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Abstract
The United Nations formally adopted 17 sustainable development goals (SDGs) at its
2015 summit. Many of these goals addressed issues such as poverty, hunger, health,
education, climate-change, gender equality, water, sanitation, energy, urbanization,
environment and social justice. The seventh SDG seeks to ensure access to affordable,
reliable, sustainable and modern energy for all. So among all renewable forms of energy,
fuel cells with high efficiency have attracted a lot of attention recently. In particular, the
direct ethanol fuel cells (DEFCs) and microbial fuel cells (MFCs) are significant due to
their green fuel, less waste generated and environmental friendliness. Hence the overall
goal of this work is to develop novel catalysts and electrodes for improving the efficiency
of different designs of fuel cells.
Towards achieving this goal, the project was divided into three phases. For the first
phase, a new electrode material was prepared for Ethanol Oxidation Reaction (EOR)
based on Pt and alloyed PtCr nanoparticles fabricated via electrodeposition on a glassy
carbon electrode. The catalyst was tested in acidic media. The typical SEM images
showed the near spherical Pt structures with diameters in a range of 50 -120 nm. The
general size of the PtCr nanoparticles were determined to be around 105 nm and the
surface aggregates were from 400 nm to 1μm at 40 cycles. However, the primary
challenge has been attributed to the loss of the catalysts into solution. We hereby
demonstrate an approach using poly(amic) acid (PAA) films as a supporting material in
order to improve the stability and inherently the efficiency of the catalysts. This catalyst
was created via spin coating of PAA layer (thickness ~4µM) on the surface of
iv

electrocatalysts. The PAA/Pt and PAA/PtCr combination permits the diffusion of ethanol
towards the surface of the Pt or PtCr nanoparticles resulting in efficient reduction while
simultaneously preventing the loss of the catalysts into the solution. Electrode stability of
900 cycles (three days) was recorded at varying potential scan cycles. This electrode
coated with PAA was found to be three times as durable when compared with the bare
catalysts surface (300 cycles). This work could allow the widespread use of these
combinations for stable and efficient electrochemical reduction of ethanol.
The second phase was focused on the development of a new, easy, fast and green
method to synthesize anisotropic Pt nanomaterials for application in EOR. The Pt
nanomaterials were formed by combining sugar ligands with PtCl4 in water at room
temperature and the reaction occurred immediately. Six types of sugar ligands were
tested in this study: N,N’-dilactosylphenylene (LPDA), Lactose+p-aminosalicylic acid
(LpAS), D-galactose+(3-amino) propylaniline (44DG), lactose-4,4-ethylenedianiline (L44EDA),

galactose-4,4-ethylenedianiline

phenyelendianiline (GPSA)

(G-44EDA)

and

galactose-4-sulfonyl

. Based on the intrinsic chemical structures and properties

of the different sugar ligands, various sizes and shapes of Pt nanomaterials were
generated, including uniform tiny nanoparticles and fancy nanoflowers. The
electrochemical properties of the sugar ligands were determined using cyclic
voltammetry (CV) which showed that LPDA exhibited the greatest electroactive property
with two redox couples at 0.28 V and 0.68 V, respectively. Based on the Randles-Sevcik
equation calculation, the results demonstrated that the redox reaction of LPDA is
reversible with two numbers of electrons transferred.

v

Since Pt4+ was reduced by the sugar ligands, other metallic nanomaterials can also be
synthesized by the same method. Thus in the subsequent work, the six sugar ligands were
utilized to form silver nanomaterials. One-dimension Ag nanoworm was generated with
LpAS and the anisotropic growth mechanism was studied under different concentrations
of LpAS.
The third and final phase of the project was the development of two different designs
of microbial fuel cells. The first design was the traditional one-chamber MFC. In order to
prove the performance of fuel cell, Pt nanoparticles were electrodeposited onto
reticulated vitreous carbon electrode (RVC). Subsequent experiments confirmed that the
power density of MFC increased by two times when compared with that containing no Pt
catalyst. The second design was a microfluidic-based MFCs using paper as the substrates,
which was carried out in collaboration with Choi’s research group at Binghamton
University. Our objective was to develop novel paper-based electrodes for improving the
performance of paper MFCs. PAA was employed for the first time as a supporting
material for Origami or paper-based design of MFCs due to its hydrophilicity and
electrical conductivity. In particular, Poly (pyromellitic dianhydride-p-phenylene diamine)
(PPDD) was used to modify the paper acting as ion-exchange membrane. Results showed
that the best performance current density and power density were increased over double
times when compared with the previous paper-based MFCs. The new PAA-based design
showed the highest current density of 30 μA/cm2 and power density of 4μW/cm2. Several
methods were employed to prepare the paper electrodes including print coating, spincoating and Electron-beam evaporation. In addition, different types of carbon materials in
combination with PAA and pure metals were utilized on the paper substrates and the
vi

electrodes were tested as biobatteries and power density detection.

Above all, the

preparation of electrode materials played a key role in the performance of the MFCs. The
spin-coating method provided the most quantitive method to prepare anode materials.
The PAA modified electrode recorded the highest open circuit voltage of 0.26 V followed
by the printed graphite particle/PTFE (0.20 V), graphite ink with AC (0.20 V) and
graphite particle design with PAA (0.11 V) in origami MFC device.
Overall, this work has shown that different methods had been successfully used to
synthesize metallic catalysts and electrodes materials for different types of green fuel
cells. Because ethanol is a great alternative green fuel, the electrodeposited Pt and PtCr
alloy showed superior performance for EOR, especially after modifying with PAA, the
overall efficiency of the DEFCs were increased by three times. Finally, since water has
been used as fuel and bacteria as catalysts, the new electrodes materials reported in this
work helped to improve the power output and current density of the MFCs compared
with previous work. Hence this project could potentially contribute to achieving the
seventh SDG of affordable, reliable, sustainable and modern energy for all.
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Chapter 1

General Introduction

The goal of is this chapter is to present a brief review of all the topics included in this
thesis. These include background, developments and working principles of different types
of fuel cells and the use of nanometallic catalysts for fuel cells. What is sets this work
apart from existing fuel cells is the focus on greener nanoparticle synthesis and paperbased bio-battery designs.
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A review of fuel cells
Energy shortage is an on-going issue and the energy demands are increasing rapidly

necessitating the development of novel energy conversation, renewable resources and
design techniques because the population of the world has been predicted to reach 9.7
billion people by the year 2050 from 7.6 billion in 2017. [1] Economists forecast that the
world will need about 50% more energy by 2020 than the current energy level due to the
growth of a robust economy and population that expected in the following years. [1-2] In
the New Policies Scenario, electricity is the fastest growing form of energy in final use
compared with other fuel sources and the installed power generation capacity reaches
10,570 GW by 2040 as 70% increase over the level in 2014. [2] Therefore, there is a great
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demand for finding greener energy sources. Green energy is derived from natural sources
such as sunlight, wind, rain, tides, plants, algae and geothermal heat. The new kind of
green energy sources should facilitate the development of green electronics, green fuels
and green batteries, which should produce less waste and emissions and should be
environmentally non-toxic. [2-4] Recently, the fuel cell with high efficiency energy has
attracted much attention from researchers. [5]
A fuel cell is a static energy conversion device that converts chemical energy from a
reaction directly into electricity with byproducts of water and heat. [6-7] The fuel cell is
also a good combination for engines and batteries, for example, an engine filled with fuel
can operate for a long time with no other intermediate mechanical energy conversed. The
characteristics of fuel cells are similar to a battery under load conditions. [8] A typical fuel
cell consists of two electrodes, anode and cathode; ions are transferred between the two
electrodes contained in electrolyte solution generating water as a byproduct. Based on the
various choices of electrolytes and fuels, six types of fuel cells are summarized as follows
[9]

:
(1) Proton exchange membrane fuel cell (PEMFC): uses a solid polymer

electrolyte (such as Teflon membrane, paper) for exchanging the ions between anode and
cathode.

[10]

It presents advantages such as higher power density, low operating

temperature and quick start set up. PEM fuel cell is more compatible than other types of
fuel cells in transportation and commercial applications. [11-16] Depending on the choice of
fuel, it can also be deviated as direct formic acid fuel cell (DFAFC), direct alcohol fuel
cell (DAFC) and microbial fuel cell (MFC).

[17-22]

The development history of DAFC is

relatively shorter when compared with the other types of fuel cells.
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[23-24]

If liquid

methanol is taken as fuel, so this cell is referred to as direct methanol fuel cell (DMFC)
and the operating temperature is low. The one advantage of DMFC is that it provides 510 times increased energy densities than rechargeable batteries, so it shows a high
potential to replace batteries. [9, 25] In addition, DMFC can operate for a longer time and
has lower cost than other alternative battery technologies. However, the main
disadvantage of this fuel cell is that methanol is toxic and poisonous to catalysts. [26] In
order to improve the performance of the DMFC, it is necessary to eliminate or, at least, to
reduce the loss of fuel across the cell, usually termed as methanol crossover.

[27]

If liquid

ethanol has been used as fuel, the cell is known as direct ethanol fuel cell (DEFC).

[28]

Direct ethanol fuel cells can work at low temperature, possess high theoretical mass
energy density (8.1 kWh/kg), and are environmentally-friendly. [29]
(2) Alkaline fuel cell (AFC): uses an aqueous potassium hydroxide solution as the
electrolyte and is a relatively earlier fuel cell system employed for National Aeronautics
and Space Administration’s space missions since 1981.

