb VOCs such as acetone, isopropyl alcohol,
2-heptanone, and toluene in work place air (Wu et al, 2003). Using thermal
desorption, % recoveries were 94-101%.

Carbon molecular sieve

Carbon molecular sieves are micro-porous adsorbents with a sharp
pore size distribution and high specific surface areas. Due to the defined micro-porous
structure, carbon molecular sieves can act as molecular sieves which are
commercially available as Carboxen, Carbosphere, Carbosieve, or Ambersorb
materials (Dettmer and Engewald, 2002; Harper, 2000). Carboxens are hydrophobic
which has a high porosity but it is not inert at high temperature (Harper, 2000).

Graphitized carbon blacks

Graphitized carbon blacks for analytical purposes are non-polar
adsorbents with a physically and chemically homogeneous surface. The specific
surface area varies between 5 and 260 m? g for commercial materials (Dettmer and
Engewald, 2002; Harper, 2000).

Porous organic polymers

Porous organic polymers are a large group of adsorbents with different
surface areas and polarities which can be classified to Tenax, Chromosorb, Porapak,
Amberlite and XAD. A serious drawback is the limited temperature stability of
several adsorbents restricting the application of thermal desorption. Tenax is a very
hydrophobic material which is characterized by a high thermal stability. Due to its
low specific surface area (35 m® g™), it is not suitable for sampling highly volatile

organics (Dettmer and Engewald, 2002). Chromosorb 106 a higher specific surface
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area but a lower temperature stability could replace Tenax for sampling more volatile
and polar compounds in workplace air however it has a higher blank level which

difficult for trace analysis (Harper, 2000; Sunesson et al., 1995).
2.3.2 Membrane extraction

The advantages of membrane extraction are the improved selectivity
and enrichment power, the minimized solvent use and the automation potential
(Jakubowska et al., 2005). Typically, analytes are transferred from a donor to an
acceptor phase through a single or multi-membrane device, where distinction can be
made between non-porous and (solvent impregnated) porous membranes. Mostly,
membrane techniques for VOC sampling out of air are membrane inlet mass
spectrometry (MIMS) (Ciucanu ef &l., 2003; Creaser ef al., 2003; Moxom et al., 2003)
and membrane extraction with a sorbent interface (MESI) (Segal et al., 2000),
silicone membranes are widely used.

In MIMS, volatile organic compounds (VOCs) analytes from air
sample permeate selectively through the membrane into the ion source of a mass
spectrometer. The extraction process is the same as mentioned previously. The
extracted analyte can either directly flow to the mass spectrometer vacuum system or
into a stream of inert gas which transports the analyte to the ion source (Creaser ef al,,
1998). Figure 2.17 illustrate that (A) the extracted analyte from hollow fiber
membrane module directly flow to MS and (B) the extracted analyte from hollow
fiber membrane module flow through the cryotrap to preconcentrate before carrying

to MS.
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Fig 2,17 Schematic diagram of membrane inlet mass spectrometry (MIMS) (A)
the extracted analyte from hollow fiber membrane module directly flow
to MS and (B) the exiracted analyte from hollow fiber membrane module
flow through the cryotrap to preconcentrate before carrying to MS
(Creaser ef al., 1998).

In MESI, gaseous analytes are extracted in a membrane module
usually silicone rubber membrane is used. A stream of inert gas flow one side of the
membrane module and catry the extracted compounds to sorption trap. After thermal
desorption (apply voltage from power supply in Figure 2.18), analytes are detected by
analytical instrumeﬁt usually gas chromatography technique (Segal ef al., 2000).
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Fig 2.18 Schematic diagram of membrane extraction with a sorbent interface

(MES]I), flat membrane was used in this work (Segal et al., 2000).
2.4 Conclusions

Sample preparation is often a time consuming and challenging step,
particularly for VOC contaminated at trace levels (pg L™ to ng L") in air and water
matrices. Main purposes of sample preparation are enhancement of sensitivity
allowing low LODs, elimination of interferences and providing a robust and
reproducible method.

For VOC analysis in water, high preconcentration factors are needed
for frace analysis, Conventional LLE is not fit for green analytical chemistry.
Therefore, solvent microextraction techniques, i.e.,, SDME, (HF)-LPME and DLLME
were developed. In addition, solvent-free sorptive enrichment, i.e., SPME and SBSE
is used in general. Membrane extraction offers fast, on-line and high capacity is also

popular technique. For VOC enrichment in air sample, adsorptive enrichment is well-
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¢stablished methods since it allows on-line automation and is easy to use. Membrane
extraction techniques such as MIMS and MESI are emerging. Due to their automation
potential and high sample throughput, they have large merit for passive sampling.
Overall, it may be concluded that the state-of-the-art in sample preparation and
analytical methods to provide reliable results, robust and highly sensitive method for
trace analysis of VOC in both air and water matrices is progressive, Trend is still

toward miniaturization, green chemistry, fast and cost effective system.




CHAPTER 3

Electrochemical analysis of organic compounds

3.1 Introduction

Electrochemistry is concerned with the relationship of electrical and
chemical effects. A huge area of this field involved with the study of chemical change
caused by applying an electric current or voltage and the production of electric energy
by chemical reactions (Bard and Faulkner, 2001). Electrochemical techniques are
widely used to study the kinetic and mechanisms of chemical reaction including
clectron transfer at the electrode. When an electric potential is applied to the system
the current is generated proportional to the amount of chemical (Wang, 2006). Thus,
different electrochemical methods can be applied to the analysis system and this is
called electrochemical analysis. Flectrochemical analysis is the technique based on
the electrical quantities such as current, potential or charge which is related to the
chemical in the sample. Here we focused on the potential-controlled technique which
studied the charge transfer processes at the electrode-solution interface and the

application of electrochemical methods for organic compound analysis.
3.2  Electrochemical detection technique
3.2.1 Voltammetry

Voltammetry is one of the techniques in electrochemical analysis
which current is studied as a response to a scanned potential. This technique has a
broad range of applicability in analytical chemistry and provides chemists with
information about the thermodynamics and kinetics of chemical reactions, and they
can be used to identify quantitative different species in solution effectively. In this

chapter, some techniques used for detection of organic compounds are reviewed.
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Cyclic voltammetry is a widely used technique to study the
electrochemical reaction at the electrode surface. This can be performed by linearly
scanning the potential in an unstirred solution with single or multiple cycle
waveforms to meet special needs. It can be used to investigate the interfacial behavior
of electroactive compounds (Wang, 2006). For example, the real surface arca of
copper electrode was studied via the integral of adsorption peak of Pb (Lukomska and
Sobkowski, 2004). The peak current obtained is related to the surface coverage (I,
mol cm™) and potential scan rate which is shown below (Wang, 2000);

- n,FIAv
d 4RT

where v is the scan rate, 4 is the surface area of the electrode (cm?), # is the number of

(3.1)

transferred electron, F is the Faraday’ constant (96,4854 C), R is the gas constant
(8.314 J K" mol™) and T is the temperature. The saturation peak area can be used to
calculate the surface coverage which correlated to the area of the surface occupied by
the adsorbed molectuile as follows.

O = nFAT (3.2)

In addition, cyclic voltammogram can be applied for quantitative
analysis via the measured peak current. For example, the iireversible oxidation peak
of ephedrine, norephedrine and n-methylephedrine can be observed by single anodic
peak using carbon past electrode (CPE) modified with cobalt phthalocyanine (CoPC)
(Figure 3.1A) (Cookeas and Efstathiou, 2000). Electrochemical reduction of two
nitroso compounds, i.e., ortho- and meta-nifrosotoluene derivatives has been carried
out using cyclic voltammetry (Nifiez-Vergara et al., 2001).

Other voltammetric techniques are based on cmrent/potential-step and
differ in their potential waveforms and current sampling regime. For example, square
wave voltammetry was used to measure the current response of the electrochemical
reduction of 2, 4, 6 trinitrotoluene and 2, 4-dinitrotoluene (Bozic et al., 2008). In this
technique, the sutface of a gold electrode was modified with alkanethiols to improve
the resolution of the reduction peaks from both compounds and interference from
background current, The results showed a good resolution be&veen these two peaks
with the potential of -0.48 and -0.62V for DNT and TNT, respectively (Figure 3.1B).
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As comparing background, it is clearly observed that modified electrode with SAM
layer can suppress of the interfering background currents cffectively. Mackie and co-
worker have also reported the usage of Triton-X-100 in cathodic stripping
voltammetry (CSV) for pyrithione detection. Triton-X-100 can separéte the peak of
pyrithone from other interfering thiol compounds (Mackie ef al., 2004).
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Fig. 3.1 Cyclic voltammograms for quantitative analysis, (A) CoPC/CPE (solid
line) and the CPE (broken line) of 1.0 mmol L™ solutions of ephedrines
in 0,10 mol L' NaOIL Scan rate: 100 mV s (Cookeas and Efstathiou,
2000) (B) Square wave voltammograms for 4 ppm TNT analyte only, 4
ppm DNT analyte only, and for a 4 ppm DNT+ 4 ppm TNT mixture. L
The working electrode was bare gold, iI: The working electrode was

gold modified with an MCP monolayer (Bozic ef al., 2008).
3.2.2 Amperometry

In this technique, a fixed potential is applied and the resulting current

response was measured. This section will be reviewing some of amperometric
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techniques for organic compound detection, The widely used technique is
chronoamperometry. This technique involves with the current resulting from given
potential at working electrode. The resulting current-time related to the change of the
concentration gradient of the electrode surface (Bard and Faulkner, 2001; Wang,
2006). The peak current at a macroelectrode for one electron reduction is given by the
Randles-Seveik equation (Bard and Faulkner, 1982);

I =2.69x1052°°D'?C, v 4 (3.3)

peak
where Jeq is the peak current in amperes, n is the number of electrons transferred in
the rate determining step, D is the diffusion coefficient in cm? s_l, Chu 18 the bulk
congentration of active species in solution in mol cm™, v is the scan rate in V s™' and
A is the surface arca in cm’. Therefore, chronoamperometry can also be used for -
measuring the diffusion coefficient of electroactive species or the surface area of
working electrode.

Chronoamperometry is a useful technique for measuring the adsorbed
reactant. For example, ephedrine and ethylamine were determined using cobalt
phthalocyanine modified carbon paste electrode with amperometric detection
(Cookeas and Efstathiou, 2000). To improve limit of detection, integrated pulsed
amperometric detection (IPAD) was applied for the detection of thiourea in flow
injection analysis (Lee and Yeo, 2001). The pulse waveform used in the integrated
pulsed amperometry consisted of three steps: detection potential, oxidation potential,
and reduction potential (Figure 3.2). In this technique, better signal to noise was

obtained which could improve the limit of detection (Lee and Yeo, 2001).
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Fig. 3.2 Triple-step potential waveform for the integrated pulsed amperometry for
the analysis of thiourea in 0.1 M NaOH.

33 Electrode material
3.3.1 Mercury electrode

Mercury clectrode is an attractive choice for electrode material due to
high hydrogen overvoltage property resulting in wide cathodic potential window.
However, the drawbacks of this electrode are its limited anodic range and high
toxicity (Boening, 2000; Economou and Fielden, 1997; Page ef al., 1962; Wang,
2006). There arc several types of mercury electrode such as dropping mercury
electrode (DME), hanging mercury drop electrode (HMDE) and mercury film
clectrode (MFE). Among these HMDE is the popular working electrode for stripping
analysis and cyclic voltammetry (Economou and Fielden, 1997; Page et al., 1962).
However, using mercury can catse environmental problems. Therefore, another
material was introduced instead of mercury such as bismuth which will be discussed

in section 3.5.3.
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3.3.2 Solid electrode

Because of the limitation of the anodic range of mercury electrode,
many types of solid electrode was developed such as gold (Giacomino ef al., 2008),
platinum (Kyriakou et al., 2006), silver (Liang et al., 2005), nickel (Kerr and Mike,
1998), bismuth (Romann ef al., 2008), palladium (Grdef ef al., 2008) and copper
clectrodes (Chen and Hibbert, 1997). Some of these were developed for specific
purposes, For example, bismuth microelectrodes with the in situ renowable surface
have been developed and applied to capillary electrophoresis in flow injection
analysis for pyridine and Pb”* and Cd*" detection (Romann ef al., 2008). Copper wire
clectrode was used for carbohydrate and carboxylic acid detection in flow injection
analysis (Chen and Hibbert, 1997). In addition, to enhance the electrode performance
metal solid amalgam electrodes has also been successfully introduced. The example is
cither silver or copper solid amalgam electrode for cathodic stripping voltammetry of
cysteine (Yosypchuk and Novotny, 2002). Silver or copper solid amalgam electrodes
were prepared by packing silver or copper powder into a glass capillary which electric
contacted to a platinum wire inserted into the powder then amalgamated by liquid
mercury (Yosypchuk and Novotny, 2002). A new type of copper solid amalgam
electrode was also investigated by the same group for phytochelatins detection

(Yosypchuk et al., 2003).
3.3.3 Chemically modified electrodes

Chemically modified electrodes (CMEs) have been developed over the
past two decades. The ability to modify electrode surface has led to a wide range of
analytical applications and created powerful opportunities for electroanalysis. The
manipulation of the clectrode surface aims to improving sensitivity, selectivity and/or
stability for tailoring and the response in order to meet analytical needs. Chemically
modified elecirode can be reformed by immobilization of modifier agent onto the
electrode surface via chemical reactions, chemisorptions, composite formation or
polymer coating. Since physicochemical properties of the modifier are transfered to

the electrode, therefore, electrode characteristics and reactivity could be controlled via
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surface modification. Many applications of CMEs have been reported and are

summarized here,

Carbon nanotubes modified electrodes

Carbon nanotubes (CNTs) were discovered in 1978 by Peter Wiles and
John Abrahamson at the University of Canterbury in Christchurch, New Zealand.
They observed carbon fiber ranging in diameter from 4 nm up to 100 nm with lengths
up to 15 micrometers. Then, the properties and applications of CNTs were introduced
by Ljima in 1991 (Gong et al., 2005). Their unique propertics have led them to be
employed in significant applications in many fields such as electronics, medicine,
acrospace and industry. Muitiwall carbon nanotubes successes in electrochemical
applications due to the ability of this nanomaterial to improve electron transfer in
electrochemical reactions. In particular, CNTs are excellent electrode materials due to
their good electrical conductivity and mechanical strength, chemically inertness, high
surface activity and a wide potential window (Agiii ef al., 2008; Wildgoose ef al.,
2006). The CNTs were modified to adjust the properties in some researches. The
methods for modifying the surfaces of CNTs can be classified into two ways;

1) Covalent bonding or chemisorption of the modifier to the CNTs. For
example, covalently derivatization of carbon powder via the chemical reduction of
aryl diazonium salts with hypophosphorous acid (Heald et al., 2004). This allows the
covalent derivatisation of MWCNTSs by anthraquinone-1-diazonium chloride (Figure
3.3A) and 4-nitrobenzenediazonium tetrafluoroborate (Figure 3.3B). This can be used

for a variety of applications such as the possibility of sensor miniaturisation.
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Fig. 3.3  Modification of CNTs via covalent bonding (A) The redox reaction for 9,
10-anthraquinone covalently attached to MWCNTs (B) The proposed
reduction mechanism for nitrobenzene covalently attached to MWCNTs
(Heald et al., 2004)

2) Miscellaneous methods of modification via incorporation CNTs
with others materials such as polymer film and intercalation of the modifier info the
CNTs. Yor example, the nanocomposite films of polypyrrole (PPy) and multiwalled
carbon nanotubes (MWCNTSs) were electrochemically synthesized by direct oxidation
of pyrrole in 0.1 M aqueous solution of dodecylbenzene sulfonic acid containing
MWOCNT as shown in Figure 3.4A (Han et al., 2005). This material could be used in a
sensor system. In addition, a 10-40 nm diameter Pt-Pb alloy nanoparticle/multi-
walled carbon nanotube (Pt-Pb/MWCNT) nanocomposite was prepared by
electrodepositing Pt-Pb alloy onto MWCNTs that were vertically aligned on Ta plates
(Cui et al., 2006). From the result P+Pb alloy nanoparticles were mainly deposited at
the tips, and sparsely dispersed on the sidewalls of the bamboo-like MWCNTs

(Figure 3.4B). This electrode was developed for nonenzymatic glucose sensor.
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Fig. 3.4 SEM images of composite CNTs modified electrode (A) Ppy-MWCNTs
(Han ef al., 2005) (B) P~Pb/MWOCNT (Cui et al., 2006).

The sol-gel technique is another choice to synthesize composite
electrodes due to the combined benefit of sol-gel and electrochemistry of CNTs. This
can be prepared by adding CNTs into a silica gel matrix, The formation of silicate gel
can be performed via hydrolysis, condensation, polycondensation and drying using

methyltrimethoxylsilane as a precursor, following these reactions (Gong ef al., 2005).

Hydrolysis
cs e,
C,H,0 ~ Sli— OC,H, + 3H,0 N Ho-—S]i_OH +3cHon GD
OC,H, OH

This reaction provides the formation of silanol groups.

Condensation
(IZH3 (IZ‘H3 CIH3 (IJH3
HO—E‘fi—OH+ HO—SIi-OH —_— HO-SIi— O_Sli— OH + H,0 (3.2)
OH OH OH OH

The silanol groups further react to produce siloxane polymers.
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Polycondensation
C H H
f Gt P G (3.3)

n —Sli-'O--Si- R —Sli‘—O—SIi—
|
n

Siloxane polymers further react to produce polysiloxane polymer.

This polymer is hydrophobic which could interact with CNTs via
hydrophobic ~sidewalls. The CNTs covered with silicate particle are not
electrochemically assessable therefore could not be used for electrode reaction (Gong
et al, 2005). In contrast, the open part could work as nano-electrode for

electrochemical reaction.

Nanomaterials modified electrode

In recent years, the electrode development has focused on the
miniaturization of nanotubes, nanoballs, nanodots and in particular nanopatticles. The
benefits to the use of a nanoparticle modified electrode when compared to a
macroelectrode are high effective surface area, improved mass transport and catalysis.
For example, gold nanoparticles were electrodeposited onto planar gold electrode
(Figure 3.5A). The assembly structure and property of mercaptopropionic acid self-
assembled monolayers on gold nanoparticle modified electrode (nanogold electrode)
was developed. This modified electrode was used to study electron transfer by cyclic
voltammetry (Liu ef al., 2005).

Pd nanowire arrays (NWAs) with the diameter of 50 nm and length of
850 nm were prepared using a porous aluminum oxide template by pulse
electrodeposition (Cheng ef al., 2008). The SEM image was used to characterize the
obtained PANWAs structure (Figure 3.5B). The electrocatalytic activity of electrodes
for methanol and isopropanol oxidation in alkaline media was investigated and found

that PANWAs provide excellent catalytic activity for alcohol electrooxidation.
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Fig. 3.5 SEM image of nanowires modified electrodes (A) Gold nanoparticles (Liu
et al., 2005) (B) Pd nanowire arrays (PANWAs) (Cheng et al., 2008).

Thin film modified electrode

Recently, Hou and coworkers (Hou ef al, 2008) reported on using a
film of 3,5-dihydroxy benzoic acid, polymerized on the surface of a glassy carbon
electrode (GCE) in neutral solution by cyelic voltammetry. The voltammogram was
shown in Figure 3.6, a cathodic peak appeared in the first cycle with a potential at -
0.55 V. Then larger peaks were observed on continuous scanning, reflecting the
continuous growth of the film. These facts indicated that DBA was deposited on the
surface of GCE by electropolymerization. The poly(DBA) film-coated GCE provided

excellent electrocatalytic activity toward the oxidation of dopamine (DA).




46

180+
10604
50

50

Currertt O A

100
150,

-

Rkt Sididnint LA SRR NN S AR St e S A SR S ]
26 20 {156 40 05 00 05 .10 .15
PotentialV

Fig. 3.6 Repetitive cyclic voltammograms of 2.0x10% M DBA in 0.1 M NaCl
solution. Initial potential:-1.5 V; terminal potential: +2.5 V; scan rate: 100
mV s (Hou et al., 2008).

Another interesting work on polymer modified electrode is the usage
of conducting polymer organic electrodes modified with phage host cells (Salmonella
Newport) (Dadarwal et al., 2008). In this work, the polypyrrole conducting polymer
was modified into microporous polycarbonate membranes (Figure 3.7). Then, S.
Newport host cells were deposited on the surface of a polypyrrole polymer electrode
and placed under vacuum to draw the cells into the membrane pores followed by
transferring to the electrode housing assembly. It is successfully employed to detect
bacteriophage by monitoring their infectivity of host cells immobilized on the surface

of polypyrrole organic electrodes.




47

Fig. 3.7 Polypyrmrole film deposited onto microporous polycarbonate membranes to

form conducting polymer organic electrode (Dadarwal ef al., 2008).

Another type of thin film electrode is amalgams electrode,
demonstrated by Kapturski and Bobrowski (Kapturski and Bobrowski, 2008). The
application of the silver amalgam film electrode (Hg(Ag)FE) prolonged analytical
applicability to the determination of cobalt and nicke!l by adsorptive stripping
voltammetry. Silver and copper solid amalgam electrodés have been successfully
tested for cathodic stripping voltammetry of cysteine (Yosypchuk and Novotny,
2002).

3.4  Other electrodes
3.4.1 Microelectrodes

Electrodes of different materials have been miniaturized in many
geometrical shapes to develop small dimension devices. Generally, the term

“microelectrode” is defined for electrodes which at least one dimension not greater

than 25 pm (Wang, 2006). Microelectrodes provide attractive properties which could
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be applied in various electrochemistry systems. The very small current at the
microclectrode making it possible to use this electrode in highly resistive solution,
reduced double layer capacitance allowing high speed voltammetric expetiments.
Microelectrodes can also increase rates of mass transport of electroactive species. ‘

Replacable microelectrode has been applied to microchip capillary
electrophoresis system. This electrode could be prepared in laboratory from carbon
fiber and could be used for dopamine and epinephrine detection as shown in Figure
3.8A (Zeng ef al., 2002). Recently, column and row microelectrodes on two different
glass substrates were arranged for electrochemical detection (Lin ef al., 2008). This
device provided 10 x 10 detection points on a single chip (Figure 3.8B). The present
device was used for imaging the spots of alkaline phosphatase on the array substrate
indicating that the device can be applied to comprehensive and high-throughput

detection and imaging of biochemical species.
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Fig. 3.8 (A) Capillary electrophoresis chip for carbon fiber microelectrode assembly
1 separaﬁon channel; 2 glass plate; 3 plexiglass block; 4 cpoxy; 3 guide
tube; 6 Pt wire; 7 Ag/AgCl wire reference electrode; 8 pipet tips; 9
capillary electrophoresis chip; 10 plexiglass body; 11 electrode holder; 12
precision screw; 13 spring, B. Layout of the chip: (a) buffer reservoir, (b)
sample reservoir, (¢) saﬁaple waste reservoir, (d) detection reservoir (Zeng
et al., 2002) (B) Scheme of the working area of the device; 1 double-sided
adhesive paper; 2 row electrode; 3 column electrode; 4 glass substrate; 5
gap of the substrate; 6 gap between the two microelectrodes; 7 width of the
microelectrode (Lin et al., 2008).

3.4.2 Secreen printed electrodes

The demand for easy to use, portable, cost cffective electrodes led to
the development of screen printed electrodes. For example, an electrode coated with
nafion layer was prepared on PVC pad with the screen-printing technique containing a
pair of working and reference electrodes (Figure 3.9A). This screen printed electrode
was modified with CNTs (Figure 3.9B) for hydrogen peroxide detection (Wang and
Musameh, 2004). The thick-fitm of CNT sensor strips can improve electrochemical
properties and analytical performance. The fabrication and characterization of screen
printed electrodes modified with polyaniline polymer nanoparticle films produced via

inkjet printing were also investigated (Morrin et al., 2008). Both conductive and
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electroactive of the film was studied. The redox peak of leucoemeraldine, emeraldine
salt, p-benzoquinone and hydroquinone was also characterized. The film morphology

was presented by SEM (Figure 3.9C).

Fig. 3.9 Screen printed electrode (SPE) (A) SPE coated with nafion layer for
cholinesterase biosensor design (Gogol ef al,, 2000) (B) SEM image of
multiwall carbon mnanotubes (CNTs) medified screen-printed (SP)
clectrochemical sensors (Wang and Musameh, 2004) (C) SEM of
polyanilene polymer nanoparticle films modified on screen printed

electrode (Morrin et al., 2008).
3.5  Flow injection system with electrochemical detection

Flow injection is the technique that the liquid analyte is injected into a
flowing stream of carrier solution and flow through working electrode.
Electrochemical reaction occurred at working electrode can be measured at different
mode such as current or potential. Applications of electrochemical detections in flow
injection systems have gained popularity in recent years, in particular it is useful for

organic compounds detection (Toth et al., 2004; Wang, 2006). Electrochemical
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detection under hydrodynamically controlled conditions reveals special features as
follows (Téth et al., 2004):

- The shear forces of the flowing liquid continuously clean the surface
of the working electrode therefore the fresh of working electrode surface is generated
with intensive washing, solution or solvent switching and potential cycling compared
to batch system.

- The continuously flowing of cartier solution can remove reaction
products (voltammetric electrodes) and impurities can condition of the working
electrode.

- The convective transport of an analyte reduces response time and
improves the detection limit compared to batch system with diffusion transport.

- Reference electrode can be selected and designed.

- The usage of microelectrodes provides operating condition in
solutions with very low conductivity, suppressed signal dependence on the liquid flow
rate.

In flow injection systems, a wide range of flow cell has been designed
for electrochemical detection. Each type is characterized by the length, diameter, and
shape of its detection channel and electrode geometry. Generally, the flow is either
parallel to the electrode surface (Pingarrén et al., 2001), perpendicular to the electrode
surface (wall-jet cells) (Alden ef al., 1999) or the liquid passes through a tubular
electrode. These parameters determine the character of the liquid flow under the
experimental conditions and the predominant mode of the mass transport within the
cell (Téth et al., 2004).

Amperometric detection is usually performed by controlling the
potential of the working electrode using a constant value. The current is monitored as
a function of time. The magnitude of the peak current measured is related to the
concentration of analyte that passes through the detector. For example, carbon fiber
microelectrodes (CFMEs) modified with rhodium (Rh) via electrodeposition
technique for amperometric detection of hydrazine under flow-injection conditions

was studied (Pingarrén ef al., 2001). The comparison between the amperometric
responses to hydrazine injections of Rh-CFME and Rh-modified glassy carbon

electrode was presented in Figure 3.10. A stable baseline and a reproducible response
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-were obtained with CFMEs, whereas less stability, high background current and

decrease of the peak current with consecutive injections were accomplished when

glassy carbon clectrode was used.
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Fig. 3.10 The comparison between the amperometric responses to hydrazine

injections using (A) Rhodium-modified carbon fiber microelectrodes

(Rh) (B) Rhodium-modified glassy carbon electrode in a flow injection

system (Pingarron ef al., 2001).

The detection limit in flow injection systems is determined by the

signal-to-noise (S/N) ratio which can be improved by electronic and hydrodynamic. In

voltammetry techniques, the waveform of the excitation signal and the sampling

pattern of the measured current determine the sensitivity and detection limit. The

different potential pulse techniques generally can improve the detection limit by

decreasing the noise, i.e., the detrimental effect of charging cutrent. In addition,

increasing mass transfer rate by the hydrodynamic approach and flow rate increasing

can also improve the detection limit since the background current changes less while

the signal improves significantly (Téth ef al., 2004).
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3.6 Conclusions

The intereét in electrochemical analyéis for organic compounds
detection is the wide range of potential applications and the possibility to enhance the
analytical signal by using different detection methods such as voltammetry and
amperometry or modifying of electrode with various materials. Main objectives of
modified electrode are to enhance sensitivity providing low LODs, specificity,
climinating of interferences and providing a robust and reproducible method. Various
materials were taken to be electrode modifier such as thin film of metal and polymer,
nanomatenals which are carbon nanotubes, nanoparticle and nanowires. To achieve
high speed voltammetric experiments microelectrode was then developed. In addition
to the demand for ease of use, portability and cost effectiveness screen printed
electrodes were introduced. The incorporation of flow injection and electrochemical
detection was also emphasized. Overall, it may be concluded that the state-of-the-art
in electrochemical analysis to provide low LODs, high specificity, elimination of
interferences and providing a robust and reproducible method is progressive and still

be the challenge for researchers.




CHAPTER 4

Electrochemical synthesis of nanowires

4.1 Introduction

Nanotechnology is the technology that makes it possible to create
functional materials, devices and systems through the controlling of matter on the
nanometer length scale (1-100 nanometers) and exploitation of novel phenomena and
properties such as physical, chemical, biological, mechanical and electrical at that
length scale (Klabunde, 2001). Nanomaterials have influence on huge area which
could change our industries and finally our lives. For instance, at present it is possible
to create medicines in nanoparticle form which can dissolve in bloodstream where
larger patticle can not do (Roco ef al., 1996) or coating gold nanoparticle with DNA
stands for DNA detection (Wang, 2003). In environmental role, there are successfully
developments of porous metal powder-sand membranes for ground water
decontamination (Belyakovaa et al., 1998), semiconductor nanoparticles for more
efficient solar cell (Giinesa ef al., 2007), metal oxide nanoparticle for acidic gases
(Leva et al., 2007) and polar organics compound adsorption (Grasset ef al., 2003).
Nanoparticle can aiso improve security systems (Strem Chemicals, 2005). Therefore,
it is quite clear that these nanomaterials are useful in health, environment and
industries world wide.

The definition of nanomaterials is that one of their dimensions should
be less than 100 nanometers which is around 2 thousandth of a single strand of human
hair. These nanomatetials can be classified into nanoparticle, cluster, colloid,
nanocrystal, quantum dot and nanoscale material (nanowire) (Klabunde, 2001).
‘Nanowires are a specific type of nanoparticle that has cylindrical shape and it is one
of the most attractive nanomaterials because of their unique propetties leading to
various applications. However, in the nanoworld the aspect ratio (length to diameter

ratio) is the parameter used to classify the type. For example, wires with large aspect
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ratio greater than 20 are called nanowires, whereas the one with smaller aspect ratio is
calied nanorod (He and Tao, 2003).
The objective of this chapter is to give an introduction of nanowires,

their production, characterization technique and finally applications.
4.2  Nanowires fabrication

Nanowires can be produced from different materials such as metals
and polymers. Different methods such as sol-gel and deposition could be performed
resulting in different properties of nanowires. In this chapter two typical synthesizing

techniques of nanowires are reviewed, i.e., top down and bottom up.
4.2.1 Top down technique

In the top down approach, amounts of material in specific locations are
removed revealing a nano structure where the original size is much larger than the
obtained material (Yogeswaran and Chen, 2008). Top down technique is generally
used for making solid state integrated circuitry devices that can have features down to
tens of 1 nanometers, or even microfluidic devices where the working fluid has a total
volume in nanoliters (Yogeswaran and Chen, 2008).

The main top down technique is lithography. The genetal idea with
lithography is that a pattern is traced onto a photosensitive material by selective
exposure to a radiation source such as light, A photosensitive material is a material
that can change its physical properties when exposed to a radiation source. If
photosensitive material is selectively exposed to radiation (¢.g. by masking some of
the radiation) the pattern of the radiation is traced to the material. When exposed to
radiation at specific wavelength the properties of photosensitive material can be
changed therefore the removal of exposed ot unexposed photosensitive material can
be performed. This process can be applied to make 2 pattern of microfluidic chip and
may also be used as a template for depositing another material (Figure 4.1A).
Schematic diagram showing photosensitive material used as a template for nanowires

synthesis is shown in Figure 4.1B. Once the pattern or nanowires have been
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deposited, the photoresist is stripped and the nanowire is pattern on the substrate
(Darling, 2005). The top-down approach can be used to synthesize nanowires and also
nanoelectrodes. For example, combination of multiple lithographic. steps and
anisotropic chemical etching processes or deposition of other materials can produce
GaAs nanowires with controlled properties along their longitudinal dimension (Sun e/
al., 2005).

A B

Radiafion Positive photoresist was used as template

T N Mask

Photosensitive material
(photoresist)

Substrate

Changing property of
photoresist in the area that
expose to radiation

/ \ Removing photoresist

Positive photoresist Negative photoresist

Remove
photoresist

Nanowires were deposited onto
the substrate

Fig. 4.1 Schematic diagram of photolithography, (A) Photosensitive material was
exposed to the radiation resuiting changing its property (B) Positive

material was used as template for nanowires synthesis (Darling, 2005).

To make a microfluidic device, metal nanoelectrode structures were
produced by blending traditional top-down lithography with nanogaps in the 10-50
nm regime, this would enable reliable measurement of the conducting properties of
single molecules, nanoparticles and other low-dimensional materials (Srinivasana ef
al., 2006). In addition, a microfluidic device was made by soft lithography for the
fabrication of microchannels, The patterned energy responsive material such as
polydimethylsiloxane (PDMS) and iaoly-methyl methacrylate (PMMA) is often used
for pattern casting (Vlachopoulou ef al., 2005). This technique is powerful and widely
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used, however making of nanowires with this technique is not very practical since it is

very labor intensive.
422 Botiom up technique

The other type of nanofabrication is bottom up technique. Generally,
this process involves the reduction of metal and electropolymerization of the polymer
from the solution into the pore of the template. Either soft or hard template can be

used in this approach (Leach et al., 2007; Yogeswaran and Chen, 2008).
4.2.2.1 Soft template

This synthetic route is used to make common colloidal gold and
various other nano-sized materials including magnetic, and semiconductor types. The
basic procedure is to precipitate the ionized materials from a solution into a soft
surfactant template by chemical reduction of the material. The shape and size of the
material reduced out of solution can be controlled by varying the surfactant type and
concentration, the material type and concentration, and the reducing agent type and
concentration (Shankar and Raychaudhuri, 2005).

Generally, the above procedure can produce both spherical particles
and rod-shape nanostructures., For cxample, when spherical micelles were used
(Figure 4.2a) spherical particles were synthesized. In case of rod-shape nanostructure,
it could be synthesized using cylindrical micelles shown in Figure 4.2b, There is
report on the .usage of gold with certain aqueous media surfactanis such as
hexadecyltrimethyl-ammonium bromide where rod-shaped nanoparticles were
produced (Nikoobakht and El-Sayed, 2003), Pluronic 123 (P123) surfactant was used
as a template to produce silver nanowires (Habib, 2006) and sodium dodecylbenzene
sulfonate was used to synthesize Se/Te alloy nanowires with the length ranges from

300 nm to several pm (Qin ef al., 2006).
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Spherical micelles Cylindrical micelles

Fig. 4.2 Schematic illustrated of micelle soft template used for nanowires synthesis
(a) spherical micelles for spherical particles (b) cylindrical micelle for

rod-shape nanowires (Shankar and Raychaudhuri, 2005).
4.2.2.2 Hard template

In hard template synthesis, the material or template used for the growth
of nanowires is acting as a working electrode. After the potential is applied, the
nanowires start to grow inside the pore of the template. Generally, hard templates are
rigid and non conducting. This means that the templates used for the efectrochemical
synthesis need a conductive layer on one side of the template. Therefore, the bottom-
up synthesis can begin. The hard templates used for fabrication of nanowires include
track etched membranes, alumina membrane and anodized aluminum oxide (AAO)

membranes.
4.2.2.2.1 Track etched membranes

The technique is based on a heavy charge particle from nuclear
radiation resource passes through a certain material such as mica film and leaves
behind a track of radiation damage (Figure 4.3), called “Coulomb Explosion”
phenomenon (He and Tao, 2003; Price and Walker, 1962). The minimum pore size of

the track is only 2.5 nm. The track can be selectively etched in a suitable reagent, such
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as hydrofluoric acid and the diameter of the pores can be controlled by controlling the
etching time (Price and Walker, 1962).

Fig. 4.3 Track-etch process for nanoporous membranes. A) heavy-charged partiéle
pass through substrate B) Cylindrical pore in a mica C) Top view of

nanomembrane

This technique can be applied to various substrates such as plastic
membrane including polycarbonate membrane and polyester.  Track etched
polycarbonate membranes are merely thin picces (standard thickness range from 6 to
20 pm) of polycarbonate that are bombarded with ions accelerated in a high potential
gradient. Typical pore diameters for polycarbonate membranes can range from ten
nanometers to several microns (Cao and Liu, 2008). An important advantage of these
plastic templates over the mica films is that their surface wettings properties can be
adjusted which is important for some applications. Some drawbacks of polycarbonate
membranes include pores crossing paths inside the polymer and pore density 1o’
pores cm™). Pores tend not to be perfectly parallel to each other which is tolerable in
many applications and complicate the interpretations of measured properties could be
achieved, Membrane must be dissolved with an organic solvent to free the nanowires.
The membranes are very flexible and somewhat hard to work with (He and Tao,

2003). They are however commercially available and inexpensive (Figure 4.4).
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HID,BED

Fig 44  Electron micrograph of polycarbonate template membrane with 1 pm
diameter pores (Hulteen and Martin, 1997).