[9]

The main advantage for AFC

is the quick start, but also there are some disadvantages, especially as pertaining to
sensitivity to carbon dioxide and the electrolyte is corrosive. [30] Hence it needs a separate
system to remove the carbon dioxide from the air otherwise it will take more time to react
and consume the alkaline in the electrolyte. [31] The protonic ceramic fuel cell (PCFC) is
one example of AFC that uses ceramic electrolyte as electrolyte material and it normally
operates at high temperature. Another representative AFC is direct borohydride fuel cell
(DBFC) using sodium borohydride as input fuel mixture with water and it works at low
temperature. [32-33]
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(3) Phosphoric acid fuel cell (PAFC): Uses liquid phosphoric acid as electrolyte
and operates at around 175–200 ℃. [34] PAFC has a relatively high efficiency with a low
fuel consumption and less pollution emission. However, it has these excellent technical
characteristics; the large diffusion of PAFC is dragged down due to high cost. [35-36]
(4) Molten carbonate fuel cell (MCFC): operates with a ceramic matrix filled with
sodium and potassium carbonates in molten form as electrolyte.

[37]

Also, it has a high

operation temperature around 600-700°C and does not need any metal catalysts due to
this high working temperature. It typically consists of two porous electrodes with high
conductivity. One of the major advantages of MCFC is the potential high efficiency as
50-60%. [37-39]
(5) Solid oxide fuel cell (SOFC): the dense yttrium stabilized zirconia has been used
as solid ceramic material electrolyte due to the high oxygen ion conductivity over a broad
range of temperature and oxygen pressure.

[40-41]

The operating temperature is above

1000 °C, so the candidates of cell materials are limited but the separate reformer is not
required to extract hydrogen from the fuel due to its internal reforming capability.
Another advantage is that waste heat generated can be recycled to make additional
electricity as co-generation uses. [9]
So Table 1.1 shows a summary of comparison of the different types of fuel cells.
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Table 1.1 A summary of comparison of the different types of fuel cells

Since DEFC and MFC has been widely study in this thesis, more working principles
and challenge about these two types of full cell will be explained as follow.

1.1

Direct Ethanol Fuel Cells (DEFCs)

1.1.1

Principles of DEFC

In the search for alternative energy resources, direct ethanol fuel cells have recently
attracted much attention.

[42]

Ethanol is a good fuel choice with an electrochemical

activity for competing with methanol since ethanol is less toxic and has a higher energy
density (8.1 kWh/kg) compared with methanol (6.1 kWh/kg).

[43]

Meanwhile, ethanol is

regarded as a renewable energy and can also be produced in a large amount from
agricultural bioprocesses, such as corn, grass, etc.

[44]

DEFCs has been reposted use for

vehicle at that competition around year 2007 as for demonstration in France as shown in
Fig. 1b. [44] Ethanol Oxidation Reaction (EOR) can be operated both in acidic or alkaline
solutions. The biggest change for DEFC is to achieve a complete ethanol oxidation with
12e- transfer and the complete oxidation product is CO2.

[45]

At the same time, there are

some intermediates generated during the reactions, e.g. acetaldehyde and acetic acid
releasing 2e- and 4e-, respectively, as shown in Fig. 1. [46]
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a)

b)

Fig. 1.1 Working flowchart of DEFC and insert is the flowchart of EOR (a) and
commercial application of fuel cell in automobile (b).
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1.1.2

Catalysts for DEFCs

As an emerging technology, direct ethanol fuel cells have many challenges that need
to be addressed. First, the most common challenge for any DEFC is low fuel crossover of
ethanol due to its smaller permeability through membrane and slower electrochemical
oxidation kinetics on the Pt/C cathode compared with methanol.

[47]

Meanwhile the

ethanol electro-oxidation shows a slow kinetic rate depending on many factors, such as
temperature, concentration, catalysts, pressure, physical state and nature of the reactions.
[48]

Most studies showed that the heat needed to be addressed to DEFCs because the best

performance occurs at temperatures around 90℃ and generated water should be removed
out from the system otherwise the water could disturb the fuel cell performance by
generating more resistance.

[49]

DEFCs also face significant challenges due to the poor

performance of electrocatalysts, in particular anode catalysts at lower temperatures, and
anode surface poisoning by intermediates.

[50]

The most common and widely used

electrocatalyst is carbon-supported platinum in acidic environment and palladium in
alkaline environment.

[51]

Due to surface effect for catalysis, the highest surface area will

make catalysts more effective. Hence, a conductive support, such as carbon, will be used
for active dispersing phase However, pure Pt is not the most efficient anodic catalyst for
DEFCs.

[52]

The question is that Pt catalysts will rapidly be poisoned due to strongly

adsorbed species coming from the dissociative adsorption of ethanol.

[53]

So researchers

are working to alleviate the poisoning of Pt by adding other metals to generated Pt alloy
catalysts, particularly Ruthenium, Tin and Palladium, being the most common useful
elements. [54-56]
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1.2

Microbial Fuel Cells
The Microbial fuel cell (MFC) is one of the typical fuel cells that can produce

electrical power with wastewater as fuel. [57] So the use of MFCs for wastewater treatment
is becoming more and more attractive due to its double benefits – (i) it converts chemical
energy from wastewater to electrical power and (ii) it creates value from waste and is
thus environmentally-friendly. In addition, MFC exhibits many advantages over other
types of fuel cells, including the fact it requires no fuel storage issue, inexpensive
catalysts, and is cost efficient, (Fig. 1.2.) [58]

Fig. 1.2 Energy equipment and advantages of MFC.
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MFC uses microbes as the catalyst in the anode compartment and then changes
chemical energy stored in the organic or inorganic wastes to electrical energy. [1-3] During
the process of degradation of pollutants, MFC can also directly output the power, so the
MFC is considered to be a good prospect in solving environmental pollution and energy
crisis. [59] Although the MFC can produce electricity, the generated electric power density
is very small; there is a lot of work needed to make it a viable power source that can be
applied to a normal human life or get industrial actual production. Therefore, the hot and
difficult topic for researchers in this field is to study how to improve the capacity of the
electrical properties of MFC recently. [58] The main contents include research of novel
anode materials, cathode materials and proton exchange membrane. Even though the
study of using microorganisms to achieve the cycle use of energy is still in infancy, with
the advances in technology and biology electrochemical techniques, the use of MFC
technology to alleviate the energy shortage, electricity production will be realized in the
future life of humanity.
There are varieties of factors that can affect the overall properties of a microbial fuel
cell. For example, the category of microbial inoculums and chemical substance can affect
the speed of reaction, the absence or existence of proton exchange membranes will affect
the transmission of electrons or protons.

[60-61]

And also the internal and external cell

resistance has been recognized as an important parameter determining the efficiency of
MFCs, and so on. [62] Among all the factors that can influence the efficiency of MFC,
electrode materials play as the key role. The most critical control process affecting the
MFC output voltage and power is transfer electrons from microorganisms to anode
electrode. Moreover, the microbial transmitted process is achieved in the MFC anode
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chamber. So the characteristics of the anode electrode and the selection of anode
materials have crucial impact on improving the output voltage and power density
especially for MFC set up. In addition, with the use of MFC as wastewater treatment
affords some extra benefits, such as green and clean energy, safe method, high efficiency
of fuel cell and immediate electricity production. Hence people have great need to
improve the efficiency of MFCs.

1.2.1

Definition and working principles for MFCs

MFC device generally consists of anode compartment and cathode compartment.
And the proton exchange membrane separates two compartments. The fundamental
principle is shown in Fig. 1.3.

[63]

Organic matters (such as glucose, acetate, etc.) can

directly produce protons under the catalytic-oxidation effect of active microbes.

[64-65]

Produced electrons are translated to the anode through the internal of microbial, and then
electrons are translated to the cathode through the wire that connected the two electrodes.
Protons are translated through the middle PEM or the electrolyte to the cathode
compartment. Finally, protons, electrons, and oxygen react to form water in the cathode
compartment. [66]
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Fig. 1.3 The principles of microbial fuel cell (MFC).

As shown in Fig. 1.3, bacteria growth in the anode compartment and oxidizes
organic matters that existing in the solution, thereby electrons that produced by bacteria
are released to the anode compartment. Assuming glucose is the organic matter that exists
in the anode compartment, the reaction equation for MFC anode and cathode occurs as
follows:
Anode reaction: C6 H12 O6 + 6H2 0 → 6CO2 + 24e− + 24H +
Cathode reaction: 6O2 + 24e− + 24H + → 12H2 O
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In the first stage, there is a major limit for the kinds of materials that can work as
electrode materials (Table 1.2). The materials must be non-toxic for bacteria. So we must
choose some materials that have good biological compatibility. Secondly, the cost of
working electrode materials should be low. Hence researchers have been using paper and
other low-cost materials.

1.2.2

Anode Electrode Materials

First of all, there is a major limit for the types of materials that can work as anode
electrode in MFCs. The materials must be non-toxic for bacteria, exhibit good biological
compatibility, must be cost low and possess high surface area. So there is a quantity of
materials that can be exploited as anodes for the benefit of MFC electricity generation,
most of these focus on different types of carbon materials, such as carbon cloth, carbon
paper, carbon felt, carbon brush, graphite felt, graphite plates, etc.

[67-70]

For further

improvement of anode carbon materials has been done by some treatment for increasing
the power production rates, like ammonia treatment, heat treatment, acid treatment and
electrochemical oxidation.

[71-74]

At same time, the nanostructured materials employed as

anode materials have attracted extensive attention for the MFC applications study, for
instance graphene oxide nanoribbons, crumpled graphene particles and carbon nanotubes
(CNTs), etc.

[75-77]

The nanostructured materials enhance the surface area of the

electrodes and thereby influence the MFC efficiencies. Since one of the major issues for
the modification of anodes is bio-compatibility for bacteria, the assessment for the
compatibility of nanoparticles with microorganisms is also inevitable. Meanwhile, some
metals due to their high conductivity, good bio-compatibility, broad potential range, rich
13

surface and specificity for various sensing and detection applications, can also be used as
anode materials for MFCs. These include gold nanoparticles, palladium nanoparticles,
platinum nanoparticles, etc.