4,2.2.2.2 Porous alumina membranes

Alumina membrane templates are the most common hard template
used for nanowires synthesis (Figure 4.5). These templates are very rigid and have a
very regular porous structure with pores ranging from 20 nanometers to a maximum

of 200 nanometer (httpy/www.whatman.com, 2007).. The benefits of these

membranes are that they are commercially available and relatively inexpensive, rigid
and slightly easier to handle although fragile, stable in slightly acidic to slightly basic

solutions and have regular and cylindrical pores.
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Fig 4.5 Electron micrograph of alumina membrane with 200 nm diameter pore
(http://www.whatman.com/PRODAnoporeInorganicMembranes,aspx,
2007).

Another type of porous alumina template can be prepared via the
anodization of aluminum film in acidic solution (Shankar and Raychaudhuri, 2005).
This type of template can be fabricated easily. Before anodization the surface of Al
sheet needs to be cleaned in acetone to remove impurities. The surface impurities can
then be removed using 1% HF, 10% HNO;, 20% HCI, and 69% H,O by volume
(Caffarena ef al., 2006). The diameter, depth of the pores and the space between each
pore can be controlled by adjusting the anodization conditions i.e., anodization
voltage, time and electrolyte (He and Tao, 2003). During the aﬁodization process, a
voltage is applied to the Al sheet (anode). Oxidation occur at the metal/oxide interface
by the movement of oxygen ions (O or OH‘) from the electrolyte as shown in this

reaction (Caffarena et al., 2006);

2A1+30% — AlyO3 + 6e” 4.1)
This ALO; layer is called “barrier layer” (Saedi and Ghorbani, 2005). After the
formation of Al,0;,, the hydration reaction occurs causing the dissolution of the oxide

layer as shown below (Caffarena et al., 2006);

QAP +30% + 6H,0— ALOs + 6H' + GOH’ (4.2)
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The occurrence of electrons at the anode is then ejected to the solution and forming

hydrogen gas with hydrogen ion at the cathode as shown below (Sarkar et al., 2007);
6H" + 66" — 3H, : 4.3)

O% moves toward the Al sheet and the porous alumina oxide layer form. When A" is
cjected into the solution at the oxide/electrolyte interface the pores are formed. These
porous alumina structures are separated from Al substrate by barrier layer (Saedi and
Ghorbani, 2005).

The individual nanopores in the alumina can be ordered into a close-
packed honeycomb structure (Figure 4.6). The pore density could be up to 10°-10"
pores em? which aflows large scale nanowire production, the pore diameter ranges
from 4-200 nm and pore length from 1-50 pm (Sarkar ef al., 2007). Therefore,
various sizes of nanowires can be synthesized. The anodized alumina oxide teniplatcs
arc casily dissolved with alkaline solutions most conimonly sodium hydroxide
(NaOH) (reaction 4.4) (Cao and Liu, 2008) to obtain free-standing nanowires
(Caffarena et al., 2006).

a-ALOs (s) + 3 sz (1) + 6OH" (aq) — 2 AI(OH)s" (aq) (4.4)

4@ Siz/e—r/

Barier layer%:
\\

Fig. 4.6 Schematic diagram of a porous anodic alumina film on aluminum, showing

honeycomb pores structure in cross-section (Saedi and Ghorbani, 2005).
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4.3  Electrochemical deposition

There are several ways to fill the nanopores with metals or other
materials to form nanowires, but the electrochemical method is a general and versatile
method. Flectrochemical deposition or electrodeposition is the technique that external
electric field was applied, to diffuse charged reactive species to be deposited at the
clectrode. In general, this method is suitable for electrical conductive materials such
as metal, alloys, semiconductor and conductive polymers. Electrochemical deposition
can be accomplished by coating one side of the membrane with conductive layer. In
this process, at the initial deposition, the electrode was separated from the depositing
solution. The electrical curtent must go through the deposit to allow the deposition
process to continue. The electrode potential was described by Nernst equation (Bard
and Faulkner, 2000; He and Tao, 2003);

E= E°+£§;—ln(a,.) @.1)

n;

Where E°is the standard electrode potential, a; the ion activity, Fthe Faraday’s

constant, R the gas constant and T the temperature. When the electrode potential is
more negative (higher) than the energy level of vacant molecular orbital in the
electrolyte solution, clectron transferred from electrode to the solution as shown in
Figure 4.7a. In this stage the reduction process oceurs. When electrode potential is
more positive (lower) than the energy level of the occupied molecular orbital the
clectron transferred from the electrolyte solution to electrode (Figure 4.7b) the
oxidation process occurs and the reaction stops when the equilibrium is reached (Bard
and Faulkner, 2000).
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Fig. 4.7  Schematic diagram showing a reduction (=) and oxidation (b) process of a

species A in solution. MO: molecular orbital (Bard and Faulkner, 2000).

In the clectrodeposition technique the membrane with conductive layer
was set up as shown in Figure 4.8. The conducting layer contacted with the working
electrode therefore, the template acted as a working electrode. On the other side is the
plating solution (Figure 4.8A). The deposition process starts from the bottom of the
membrane and proceeds to the top. The current during the electrodeposition step is
presented in Figure 4.8B. Since the membrane pores are vety small, at the beginning
the solution moves slowly into the pores and electrodeposition gradually takes place.
This can be observed from the gradually increase of current (I) until the bottom of the
pores are completely filled with metal. Then the current increase rapidly since the
contact area with the electrolyte increases (II). Finally, the cutrent is constant showing

that the pores are completely filled with nanowires (III) (Cao and Liu, 2008).
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Reference electrode

Auxiliary electrode A B

Plating solution

Current (mA)

Porous membrane

Gold film :
Working electrode 0 1000

Time (s)

Fig. 4.8  Experimental set up of (A) the template-based assist electrodeposition
technique (B) Current-time for the electrodeposition of Ni nanowires
into a polycarbonate membrane with 60 nm diameter pores at —1.0 V
(Whitney ef al., 1993).

The growth of nanowires using conductive material in
electrodeposition technique can be divided into metals and alloy, metal oxide,
semiconductors, conductive polymers and composite nanowires (He and Tao, 2003;

Hulteen and Martin, 1997; Meenach ef ¢l., 2007).
4.3.1 Metals and alloy

Various metals and alloys have been used to synthesize nanowires. For
example, Bi nanowires with diameter of 40, 70 and 100 nm have been synthesized by
electrochemically depositing Bi into porous polycarbonate membrane. Figure 4.9A
shows TEM image of Bi nanowires (Tian ef al., 2006). In another work, Pd nanowire
arrays wete prepared by pulsed electrodeposition (PED) method using anodic alumina
oxide (AAQ) template. The diameter of prepared Pd nanowires was 80 nm. The SEM
image of free standing Pd nanowires is shown in Figure 4.9B (Kim ef al., 20006). In
addition to solid nanowires, porous Au was also fabricated via electrodeposition of

Ag/Au alloy followed by acid etching of Ag component using alumina membrane
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template with 200 nm pore size. SEM imaging was used to study the characteristic
and pore size of porous gold nanowires as presented in Figure 4.9C (Liu and Searson,
2006). To obtain more functional nanowires, multisegment nanowires were also
synthesized by eleétrddeposition method. The mixture of metals plating solution was
used 1o obtain strip nanowires of Fe/Au, TEM image of these nanowires is as shown
in Figure 4.9D (Lee et al., 2007).

Besides pure metal, alloy nanowires could also be generated. Two-
metal ailoy nanowires, Fe-Pd, has been fabricated by alternating current
electrodeposition into nanoporous anodic alumina and then TEM image is presented
in Figure 4.9E (Fei et al., 2007). Alloy nanowires employing three types of the metal
have also been prepared, for example, Ni-Fe-Co alloy nanowirc was grown by
electrodeposition method using anodic aluminum oxide as a template. The SEM '

images of such nanowires were presented in Figure 4.9F (Saedi and Ghorbani, 2005).




Fig. 4.9
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160nm

Tmages of metal nanowites using clectrodeposition technique (A) TEM
image of Bi nanowire (Tian et al., 2006) (B) SEM image of free standing
Pd nanowires (Kim et al, 2006) (C) SEM image of porous gold
nanowires (Liu and Searson, 2006) (D) TEM image of Fe/Au nanowires
(Lee et al., 2007) (E) TEM image of the Fe-Pd alloy nanowires (Fel et

al., 2007) (F) SEM image of Ni-Fe-Co alloy nanowires (Saedi and
Ghorbani, 2005).
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4.3.2 Metal oxide nanowires

Meta! oxide nanowires can be synthesized either by electrodeposition
" of metal into the membrane'pores or electrodeposition of metal followed by oxidation
method. For example, MnO, nanowires were fabricated on anodized aluminum oxide
membrane (Kim et al., 2008). In this work, 1 M MnSOq4 and 0.5 M H,SO; plating
bath was used then anodic electrodeposition was performed following with
dissolution of the template. In another work SnO; nanowire arrays were fabricated by
clectrochemical deposition and thermal oxidizing methods (Zheng et al., 2001). Sn
nanowires were electrodeposited into the porous of the membrane. A plating solution
contain 7 g L' SnClL,2H;0, and 25 g L' NayCeHsO72H,O solution at room
temperature. After Sn nanowire array was synthesized, the systems were annealed in
the air at different temperatures resulting in oxidization of Sn to form Sn(Q; nanowire
atray. The prepared SnO, nanowires are equal in height and uniformly embedded in
the alumina membrane (Figure 4.10A). ZnO nanowires were also synthesized by
electrochemical deposition within a porous polycarbonate membrane (Leprince-Wang
et al., 2005). The sizes of potes were 10 to 90 nm in diameter. ZnO electrodeposition
involves in two steps, first generating hydroxide ions at the electrode surface by
reducing hydrogen peroxide (oxygen precursor) at the cathode , reaction 4.5, then

deposition of zinc ion in the pore of working electrode.

H,0, +2¢” - 20H" (4.5)
The overall deposition reaction of ZnO in the presence of H,0, can be written as
reaction 4.6:

n* +20H" - ZnO+ H,0 (4.6)

4.3.3 Semiconductiors

In case of semiconductor nanowires only co-deposition was performed.
For example, CdS nanowires were prepated by template-electrodeposition in aqueous
solution of Cd** from CdSO4 and S;0,% from Na,S»0; solution following reaction

4.7 and 4.8 (Yang et al., 2006).
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S,0,% +2¢ — S +50," 4.7)
8§* +Cd* — CdS (4.8)
Ag,Se nanowire arrays had also been prepared by electrodeposition
from non-aqueous dimethyl sulfoxide solutions (Chen et al., 2003). This nanowire
was synthesized from the reduction of Ag" to Ag and Se** to Se and then further
reduction to Ag,Se (Reaction 4.9). SEM image of AgaSe was presented in Figure
4.10B.
24g* + 8eCl, + 6e” — Ag,Se+4CI~ (4.9)

t‘% 9:)_:

Oy . 4
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Fig. 410 SEM image of (A) SnO; nanowires (Zheng et al., 2001) (B) Ag:Se

Nanowire arrays
4,34 Conductive polymers

Conducting polymers such as polypyrrole (Jérdme et al., 2004; Wang
et al., 2006), poly(methyl pyrrole) (Ramanathan e/ al., 2007) and polyaniline (Wang
et al., 2006) have many advantages since they exhibit electrical, magnetic and optical
properties. Conducting polymer nanowires have a promise potential for electronic
and sensor applications. A mechanism of the formation of polypytrole nanowire onto
the surface of an electrode using the anodic electropolymerization process after
electrografting a poly(alkylacrylate) film was proposed (Jérdme et al., 2004). The

experimental conditions for the pyrrole oxidation, type of solvent, concentrations of
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monomer and supporting electrolyte, have been investigated. The characteristic of
polypyrrole was investigated by SEM (Figure 4.11A). A new approach for the in situ
clectrochemical fabrication of an array of conducting polymer nanowires (CPNWs),
polypytrole and polyaniline, positioned within an integrated “microfluidic device
(Figure 4.12B) was introduced by using spatially localized, template-free
electrochemical polymerization and also demonstrate that such an integrated device
can be used as a NH; sensor immediately after its construction (Wang ef al., 2006). In
the case of poly(methyl pyrrole) nanowires, they were in-situ synthesized by
electrochemical polymerization of 1-methyl pyrrole with chloride and p-toluene
sulfonate dopants in nanochannels for microfluidic device shown in Figure 4,11C
(Ramanathan et al, 2007). This type of nanowire was prepared in between

microfabricated gold electrodes and used for biomolecule entrapment.

Fig. 4.11 SEM image of conducting polymer nanowires prepared by electrochemical
technique: (A) Polypyrrole (B) Polyaniline and polypyrrole (C)

Poly(methyl pyrrole) nanowires
4.3.5 Composite nanowires

Similar to metals, semiconductors and conductive polymers, composite
nanowires can grow directly from solution using template-based clectrochemical
deposition. For example, polyaniline/Bi;Te; nanowires have been prepared by
chemical and electrochemical reactions on a porous alumina template (Xu ef a/,
2005). In this research, polyaniline was electropolymerized at room temperature.

Polyaniline preferentially nucleates and grows on the pore walls resulting in a tubular
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structure. However if longer polymerization was allowed solid fibril was formed.
This tubule structure of polyaniline could be used as second-order template to
electrochemically deposit bismuth telluride (BiyTes) into its pore. SEM image of
polyanilirie/Bi;Te; nanowires are shown in Figure 4.12A. In aonother approach,
polypyrrole/porous gold nanowires have been developed by electrochemical
deposition of Ag/Au alloy nanowires followed by chemical etching of silver
component to obtain porous gold structure, then back filling of polypyrrole was
performed. This resulted in polymer surrounding porous gold nanowires therefore the
composite nanowires was obtained (Figure 4.12B) (Mceﬁach et al., 2007). Hybrid
nanowires, nickel/3,4-ethylene-dioxythiophene, have been also developed using
alumina membrane as a template (Lallemand ef al., 2008). Nickel nanowires were
electrodeposited and changed to another electrochemical plating cells where 3,4-
ethylene-dioxythiophene (PEDOT) was electropolymerization in the pores on top of
nickel. Therefore hybrid nanowires of PEDOT/Ni, clearly distinguishing the metal

part from the polymer part, could be obtained (Figure 4.12C).

Fig. 4.12 SEM image of composite nanowires (A) Polyaniline deposited inside
alumina membrane and work as a second-order tempilate, inset show
Bi;Te; nanowires surrounded by polyaniline(Xu et al., 2005) (B)
Polypyrrole/porous gold nanowires (Meenach et al, 2007) (C)
Nickel/3,4-ethylene-dioxythiophene nanowires (Lallemand e al,
2008).
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4.4 Characterization of nanowires
44,1 Optical microscopy

Optical microscopy provides information about the physical
chatacteristic of nanomaterials, However, when the object is small, some limitation
due to the equipment resolution will occur. The resolution of the image is limited by
diffraction of the wavelength of the light (&), the smallest distance (dwin) between two
points for the resolution is derived from;

i =2 12 4.2)
2.NA

where NA is the numerical aperture of the objective Iens.lThis should be as large as
possible since it can improve either resotution or collective efficiency (Glinzler and
Williams, 2002). Typically, a high value of NA would be ca. 1.4. This gives the
resolution limit of an objective in violet light (A=400 nm) to be 142 nm. Practically,
the resolution limit is greater than 200 nm due to non ideal systems, and even when an

object on that size scale may not be able to be resolved and it may be blurred.
4.42 FElectron microscopy

The electron microscope is the equipment that uses a beam of highly
energetic electrons to examine objects on a very small scale to sub-nanometers. The
investigation can yield surface features, shapes and size of the object, also the
composition and crystallographic information. This instrument was developed due to
the limitations of light microscopes which are limited by the physics of light to 500x
or 1000x magnification and a resolution of 200 nanometers. Electron microscopes
(EMs) use a focused beam of electrons instead of light to “image” the specimen and
gain information as to its structure and composition. The basic steps involved in all
clectron microscopes are that electrons produced by the electron source are
accelerated toward the sample using a positive electrical potential. This stream is
confined and focused using metal apertures and magnetic lenses into a thin, focused,

monochromatic beam. This beam is focused onto the sample using a magnetic lens.
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Interactions occur inside the irradiated sample, affecting the electron beam. These
interactions and effects are detected and transformed into an image (Amelinckx et al.,

1997).
4.4.2.1 Scanning electron microscopy (SEM)

The scanning clectron microscope is a type of electron microscope that
images the sample surface by scanning with a high-energy beam of electrons in a
raster scan pattern, SEM has a magnification range from 15x to 200,000x and a
resolution of 5 nanometers (Amelinckx et al., 1997).

The SEM requires conductive objects for the electron beam to scan the
surface and that the electrons have a path to ground. All samples must also be
prepared to an appropriate size to fit in the specimen chamber and generally mounted
on some sort of holder. Nonconductive materials are needed to coat with a layer of
conductive material such as, gold, gold/palladium alloy, platinum, tungsten or
graphite by low vacuum sputter coating or by high vacuum evaporation, This is done
to prevent the accumulation of static clectric charge on the sample during electron
irradiation. Another reason for coating, even when there is more than enough‘

conductivity, is to improve contrast and resolution (Giinzler and Williams, 2002).
4.4.2.2 Transmission electron microscope (TEM)

Transmission electron microscope is a microscopy technique whereby
a beam of electrons is transmitted through an ultra thin specimen, the electron which
passes through the object will be recorded, and this provides the high resolution
image. However, there are some drawbacks to the TEM technique in which many
samples require a sample preparation step to produce a sample thin enough to be
electron transparent, which makes TEM analysis a relatively time consuming process

with a low throughput of samples (Glinzler and Williams, 2002).
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4.4.3 Atomic force microscopy (AFM)

Although optical microscopy and electron microscopy can provide
two-dimensional magnified images of an object’é surface, the images obtained are
typically in the plane horizontal to the surface of the object. Such microscopes do not
readily supply the vertical dimensions of an object’s surface, the height and depth of
the surface features. To gain such information, atomic force microscopy is now
readily applied. Unlike traditional microscopes, the AFM does not rely on
electromagnetic radiation such as photon or electron beams to create an image. An
AFM is a mechanical imaging instrument that measures the three dimensional
topography as well as physical properties of a surface with a sharpened probe or AFM
tip. This tip is positioned at the end of a cantilever beam. When the tip is attracted to
the object’s surface, the cantilever beam is bent. The magnitude of the bend is
detected by a laser that reflects at an oblique angle. A plot of the laser deflection
versus tip position on the sample surface provides the surface characteristics that
constitute the topography of the surface (Figure 4.13). AFM can operate on both
conducting and non-conducting surfaces (Birdi, 2003). Atomic force microscopy is a
vety high resolution type of scanning probe microscopy to the nanometer scale. The
AFM is one of the most important tools for imaging, measuring and manipulating
matter at the nanoscale which uses piezoelectric elements for accurate and precise

movements {Giinzler and Williams, 2002).

Laser ' rr .
Position sensitive detector

i Image
[ |/

Fig. 4.13 Schematic diagram of atomic force microscope (AFM)
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'4.4.4 X-ray Fluorescence (XRF)

X-ray fluorescence spectrometry is the technique that used the primary
x-ray excitation source from an x-ray tube to bombard the matter, when the atom is
bombarded. An electron from the inner shell is ejected resulting in a vacancy. At this
stage the atoms are not stable and try to return to its stable condition by transferring
the electron from the outer shell to the inner shell and this process give off a
characteristic x-ray fluorescence. Each metal has unique energy levels, therefore x-
rays at a unique set of energies could be achieved (Giinzler and Williams, 2002). This
technique provides the information of an clement by measuring the x-ray emission
wavelength and energy including the qualitative and quantitative analysis data by
measuring the emitted characteristic line intensity. Then the relation of the peak
intensity with peak energy and metal concentration could give the qualitative and

quantitative information (Christian and O'Reilly, 1986).
4,5  Applications

Nowadays, nanowires become interesting for research since they
provide great promised applications in many ficlds such as sensor device and security

systems, Some of these applications are summarized as follows.
4,51 Nanowires for bioapplications

In bioapplications, nanowires are widely used to functionalize for
multiplexed biodetection due to the large surface area-to-volume ratio of nanowires.
In addition, their properties can be designed for specific biological applications.
Multiplexed bioapplication is the method to investigate multiple reactions in a single
sample. There is reported on the formation of bimetallic nanostructutes through
chemical synthesis. For example, an Ag-Au bimetallic nanowire was synthesized by
sequential electrochemical deposition of metal within a porous membrane template
(Keating and Natan, 2003). The basic concept of novel route for multiplex

biodetection is that the introduction of different metals allows for the selective
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functionalization of portions of the nanowires. In order to achieve successful
functionalization, each reaction needs to correspond to the unique propertics of the
metal. For example, gold nanowires are most often functionalized with thiols, while
" pickel is most often functionalized with carboxylic acids, which bind to the native ‘
oxide layer on the metal (Birenbaum et al., 2003). Keating and Natan proposed that
biomolecules (antibodies) can be functioned on the bimetallic nanowires surface
which can further bind with the analyte in the solution then another fluorescent tag
secondary antibody was added for detection. In this work, reflectivity of bimetallic
nanowires of different sequential and length of Au-Ag (different functioned antibody)
was investigated (Figure 4.14A). Therefore, different reflectivity pattern was
achieved. Then, three simultaneous sandwich immunoassays can be performed,
reflectivity and fluorescence was measured for each nanowire as shown in Figure
4.14B (Keating and Natan, 2003). From the fluorescence study then the information

of analyte presented in the sample could be interpreted.
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Fig.4.14 Barcode nanowires for bioanalysis (A) reflectivity can be used to
identify and quantify particles (B) Reflectivity and fluorescence intensily
is measured for each particle (Keating and Natan, 2003).
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. A nanowire used as an alternative subsirate for sandwich
immunoassays was also reported (Tok et al., 2006). Strip nanowires of Au and Ag
were prepared by elecfrodeposition within a porous alumina template. An optical
reflectance image provides the identify stripe pattern of nanowires, while fluorescence
images report information on the binding between the antibody-conjugated nanowires
and a flnorophore-tagged antigen target. In this study the capability of directly
detecting potential biological warfare agents in both clinical and environmental
samples was investigated. Three nonpathogenic simulates used are Bacillusglobigii
(Bg) spores to simulate Bacillus anthracis and other bacterial species, RNA MS2
bacteriophage to simulate Variola (virus for smallpox) and other pathogenic viruses,
and ovalbumin (Ova) protein to simulate protein toxins such as ricin or botulinum
toxin were used. The detection process is illustrated in Figure 4.15. The identity of the
antigen present can be identified from the stripe pattern of the nanowires. For
example, the fluorescently labeled antibody-Bg attached to nanowire to which
antigeh~Bg spore was attached and has a stripe pattern of 011110 (0=Au, 1=Ag).
Therefore, this strip pattern 011110 nanowire gave fluorescence (Figure 4.15C). This
indicates that Bg spores are present in the test sample mixture. Nanowires with the
siripe patterns 010000 (functionalized with antibody-Ova) or 010100 (functionalized
with BSA; negative control) are not fluorescent, thus indicating that the test sample

does not contain Ova proteins.
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Fig. 4.15 Schematic diagram illustrated the encoding process of strip nanowites
for biological detection. A) Analogy between a conventional barcode
and a metallic stripe encoded nanowire. B) Schematic of the sandwich
immunoassay performed on a mnanowire. C) Reflectance and

fluorescence readout of the nanowires (Tok et al., 2006).
4.5.2 Nanowires for non-bioapplications

Nanowires for non-biological applications such as product tracking,
inventory and library are widely studied. They play an important role not only for the
security system but also chemical sensor since they are small, robust, and provide
uniquely identifiable. The applications of nanowires for non-biological samples are

focused in the following sections.
4,5.2.1 Security systems

The role of nanowires in ‘security systems, for example, strips of
nanowires of gold and silver prepared from sequential deposition was synthesized and
provide a great promise to be used as a product tracking (Figure 4.16) (Lee ef al.,
2007; Nicewarner-Pefla et al., 2001; Reiss e/ al, 2002; Walton et al, 2002).
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Reflectivity was used to identify the pattern of nanowires strip and was demonstrated

to use as a barcode system.

Fig. 4.16 Optical images of different strip pattern nanowires prepared from sequential
electrodeposition of gold and silver (Nicewarner-Pefia ef al., 2001; Reiss et
al., 2002).

However, the preparation of mullisegment nanowires is time-
consuming, and requires careful control of the growth process along with replacement
of the metal solutions. In addition, optical readout is not a convenient tool for
studying the level of the corresponding metal compositions. Therefore, a single step-
preparation of barcode alloy nanowire using template-assisted electrodeposition was
proposed (Wang and Liu, 2006). In this technique, indium-lead-bismuth nanowires
were prepared and dissolved in HNO;. Square-wave voltammetric (SWV) were
performed for measurements of metal composition and concentration (Figure 4.17).
The SWV resulting signatures correlated with composition of the metal mixture in
plating solution, indicating reproducible plating processes and suitable to be used as

barcode.
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Fig. 4.17 Alloy nanowires barcodes prepared from chemically electrodeposition

following with SWV measurement. SEM image shows alloy nanowires-
prepared (Wang and Liu, 2006). '

4.5.2.2 Chemical sensors

In chemical sensor applications, nanowires modified electrode was
proposed. For example, Ii and Lin (Li and Lin, 2007) used Au-
nanoparticle/polypyrrole composite nanowires to modify glassy carbon electrode. At
the beginning polypyrrole nanowires were prepared and electrochemically deposited
onto glassy carbon eclectrode following electrochemical deposition of gold
nanoparticle onto polypyrrole nanowires (Figure 4.18). This electrode was used for
hydrazine and hydroxylamine detection (Li and Lin, 2007). In addition, metal
nanowires with enzyme modified elecirodes were widely studied. For example, gold
nanowires have been prepared by electrodeposition process whereas polycarbonate
membrane was used as a template (Lu et al., 2007). These nanowires were functioned
with glucose oxidase. The functionalized gold nanowires were then dispersed in
chitosan solutions and dropped onto the glassy carbon electrode surface. This
clectrode has‘been used for H;0; determination. Gold nanowires were not only used

for electrode modification but also used for micro-fluidic chips. For example, gold
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" nanowites prepared from electrodeposition onto 200 nm alumina membrane template
were fabricated onto micro-fluidic platform (Aravamudhan et al., 2007). This
modified micro-fluidic platform was fabricated onto silicon substrate using
photolithography. ‘This device was developéd for cholesterol detection. The
systematic set up is shown in Figure 4.19. Similar to gold nanowires, platinum
nanowires were also prepared from electrodeposition technique (Qu et al., 2007).
Then, platinum nanowires were mixed with carbon nanotubes and chitosan for casting
onto the glassy carbon electrode surface. Finally, the glucose oxidase was

functionalized onto this modified electrode for H,0, determination.

Fig. 4.18 Au-nanoparticle/polypyrrole composite nanowires modified glassy
carbon electrode for hydrazine and hydroxylamine detection (Li and Lin,
2007)
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Fig. 4.19  (A) Electrochemical test set up (B) Cross-sectional schematic of the test
cell, with nanowires aligned on the platinum (C) Micro-fluidic platform
in silicon with electrodes/gold nanowires and SU-8 chamber. (D)
Platinum “assembly” lines for nanowire alignment. (E) Hard-baked SU-8
micro-fluidic chamber (Aravamudhan et al., 2007).

4.6 Conclusions 7

Electrochemical methods for nanowires synthesis via template-assisted
have been widely used due to its simplicity and flexibility. Size (diameter and length)
of the nanowires can be made as thin as a single atom to pm by controlling the
deposition conditions. Various conducting materials can be used to synthesize
nanowires including metals, polymers and semiconductors. In addition, composite
material is possible to generate in order to develop the properties of nanowires.
Several techniques were brought to study and characterization of nanowires propertics
such as optical microscope SEM, TEM and AFM. Due to the unique properties of
nanowires, mechanical stability, light weight, enhancement in the current, therefore
various applications of nanowires were investigated such as chemical and biological

sensors including nanowires functionalization. Also, their electrical, thermal,
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magnetic and optical properties are prominent therefore it is possible to use nanowires
for development of optical and nano-electronic devices. From the review in this
chapter, in a few more years nanowires will become even more prominent among

researchers and in the market.




CHAPTER 5

‘On-Line System for Trace Organic Compounds by Gas Injection

Membrane Extraction
5.1 Intreduction

Volatile organic compounds (VOCs) are commonly used in
manufacturing or industries with various functions, including degreasing, lubricating,
fueling, stripping or thinning paint and cleaning (Rafson, 1998). The widely used
VOCs can cause contamination of the environment which may have an adverse effect
to human health (Rafson, 1998). Due to their high toxicity, it is necessary to monitor
VOCs.

A priority for the determination of contaminated VOCs in water is
sample preparation, to separate analytes from the matrices. The frequently used
sample preparation techniques are liquid-liquid extraction (LLE) (Golfinopoulos ef
al., 2001; Keller and Bierwagen, ; Santos and Galceran, 2002), purge and trap (P&T)
(Golfinopoulos ef al., 2001; Lara-Gonzalo ef al., 2008; Santos and Galceran, 2002),
headspace analysis (HS) (Golfinopoulos ef al., 2001) and solid phase microextraction
(SPME) (Lara-Gonzalo ef al., 2008; Santos and Galceran, 2002). However, those
methods have some diéadvantages such as long analysis time, using toxic solvents and
exhibiting high cost (Golfinopoulos ef al., 2001; Kou et al., 2001). To solve these
problems, membrane exiraction is now being applied for sample preparation to
provide faster, easier, cheaper and more efficient analysis than other separation
techniques (Peng ef al., 2003; Pinto ef al., 1999).

Most rescarch on membrane-based separation technique for VOCs in
water were done by continuously passing the sample through the hollow fiber
membrane (Hasanoglu er al., 2005) or using deionized water as cartier stream fo
deliver the sample to the membrane (Bishop and Mitra, 2004). However, a boundary
layer is formed between membrane and aqueous sample resulting in higher resistance

to mass transfer, longer extraction time and lower response (Bishop and Mitra, 2004,

84
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Keller and Bierwagen, 2001; Melcher and Morabito, 1990). To overcome this
problem, gas injection membrane extraction (GIME) was introduced (Kou et al.,
2001). In this technique, the liquid sample is placed direct contact to the hollow fiber.
A nitrogen stream is used to inject the liquid sample through the hollow fiber in order
to reduce the boundary layer between the membrane surface and liquid sample, which
can reduce the analysis time and increase the diffusion.

In this study, the use of GIME was investigated for trace organic
compounds focusing on methanol, ethanol, 1-propanol, MIBK and MTBE. These
were selected as representative compounds because they are widely used in industrial
application and their contaminations are found in various matrices such as wastewater
and biosolids sample. In this work, three types of sample were studied, i.e, ground

water, wastewater and biosolids.
5.2 Experimental
5.2.1 Chemical and reagent

Stock standard solutions were prepared from methanol (99.8%, AR
grade, Lab Scan, Thailand), cthanol (99.8%, AR grade, Carlo Erba), 1-propanol
(99.5%, AR grade, Lab Scan, Thailand), methyl-isobutyl ketone (MIBK) (99.5%,
ACS-for analysis, Carlo Erba) and tert-butyl methyl ether (MTBE) (99.5%, Fluka,
Switzerland). Ultra pure water was used in all aqueous sample preparation (Millipore

water system, USA).
5.2.2 Instrumentation

Figure 5.1 shows a schematic diagram of the system. A peristaltic
pump (Miniplus 3, Gilson Co. Inc., USA) was used to deliver the aqueous sample to a
10-port valve (Valco Instruments Co. Inc., Houston, TX, USA), where a known
volume of sample was injected. Nitrogen (99.995% purity, Thai Industrial Gases
Public Company Limited, Thailand) was used as carrier strezﬁn to deliver the aqueous

‘sample through the hollow fiber membrane module where the analyte permeated and
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transported by carrier gas to be adsorbed in a microtrap (p-trap) as shown in Figure
5.2 (see 5.2.5). It was then thermally desorbed, transported to another 10-port valve
before being injected into a gas chromatograph with flame ionization detector (FID).
All analytes were separated using HP-FFAP fused silica capiﬂary} column (30 m x
0.32 mm i.d. film thickness 0.25 pm, Agilent Technology, USA). The results were
integrated by CR-4A Chromatopac integrator (GC-15A and CR-4A Chromatopac,
Shimadzu, Japan). Gas chromatograph conditions i.e., carrier gas flow rate, make up
gas flow rate, column and detector temperature were optimized to obtain the best

performance.
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Fig. 5.1  Schematic diagram of the gas injection membrane extraction (GIME)

system for trace organic compounds analysis.
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Fig. 5.2 Pervaporation process through the hollow fiber membrane
5.2.3 Extractor module

A hollow fiber membrane (HFM) used to.construct the extractor
module consisted of 290 pm o.d. and 240 um i.d. polypropylene membranes coated
with silicone (Apply Membrane Technology (AMT), Minnetonka, MN, USA). This
module was made by insertion of the HFM inside a teflon tube. Two Swagekok®T-
union (Alltech Associates, Inc., PA) were connected to the ends of the teflon tube and
sealed with epoxy to make the inlet and outlet of the stripping gas and prevent the
mixing of the stripping gas and aqueous sample.

Two 10-port valves were employed, one was to inject standard solution
into the hollow fiber membrane module and another one was to inject analyte to the
gas chromatograph. The analyte, from aqueous sample passing through the lumen of
the hollow fibers, permeated through the membrane. Stripping gas, flowing on the
outside the hollow fibers, carried the permeated compounds to the p-trap. Standard
solution containing 1 mg L™ MTBE, 500 mg L methanol, 500 mg L' ethanol, 500
mg L' 1-propanol and 20 mg L' MIBK were used to optimize the affecting

parameter i.e., sample flow rate and membrane temperature. Sample flow rate was
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investigated between 0.6 to 1.4 mL min whereas the membrane temperature was

studied in the range 25 to 55 °C due to the thermal limitation of the membrane.
5.2.4 Preconcentrator

A p-trap is a 12 om long, 1.02 mm i.d., and 1.59 mm o.d. siliconsteel
tubing (Restek Co., Bellefonte, PA, USA) packed with a mixture of Carbopack B
20/100 mesh and Tenax TA 80/100 mesh (Alltech, IL, USA). It was placed between
the extractor module and the gas chromatograph inlet to preconcenirate the
compounds and injected to GC. A laboratory-built heating box was used to apply the
heat (voltage) to the p-trap, a microprocessor-based timer (Gra Lab 451, OH, USA)
was used to control the interval of heating time. When a fixed potential was applied to
the p-trap, the adsorbed compounds were desorbed and collected in the sampling loop
of the second 10-port valve prior to injection to the gas chromatograph. Optimization
of the p-trap operating conditions was carried out by using standard solution
containing a mixture of 1 mg I MTBE, 500 mg L' methanol, 500 mg L cthanol,
500 mg L' 1-propanol and 20 mg L' MIBK. Permeated analytes from the hollow
fiber membrane module were passed through the p-trap at a flow rate of 2.0 mL min’’,
Parameters investigated included adsorption, desorption, sampling and injection time,
Adsorption time was investigated in the range 5 to 13 min while desorption, sampling
and injection time were set at 1 s, 10 s and 15 s, respectively. At the optimum
adsorption time the desorption time was optimized between 1 to 3 s. At the optimum
adsorption and desorption times, loading and injection times were studied in the range

5to30sand 10 to 25 s.
5.2,5 Sample mixture

To study the effect of mixed analytes in the sample, the response of
ethanol was first studied by passing 100-700 mg 1! ethanol standard solution to the
hollow fiber membrane module. Next, 1 mg L7 of MTBE standard solution was
added to this ethanol standard solution and the response of ethanol and MTBE were

recorded. Then, 20 mg L™ of MIBK was added to cthanol standard solution and again
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the standard solution was passed through the hollow fiber membrane. The responses
of these two mixtures were compared with the response of ethanol. The same

processes were repeated by replacing ethanol with methanol.
5.2.6 System performance

A series of 25-2500 mg L' of methanol and ethanol, 50-2500 mg L™
of 1-propanol, 4-160 mg L of MIBK and 0.5-10 mg L' MTBE standard solution
were prepared and passed through the system to study the linear dynamic range of an
analytical system, Linearity was determined from the plot between the responses and
concentration by considering from correlation of determination (rz). Limit of detection

(LOD) was investigated by IUPAC method (Long and Winetordner, 1983). Average
peak area from 20 blank injections (};) were performed and standard deviation (.5;)

was calculated by the following equations;

6.1
2. Xs,
Y = (5.2)
’ ny
The smallest signal that can be detected (X, ) can be expressed as;
(5.3)

X,=X5+kS,

Where £k is constant factor with the confidence level desired and in this research is 3 at
the confidence level of 99.86%. Therefore, the smallest concentration that can be

detected (C, ) can be calculated by;

¢, - [u} 54

m
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Where m is the sensitivity or slope of the calibration curve and Cj is the smallest
concentration that can be detected. Substituting equation 5.3 into 5.4 C;, becomes;
1S, 5.5
== , :

G,

The stability of the system was also tested by consecutive injection of
standard solufion containing a mixture of 1000 mg L™ of methanol, 500 mg L of
cthanol and 1-propanol, 20 mg L' of MIBK and 1 mg L' of MTBE. The responses
were plotted as a function of concentration. The stability was considered from 10%

reduction of the response.
5.2.7 Real sample analysis

Three types of sample, i.e., wastewater, biosolids and ground water,

were selected since they equally contain these VOCs.
5.2.7.1 Wastewater sample

Samples were collected from wastewater ponds of Songklanakarin
Hospital and a garage in Hat Yai, Songkhla, Thailand. The samples were filtered by -
stainless steel slip-on inlet fifter with the porosity 10 and 2 um (Alltech Associatioes,
Inc.) before passing through the extractor module. The matrix effect was studied by
adding a known concentration and appropriate volume of standard solution containing
a mixture of 200-1000 mg L™ methanol, 200-1000 mgL"! sthanol, 200-1000 mg L™ 1-
propanol, 20-100 mg L™ MIBK and 0.5-10 mg L MTBE to the wastewater samples.
The response was investigated and compared with standard solutions at similar

concenfration range. The percentage of relative recovery was also calculated.
5.2.7.2 Biosolids sample
Biosolids are the product of the wastewater treatment process. Sample

was collected from rubber industry wastewater pond in Hat Yai, Songkhla, Thailand

and was filtered by stainless steel slip-on inlet filter with the porosity 10 and 2 pm.




91

- The solution was passed through the extractor module by using a peristaltic pump. To
study the matrix effect, a known concentration and appropriate volume of standard
solution containing a mixture of 200-1000 mg L™ methanol, 200-1000 mgL™" ethanol,
200-1000 mg L™ 1-propanol, 20-100 mg L' MIBK and 0.5-10 mg L' MTBE were
spiked to the sample. Biosolids samples wére left for 2 hours to achieve complete
mixing, before filtered and passed through the extractor module. The response was
investigated and compared with standard solutions. The percentage of relative

recoveries was also calculated.
5.2.7.3 Ground water sample

Ground water sample was collected from Singhanakron District,
Songkhla, Thailand. They were analyzed by passing through the extractor module
without prior filtration. Then a standard solution containing a mixture of 200-1000 mg
L methanol, 200-1000 mgL™" ethanol, 200-1000 mg L™ 1-propanol, 20-100 mg L™
MIBK and 0.5-10 mg L' MTBE were spiked to the sample to investigate the matrix

effect and % recoveries.
5.3 Results and discussion
5.3.1 Optimum conditions of gas chromatograph

The mixtures were separated using HP-FFAP fused silica capillary
column (30 m x 0.32 mm LD. film thickness 0.25 pm, Agilent Technology, USA).
GC-15A coupled with FID, all effective parameters were optimized by injecting
standard solutions through the system, responses were investigated and the results are

shown in Table 5.1.
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Table 5.1 Optimum conditions of the gas chromatograph; 5 mL of standard
solution mixture was used, ie., 1 mg Lt MTBE, 500 mg 1! methanol,

500 mg L™ ethanol, 500 mg L™ 1-propanol | and 20 mg L' MIBK.

Studied parameters Studied range Optimum
Column temperature (°C) 50-60 50
Detector temperature (°C) 100-280 260
Make up gas flow rate (mL min-!) 10-50 20
Hydrogen flow rate (mL min) 10-40 20

. Oxidant gas flow rate (mL min) 100-400 200

5.3.2 Pervaporation

Seven strands, 26 cm long, hollow fiber membrane (HFM) were
packed instde a teflon tube to construct the extractor module, This system provided an
effective mass transfer area of 1.4x10” m* and each strand provide a high surface -
area to volume up to 1.7x10* m™. The sample flow .through the hollow fiber
membrane module was optimized by passing 5.0 mL of standard solution containing a
mixture of 500 mg L methanol, ethanol, 1-propanol, 1 mg L' MTBE and 20 mg L
MIBK at sample flow rates of 0.6-1.4 mL min'; while stripping gas which flowed
outside the HFM and directly to the column was kept constant at 2 mL min”
(measured at the end of the column) since this is the optimum flow rate of carrier gas
in GC. The results showed that lower sample flow rate provide higher response due to
longer contact time between sample and hollow fiber membrane. However,
decreasing the flow rate brought lower amounts of analytes into the membrane per
unit time, resulting in a lower permeate flux rate and a longer lag time. In this work
the sample flow rate was studied from 0.6 to 1.4 mL min™ and 0.8 mL min™ was the
optiinum flow rate since it prolvided the highest response. At 0.6 mL min™, the

injection gas pressure is not high enough to carry sample through the fiber,
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HFM exiraction is based on pervaporation process and the liquid
sample was in indirectly contact to the hollow fiber membrane and diffused through
the membrane in a vapor phase. Diffusion coefficient can be determined by measuring
the lag time, the time required by the gas to establish a state of Vequilibrium in the

degassed membrane, by equation (Schmidt, 2003);

6=1r /6D 5.1)

Where @ is the lag time, / is the membrane thickness, and D is the diffusivity. In
the experiment, / is constant at 50 x 10 m and lag times of methanol, ethanol, 1-
propanol, MTBE and MIBK were 10, 10, 8, 5, 7 minutes respectively, The diffusivity
were calculated to be, methanol and ethanol 6.9 x 10 cm? s, 1-propanol 8,7 x 10°
em’ s, MTBE 1.4 x 10°® cm® s'and MIBK 1.0 x 10® om” s, That is, silicone hollow
fiber membrane provided the highest diffusivity for MTBE and the lowest diffusivity
for methanol and ethanol. This is probably because silicone is non polar, similar to
MTBE, therefore, MTBE can dissolve in silicone hollow fiber membrane much better
than other compounds and when considering the vapor pressure MTBE has the

highest value hence it can rapidly diffuse from the membrane (Schmidt, 2003).
5.3.3 Membrane Temperature

Temperature effect on VOC separation was studied in the range of 25
to 55 °C (Figure 5.3). The temperature was limited to 55 °C since higher temperature
than 55 °C could cause membrane degradation. As the temperature increased, the
response also increased due to the increased diffusion coefficient (Schmidt, 2003). In
this study, 55 °C gave the highest response b.ut also the highest standard deviation,
therefore, 45 °C was selected as the optimum temperature. The high standard
deviation at 55 °C was probably due to the fact that at high temperature, water could
also permeate through to the outside of the hollow fiber, The moisture coated on the
membrane surface could prohibit the diffusion of analytes resulting in a different

diffusion surface for each injection, hence, the high standard deviation.
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Fig. 5.3 Effect of membrane temperature to the response of the analytes

5.3.4 Extraction time

94

To obtain the complete extraction step, extraction time of every

compound was studied. This is the time that allows all analyte to permeate from the

membrane surface to the carrier stream and p-trap. Standard solution containing a

mixture of 500 mg L' methanol, ethanol, 1-propanol, 1 mg L' MTBE and 20 mg L!

MIBK was extracted between 5 to 13 minutes (Figure 5.4). The results indicated that

as the extraction time increased from 5 to 11, the responses of every compounds

increase except MTBE. The response of MTBE was constant after 6 min, this is

probably due to the high diffusion coefficient of MTBE. Consequently, the optimum

extraction time for determination of all compounds is 11 minutes.
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Fig 5.4 Effect of extraction time to the response of the analytes; 0.8 mL min” sample
flow rate and 2 mL min’ of stripping gas, and 45 °C of membrane

temperature.
5.3.5 Preconcentrator

A u-trap was used as a preconcentrator, Since there is no single
adsorbent that can trap all analytes, Tenax TA and Carbopack B were selected and-
used as a binary-bed. Each p-trap can take 40.8 mg of Carbopack B or 25.1 Ihg of
Tenax TA and these arc taken as 100% for the adsorbents. Different ratios between
the two adsorbents, Carbopack B: Tenax TA, were also investigated i.e., 20:80, 40:60,
50:50, 60:40 and 80:20 and these corresponded to the weight 8.9:18.9 mg, 16.3:15.3
mg, 24.4:10.8 mg, and 33.5:5.7 mg, respectively were studied and the results
indicated that the best ratio of the binary mixture was Carbopack B 16.0 — 16.3 mg
and Tenax TA 15.0 — 15.3 mg (40:60). At this optimum ratio, Carbopack B adsorbed |
the non polar compounds and large molecules, i.e., MTBE and MIBK, while alcohols
were adsorbed by Tenax TA. Afterward, desorption voltage (heating) and time were
optimized to achieve the suitable desorption conditions. The desorption voltage was
studied in the range 5 to 10 V using 1 s desorption time (Figure 5.5). At the optimum
desorption voltage, desorption time was optimized in the range 1-3 s (Figure 5.6). As

desorption voltage increased the responses were also increased from S to 8 V. The
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results indicated that all analytes were completely desorbed at 8 V. After 8 V the
responses wete constant but the standard deviations were also higher due to the

deterioration of adsorbent.
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Fig. 5.5 Effect of desorption voltage to the response of the analytes; 0.8 mL min’

sample flow rate and 2 mL min™' of stripping gas, and 45 °C of membrane

temperature.

The desorption time was optimized in the range 1 to 3 s, the results
showed that the optimum desorption time was 1.5 s. After 1.5 s the responses were

constant but the standard deviations were increased due to the deterioration of

adsorbent from the heat.
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Fig. 5.6  Effect of desorption time to the response of the analytes; 0.8 mL min™

sample flow rate and 2 mL min™ of stripping gas, and 45 °C of membrane

temperature.
5.3.6 Injector

In most works the p-trap was used as a preconcentrator and an injector..
(Tarkiainena et al., 2005; Thammakhet ef al., 2005; Yang et al., 1994). However, in
this work, p-trap was only used as a preconcentrator and the second 10-port valve was
used to focus the analyte and used as the injector. If this second 10-ports valve is not
used, then a p-trap is generally used as an injector. High voltage is required to obtain
sharp peaks depending on the affinity between adsorbent and analytes. This causes
adsorbent deterioration and the lost of adsorption capacity. Then a new p-trap is
required, that is, re-calibration is nceded and this will hinder the analysis process.
This second 10-ports valve is, therefore, used to prolong the life time of the p-trap
while still providing sharp chromatograms and high response. In this valve, a 250 pL.
sample loop was used to collect the desorbed analyte from the p-trap. Loading time
which is the time allowing desorbed analytes collected in the sample loop and
injection time which is the time being injected desorbed analyte the GC were

optimized in the range 5 to 30 s and 10 to 25 s, respectively to obtain the highest
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response. From the results (Figure 5.7), as loading time increased from 5 to 25 s, the

signals increased, after optimum loading time the signal decreased due to the loss of

analytes.
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Fig. 5.7 Effect of loading time to the response of the analytes; 0.8 mL min™ sample

flow rate and 2 mL min! of stripping gas, and 45 °C of membrane

temperature,

Injection time was also investigated (Figure 5.8) since it is the time
allowing analyte to flow to the analytical system. The results indicated that 15 s

provided the highest signal, i.e., the analytes completely flow to analytical system

within this fime.
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Fig. 5.9 Chromatograms of an on-line system at the optimum conditions for trace
organic compounds anafysis. A 5-mL of 1 mg L' MTBE, 20 mg L
MIBK, 500 mg L' methanol, ethanol and 1-propanol were used.

5.3.7 Sample mixture

In the case where a saniple contains several compounds, the
permeation of all analytes would become more complicated due to the effect of the
analytes to the membrane called “plasticizing effect” (Feng and Mitra, 2000).
Therefore, the responses of standard mixture were investigated. Figure 5.9 shows the
responses of ethanol (A) and methanol (B) increased in the presence of MTBE due to
the plasticizing effect. This could possibly due to membrane swelling (plasticizing
effect), consequently, the dissolved compounds in membrane can diffuse to the
permeated side easier, For the effect of MIBK to the response of ethanol and
methanol, MIBK only affected the responses of ethanol while the response of
methanol was not changed. This indicated that MIBK can cause the changing of the
responses of ethanol only. Therefore, from this study can be concluded that standard

addition technique is required to obtain the same effect for analyte response.
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Fig. 5,10  Effect of 1 mg L' MTBE and 20 mg L' MIBK to the response of (A)
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5.3.8 Linearity and limit of detection

Limit of detection and linear dynamic range were determined for
ethanol, methanol, 1-propanol, MIBK and MTBE. The resuits are presented in Table
5.3. MTBE gave the lowest detection limit of 1 pg L because it is non-polar and is
suitable with silicone hollow fiber membrane that is also non-polar. In addition,
MTBE has the highest vapor pressure making it possible to permeate through the
hoilow fiber membrane rapidly. The highest detection limit is methanol followed by
cthanol and 1-propanol since these compounds preferably dissolve in water

(considering from Koc) rather than silicone hollow fiber membrane resulting in low
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sensitivity and high detection limit. However, linear dynamic range and limit of
detection for all of these compounds are within the range that could be used for

detection of contaminated sample.

Table 5.3 Linear dynamic range and limit of detection of GIME system

Linear dynamic range /)  Limit of detection (LOD)

Compounds
(mg L) (mg L)
Methanol 50-1750 (0.9909) 50+02
Ethanol 50-1750 (0.992) 1.00 £ 0.04
{-Propanol 200-1500 (0,9935) 7.0 £0.3
MIBK 20-80 (0.9953) 0.60 £ 0.03
MTBE ' 0.05-10 (0.997) | (}.0.10 +0.001
5.3.9 Stability

_ The stability of this system was studied by consecutive injection of the
mixture of 1 mg L of MTBE standard solution, 1000 mg I} of methanol, 500 mg L
of ethanol, 20 mg Ltof MIBK and 500 mg L' of 1-propanol. The obtained responses
wete plotted versus concentration. The results show that this system can be used up to
70 times before the response rapidly decreased due to the deterioration of adsorbent
from the heat (Figure 5.5). The average response obtained were (7,6i3.6)><103
(%RSD = 4.7), (23x1.1)x10° (%RSD = 4.8), (4.3£2.3)><103 (%RSD = 5.3),
(1.228-_IL0.06)><103 (%RSD = 4.7), and (9.0i0.4)><103 (%RSD = 45) for MTBE,
methanol, ethanol, MIBK and MTBE, respectively.
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Fig. 5.11 Stability of the extraction and preconcentration systems

5.3.10 Real sample analysis

5.3.10.1 Wastewater

Wastewater samples were collected from Songklanakarin Hospital
wastewater pond and garage. However, none of the studied compounds was detected
in both samples. To study the matrix effect, known concentrations of standard
solutions were then spiked to these samples and pass through the separation and
analytical system. The signal obtained was plotted as a function of concentration. The
analytical sensitivity of spiked sample was compared to analytical sensitivity of
standard curve using two-way ANOVA (analysis of variance). Probability (P} value
used to test was calculated by R software (R development Core Team, 2006). The null
hypothesis (Ho) made that is the interaction of spike curve and standard curve is not
significant and H, is the interaction of spike curve and standard curve is significant.
From the test, the slope of spike curve and standard curve was significantly different

(P<0.05). Thetefore, it can be concluded that the matrix in both wastewater sample
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(Songklanakarin Hospital and garage) have an effect to the response of target
analytes. Thercfore, standard addition is needed for sample analysis.

The percentages of relative recoveries of these compounds were

calculated and the results are shown in Table 5.4.

Table S.4A The percentages of relative recoveries of spiked sample from

Songklanakarin Hospital wastewater pond.

@te Methanol Ethanol  1-Propanol  MTBE MIBK
Sample

1 90 +7 96+ 6 91+8 87+2 102 +4
2 9% t 6 96+ 4 9112 9513 1015
3 92+3 1056 9042 90 2 96 +2

Table 5.4B The percentages of relative recoveries of spiked sample from garage

wastewater,

wte Methanol Ethanol  1-Propanol  MTBE MIBK
Sample .

1 95+7 106+ 6 97+£8 = 90+2 92+4
2 2% t6 96 + 4 91+2 953 9145
3 92+3 105%6 9542 93+2 96 +2

5.3.10.2 Biosolids sample

“For the determination of contaminated compounds, biosolids
sample was filtered by stainless steel slip-on inlet filter with a porosity 10 and 2 pm

and passed through the hollow fiber membrane. However, the deposition of biosolids
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cake layer on the hollow fiber membrane surface caused membrane fouling (Feng and
Mitra, 2000; Winston and Sitkar, 2001) and decreased the responses of all analytes.
To eliminate this problem, the sample was filtered for several times in a close system
to prevent the loss of aﬁalyte, and the results were much improved. To study the
matrix effect, known concentrations of standard solution were spiked into the
biosolids samples, after complete mixing the samples were filtered for 3 times and
passed through the system. The analytical signals were plotted as a function of
concentration. The analytical sensitivities of spiked sample were compared to
analytical sensitivities from standard curve. Two-way ANOVA (analysis of variance)
was used. From the test, the slope of spike curve and standard curve was significantly
different (7<0.05). Therefore, standard addition is needed for sample analysis.

The Y%relative recoveries were calculated and the resuits are shown in
Table 5.5. For all compounds, extraction efficiency was in the range 79.0-86.0%. This
can be explained that thin cake layer still occurred and blocked the membrane surface
resulting in lower extraction efficiency. Moreover, life time of the membrane was also

reduced, a new extractor module is required.

Table 5.5 The percentages of relative recoveries of spike biosolids sample.

wm Methanol ~ Ethanol  1-Propamol  MTBE  MIBK
Sample

1 8712 87+2 86+3 881 90+1
2 83+2 83+t2 806 80t1 81+1
3 78+2 782 85+£4 90 £2 83+1

5,3.10.3 Ground water sample

Ground water was collected for analysis however none of the studied
compounds was detected. To study the matrix effect, known concenirations of
standard solutions were then spiked to ground water sample and passed through the

separation and analytical system. The signal obtained was plotted as a function of
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concentration. The analytical sensitivity of spiked sample was compared to analytical
sensitivity of standard curve using two-way ANOVA (analysis of variance). From the
test, the slope of spike curve and standard curve was significantly different (7<0.05).
The Y%relative recoveries of these compounds were calculated (Table 5.6). This

system provides % relative recoveries in the range 87.3-100%.

Table 5.6 The percentages of relative recoveries of spike ground water sample.

wte Methanol ~ Ethanol  1-Propamol ~MTBE  MIBK
Sample

1 805 87+ 6 872 8712 1014
2 87+6 9342 91+1 953 1015
3 965 1066 862 90 +3 9% +2

In summary, the target analyte in real samples could not be detected,
i.e., cither there were no YOCs in the samples or the amount of VOCs was lower than
the detection limit. However, this system provides good % relative recovery between
79-100% which was still within the acceptable range, 70-130%, set by EPA method
515.3 (EPA, 1996).

5.4 Conclusion

The proposed gas injection membrane extraction on-line system for
monitoring of trace organic compounds was achieved. Both hollow fiber membrane
module and p-trap were constructed in the laboratory and tested with methanol,
ethanol, 1-propanoi, MIBK and MTBE, with different polarities. The results showed
that that this technique could provide wide linear dynamic range for all of compounds
and a low detection limit for MTBE and MIBK since these two compounds have non-
polar properties, the same as hollow fiber membrane. MTBE showed lower detection

limit than MIBK since MTBE has higher vapor pressure. For effluent mixture it has
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been shown that different concentrations of analyte presented in the solution can
affect the response to other compounds. The effect of the matrix was found in both
wastewater and biosolids samples. The latter has a more profound effect since it
contains higher amount of particles, because these particles can coat on the membrane
surface, reducing the response of analyte. Moreover, the analyte can also adsorb on
these particles and, hence was filtered out. From the results, this system is suitable for

liquid sample but not suitable for the samples that have large amount of particles.




CHAPTER 6

High Efficiency Coating Film for Preconcentration Device for VOCs

6.1 Introduction

Volatile organic compounds (VOCs) are significant indoor air
contaminants. They are contributed by a number of indoor sources such as personal
care products (perfume and hair spray), cleaning agents, dry cleaning fluid, paints,
lacquers, varnishes, hobby supplies, and from copying and printing machines (Forst
and Conroy, 1998). VOCs can cause irritation, odoration, or reproductive hazards
with short-term exposure and having mutagenic and carcinogenic properties with
long-term exposure (EPA, 1995). To avoid its harmful. effect indoor air monitoring of
VOCs is necessary.

VOCs in indoor air are generally found in the range of ppb (v) to ppt
(v) levels (Dettmer and Engewald, 2002) and a preconcentration step is generally
required to improve the sensitivity and the limit of detection. Collection and
preconcentration of VOCs is generally through the use of adsorbent with subsequent
thermal desorption or solvent desorption following with gas chromatographic analysis
(Dettmer and Engewald, 2002; Harper, 2000; Thammakhet ef al., 2006). Generally,
the desorption method is mainly dependent on the choice of adsorbent materials,
sampler design and analytical task. However, thermal desorption is faster and simpler
for on line analysis of VOCs. Adsorbents materials commonly used for VOCs
analysis are activated carbon, carbon molecular sieve, graphitized carbon black and
porous organic polymer (Dettmer and Engewald, 2002; Harper, 2000; Sunesson ef al.,
1995; Thammakhet ef al., 2006; Volden et al., 2005). However, no single adsorbent
can trap all VOCs. Although multibed adsorbent has been introduced to improve the
performance but it still lacks adsorption capacity and requires long desorption time to
avoid carryover (Kuntasal ef al., 2005; Wu ef al., 2004; Yamamoto ef al., 1998).
Therefore, a more suitable adsorbent for VOCs preconcentration is still needed.

~ To improve the sensitivity and limit of detection one possible material,

108
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based on sol-gel technique, is sol-gel polycthylene glycol (PEG). This material has
carlier been developed as solid phase microextraction (SPME) for VOCs
preconcentration (Basheer ef al., 2005). Since sol-gel PEG has a porous structure it
will provide high surface area, high édsorption capacity, can adsorb both polar and
non-polar VOCs and is suitable for thermal analysis (Bigham e af., 2002; Silva and
Augusto, 2005; Wang et al., 2000). Therefore, it is possible to develop sol-gel PEG as
an adsorption material for on-line analysis of VOCs

Carbon nanotubes (CNTs), due to its porous graphite and graphene
sheet structure, have also been used as adsorbent to preconcentrate VOCs (Li et al.,
2004) and semi-volatile organic compounds (SVOCs) (Cai et al,, 2005; Zhou et al.,
2006). However, in these applications off-line systems were applied and needed large
amount of CNTs, leading to very costly systems. A preconcentration device was
subsequently developed and used as an on-line system where a thin film of CNTs was
grown inside steel tubing and directly commects to a gas chromatograph but the
preparation process of CNTs film is rather complicated (Wu ef al., 2004). Therefore,
a simpler technique for preparation of VOCs preconcentration device would be useful.

Based on the good quality of sol-gel PEG we investigated its
application in a preconcentration device, in the form of a trapping tube, aiming for on-
line application by coating sol-gel-PEG inside a silico-steel tube. This was compared
to the trapping tube coated with sol-gel PEG and MWCNTs. It is possible to make a
composite material by combining the sol-gel porous structure, MWCNTs porous
structure and planar m-moiety of MWCNTs which could interact with a-romatic
molecules. This composite material could be a good candidate to adsorb and, hence,
preconcentrate both polar and non polar VOCs from indoor air such as aliphatic and
aromatic compounds. Tested analytes are dichloromethane, (DCM), dichloroethane
(DCE), trichloromethane (TCM), trichlorocthane (TCE) benzene, toluene and xylene
(BTX), selected due to their adverse affects an human health (Forst and Conroy,
1998). The developed trapping tubes were validated and compared to a commercial,

Carbopack B. These trapping tubes were then applied to monitor indoor air.
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6.2  Experimental
6.2.1 Materials

Chemicals used to generate standard gases were benzene, xylene
(Merck KGaA, Darmstdt, Germany, 99.7%), toluene (Lab Scan Asia Co., Lid,
Patumwan, Bangkok, Thailand, 99.5%), 1, 2-dichloroethane, DCE ( BDH Chemical
Ltd, Poole, England), dichloromethane, DCM (Merck KGaA, Darmstdt, Germany,
99.5%), trichloroethene, TCE ( Scharlau Chemie S.A. Barcclona, Spain) and
trichloromethane, TCM (BDH Chemical Itd, Poole, England).

Silico-steel tubing (15 ¢m long, 0.53 mm i.d., and 0.74 mm o.d.), used
as a trapping device, was purchased from Restek Company (Bellefonte, PA, USA).
Methylirimethoxysilane (MTMOS) and polyethylene glycol (PEG) were purchased
from Fluka (Fluka Chemie GmbH, Germany). Trifluoro acid (TFA) was purchased
from Baker Analyzed Reagent (J.T. Baker, 100%) and acetone was purchased from
BHD Analar® (Poole, BH15 1 TD, England, 99.5%). Multi-walled carbon nanotubes
(MWCNTs, 95% purity, 5-15 pm length, 20-40 nm i.d.) were kindly provided by
Shenzhen Nanotech Port Co., Ltd. (Nanshan, Shenzhen, China). Carbopack B
(Supelco, Bellefonte, PA, USA), a commercial adsorbent, was used to compare with

the developed trapping tube.,

6.2.2 Instrumentation

The system was composed of a custom-built gas generator (diffusion
tube) where the generated standard gases were carried by nitrogen (99.995% purity,
Thai Industrial Gases Public Company Limited, Thailand) (see 6.2.3). When the gas
mixture flowed through the trapping tube held by a 10-port valve (Vaico Instruments
Co. Inc., Houston, TX, USA) the analytes were adsorbed (Figure 6.1A). A custom-
built heating box, with a microprocessor-based timer (Gra Lab 451, OH, USA) to
control the desorption time which was used to desotp the analytes from the trapping
tube and injected into a gas chromatograph (Figure 6.1B). Affecting parameters were

optimized, i.e., desorption time and desorption voltage, to obtain the best desorption
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conditions. The analytes were then separated and detected by a gas chromatograph -
flame ionization detector (GC-FID, GC-15A, Shimadzu, Japan) equipped with an HP-

FFAP fused silica capillary column (30 m x 0.32 mm LD. film thickness 0.25 pm,
Agilent Technology, USA).

Standard gas generator

conwrry | A-loading

Custom-built heating
box

Timer

B -injection
{

Custom-built heating

Fig. 6.1 Schematic diagram showing (A) the loading position of the 10-port valve
where the analytes generated by a standard gas generator were flowed and
adsorbed inside the trapping tube held in the 10-port valve and (B) the
injection position whete the analytes were thermally desorbed and injected

into a gas chromatograph. Adsorption and desorption time was controlled
by a custom-built heating box and timer.
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6.2.3 Standard gas (vapor) generator

Standard gases mixture containing DCM, DCE, TCM, TCE and BTX
were prepared by diffusion method (Barratt, 198i; Grob, 1985; Savitsky and Siggia,
1972) where concentrations of the gases were varied by changing the level of standard
solution within the diffusion tube while nitrogen gas (dilution gas) flow rate and
temperature were kept constant as mentioned in 6.2.2. The diameters of the diffusion
tubes affecting the concentration was calculated using equation 6.1 (Barratt, 1981;
Savitsky and Siggia, 1972).

%Zol— =4 (6.1)

where C is the concentration of analyte (ppmv) , F is the flow rate of dilution gas (mL
min™), 7 is the length of diffusion path (cm), K is 24.45/molecular weight of analyte
(nL ng™), X is the diffusion coefficient (cm? s, p is the analyte density (g mL") and
A is the surface area of the diffusion tube (cmz).‘For example, if we would like to
prepare 0.5 ppmv of benzene using 100 mL min™ dilution gas flow rate and the length
of tube is 20 cm, the values of K, X and p of benzene are 0.3 nL ng! (molecular
weight of benzene is 78 g mol™), 0.88 g mL™ and 9.8x10 cm’ s, respectively (Forst

and Conroy, 1998). Substituting these values, equation 6.1 becomes

0.5 100mL %2 % 201 x ng 1,000,000s  mL

X X
1,600,000  60s 0.3nL  9.8cm®  0.88g

=3.14r7  (62)

From equation (6.2), the diameter of the diffusion tube for benzene is calculated to be
approximately 0.06 cm. Similar calculation was done for other compounds, and the
diameters of the diffusion tubes were found to be 0.060 cm for DCM, 0.200 ¢m for
DCE, 0.200 cm for TCM, 0.200 cm for TCE, 0.060 cm for benzene, 0.200 cm for
toluene and 0.200 cm for xylene. The diffusion rates of standard gas using these
diffusion tubes were also studied by placing them in a thermostat chamber, the length
of diffusion path (reduction of the level of standard solutions in each tube) were then
measured every 2 h while N gas (dilution gas) was flowed through the diffusion tube
(Savitsky and Siggia, 1972), The square of the length of diffusion path was then
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plotted versus time, the diffusion coefficient were obtained from the slope of these
plots and used to calculate diffusion rate.

To study whether the position of each standard solution tube affected
the responses, a reverse of sequence of the standard solution tubes was tested, i.;a.,
instead of DCM, DCE, TCM, TCE and BTX from left to right (Figure 6.1A), the
tubes were XTB, DCM, DCE, TCM and TCE. Stability of standard gases was also
studied by directly injecting the standard gases from the diffusion tubes to gas
chromatograph at the optimum conditions. The responses were recorded and plotted

versus the injection times. This process was repeated for five concentrations with
%RSD less than 4.

6.2.4 Trapping tube preparation

The silico-steel tube was cleaned by modifying the procedure
described by Basheer and co-worker (Basheer ef al., 2005). This was done by flowing
0.1 mL min™' of 0.1 M NaOH for 60 min, to form silanol group on the inside surface
of the tube, and water for another 30 min. To neutralize the excess NaOll, 0.1 mL
min of 0.1 M HCI was pasrsed through the tube for 30 min followed by 30 min of -
water. The tube was dried under the slow N stream at 120 °C for 2 h. |

Sol solution was prepared following the method described by Wang
and co-workers (Wang et al., 2000) by mixing 400 p! of methyltrimethoxysilane (sol-
gel precursor), 200 mg of potyethylene glycol (PEG: sol-gel active organic polymer),
200 pl of acetone (solvent) and 150 pl of 95% trifluoroacetic acid (TFA) (sol-gel
catalyst) in a 15.0 mL plastic centrifuged tube then centrifuged for 20 min. The clear
sol solution (500 ul) from the top layer was purged by N to coat the silico-steel tube
(Figure 6.2). The filled tube was left at room temperature (25 + 1 °C) for 30 min
where the sol-gel network was formed via chemical bond by condensation reaction
with the silanol group to the silico-steel wall inside the tube (Wang et al., 2000).
Nitrogen gas was then flowed through the silico-steel tube again to remove the excess
sol solution. The sol-gel PEG trapping tube was conditioned using program

temporature modified from Bigham and co-workers (Bigham et al., 2002), starting
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from 40 °C, increased with a ramp rate of 1 °C/min to 300 °C then held at 300 °C for
2h. The program temperature was performed under slow nitrogen stream (2 mL
min™). To remove all residual monomer, the trapping tube was rinsed with methylene _
chloride and methanol followed by drying under m'trogén stream using the same
temperature program as conditioning step except .for the hold time of the final
temperature (300 °C) which was 30 min (Bigham ef al., 2002). However, this holding
time was also investigated in order to achieve complete cleaning in the range 30 to 90
min,

For sol-gel PEG combined with MWCNTSs (sol-gel PEG/MWCNTs),
sol solution was prepared as described above and 4.0 mg of MWCNTs was added.
The mixed solution was sonicated for 40 min to disperse MWCNTs in the sol solution
before purged it through the silico-steel tube and conditioned as previously described.
The sol-gel PEG and sol-gel PEG/MWCNTs trapping tubes were used to adsorb
standard gas vapors. The reproducibility of prepared trapping tube (sol-gel PEG and
sol-gel PEG/MWCNTS) in three different batches was investigated.

Silico-steel tube

N, line

Sérlqs.brlutrion

Fig. 6.2 Coating of sol-gel PEG inside silico-steel tube using N gas to purge the sol

solution through the silico-steel tube
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6.2.5 Analytical procedure

Vapors of standard gases generated from diffusion tube were carried
by 100 mL min™ of dilution gas‘ and flowed through the trapbing tube (Figure 6.1A)
where the analytes were adsorbed for 10 min. The 10-port valve was then switched to
injection position (Figure 6.1B) where the analytes were thermally desorbed and
carried by nitrogen into the GC, Three time spans were investigated in this position,
First is the delayed time between the switching and before analytes were thermally
desorbed to prevent the loss of analyte. Next is the desorption time or heating time
required to release all analyte. Finally, is another delayed time which will be called
“injection time” to allow all the desorbed analyte to be injected into the GC. These
three time spans and the heating voltage were optimized to obtain the highest:
response. The chromatograms were integrated by CR-3A Chromatopac (CR-3A
Chromatopac, Shimadzu, Japan). Gas chromatographic conditions i.e., carrier gas
flow rate, column temperature, detector temperature, oxidant and fuel gas flow rate

were optimized to obtain the highest sensitivity and the best separation.
6.2.6 System performance

System performances of the developed trapping tubes i.e., linear
dynamic range, sensitivity and limit of detection (Restek, 2003) were studied and
compared to Carbopack B, a commercial adsorbent. Carbopack B packed inside the
silico-steel tube was used to adsorb target analytes. The desorption time and voltage
were also optimized to obtain the best conditions. Limit of detection (LOD) was

investigated using signal to noise ratio (LOD = 3‘—?;—N‘) where b is the slope of

analytical sensitivity (Grob, 1985). Noise (N), the average distance between the

highest point and lowest point, is taken as a peak to peak measurement.
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6.2,7 Real sample analysis

Real samples, indoor air in a laboratory at Department of Chemistry,
Faculty of Science, Prince of Songkla University, Hat Yai, Songkhla, Thailand was
sampled using a vacuum pump (Gast Manufacturing Inc., USA) at 100 mL min™, Air
sample was allowed to pass through a trapping tube for 10 min. The sample was
thermally desorbed using optimum conditions and then analyzed by gas

¢hromatography at the optimum conditions.

0.3 Results and discussion

6.3.1 Gas chromatograph optimum conditions

Standard gases obtained from diffusion tubes were used to optimize
gas chromatographic conditions to accomplish the highest response, good resolution,
sharp peak and short analysis time.