[78]

Conductive polymers are well known for their high

electronic conductivity and good biocompatibility and thus can be widely used in
electronic devices. So some conductive polymers combined with anode materials for
improving the performance of MFCs have been massively studied, for instance
modifying polyaniline on carbon cloth, nanowire networks of poly(aniline-co-maminophenol) on graphite felt, polypyrrole –carbon black composite on carbon paper, etc.
[79]

1.2.3

Cathode Electrode Materials

The type of cathode electrode materials always show great impact on the power
output of MFCs (as shown in Table 1.2) The most common widely used cathode
materials are still based on carbon materials, such as graphite, carbon cloth and carbon
paper, due to their high redox potential and ability to capture protons.

[80]

Also Pt is the

most common metal catalyst that had been used to modify cathode for improving the
performance by reducing the cathodic reaction energy and increasing the reaction rate. [8182]

Nevertheless, there is a limitation application for the use of Pt due to its high cost. So

researchers are eager to seek other inexpensive metals to replace Pt or reducing the cost
by getting more electroactive nanostructured Pt materials that uses less amount.
A summary of carbonaceous-based anodes and cathodes reported for MFCs is shown
in Tab. 1.2. [58]
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Table 1.2 A summary of the description of MFCs work using carbonaceous anodes and cathodes

1.3

Nanostructured materials
Synthesis of metallic nanomaterials has received great attention because of the fact

that the nanomaterials show un-precedented optical and electrical properties in
comparison to their bulk counterparts.

[83]

The synthesis of metallic nanoparticles dates

back to the seminal work carried out by Faraday in 1851, where gold nanoparticles were
synthesized.

[84]

However, Transmission Electron Microscopy (TEM)-mediated

observation of nanomaterials were first reported in early 1980s, so real scientific nanoworld was introduced to science thereafter.

[85]

Currently, a variety of metal and metal-

alloy nanomaterials are synthesized with different approaches. The most common
classification of the approaches, for instance dimension, composition, morphology,
preparation method and uniformity in nanostructured synthesis can be done differently.
[86]

Preparation-based classifications can be divided into two types as “top-down” and

“bottom-up” approaches.

[87]

In top-down process (e.g. sputtering, pyrolysis, laser

ablation and chemical etching), a large unit is reduced into the size of the target
nanostructured. Pyrolysis based synthesis of Pt nanoparticles (PtNPs) can be given an
example of top-down process.

[88]

In contrast, in bottom-up process (e.g. wet chemical

reduction, pyrolysis, condensation, bio-reduction, sol-gel process and aerosol process)
ions are reduced into metallic form to construct the nanoparticle. Due to the superiority
of bottom up approach in obtaining the desired shape, size and surface chemistry, the
approach has found widespread applications from material science to biology. [89]
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1.3.1

Common Synthetic methods

1.3.1.1 Physical Methods
Pressure, heat, ultrasonic and laser-based methods as physical methods are also
common in synthesis of metallic nanostructured including zinc and silver nanomaterials.
[90, 91]

Even though physical methods are in green category, they are not as widespread in

synthesis as the chemical approaches.

1.3.1.2 Biological Methods
1.3.1.2.1 Plants and plant extracts
Biological methods in bottom-up approaches are of great interest owing to their
performance in synthesis of different metallic nanoparticles by size and shape control and
high water-solubility and benign characters to the environment and living organisms.

[92]

Synthesis of gold, silver and platinum, lead and copper nanoparticles at different sizes
and shapes were reported. [92-93] Plants and extracts from plants can be directly used in the
synthesis, which eliminates capping and stabilizing agent utilization.

[87, 93]

However, to

control the surface chemistry along with shape and size, isolated molecules from the
extracts are currently more popular. [89]
Sugar-beet pulp was shown to be effective in synthesis of gold nanoparticles, nanowires (1D) and nanoplates (2D). [92] Isolated sugar polymers and simple monosaccharides
and disaccharides were shown to be powerful agents for synthesizing metallic
nanoparticles including gold, silver and copper nanoparticles.

[86,94]

Similarly, amino

acids was demonstrated to be very effective in the synthesis of gold nanoparticles, where
they served as the reducing and stabilizing agent.
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[95]

However, in such cases sugars need

to be supported with alkali and/or acidic media and high pressure or temperature to
trigger

nanomaterial

formation

[86,

96-97]

,

and

stabilizing

agents

such

as

polyvinylpyrrolidone [98] and CTAP [86] were also needed.
Flavonoids show strong alternatives to sugar and amino-acid based agents. Even
though its solubility problem is one of the major hurdles limiting their applications,
modifications on the hydroxyl groups allowed benign synthesis of metallic nanomaterials.
Particularly, Professor Sadik’s research group has verified that the introduction of
phosphate groups facilitated gold, silver and copper nanomaterial synthesis at size, shape
and surface-chemistry controlled manner.

[99–102]

This work has successfully synthesized

quercetin monophosphate and diphosphate analogs (as shown in Fig. 1.4). The
modification of flavonoids was carried out in order to improve their solubility in water.
The sequential phosphorylation of Quercetin analogues through the selective protection
of phenolic functions has been carried out in order to investigate the suitability of each
analogue to complex with metal ions in environmental remediation as well as
applications in sustainable synthesis of nanoparticles.
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Fig. 1.4 Quercetin phosphate analogues (1) 5, 4’-diphosphate quercetin (QDP); (2)
4’-phosphate quercetin (4’-QP) and (21) 7-phosphate quercetin (7-QP).
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Fig. 1.5 Graphical abstract taken from F.J. Osonga et al. Environ. Sci.: Nano, 2018,
5, 917 DOI: 10.1039/C8EN00042E.

As shown in Fig. 1.5, in this work, they hereby present a green approach for one pot
synthesis of nontoxic gold nanoparticles (AuNPs) and silver nanoparticles (AgNPs) using
water soluble, naturally-derived Luteolin tetraphosphate (LTP).

LTP was used as

reducing and capping agent using water as the solvent excluding the use of capping
20

agents. The metrics assessing the properties of the nanomaterials made by our waterbased, greener synthesis method and those made by other methods include lattice
constant values of gold nanocubes (AuNCs) with Transmission electron microscopy
(TEM), X-ray diffraction (XRD) data and 3-D models of face centered cubic (fcc)
structure using Vesta software. The TEM images of AuNCs exhibited slightly truncated
edges in agreement with AuNCs synthesized using organic solvents. Furthermore, theire
calculated lattice constant of the selected area electron diffraction ( SAED) pattern of
AuNCs was found to be 4.052 Å in agreement with 4.078 Å for fcc gold (JCPDS 04-0784)
and comparable to literature of AuNCs 4.068 Å. This confirms that the synthesized
AuNCs was achieved at room temperature without using organic reducing solvents and
toxic capping agents.

1.3.1.2.2 Microorganisms
Bacteria and fungi has been shown to be alternative to the plant extracts in green
synthesis of metallic nanomaterials including gold, silver, copper and titanium.
Extracellular synthesis of the nanomaterials is preferred over intracellular to eliminate
extra lysis steps.

[86]

Bacteria (such as Bacillus licheniformis, Salmonella typhirium and

Lactobacillus sporogens) and fungi (like Penicillium fellutanum and Fusarium
oxysporum) can be used under strictly controlled growth conditions. Even though the
nanostructures can be obtained from few nanometers to hundreds nanometers, shape and
size control along with surface chemistry are not strictly controlled.
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[103]

Therefore, it can

be said that this method is not proper for the nanomaterials with controlled and precise
shapes, sizes and surface chemistry.

1.3.1.3 Chemical Approach
Chemical approach is the most common method in synthesis of metallic
nanostructured materials, where organic solvents, reducing agents, acids, capping and
stabilizing agents are widely utilized to control shape, size and polydispersity.
Functionalization of the metallic nanoparticles’ surface is then provided mostly covalent
attachment on pre-activated surface. Therefore, the approach is heavily dependent on
toxic chemicals.

[84, 104]

Chemical reduction, micro-emulsion, sol-gel, solvo-thermal

methods, chemical vapor deposition and precipitation methods and electrochemical
reduction are among the common methods in chemical approaches. [90,105]
Studies have showed that the optical
catalytic

[114-115]

[106–108]

, biosensing [109–112], biological

[113]

and

properties of the metal nanostructured materials are shape, size and

surface chemistry dependent. Developments in chemical approaches have led to the
synthesis of the metallic nanostructured materials with desired properties. Therefore,
chemical approaches are the most widely preferred ones in the synthesis.

[90]

However,

use of organic solvents, reducing agents and high-temperature and pressure cause
environmental and biological risks.

[116]

It should be stated that current trend is to

transform pure chemical approaches into green-chemical approaches.
Polymers such as poly (amic) acid were shown to be outstanding agents serving as
shape and size directing templates meanwhile performing as reducing, capping and
stabilizing agents. [117-118]
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1.3.2

Application of Nanoparticles

Nanomaterials show applications from organic chemistry research to bioimaging.
The major fields can be classified as biosensors
textile and cosmetics

[90]

[119]

, biomedicine [122], vaccine

, pharmacology

[123]

[120]

, catalysis

[121]

,

, automotive industry, electronics

and power-cells [124].
Optical and chemical properties of nanomaterials can be fine-tuned based on the
need of application. Currently anti-microbial, anti-cancer, drug-delivery and vaccinedelivery are among the hottest applications of nanomaterials in pharmacology.

[85, 91]

Nanomaterials can surpass the microbial resistance mechanism that they develop against
conventional antibiotics, so they are under intense research as for future antibiotics.
Antimicrobial capabilities of the nanomaterials are also prominent for textile and
cosmetics.