Initially, trapping tube without sol-gel coating was used as a sample
loop to retain the standard gases from diffusion tubes and injected by 10-port valve to
GC. Therefore, there is no need to use the custom-built thermal desorption unit. The
optimized parameters studied composed of carrier gas flow rate, fuel, oxidant and
make up gas flow rate, column temperature and detector temperature. Five
replications were performed for each parameter with % RSD lower than 4 and the
optimum condition was selected as the one providing the highest signal. Using these
critetia, the optimum conditions were obtained as shown in Table 6.1 and they were

used for further studies.
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Table 6.1 Optimum gas chromatographic conditions for DCM, DCE, TCM, TCE

and BTX
Parameters " TInvestigated values Optimum

Carrier gas flow rate (N,) {mL min'') 1.0,2.0,3.0,4.0,5.0 3.0
Fuel gas flow rate (H,) (nL min™) 10, 20, 30, 40 30
Oxidant gas flow rate (Air) (mL min'") 100, 200, 300, 400 300
Make up gas flow rate (N} (mL min') 10, 20, 30, 40, 50 30
Program column temperature

Initial temperature (°C) 40, 50, 66, 70 50

Initial holding time (min) 2.0,3.0,4.0,50 3.0

Ramp rate 1 (°C min'!) 10, 15, 20, 25,30 15

Final temperature 1 (°C) 90, 100, 110, 120, 130 100

Final holding time 1 (min) 0.0, 1.0,2.0,3.0 0.0

Ramp rate 2 (°C min'!) 10, 20, 30, 40 40

Final temperature 2 (°C) 120, 130, 140, 150 140

Final holding time 2 {(min} 0.0, 1.0,2.0,3.0 0.0
Detector temperature (°C) 180, 190, 200, 210, 220 210

6.3.2 Standard gas vapor generator validation
6.3.2.1 Calculation of diffusion rate and concentration

The preparation of standard gas mixture was preformed using the
diffusion method. In this system the diffusion tubes of the test compound was
prepared. The relationship between the lengths of diffusion path (the reduction of the
level of standard gas solution in diffusion tube, f) and time (1, sec) were measured.
(Goldup and Westaway, 1966; Lugg, 1968; Savitsky and Siggia, 1972). By plotting r
versus time this should give a straight line and the diffusion coefficient, X, could be
obtained from the slope (Barratt, 1981; Savitsky and Siggia, 1972). The diffusion rate
(S, ng min") is then calculated by:

XoA
=2 6.3
5] (6.3)

where / is the length of diffusion path (cm), X is the diffusion coefficient (em? s, p
is the analyte density (g mL™") and A4 is the surface area of the diffusion tube (cm?)
(Savitsky and Siggia, 1972). These values are presented in Table 6.2.
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Table 6.2  Effective values used for diffusion rate calculation (equation 6.6) X is the
diffusion coefficient obtained from the experiments, p is the density of

analytc and A is the cross sectional area of the diffusion tube

X A
Analyte 165 em?s1) (ke LY) (cm?)
DCM 2.4+0.4 1.33 0.00281  0.0001
DCE 0.4340,04 1.25 0.0314 £ 0.0001
TCM 1.070.07 1.48 0.0314  0.0001
TCE 0.71£0,04 1.34 0.0314 £ 0,0001
Benzene 0.57+0,04 0.88 0.00281  0.0001
Toluene 0.1940,01 0.87 0.0314 £ 0,0001
Xylene 0.09240,004 0.87 0.00281  0,0001
The conceniration of standard gas can then be calculated by:
C = SK (6.4)
F

where € = concentration (ppm, v/v), F = diluent gas flow rate (nL min™), X =
24.45/MW (nl/ ng) at 25 °C and 760 torr and § = diffusion rate (ng min™) (Barratt,
1981). From equations 6.3 and 6.4, concentration of the analytes can be varied by
changing the length of diffusion path (Barratt, 1981; Grob, 1985; Savitsky and Siggia,
1972).

6.3.2.2 Stability
The stability of standard vapor gases was studied. They were collected

using a sampling valve with a 33 pL sample loop and injected to the GC where the

response was monitored for 35 injections (Figure 6.3). Results obtained from
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consecutive injections showed that each concentration level of generated standard
gases can be injected up to 30 times with %RSD<4.0 after that the signal gradually
decreased due fo the reduction of standard solution level in the diffusion tubes. Hence,
if the generated standard gases are used within 30 injections it can providé reliable

results.

¢+ TCE
2 BZ
A TCM
9.-.1. X Toluene
= X DCM
% ® Xylene
) +DCE
ET)
£
2
-
Y
A
40
Injections

Fig. 6.3 Stability of standard gases vapor from 35 injections

6.3.2.3 Effect of diffusion tube position

The effect of the position of the diffusion tube to the responses of each
analyte generated from custom-built standard gas generator was also studied. The
responses obtained from reversing the position of analytes are presented in Figure 6.4.
The percentage difference between the responses of the two positions was calculated
by equation 6.5;

(6.5)

response from position 1- response from reverse of position 1

% difference =
response from position 1

The % difference was between 0.6% and 7.4% and these were within the acceptable
criteria (10%) (Green, 1996).
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Fig. 6.4 Responses obtained from changing the position of standard solutions in the
diffusion tube. Position 1 is DCM, DCE, TCM, TCE and BTX, the reverse
of the position 1 is XTB, TCE, TCM, DCE and DCM. The percentage
differences of the response between position 1 and the reverse of position

1 were shown above the columns.
6.3.3 Optimization of desorption conditions

Before use, the developed trapping tube was cleaned with metﬁylene
chloride and methanol followed by drying under nitrogen stream using program
temperature starting from 40 °C, increased with a ramp rate of 1 °C/min to 300 °C then
held at 300 °C for 30, 60 and 90 min, respectively. However, using longer holding
time for final temperature can cause low response due to deterioration of coating
polymer from the heat. Therefore, the hold time at 300 °C was set at 30 min. After the
cleaning step, the sol-gel PEG trapping was used to optimize the delayed time and
injection time,

A custom-built heating unit coupled with a timer was used to desorb
the analytes from the developed trapping tubes and Carbopack B packed tube. The
delay time between switching and before analytes were thermally desorbed was first
investigated in the rénge of 5-20 s while the injeétion time, heating voltage aﬁd time

were fixed at 10 s, 5 V and 1 s. The results showed the highest response was
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accomplished at 10 s then the response decreased due to the loss of analyte before the

valve was switched to inject position (Figure 6.5).

30.0 + Benzene
& TCE
S\ 25.0 /-1\! & DCM
3 ® TCM
oy 20.0 - XX)'leue
2 + DCE
g 15.0 - + Toluene
=13}
- —
[+*]
= 10.0
4 —
& 50 e —
ol = —%
x ¢ ﬁ‘_'—'—-—_._*
0.0 T T T : 3
0.0 5.0 10,0 15.0 20.0 25.0
Delay time (s)

Fig. 6.5 Delay time of injection valve between switching and before analytes was

thermally desorbed.

The optimum delay time was used for further studies of other
parameters, the injection time was then optimized between 5 and 20 s, The response
increased from 5 to 15 s since this is the time allowing analyte to flow to analytical
system. Therefore, analytes were completely passed through GC at 15 s then became
Constant at 20 s (Figure 6.6). |
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Fig. 6.6 Effect of injection time to the response of analyte.

These optimum delay and injection times (10 s and 15 s) were used to
optimize other parameters for sol-gel PEG, sol-gel PEG/MWCNTSs and Carbopack B,
the applied heating voltage was then varied between 3.0 and 8.0 V by fixing heating
time at 1 s for all trapping tubes as shown in Figure 6.7. The response increased with
voltage from 3.0 to 5.0 V and then leveled off,. When the desorption voltage was
higher than 6 V the responses showed some fluctuation, this can be attributed td the
deterioration of polymer coating and adsorbent packed tube by thermal desorption
(Dettmer and Engewald, 2002; Harper, 2000).
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Fig. 6.7  Effect of heating voltage fo the response of analyte using (A) sol-gel PEG

(B) Sol-get PEG/MWCNTs (C) Carbopack B,

Finally, the desorption time was varied between 1 to 3 s for sol-gel
PEG, Sol-gel PEG/MWCNTSs, Carbopack B using desorption voltage 5 V and the
results showed that at 1 s the best response was obtained (Figure 6.8). The desorption

time in this research was advantageous over some earlier report by less than 300 times




124

(Kuntasal ef af., 2005). In summary, the delay time between switching and dcsorption
is 10 s and injection time 15 s. The optimum conditions for desorption are a

desorption voltage of 5V and a desorptidn time of 1 s.
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Fig. 6.8  Effect of heating time to the response of analyte using (A) sol-ge! PEG (B)
Sol-gel PEG/MWCNTs (C) Carbopack B.
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6.3.4 Validation of trapping tube

At the optimum conditions, the chromatogram obtained using
developed trapping tube (MWCNTSs/PEG) as an injector is shown in Figure 6.9. All

compounds can be separated and detected within 10 min.

7 7 7

)L

Fig. 6.9 Chromatogram obtained from MWCNTS/PEG trapping tube injection
where 1: TCE (tr = 3.4 min), 2: DCM (iz = 3.9 min), 3: Benzene (g =
4.2 min), 4: TCM (tg = 5.2 min), 5: Toluene (tg = 5.7 min), 6: DCE (tg =
6.0 min) and 7: Xylene (tg = 7.3 min).

(1)

6.3.4.1 Reproducibility

Reproducibility was studied by preparing the trapping tubes in three
different batches. Toluene was selected as a testing compound since it is widely used

in the laboratory. Standard gas of toluene at a concentration of 2.4 ppmv was passed
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through the trapping tube, desorbed and analyzed with GC-FID. The average
responses from the three different batches of sol-gel PEG and sol-gel PEG/MWCNTs
were (2.4 + 0.1) x 10* pV (%RSD = 3.8) and (2.8 £ 0.1) x 10* pV (%RSD = 1.8),
respectively. These results indicate that the preparation processes proiride excellent
reproducibility (%RSD<4).

6.3.4.2 Stability

The developed trapping tubes were compared to commercial
adsorbent, 2.4 ppmv of toluene was tested. Carbopack B was chosen since it is a
strong adsorbent that can be used to trap all kind of volatile organic compounds and
has high thermal desorption temperature (400 °C) (Dettmer and Engewald, 2002;
Harper, 2000). The results showed that both sol-gel PEG and sol-gel PEG/MWCNTSs
trapping tube can be used up to 160 times before the response decreased from 100%
to 90% while Carbopack B can be used only 70 times. That is the developed trapping
tubes provide higher thermal stability than Carbopack B. These results also showed a
slight advantage over previous report where sol—gel PEG can be used up to 150 times
at 300 °C (Wang et al, 2000). The average response obfained from developed
trapping tubes were (2.2 + 0.1) x 10* pV with % RSD 1.4 for sol-gel PEG and (2.9 + —
0.1) x 10* pV with % RSD 1.7 for sol-gel PEG/MWCNTSs. These were higher than
Carbopack B ((0.70 £ 0.02) x 10* pV with % RSD 2.9) by about 3 and 4 times,

respectively.
6.3.5 Performance of trapping tubes

Linear dynamic ranges were studied by passing analytes at various
concentrations to the trapping tube, adsorption and desorption was performed. The
responses from analytical system were plotted versus concentrations. Lincarity was
considered from coefficient of determination (r’) greater than 0.99 (Figure 6.10).
Limit of detection (LOD) were investigated based on signal to noise ratio (S§/N) of 3
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(Green, 1996). Table 3 illustrates the experimental data where linearity, sensitivity

and LOD of developed trapping tube and Carbopack B packed tube were compared.
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From the results, sol-gel PEG and sol-gel PEG/MWCNTS trapping
tube provided higher sensitivity than Carbopack B. This could be explained by the
structure of Carbopack B which is the graphitized carbon black which provides non-
specific adsorption. It can adsorb various organic compound by London dispersidn
(Dettmer and Engewald, 2002; Harper, 2000} while sol-gel PEG are highly porous
structure and this help increase the available surface area. It can adsorb both polar and
non polar compounds (Wang et al., 2000) hence by using sol-gel PEG trapping tube
the analytical sensitivity was improved. In the case of MWCNTSs incorporated with
sol-gel PEG, since MWCNTs provide the adsorbent with a planar m-moiety hence it
could strongly interact with an aromatic molecule and hydrophilic compound via 7-
stacking (Chen ef al., 2007). For hydrophobic compounds, it can adsorb through
capillary condensation in the MWCNTs pores (Chen ef af., 2007; Shih and Li, 2008).
Therefore, MWCNTSs can possibly enhance the analytical sensitivity. From the
results, the sensitivity of trapping tube increase from Carbopack B to Sol-gel PEG and
Sol-gel PEG/MWCNTSs. When considered the adsorption properties of MWCNTS, the
analytical sensitivity of aromatic compounds which are benzene, toluene and xylene
and polar compound (TCM, DCM and DCE) should be enhanced more than the
others. However, the enchantments of sensitivity showed the same trend as other
compounds, similar to the trend when using sol-gel PEG. Therefore, it is likely that
sol-gel- PEG is the major component that plays an important role in the adsorption
process,

When considering LOD, the results indicated that the LOD from the
developed trapping tube was much better than Carbopack B. The trapping tube using
sol-gel PEG/MWCNTs can provide LOD down to ppb (V) level. Both of the
developed trapping tubes can provide high enough sensitivity and low LOD which

can be used to preconcentrate all analytes and work as an injection device effectively.
6.3.6 Measurements of VOCs in indoor air
The developed trapping tubes and also Carbopack B were applied to a

real sample. To calibrate the system five concentrations of standard gases (0.2-2

ppmv} were first passed through the trapping tube. Indoor air in a laboratory at
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Department of Chemistry, Faculty of Science, Prince of Songkla University, Hat Yai,
Songkhla, Thailand was sampled and monitored by drawing the air through the
trapping tube at a rate of 100 mlL min” for 10 minutes. The optimum heating voltage
and time were applied to the trapping tube, The desorbed'analytes were then flowed
directly to GC with the carrier gas. Sampling was done for 5 times continuously using
Carbopack B packed tube and developed trapping tube. The samples were sampling
for 5 days however toluene and xylene were found only on one day. For the other
days no interesting compounds were detected.

From the results, the concentrations of toluene detected from 5
replications are shown in Table 6.4 while the concentrations of xylene detected in

indoor air are presented in Table 6.5

Table 6.4 Concentration of toluene detected in indoor air from 5 replications using

3 types of trapping tube
Concentration of Sampling time
Trappingtkemluene (ppmv) 1 2 3 ' 4 5
Carhopack B 2.9 3.0 2.9 2.9 2.9
Sol-gel PEG 33 3.2 31 3.1 3.1
Sol-gel PEG with MWCNTs 2.9 2.9 3.0 32 32

Table 6.5 Concentration of xylene detected in indoor air from 5 replications using 3

types of trapping tube
Concentration of Sampling time
Trappingmylene (ppim¥) 1 2 3 4 5
Carbopack B : 0.5 0.8 0.9 1.0 6.8
Sol-gel PEG 0.6 0.7 0.9 1.0 0.7
Sol-gel PEG with MWCNTs 0.6 0.7 0.8 1.1 0.9

The levels of toluene and xylene were lower than the recommended
exposure limit (NIOSH, recommended time-weighted (TWA) average 10 h, was set at
100 ppm) (NIOSH, 1994; Periago and Prado, 2005).
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To confirm that the concentration obtained from these three types of
trapping tube, Carbopack B, sol-gel PEG and sol-gel PEG/MWCNTSs, were not
significantly different, analysis of variance (two-way ANOVA) were calculated
(James and Jane, 2000). Table 6.6 and Table 6.7 show two-way ANOVA of analysis
results of toluene and xylene. F-test was used to see whether the variance estimates
differ significantly (P<0.03).

Table 6.6 Two-way ANOVA of toluene

Source of variation Sum of squares degree of freedom | Mean square F
Between sampling time 0.031 4 0.008 2.667 (F,,,~4.120)
Between trapping tube 0.007 2 0.004 1.333(F_,=4.737)
Residual 0,024 7 0.003 '
Total 0,139 14

Table 6.7 Two-way ANOVA of xylene

Source of variation Sum of squares degree of freedom Mean square F
Between sampling time 0.287 4 0.072 1.756 (Ferir=4.120)
Between trapping tube 0.001 2 0.001 0.012 (Ferit=4.73T)
Residual 0.286 7 0.041

Total 0.400 _ 14

From the statistical test, F calculation was lower than F critical for
both toluene and xylene indicated that the results from three trapping tubes were not
significant differently (P<0.05) (James and Jane, 2000). Therefore, the developed
trapping tubes (sol-gel PEG and sol-gel PEG/MWCNTs) can be effectively used to

detect volatile organic compounds in indoor air,

6.4 Conclusions

The developed trapping tubes based on sol-gel techniques showed that
they can effectively be used as preconcentration device for on-line monitoring of

VOCs. The trapping fube can be easily prepared by purging the sol solution (with or
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without CNTSs) through silico stecl tube. Both sol-gel PEG and sol-gel
PEG/MWCNTSs can trap all analytc effectively. Desorption using a custom-built
heating device is fast and can effectively be used as an injection device for on-line
VOCs detection. Comparing fo a commercial adsorbent, Carbopack B, all system
performances of the developed trapping tube were much better. They provided good
thermal stability, i.e. can be used up to 160 times, making them suitable for online
monitoring of VOCs. They pr_dvide a wide linear dynamic range, high sensitivity and
low detection limit, in the order of ppb (v), meaning that the system can effectively be
used to quantify VOCs for a wide range of concentrations, That is, the developed sol-
gel PEG and sol-gel PEG/MWCNTSs trapping tubes offered an alternative technique to
commercial adsorbents with higher operational temperatures, better analytical

performance and longer lifetimes.




CHAPTER 7

Bismuth Film Electrode for Analysis of Tetracycline in Flow

Injection System
7.1 Introduction

Mercury electrodes, mercury film and mercury drop, have often been
used for electrochemical measurements because mercury has high hydrogen over
voltage that greatly extends the negative potential window (Hutton ef al., 2001) and
their usages have recently been reviewed (Barek ef al., 2001). However, the high
toxicity of mercury has led to a search for alternative materials that can replace these
electrodes. Although a wide range of non-mercury electrodes such as gold
(Achterberg and Braungradt, 1999) and iridium (Nolan and Kounaves, 1999) has been
investigated, the performance of these electrodes has not approached that of mercury.
Recently bismuth film electrode (BiFE) has been proposed as an alternative to
mercury film electrode (MFE) due to its environmental friendly nature (Wang ef al.,
2000).

BilFE can be prepared by depositing thin bismuth film on a suitable
substrate material such as glassy carbon (Charalambous and Economou, 2005;
Economou, 2005; Hutton et al., 2003; Hutton ef al., 2001; Kefala ef al., 2006; Kefala
et al., 2003; Morfobos ef al., 2004; Wang et al., 2001a; Wang et al., 2006; Wang et
al., 2000, Yang ef al., 2006), carbon paste (Kefala ef al., 2006; -Kr(’)Iicka et al., 2002;
Svancara ef al., 2006), pencil-lead (Demetriades et al., 2004), copper (Legeai and
Vittori, 2006) and carbon fiber (Hutton ef al., 2005; Hutton ef «f., 2006; Wang ef al.,
2000). It has been widely applied for trace metal analysis by anodic stripping
voltammetry, adsorptive stripping voltammetry, voltammetry and potentiometric
stripping analysis. The analysed metals included nickel (IT) and cobalt(Il) (Legeai and
Vittori, 2006), cadmium(1l) (Charalambous and Economou, 2005; Hod&evar ef al.,
2002; Hutton et al., 2005; Kefala et al., 2003; Krolicka ef al., 2002; Legeai and
Vittori, 2006; Svancara ef al., 2006; Wang ef al., 2001a; Wang et al., 2001b), zinc(I)
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(Demetriades et al., 2004; Kefala et al, 2003; Krélicka ef al., 2002; Legeai and
Vittori, 2006) and lead(IT) (Charalambous and Economou, 2005; Demetriades ef al.,
2004; Hotevar et al., 2002; Hutton et al., 2005; Kefala ef al., 2003; Krélicka et al,
2002; Svancara et al.,, 2006; Wang et }Jl., 200ta; Wang et al., 20015). However, only
a few reports used BiFE and bismuth bulk electrode (BiBE) to determine organic
compounds. These included amperometric detection of 2-nitrophenol and
bromofenoxim (Hutton et al., 2001), adsorptive stripping voltammetry of daunomycin
(Bucarokova et al,, 2005), and for trace analysis of several metals by forming a
complex with dimethylglyoxime (DMG) such as cadmium (I) (Hutton et al., 2004),
lead (II) (Hutton et al., 2003), cobalt (II) (Hutton et al., 2006; Kefala et al., 2003;
Morfobos et al., 2004), nickel (111) (Hutton et al., 2006; Morfobos ef al., 2004),
molybdenum (Wang ez al., 2006) and vanadium (Wang et al., 2006). It was also used
to detect aluminum by forming intermetallic compound with cupeferron (Kefala et al.,
2006). Recently, BiFE has been applied to detect metallothionein (protein with low
molecular weigh) (Yang et al., 2006). Therefore, it would be interesting to applied
BiFE for the analysis of some other organic compounds in a flow system.

Tefracycline is an important antibiotic that has been used for a long
time to control bacteria of many different infections in both human and animals such
as respiratory tract infections and is still commonly used in veterinary medicine
(Grayson, 1982), Many methods have been described for the determination of
tetracycline such as liquid chromatography (Alfredsson et al, 2005), high
performance liquid chromatography (Cai ef af,, 2005) coupled with different detection
techniques such as mass spectrometer (Alfredsson ez al., 2005) and UV detection (Cai
et al., 2005). However, these are time consuming and high cost techniques.

An interesting detection principle is electrochemical, since it is a
simple, low cost and high sensitive technique, Tetracycline has been detected by
mercury film micro-electrode with fast cyclic voltammetry detection (Zhou et al,
1999). However, the problem is still the toxicity of mercury. Therefore, other
materials have been studied. For example, gold rotating disk electrode with pulse

amperometric detection (Palaharn ef al., 2003) and anodized boron-doped diamond
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thin film electrode (Wangfuengkanagul ef al., 2004) but the cost of these electrodes
was relatively high.

' In this research, to achieve low cost and environmental-fiiendly
detection system, BiFE was prepared and used to determine tetracyclfne, which was
selected as a test organic compound, in a flow injection system with amperometric

detection.
7.2  Experimental
7.2.1 Chemical and reagents

Bi(NO;);.SHZO (Fluka, Switzerland) was dissolved in 0.5 M HNO;
(Carlo Ebra Reagent, France) to obtain 2.0 mM of bismuth solution. Sodium acetate
buffer, 100.0 mM pH 4.5 (Hutton et al., 2005; Hutton et al., 2004; Kefala ef al., 2063;
Wang ef al., 2006), was used for the deposition of bismuth film on glassy carbon
electrode (GCE). Sodium tetraborate buffer (25.0 mM pH 8.7) was prepared from
sodium tetraborate (Sigma-Aldrich, USA) and HCI and used to prepare standard and
running buffer solutions in all experiments. Stock standard solution of tetracycline
(Sigma-Aldrich, Germany) was prepared in running buffer solution and stored at -
20°C. Working standard solution was diluted from stock standard solution, stored at -
4°C and used within three days (Zhou et al., 1999).

7.2.2 Preparation of BiFE

An electrochemical cell composed of a 3 mm diameter GCE working
clectrode, a Ag/AgCl (3M KC)) reference electrode and a platinum wire (Metrohm,
Netherlands) counter electrode. GCE was polished with 5.0 pm, 1.0 pm and 0.3 pum
alumina powder (Metkon Instruments Ltd., Turkey), respectively, to mirror-like and
then sonicated for 15 minutes in deionized water before use. Anodic stripping
voltammelry technique was performed using a p-Autolab type IIT (Metrohm,

Netherlandé) connected to a personal computer and driven by GPES 4.9 software
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(Eco Chemie, Switzerland) to optimize the deposition of bismuth film onto GCE.
Cyclic voltammetry was performed to investigate the reduction and oxidation
potential of Bi(IIl), The reduction potential was further studied for bismuth film
deposition whereas oxidation was used for cleaning GCE surface (stripping bismuth
film) for next preparation. The parameters investigated include concentration of
" bismuth solution, deposition potential and time. At the beginning, concentration of
bismuth was optimized in the range 0.2 to 1.7 mM while deposition potential and time
were -0.3 V and 6 min. Then, deposition potential was optimized in the range -0.2 to -
0.7 V using optimum concentration of bismuth solution and deposition time 6 min.
Finally, the deposition time was investigated from 1 to 6 min using optimum
condition of bismuth concentration and deposition potential. After each optimization,
bismuth film was removed using oxidation potential at 0.25 V then new bismuth film
was deposited and used for further study. |

The reproducibility of bismuth film preparation was investigated from
the current value of bismuth stripping peak from ten different batches where the %
relative standard deviation was calculated. Then, three electrodes were tested with
1.0, 40 and 6.0 mM tetracycline standard solution. The current responses were
plotted versus the concentration. The % relative standard deviation of the slope from |
these plofs was studied. Finally, the slope of each curve was statistically compared

using two-way ANOVA (analysis of variance).
7.2.3 Flow injection system for tetracycline

A flow injection system for tetracycline analysis is shown in Figure
7.1. A peristaltic pump (Miniplus 2, Gilson, France) was used to deliver buffer
solution via a six-port valve (Valco, Houston, TX, USA), used as an injector of a
controlled sample volume. A bare GCE (3 mm) or bismuth coated GCE (BiFE) served
as a working electrode with a Ag/AgCl (3 M KCl) and a stainless steel tube acting as
the reference and counter electrode, respectively. All electrodes were held in a
custom-built flow cell with a dead volume of 10 pL. Detection potential, carrier flow

rate and sampie volume were optimized. The detection potential of tetracycline using
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BiFE was investigated between -1.0 and -1.4 V while the detection potential of
tetracycline using GCE was studied in the range -1.0 to -1.3 V., During this study the
carrier flow rate and sample volume were set constant at 0.2 mL min™ and 200 ul.
Then, the carrier flow rate was optimized between 0.1 and 0.4 mL min™ using the
optimum value of detection potential and 200 pL. sample volume. Finally, sample
volume was studied using the optimum value of detection potential and carrier flow
rate. Moreover, in order to increase the signal of the system, concentration of
supporting electrolyte, 0.05-1.0 M KCl, was also studied to decrease the resistance of
the buffer solution and enhance sensitivity of the system. The optimum value was

considered from the one providing the highest response.

‘ Auxiliary
— 1] Electrode
7 njcction valve BFE
Boric buffer pH 8.70 Waste

Fig. 7.1 Schematic diagram of the flow injection system for tetracycline detection

7.2.4 System performances

Stability of BiFE was investigated by continuously injecting 200 pl. of
2.0 mM tetracycline to the flow injection system with amperometric detection. All
parameters were set at the optimum values. Amperometric responses of tetracycline

using GCE and BiFE in the flow injection system were also compared. Linear
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dynamic range, limit of detection and correlation coefficient were studied. Real
samples were tetracycline capsules (250 mg) purchased from a local drugstore in Hat
Yai, Songkhla, Thailand.

7.3  Results and discussion
7.3.1 Reduction and oxidation of Bi{(III) on GCE

Cyclic voltammogram of 1.5 mM Bi (III) performed on GCE with
potential between -1.2 V to 0.2 V showed a cathodic and an anodic peak (Figure 7.2).
The reduction potential of bismuth was between -0.10 and -0.70 V. This is the range
of potential where bismuth film is deposited onto GCE surface, therefore, this
potential range was used for further optimization of deposition potential of bismuth
film. From the same voltammogram oxidation potential was shown to be between 0.0
and 0.25 V and this is the stripping potential of bismuth film from the electrode
surface, Therefore, 0.25 V was used to strip bismuth film from electrode surface
(cleaning electrode surface) since this potential is high enough to strip bismuth film
for all deposition potentials. After stripping new bismuth film can be deposited

without polishing the electrode surface.
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Fig. 7.2 Cyclic voltammogram of 1.5 mM Bi(IIl}) on GCE using 1.0 M, pH 4.5

sodium acetate as a running buffer, scan rate 0.1 V s,
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7.3.2 Optimization of BiFE preparation

BiFE was prepared by depositing Bi(Ill) onto the GCE surface.
‘Concentration of the bismuth solution, deposition potential and time was optimized by |
using anodic stripping voltammetry technique. Five replications were performed for
each parameter where the % RSD was obtained at less than 4.0,

The concentration of bismuth was varied in the range 0.2 to 1.7 mM.
After each deposition, the potential was increased to 0.25 V to strip the bismuth film
from GCE surface and the current peaks of stripping bismuth were recorded. This
peak current indicates the deposited amount of Bi (III) and generally, it is proportional
to deposited molecule onto electrode surface (Wang, 2006). Figure 7.3 illustrates the
increasing of anodic stripping peak current with the concentration of Bi(III) solution
which reached a steady value at 1.5 mM. This indicated that at this stage the surface
of the electrode was completely covered with Bi hence after this concentration the

current was constant. Therefore, the optimum concentration of Bi(IIl) was 1.5 mM.

8.0
7.0
6.0 |
5.0
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3.0
2.0
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0.0 . . . —
0.0 0.5 1.0 1.5 2.0
Concentration of Bi(fII) (inM)

Peak height x 104 (uA)

Fig. 7.3  The relationship between anodic stripping peak current of Bi(II) and
concentration of Bi(Ill). 0.1 M, pH 4.5 sodium acetate buffer was used

for deposition and stripping bismuth film.
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The deposition potential was then investigated in the range of -0.2 to -
0.7 V. At a potential more negative than -0.3 V the stripping peak current decreased
(Figure 7.4). This is probably because of the faster reduction rate of Bi(IIl) (Wang,
2006) that can cause non-uniformity of the film hence the amount of Bi(IIT) deposited
which corresponding to stripping peak current was reduced. Since -0.3 V provided the

highest response it was selected as the optimum deposition potential and used for
further study.
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Fig. 7.4 Effect of deposition potential of 1.5 mM Bi(III) onto GCE. 0.1 M, pH 4.5

sodium acetate buffer was used for deposition and stripping bismuth
film.

For the deposition time, the results showed stripping peak current
increased with deposition time from 1 up to 6 minute (Figure 7.5) and becomes

constant. That is, 6 minutes is the optimum condition for this parameter.
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Fig. 7.5 Effect of deposition time of 1.5 mM Bi(lIl) onto GCE. 0.1 M, pH 4.5

sodium acetate buffer was used for deposition and stripping bismuth film.

Using optimum preparation bismuth film conditions (concentration of
bismuth 1.5 mM, deposition potential -0.3 V and deposition time 6 min), 10 different
preparations of BiFE were investigated. Anodic stripping peak currents of Bi(Ill)

- from GCE surface of these preparations provided the stripping current of 10.1+0.5 pA
with a relative standard deviation of 4.7%. That is, the process provided good

reproducibility.
7.3.3 Working potential of BiFE

When study tetracycline, borate buffer was used as a running buffer
because basic solution was needed to provide the reduction reaction of tetracycline at
negative potential and provide a wide potential window suitable for reduction
potential of tetracycline. The potential window of BiFE and GCE (working electrode)
were tested in 25.0 mM borate buffer pH 8.7 in a batch system, using a Ag/AgCl (3M
KCl) reference electrode and a platmum wire counter electrode They were found to

be between -0.9 and -1.5 V for BiFE and in the range -1.0 to -1.3 V for GCE (Figure
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7.6). Although, the potential windows of GCE and BiFE are narrower than that of
mercury film micro electrode (-0.6 to -2.0 V) (Zhou et al., 1999), they were wide

enough for tetracycline detection (see 7.3.4).
7.3.4 Reduction potential of tetracycline

The reduction potential of tetracycline was studied by adding 1.0 mM
tetracycline into the system. The cyclic voltammogram was scan between -0.9 to -1.5
V for BiFE and -1.0 to -1.3 V for GCE. Ten scans were performed in each run. The
first voltammogram of tetracycline scan of each injection was used since subsequent
scans provided lower peak current due to rapid desorption of tefracycline from the
electrode surface. Reduction reaction of 1.0 mM tetracycline occurred at -1.25 V
(Figure 7.6) which is slightly less than mercury film micro electrode where the
reduction peak of tetracycline was found between -1.4 to -1.5 V (Zhou et al., 1999).
The shift of reduction potential is possible either from slightly higher electron transfer
kinetics of tetracycline on BiFE than mercury film micro electrode or a difference in
electrical double layer region of rBiFE and mercury film micro electrode
(Charalambous and Economou, 2005; Wang ef al., 2000). In the case of a bare GCE,
although it has a potential window between -1.0 to -1.3 V, no current peak of
tetracycline was obtained under the same condition probably because GCE is less
~ sensitive to tetracycline than BiFE. To improve the sensitivity, supporting electrolyte,
KCl, was added to increase the conductivity of the running buffer solution (Petrin and
Dempsey, 1974). Using cyclic voltammetry the responses could be obtained from
'GCE but were still much less than BiFE (Figure 7.6). The cyclic voltammogram of
tetracycline using BiFE shows good adsorption and rapid desorption of tetracycline.
At 0.1 M KCI the response of 1.0 mM tetracycline obtained from BiFE increased by
50%. This supporting electrolyte was studied further in the flow injection system.
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7.3.5 Optimization of flow injection system
7.3.5.1 Detection potential

Both GCE and BiFE were tested in the flow injection system. A
constant potential of -1.0 V was applied until a stable baseline was obtained. The
detection potential was then optimized to recheck the reduction potential of
tetracycline in the flow injection system since the distance between working,
reference and auxiliary electrodes were different from the batch system. In addition,
auxiliary electrode in the flow and the batch systems were different (stainless steel
and platinum wire). Tetracycline, 200 upl of 1.0 mM, was injected into the

amperometric flow injection system. The detection potential was tested at -1.00, -
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1.20, -1.25, -1.30, -1.35 -1.40 V for BiFE (Figure 7.7A) and -1.00, -1.20, -1.25, -1.30
V for GCE (Figure 7.7B). Current peak of tetracycline provided the highest response
at-1.30 V for both BiFE and GCE and this was used as the detection potential.
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Fig. 7.7  Effect of detection potential on the response of 1.0 mM tetracycline using
(A) BIFE and (B) GCE. System contains 25.0 mM borate buffer solution,
200 pL of sample volume,

7.3.5.2 Carrier flow rate

The optimum carrier flow rate was then investigated from 0.1 to 0.4
ml, min™ using both GCE and BiFE. Between 0.2-0.4 mL min™ the same value of
current was obtained, however, at 0.1 mL min™ the peak of 1.0 mM tetracycline was

quite broad and the peak height was lower than the others (Figure 7.8). This was
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probably caused by the dispersion of the sample in the flow system at a slow flow

rate. Therefore, 0.2 mL min™ was selected.
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Fig. 7.8 Effect of carrier solution flow rate on the response to 200 pL of 1.0 mM
tetracycline in 25.0 mM borate buffer, detection potential -1.3 V.,

7.3.5.3 Sample volume

Since the dead volume inside the flow cell, which is dilution factor,
could affect the response of the analyte thus it is necessary to optimize the sample
volume. This was studied betweeg 150 and 300 pl. Since increase the sample volume
would increase the amount of analyte resulting in higher response, the peak height
increased with volume from 150 to 200 pL. However, after 200 uL a constant
response was achieved. Therefore, 200 pl. was selected to be an optimum sample

volume (Figure 7.9).
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Fig. 7.9  Effect of sample volume on the response of 1.0 mM tetracycline in 25.0
mM borate buffer, detection potential -1.3 V.

7.3.5.4 Supporting solution concentration

To enhance the response of tetracycline, concentration of the added
KCI was tested between 0.05-1.0 M. The current response of 1.0 mM tetracycline
increased with KCI concentration from 0.05-0.1 M due to the reduction of the
resistance of the solution. However, at higher concentration of 0.2, 0.3, 0.4, 0.5 and
1.0 M, the current of 1.0 mM tetracycline decreased because larger amount of KCl
can shift the reduction potential of analyte to a more negative value resulting in the
decrease of response in amperometric detection. Moreover, the baseline noise at high
KCl concentration is also quite high, Therefore, 0.1 M was selected as the optimum

value.
7.3.5.5 Concentration and pH of borate buffer
To obtain the best conditions, concentration and pH of borate buffer

was investigated. The effect of borate buffer conceniration to the response of

tetracycline analysis using BiFE was studied between 12.5 and 100 mM (Figure 7.10).
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The results showed the maximum peak current at 25 mM, Therefore, 25 mM was

selected as an optimum condition.
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Fig. 7.10  Effect of buffer concentration on the response to 200 pL of 1.0 mM
tetracycline in flow injection system; borate buffer solution, 0.2 mL min

! flow rate and -1.3 V detection potential.

The effect of pH of borate buffer to the response of tetracycline was
also investigated from 8.1 to 9.0. The responses of tefracycline were slightly increased
in this range. However, the highest response was achieved at the pH 8.7 (Figure 7.11).

Therefore, this pH was selected to be optimum vatue and used for further study (Zhou
ef. al., 1999).
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Fig. 7.11 Effect of pH of buffer on the response to 200 uL. of 1.0 mM tetracycline
in flow injection system; 25.0 mM borate buffer solution, 0.2 mL min”’

flow rate and -1.3 V detection potential.
The optimum conditions for both GCE and BiFE flow system are
summarized in Table 7.1. These optimum conditions were used for system

performance investigation and real sample analysis.