[90]

The nanomaterials can decrease clearance rate of the drugs including

antibiotics and anti-cancer drugs and further improve their targeted delivery, which turn
into improved treatment. [90, 125, 126]
Applications of the nanomaterials in biosensors are mainly in two forms as sensing
agent itself or supporting materials to improve sensitivity, selectivity and response time.
[111,119, 127]

Surface chemistry along with shape, size and the optical properties are critical

in success of the nanomaterials performance for biosensor applications. [127-128] Detection
of bacteria, fungi, genetic material and environmental pollutants were shown as biosensor
applications of the nanomaterials. [129-132]
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1.3.2.1 Gold Nanoparticles
Gold nanoparticles have got unique place in biomedical applications due to their
unique optical properties, such as surface plasmon, low inherent toxicity and ease of
further functionalization.

[133]

In particular, the optical properties from localized surface

plasmon resonance (LSPR) are the major parameter which opens a bright future for gold
nanoparticles (AuNPs) in biological applications.

[134]

Also, AuNPs can be used in

bioimaging, phototherapy and drug-delivery applications.

[135,136]

Metallic AuNPs also

show other applications by using as support material in MFCs to improve microbial
attachment and electron transfer performance, for instance AuNPs coating could improve
power generation yield up to 20-times in MFCs. [137-138] Similarly, AuNPs were shown to
be prominent contributor in improving power generation yield for glucose/oxygen
enzymatic fuel cells.

[139]

AuNPs serve as “electron antenna” in anode materials of fuel

cells including MFCs which brings a very stable power-production in addition to the
improvement conductivity. [140] Surface properties, shape and size of AuNPs were shown
to be critical in catalytic performance and conductivity.

[141–143]

Therefore, generated

different nanostructured gold materials will help to match the captious requirements from
different types of fuel cells.

1.3.2.2 Silver Nanoparticles
According to the World Health Organization (WHO), antibiotic-resistant bacterial
infections are among the most troublesome health issues.

[144]

A high number of studies

have been performed on that issue in order to develop alternatives antibiotics which
bacteria can’t build up resistance mechanism.

[144]
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In this aspect, nanostructured silver

materials, especially silver nanoparticles (AgNPs) show to be one of the best candidates
of future antibiotics which also demonstrates multi-modal toxicity towards bacteria.
146]

[145-

Particularly, causing reactive oxygen species, disrupting the cell membrane and

interfering with bacterial metabolism are among the major mechanism of AgNPs action
on bacteria. Size, shape and surface chemistry plays critical roles in revealing the
antimicrobial activity. [147] To modify the surface of AgNPs, some molecules can be used
to combine with cell surface and then empower the toxicity of bacteria. Besides, AgNPs
was shown to activate non-bioactive antibiotics against multi-drug resistant bacteria or
can deliver antibiotics more effectively [148-150].

1.4

Poly (amic) acid PAA polymer
Poly (amic) acid (PAA) is a generic name for the heteropolymers synthesized from

dianilines and dianhydrides (shown in Fig. 1.6) via polycondensation reaction in
anhydrous polar aprotic organic solvents and has been widely studied in Professor
Sadik’s group for a long time.

[151]

PAA is synthesized as the precursor of polyimide

through thermal cyclization, whose applications are widespread in electronics and
material science.

[152]

applications.

[153]

development

[154]

[124,158–159]

Biodegradability of PAA makes it eligible to be used in different

Direct applications of PAA were shown for filtration material

, sensor-support material

[155–157]

, flexible electronics and power-cells

, reducing and stabilizing agent in nanoparticle synthesis

[151,160]

. Electrical and

ionic conductivity characters of PAA depend on the monomers and the surface properties.
[154-155]

As Fig. 1.7 shows a basic function and characters of different designed PAA film.

[38, 153-161]
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Fig. 1.6 Structure of the most common dianhydride and dianiline monomers
employed in the synthesis of PAA.

Fig. 1.7 Examples of PAA polymers, morphology, common functions and
characteristics as stand-alone membranes (Courtesy of Sadik Laboratory)
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Membranes and films synthesized from PAA show strongly dependence on the
phase-inversion mechanism. Amorphous and plasticized PAA membranes have been
shown to be synthesized by only altering the phase-inversion process. Surface properties
play key roles in determination of usability of the PAA films: impervious surface to gas
exchange and water-vapor were shown to be prominent factor to expand utilization of
PAA films as packaging material.

[161]

Due to the fact that PAA has carboxyl, amino (-

NH-) and phenyl functional groups, it allows further modifications what could expand its
applications and empower inherent chemical properties. [156,159]
Meanwhile, PAA shows a great potential as membranes for paper-based microbial
fuel cells compared with expensive commercial DuPont’s Nafion® membranes.
Nafion®is

a

sulfonated tetrafluoroethylene based fluoropolymer-copolymer that

[160]

is

commonly used as proton exchange membrane in fuel cells due to its high ion conductivity,
excellent

thermal, mechanical and chemical stability. The chemical basis of Nafion's

superior conductive properties is a major area of research.

a)

b)

Fig. 1.8 Chemical Structure of Nafion® on the right (http://www.nafionstore.com/pg/19Nafion-_US.aspx) (a) and the picture of the membrane on the left
(https://www.fuelcellearth.com/fuel-cell-products/nafion-membrane-nre-212/) (b).
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As shown above, the protons on the sulfonic acid groups are believed to bounce from
one acid site to another. Pores allow movement of cations but the membranes do not
conduct anions or electrons.

Nafion®

can

be

manufactured

with

various

cationic

conductivities. A 30cm x 30 cm, 25.4 (1 mils) microns Nafion® Membrane NRE-211, is
$191 (https://www.fuelcellearth.com/fuel-cell-products/nafion-membrane-nre-211/).

Aside

from the high cost, Nafion® membrane has limitation for incorporation into a device with
other flexible paper layers as in MFCs due to its the low conductivity at low humidity and
substantial swelling when exposed to high humidity. Furthermore, Nafion® membrane is
incompatible with standard paper manufacturing processes and microfabrication techniques.
It is therefore necessary to develop alternatives that are low-cost and compatible with MFCs.
PAA is therefore proposed as an alternative to Nafion®, especially in MFC applications. Due
to the abundant functional groups of π-conjugated PAA polymer, it shows a strong binding
with paper fibers and makes these hybrid substrates appealing to future electronic
developments. [160]

1.5

Objectives of the project
Due to the great demands of energy and the development of fuel cells, researchers

are eager to improve the efficiency of fuel cells. So, the main goal of this project is to
prepare novel electrodes using nanostructured materials with potentials to improve the
performance of different fuel cells. Although significant literature exists for fuel cells and
electrode materials, what is significant about this work is the development of greener
catalysts and electrode materials that can be used in DEFCs and MFCs. An ideal catalyst
material for DEFC must be easy to prepare, low cost, high surface area, good poisoning
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resistance and sustainable. An ideal electrode material for MFC must be biocompatible,
biodegradable, low-cost, conductive, porous, easily made at low cost, recyclable, and
scalable. For oxygen reduction reaction at the cathode in MFCs, both abiotic and
biological catalysts have been proposed. Hence, designing novel catalysts and electrode
materials for different types of fuel cells is the major focus of this work.
The specific tasks are to:
a) Prepare Pt and Pt alloy as catalysts for ethanol oxidation reaction by
electrodeposition using cyclic voltammetry method with supporting materials to
improve the stability of the catalysts.
b) Develop a new, easy and greener method for synthesizing of Pt nanostructured
materials.
c) Synthesize other metallic nanostructured materials for fuel cells and other
applications.
d) Develop novel electrode materials for improving the efficiency of different types
of MFCs.
It is important to develop new catalysts and novel electrodes materials for enhancing
the performance of fuel cells. The newly synthesized catalysts and prepared electrodes
should be more efficient than existing ones and must be environmentally-friendly.

1.6

Overview of entire thesis
Chapter 2 reports the electrodeposition of Pt and PtCr catalysts by cyclic

voltammetry. The synthesized catalysts were tested for ethanol oxidation reaction. In
29

order to improve the stability of catalysts, a layer of PAA had been coated on the surface
of electrodes and the final duration was investigated. In addition, the efficiency was
compared between PAA covered catalysts and non-PAA covered catalysts.
Chapter 3 shows a new, easy, fast and greener method to synthesize various
nanostructured Pt catalysts as a potential application for DEFCs. In this chapter, Pt
catalysts were synthesized by combining sugar ligands with PtCl4 in water at room
temperature and waiting for a couple hours to achieve nanoparticle formation. Six types
of novel sugar ligands that were synthesized in Professor Sadik’s group were employed
here as for the first time for nanosynthesis. Chapter 3 discussed the electrochemical
characterizations of Pt materials using cyclic voltammetry.
The six sugar ligands characterized in Chapter 3, were further utilized in Chapter 4
as reducing and capping agents to generate different shapes and sizes of Ag nanoparticles.
Also in this chapter, the characteristics of the nanosilver materials were discussed and the
synthesized Ag nanoworms were detected with bacteria and fungi.
Chapter 5 presents some novel electrodes for improving efficiency of MFCs. In that
respect, two different types of MFC devices were discussed in this chapter. The first
design was directed towards the traditional one chamber MFC and the electrode was
prepared by electrodeposition of Pt catalysts on Reticulated Vitreous Carbon (RVC)
electrode. The other device was derived from hydrophilic, microfluidic, paper-based
MFC design. In these designs, different carbon materials such as graphite and activated
carbon, were combined with PAA and were either printed or spin-coated onto papers as
anode materials. Finally, Poly (pyromellitic dianhydride-p-phenylene diamine) (PPDD)-
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modified papers were used as ion exchange membranes in MFCs for the first time. The
paper-based gold electrode was tested by depositing goal particles via E-beam
evaporation and power generation was discussed based on these various designs of paperbased MFCs.
In Chapter 6, the overall conclusion and future work for the project were discussed
and the future greener electrode materials and nanocatalysts were analyzed.
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Chapter 2

Poly (amic) acid for improving the efficiency and stability of Pt and
PtCr Nanoparticles Catalysts during Ethanol Oxidation Reaction

Nanostructured platinum and platinum based nanoparticles have attracted
increasing attention as candidates for high performance electrocatalysts in ethanol fuel
cells. So Pt and alloyed PtCr nanoparticles fabricated via electrodeposition on a glassy
carbon electrode should improve the efficiency of the ethanol oxidation reaction in acidic
media. The typical SEM images show the near spherical Pt structures with diameters in a
range of 50 -120 nm. The general size of the PtCr nanoparticles were determined to be
around 105 nm and the surface aggregates were from 400 nm to 1μm at 40 cycles.
However, the primary challenge has been attributed to the loss of the catalysts into
solution. We hereby demonstrate an approach using poly(amic) acid (PAA) films as
supporting material in order to improve the stability and inherently the efficiency of the
catalysts. This catalyst was created via spin coating of PAA layer (thickness ~4µM) on
the surface of electrocatalysts. The Pt/PAA and PtCr/PAA combination permits the
diffusion of ethanol towards the surface of the Pt or PtCr nanoparticles resulting in
efficient reduction while simultaneously preventing the loss of the catalysts into the
solution. Electrode stability of 900 cycles (three days) was recorded at varying potential
scan cycles. This electrode coated with PAA was found to be three times as durable when
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compared with the bare catalysts surface (300 cycles). And this work could allow the
widespread use of these combinations for stable and efficient electrochemical reduction
of ethanol.

2.1

Introduction

Direct alcohol fuel cells (DAFCs), particularly those utilizing ethanol as a fuel have
attracted increasing attention as an alternative energy source.

[1]

Direct ethanol fuel cells,

unlike the direct methanol fuel cells hold many advantages such as operation at low
temperature, high theoretical mass energy density (8 kWh kg-1)
environmentally friendly

[7-10]

[2-6]

, and are

. Moreover, ethanol is readily available in that it can be

produced in large quantities from agricultural products or biomass such as grass, corn
stalk, and environmental wastes.

[11-14]

Also the ethanol oxidation reaction (EOR) can be

operated both in acidic or alkaline solutions. However, it is really difficult to achieve
complete electro-oxidation of ethanol to carbon dioxide using such systems because the
strong C-C bonds are difficult to break, and the resulting intermediates can readily poison
the catalysts.

[15-18]

In light of these considerations, the first strategy for improving the

efficiency of direct ethanol fuel cells is to develop high performance catalysts that will
enable the complete oxidation of ethanol to carbon-dioxide. The second critical challenge
that must be addressed involves the development of supporting materials to enhance the
stability of the electrocatalysts. The ideal materials must have high dispersion
characteristics, conductivity and operational or storage stability. [19-20]
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Fundamental studies of ethanol electro-oxidation in acidic media have been mostly
performed on platinum surfaces

[21-22]

and numerous reports have shown that platinum is

the best catalyst for the EOR. Pt is a suitable electrocatalyst for electro-oxidation of many
small chemical molecules due to its high activity and stability. Yet significant challenges
exist when utilizing Pt primarily due to its high price, limited capability for C-C bond
cleavage, and liability for the toxicity of intermediates generated during the EOR toward
the electrode. Based on recent publications, Pt alloy nanomaterials are garnering
increasing interest because they exhibit better electrocatalytic performance than plain Pt.
[23-24]

In order to improve the catalyst performance, Pt-based nanostructured alloys have

been fabricated using elements such as Sn, Ru, Ir and Au.

[15,25-29]

Chromium has also

been chosen as a Pt alloy component for EOR catalysts due to its excellent corrosion
resistance, wear resistance and mechanical properties. [30-32]
Meanwhile, some conductive substrates such as carbon-based materials and
conductive polymers have been chosen as support materials to improve the
electrocatalytic property, stability and minimize the cost of Pt-based nanostructured
alloys.

[33-35]

Polymers have also been considered as supporting materials due to the

synergistic effect between metal and polymers

[36-37]

and have attracted increasing

attention in comparison with carbon-based substrates. Among the different types of
polymers, conductive poly(amic) acid (PAA) is a new class of polymers that can be used
as a unique catalyst support because of its fascinating properties.

[38-39]

The unique

properties of PAA that allows it to be used as supporting materials include easy of
synthesis, stability in acidic media, good mechanical strength and electronic conductivity.
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[40-42]

Therefore novel electrocatalysts with high ethanol oxidation activity and stability

can be generated by combining conductive polymers with metal nanoparticles.
In this study, we report an electrodeposition method to fabricate Pt and PtCr
nanoparticles on glassy carbon using cyclic voltammetry (CV). The electrodeposited Pt
and PtCr alloy were supported with the PAA polymer in order to improve the catalysts
stability. CV method was used to carry out the EOR for Pt, PtCr, PAA/Pt and PAA/PtCr
catalysts, and durability testing was also conducted to demonstrate the differences
between the two as synthesized catalysts.

2.2

Experimental

2.2.1

Reagents and Instruments

4’4-oxidianiline(ODA),
dimethylformamide(DMF),

N,N-dimethylacetamide
pyromellitic

(DMAC),

dianhydride(PMDA),

N,N-

Platinum(IV)

chloride(PtCl4) and Chromium(III) chloride hexahydrate (CrCl3•6H2O) were analytical
grades, purchased from Sigma-Aldrich and used without further purification.
Hydrochloric acid (HCl, 36.5% ~ 38%) and perchloric acid (HClO4, 70%) were
purchased from Fisher. Ethyl alcohol (200 proof) was obtained from PHARMCOAAPER. 3 mm glassy carbon electrode, carbon disk electrode and Ag/AgCl were
purchased from BASi (West Lafayette, IN).
The stock PtCl4 (2.0×10-3 M) solution and CrCl3 (2.0×10-3 M) were prepared
separately by adding 33.69 mg PtCl4 and 26.65 mg CrCl3•6H2O crystal to 50.0 mL pure
water. 0.42 mL HCl was diluted into 50.0 mL pure water to get 0.1 M HCl stock solution.
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The 10.0 mL electrodeposition solution of Pt was prepared by diluting 4.0 mL PtCl 4 in to
a solution contains 1.0 mL HCL and 5.0 mL pure water. The 10.0 mL mixed
electrodeposition solution of Pt alloy (8.0×10-4 M PtCl4, 2.0×10-4 M CrCl3 and 0.01M
HCl) was prepared by adding 4.0 mL of PtCl4, 1 mL of CrCl3, and 1.0 mL HCl into 4.0
mL pure water. Also 1M HClO4 solution was prepared by diluting 4.32 mL perchloric
acid (HClO4, 70%) into 50.0 mL pure water.
Major surface characterization was employed by Scanning electron microscope
(Zeiss Supra 55 VP analytical ultrahigh resolution FESEM + EDAX Pegasus EDS +
EBSD equipped with SmartSEMTM). The accelerating voltage for SEM was 5 kV and the
voltage for EDS was 10 kV. AUTOLAB potentiostat at (PGSTAT204, with Nov.1.10
software) was used for all the electrochemical detections include electrodeposition, EOR
and stability studies. Spin coater (CHEMAT Technology-KW-4A) was used to spin coat
a layer of PAA on the surface of electrodes and the thickness was measured by Digimatic
micrometer (MDH-25M-Mitutoyo Corporation).

2.2.2

Synthesis of Poly(amic) acid (PAA)
Poly(amic) acid (PAA) (0.21M) was synthesized as published in a paper by Victor

Kariuki et al [36] In a vial, 210.25 mg of ODA was added followed by 3.5 to 4.0 mL of
DMF dispensed into the vial using a syringe and then was stirred until complete
dissolution of ODA was observed. Then 229.02 mg of PMDA and 1.0 mL of DMAC was
added into the vial. The vial was covered with either a box container or aluminum foil
after capping and then stirred for 12 hours at room temperature. The schematic of
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formation and structure of PAA is shown in Fig. 2.1 and the synthesis of PAA was done
by myself.
O

O
O

NH2

NH2

+

O

O

PMDA
ODA

O

O
Dissolve
in DMAC
and stir for
12 hrs

O
NH

O

O

NH
OH

OH
O

O
PAA

Fig. 2.1 Scheme of synthesis of PAA.

2.2.3

Electrodeposition of Pt and PtCr catalyst on glassy carbon electrodes (GCEs)

A traditional three-electrode cell was used for the electrodeposition of the Pt and
PtCr catalysts. First, the 3 mm glassy carbon electrode (GCE) and carbon disk were
polished with 1.0 and 0.5 μm α-alumina powders. Secondly, the electrodes were kept in a
vial with pure water under ultrasound agitation for ten minutes before being transferred to
a vial containing ethanol solution (70%) under ultrasound for another ten minutes. Finally,
the electrodes were transferred back to a new vial containing pure water in an ultrasonic
bath for ten minutes. The electrochemical set-up consisted of GCE was used as working
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electrode, carbon disk electrode as counter electrode, and Ag/AgCl as reference electrode.
All potentials reported herein vs the Ag/AgCl reference electrode.
The electrodeposition for Pt was proceed in a solution consists of 8.0×10-4 M PtCl4
and 0.01M HCl. The solution was stirred and purged for fifteen minutes with nitrogen gas
before deposition. Potential was cycled between -0.3 V to 0.7 V for 10 scans to achieve a
layer of Pt nanoparticles on the surface of GCE (denoted as Pt/GCE). After the
electrodeposition accomplished, the modified electrode was rinsed with water for several
times and air-dried at room temperature for characterization and further use.
The alloy electrodeposition solution consisted of 8.0×10-4 M PtCl4 and 2.0×10-4 M
CrCl3 in 0.01M HCl and the solution was bubbled with nitrogen gas for fifteen minutes
before electrodeposition. Cyclic voltammetry was used for the deposition and the
potential was scanned from -1.5 V to 0.5 V at the scan rate of 10 mV s-1 for 40 cycles.
After the electrodeposition completely, a dark green shiny layer of PtCr alloy was
observed on the glassy carbon electrode (denoted as PtCr/GCE). In order to understand
the kinetics of catalysts growth procedure, a different number of scan cycles were
employed (10 cycles, 20 cycles and 30 cycles) for the electrodeposition.
The Cr glassy carbon electrode (Cr/GCE) was also prepared for comparison study by
electrodeposition. Still cyclic voltammetry was used for the deposition with 2.0×10-4 M
CrCl3 in 0.01M HCl and the potential was scanned from -1.5 V to 0.5 V at the scan rate
of 10 mV s-1 for 40 cycles.
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2.2.4