Table 7.1 The optimum conditions for GCE and BiFE in flow injection system

Optimum values

Conditions GCE BiFE
Detection potential (V) -1.3 -1.3
Carrier flow rate (nL, min'1) 0.2 0.2
Sample volume {nl) 200 200
KCI1 concentration (M) 0.1 0.1
Buffer concentration {mM) 25 25

pH of buffer 8.7 ' 8.7
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7.3.6 System performance

Borate buffer was used to prepared standard tetracycline in order to
reduce the effect of background current and it can only dissolve tetrécycline up to 6.0
mM. Therefore, tetracycline could only be tested up to 6.0 mM. However, this _
concentration is highly enough to detect tetracycline in real sample. At optimum
conditions, system performance was investigated, Tetracycline standard solution (0-
6.0 mM) was injected fo the flow injection system. Figure 7.12 shows the actual
amperometric responses of GCE and BiFE to 1.0, 2.0, 3.0 and 4.0 mM tetracycline in
25.0 mM borate buffer solution (pH 8.7) containing 0.1 M KCI where the peak height

is proportional to the concentration of tetracycline,
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Fig. 7.12  The current responses of tetracycline obtained from GCE and BiFE at 1.0,
2.0, 3.0, 4.0 mM tetracycline at different concentrations; 25.0 mM borate
buffer pH 8.70 containing 0.1 M KCI, applied potential -1.3 V.,

The calibration curves are presented in Figure 7.13 showing the
linearity of BiFE between 0 and 6.0 mM (r = 0.999). GCE gave the same linear range
(r = 0.999) but was 4.5 times less sensitive (slope 1.7£0.3 pA mM™) than BiFE
(7.9£0.2 pA mM™). From the plot, the concentration of Bi(IIl) and peak current is

linear in the study range (0-6 mM). The limit of detection was calculated following
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IUPAC method (Long and Wineforder, 1983). Briefly, by injection of 20 blanks,
standard deviation was calculated and multiplied with numerical factor chosen in
accordance with the confidence level. In this research, the numerical factor selected
was 3 allows a confidence level of 99.86%. Finally, to converse from measurement
unit to concentration, the calculated value (numerical factor multiply by standard
deviation of blank injection) was divided by analytical sensitivity. The related
equations were presented on detail in chapter 5. The limit of detection obtained was
1.2 pM for BiFE and 7.0 uM for GCE, respectively. The linearity and detection limit
of BiFE and GCE were in a higher concentration range than mercury film micro
electrode used in capillary electrophoresis-end column detection with a small dead
volume (linearity and detection limit were 1.0-500.0 uM and 0.7 uM for mercury film
micro electrode) (Zhou et al, 1999). However, this range of concentration is

sufficient for the determination of tetracycline capsule in the market.
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Fig. 713 Current responses of GCE and BiFE to tetracycline at different
concentration in the flow injection system with 25.0 mM borate buffer

pH 8.70 containing 0.1 M KCL
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7.3.7 Stability of bismuth film

The stability of BiFE was evaluated by injecting 2.0 mM of
tetracycline 50 times into the amperometﬂc flow injection system at optimum
conditions. The results indicated that the cathodic peaks were relatively constant up to
40 injections (16.3 £ 0.9 pA) and the peak currents decreased to about half thereafter
(Figure 7.14). This is probably caused by the deterioration of bismuth film, similar to
mercury film (Dingkaya ef al., 2007). However, when this occurred, a new BiFE can
be easily prepared by applying a potential of 0.25 V to strip off the bismuth film. The
surface of GCE is then rinsed with deionized water and a new layer of bismuth can be
deposited. The advantage of this technique is no mechanical polishing is needed to
reactivate electrode surface prior to a new preparation because of the impurities on the

electrode surface.
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Fig, 714  Stability of the BiFE by injecting 2.0 mM of tetracycline for 50 times at

the optimum conditions of flow injection system.
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7.3.8 Reproducibility of bismuth preparation

To test the reproducibility of electrode responses three preparations of
BiFE were used to analyze tetracycline at 1.0, 4.0 and 6.0 mM. By plottiﬁg the
cathodic peak current as a function of tetracycline concentration then the relative
standard deviation of the slopes were investigated and showed that each preparation
of BiFE provided good reproducibility with %RSD 2.0 (Figure 7.15).

To confirm that the differences between the three different
preparations of BiFE are not significant difference, the slopes of the three curves were
also tested using two-way ANOVA (analysis of variance). Probability (P) value used
to test was calculated by R software (R development Core Team, 2006). The
hypothesis known as a null hypothesis, denoted by Hy, is that the interaction of each
pair of the slopes is not significant, and an alternative hypothesis (H,), the interaction
of each pair of the slopes is significant. If the P value is less than o (level of
significance), then the null hypothesis was rejected at the significant level. In case of
P value is higher than a, then the null hypothesis was retained showing that the slopes
- of the regression line is not significant different. The results from significant tests of
the comparison of the three calibration curves are shown in Table 7.2. The results
show that P value is higher than o (no significance code appear in the table). This
indicates that the slope of regression line was not signiﬁéantly different, Therefore,
when the BiFE has reached its operation life a new film can be prepared and new

calibration would not be required.
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Fig. 7.15 The reproducibility of the responses from analysis of 1.0, 4.0 and 6.0 mM

tetracycline using three new film modified electrodes.

Table 7.2 Statistical values for the comparison between the slopes of the regression

line from three different BiFE using two-way ANOVA by R software.

Pair of electrode being tested b, Sum Sq Mean Sq F r
{and?2 2 3.0 1.5 52x10"  6.1x107!
2and 3 2 1.3 0.6 2.6x101  7.8x10!
land3 2 1.2 0.6 23x101  8.0x10!

Dy : Degree of freedom Sum Sq : Sum square
Mean 8q : Mean square F : Ratio of two variances
P : Probability

7.3.9 Real sample analysis

Tetracycline contents of capsules obtained from a local drug store were

determined by BiFE with amperomefric flow injection system. Three different lot

numbers were analyzed. For each lot, the content of twenty capsules of 250 mg
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tetracycline were weighed and mixed. Then, 73.1 mg of the powder was dissolved in
25.0 mL of the running buffer solution (this would be equivalent to 4.0 mM) and
injected to the amperometric flow injection system. Five replications were performed
with % RSD < 4.0 in all running, The responses were used to calculate the amount of
tetracycline from the regression equation of the calibration graph. The results obtained
for the three lots were 245+5 mg, 260£10 mg and 245+10 mg of tetracycline per
capsule. Relative recoveries were also studied by spiking 1.0 mM and 2.0 mM of
tetracycline standard solution into each of the three lots of real samples. The results

are shown in Table 7.3.

Table 7.3 % Relative recovery of spiked samples

% Relative recovery of 3 spiked samples

Concentration of spiked tetracycline (mM) 1 2 3
1.0 102+ 5 861 87+1
2.0 166+ 1 9% 1 93+2

The results showed that the percentage relative recoveries were
within the acceptance criteria (80-125%) providing sufficiently precise technique for

medicine analysis (Bhattycharyya ef al., 2005).
7.4  Conclusions

A BiFE was applied to determine tetracycline in an amperometric flow
injection system. The major advantages of BiFE are low toxicity of Bi(IIl), higher
sensitivity when compared to bare GCE and simple to prepare. One preparation of
bismuth film electrode can be used up to 40 times. When the responses have declined
the bismuth layer can be easily stripped off and redeposited with good reproducibility.
Therefore, analysis can be carried on without recalibration. When the system was

applied for real sample analysis of tetracycline capsule, good agreement was obtained
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between the value obtained from the flow injection analysis system and the labeled
value, The system provided good recoveries and the analysis required only 3 minutes

for each injection.




CHAPTER 8

Alloy Nanowires Barcodes
8.1  Introduction

Nanomaterial-based barcode system has attracted a lot of interest due
to its potential applications ranging from product tracking to multiplexed biodetection
(Finkel ef al., 2004; Han ef al., 2001; Nicewarner-Pefia et al., 2001). Widespread use
of barcoded nanomaterials requires high coding capacity, a low-cost large-scale
particle production, a portable and accurate detection system (Finkel ef al., 2004). In
recent years, multi-striped metal nanowires, prepared by sequential tempiafed
electrodeposition of metal segments, such as gold and silver, of different lengths have
been particularly useful for barcoding applications (Keating, 2003; Nicewarner-Pefia
et al., 2001; Reiss ef al., 2002). However, the preparation of encoded multi-striped
nanowires relies on a time-consuming synthesis involving multiple plating steps from
different metal solutions and the encoding technique still take a long time (Reiss ef
al., 2002).

Recently compositionally-encoded alloy nanowire tags were
demonstrated. These alloy nanowires can be prepared by a single-step
electrodeposition from a metal-mixture plating solution (Wang and Liu, 2006). A
template-directed alloy preparation route obviates the need for sequential plating steps
(from different metal solutions) common for the synthesis of multi-segment barcoded
nanowires. This single-step preparation of one-segment alloy nanowires thus offers a
substantial simplification and speed advantages over the multi-step preparation of
multi-segment nanowires. However, a destructive and time-consuming readout
electrochemical technique was performed, involving acid dissolution of the alloy

nanowires {Wang and Liu, 2006).

' In this chapter, two types of nanowites were investigated, i.e., multi-
and single-segment alloy nanowires prepared from single plating solution. Multi-

segment alloy nanowires were fabricated with different compositions of gold and
156
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silver for each segment using single gold-silver mixture plating solution. It was
expected that distinct optical reflectance of each segment, due to the different
compositions, could provide distinctive stripping patterns and hence large coding
capacity. ‘This chapter also describes the possibility of synthesizing and usage of
ternary alloy nanowires to develop single-segment alloy nanowires with non-

destructive readout technique which is X-ray fluorescence (XRE).

For non-destructive readout method, X-ray fluorescence (XRF) has
been widely used in various fields for rapid and accurate measurements of metal
‘without sample preparation (Jurado et al., 2006; Melquiades and Appoloni, 2004).
The technique provides both qualitative and quantitative analyses and offers the
simultaneous multi-element non-destructive readout of samples over a wide
concentration range (Berendes ef al., 2006). XRF has thus been used for detecting the
chemical composition of different alloys, ranging from steel (Ida ef al., 2005) to coins
(Reiff et al., 2001) and jewellery (Bonizzoni et al., 2006). Portable (hand-held) XRF
analyzers have been particularly useful for on-site non-destructive forensic or
archeological analyses (Ida et al, 2005) in which destructive sampling is not
permitted. However, there are no early reports on XRF analyses of barcoded
nanowires, in general, and of alloy nanowires, in particular.

In this study, a mixture of Ni, Co and Cu ions in an aqueous sulphate
plating bath was used to prepare the alloy nanowires. These metals lead to well-
resolved and close K, XRF peaks and lead to a large coding capacity. Such coupling
of one-step template synthesis of alloy nanowires with a non-destructive XRF readout
(without dissolution of the encoded tags) greatly simplifies practical applications of
bar coded nanomaterials, making the new strategy extremely attractive for different

on-site tagging applications.
8.2  Experimental
8.2.1 Apparatus

Sputtering of the alumina membrane was accomplished with a Denton

Vacuum Desk III TSC (Moorestown, NJ). Electroplating was accomplished using a
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CHI 440 electrochemical analyzer controlled by CHI 2.06 software (CH Instruments,
Austin, TX). The sputtered gold was removed from the membrane using a standard 8-
inch SEM sample polishing machine (Model 900 Grinder/Polisher, South Bay
Technology Inc., VA), along with 3 pm alumina powder (Fisher, Pittsburgh PA).

Optical images were acquired on a Nikén eclipse 80i microscope
equipped with an X-Cite 120 fluorescence illumination system (EXFO, Mississauga,
Ontario, Canada) as a light source and using a band-pass filter at 390 nm with a
bandwidth 120 nm. Digital images from the microscope were acquired with a
Photometrics CoolSnap CF camera (Roper Scientific, Duluth, GA) and MetaMorph 7
software (Molecular Devices Corp., Sunnyvale, CA).

X-ray fluorescence analyzer systems consisting of Kevex-ray
80800PSA and Kevex subsystem 0810A (Kevex, Foster City, CA) and a Kevex
spectrometer (model 0810A, Kevex, Foster City, CA) were used to read the encoded
alloy nanowires. Hand-held XRF measurements were performed with a NITON XLt
791 Thin Sample Analyzer (Thermo Fisher Scientific, NITON Analyzers, Billerica,
MA). Scanning electron microscopy (SEM) images were obtained with the XL30
SEM instrument (FEI Co., Hillsboro, OR) equipped with an energy dispersive X-ray
analyzef (Amatek Inc., Mahwah, NJ) using an acceleration potential of 30 kV.

8.2.2 Materials

The gold target (99.9+% pure) used for the sputtering of membrane
was purchased from Denton Vacuum (Moorestown, NJ). Commercial gold and silver
plating solutions (Orotemp 24 RTU RACK and 1025 RTU@A4.5 Troy/Galion,
respectively) were obtained from Technic Inc. (Anaheim, CA). All standard solutions
were prepared with ultra-pure (18.2 MQ) water (ELGA-Ultra-Pure water polishing
system model PURELAB ULTRA Scientific). Sodium hydroxide, cupric sulfate
pentahydrate (CuSO45H,0) and nickel sulfate hexahydrate (NiSO46H,0) were
obtained from Sigma (St. Louis, MO). Cobalt sulfate heptahydrate (CoSO4 7H,0) .was
purchased from Alfa Aesar (Ward Hill, MA). Anodisc 25 alumina membranes (25-
mm diameter, 200 nm pore size and 60 pum thickness) were received from Whatman

(Maidstone, UK). For the application of single-segment alloy nanowites, cyclic olefin
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copolymer (COC) sheets, 3 mm thickness, were obtained from Knightsbridge Plastic,
Inc. (Fremont, CA), while the standard black inkjet ink was received from Hewlet
Packard (Palo Alto, CA).

8.2.3 Preparation of multi-segmented (stripe) alloy nanowires barcodes

Alumina membranes were used as templates for the nanowires growth
(Figure 8.1A). Before use, a gold layer was sputtered on one side of the membrane
(where the pores are branched, Figure 8.1B) to serve as the working electrode during
the electrodeposition (in connection to an aluminum foil contact). Ag/AgCl (3M KCI)
and platinum wires were used as reference and counter electrodes, respectively. The
sputtered membrane was placed at the bottom of a plating cell with the sputtered side

contacting the aluminum foil (Figure 8.1C), acting as the working electrode.

A Alumina membrane template
200 nm Nanopore

B Gold sputter layer on branch side

Side view
60 pm thickness

Top view

Side view Top view Side view

C Membrane template at the bottom of
plating cell

Fig. 8.1 Alumina membrane template (A) show a pore structure of the membrane
(B) Gold was sputtered on the branch side of the membrane (C) Membrane
was placed at the bottom of the plating cell.
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Commercial gold plating solution (Orotemp 24RTU RACK) was
added into the plating cell. Using deposition potential at -0.9 V gold was deposited
into the branch of the membrane (Figure 8.2A). Then the mixture of commercial gold
plating solution (Orotemp 24RTU RACK) was mixed with commercial silver plating
solution (1025 RTU@A4.5 Troy/Gallon) with the ratio of 85/15. This plating solution
was introduced into the cell and then deposited using an amperometric technique (i-t
curve) at a constant voltage, the length of the nanowires was controlled by the charge
transferred. Three or four different potentials (-0.50 (Figure 8.2C), -0.85 (Figure
8.2D) and -1.20 V (Figure 8.2B) or -0.50, -0.73, -0.96 and -1.20 V) were applied
sequentially in a pre-selected order and charge to deposit the individual alloy
segments. The length of each segment was controlled by the total deposition charge.

After completing the deposition, the membrane was removed from the
cell and a polishing step was performed, using the polishing machine combined with
the alumina slurry to remove the sputtered gold layer and the membrane branches
layer (Figure 8.2E). Nanowires were released from the template by dissolving the
membrane in 3.0 M NaOH for 30 min (Figure 8.2F).
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A Deposited gold to fill the branch B Deposited alloy of gold/silver at -1.20 ¥
200 am Nanopore . .
e

&

e PoOTE

+—— Alloy layer

+=—=~ Pore

+—— Alloy layer

+=—— Branch

Polish membrane to remove the branch
and sputter layer on the sputtered side
+——— Free standing of
multi-segment alloy
nanowires

a +— Pore
5 +—— Alloy layer

Fig. 8.2  Preparation of ternary alloy nanowires using alumina membrane as a
porous template which have pore size 200 nm (A) Deposited gold into
the branch (B) Deposited gold/silver at -1.20 V (C) Deposited gold/silver
at -0.50 V (D) Deposited gold/sitver at -0.85 V (E) Membrane was
polished to remove sputtered metal and branch side of the template and
(F) Dissolve membrane template to release alloy nanowires from

template.
8.2.4 Optical barcode images processing of multi-segment alloy nanowires

Optical images were acquired using the 100x objective (LU Plan BD
ELWD, Nikon Corp., Tokyo, Japan) on the Nikon 80i optical microscope, outfitted
with the monochrome 12-bit dynamic range CoolSnap CF camera (previously
mentioned). After the acquisition of the images, the optical pictures were processed
using an internally developed protocol. First, using Photoshop CS2 (Adobe Systems
Incorporated, San Jose, CA) the central part {along the- axis of the nanowires) of the

alloy nanowires barcode was selected (width of 4 pixels vs. different lengths), pasted
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into a new 8-bit grayscale image and subsequently the auto-contrast filter built into
Photoshop was applied on the nanowires strip image. The processed image was then
fed to a Matlab (The Mathworks Inc., Natick, MA) program which averaged the pixel
intensity across the 4 pixel columns and graphed this profile versus length of the
wires. Using different plotting modes it is possible to quickly obtain the raw data or
the normalized plots. The reflectance intensity was normalized using the highest
intensity value corresponding to a predominantly silver segment deposited at -0.50 V.
Normalization was performed with respect to the highest intensity value along the
nanowires barcode. In order to obtain the dependency between the deposition
potential and the reflectance intensity the above procedure was slightly modified. The
same amount of pixels from each segment was selected and averaged to estimate
intensity value of the segment. This segment intensity value was then plotted versus
‘the corresponding plating potential. For normalizing the reflectance intensity, the
- brightest segment (pure silver) was assigned a value of 1.0, while the darkest segment
(pure gold) was set to be 0.0. Every segment was measured 5 times (Figure 8.4).

8.2.5 Preparation of single-segment alloy nanowires

The plating system set up was as mentioned previously in section 8.2.3
(Figure 8.1). Silver plating solution (1025 RTU@4.5 Troy/Gallon) was used to
deposit silver segment under amperometric mode at -0.9 V at a charge of 2.0
Coulomb (C) (Figure 8.3A). This was followed by deposition of gold, using
commercial gold plating solution (Orotemp 24 RTU RACK), at -0.9 V using a charge
of 1.0 C (Figure 8.3B). The metal-mixture plating solution was subsequently
introduced to the cell. Plating solutions composed of 40.0 g L' of H;BO; with
different concentrations of the metal salts [cobalt (CoSO47H,0), nickel
(NiSO46H,0), and copper (CuSO4-5H,0)] (final pH ~3.8). Deposition from these
plating solutions was carried out at a fixed potential of -1.4 V using a total charge
of 15.0 C (Figure 8.3C). After completion, the membrane was removed from the cell
and polished to remove the sputtered gold and branch side as previously stated
(Figure 8.3D).
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A Deposited silver fo fill the branch B Deposited gold
200 nm Nanopore

+—— Pore ~ < Pore

=B «<— Gold layer
=\ «— Branch : =] «—— Branch

D Polish membrane to remove the branch
and sputter layer on the sputtered side

Fig. 8.3  Preparation of ternary alloy nanowires using alumina membrane as a
porous template (A) Deposited silver into the branch at -0.9 V for 2.0 C
(B) Deposited gold at -0.9 V for 1.0 C (C) Alloy nanowires was
deposited at -1.4 V for 15.0 C and (D) Membrane was polished tfo

remove sputtered metal and branch side of the template.

The alumina membrane was then rinsed with ultrapure water and
divided into two equal pieces. One was placed in a 3.0 M NaOH solution for 30 min
to allow complete dissolution of the membrane. Nanowires were separated
magnetically from the NaOH solution and were rinsed with ulirapure water until a
neutral pH was obtained (the final suspension volume was 2.0 mL). The other piece of
the nanowire-containing membrane was kept intact for direct XRF analysis of the
embedded nanowires.

To test their usages, ink containing the encoded nanowires was
prepared by mixing 3.0 mg of the wires with 1.5 mL of a commercial black inkjet ink,
Using a pipette a 30.0 pL droplet of the resulting ink was then dispensed dropwise
onto standard white printing paper (Xerox, Business 4200, 20ib, Rochester, NY) and
was allowed to dry prior to the XRF readout. Bar-coded nanowires were also
embedded in cyclic olefin copolymer (COC) plastics by sandwiching and varying the

amount of the encoded nanowires between the fused COC sheets.
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8.2.6 Analytical procedure of single-segment alloy nanowires

XRF readouts of the nanowire composition profiles were performed on
nanowires embedded in the membrane and those released after membrane dissolution.
Most XRF spectra were obtained using the Kevex XRF system, with the high voltage
power supply operated at 20.0 kV and 1.5 mA. X-rays that bombarded the nanowire
samples were emanated from a Germanium secondary target with K, and K lines at
9.89 and 10.98 keV, respectively. Some measurements were performed using a
NITON handheld XRF analyzer which was operated at low power supply (1.0 W) at
20 kV and 5 pA using X-ray tube germanium target to bombard samples. NITON
handheld XRF provide similar K, and Ky lines at 9.89 and 10.98 keV, respectively.
The XRF spectra obtained from both instruments, Kevex XRF and NITON handheld
XRF were compared. The XRF spectrum for each sample was acquired over 200
- seconds with the Kevex XRF system and for 60 seconds with the NITON handheld
unit. The XRF data (intensity) were normalized using Excel software, with respect to

counts corresponding to a given K, value of one of the unchanged metals.
8.3  Results and discussion

8.3.1 Multi-segment alloy nanowires

8.3.1.1 Multi-segment alloy nanowires synthesis

The multi-segment alloy nanowires preparation route via the mixture
of plating solution greatly simplifies the code production when compared to the
solution-changing sequential deposition of common bimetal nanowires barcodes
(Nicewarner-Peiia ef al., 2001; Reiss ef al., 2002; Walton et al., 2002). The different
deposition potentials are applied sequentially in a pre-determined order and for
different durations to produce alloy segments of controlled length. This is followed by
the template dissolution and optical readout of the reflectance patterns. Compared to

recently developed single-segment alloy nanowires electrochemical barcodes (Wang
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and Liu, 2006), the new striped alloy nanowires can be readily decoded on the basis

of differences in optical reflectivity, which is a faster and cheaper diagnostic tool.
8.3.1.2 Alloy composition

The compositions of gold/silver, due to the different deposition
potential from -0.50 to -1.20 V when using constant gold/silver ratio of 85/15, were
studied using energy dispersive X-ray analyzer (EDX). The silver content decreased
in a nearly sigmoidal fashion from 92 to 53 % (Table 8.1} upon raising deposition
potential since increasing deposition potential provide faster reduction rate of gold,

therefore, gold component increased while silver component decreased.

Table 8.1 Percentage of atomic silver at difference deposition potential using
85/15 of AwAg

No. of Deposition potential (V)

measurement _g 5 -0.85 -1.20

1 91.5 76.0 55.3
2 92.0 75.0 51.0
3 92,5 77.0 53.0

Average 92.0 76.0 53.1
SD 0.5 1.0 2.2
%RSD 0.5 1.3 4.1

Optical microscope was then used to study the reflectivity of each
segment which has different alloy composition resulting in different light reflectance
(Figure 8.4).
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Fig. 84 (A) The relationship between normalized reflectance intensity and
deposition potential (B) A reflectance microscopy image of a multi-
segment nanowire deposited over the -0.50 to -1.20 V range and pure

gold and silver segments (at the ends, deposited at -0.90 V).
8.3.1.3 Bar coding signature generation

The ability to tune the optical properties by adjusting the deposition
potential and to generate multisegment alloy nanowires with distinct optical
reflectance barcode patterns from a single plating solution are illustrated in Figure 8.5,
" In this study, three potentials were investigated, -0.50, -0.85 and -1.20 V. Pure solid
silver presents the brightest segment while gold provide the darkest part. The brightest
segment was used for normalization for the entire segment, therefore the brightness of
silver segment was equal to 1 whereas gold’s is equal to 0. Figure 8.5 shows
reflectance images (top) and intensity lincs (bottom) for three nanowires prepared by
applying different potentials using different preset orders and charges. Such change in

the deposition conditions results in distinct striping patterns involving three casily
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distinguishable reflectance intensity levels (bright, dark and intermediate),

corresponding to the individual alloy segments.
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Fig. 8.5 Reflectance images (top) and intensity lines (bottom) for different

multisegment alloy nanowire barcodes prepared from an 85/15 (v/v)
Au/Ag plating solution. The sequences of the deposition potentials for
each nanowire image are (from left to right) (A) -1.20, -0.50, -1.20, -
0.85,-0.50 and -1.20 V (B) -0.50, -1.20, -0.85, -0.50, -1.20, and -
0.5V (C) -0.50,-1.20, -0.85, -0.50, -0.85, -1.20 and -0.50 V.

Also shown in Figure 8.6 is an SEM image of the corresponding
nanowires (A) and optical reflectance image (B) of the same batch preparation of the
wires. The individual segments are clearly visible for both SEM and optical
reflectance image and as expected, four intensities of SEM are the opposite of the

corresponding optical-reflectance intensities.
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Fig. 8.6 (A) SEM and (B) optical reflectance images of multi-segment alloy
nanobarcode clearly show different color of each segment when
changing plating potential. In optical microscopy technique, the most
reflective is at -0.5 V (bright) and the least less reflective is -1.2 V

(dark) while -0.85 V provides intermediate color.

This concept can lead to a huge number of uniquely identifiable
nanowires. Theoretically, varying the number of intensitics, segment length and order
can generate an unlimited number of codes. The coding capacity is effectively n™
where n is the number of intensity levels (i.e., alloy compositions) and m is the
number of segments in the nanowires (assuming that the direction of the nanowires
can be determined) (Wang, 2006 and Wang, 2003). In practice, however, given the
current resolution, Lip to 5 intensity levels can be distinguished and up to 10 segments
can be resolved within a typical 10 pm long nanowires. This combination corresponds
to 9,765,625 (5'% distinguishable nanowires. Such ability to generate 4-5 distinct
alloy segments (and hence a huge coding capacity) using a single plating solution
represents a major improvement over commonly used bimetal nanowires code (n=2)
prepared by a solution-changing sequential deposition (Niéewamer—Peﬁa et al., 2001;
Reiss et al, 2002; Walton et al, 2002). The plating process can be computer-
controlled for the simultaneous synthesis of multiple striping patterns in different

membranes.
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8.3.2 Characteristic of single-segment alloy nanowires
8.3.2.1 Scanning electron micrographs of alloy nanowires

The single-segment alloy nanowires prepared from the deposition of the
mixture of Co, Ni and Cu plating solution into a porous template called “ternary alloy
nanowires” were studied by scanning electron microscope (SEM). Figure 8.7A shows
alloy nanowires embedded in the membrane templatc and Figure 8.7B after the
membrane template was dissolved. From the image only one color was observed
indicating that preparation of “single segment” alloy nanowires was accomplished from
the use of mixture of plating solution and constant deposition potential. For the nanowires
shown in Figure 8.7, 30 g L' of Co, 50 g L' Ni and 10 g L' Cu were used, nanowires
were deposited at -1.4 V for a total charge of 15.0 C. At these conditions the lengths of
alloy nanowires were 11.0+0.9 pm with a diameter of 200 nm, the same diameter as the
pore size of the membrane template. Therefore, it is possible to control the size of

nanowires through the pore size of the template and the deposition charge.

- Fig, 87  Scanning electron micrographs of alloy nanowires deposited at -1.4 V for
15.0 C. (A) Alloy nanowires embedded in alumina membrane template

and (B) after dissolve membrane template.
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8.3.2.2 Non-destructive readout

X-ray fluorescence (XRF) was used to detect the compositions and
amount of the deposited metal in the porous template. The readout of alloy nanowires
yields a distinct multi-peak spectrum, reflecting the emission of K, photons (Figure
8.8). The XRF spectra in Figure 8.8 show the peak energies for K, lines at 6.9 keV for
Co, 7.5 keV for Ni, and 8.0 keV for Cu. There are tiny shoulders on the nickel and
copper peaks. Such shoulder reflects the emission of cobalt and nickel K photons at
6.8 keV and 8.1 keV. When the concentration of Cu increased from 5 (Figure 8.8A)
to 10 mg L' (Figure 8.8B) the peak intensity of copper Ky photon increased. That is,
Kjp spectra can provide added information for the content and distinct signature of the

corresponding nanowires.
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Fig. 8.8 XRF spectrum of alloy nanowires showing peak energies of K, and Kj
photons of Co, Ni and Cu (A) Co/Ni/Cu at the concentration of 30/50/5
mg L™ (B) Co/Ni/Cu at the concentration of 30/50/10 mg L.

3.2.3 Two and three dimensional responses

Figure 8.9 compares XRF signatures of ternary alloy nanowires of both
K, and Xp (prepared from a 30/120/10 g L' Co/Ni/Cu solution), obtained before
(Figure 8.9A) and after (Figure 8.9B) dissolving the membrane template. Both cases
yielded similar XRF signatures, with similar peak energies, intensities and peak
intensity ratios, indicating the unifoﬂnity of alloy nanowires and that the barcodes are

not affected by the membrane dissolution, The results also show that the XRF readout
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of the alloy nanowires (K} can be accomplished while the wires are embedded in the

membrane or after dissolving the membrane. Notice agéin the distinct Ni Kp shoulder
peak on the copper signal that can pr0v1de additional identification capability.

The nanowires analyzed in the membrane 1epresent a highly

concentrated 2 dimensional array (~1x10° nanowires/cm’) and in the suspension, a

dilute 3 dimensional scattering of nanowires. This figure shows that a relatively small

sample of nanowires can produce the same normatized XRF response as a highly

concentrated sample.
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Fig. 8.9  Comparison of X-ray fluorescence readout of alloy nanowires obtained

before (A) and after (B) dissolving the membrane template. The
nanowires were prepared by electrodeposition at -1.4 V for a total charge
of 15.0 C. The nanowires were prepared using plating solutions with
different Co, Ni and Cu concentrations (in g LY): (a) 30Co/40Ni/10Cu
(b) 30Co/60Ni/10Cu (c) 30Co/ 9ONi/10Cu (d) 30Co/120Ni/10Cu.
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8.3.2.4 Generation of barcode signature

Since the aim of this research is to use alloy nanowires as a “nano-
barcode” therefore the possibility to genérate different coding pattéms was
investigated by varying the concentration of one metal while the other two were kept
constant, For example, Co concentration was varied while Ni and Cu concentration
were kept constant, The peak intensities of each metal were normalized with respect
to the metal using constant concentration. Therefore, nanowires prepared from the
same concentration provide the same signature even through the detected amount of
nanowires is different.

The ability to tune the XRF peak intensities by controlling the
composition of the alloy nanowires, through the composition of the plating solution, is
illustrated in Figure 8.10. The figure shows XRF readouts of ternary wires with
different composition patterns, obtained by changing the content of one metal (Co, Ni
and Cu) while keeping the level of the other metals constant, The one-step template
synthesis of Ni-Co-Cu alloy nanowires of different metal contents can lead to a large
number of characteristic XRF bar coding patterns, reflecting the composition of the
corresponding nanowires.

The resulting fluorescence signatures correlate well with the
composition of the plating solution, with the corresponding peak intensities following
the levels of the corresponding metal in the plating solution. A slight deviation from
linearity of the corresponding intensity-concentration plots was observed at the lower
concentration values (Figure 8.11). Linear intensity — concentration correlations were
reported earlier for voltammetric signatures of alloy nanowires following their acid
dissolution (Wang and Liu, 2006). The slight nonlinearity, observed at the lowest
metal concentrations; is attributed to a potential composition gradient along the
nanowires, associated with differences in the ion diffusion rates (Saedi and Ghorbani,
2005).
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X-ray fluorescence of single-segment alloy nanowires prepared by
changing concentration of one metals (Co {A), Ni (B) and Cu (C)) while
keeping the level of others constant. (A) Changing the Co concentration
(a-d: 10, 20, 30, 40 g L") with Ni and Cu at 50 and 10 g L,
respectively. (B) Changing the Ni concentration (a-d: 40, 60, 90, 120 g
L") with Co and Cu at 30 and 10 g L. (C) Changing the Cu
concentration (a-d: 5, 10, 15 and 20 g L) with Co and Ni at 30 and 50
g L', All alloy nanowires were electrodeposited at a potential of -1.4 V

using a total charge of 15.0 C,
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8.3.2.5 Single-segment alloy nanowires validations
8.3.2.5.1 Reproducibility

Reproducibility of the plating process was investigated by divided one
membrane template into 6 different sections; each section was detected using XRF,
The peak intensity was recorded and the percentages of relative standard deviations of
peak intensities were 4.7, 5.7 and 4.8 for Cu, Ni and Co, respectively (Table 8.2). This
low %RSD indicated a reproducibility of the plating process. In addition, the
reproducibility of the nanowires was also investigated by comparing three samples of
the wires grown from different batch using the same solution. The XRF peak heights
of these data (normalized as described earlier) yielded relative standard deviations

ranging between 4.3 and 8.5% for the three metals.

Table 8.2 Reproducibility of 6 sections from one membrane template

Intensity (count s1)

Sections Co Ni Cu
1 374 342 272

2 370 366 282

3 347 334 275

4 339 310 246

5 377 322 263

6 382 342 271
Average 365 336 268
SD 17 19 12
%RSD 4.8 5.7 4.7

83.2.5.2 Uniformity

Uniform length-independent  alloy compositions should greatly
facilitate practical applications of the new bar-coded nanowires, Figure 8.12 examines

the influence of the nanowire length (reflected by the deposition charge) upon the
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corresponding XRF peak intensities for temary Ni-Co-Cu nanowires prepared using
charges ranging from 2.0 C to 15.0 C (a-d). As expected, the signals of the three
metals increase linearly with the deposition charge over the entire 2.0 C to 15.0 C
charge range. The peak intensity ratios for all study range were also constant (Table
8.3), indicating a uniform alloy composition along the length of the nanowires. The
peak ratios in the corresponding fluorescence signatures, hence the overall nanowire
sighatures, are independent of the charge used during the plating process (i.e., length

T

of the resulting nanowires).

Table 8.3 Normalized peak intensity of Co, Ni and Cu showing peak ratios of the

fluorescence signature.

Normalized peak intensity of

Total charge Co Ni Cu
2 022 013 1.0

5 024 019 1.0

10 029 017 1.0

15 0.26 015 1.0
Average 025 0.16 1.0
SD 003 002 0.0

%RSD 11.9 148 0.0
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Fig. 8.12 XREF readout of Co-Ni-Cu alloy nanowires of different lengths (A) Linear
relationship of deposition charge and peak intensity: (B) XRF signal
obtained from various deposition charge 2.0 C (a), 5.0 C (b), 10.0 C (c),
and 15.0 C (d) and a plating solution containing 5.0 g L' of the

corresponding metal salts,
8.3.2.5.3 Kevex XRF and hand-held XRF readout

There are some earlier reports that portable XRF analyzers have found
extensive field applications (Ida et al., 2005). Therefore, hand-held XRF could greatly
facilitate numerous practical on-site applications of the encoded alloy nanowires.
Accordingly, the XRF signatures obtained with an easy-to-use and compact hand-held
XRF unit (shown in -Figure 8.13) were comparéd with those recorded with a

centralized large laboratory analyzer (Kevex XRF). These comparisons, shown in
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Figure 8.14, indicated that both the Kevex XRF and portable systems yield similar
XRF profiles. These studies could lead to the application of hand-held XRF for

decoding of nano-barcode in real life.

Fig. 8.13  Non-destructive XRF readout of barcoded alloy nanowires for the
product identification. Barcoded nanowires (inset a) are embedded in
packaging materials of a commercial product and detected with a hand-

held XRF analyzer (b) The resulting XRF signature (c).
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XRF (Niton) unit (A) and a laboratory-based (Kevex XRF) instrument

6.5 7.5 .S
keV

B a

6.5 7.5 8.5
keV

(B). Alloy nanowires (in membrane) prepared using plating solutions
with the following Co/Ni/Cu concentration ratios: (a) 30/45/10, (b)
30/50/10, (c) 30/65/10.

8.3.2.5.4 Limit of detection

Since the number of identifiable nanowires depends upon the number
of distinguishable metals and the number of peak intensities, it is possible to obtain
thousands of readable XRF signatures with three or four metals present at four to six
loadings. In this study using three metals, a sample of wires grown from a solution
containing equal amount 5 g L of Co, Ni and Cu was used to evaluate the detection
limit following the IUPAC method (Long and Wineforner, 1983 and Thomsen, 2003).

Various concentration of nanowires were prepared by disperse different amount of
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wires in nanopure water. Then, a 30.0 ulL, of dispersed nanowires was dropped on the
printing paper. When dried, it provided an area of 0.28 cm’ these dry nanowires were
detected using XRF. The intensity versus amount of wires was plotted provided
calibration curve (Figure 8.15). From analysis of 20 blanks, the bﬁckground noise was
measured from 6.9 to 8.4 keV (Table 8.4), the detection limits of Co, Ni and Cu were
2.4+0.1, 8.440.3 and 3.240.2 pg. These detection limits can be conversed to be
amount of wire per square centimeter (area) which is 8.6+1.2, 30.0+1.2 and 11.4+0.6
pg cm?. However, only at 30 ug cm that all these metals (Co, Ni and Cu) could be
detected whereas at the level of 8.6 pg cm™ only Co can be analyzed and at the level
of 11.4 nug cm?, Co and Cu can be investigated while Ni can not be detected.