The study of ethanol oxidation reaction (EOR) and stability test

The ethanol oxidation reaction utilizing Pt/GCE and PtCr/ GCE as working electrode
was produced in a mixture containing 1 M ethanol and 0.1M HClO4. Also CV was used
and the potential scanned from 0 V to 1.4 V at a scan rate of 10 mV s-1. In order to
improve the stability of Pt and PtCr catalysts on the glassy carbon electrode, a layer of
PAA film (~4µM thick) was spin coated on the surface of Pt/GCE and PtCr/GCE. The
procedure was dropped 200 μl of PAA on the surface of electrodes, spin coated at 300
r/min and dried over 12 hours. The final electrodes are recorded as PAA/Pt/GCE and
PAA/PtCr/PAA, separately. The stability of PAA/Pt/GCE and PAA/PtCr/GCE were
subsequently studied under the same conditions for EOR as Pt/GCE and PtCr/ GCE. All
the designs of electrodes that been used in this study have been show in Fig. 2.2.

Fig. 2.2 Schematic depiction of all the designs of electrodes used in this study
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2.3

Results and Discussion

2.3.1

Electrodeposition and EOR studies of PAA/GCE

a) a

b) b

)

)

c

c)

d)

Fig. 2.3 TEM image of the surface of PAA covered GCE (a), TEM image (b) and
CV result (c) of Pt electrodeposition on the surface of PAA/GCE (10 cycles), EOR study
with PAA/GCE as working electrode (3 cycles) (d).

The working electrode PAA/GCE was prepared by adding 200 μl PAA on the
surface of glassy carbon and under spin coating condition, dried over 12 hours. And this
prepared PAA/GCE was used as working electrode for Pt deposition. As shown in Fig.
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2.3a, the surface of electrode is almost clean, so a uniform smooth membrane was
generated on the surface of glassy carbon electrode. Comparing Fig. 2.3b with Fig. 2.3a,
no particles are visible on the picture, and also the CV deposition result (Fig. 2.3c)
demonstrates that there is no peak assigned with Pt reduction reaction. This implies that
after spin coating PAA on the surface of glassy carbon electrode, it was not possible to
deposit catalysts on electrode. This working electrode also had been used to conduct the
EOR study, the CV result (shown in Fig. 2.3d) shows that there are no any peaks
responding to EOR. So this also proves that pure PAA itself is not a catalyst for EOR.

a) a
)

c)

b) b
)

c

)

d)

d

)

e

f
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e)

f)

Fig. 2.4 TEM images of the surface (a, b c and d), CV result of Pt electrodeposition
with PAA(scratch)/GCE (e) and EOR study (f) with PAA(scratch)/GCE as working
electrode.

The working electrode PAA/GCE was prepared same as shown above. But a scratch
was made on the surface of electrode after it dried as shown in Fig. 2.4a. The
PAA(scratch)/ GCE was also used for a further Pt electrodeposition study. Fig. 2.4b.
2.4c and 2.4d displayed that some small particles were formed around the PAA scratch
on the glassy carbon electrode. Also, based on the electrodeposition CV graph (Fig. 2.4e),
small peaks at the potential ranging from -0.3 V to 0 V should due to adsorption and
desorption of hydrogen. But because only a small amount of Pt nanoparticles was
generated, the peaks for Pt reduction reaction are not clearly shown in this graph. The
EOR study by CV method with PAA(scratch)/ GCE as working electrode is observed in
Fig. 2.4f, there was no traditional ethanol oxidation peaks obtain during the test. First
reason, as demonstrated in previous work, PAA itself is not catalytic. Second, even
though there were some Pt particles deposited on the surface of electrode, these amounts
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is not enough to trigger the EOR and these small amounts of Pt catalysts were really easy
to dissolve into sthe solution. More principles about Pt electrodeposition and EOR will be
explained in later work.

2.3.2

a)

Electrodeposition and EOR studies of Cr/GCE

b)

c)

d)

Fig. 2.5 SEM images of Cr electrodeposition (a and b), CV results of Cr
electrodeposition (c) and EOR study (d).
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In order to understand the catalytic performance of Cr particles for EOR, the Cr/GCE
was prepared by electrodepositing Cr on the surface of glassy carbon electrode in 2×10-3
M CrCl3 and 0.01 HCl mixed solution. The electrodeposition occurred at a potential range
from -1.5 V to 0.5 V at a 10 mV/s scan rate with 10 scan cycles. Fig. 2.5a and 2.5b are
the SEM images of the surfaces of Cr/GCE showing some large size chunks on these
images. The reduction may have occurred as shown in Equations 1 to 3. As shown in Fig.
2.3c, the potential range from – 0.4 V to – 0.75 V could be attributed to the reduction
reaction of Cr3+ in Equations 1 and 2. After the electrodeposition of Cr, Cr/GCE was used
as working electrode for the EOR study. CV result demonstrates that there is no
particular ethanol oxidation reaction occurring on the Cr catalysts because there were no
peak responses to the reaction in Fig. 2.5d. That also implies that pure Cr has no
electrocatalytic property for the ethanol oxidation reaction. Even Although Cr is
considered toxic, it shows excellent corrosion resistance, wear resistance and mechanical
properties

[30-32]

and later the EOR with PtCr study also demonstrated that Cr is helpful

for improving the catalyst performance via the formation of Pt-Cr alloy.
Cr 3+ (aq) + 3e− → Cr(s)

(1)

Cr 2+ (aq) + 2e− → Cr(s)

(2)

Cr 3+ (aq) + e− → Cr 2+ (aq)

(3)
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2.3.3

Electrodeposition of Pt on GCEs

2.3.3.1 Electrodeposition condition study

a)

b)

c)

d)

e)

f)

Fig. 2.6 TEM images of Pt electrodeposition with GCE under different conditions:
0.1 M HCl + 2.0×10-4 M PtCl4 (a), 0.01M HCl + 2.0×10-4 M PtCl4 (b), 0.1M HCl +
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4.0×10-4 M PtCl4 (c), 0.01M HCl + 4.0×10-4 M PtCl4 (d), 0.1M HCl + 8.0×10-4 M PtCl4
(e) and 0.01M HCl + 8.0×10-4 M PtCl4 (f).

The Pt electrodeposition condition was studied by controlling the mole ratios
between HCl and PtCl4.

SEM images in Fig. 2.6 were used to explain how the

concentration of HCl and PtCl4 affected the deposition amount of Pt particles. According
to the SEM images, spherical nanoparticles were generated under all different condition.
By comparing Fig. 2.6a with 2.6b, or Fig. 2.6c with 2.6d, or Fig. 2.6e with 2.6f, while
keeping same concentration of PtCl4 but decreasing the concentration of HCl, the same
trend can be observed that there were more Pt nanoparticles generated on the surface of
electrode. As compared Fig. 2.6a with 2.6c and 2.6e or Fig. 2.6b with 2.6d and 2.6f, with
increasing the concentration of PtCl4 but keeping the same concentration of HCl, the
amount of Pt nanoparticle definitely increased. Even the scale bars on in the Fig. 2.6d and
2,6f were not exactly the same, the amount of Pt electrodeposition improved significantly
since there were no black spare spaces observed in Fig. 2.6f as shown in Fig.2.6d. Based
on these results, the final experimental concentration for Pt electrodeposition was chosen
as 8.0×10-4 M PtCl4 and 0.01 M HCl.
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2.3.3.2 Electrodeposition of Pt on glassy carbon electrode

Hdes

Had
s

Fig. 2.7 CV profile for the electrodeposition of PtNPs in 8.0×10-4 M PtCl4 and
0.01M HCl.

Fig.2.7 shows the representative CVs recorded for the electrodeposition of Pt
nanoparticles in 8.0×10-4 M PtCl4 solution with 0.01M HCl. The electrodeposition
occurred at a potential range from -0.3 V to 0.7 V with 10 scan cycles. The typical
reduction peaks for Pt (Eq. 4 and 5) were present from 0.2 V to 0.5 V as very broad peaks.
Due to the adsorption and desorption of hydrogen (Eq. 6 and 7) on the as generated
catalysts, the presence of peaks are shown in the potential region between -0.3 V to 0 V.
The EDX spectrum presented in Fig. 9d clearly demonstrates the presence of Pt on the
surface of glassy carbon electrode.
[PtCl6 ]2− (aq) + 2e− → [PtCl4 ]2− (aq) + 2Cl− (aq)
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(4)

[PtCl4 ]2− (aq) + 2e− → Pt(s) + 4Cl− (aq)

a)

Pt + H + + e− → Pt – H

(6)

Pt − H → Pt + H + + H +

(7)

b)

c)

e)

(5)

d)

f)
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Fig. 2.8 SEM micrographs show Pt (a, b and c) electrodeposited nanoparticles, EDX
spectra of Pt (d), SEM image after spin coating PtNPs (e) with PAA and bare glassy
carbon surface(f).