Therefore, at 30.0 pg cm™ was considered to be the detection limit in this research,
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Fig. 8,15 Calibration curve of single-segment alloy nanowires dried on the paper

with different amount of nanowires.
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Table 8.4 The intensity of background noise measurement from 20 blanks

Intensity of background

Number of (count s1)
measurement
Co Ni Cu
| 19.5 05.0 203.5
2 02.8 614 305.6
3 37.6 66.1 75.2
4 45.1 109.0 113.9
5 516 102.0 93.8
6 45.1 271 1139
7 37.0 45.0 147.3
8 243 55.0 110.1
9 23.6 67.8 103.1
10 44.0 760.8 71.0
i1 22.7 88.0 1133
12 559 289 108.5
13 559 76.0 28.9
14 22.7 77.0 113.3
15 35.2 65.9 102.7
16 38.1 98.0 131.4
17 45.7 87.0 139.0
18 30.8 78.0 1229
19 33.5 66.0 131.6
20 39.9 71.1 73.7
Mean 38.6 70.0 1204
SD 12 20 56
SDx3 37 60 168

LOD (ug) 24401 8403 32402
LOD (ugem?)  8.6+1.2  30.0:1.2 11.440.6
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8.3,.2,5.5 Tracking applications

To demonstrate potential tracking and authenticity (counterfeit)
applications, the barcode nanowires were embedded within host materials relevant to
product packaging. Figure 8.16 illustrafes the ability to read XRF signatures of alloy
nanowires incorporated in a printable ink (A) or within fused plastic (COC) plates
(B). Well-defined XRF signals are observed for both the ink- and plastic-embedded
nanowires. The resulting fingerprints are similar to those of the corresponding freshly-
prepared nanowires (within the membrane template (i) versus incorporation within
host material (i1)). Overall, the data of Figure 8.16 clearly indicated that
compositionally-encoded alloy nanowires maintain their distinct XRF éignatures upon
Incorporation in relevant host materials (with no apparent matrix effect) and that XRF

leads to a convenient non-destructive readout of such fingerprints.
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XRE signatures of alloy nanowires. (A) Alloy nanowires incorporated

within inks (i) Nanowires embedded in the membrane template (ii)

Nanowires dispersed within an ink dispensed on a white printing paper.

The nanowires were prepared using a plating solution containing 30-, 50-

, 10- g L'! of the Co, Ni and Cu salts. (B) Alloy nanowires incorporated

within plastics (i) Nanowires nanowires embedded in the membrane

template (ii) Nanowires embedded between fused plastic (COC) sheets.

The nanowires were prepared using a plating solution containing 30-, 90-

, 10- g L of the Co, Ni and Cu salts,

Figure 8.17 shows a linear correlation between the amount of wires

that is placed between sheets of COC plastic and the counts associated with the

clements that constitute the wires. The results showed the linear relationship between

intensity versus amount of wires.
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Fig. 8.17 Detection of increasing amounts of multi-metal nanowires that ate
imbedded between COC plastic sheets. The above was performed with
30-90-10 (g L) multi-metal nanowires using the Kevex XRF. (A)
XRF signature at various amounts of nanowires (a) Blank Plastic (b)
0.5 mg (c) 1.5 mg (d) 3.0 mg of multi-metal nanowires (B) linear
relationship of amount of nanowires embedded in COC plastic sheet

and counts.

From these two studies, the COC plastic sheet indicated similar
profiles were obtained from standard ternary alloy nanowires and nanowires
embedded in host material and as increasing amount of the wires in COC plastic sheet
linear relationship still obtained with the same profile compared to standard multi-
metal nanowires, therefore, it can be concluded that multi-metal nanowires can be

applied to real samples effectively.
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8.4 Conclusions

In this chapter, multi-segment alloy nanowires with different optical
~ properties baéed on different composition were successf"ully prepared. The different
reflectivity of adjacent alloy strips enables convenient identification and that can
interpret to be coding pattern for product tracking, A new route for multi-segment
alloy nanowires preparation coupled with decoding technique provided the simple and
easy way fo generate encoding nanowires with large coding pattern. The template-
directed alloy co-deposition preparation route obviates the need for sequential
deposition steps (from different metal solutions) common for the synthesis of multi-
segment nanowire barcodes. Such coupling of one-step synthesis with a non-
destructive readout (without prior dissolution) greatly simplifies practical applications
of nanomaterial tags. Moreover, the possible usage of ternary alloy nanowires as
barcodes were demonstrated where XRF provides an effective nondestructive readout
of compositionally-encoded ternary alloy nanowires. The ability to prepare alloy
nanowires with a large variety of compositions and visualize these compositions by
XRF makes these alloy nanowires promising candidates for a wide variety of tagging
applications ranging from product tracking and protection, counterfeit testing and

bioaffinity assays.




CHAPTER 9

Shape-Tailored Porous Gold Nanowires

9.1 Introduction

Nanowires have become a more important part of nanotechnology in
new era due to their high potential applications as nano-devices (Hurst ef al., 2006;
Wanckaya et al., 2006). An attractive and versatile route for preparing nanowires
involves the electrodeposition of material into cylindrical nanopores of a host porous
membrane template such as alumina (Shawn A. Sapp, 1999) and polycarbonate
membranes (Schonenberger ef al., 1997), followed by dissolution of the template
(Bentley et al., 2005). This template-assisted electrochemical synthesis fechnique
permits a convenient and reproducible preparation of nanowires of a variety of sizes,
lengths and compositions. All materials that can be electroplated could be used for
nanowires synthesis. In addition to solid metal nanowires, it is possible to prepare
porous nanowires by a membrane-template electrodeposition of a bimetallic alloy
followed by the selective dissolution (de-alloying) of the less noble component (Ji and
Searson, 2003). The electropolymerization of polypyrrole within the resulting
nanopores led to metal/ polymer composite nanowires of controllable composition
(Meenach et al., 2007). All of the above nanostructures have been characterized by a
cylindrical shape of uniform diameter.

In this chapter, shape-tailored porous gold nanowires fabricated from
gold and silver mixture plating solution followed b)-r silver dissolution from
multisegment silver-gold alloy nanowires were demonstrated, Each segment of this
alloy nanowire composes of different Ag/Au compositions. Taking the advantages
from earlier reports that the diameter of single-composition nanowires decreases upon
the dissolution of the less noble component (Liu and Serson, 2006), in a new
membrane template protocol, the different alloy composition ratio can be prepared
from different plating composition of silver/gold or alternating of deposition potential.

Subsequently by silver dissolution allowing free gold atom to diffuse to gold-rich
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center providing different nanowires diameters. This versatile tailor-made resuit in

nanoscopic objects with a wide range of shape and dimension.
9.2  Experimental
9.2.1 Chemical and reagents

The gold target used for sputtering the membrane (99.9+% pure) was
purchased from Denton Vacuum (Moorestown, NJ). The commercial gold and silver
plating solutions (Orotemp 24 RTU RACK and 1025 RTU@4.5 Troy/Gallon) were
obtained from Technic Inc, (Anaheim, CA, USA). Sodium hydroxide was obtained
from Sigma (St. Louis, MO). Anodisc 25 alumina membranes (25-mm diameter, 200
nm pore size and 60 pm thickness) were purchased from Whatman (Maidstone, UK)
and used for all experiments. For porous gold nanowires, 1.0 M of cupric sulphate
pentahydrate (CuSO4-5H,0) solution was used to firstly plate into the branch area of
the membrane. Pyrrole, 161 mM in 200 mM NaCl solution, was used for polypyrrole
(PPy) electropolymerization, Other chemicals were of analytical grade purity and
were used as received. All solutions were prepared using nanopure water (18 MQ,

ELGA purelab-ultra model, Ultra Scientific, Marlow, Buckinghamshaire, UK).
9.2.2 Apparatus

Sputtering of the alumina membrane was accomplished with a Denton
Vacuum Desk I TSC (Moorestown, NJ). Electroplating was accomplished using a
CHI 440 electrochemical analyzer (CH Instruments, Austin, TX, USA). The sputtered
gold was removed from membrane using a standard 8-inch SEM sample polishing
machine (Model 900 Grinder/Polisher, South Bay Technology Inc.) along with 1um
alumina powder (Struers, Cleveland, OH, USA). Scanning electron microscopy
(SEM) images were obtained with the XL30 SEM instrument (FEI Co., Hillsboro,
OR, USA) equipped with an energy dispersive X-ray analyzer (Amatck Inc.,
Mahwah, NJ) using an acceleration potential of 30 kV.
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9.2.3 Preparation of nanowires

Alumina membranes were used as templates for the nanowires growth.
Before use, a gold layer was sputtered on one side of the membrane (where the pores
are branched) to provide an electrical contact and serving as the working electrode
during electrodeposition {in connection to an aluminum foil contact) (Figure 9.1a).
Ag/AgCl and platinum wires were used as reference and counter electrodes,

respectively.
9.2.3.1 Porous gold nanowires

For all porous gold nanowires (step-like and not containing PPy), 10
coulombs (C) of copper was plated first into the branched section of the membrane
using a 1 M cupric sulfate pentahydrate (CuSO45H,0) solution (Figure 9.1b)
followed by 0.2 C of gold from an Orotemp 24 plating solution (Figure 9.1c). Both
plating steps were carried out at a potential of -0.9 V (vs. Ag/AgCl). Then, the
asymmetric step-cone nanowires were prepared on top of the previously mentioned by
sequentially depositing of 0.2 C of each segments (at -0.9 V vs. Ag/AgCl) from
gold/silver plating solutions of different ratios: 9/1 (Figure 9.1d), 8.5/1.5 (Figure
9.1e), 8/2 (Figure 9.1f) and 7.5/2.5 (Figure 9.1g) (with rinsing in between). The nano-
barbells were constructed by alternately depositing alloy segments from plating
solutions with ratios of 9/1 and 7/3 for five segments of 0.2 C each (using the same
reduction potential as step-cone) starting with 9/1. The alloy sections of the
nanowires were fthen dealloyed the less noble silver component by placing
approximately 1.0 mi of 35% nitric acid in the cell for 15 minutes (Figure 9.1h), then
rinsing and repeating the process once. The membranes were then removed from the
growth cells and rinsed with nanopure water. After rinsing, the membranes
containing copper were swabbed (on gold sputtered side) with a cotton tipped
applicator soaked in 0.1 M CuCl, in 20% HCI for ca. 2 minutes. This removed both
the copper and the sputtered gold (Figure 9.1i, j). _

To release the wires, fhe membrane was removed from the alumina

membrane and rinse with nanopure water to remove any plating solution residue
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before dissolve in 3.0 M NaOH for 15 minute with slight agitation (owing to the
delicate nature of the wires). The resulting nanowire-containing NaOH solution was
removed and dropped into 1.5 mi Eppendorf tubes for precipitation via centrifugation
(for 3 min at 3000 rpm) and washed several times with nanopure water until a neutral
pH was achieved. All nanowire solutions were stored in nanopure water at room
femperature (20 °C) (Figure 9.1k).

Fig. 9.1  Scheme illustrating the template-assisted electrochemical preparation of
the porous gold nanowires: (a) Sputtering gold on alumina membrane;
(b) copper deposition for a total charge of 10 C; (¢) Au deposition (d) 9/1
(e) 8.5/21.5 (f) 8/2 (g) 7.5/2.5, all deposition steps wete performed using
a deposition potential of -0.9 V (vs. Ag/AgCl) for a charge of 0.2 C each;
(h) dealloy the silver component using a 35% HNO; solution; (i)
removal of the sputtered gold layer (j) removal of copper layer using 0.1
M CuCl, with 20% HCI; (k) dissolution of the membrane template.

9.3.2.2 Composite porous gold/polymer nanowires

Step-like gold nanowires with polypropylene (PPy) were grown;
firstly, gold layer was sputtered on the alumina membrane (Figure 9.2 a) following
with 10 coulombs (C} of copper was plated into the branched section of the membranc
using a I M cupric sulfate pentahydrate (CuSO4-5H,0) solution (Figure 9.2 b) then a
base of 1 C of gold was plated initially (at -0.9 V vs. Ag/AgCl) before plating Au/Ag
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alloy nanowires (Figure 9.2 ¢). The asymmetric PPy-covered step-cone nanowires
were prepared atop the porous gold. Porous gold nanowires were prepared from
deposition of 7 ml of pure gold plating solution to generate a solid segment of gold
followed by dilution of pure gold solution by adding 1 m! (Figure 9.2 d), 0.5 ml
(Figure 9.2 ), and 0.5 ml (Figure 9.2 f} of silver plating solution to deposite alloy
segment with different composition. The added silver plating solution provided the
dilution the composition of Au/Ag plating solution at 8.8/12, 8.2/1.8 and 7.8/2.2,
respectively. Each segment was grown for 0.3 C at -0.9 V vs Ag/AgCl. The silver was
then removed from the alloy as aforementioned (Figure 9.2 g) and PPy was
electropolymerized for 0.5 C at a potential of +1.0 V versus Ag/AgCl (Figure 9.2 h).
After removing the membrane from the growth cell and rinsing, the gold side of the
membrane was polished with a standard 8-inch SEM sample polisher (South Bay
Technology, Inc., San Clemente, CA) using 1 pm alumina powder and a polishing
cloth. The membrane was polished until the gold color (from the solid gold segment})
on the back of the membrane disappeared (Figure 9.2 i). The wires were then released

from the alumina membrane as described above (Figure 9.2 j).
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Fig. 9.2 Scheme illustrating the clectrochemical preparation of the composite
porous gold/polymer nanowires: (a) Sputtering gold on alumina
membrane; (b) copper deposition for a total charge of 10 C; (¢) Au
deposition for a total charge of | C (d) 1.0 mL of silver plating solution
was added into gold plating solution (e) 0.5 mL of silver plating solution
was added into plating solution (f) 0.5 mL of silver plating solution was
added into plating solution (g) dealloy the silver component using a 35%
HNO; solution; (h) PPy was electropolymerized for 0.5 C (i) removal of
the sputtered gold layer and removal of copper layer using 0.1 M CuCl
with 20% HCI; (j) dissolution of the membrane template.

9.3  Results and discussion
9.3.1 Porous gold nanowires
9.3.1.1 Porous gold nanowires synthesis
Various shapes of porous gold nanowires, such as step-cone and nano-
barbell were generated by sequentially depositing alloy segments from plating

solutions of decreasing or alternating, gold/silver compositions using constant

deposition potential. In addition, the porous gold shape can be synthesized by
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changing the deposition potential while maintaining the composition of the plating
solution constant. In this research, three deposition potentials were applied to the
system, -0.9 V, -1.0 V and -1.1 V using the ratio of 85Au/15Ag.

Finally, the combination of porous metal and polymer was proposed.
After porous step cone nanowires were prepared using a changing plating ratio with

0.3 C of each segment, polypyrrole was electropolymerized at +1.0 V, for 0.5 C.
9.3.1.2 Diameter characterization

The normalized diameter for each segment of porous gold
nanostructure prepared at different alloy plating potentials and solutions (of different
gold/silver ratios) was investigated (Figure 9.3A) and also the morphology of the pore
was revealed (Figure 9.3B). Usiﬁg a plating potential of -1.1 V (Figure 9.3a),
normalized diameters of nanoporous wires were stable at 9/1 Au/Ag ratio and
gradually decrease to ca. 78 % at an Au/Ag ratio of 6/4 upon increasing the silver
content in the alloy plating solution. When different deposition potentials of -1.0
(Figure 9.3b) and -0.9 (Figure 9.3c) V were applied, the results show a decreasing
trend of normalized diameters of the nanowires. The diameters were significantly
decreased from 100 to 79%, 100 to 74% and 99 to 60% upon changing the Au/Ag
from 9/1 to 6/4 using deposition potentials of -1.1, -1.0 and -0.9 V, respectively
(Table 9.1). The gfeatest change in diameter of the porous gold segment was observed
using a potential of -0.9 V. This behavior can be explained by considering the
standard reduction potentials of silver cyanide (Ag(CN)*) and gold cyanide
(Aw(CN)*) which is the major component in silver and gold plating solution,
respectively. The equilibrium potential of Ag(CN)* and Au(CN)* are -0.53 and -0.82
V, respectively (Matthias ef al., 2002). When plating at -0.9 V the rate of reduction of
ionic silver is near its steady state current maximum as it is at a high overpotential;
however, the reduction rate of ionic gold is relatively low as it is at a slight
overpotential. Interestingly, when the potential increases to -1.0 V and above, the rate
of silver reduction increases slightly, while the gold reduction rate increasss

dramatically. Such difference in reduction rates at varying plating potentials results in
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a substantial increase in the amount of gold plated and in turn in the diameter of the

same plated ratio nanoporous segments.
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Fig. 9.3  Diameter characterization (A) Normalized diameters of porous gold
nanowires at various plating ratio (Au/Ag) using of (a) -1.1 V; (b) -1.0
V, and (c) -0.9 V. (B) SEM image of a porous step-cone created by
changing the potential from -1.1 to -0.9 V using plating solution ratio

constant at 7/3.

Table 9.1 The percentage of reduction of normalization diameter at different

deposition potential

% Reduction of normalization diameter
at different potential

Au/Ag ratio 11V -0V 09V
100/0 100.040.0  100.0£0.0  100.0x0.0
90/10 99.243.5 99.6+2.4 98.9+2.3
80/20 98.343.8 96.3+7.2 82.7+6.2
70/30 88.747.6 80.7x7.7 65.0:6.0
60/40 78.749.1 74.127.6 60.2+6.6

The diameter of the porous nanowires decreased in a stepwise manner

upon changing the gold/silver ratio in the plating solution from 9/1, 8/2, 7/3 to 6/4 for
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each of three potentials. The normalized decreasing diameter for each potential is
present in Table 9.1 (all potentials are with respect to Ag/AgCl reference). In our
observations the segments made with low gold/silver alloy ratios seem to have the
same size gold islands as the segments containing more gold (e.g. same final gold
density). This observation is contrary to other work on nanoporous gold nanowires
(Forty and Durkin, 1980). This means that the low gold/silver alloy ratio segments
either exhibit a faster rate of reordering (gold surface diffusion) than that of the higher
gold/silver plating ratio segments or the time scale for dissolution is large enough
such that all segments reach the same asymptotic coarsening (Parida et al., 2006).
The fact that all segments appear to achieve the same final gold density (between 9/1
and 6/4 gold/silver plating solution ratio) explains why with lower gold composition

the diameter is smaller,
9.3.1.3 Shape-tailored porous gold nanowires

The ability to generate different shapes of porous gold nanowires
through the controlled plating of muiti-segment gold/silver alloy compoéition and
selective silver etching is illustrated in Figure 9.4 using the scanning electron
microscopy (SEM) and transmission electron microscopy (TEM) technique. The
images show well-defined step-cone (A, B) and nano-barbell (C, D) porous gold
nanowires. The step-cone nanostructures were prepared by sequentially depositing
binary alloy segments from plating solutions of decreasing gold/silver ratios (10/0,
9/1, 8.5/1.5, 8/2, 7.5/2.5, and 7/3) to yield alloy segments containing different
compositions. In contrast, the nano-barbell configurations were synthesized by
alternating between plating solutions with gold/ silver ratios of 9/1 and 7/3. Etching
the silver component from the corresporiding alloy segment results in a significant
change in the diameter of the porous gold nanowire section. Hence distinct step-cone
and barbell nanostructures were generated. The normalized diameter of each segment
of the porous gold nanostructure was calculated with respect to the diameter of the
solid gold segment (bright segment in SEM and dark segment in TEM). The diameter
of the step-cone porous nanowil;es decreased in a stepwise manner from 91% to 41%

(of the pure gold segment) upon decreasing the gold/silver ratio in the plating solution
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from 9/1 to 7/3, respectively. In contrast, the diameter of the nano-barbell alternates
reproducibly between 100% and 64% upon switching between the 9/1 and 7/3
gold/silver solutions, respectively. The diameters of each segment of the nano-barbell
structure are the same when the same composition of the Au/Ag blating solution was
employed. Consequently, alternating between plating solutions of high-to-low Aw/Ag
ratios, or in an inverse fashion, does affect the diameter of the corresponding
segments and the shape of the resulting nanostructures, in general. These images
confirm the ability to create step-like porous nanostructures of different shapes based

on the new synthesis protocol.

Fig. 9.4 SEM and TEM images of multisegment asymmetric porous gold nanowires
prepared at a deposition potential -0.9 V and using plating solutions of
different gold/silver composition ratios. SEM (A) and TEM (B) images of
the porous step-cone nanostructure prepared by plating sequentially alloy
segments from plating solutions with gold/silver ratios of 10/0, 9/1,
8.5/1.5/, 8/2, 7.5/2.5 and 7/3. (C) SEM (C) and TEM (D) images of porous
nano-barbell nanostructures prepared using plating solutions with

gold/silver composition ratios 9/1 and 7/3.
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9.3.2 Metal/Polymer composite material

The preparation of the new asyinmetric porous gold nanowires can be
coupled to an electropolymerization step as shown in previous work (Meenach et al.,
2007). The ‘backfilling’ of the porous gold voids results in the construction of
versatile novel shaped conducting polymer and nanoporous gold composite wires,
This is shown in Figure 9.5(A), (B) with SEM and TEM images of step-cone
nanowires with the polymeric envelope and (C) SEM image of porous nano-barbell
nanowires cover with Ppy. These images indicate that cylindrical composite
nanostructures are formed with a defined internal porous gold step-cone but filled and
surrounded with polypyrrole. This concept of metal/polymer composites can be
extended to different shapes of porous gold and different polymers. Further
dissolution of porous gold structure within the polypyrrole'coverage could lead to
porous polymer nanowires with pores reflecting the shape of the internal metal

component.
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Fig. 9.5  SEM and TEM image of asymmetric porous gold/PPy composite by
changing the ratio of the plating solution (Au/Ag ratios of 8.8/12, 8.2/1.8
and 7.8/2.2) while keeping the deposition potential constant at -0.9 V (A)
SEM image of porous step cone/Ppy composite (B) TEM image of
porous step cone/Ppy composite and (C) SEM image of nano porous
gold/Ppy composite wire grown with varying cross-section emulating
“barcode” type wire. The five segments after the solid gold are plated
from 7/3 Au/Ag alloy plating solution with the following recipe: -1.1 V
for 0.3 C, -0.8 Vfor 0.2 C,-1.1 V for 0.15 C, -0.8 V for 0.15 C, and -1.1
V for 0.2 C all potentials are in reference to Ag/AgCl reference.

9.4 Conclusion

In this chapter, the template-assisted and electrochemical method of
shape-tailored porous gold nanowires was described. Shape-tailored concept can be
extended to nanowires of diverse configuration with variety of properties based on
different metalé and polymers, leading to an attractive arsenal of assorted nano-

hardware. The production of such shape-tailored wires could lead to wide range of
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potential applications, including barcoding/tagging, imaging, or delivery, and could
have an impact in microelectronics and sensing devices. For example, the new nano-
machining protocol can be used for generating barcode nanowires based on segments
of different diameters and lengths, i.e., of distinct shape-dependent “signatures”,
analogous to the much larger lithographically prepared diameter-modulated
microwires leading to a wide range of tagging or multiplexed sensing applications.
The tailoring of both diameter and porosity could possibly be used to tune the near-
infrared absorbance of in vivo nanowires, aiding in pathological imaging and drug

release.




CHAPTER 10

Conclusions

In this thesis, new aﬁalyﬁcal approaches based on thin film and
nanomaterials were developed and evaluated. These include the usage of thin film and
nanomaterials to develop and improve the performances of sample preparation
techniques and electrochemical defection of organic compounds. Also, the preparation
technique of nanomaterials (nanowires) was investigated to obtain a simple and fast
method for versatile nanowires synthesis,

For the first study, hollow fiber membrane coupled to a microtrap was
used as an extraction and preconcentration devices for on-line analysis of methanol,
cthanol, 1-propanol, methyl-isobutyl ketone (MIBK) and tert-butyl methyl cther
(MTBE) from water sample. This system provided a wide linear dynamic range and
limit of detection of methanol, ethanol, I-pr(‘)panol, MIBK and MTBE were good and
acceptable for the analysis. From the percentage relative recovery, this system showed
very good results within the acceptable range. Table 10.1 shows the comparison of the
analytical features of 4 different sample preparations for VOCs analysis. Method B
provide the lowest detection limit since they used double preconcentration step which
are headspace combined with quuid-liquid extraction however this technique is off
line system. Although the technique developed here did not provide very low LOD,
however, it was sufficient for the analysis. The main advantage of this system is the

online analysis capability.

200
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Table 10.1  Comparison of the analytical features of 4 different sample preparation

for VOCs determination.

Analytical feature Present york Method A Method B Method C
Sample preparation Gas injection membrane  Membraane inlet mass Headspace liquid phase Directed aqueous injection
technique exlraciion spectromelric microexiraction

Limit of detection (ppm)

Methanol 5.0 - 0.097

Ethanol 1.00 5.0 0.067

1-prepanol 1.0 05 0.020

MIBK 0.60 -

MIBE 0,010 - - 10

Method A: On-line monitoring of continuous beer fermentation process using automatic membrane
inlet mass spectrometric system (Tarkiainena ef al., 2005)

Method B: Dynamic headspace liquid-phase microextraction of alcohols (Saraji, 2005)

Method C:  Analysis of methyl tert.-butyl ether and its degradation products by direct aqueous
injection onto gas chromatography with mass spectrometry or flame ionization detection

systems (Hong et af., 1999).

To overcome the limitations of commercial adsorbents, a trapping tube
was developed by coating inside a silico-steel tube with thin film of polymer
(Polyethylene glycol, PEG) and thin film of polymer incorporated with nanomaterials
(Multiwall carbon nanotubes, MWCNTSs). These were used for the preconcentration
of volatile organic compounds i.e., dichloromethane (DCM), 1, 2-dichloroethane
(DCE), trichloromethane (TCM), trichloroethene (TCE), benzene (B), toluene (T) and
xylene (X). The perforinance of the developed trapping tube were investigated and
compared to Carbopack B packed tube. Table 10.2 shows analytical features of this
work compare to some methods used for VOCs analysis. The developed trapping
tubes provided higher sensitivity and lower detection limit than Carbopack B trapping
tube and can be used up to 160 times whereas Carbbpabk B can be used only 70
times. When comparing to the other methods, method D and method F provided lower
detection limits than the developed trapping tube since cold trap injector was used in
both techniques to preconcentrate analyte before being injected to analytical system.
Particularly for method AD, longer desorption time's. of 10 min, was needed to

completely desorb the analyte. Comparing with method E which is sol-gel PEG
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coated on fiber, our system provide better detection limit and shorter desorption time.
Therefore, the developed sol-gel PEG and sol-gel PEG/MWCNTs irapping tubes
offered an alternative adsorbent to commercial adsorbents with higher operational

tehlperatures, better analytical Iﬁerformance and longer lifetimes.

Table 10.2  Comparison of the analytical features of 4 different adsorption tubes

for VOCs determination.

Analytical feature Present work Method D Method E Mcthod F

Adsorbed material Carbopack B Sol-gel PEG Sol-gel PEGMMWCNTs Carbopack C/ Carbopack B/ Sol-gel PEG Carbotrap B
Carbosieve 111

Limit of detection (ppbv)

DCM 10 6 8 0.046
DCE 2 4 2 -
TCM 11 2 1 -
TCE 2 i 1 0.5 - 0.0056
Benzene 2 1 0.4 0.9 50 0.0048
Toluene 1.1 0.1 0.08 0.4 20 0.0047
Xylene 6 0.7 0.3 0.9 10 0.0045
Reusability (tlimes} 70 160 160 - 150
Desorption time is Is ls 10 min ' 20s

Method D:  Measurement of toxic volatile organic compounds in indoor air of semiconductor
foundries using multisorbent adsorption/ thermal desorption coupled with gas
chromatography-mass spectrometry (Tan ef al., 2605).

Method E:  High-performance polyethylene glycol-coated solid phase microextraction fibers using
sol-gel technology (Ji et af., 1994)

Method F: A sensitive diffusion sampler for the determination of volatile organic compounds in
ambient air (Uchiyama et al,, 1999)

Another technique studied in this thesis is an electrochemical detection
of organic compounds. Electrodeposition technique of bismuth onto glassy carbon
electrode (GCE) was investigated. A bismuth film electrode (BiFE) was used in a
flow injection amperometric system to analyze tefracycline. System performances
(BiFE) were compared to GCE. The linearity of BiFE was between 0 and 6.0 mM (r =
0.999) while GCE gave the same linear range (r = 0.999) but was 4.5 times less
sensitive {slope 1.7+0.3 pA mM™) than BiFE (7.930.2 pA mM™). The major
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advantages of BiFE are low toxicity of Bi(IIT), higher sensitivity when compared to
bare GCE and simple to prepare. One preparation of bismuth film electrode can be
used up to 40 times. The system provided good recoveries and fast analysis time
which required only 3 minutes for each injection. Table 10.3 shows the comparison of
the analytical features of 4 different methods for tetracycline analysis. The limit of
detection in this technique was higher than method H and I these two detection
methods were coupled with separation system and this could preconcentrate the

analyte before detection,

Table 10.3 Comparison of the analytical features of 4 different methods for

tetracycline analysis.

Aanalytical feature Present work Method G Method H Method I
Electrode Bismuth filin efecirode  Gold rolating disk electrode Mercury film miicroelectrode Gold electrode
Limit of detection (M) 1.2 1.0 0.7 0.1
Reusability (times) ) 40
Detection technique Amyperometry Pulse amperometry Fast cyclic voltammetry Integrale pulse amperometry

Method G:  Flow injection analysis of tetracycline in pharmaceutical formulation with pulse
amperometric detection (Palaharn ef al., 2003)

Method H:  Capillary electrophoresis of some tetracycline antibiotics coupled with reductive fast
cyclic voltammetric detection (Zhou ef al., 1999)

Method I:  Optimizing the integrated pulsed amperometric multicycle step waveform for the

determination of tetracycline (Cai et a/., 2005)

For the preparation technique of single and multi segment alloy
nanowires to be used as a barcode system, the electrochemical synthesis with
template-assist was investigated. A mixture of metal plating solution, cobalt, nickel
and copper with different concentrations was used. A constant deposition potential
was applied to synthesize single segment alloy nanowires, By changing metal
concentrations various signatures could be generated. To demonstrate potential
tracking applications, the barcode nanowires were embedded within host materials
relevant to product packaging (plastic and printing ink). X~ray fluorescence (XRF)

was used for metal identification and could interpret a coding pattern. It provided an
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effective nondestructive readout of compositionally encoded alloy nanowires. For
multi segment alloy nanowires, a mixture of gold and silver plating solution with
constant concentration was used. By changing the deposition potential, different
composition of Au and Ag could be obtained resulting in different reflectivity and this
can be used as a tool for decoding alloy nanowire barcdde with fast and reliable
response. This concept can lead to a huge number of patterns of nanowires. In
practice, 5 intensity levels can be distinguished and up to 10 segments can be resolved
within a typical 10 pm long nanowire. This combination corresponds to 9,765,625
distinguishable nanowires.
A porous gold nanowires preparation was also studied by fabricating
Au/Ag alloy nanowires and chemical etching of electro-active component (Ag) to
obtain the porous structure of gold. Different composition of gold and silver can
provide different diameters of pores, hence, different shape of porous gold nanowires
could be synthesized range from nano barbell to nano step cones. This versatile shape-
tailored concept can be extended to nanowires of diverse configurations with a variety
of properties, based on different metals and polymers, leading to an attractive arsenal
of assorted nano-hardware.
| For the studies in this thesis, the resulis indicated that sample
preparation technique using thin film and nanomaterial provide alternative technique
for on-line analysis of organic compounds in liquid and air sample effectively (wide
linear dynamic range and low detection limit to ppb level). In addition, they provide
simple, cost effective and environmental friendly technique. For nanowires synthesis,
the results showed that electrochemical synthesis with template-assist provide simple
and fast technique which size, shape and composition controllable and adjustable for

specific purposes.
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Abstract

A bismuth fifm was prepared on glassy carbon electrode (GCE) and used in & flow {njection amperometric sydem to
anatyze tetraeyeline. Bismuth fitm electrode (BIFE) preparation and {low injection amperomelnic parametors were
optimized. System performances of BiFE wers compared 1o GCE, BiFQ was vafidated with three different fots of real
sample, 250 myg tetracyciing capsules, the resulis showed good agreement, i, between 240 and 260 mg per capsule.
CGood relative recoveries were also obtained in the range of 86— 106%.

Keywards: Bismuth film efcetrode {BiFE), Tetragycling, Cyclic vollammetry, Amperometry, Flow injection anatysis

(Fia)
DOL 16.1002/6120. 200603726

Bismuth film electzode (BiFE) has recently been proposed
s an alternative to mercury {itm electrode (MFE) ductoits
enviranmental friendly naturc {1]. BiFE can be prepared by ~
depositing thin bismuth filss onasvitable substrate material
such as glassy carbon {t-14], caabon paste {12, 15-16]
pencil-lead [17], copper (18], carbon fiber [1, 19-20} and
have been widely applied for trace metal analysis by anodic
stripping voltanmmetry, adsorptive stripping voltammetry,
voltnmmetry and potentiometzic stripping analysis. These
inclule nickel (10 and cobatt(it) [20}, cadmium{f1} {3, 5,8,
15— 16, [8, 20-21]), zinc(11) {5, 15, 17, 18, 2] and lead(11)
[3-5, 8, 1517, 20-21]. However, only a few reports used
BiFE and bismuth bulk clecrede (BiBE) to determine
organie compounds. These include amperonetric detection
of 2-uitrophenot and bromofenoxim {2}, adsorptive strip-
ping veltammetry of daunomycin 22}, and for trace analysis
of several me(uls by forming a complex with dimethylplyos-
ime (DMG) such as ecadmiom (13) [6]. lead (I1) {13}, cobalt
(H) [6~7, 19], atcket (THY [7. 19]. molybdenum [9] and
vanadium [10}. Ti was also used to deteet aluminum by
forming intermetallic compoond with cupeferron {12].
Recently, BiFE has been applicd to detect metalfothionein
{protein with low molecular weigh) [14]. Most of the studics
using BiFE were performed in a bateh system and to the best
of vur knpwicdge no one has applied BiFE in a ow system.
‘Therefore, it would be intoresting te applicd BIFE for the
analysis of some other organic compounds in a flow system,
In this report BiFE was prepared and used to determine
teiracycline, which was selected as a {est compound, in a
flow injection system with amperomettic detection.