Typical SEM images of Pt nanoparticles can be seen in Fig. 2.8a to2.8c. Fig. 2.8a
and 2.8b indicating that Pt nanopaticles almost covered the entire glassy carbon electrode
surface. The insert SEM image in Fig. 7c shows a proof that the diameter of the Pt near
spherical nanoparticles is around 50-120 nm. The smaller sized Pt nanoparticles were still
present in the image which appeared deeper in the field of view than the larger protruding
Pt nanoparticles. Fig. 2.8e shows the modified surface of Pt catalysts electrode coated
with a layer of PAA polymer. The Pt nanoparticles were no longer visible due to the
coverage with the PAA layer and the surface appeared uneven with some bumps. The
thickness of PAA layer was estimated at ~4µM and measured by using Diginatic
micrometer. The appearance of bare glassy carbon electrode was clean and smooth as
shown in Fig. 2.8f.
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2.3.4

Electrodeposition of PtCr on GCEs

b)

a)
a

b

)

)

Fig. 2.9 Electrodeposition of PtCr alloy using cyclic voltammetry: solution contained
8.0×10-4 M PtCl4, 2×10-4 M CrCl3 in 0.01M HCl and electrode was scanned from -1.5 V
to 0.5 V at the scan rate of 10 mVs-1 (a); schematic diagram showing the formation
mechanism of PtCr alloy (b).

Fig. 2.9a shows the representative CVs recorded for the electrodeposition of PtCr in
PtCl4 and CrCl3 solution under acidic environment. The scan range was from -1.5V to
0.5V with a total of scan 40 cycles. The presence of peak in the potential region between
-0.2V to 0 V was due to the adsorption and desorption of hydrogen on the as-generated
catalyst. The reduction peaks for Cr were present from -0.4 V to -1.0 V as shown in Eq. 1
to Eq. 3. The typical reduction peaks of Pt (Eq. 4 and 5) were not obvious on the
voltammograms because the current density of Pt is much smaller than the current
density of Cr. However, the EDX spectrum presented in Fig. 2.10g clearly demonstrates
that both Pt and Cr are present on the electrode.
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a)

b)

c)

d)

e)

f)

g)

h)
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Fig. 2.10 SEM micrographs of the electrodeposited PtCr catalyst using CV method
after 10 cycles (a and b), 20 cycles (c and d), 40 cycles (e and f), respectively; EDX
spectrum of PtCr (g) and SEM image of the surface of PAA/PtCr/GCE (h).

Typical SEM images (Fig. 2.10a-2.10f) show the shapes and sizes of PtCr
nanoparticles under different CV cycles. As shown in Fig.2.10b, 2.10d and 2.10f, with
increasing electrodeposition cycles, the sizes of surface PtCr nanoparticles were
increasing (Table 2.1). Based on Fig. 2.10a, 2.10c and 2.10e, there were more PtCr
nanoparticles deposited on the surface of glassy carbon electrode and more particles
aggregating on the surface to generate big clusters as the electrodeposited cycles
increased. Different sizes of clusters were produced during the electrodeposition, the
schematic diagram of the formation mechanism of PtCr alloy was shown in Fig. 2.9b.
The initially deposited PtCr particles served as the nucleation sites for later deposition
resulting in the lamination of the particles, layer by layer. The smaller sized PtCr particles
were still present at 40 cycles which appeared deeper in the field of view than the larger
protruding PtCr particles. Based on Fig. 2.10f, the general size of the PtCr nanoparticles
were determined to be around 105 nm and the surface aggregates were from 400 nm to
1μm at 40 cycles. After the complete electrodeposition, a shiny layer of alloy catalysts
was generated on the surface of the glassy carbon electrode. Fig. 2.10h gives a view
about the surface of modified PtCr catalysts electrode with a layer of PAA polymer. This
layer of PAA was obtained by spin-coating with 0.5 mL PAA the top of the PtCr. The
film thickness was estimated at ~4µM and no particles are visible due to PAA layer.
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Table 2.1 Summary of the Electrodeposition of PtCr Catalyst
No. of Cycles

Size of NPs deposited

10

33.3 nm

20

45.6 nm

40

105 nm

2.3.5

The effects of different concentrations of ethanol and HClO4 for EOR
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Fig. 2.11 Cyclic voltammograms of ethanol oxidation reaction in 1.0 M ethanol and
0.01 M (a), 0.1 M (b), 0.5 M (c) and 1.0 M (d) HClO4, separately.
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As previously reported

[21-22]

, ethanol oxidation reaction can both be generated in

alkaline and acidic environment, so different concentrations of HClO4 were employed for
the EOR in our study using Pt/GCE as working electrode. Based on Fig. 2.11a, when the
concentration of HClO4 was only 0.01 M, not all the traditional EOR peaks were
observed on CV graph. When increasing the concentration of acid, traditional EOR peaks
became visible and they did not change significantly. The highest current density was
recorded with 0.1M HClO4 as observed in Fig. 2.11b. When the concentration of acid
was 0.5 M and 1.0 M as shown in Fig. 2.11c and 2.11d, the generated current density was
very similar. Since increasing the concentration of acid, the current density will not help
to improve the efficiency of EOR, the best condition for EOR is to prepare 0.1 M HClO4.
The peaks analysis and ethanol oxidation reaction principles will be discussed more in
detailed in the subsequent sections.
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Fig. 2.12 Cyclic voltammograms of ethanol oxidation reaction in 0.1 M HClO4 and
0.2 M, 0.6 M, 1.0 M, 1.5 M and 2.0 M ethanol, separately.

Fig. 2.12 gives a summary of the cyclic voltammograms of the ethanol oxidation
reaction in 0.1 M HClO4 under different ethanol concentations, 0.2 M, 0.6 M, 1.0 M, 1.5
M and 2.0 M, separately. If the ethanol concentration increased from 0.2 M to 1.0 M, the
generated current density also increased. But after ethanol concentration reached 1.0 M,
by increasing the concentration of ethanol, the current density decreased on the contrary.
This is because there is a competition between ethanol absorption and catalysts toxicity
tolerance. When the concentration of ethanol is low, the main controlling step for the
EOR is the absorption of ethanol. After reaching ascertain concentration of ethanol, more
products were generated, in particular, the production of intermediate products that
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arepoisonous to the catalysts and the catalytic performance decreased. So the best
condation for the ethanol oxidation reaction was determined to be 1.0 M ethanol.

2.3.6

EOR study of Pt/GCE in acidic environment

a)

Cathodic
peak
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b)

Fig. 2.13 Cyclic voltammograms of the Pt/GCE electrode in 0.1 M HClO4 solution
without (a) and with 1 M ethanol (b) at the scan rate of 10 mV s−1. Graph (b) shows the
stability test of the Pt catalysts for EOR (lines draw recorded at every 100 cycles).

In order to identify the electrochemical properties of the as-prepared Pt catalysts,
cyclic voltammetry was carried out in 0.1 M HClO4 solution at a scan rate of 10 mV s-1
as shown in Fig.2.13a. The presence of adsorption and desorption peaks of hydrogen on
the as-generated catalysts are shown in the potential region between -0.3 V to 0 V clearly
as shown in Eq. 6 and Eq. 7. Based on the data presented, there is a cathodic peak at
~0.45 V coupled with a shoulder and current starting around 0.75 V due to the formation
and reduction of Pt oxide respectively. It was previously reported that Pt forms platinum
oxide in aqueous solutions (Eq. 8 and 9), [43-44] so a stable film of Pt oxide/hydroxide was
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generated on the surface of glassy carbon electrode as demonstrated by previous reports.
[44]

Pt + H2 O ↔ PtOH + H + + e−

(8)

PtOH → PtO + H + + e−

(9)

Fig. 2.13b shows the representative performance of the Pt catalysts for ethanol
oxidation reaction using cyclic voltammetry in 0.1 M HClO4 and 1.0 M ethanol at a scan
rate of 10 mV s-1. All of the peaks were ascribed to the formation of different ethanol
oxidation products. Eq. 10 gives the main reaction about how ethanol provides 12e- with
high energy storage. Also other major intermediate products were generated during this
process including acetaldehyde, ethane-1,1-diol and acetic acid (Eqns. 11 -13). [45]
C2 H5 OH + 3H2 O → 2CO2 + 12H + + 12e−

(10)

C2 H5 OH → CH3 CHO + 2H + + 2e−

(11)

C2 H5 OH + H2 O → CH3 CH(OH)2 + 2H + + 2e−

(12)

C2 H5 OH + H2 O → CH3 COOH + 4H + + 4e−

(13)

The purpose of using ethanol as fuel for DEFC is to release the complete formation
of CO2 with 12e- transfer as much as possible. With more direct CO2 generated, the
efficiency of fuel cells is increased. Based on the presence of multiple peaks, it is clear
that other intermediate products (Eq. 11-13) were also produced. As shown in previous
works, Pt was absorbed by ethanol under two mechanisms as shown in Equations 14 and
15. [46-49] These two equations also indicate the initial steps of ethanol adsorption and
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oxidation. Different intermediate products will be produced at different potentials.
Combining with Eq. 8, the reactions may occur as shown in Eqns.16- 23.