@ iecs
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BiFE was prepared by depositing Bi(IHT) onto the GCE
surface and the influences of the concentration of the
bismuth solution, deposition potential and time were
studied by using anodic stripping voltammetry technigue,
Five replications were perfonned for cach parameter with
% RSD less than 4.0, The concentiation of bismuth was
varied in the range 0.2 1o 1.7 mM. Alter cach deposition, the
putential was increased to 0.25 V 10 sirip the blsmuth film
from GCE surface and the current peaks were recorded, ‘The
anodic shipping peak current inereased with the concen-
tration of Bi(111) solution and reachied a steady value at
1.5 mhd. Using the optimum concentration at 1.5 mM, the
deposition potcatial and time were investigated in the range
of 02 1o — 1.8V and 1 to 7 min, Using the same criteria,
-0.3 V aml 6 min were the optimum deposition potentinl
aw! Hme, respectively

Using optimwun prepavation conditions, 10 different
preparations of BIFE were investigated. Anodie stripping
peak currents, of Bi(ID) from GCE surface, of these
preparations provided a relative standard deviation of 4.7
%, showing geod reproducibility. The potential window of
BiFE and GCE (working electrode) were tested in 25.0 mb
borate buffer pTT 8.7 in a batch system. using a ApfAg/Cl
(3 M KCf) reference electrode and & platinum wire eounter
electrode. The potential windows were found between ~0.9
o — 1.5V for BiFE and —1.0 to — 1.3 V for GCE (Fig. 1}
Although, the potentinl windows of GCE and BHE
narrower than that of mercwry film micro eiectrode (- 0.0
to ~2.0V) [23], they were wide cnough for tetracyeline
detection (see later).
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The reduction potential of tetracycline was studied by
adding 1.0mM tetracycline inte the system. ‘The cyclic
valfarmmogram was scan between —09to — 1.5 V for Bill2
and - 1.0 (o — 1.3 Vior GCE. Fon scans were performed in
each running. The first voltammogram of tetrcyeline scan
of each injection was used since subscquent scans provided
tower peak current due to rapid desorption of tetracycline
from the ¢lectrode surface. Redudion reaction of L0 mM
tetraeyeline occurred af — 1,25 V. This was stightly Tess than
mercury film micro electrode where the reduction peak of
tetracyeling was found between — b4 o —~ 1.5 V 23] The
shift of reduction potential is possible cither from skghtly
higher clectron transfer kinetics of tetracycline on BiFE
than mercury film micro electrode or a dilfercace in
electrical double layer region of BiFE and mercury film
micro ekectrode {2, 23] Fa the case of & bare GCE, although
it has a potential window between — L0 to 1.3V, no
current peak of tetracycline was obtained under the same
conditfon probably becavse GCE is less sensitive to
wtracycling than BiFE, To improve the seasitivity, support-
ing electralyte. KCI, was added to inceease the conductivity
of the rvmning buffer sotution [24]. Using eyclic voltamme-
try the responscs could be obtatned from GCE but were still
much less thaw BiFE (Flg. 1), The eyelle voltammogtam of
tetracycline using BiFE shows good adsorption and rapid
desorption of teracyetine. At 0.4 M KCI the response of
1.0 md tetreychine oblained from BIFE inereascd by 30%.
‘Ihis, supporting clectrolyte was studied (urther fo the flow
injection system,

Lictroanalysis 19, 2007, No. 4, 302505
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GCE and Bi'E were tesied in the flow injection syston, A
constant potentinl of -- 1.0V was applicd until a sable
baseline was obtained. The detection potential was then
optimized te recheck the reduction potential of tetracyctine
in the fow injection system since the distance between
working. reference and auxiliary clectrodes were different
from the batch system. Inaddition, avxiliary electrode in the
flow and the batch systems were differcnt (stainfessstectand
platinum wire). The detection potentiul was tested at — L,
—§20, — 125, L30, ~1.35 — 140V for BiFE and — L00,
- 120, - 125, - 1.30V for GCE. Tetracycline, 200 pL of
1.0 mM. was injected into the amperemetric flow injection
systeni. Current peak of tetracycling increased with poten.
tial and provided the highest response at — 1.30 ¥V for both
BFE and GCE and this was used as the detection potential.
Effect of carvier {low rate was investigated between 0.1 and
0.4 mL min™% Between 0.2 0.4 mE min~! the same value of
current wat obtained, however, at 0.1 mL min ™ the peak of
1O mM tetracyetine was quite broad and the peak height
was lower than {he others, This was probably caused by the
dispersion of the sampte in the flow system at a stow flow
mte. ‘Therefore, 0.2 mL min = was selected. fn the study of
injection volume, 150225 pl, peak height increased with
volume from {50 to 175 pL and reached a constant valug,
Thesefore, 175 pL was selected. Concentiation of KCI was
then tested hetween 0.05—1.0 M using amperomctric de-
tection. The current response of LOmM  (etreycline
increased with KClconcentration from 0.05-0.1 M duc ©
the reduction of the resistance of the solution. However, at
highcr concenteation of KC1,0.2,0.3, 8.4, 0.5 and 1LO M, the

" current of 1.0 mM tetracycline decreased because larger

amount of KCl can shift the reduction potentiat ofanalyle to
% more negative value resulting in decrease response in
amperometric detection, Moreover, the bascline nolse at
high KCt concentration is alse quite high. ‘Therefore, 0.1 M
was sclected a8 the optimum value.

fn this work, borate bulfer was used as o muning buffer
beeause basie satution was needed to provide the reduction
reaction of tefracycline at nicgative petential and provide a
wide patentlal window suitable for reduction potential of
tetracyellne where the highest response was obtained at
pH{ 8.7, This bufler was uscd to prepared standard totracy-
cline inorder to reduce the effect ol backyround carreatand
it van only dissolve tetmeycline up to 6.0 mM, Therefore,
tetraeyeling could only be tested up to 6.0 mdl. At optimum
conditions, system performance was investipaled. Tefrcy-
cline standard solution (0- 6.0 mM) was injected tothe flow
injection system. Figure 2 shows the actual amperometric
rsponses of GCE and BIFE to 1.0, 2.0, 3.0 and 40 mM
tetracyeling in 25.0mM borate buffer solution (pl 8.7}
containtug 0.8 M KC1 where the peak height incroase is
propurtionat fo the concentration of tetracycline. The
calibration curve shows the lincaety of BIFE between (.5
and 6.0 mM with a sensitivity lope) of 7.7 pA md™,
jutercept L8 pA and r=0.9968. GCE gave the same linear
range (r=0.9973) but was 4.5 times less sensitive {(slope
1.7 A MY intercept 0.3 pA) than BiFE. The Ynit of
detection was obtained at 1.2 pM for BIFE and 7.0 pM for
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Fig.2. Relalionship between concen{mtion and currerd response of GCE and BiFE to telracydine al different concentration in the
fow infection amperometric detection system with 25.0 mbt borate bulfer pH 8.70 conlaining 0.1 M KL, applied potential —1.3 V. [aset
shows the cucrent responses of tetracycline obtained from GCE and BiFE at 1.9, 2.0, 3.0, 40 mM.

GCE by using TUPAC method [26]. The lincarity and
detection Himit of BiFE and GCE were in & higher
concentrution range than mercwy film micro dectrode
used in capillary electrophoresis-cad columa detection with
small dead volame {lincarity and detection it were 1.0-
500.0 uM and 0.7 1M for mercury (il micro ¢lectrade [23]).
However, this range of concentration would be sufficient for
determination of tetracyeline eapsule.

‘The stability of BiFE was ovaluated by injecling 2.0 mM
of tetracycline for 50 times inlo the amperometiic fow
injection system at optimum conditions. The resulls Indi-
cafed that the cathodic peaks were retatively constant up to
40 injections (16.3:0.9pA) and the peak cumrents de-
crcased to about half thercafter. This is probably caused by
the deterioration of bismuth film, simitar to mercury fitm
[27). However, when this occursed, a new BiFE can be casily
prepared by applying a potential of 0.25 'V to steip off the
bismuth film. The surface of QCE was then rinsed with
deionized water before a new fayer of bismuth was
deposited. The advantage of this techuigoe is nomechanical
polishing was neetled to reactivate electrode surface prior o
anew preparation because of the impurities on the clectrode
surfuce. To test the reproducibility of clectrode responses
three preparations of BIFE were used 1o analyze tetmey-
cline at 1.0, 4.0 and 6,0 mM. The peak cureents of the fhree
cencentrations were 0.4 £ 0.3, 342 £ 1.0 and 4724 0.6 pA,
respectively. ‘The results showed that each preparation of
BilE provided good teproducibltity. Therefore, when the
BiFE has reached its operation life 4 unew fihn can be
prepared and new calibrition would not be required.

Tetmcyeline contents of capsules obiained from local
drug-siure were determined by Bil'E with amperometric
flow injection system. Three different lot numbers were
analyzed, Tor cuch lot, the confeat of twenty capsules of
250 mg tetracycling were weighed and mixed, Then 73.1 ing

Fleetroanalysis 19, 2007, No.4. 502~ 305
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of the powder wasdissolved in 25.0 mL of the running buffer
solution (this would be equivalent to 4.0 mM) and injected
10 the amperometric (low injection systen, Five reptications
were performed with % RSD <4.0 in all running. The
responses were used to calcuiate the amount of tetmaeycline
from the regression equation of the calibration graph. The
resulls obtained for the three lots were 24545 mg, 260:&

+ 10 mg and 245 £ 10 mg of tetracycline percapsule, Relutive
recoveries woee also studied by spiking 1.0 mM and 2.0 mM
of tetrucyctine standard solution infueachof the three fots of
Teal samples The percentage relative recoveries were 102 3:
5,86+ 1and 87 £ 1 for LO mdand 106 41,96k 2and 93 £2
for 2.0 M. The resuits showed that the pereentage relative
recoverics were within the acceplanee criteria (80— 125%)
providing sufficiently precise technique for medicine anal-
ysis {28}

{n conclusion, BiFE wasapplivd to detennine tetmeyeling
in an amperomelric flow injection system. The major
advantages of BIFE are low toxidty of Bi(IH), higher
sensitivity when comparcd to bare GCE and simple to
preparc, One preparation of bismuth film electeode can be
wsed up to 40 fintes. When the responses have declined the
bismuth layer can be easily stripped off and redeposited with
good reproducibility, Therelore, analysis can be carried on
without recalibration. When the system was applicd for real
sample analysis of felracyctine capsule, good agreement was
obtained between the value oblained feom the flowinjection
anatysis system and the labeled value. The system provided
gomdrecoveries and the analysisrequiced only 3 minutes for
each infection.

Experimental

Bi{NO),STLO (Pluka, Switzerland) was dissolvedin 0.5 M
1ING, {Carle Ebra Reagent, France) to obiain 2.0 mM of
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bismuth sotution. Sodinm acetate buffer, HKLO mM pH 450
{34, 910 13,15, 17- 20]. was used for the depuosition of
bisuih film on GCE. Sedivm teiraborate buffer (25.0 mM
pIE8.70) was prepared from sodium tetraborate {Sigma-
Aldrich, USA) and 1IC1 {24] and used o prepare standazd
and running bulfer solutions in aff experiments Stock
standardsolution of tetracycline (Sigma-Aldrich. Germany}
was prepared in runuing buffer solution and stored at
- 20°C. Working standard solution was dituted from stock
standard solution, stored at —4°C and used within three
days [23]). GCEwas polished with 3.0 pm, 1.0 v and 0.3 yam
alumina powder {(Metkon Instruments Ltd., ‘Tuckey), re-
spectively, to mimror-like and then sonicated for 15 minutes
in deionized water before use. An electrochemical cell
composed of a 3 mm diameter GCE working clectrode (or
BilE), a AgfAgsCl (3 M KCI) roference electrode and a
platingm wire (Metrohm, Netherfands) counter clectrode.
Anodic stripping voltunmetry technigue was performed
using a p-Autofab type HI (Metrotun, Netherlandy) con-
neeted to a personal compuier and driven by GPES 4.9
software {Eco Chemie, Switzerland) to optintize (he depo-
sition of bismuth filw oato GCE.

Flow injection system was sct for tetracycline analysis. A
peristallic pump (Miniplus 2. Gilson, France) was used to
defiver buffer solution while a six-port vatve (Valeo,
Flouston, TX, USA) was used as a sample injector lo
control sa exact sample volume. A bare GCE (3 mm) or
BiFE served as a working electrode with a Ag/AgCL (3M
KC) aud a stainfess steet tube acling as the reference and
counter clectrode, respectively. All electrodes were beldina
laboratory-buile flow cel. All system perforniances were
investignted. Tetracycline capsules, containing 250 myg tet-
vacyeling, were purchased at a tocal drugstore lu Hat Yad,
Songkhla, Thaitand and applicd Tor real smnple anatysis.
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Alloy Nanowires Bar Codes Based on
Nondestructive X-ray Fluorescence Readout

Sirilak $allayasamitsathit, bt Jared Burdick,! Ralph Bash,t Proespichaya Kanatharana,t
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We demonstrate here the ability to generate tertary Co—
Ni-Cu alloy nanowires with distinet Xeray flucrescence
(XRE) barcode patterns using a one-step template-guided
electrodeposition. Such coupling of one-step templated
synthesis with a nondestructive XRF readout of the
compnsition patterns greutly simiplifies practical applica-
tions of barcoded nanomaterials. The new protocot teads
to alloy nanowires with broad composition range and
hence to an extremely lurge number of distingulsiuble
XRE signatures. The resulting fluerescenve batcodes
correlate well with the composition of the mefal mixture
plnting solution, Indicating a reproducible plating pro-
cesses. Factors affecting the coding capacity and identi-
fication accuracy are examined, and potential tracking and
authenticlty applications involving embedding the nanow-
tres within plastics or inks are demonstrated and dis-
cussed.,

‘There has been a constderable recent interest In nasomaterial-
based barcode systems for a wide range of Important applications,
ranging from produd tracking to multiplexed biodetection."*
Widcspread use of harcoded nanomalerials requeires high coding
capacity, a low-cost large-scale pariicle prodiction, and a porizble
and accurate deleciion sysfem.! Mullidriped metal nanowires,
prepared by sequentiat templated electrodeposition of metat
segments of different lengths, have been particularly useful for
barcoding applications >S5 However, the preparation of such
encoded multisegmeat nanowires eelies on a time-consuming
synthesis involving multiple plating steps from different metat
sotutions.®

Recenily we demonstrated that compositiorally encoded alloy
nanowire lags, with a large number of recognizable clectrochemi
cal signatures, can be prepaned by a singlestep electrodeposition
from a metalmixture plating solution. Such a templatedirected

* Corresponding musher, Bnudl: JoscphWang@asedu
1 Afiroas Refe University.
# Prince of Songkts University.
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alloy meparation route obviates the need for sequentiad plating
steps {from ditierent metal sofutions) comnton for the synthesis
of multisegaent barcoded nanowires, This sioglestep prepacation
of one-segment alfoy nanowires thus offers a subsfantial simplifica-
tion and specd advantages over the multistep preparation of
multisegment nanowires. Howeser, the simiplicity of this altractive
synthetic mude has been groatly conipromised by a desructive
and time-consuming measurement, involving acid dissofution of
the alloy nanowires, followed by electrochemical readout of the
vollamnetric signatures®

Here we present a greally simplified nondesiructive xray
Thwrescence (XRF) readout of the composition profiles of atloy
nanowires. XRF has been widely used n various fields for rapid
and accurate nondestructive melal measuremeats withou! sanple
preparation?8 The technique provides both qualitative and quan-
fitative analyses and offers the simullaneaus multielenient non-
destructive readout of samptes over a wide concenlration range.?
XRF has thes been used for detecling the chemical composition
of different alloys, ranging from sleel® to coins' and Jewely)?
Portable (handJteld) XRE analyzers have heen particulatly useful
for on-site nondestrudtive forenskc or erchcological analysest in
which destructive sampling is nof permitted. However, there are
no early reports on XRF analyses of barcoded nanowires, in
generaf, and of alloy nanowires, in particular,

In the present sludy we demensicale thel alloy nanowires with
a broad variety of compositions, and heace with a large aumber
of unique XRI? signatures, can be easlly produced by a onesep
template-gulded electrodeposition from a mixture of Ni, Co, and
Cu Jons in an aqueous sulfate plaling bath {Figure 1}, These melaks
kad to welbresolved and close K-le3 XRF peaks and hence to a
targe coding capacity. The realting XRF barcade patterns reflect
the alloy composition and correlate well with the concentration
of the different mietal fons in the platiog solution. Such coupling
of a onesiep templaled synthesls of alloy panewires with a
nondestouctive XRE readout {wilhout dissolution of the eacoded

&) Wang, J; Lie, G. Aval CGresr. 2006, 73, 2461,
() Melquiedes, F. E; Appofond, C R /. Radicancd, Nad Coens. 2004, 252,
533,
@) Juradodopez, As de Castro, M, . L. Qe Aral, Gre. 20006, 2, 27t
&) Berenden A; Nefinke, D Schamscher, R: Bath, M. J Ferensie Sei 2006,
51, 1085,
(16) [da, M. Segmma, Ty Tohyarin, §; Rawal, ], Specfroctioe Acta, Parf 820035,
&3, 249,
(11} RelE, F: Bagtels, AL Gactel, M Oriner, 1L M. Frescnivs . Ansl Gram
2001, 274, 1148
{12} Bonsmal, L; Matoil, At Mitwzo, M. XBay Spectrase 2008, 45, 200
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Figure 1.
ires: toward product racking and avthenticity fasting. Bercoded
nenovdras (shown [ the SEM photorrderograph of insel {a) are
dispsnsed of embeddsd i packaging materals of a commercial
peodirct e defected with o hand-held XRF analyzer (b}, The resufing
XRF signoture (¢) s used for the product identification.

fags) greatly simplifies practical applications of barcoded nano-
materials, making the gew strategy extremisly aliractive for
diferent on-slic taguing applications.

EXPERIMENTAL SECTION

Apparatus, Sputiering of the aumisa menbrane was ac-
complished with a Deaton ¥acuum Desk HI'TSC (Moorestown,
Nj}. Blectroplting was accomplished using 3 CHI 40 ¢lectro-
cherical analyzer controlfed by CHI 206 software (CH Tustew-
ments, Audin, TX). The spullered gold was removed from the
membrane using a sfandard 3 in. SEM sample polishing machine
{model 900 grinder/polisher, South Bay Technology Inc., VA}
along with 3.0 pm atumina powder (Fisher, Pitisburgh, PA). Kewex
spactrometer model 0810A, (Kevex, Foster City, CA) was used
for detectiag the comgasition of the encoded alloy nanowires,
HandJield XRIF measurenients were performed with a NITON Xit
791 thin sample analyzer (Thermo Ilsher Scientific, NITON
Analyzers, Billerica, MA), Scanning electron microscopy (SEM)
inages were obtained with an X130 SEM insirunsent (FEI Co.,
Hillsbore, OR) using an acceleration pofeatial of 18 kV.

Reagents, The gold target wsed for sputlering ihe membrane
{99.5+% pure) was purchased {rom Denton Vacuuar Moorestown,
NJ). The commeecial gold and sitver plating solutions {Grotemp
24 RYU RACK md 1685 RTU@4.5 Tray/Gallon, cespeclively) were
obtained from Technie Enc, (Anabeim, CA). All standard solutions
were prepaced with ulirapure (18.2 M) water (BLGA-Ultra-Pure
water polishing system model PURELAB Ulfea Scientific). Sodium
hydroxide, cupele subfate pentahiypdrate (CuSO5HAO), and kel
stlfate hexahydrade (NiSOy-6H0) were obtalacd from Sigma (St
Louls, MO), Coball sulfsle heptahydrate (CoSO,7H;O} was
purchased from Al Aesar (Ward Hil), MA). Anodisc 25 alumina
membranes (25 mm diameler, 208 nm pore size, and 60 um
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thickness) were received front Whatman (Maldstene, UK}, Cydlie
olefin copofymer (COC) eheets, 1.1 mm thickness, were olinined
from Knightsbridge Plastic Ine. Fremoni, CA), while the slandard
bleck Inkjet ink was recefved from Hewlet Packard {Palo Allo,

Preparation of Co—Ni—Cu Napowires. Alsming membranes
were ueed as templates for the nanowire growih. Befort use, a
gold layer was sputtered on one side of the membrane {(where
the pores are branched) to serve as the working elecirede during
the cleclrodeposition (in connectlon to an alimilnunat foll contact).
AgfAgCl (3 M KCh and platinum wires were used as the
reference and counter elecirodes, respectively. The sputtered
membrane was placed in the ballom of a plhating cell with the
sputtered side contacling the alunifnum foll. Sitver was deposited
using the amperometric mode at —0.9 V and a clarge of 2 C,
Following this, gold was deposited at ~0.9 ¥ uslng a charge of 1
C.The metabmixture plating solufion was subsequeatly introduced
o the cell. Plaling soletions conyposed of 40 g E-F of B0, and
differing concentrations of the nwetal salts [cobalt (CoSO7H,0),
nickel (NiSOy-6H,0), and copper {CuSO5H,03] were employed
({final pH ~ 3.8). The deposition from these plating selutions was
carried out st a fixed potential of —1.4 V using & total charge of
I5C.

After completion of the deposition, the membrane was removed
from 1he celf and was polished o remove the sputtered gold as
previousty stated. The alumina membrane was then rlnsed with
uitrapare water and was divided info iwo equal pieces. One ploce
was placed in a 3 M NaOH solulion for about 30 min {o alow
compkete dissolution of the membrane. The nanowires weee
separated magneticatly from the NaGH solution and were rlnsed
with ultespure waler until a aeutral pH was obtalned. The faal
20 L suspeasion contalned ~3 myg of wire {onediall of the
membrane). The second piece of the nanowiecantataing mem-
brane was kept intact for direct XRF analysls of the embedded
nanowires, Inks contalning the encoded nanowires were prepared
by nilxing 30 mg of 1Nie wires within 15 mal.of a comoercial bisck
inkict ink. A 300 pl. droplet of the resulting ink was then
dispeased dropwise with a pipet onte slandard white printing paper
(Kerox, Business 4200, 20 T, Rochester, NY) and was allowed o
dry prior to the XRF readoul. Barcoded nanowires were also
enbedded in COC plastics by sandwiching varying amounts of
ilie encoded nanomaterdals between fused COC sheets,

Analytical Procedure, XRF readouts of the nanowire com-
position profikes were performed on nanowires eatbedded in the
membrave and nanowires suspended fn water after dissolution
of the membrane, Some specira measurentents were performed
using & NITON handheld XRE analyzer, while most XRF specira
were oblalned using the Kevex XRE system, with the Digh wltsge
power supply operated at 20 KV and 15 mA. Xrays thal
bombarded the nanowire samplesin the Kevex system fuoresced
fromt a germanium secondary farget with K1z and K-Af; tines at
9.90 and 1103 keV, respectively, ‘The XRF spectrum for each
sample was acquired over 200 s with the Kevex XRI' system and
for 60 8 with the NITON handheld uait, Acquired data, in counts
persecond for the NITON systea and In tolal numbee of cotints
for the Kevex systent, wene recorded with reference fo disercte
enerzy levels (25 and 20 eV for NITON and Kevex, respectively}
over e energy renge of interezt {0 <V te ~20 ke¥), ‘The XRE
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Flyewrs 2, Xray foorescence of mutimetsl aboy nancwires prepared
by changing the concentration of ene of tha melals (Co (A), N (B),
ond Cu {C)) while keepng the level of others constont. (A} Chenging
tha Co concantration {a—d, 10 g L-1, 20gL-%, ng-i snd 40 g
1% with Ni and Cu at 50 g L) nnd 10 g LY, respectvely. (B)
Changing the 1§ concentration (a-d, 40 g LT, GOQL-* W glL-y,

and 120g L) vah Coand Cunt 30 gl-tand 10g LY, aly
{C) Changing the Cu concentration ta~d, 5gL-%, 10 gL', 15g L

ond 20 g LY with Co and Mial 30 g L-* and 50 g L5, respectvely.
All grven concentrations are ofmetal salls prassatin aqueolts seiubon
AR atoy nanowires veere eletirodepositod ol a potenbal of ~14 Y
using @ total chorge of 15 C. XRF spectra were oblaned witls the
nanowitas embaddad In the membrand template and using a bbbora.
oty Kavex XRF system.

mwmm

data were normalized using Microsoft Huvel, and this was done
with respect to counts corresponding to a given K1 valus of one
of the unchanged metals, The infensity extraction for character-
izing and normalizing the remaining peaks was perforined by
measuring the peak height at the corresponding spproximate
K-Lgy energles for Co, NI, o Cui as definest In (he Resulls and
Discusslon.

RESULTS AHD DISGUSSION

The one-step templated synthesls of Ni-Co-Cu alloy aano-
wires of different metal contents leads to a large number of
charasteristic XRF barcoding palteras, reflecting the composition
of the cotresponding nanowires. Such abllity to tune the XRF peak
intensities by controlling the composition of the alloy nanowires,
llwough the composition of the plating solution, Is Mestrated In
Figure 2, This figure displays XRE readouts of ternary wires with
different composition palterns, obtained by changing the contenl
of ane mefal [Co (R), Ni (B), and Cu {C); red peak], whitle keeping
the levef of the ofher metals constant. The alloy nanowires yield
a distinet multipeak specira, reflecting mostly the emission of K-Lsy
photons and the relatively minor contribulions of K-Mj photons
front Co and Ni. The approximate peak energles for e K-ly;
fines are 6.9 keV for Co, 7.5 keV for NI, and 8.0 keV for Cu, and
the K-M; lines are 7.7 keV for Co, 83 keV for Ni. and 39%eV for
Cu, The influence of the Co and NI K-M; lines can be seen as
tiny growing shoulders on the Ni and Cu peaks with increasing
Co and Ni concentrations, respectively {e.g., the influence of the
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Figaire 3. XRF readott of Co—Ni—-Cu alley nanowires of different
lengths, prepared by using ddferenl plafing charges: 2 C (a), 5 C
(b), 10 C {c), and 15 C (d) and & plaling sohition contaning 5 g
L7 of the comespondng netal salfs. Oliwr conditions are o5 in
Figrera 2.

NI K-M; fine on the Cu peak is visible In B). Such a K:M; line
adds to the information coplent and dislind signature of the
corresponding nanowires by adding more data for the identifica-
tion of all three constifuent metals. '

The resubting fluoresoece signatures coreclate well with the
compasition of the plating sofution, with the corresponding peak
intensifies following the levels of the corresponding mietal in the
plaling solution. A slight deviatien from Jinesrity of lhe coire-
sponding intensity —concenttration plols was observed at the lower
concentration values (not shown). Linear infensity-concentration
correlations were reported earllec for vollammeiric signatures of
alloy nacowiees following (heir ackd dissolution® The slight
nonlinearity, olsersed at the owest metal concentrations, is
aliributed to a potential composition gradient long the nanewires,
associated with differences in the foa diffusion rates.® Slace the
number of identifiable nanowires depends upon the number of
distinguishalle melals and the number of peak intensities, it is
possible fo obdaln thousards of readable XRE signatuves with three
of four melals present at four to six loadings. In our study wslng
three metals, woe found that whea evaluating a saniple of wires
growen from a sofution containing 6 g 171 Co, 5g L' Ni,and 5 g
L1 Cy, the detection limit {cakulated following the [UPAC
method!® of the wires, died on paper, was 30 pgfard, The
uniformity of the plfing process was indicated from the low
relative standard deviations of 34, 4.8, and 6.5% obtained for the
intensify of the copper, nickel and coball peaks, respeciively, in
six dilferent sections of one membrane teruplate. Also, the
reproducibility of the wires was measured by comparing several
sanples of wires grown from the same solution. The XR¥F peak
fielphts of (hese data (normalized as described cactier) ylelded
relative siandard deviations ranging between 4.3 and 85% for the
three metals. In addition, untform lengthindependent alloy
compesiitons shoutd greatly facllitate practioal applications of the
new barcoded nanowires,

Figure 3 cxamines the influence of the nanowire length
{reflected by the depositlon charge) upon the corresponding XRF
peakintenslties for ternary Ni- Co—Cunanowires prepared nsing
charges raaging from 2 4o 15 C (Fgure 3a--d). As expected, the

{18} Seedi, A; Ghotbont, M. Mater. Ciow. P 2005, 93, 117,
3} Tong, G. L; Wineharchar, 1, 10, Avel, Chers. 1983, 55, FizA,
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Figuite 4. Comparison of the alicy nanowire XRF signatres
eblalned In various experiments. {A) XRF specira oblained using ()
the taboratory-based {Kovex XRF) instrument and {ii} @ compact
handheld XRF anatyzer (NITON). The nancires werd prepared using
o plating solution cortoining 33 g L7, 45gt-), and 10 g L% of the
Co, i, ond Cu salis. (B) XRF spectra of () nanoviras embedded in
tha olumina membrans and of (k) the nanowirss In solution (after the
membrane dissolution). The nanowires were prepared using a ploting
solution containing 30 g LY, 120 g LT, ond 10 g L~V of the Co, Ni
o Cu salls.

stgnals of the three metals lncrease fincarty with the deposition
chargre over the entire 2—15 € charge mnge (see insel for the
corvesponding plots), indicating a uniforin alloy composition alony
the length of {hie nanowires. The peak ratios in the corresponding
Ouorescence signatures, and hence the overall nenowire signa-
tures, are thus Independent of the charge used during the plating
process (ic., feagth of the resulting nanowires).

Portable XRIF analyzers have found extensive field applica-
tions™ and could greatly facilitate numerous practical onsite
applications of ihe encoded alloy nanowites. Accordingly, we
compared the XRF signatures oblalned with an easy-1o-use and
compact hand-held XRE unlt Shown in Figure 1) wilh those
recorded with a ceatralized large labocalory analyzer, Such
comparison, shown in Flgase 44, indicates that both ke stationary
and portable systems yield similar XRF profiles and that the
Identification acouracy [s not compronised by the use of the hand-
held analyzer.

The XRF readout of {he alloy nancwires can be accomplished
whife the wires are embedded in (he membrane or afler dissolviag
the membrane. Figure 4B compares XRI? signatures of ternary
alloy nanowires {prepared from a0 g L4 12X gl and 10 g
1.7} Co/NI/Cu solution), as obfained befors () and after i)
drsolving the membrane lemplate. Both cases vielded similar XRP
slgnatures, with similar peak enerpries, infensities, and peak ratios,
indicating that the corresponding bar codes are not affected by
the membrano dissolution. Notice agala the dislinct Ni KAl
shoulder peals, on the copper stznal {B), and also the less distinet
Co K:b; shoalder peak on the Ni response (A1) that provide
additional identification capabilily, The nanewires analyzed in the
membrane represent a highly concentrated two dimensional array
of nanowires {~1 % 10° nanowires/coi) and in suspension a difute
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Flgure 5, XRF signoturas of a%oy nancidres ncorporated within
ks or plastics, (A} Nanowire XRE signotures recorded with the
nanowires (1) embedded in he mambrana template o (8) disporsed
vathin en Ink dispensed on a while prinfing paper. The nanowires
vicea prepared sing a plating sotution colaining 30g 14, S0gL-t,
ond 10 gL-% ofthe Co, N, and Cu salts. (B) Nanowée XRF signatures
for () nentwies embedded in the membyene lemplale or (8)
nonowires embaddad botween fused plastic {COC) sheols. The

nanowines wera prepared using a plating solulion conlaining 30 g
£, 00 g L%, and 16 g L1 of e Co, Ni, and Cu salfs,

three-dimensional sealtering of napowires, This figure shows that
2 relatively small sample of nanowires can produce the same
normalized XRF response a3 a highly conceatvated sample,

Finally, to demonstrale potential {racking and authenticity
{counferfeily spplications, the barooded nanowines were embedded
within host malerals relevant {0 produd packnging, Figure §
ilusfrates the ability 1o read XRF signatures of alloy nanowires
incorporated In a printable ink {4) or within fused plastic (COC)
philes B}, WelldeBned XRF signals are observed for both the
ink- st phasticembedded nanowlres (i) even with the nanowires
embedded belween 1.1 mm hick plastic sheets {(much thicker
than standard packaglng plastics). In our study, the resulting
fingerprints are similyr enough fo those of the corresponding
freslity prepared nanowires fo make a positive identification
(within the membrane tenplate; i versus H). However, the exact
definltion of a positive identification will be left up to hose using
this {echnology, as it would depend on thelr specific aceds.
Overall, the data of Figure 5 clearly Indicate that conipositionally
enceded alloy nanowlres maintada thelr distinet XRE signatures
upon incorporation in relevant host materals {(with no apparent
matrix effect) and that XRF leads 1o a convenient nondestructive
readout of such fingerprints,

CONCLUSIONS

In this nole, we demonsimied that XRI? provides an cflective
nondestrective readout of compositionaliy eacoded alloy nanows
ires, The templatedirected alfoy co-deposition preparation route
obviates e need for sequiential deposition sfeps {from differeat
mefal solutlons) commion for {he synfhesis of multisegment
nanowice barcodes. Such coupling of onesiep syathesls with a
nondestructive readout {withouf prior dissolution) greatly simpli-
fies practical applicalions of nanomaterial tags. The ability 1o
prepare afloy nanowlres with a large variely of compositions and
visuallze these compositions by XRE makes these afloy nanowires
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promising candidates for a wide varicty of tagiing applications
fanging from preduct tracking and protection, counterfeit testing
1o bloaffinity assays.
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Shape-Tailored Porous Gold Nanowires:
From Nano Barbells to Nano Step-
Cones

Rawdwan Laccharoensuk,! Sirifak $attayasamitsathit®® Jared Burdick,! Proesplehaya Kanatharana,?

Panote Thavarunykul,* and loseph Wang**
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Priate of Soolathinsity, ot Yal, Soegthls, 500 12 Theiard

anorvires are critically faxportant

bullding blocks of

panctechnology.’ An sttractive
and versatile route for preparing nanrxires
involves the ekeetrodepositdon into the ¢y-
findiical mnopores of a host porous ment
brane temgdate, followed by dissolution of
the template? Such a tenplate-assisted
sectrochemical synthesis roue perrits a
convenkent snd reproduc)ble pesparatdonof
nansvdies of a variety of sizes or compast-
thons. Any materal that can be electio-
plated can baused as aportion of theve-
sulting nanovrke, Multlsegment nanowises,
based on different nnateriss, can ba readily
prepaced by sequential elec rachemical
deposition of sevazal segments {of mewls,
poles, and composites), with different
preciatermined lengths, latd the poces of
themembrane template:’ In addidon 1o
solid retal nandwires, it Is possible to pre-
pare porous nanowites by a mambrane-
templated electrodeposition of a limetatic
alloy foYoveed by the selective dissolution
{dz-alsying} of the fess nobks conponent®
The electropolymeilzation of polypyrele
within the resuiting nanopores lad tometalf
polymer composite nanoires of control-
latle composition® All of the sbove nano-
Anectures have been charactertzed by a
cylindrkal shape of uniform diameter.

KEYWORDS: aanowdens « shapr « allays « poreslty « gofd + configurations

diffecent gold/sibeer ratas ifrom plitiag so-
hationws of dacreasing of altemating goltislh
Ve conposition ratlos) and etching the sk
ver component, Taking advantage of earler
firddIngs reported by Liv and Searson” that
the diamster of singh-compesition nano-
vdres decreasas upon dissolution of the
fess noble comiporent, we now damon-
strate that changlng the aloy composition
{by controlling the plathg conditions) -
Towers remarkable conkrol of the shape and

Here we repost on the fabrkadon of dnenslons of the resuléng vires, The dif
shapa-tallored porous gold nanowires wla  ferent dismiters of the resulting moltstep
silver dissolution from muttisegment nanowires reflect the birger wild spaces
gold - stver dlfoy nanovdres with seoments  formad batween the nancavdre and the e *Addiust ootraspondanie bs
of ditfarent compositions, The new plate for atoy segnyants with higher sitver  Pephangdasueds,
membeane-template protocol leads to content whan free gokd atoms (released Recetetd for terion Septersbet 25,
novel staplie nanovdre configuiations chering the sihver dissolution) diffuse toward 2007 and scapted Hovembr 77, 2007,

(a4, barbell or step-cone) contalning s¢g-

the goldddh center Inadditon tommlt: Ly eiabar i, 2007,

msents vith different dlamsters. As ifus- step nanovidres, wa dascribe for the fiest B2 iTONI 582 COC1 43700
tratecd in Figure 4, such a peotocol relles on time the preparation of cone-aod bone- '
ssquentilly depositing afoy segnentsof  shaped porous nanowires based on & 162 b Chaxiol ey
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Figure 4, Scheme tifustating the templateassiited dectro.
chemical prepanation of tha asymmatilc potous gold aane.
wites (2) sputiering geld on 3n slumina mefblane b cop-
per depoiltion for 3 total charge of 16 G () Au deposiilon;
(40} deposition from AwAg sokutions of (o} /1, {ed 612, 0}
23, and (g) &4 ratos; thY stchiag tha siVes componant o

2 33% HNO, rolutien: Q) removal of the sputtercd gold layer
Pollibing with a polshing machina xnd 1 xm Slumin pow-
detg { reencval of the copper Layes intng 6.0 M Culh with 20%
HCE and 1) dissolution of the membrana ternpiate uiing 3 M
HaOH. AR aYoy deposhion steps (d-g) were peeformed A 0.9
Y uslng a chafga of 0.2 C ¢xch,

gradualy changing the compostion of 2 lowing plat-
Ingy solution and hences the longludinal composidon of
the conesponding nanowires, As wil be usipted be-
low, such versatife tdkor-made *nanomachiniog® cesolts
n nanoscopk objects with & wide range of shapes and
dimnsions.

RESULTS AND DISCUSSION
The abiity to tallor the shape of porous gold nano-
wites and create unlgue and diverse stepiylse nano-
struxtures through the controtied plating of multiseg-
roent gold—shver alkoy nanowdres and selective siver
etching ks fustrated by the scannlng ebactron mieos-

Al B

Figure 2. 5EM and TER Images of mulizegaiont asymmetd porous
gold nanowdres prepaced at a deposition povanthl -0V and ustng
plating sodatons of different goldsibzer composkion ratios. 18] SEM
and (B} TEA Inages of the porous stepene randstiuctre prepared
by plaung sequantially sthey segments from phaiing seluthons vith
Qoldsiteer ratios of 1070, /1, 83715, 872, 75723, and 773.1C) SEM
ond (D) TEM Inages of porous nans-barbell aanastertures prepared
by alternaving between geldAstheer plating selutions of &1 2nd 773
<conippiiton ratlos,

ﬁf&}\l&ﬁ@ YOL. 1 » HO, 3 « LAOCHAROENSUK T AL,

copy {SERS and transmission edectron mitosopy (TERY
Innages n Figure 2.Such Images show well-defined
stepcone (AB) and nanc-barbel ({0} porous gold
ranowires, The step-cons nanostructures veers pre-
paced by seqaentially depositing blnary alloy segpoents
from plating selutions of decreasing goldfsliver ratios
{1070, W1, B5/1.5 8/2, 7.5/25, and 743} to yield alloy
segnsents containing different compostions. b con-
16858, the nano-barbell configuratlons were synthesized
by aftemating betvazen plating zokntions with gold/
sltver ratos of 971 and 7/3, Etching the sihver conpo-
rent from the corresponding atloy segment results p
& significant changs In the diameter of the porous gold
nanswtre section, hence kading to distinct stepcons
and batbel nanostructures, The o talized diaroster of
sach segment of the porous gold nanostructure was
cakeuiated with respact co the dianwter of the solkigokd
segment (bright segment in SEM 2exd dark segment n
TEM. The diameter of the step-cone poroys nanowires
decreased fna stepwisa manner from $1% to 41% (of
the pute gokl segment} upon decreasing the gold/sil-
ver ratio in the plating solution from 971 to 2/3, respas-
theely, bn contrast, the diamener of the nano-barbel] al-
remites eeprochiibly betwiesn 100% and 64% upon
switching between the /1 andd 7/3 gold/sitver sohs
tions, respeciively. The dianeters of esch segment of
the nano-barbel! structure are the ssme whan the sane
compositen of the Audg pladng soluthon was em-
ployed. Consequanty, ahemating between plating so-
{utions of Hgh-todow Au/Ag ratios, or In an (werse
fashion dlows affect the diameter of the corresponding
segments aind the shapa of the restlting nanestrye-
tures, In gensral These Images confiren tha abliity to
create stepdica porous nanostructuies of different
shapes basad on the new synthesls protocof,

Such fine and reproductble contrel of the dismater
of the resulting porous gold segrents landhence the
shape of the resulting nanostrctures reflects the dif-
fetent extents of goid reardering during etching of sil-
ver from ailoy segments of different compositions. The
de-alkoying process starts when the alkyy strface comed
In contact with nitrk: add solutfon. Sther atoms, con-
nectedta gold atoms b a3 face ceptered-cubde (fc) onit
frkture, dra preferentiafy dissobved Gold atonss with
no coordination (adatoms) reorgantze themselves by,
diffusing 1o a gokdrich zone and comblning into 5
larger gobd fland. The atomic refocaton of gokd ada-
torns results in exposure of a new {5rgin) alkoy sur-
face that alkows the acid to penetrate toward tha cen-
ter apd disselve sdver atems®*? Such contiruous
etching of the alloy nanowites eventually crestes a 30
mnoporous stitcture with an axlaly symmetric eyfin-
drical shapa kemphted bythe alumina membrans). Po-
rous manowies have been shown to daccesse Indianr
eterandincreass in porosity dudng the inftal fo minof
the etching process.” Naglialble changes in the poros-
ity awd iameted viere obearved over bonger dissofution
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o 2
Piating sofulion ratia (AwAg)
FRuxe 3, Normailzed dlaneters of ssyranmtric porous gold
nanowlres obtalned using diiferent compaositions of the
AulAg plating sotution {AwAg ratios of 1020, 971, 8/2, 173,
and ¢/4) and varow depositon potentials of —1.1 (A}, ~ 1.0
{Bi 3ad —2.9 V[C}. The Au atom pércentIn the Awihg ol
toys ranged from 15% for the smatlest dameter section to
85% for the lrgest dameter section. The nomialized dam-
etor wat calcufated with respact 1o the soXd gold segment.
The faset thows 2 SEM image of 2 step-cone manvwire pre-
pared by ustng 3 7.5/2.5 AwAg platlng solvtion, with the In-
dividual stloy seginents depostied at differint potentials
{1, —10,3nd =09 V),
petiods., The nitial decresse of the dlameter reflects
the fact that free gold atoms (reldased from aloy dur-
ing the siver dissolution) tend to diffuse toward the
gold-ich center of the wire {since there Is no gokd on
the extrentitiesy, kaving 4 “vold space” betvasen the
nanvedres and the template. Larger vold spaces {ie,
small outskde dimensions (diameters)) are thus ex-
pected for slverykh alloy segments. The decreased 4k
ameter of the pocous gold nanaarires (s dso I sgree-
ment with a mxroscopk shiinkage of buk Awhg alloy
stiuctures during electrochemical frather than xidic)
de-alloying."! The initlst change In morphology {from
3 scdid aloy to nanoporous structure) results hanin-
crease inporesity, Yet, with suffictenty bong etching
tmes {eg., the 30 min ysad haes), the varikes porots
gold sagrwnts—corretponding to differznt aloy
compositions—appear to reach 3 simiar find density
e, porosity) as indicated from Elgure 2AB and from
additional images beknr, Note abso {from Figuee 2 and
subsequent data) that alkoy segnvents with different
compasitions lead to gold {shands of 3 simitar ligament
siza {~15~20 nm}. Thesz obsenations that all segments
teach the sanve final gold density and porasity mply
that “siherrkh” segments of the alloy exhibit a faster
rate of gokd reordering than sagments with kaver 3.
ver content and that the time scale for dissolmicn is
large encugh that alt segments meach the sanm agyme-
totk coarsaning. Consacuently, alloy segments with
lawer gofd content result in poress nanowiies of
savaler outside dintension.

The aloy plating potental has a profouind effect
upon the diamater of the resulting porous gold seg-
ments. Figure 3 displays the dependance of the normal-
ired dlsmeter of segevents of the stepcone manostng-
turz upon the plating petentiat and the composition of
the plating solttion. Using a plathg potentislof ~ L1
V. the segment dbmeter decressed from 100% to 76%

Yraver, dsnane.oty

upon reducing the Awig rtlo from 971 to 6/4 Figurs
3A} Larger changes {reductions) in the diameter of the
Porous segment, down 1o 74% and 609 {for the 674
gokdfsitver solution), are obsenved using plating poten-
tisls of ~ 1.0V (Figure 3B) and — 0.9V {figure 3C), re-
speciively, This bahavior reflects the different standand
reduction potentials of the slhver cyanide (AgICH); )
and gokd cyanide (AWCH), ) major components of the
siivarand gold plating solutions {(—0.53 and ~082V, 1
spacively). These rasult {n different raduction rates of
sihver and gokd at the different plating patentisls. Sear-
son's group™ Hiustrated that the deposition current of
gokd stans to Increase ata potential of —0.9 ¥ ancd
teaches its potentiatindependent region above 1.2
V. while that of silver Is akeady near fts plateau at 07
Yand changes only siightly over the entite -07t0 —1.2
V potential range, The different reduction rates lead to
<hanges in the amount of gold plated (le, %o different
alkoy compositlonst and, in urn, to different dameters
of the corresponding napeporous segrrents {after the
sitver dissoletion). Energy-dispersive X-ray 0% anady-
sls performed on dw 743, 2.5/2.5,002, a0d 8.51.5 AufAg
segroents of the alloy nanowires {grown at ~09 V)
viekled gold stom percent values of 188, 194, 24%,
and 38%, respactively,

The peofiles in Figure 3 Indicate that it s possible 1o
tailer the dimenslons of The ruliistep narewlres by us-
ng the same plating soluthon while changing the depo-
sition potential, For example, the Inset in Figure 3 dls-
physa SEMimaga of a step-tone porous gokd nanwire
prepared by using a 75725 AwlAg plting solution,
with the indiddual dloy segnwents depodted at tivee
ckfferent potentlals (— 1.9, =10, and 0.9V This Im-
age Indicates that such steprise dlactrodeposition
elds » well-defined threa-segmant step-com pano-
structure with normalized segment diameters of 100%,
8%, and 74%. Such a mulipotendal single-sofution
protocol simplifies the preparation procadure, as bt ob-
viates the need for replacing the plating soludonin cone
nection 1o the different segments. Notlke agoin the
similar porosities and gold denstties of the diffzrent seg-
ments of the stepcane steucture {corresponding to
the diffarent afloy compesitions).

It s possible atso to combine the new nanomadhin-
g protocalswith an electropotymerization step for
prepating metal/polymer composites based on differ-
entshapes of the metal componsint, This can ba accon
phishrd after laaching the sifver, by *backfiling” tha 7e-
sulthg peres and surroundding gap with an
ehctropadynyedzed polypyrrole whie the vekes are stllf
nside the membrans template, Earlier we descibed a
procedure for producing cfiindrical {single-segment}
metal/palynver compatite nanowdres® Figure 4 pre-
seots SEM and TEM images of a compostte gold/paly-
prrole nanostnsture prepared by using a stepwdse -
oy deposition at ~ 0.9 V from Au—Ag solutions with
descending composition ratios (8.871.2, 82718, and 78/
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Figure 4. {A} SEM and (8) TEM inages of a polymer (EPy)overed step-
cony nanviire. The porows gkl step-cont wias prepared by deareasing
sequentialiy the compasition of the gold in the AwAg nibaure plating 50-
ksthon {AWAG ratlos of 88742, §.2/1.8, and 7,8/2.2) vitle depositing ot
~0.5 ¥, with a 0.3 € charge for each segment. Following the siiver etch-
g, PPy was clectropslymierized 8t +1.2V for 125,

2.2). These kmages Indicate that eylindrical composite
nanostructures are formed with a defined Intemal po-
rous gokd step-cone {as In Figure 24), but flled and sur-
rounded with polypywola. This concept of metal/poly-
arer conasites can be extended to different shapes of
parous gold andd different polymers. Further dissoly-
1ion of parous gokd structure withia the polypyroke
covarage coukd Jead to porous polmer nanowires with
pores reflecting the shape of the intemal metal
componant,

In addltion to step-lke nanowire strxctures, we de-
veloped an ofloy-based protocel for creating cone- and
bone-shaped nanostructuses based on continuously
changing the composiion of the AWAg phiting solu-
tion (e, creating alloy nanowlres with a bn_grmdlnat
composition gradient), Figure SC—~H demonstrates {he
abliity to deskgn such conicat nanostructures and 1o tak
for thelr dlameter, lengih, and bence sharpness, It
shonys SEM and TEM Images of nanocenes grown by
odding shiver 1o the gold-contalning growih cell at In-
treasing Now rates of 0.37 (€D 1.0 (EF and 20
mb-min~! GH untl 3 finst 11 AWAG ratio was ob-
tatned. The rate of silver addition, and thus the time
neaded to reach the final AwAg ratio (5/5), determines

e

the overa¥ plating ime and hence the final kength of
the nanowies. The different fongtuadinal composition
gradiants along 1he alloy nanowires, associated with
the different sifver flow rates, Yead to different diam-
eters of the nanocona porouss wies (le., to nanocones
of different sharpness). For example, Increasing the si-
vey flow rates from 037 b -mita " Figure SC.0} 10 20
mi-min~* {Figure 5G,H) feads to reductions In the di
amaeter per uatt fength (AJ/L) from 3% 10 37%, 1espec-
thvely. Careful examination of these kmages indicates
that the porosity and gokd densily are relatively unt
fomm alenyg the nanocones, analogous to eatier obser-
vations of step-cone nanowires {Figure 2).

In addition o one-directionaf conkcal nancwires, It
b5 possibie to prepare nanobone-iike objects with tero-
directional changes Figure 51 {hastrates TEM and SEM
images, respectively, of such nanobonia potous Nanow-
fes grown by sefectively adding and reenoving sdiver
plating solutien into a continucusly flowdng gold plat
tng solution, deltvered to a constant-volume (1.6 mb)
growth flow cofl. Figura SAB displays the experinental
setup of the growth coll. (See Methods section formore
detalls) The addftfon of siiver plating sohution Into the
gokl one results in a descending AwAg gradient fo the
plating solution, leading to the first conical segment
{with decreasing diametet). At the reverse polnt, the
flow of the shiver plating solntkoe was stopped, result-
1ng In an ascending AWAg concentration profile in the
plating solution and in the second conkcat segntent
{udth an Inverse direction of diameter change), Overall,
this kads to a nanchone structure with lower dlameter
{in the central polnt of raversab, corresponding to 63%
of the diameter of the solid-metal sections {on both
ands), The exact fime-tlependent compasiion of the
AwAg plating selution can be determined by sohing
an alementary first-order differentiat equation for solu-
tors mixing. Such versatile use of the fNlow of constity-
ents to control the tima-depandent compostiion of the

— 400 nm

Flguse 5. Hanocene (C—H)and nanabone (L) wires prepared by gradually changing the compositions of the plating sslu-
{lon, Nansconse nancwvires were grown by adding 5.0 mL of diver plating solution {0 5.0 mb of alveady present gold plating
sofution a varying flow rates, {CEG) TEM and (D,EH) SE41 mages obtatned uskvg silver Now rates of 037, 1.0, 3nd 20
mb-min Y, respectively, dnsets (Al and [B) show the constant volume fow el setup used to ¢reate the poreus nsnohone.
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plating solution represents an efogant rotta for con-
strucling shaped wires of different configurations.

Ins eonxchasion, we have described an attractive
templite-asststed electrochenical protocol for prepar-
Ing shape-taliored multisegment nanowlres of different
shapes and diameters. This versatile shape-tatiored con-
ceptan ba extended to nanowlres of diverse configu-
Tathons wAth a varlaty of properties, based on different
metals and polymers, leading to an attractive arsenal of
assorted nano-hardviare. The production of such shape-
tallored wires could kead to wide range of poteatial ap-
plications, inchading barcoding/eagaing, knaging, of de-

Bivery, and could have an nipact In microelectronics
and sensing devices. For example, the new nanoma-
chialng protocol can be used for generating barcode
aanowires based on segments of different diameters
and lengths, Ze., of distinct shape-dependent "slgna-
tures, analogous to the much Iarger Ithographically
piepared diametec-modulated miccosines of Matthias
et al,* leading to a wiie range of tagglng oz multe-
plexed sensing applications. Tha tallering of both diam-
eter and porosity could posstbly be used to tune the
neardnfrared absorbance of i1 vivo nanowdres, akiing
in pathological imaglng and dneg release,

METHODS

el Anedise dumna membnanes with s speced pore
size of 200 nn and thickness of 60 um wers purchased from
Whatman (Cotabog 1o, 6802.6022; Maldstone, UK. The praroke
monemer was purchased from Sigma-Aldrich, Tha pyrrods was
cistild reguiatly ad stored o1 4 °C, GHd argets tused to. sput.
tee the membranes) were purchased from Oenton ¥acium
Movrestown 1l The gold aed steer plating sclutions irotemp
24 REU RACK, auf 1025 RTU @ 4.5 Yeowrgathon) were obtaned
fromn Techndc e {Anaheim, CAL A 161 mat patete ke 200 m
HACl solution was used for el ctropolmedzing the pobypyrote
PPy M other chemicals wera of anahytkalgracke pury and
weee usad a5 recebved Al solutions were prepared using
r3nopie vaater {18 1A, ELGA puretab-ltsa o), Ul Sciee
e Madddw, Buckinghamshire, UK.

Jotremintates. All controRzd-potentiat expedments veere
péafermed with 3 CHIS21A petentiostat (0H Intuments, Aus-
tin, T, fstinum vdre and Ag/AgCl {3 B KCL CH instivme nts)
sarved as the counter and refarence dectrodes, tespaciviiy, AR
vorMing ekctrode potentlsls aie given viith raspact to Agiagcl
reference electrotks. Scannhg ekiction miroscopy (SEM k-
ages andmetal compostions wete obtataed with 2 O30 20 SeM
Istrement (FE1 Co., Hilsboro, ORY, with ah eneegy.
dspershe mayanz;(m (Amateking, Mahwah, M under an ac-
<tknting volage of 39 kY,

Teesplale Prepurathn of Mekdstep and Coalcal Han skees, Fora¥
HYmMet naneyies, a thin Bl of 9ol was fest spttiered on
the branched sie of the slumins mermbrana to provids an elec-
trical contadt for the subsequent electrocheniical plating, For
the symenetdc nanowiies (et contatnlng PRy), a coppirbae
was plited st into the branched section of the membrane us-
Ing 3 1 M cupric sufate pentabydrate {50, SH;0) solstion
and acharge of 16 G this was fekiowed by 0.2 C of goid from an
Orotemp 24 pating sclution. Both plating steps were canfed
out at a potenthlcf ~ 08V, Asymametrk gofd rerowies contain-
ing PPy ware growm using 2n i) gold base {) Cat —09 Vs,
&5 opposed to copper and gokd,

The apminebic step-cone nanoaes were prepared on top
of the previausty menthoned bases by sequantially depositing
{81 —0.9 V5 ality segments (3102 C) from gokdrsibver plating o-
hothons of deferent rathos: $01, 83N 5, 82, 75728, and 772 (aieth
Intermediate finsing with nanepure wateid The nano-barbelis
wee constaxtzd by dapodiing affemately (t —a90 V) aloy
seoments fion goldrsiher mikture plating solutions with raties
9/ and 773 fox five segnnents of 0.2 eath {stating with the
971 sehaton. The 2oy sections of the nanowires werd then da-
aBoyzd with the raoval of the kss noble siver component by
placing appronimately 1 mt of 2 35% (v/v) nivdc add sofutton In
the growth cell {contahing the nanowires-embeddad maia-
beanal for 15 i and (hen rinsing with nanopre voter 3nd 1
poatlng dhe process once. The membranes were then refeased”
from the geowih cells and rinsed with nanoptirs waler fo re-
move il restdues. Afted ritsing, the mambrands eontalang cop-
e were swabbad fonthe gold-sputtered sWe) with 3 cotton-
tip applratorsorked in 0.1 ACudl, In 20% HCHor e 2emén. This

WWYLACSRINO.IG

removed both the 2nd the spurtizred gokd The wias
were then!eieased?gﬂpfftha alming ﬂ}‘-:mb{?f?e 95 desaibed
bekry,

The asyranatrc cona-shapsd porous nanowiees vede con-
stiuctad on the previousty mentioned copper and gold bacas
by growing nanowires from a continuous thinglng AujAg phat-
ing soh.tion. The selution consisted koitkally of 5 mi of the gold
plating selolisn, and s composiion vas varfed graduslly by
adding the sitver plating soxton 3¢ a fured flow rate whits plat-
lng (3t —09 Viuntt obtaing a final vohane of 10 mL. Different
floret rates of the shcer solution Ted to conkat nanowires of differ-
ent sharphesses, Nanobone ninewtres were prepancd Using 3
constantvokame grovth celf setup with soltion miteer, The
growth ¢eliwas conneated to both 2 7 om peerobdog tube (hat
detvered tha plaving solstion) anda waste tbe (that remesed
extanzous pla tng solution from the <ell to malntal the tots!
voluma of co. 16 mi). The nancbona wires were plated (at - 0.9
vi from the changlng schaion i the growth ¢l The First cord-
cal segment of the nancbane structure was deposited whise
Doaviag the stiver platiag sciution st 03 mi-min™" into 2 corr
Bnucusly fleutag (at 0.7 b mitn =Y gold plating solution foe
300+. To oltadn the second invers e-cone segment, the fow of si-
ver plating solutionwas siepped, and only thegold plating soks
Hoa vas aliowad 10 (04 (0107 mb-min ™) foc an addizonsl
100, The cone- and nancbonecontatning membrants were di-
alloyed o doscibed earlier for the stepcone and basbedl nano-
wres and waere released from the membrane template a5 de-
stiibed below,

The asmmmetik FPy-coverad stap-cons aanowires ware pre-
pared atop the sedrd gold bisse by sequendiily depostiing at
-0V atey nts of decreasing gobd cotkents from AwAg
sehutions with déscending composition raties (87,5125, 52.47
126, 200 778422 0. Tha shvet was than teroved from tha aloy
35 aforementiond, and PPy was electiopolwiserized from 3 160
e prcle Sobkian 9002 M HaChior 12 s 8t 3 potentiol of +1.2
V. After iemerdng the membrane from tha gerwth <eff ard rins-
ing viith nanopur? water, the gold side of the menvbrane vas
polistied whth a sanddsrd 40, $EM samphe polisher tSouth Bay
Techoakogy, Inc, $an Clenenty, CAJ using 3-pm aluriing P
det and 2 Findl B polishing ¢hoth {Hlectron Niceoscopy Scences,
Washington. PAL The membeana vas palshed untd the gold
cobar tfrom the solid gold segment on the badk of the mam-
braiee was no tonger Visibla. The wires were then released from
the suminz membrane as desoibed balow,

The relzase of the narcaices was carmied cen by fest thor-
oughly diesing the mambene with nanopure delontzed water
toremans any plating selutlon restcuse, This was Folowed by ta-
meistng the membeane in 3 M Ha0H for 10 man with onfy dight
SGRANN (Oning 10 the Jeicate patvce of the wiresk The resX-
Ing nanonire-containing HaOH sofutfon was cenoved to 1.5 mt
Eppeador tubes for precipitation. Nanowires were precipitated
from the sclution va centrifugation (for 3 min at 3600 ;pny and
weie wishad severs! tines with nénopure water uatf & neuted
pH was achiezed, Al nanonlre solutions ware stored at room
temparaym.
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The dlamaters of the indhiciral segments of the new nang-
structures were measured fiom calibrated SEM images. The di
AOHTEFrathd fedhicts the ratho of the porons g3id 10 the st geid
segents {the btter wsed 25 1009 For each potentb -0,
—102nd — 1.1 V), the datawere colfected from 20 stepcone
vires of five segments each, where five measurements ware prs
formed on each segnient for a total of 1500 measurements.
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3 Nanowires

DOL: 10.t002/smil.200701047

Striiped Alloy Nanowire Optical Reflectance
Barcodes Prepared from a Single Plating
Solution**

Andrea Bulbarello, Sirilak Sattayasamiisathit, Agustin
G. Crevillen, Jared Bunitck, Suverto Mannino,
Proespichaya Kanatharana, Panote Thavarunghd,
Alberto Excarpa, and Joseph Wung*

Nanovwires have received considerable recent attention as
{againg systems for a vadety of product-tracking, identifica-
tion, and protection applications. "2 Such barcoded nanowire
tags are commonty propared by sequential electro-deposition
ofdifferent metals within a porous template and display siripes
of different metals {connnonly sitver and gold) that can be
distinguished by optical reflectivity mlcroscopy.t51 While
leading to ligh coding eapacittes such nanowires require a
time-consuming synthesis involving multipte plating steps
front different metal solutions¥) Recent sfforts have demon-
strated that encoded single-segment atloy nanowires can be
synthesized by a single deposition step and encexted electro-
chemically®! or by X-ray flucrescence (XRPY.P! However,
such a greatly simplified preparation route is contpromised by
the corresponding destructive®™ or expensivel™! readout toots.

We demonstrate here that multisegment alloy nanowire
barcodes with distinct optleat-refiectance striplng pattemns and
farge coding capacity can be prepared by a tewiplate-assisted
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eleciro-deposition from a single gold-sfiver plating solution
mixture in connection to diffecent potentials. The different
reduction rates of sliver and gold at different plating potentials
over the ~0.50to —1.20V range (versus Ag/ApCl tead 10
altoy segments of different Au-Ag compedsitions and to 34
optically distinet, readily decoded alloy segmenis. Extremtely
lagge varieties of optical-reflectance striplng pattérns can thus
be produced by plating these alloy segihentsindifferent orders
and charges,

The new muitiseginent alloy nanowire preparation routte
geeatly simplifies the code production when compared with the
solution-changing sequentlal deposition of common bimetal
nanowire barcodesPl Scheme 1 illustrates the templa-
te-assisted lectro-deposition of the mwltisegment alloy
nanowires. The different deposition potentials are applied
sequentially in a predetermined order and {for different
durations {A,B.C} to produce alloy segments of controlled
length. T'his is followed by the templaie dissolution (D) and
optical readout of the reflectance palters (E), Compared to
recently developed single-segmient alloy nanowire eleciro-
chemlcal® and XRFY barcodes, the new striped alloy
nanowires can be ceadily decoded on the basis of differences
in optical reflectivity {which is a faster and cheaper diagnostic
tool).

The ability to tune the aptical properties by adjusting the
deposition potential and 10 generate multisegment alloy
wranowires with distinet opiical reflectance barcode patterns
from a single plating solution is iHustrated in Figure 1, For
example, Figure 1A displays an oplical microscopy image, and
the corcesponding inteasity profile, for a 5-segment nanowire
involving four different atloy compositions. This nanowire was
prépared from an $3/15 (viv) Auw/Ag plating solution by
applying four differcnt pofentials in the following sequence:
a) - 1.20, b} —-0.73, ¢} —0.96, d) -0.50, and €} —120V versus
ApfApC), Such sequential deposition from the same soltution
results In four alloy segments that ¢an be distisgulshed on the
Dasis of the Intensity of their reffectivity. As witl be Illustrated
Uelow, the four intensity levels reflect the stepwise Increase of
the geld content in the alloy upon increasing the deposition
potential from —0.50 to —120V.19 e corresponding
intensity (line) profile (bottom of Figure 1A clearly illustrates
the ability to distinguish between the four segments of
different alloy compositions, Bach segment yields a char
acteristic intensity level, allowing tonvenient distinction of
adjacent alloy siripes and of the four compositions. A large
numtber of unique codes can thus be grepared by simply
varying the deposition conditions while using the same plating
solution. For example, Figure 18-13 shows reflectance images
{top} and intensity lines (bottony) for three nanowires
prepared by applying different potentials (-0.50. —0.85, and
~1.20V versus Ag/AgCl) using different preset orders and
charges. Such change In the deposition conditions results in
distinet striping patierns {nvolving three visibly distinguishable
reflectance intensity levels (bright, dark, end intennediate),
corresponding to the individual alioy segntents. Also shownin
Figuee 1C is an SEM image of the corresponding nanowire.
The fndividual segments zre clearly visible, antd as cxpectcd,i";
their intensities are the opposite of the corresponding
optical-refleclance intensities.
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Scheme 1. Synthesis of moltisegment afloy ranowie batcodes using one gold—sélver mixture plaling solution with clectiodeposition of segments
vccuring at different potentials (A~C) in various preset orders and durations. (D) and {£) represent the template dissolution and optical

reflectance (intensity profile) readout, respectively.

Normalized Inteusity

bed 3

Nanowlre Length {pm)

Figure 1. Reflectance images (lop) and Intensity Tines (bottom} for different mullisegment atfoy ranowire barcodes prepared from an 85/1%
(v/v} Aufhg plating solution. The sequences of the deposition potentlals for cach nanowiie Image are {Gom feft to righth Ay ~1.20, -0.73,
—0.96, ~0.50, and —1.20V; 8) ~1,20, ~050, ~0.85, —0.50, and ~-1.20; (} -0.50, --1.20, -0.85, —0.50, -1.20, and -0.50 V; D) —0.50,

—1,20, —0.85, ~0,50, —0,85, —1.20, and -0,50V. The upper Image Gn O shows the comresponding SEM image.

This concept can lead to a huge aumber of uniqusly
idsntifiable nanowires, Theoretically, varying the number of
intensitles, segment fength and order can gencrate an
unfiniited number of codes. The coding capacity is effectively
1" where 2 is the number of intensify levels {i.e., alloy
compositions) and s is the aumber of segments in the
nanowire {assuming that the divection of the nanowire can be
detenmined}”] In practice, however, glven the current
resolution, up 10 § intensily lovels can be distinguished and
p to 10 segmeants can be resolved within a typical 10pm long
nanowirs, This combination corresponds to 9,765,625 distin-
guishable nanowires, Such ability to geverate 4-5 distinct altoy
segments {and hence a huge coding capacity) using a single
plating selution represents & major Improvement over
commonly used bimetal nanowire code {u="2) prepared by
a solution-changing sequential deposition ! “Ihe plating
process can be computer-controlled for the simultancous
synthests of multiple striping pattess in different membranes.

The mullipetentizl templated deposition from a singlo
plating solution rasults in distinet stepwise varation of the alloy
composition along the tength of the nanowlres. Such funabks
coniposition and optical properties are illusteated in Figure 2,
which shows the dependence of the segment composition {Mn)
and reflectance intensily (B) upon the deposition potentialfora
wire comaining four dilferent alloy segments, atong with pun
pold and silver seguients (o both ends). These darkest (A}
and brightest (Ag) pure metal segments were added to
normalize the intensity of the alloy sepments and were assigned
intensity values of 00 (Aup and 1.0 (Ap), respectively. Ax
optical reflactance image of this nanowire, with the four alloy
segmients and the pure metal segments, Is alse shown in Figuwe
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2, The silver content decreases in a nearly sigmeoidal fashion
from 92 1o 53% upon raising the deposition poteatial from
~0.5010 - 1.20V (A). This profite reflects the larger extent of
gold co-deposition at more negative potentials asoviated with
the different standard reduction potentials of the sitver cyanide
{~0.53V) and gold cyanide (-0.82V), major components of
the silver and gold plating solutions. Searson’s gruup‘wl
fllustrated that the deposition current of gold staris toincrease
around —0.9V aud reaches its potential-independont region

) Y amy M
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Figure z. Dependence of the afioy composition {A) 2ad the nomatized
refleclance intensity (8) upon the deposition potential, Insels show &
reflectance mictoscopy image (boltom) and the intensity profile (top)
of a multisegment nanowire contalning four afloy contpositions
(deposited over the ~0.50 (o ~ 1,20V range) and pure gold and silver
segments (at the ends, deposited at --0.30V). The alloy composition
was obtained by EDX analysls.
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figure 3. Reproducibiity of the intensity profiles for multisegment aBoy nanowdre barcodes (=10 from twd batches A and B). The alloy nanowire
barcodes are composed of $ segments (2C chaige exch), deposited using the following sequence of plating potentiais: A) —1.20¥, -0.50V,
-0.85Y, -0.50V, ~1.20V. B} ~0.50V, —1.20V, —0.85V, --1.20V, —0.50V. Intensily Is measured using an $-blt grayscale.

above -1.20V, white that of silver is already near its plateau
and changes ouly slightly over the —0.7 to —1.20V range. As
indicated by Pigure 2B, thoe optical intensity incecases in a
rearly linear fashion upon lowering the deposition potential
from — 120 to —0.50 V. 'Fhe small difference inprofiks A and B
(with the larger curvature of the composition dependence) is
atiributed to the nonlinear corretation between the alloy siiver
content and the intensity of the reflected image '

The template preparation of antltisegrent alloy nanowites
results In highly reproducible striping patterns, Figure 3
illusteates ¢he reproducibility of two poputations (= 10) of
nanowires based on different coding patterns (A, B), The
relalive standard deviation (8D} for the respective intensily
of cach segment ranges fron: 3.8 to 13.7% for A and from 3.7to
0% for B. The average lengths of the nanowires are
13.59um (A) and 13.32um (B) {RSD of 19 and 4.1%,
respectively). The length of the respective individual segments
had RSDs ranging from 4.9 40 7.4% (A) and from 4.1 to 7.6%
(B).

)In conclusion, we have demonsteated the template-assisted
preparation of alloy nanowires with distlact optical reflectance
coding patterns based on different alloy segments deposited
from the same solution. The different reflectivity of adjacent
alloy stripes enables canvenient identification of the striping
palterns by conveutional Hght microscopy. The sew mulli-
segment alloy protocol combines a remarkably high coding
capacity with a greatly simplified code production method as
compared to that of commonly used bimetal nanowires, and
hence holds great promise for different tagging applications.

Experfmental Section

Sputlering of the alumina membrne was accomplished witha
Denton Yacuum Desk 11l TSC (Moorestawn, H)). Electroplating was
petformed using a CH 440 edectrochentical analyzer (CH Instru-
ments, Austin, 7). The sputtered gold was removed from the
niembrane using a standard 8.inch SEM sample polishing
maching (Wodel 900 Grnder/Polisher, South Bay Technology
Inc., San Clemenle, CA) along with 1 pm alumina powdes (Struers,
Claveland, OH}. Opfical hnages were acquired on a Hikon Eclipse
80i microscope (Nikon Corp., Tokyo, Japan) equipped with an
X:Cile 120 fluorescence Hlumination system (EXFO, Mississauga,
Ontarlo, Canada) as a light source and using a band-pass filter
centered at 390nm (with 4 bandwidth of 120mm). Dighal images
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from the mieroscopa were acquired with & Photometdcs CoolSnap
CF cameia {Roper Sclentific, Duluth, GA) and MetaMoioh 7
software {Molecular Devices Corp., Sunnyvale, CA), Scanning
dectron microscopy {SEM) mages were obtalned witl an XL30
SEM instrament (FEI Co., Hillsboro, OR) uslag an acceleration
potential of 30kV, Energy dispersive Xoray analysts (EDX} of the
segmented manowires was pedormed with an EDAX acquisition
system (Ametek Inc., Mahwah, N Installed on the XL30 SEM
instrument,

The gold tasget used for the membrane sputtedng {(99.9+ %
pure) was purchased from Denton Yacuum (Moorestown, HJ). The
commercial gold and siiver plaiing solitlons (Orotemp 24 RTU
RACK and 1025 RTU@4.5 Tray/Galion) weere obtained from Technic
Inc, {Anahelm, CA). Sodium hydroxide was oblained from Sigma
(84 Louis, MO}, Anodise 25 alumina membranes {25-mm
diamater, 200-nm pore size and 60-pm {hickness) were
putchased from Whatman (Maldstone, UK) and used for all
experiments. AU soluttons (except the commercial plailng solu.
tions) were prepared using nanopwe delonfzed (18 M) water
ELGA purelab-ultra model Uit Sclentific, High Vycombe, UK).

Alumina membranes were used as templates for the nanowdre
growth. Before use, a gold layer was sputtered on one side of the
membrane {where the pores are branched) to serve as the woking
electrode duiing electmdeposition (in connection to an aluminum
foll contact). AgfAgdl and platinum wices were used as reference
and counter etectrodes, respectively, The spultered membrane
vias placed {n the hottom of a plating ¢ell with the spultered side
contacting aluminum foll. The Au-Ag plating solution was
Intraduced Into the ¢cell and the wires were deposited potentios-
taticatly (as shovm fn Scheme 1), Three or four different potentials
{-0.50, —0.85 and ~1.20¥ or —0.50, —0.73, ~0.96 and
~1.20V) wese applled sequentially in & preselected arder and
charge to depostt the individual alfoy segments. The length of
each segment was controlled by the lotal deposition charge,

After completing the deposition, the membrane was removed
from the growih cell and a polishing step was pedommed to
remove the sputtered gold layer and the biatched membrane
sectlon. The alumina membrane was then rinsed with distitled
water and suhsequently placed In 2 3 M NaGH solution for 30 min
unfit the membrane was dissolved. The resulting nanoviire
dispersion was vashed using separalion and dliution by centdfu-
ging for Smin at 6000+pm, folloved by removal of the super
natant and addition of distilled water. This process was repeated
until a peutral pH was obtafned. The wires used for abtalning the
prafiles of figure 3 fntluded alsa solld gold and silver segments
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on the opposite ends of the nanowires, This was accomplished by
changing solulions from the sitver plating medium to the Au-Ag
mixture altuy plating solution and finaléy to the gold solution. The
solid gold and silver segmenis were both plated at a constant
potential of —0.9¥ {versus AgfAgCl).

The oplical Images were acquired using Lhe 100x objective
(tU Plan BB BLWD, Mikon Corp., Tokyo, Japan} on the Rikon 801
optical microscope, oulfitted with Lhe monochrome 12-bit
dynamic range CoolSnap CF camera (previously mentioned), After
the acquisition of the Images, the optical plciures were processed
using an intemally developed protocol. First, using Pholoshap €52
(Adobe Systems Incorporated, San jose, (A the central part
(a%ong the axis of the nanoewire) of the alkoy nanowire barcode was
selected {width of 4 pixels vs. different lengths), pasted into a new
8:bit grayscale image and subsequently the autocontrast filter
bullt Inle Photeshop was applied on the nanowire stip image. The
processed image was then fed to a Matlab (The Mathworks Inc.,
Hatick, MA} program which averaged the pixel intensity across the
4-pixel columns and graphed ihis profile versus tength of the
wires, Using different plotting modes It 1s possitle 1o obtain
quickly the raw data or the normalized plots. The reflectance
intensily was normatized using the highest Intensity value
corresponding 10 a prevalenlly sitver segment deposited at
-0.50V. Normalization was pedormed with respect 1o the hizhest
infensity value along the nanovire barcode. In order to obtain the
dependence between the deposition polential and the eflectance
inlensity (figure 3B} the above procedure was stightly modified,
The same amount of pixels from each segment was selecled and
averaged to estimate intensity value of the segment. This segment
intensity value was then plotled versus the coresponding plating
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potentizl. For nomalizing the reflectance Inteasity, the bdghtest
segment (pure silver) was assigned a vale of 1.0, while the
darkest segment {pure gold) was set to be 0.0. Every segmentwas
measured 5 times.
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alloys - barcodes - nanowires - reflectance
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