[46-49]

Some of

these intermediates could be strongly adsorbed onto the surface of electrode to impede
the 12 electrons transfer, and thus affecting the efficiency of the EOR.
Pt + CH3 − CH2 OH → Pt − OCH2 − CH3 + H + + e−

(14)

Pt + CH3 − CH2 OH → Pt − CHOH − CH3 + H + + e−

(15)

Pt − OCH2 − CH3 → Pt + CH3 − CHO + H + + e−

(16)

Pt − CHOH − CH3 → Pt + CH3 − CHO + H + + e−

(17)

Pt − CHOH − CH3 + PtOH → 2Pt + CH3 − CH(OH)2

(18)

CH3 − CHO + PtOH → Pt + CH3 − COOH + H + + e−

(19)

Pt + CH3 − CHO → Pt − CO − CH3 + H + + e−

(20)

Pt − CO − CH3 + Pt → Pt − CO + Pt − CH3

(21)

Pt − CH3 + Pt − H → 2Pt + CH4

(22)

Pt − CO + PtOH → 2Pt + CO2 + H + + e−

(23)

A consistent decrease of the peak current density was observed with increasing
number of cycles as shown with arrow in Fig. 2.13b. This can be explained by the loss of
catalysts from the surface of the glassy carbon electrode and the consumption of ethanol.
In addition, a trend of negative shift of the potential of the peaks located around 0.5 V
was observed in the Fig.2.13b. That negative shift of the forward anodic peaks implies
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that the generation of CO2 is hampered by the adsorption of poisoning intermediate
species, such as acetaldehyde and acetic acid. The poisoning species are easily adsorbed
on the surface of the catalysts and occupy the electrocatalytic sites. If this occurs, the
main process of direct CO2 generation will be blocked due to failure of dissociative
adsorption of ethanol. Moreover, this also suggests another reason to explain why the
current density of EOR steadily decreases (Fig. 2.13b). When the current density of EOR
reached 0 mA cm-2, more ethanol was added to the solution. However, this step did not
lead to any noticeable increase in the current density. This result demonstrates that the
generation of zero current density is not due to the absence of ethanol but is due to the
loss of alloy catalysts.

2.3.7

EOR study of PtCr/GCE in acidic environment

The electrochemical properties of the as prepared PtCr alloy catalysts was identified
by using cyclic voltammetryin 0.1 M HClO4 solution at a scan rate of 10 mV s-1, same
condition as Pt/GCE for EOR. Based on the data presented (Fig. 2.14a), there is also a
cathodic peak at ~0.45 V coupled with a shoulder same as the Pt catalytic properties
shown in Fig. 2.13a. And a current excursion started around 0.75 V due to Pt oxide
reduction and formation respectively. A stable film of Pt oxide/hydroxide was generated
on the surface of PtCr electrode as demonstrated by previous reports.

73

a)

Cathodic
peak

b)

Fig. 2.14 Cyclic voltammograms of the PtCr/GCE electrode in 0.1 M HClO4 solution
without (a) and with (b) 1 M ethanol at the scan rate of 10 mV s−1. Graph (b) shows the
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stability test of the PtCr alloy catalysts for EOR (lines draw recorded at every 5 cycles
during the first 200 cycles, and then every 25 cycles after 200 cycles).

Due to the excellent corrosion resistance, wear resistance and mechanical properties,
Cr is chosen to form an alloy with Pt for EOR study. In Fig. 2.14b, with increasing
number of cycles, a persistent decrease of the peak current density was observed, but the
decreasing rate of PtCr/GCE is small that of Pt/GCE. So PtCr alloy catalyst shows a
better performance than Pt alone. Hence, the total efficiency for EOR is increased. There
was still a trend of negative shift of the potential of the peaks located around 0.5 V was
observed in the Fig.2,14b. So that means that the adsorption of poisoning intermediate
species during the CO2 generation process cannot be entirely stopped by Cr alloy. More
ethanol was added to the solution when the current density of EOR reached 0 mA cm -2,
but the current density did not increase anymore (as seen in Fig. 2.14b, 350 cycles) and
there was no any catalysts observed on the glassy carbon electrode. This result
demonstrates that all the alloy catalysts were loss into solution.
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2.3.8

Stability study of PAA/Pt/GCE for EOR
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Fig. 2.15 Cyclic voltammograms of the Pt/GCE ans PtCr/GCE electrode in 0.1 M
HClO4 solution with 1 M ethanol at the scan rate of 10 mV s−1 (a). Insert graph is the one
without ethanol. Graph b, c and d show the stability test of the /PAA/Pt/PAA for EOR.
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Fig. 2.15 shows the typical voltammograms of EOR in acidic media. Based on Fig.
2.13a, Pt/GCE displays a higher current density than PAA/Pt/GCE. Even though, as
demonstrated in previous work, PAA is not a catalyst for EOR, it allows the electrons
transfer through it. And the PAA/Pt/GCE electrode surface area was much smaller than
the surface area of Pt/GCE due a smooth PAA layer covering the surface, the current
density generated by Pt/GCE is higher than that generated by PAA/Pt/GCE. In the first
40 EOR cycles (Fig. 2.15b), the current density of EOR continually increased as the
ethanol concentration within the polymer approaches that of the bulk solution and reaches
its highest current density after 40 cycles due to time consummation of electrons transfer
to the surface. After 40 cycles, the current density begins to decrease. The CV data were
drawn every 100 cycles. Based on Fig. 2.15b, the rate of decreasing of 40 to 100 cycles
(0.0083 j/cycle) was slower than the rate from 100 to 200 cycles (0.0090 j/cycle). And
after 300 cycles, the current density 0 mA cm-2, so 1 M ethanol was added to the testing
solution. As shown in Fig. 2.15c, with the increasing concentration of ethanol, the current
density increased. Still due to the transfer process, the current density increased to highest
value with 319 cycles and kept dropping back to zero density. Consequently, as the PAA
layer started to degrade, more Pt nanostructured catalysts were exposed to the solution of
ethanol, the generated current of 319 cycles (2.81 j) was higher than the current generated
of 40 cycles (1.86 j). Then after the addition of another aliquot of 1 M ethanol to the
solution after 600 cycles and the same conclusion was reached based on Fig. 2.15d. Since
the protecting polymer was getting broken and more catalysts was lost into solution,
despite more ethanol being added to keep a high concentration, the current density could
not return back to the high vaule. After 900 cycles, regardless of how much ethanol was
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added; the current density could no longer be improved. The electrode surface was
physically checked and it was observed that no PAA or Pt nanoparticles were visible. A
current density and duration time for the stability test of PAA/Pt/GCE was summarized in
Table 2.2. The total experiment took around three days.

Table 2.2 Summary of stability test of PAA/Pt/GCE.
Number of
scan cycles
1

Current
density
(j /mA cm-2)
1.62

Duration
time (h)

Number of
scan cycles

0:05

500

Current
density
(j /mA cm-2)
0.25

Duration
time (h)
39:10

40

1.75

3:07

600

0.02

47:00

100

1.30

7:50

601

0.07

47:04

200

0.37

15:40

614

0.65

48:05

300

0.13

23:30

780

0.00

61:00

301

0.71

23:34

781

0.09

61:05

319

2.80

25:03

800

0.18

62:40

400

0.79

31:20

900

0.00

70:30
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2.3.9

Stability study of PAA/PtCr/GCE for EOR

a)

b)

Fig. 2.16 Stability test carried out for the PAA/PtCr/GCE electrode in 0.1 M HClO4
solution with 1 M ethanol using cyclic voltammograms at: (a) 1 to 600 cycles and (b) 600
to 900 cycles. Scan rate was10 mV s−1.
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A layer of PAA polymer was spin-coated on top of the catalyst in order to stabilize
the PtCr alloy catalyst on the surface of the glassy carbon electrode. Fig. 2.16a shows the
resulting stability data of PAA/PtCr/GCE recorded in 0.1 M HClO4 solution with 1 M
ethanol. In Fig. 2.16a, it can be seen that during the first cycle (red line in the graph),
there was no presence of the traditional peaks associated with EOR. Instead, typical
peaks associated with Pt oxide formation and reduction under acidic condition (around
0.45 V) were observed. First reason, PAA polymer is not a catalyst for EOR, and it takes
time for the ethanol to diffuse through PAA film in order to generate a significant
concentration at the near electrode vicinity of the PtCr alloy catalysts. Second, the
electrode surface is also occupied by Cr and Cr that are not catalysts for EOR. So in the
first 16 EOR cycles, the current density of EOR continually increased as the ethanol
concentration within the polymer approaches that of the bulk solution and reaches its
highest current density after 16 cycles. After this, the current density begins to decrease.
But the decreasing rate of PAA/PtCr/GCE was smaller than PtCr/GCE’s. In Fig. 2.16a,
the lines were drawn at every 10 cycles, and after the current density reached 1 mA cm -2,
the curves were generated at every 25 cycles. In order to keep a consistent ethanol
concentration, more ethanol was added at every 300 cycles. After 600 cycles, the typical
EOR peaks can still be observed as shown in Fig. 2.16b. The PAA/PtCr catalyst showed
durability in testing over the course of three days.
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2.3.10 Comparison between PtCr/GCE and PAA/PtCr/GCE

Table2.3 Summary of current density of PtCr/GC and PAA/PtCr/GC at different
potentials under certain cycles.
PtCr/GCE
(j at different potentials)
0.45 V
0.70 V
1.10 V

PAA/PtCr/GCE
(j at different potentials)
0.45V
0.70V
1.10 V

1

9.70

3.49

4.28

1

-0.48

--

--

5

10.08

6.01

6.22

5

3.20

3.05

5.49

10

10.07

6.08

6.01

10

4.22

3.70

6.39

20

10.04

5.78

5.75

16

4.70

3.89

6.75

30

9.79

3.80

5.71

20

4.51

3.61

6.50

40

6.60

2.04

3.52

40

3.49

3.08

6.01

50

5.29

1.57

3.17

50

2.69

2.46

5.77

100

1.82

0.5

1.67

100

2.11

1.60

4.56

As discussed in previous work, with PtCr as catalyst, the generated current density
reached the highest value at the fifth cycle. When PtCr catalyst was covered with PAA, it
took longer time to generate the highest value (at 16th cycle). After 40 cycles, the current
density produced by PtCr catalyst is higher than that of produced by catalyst with PAA at
the potential around 0.45 V, but the current density produced by the PtCr catalyst is lower
than that of the catalyst with PAA at the potential 0.70 V and 1.10 V. With PAA covered
on the surface of PtCr catalyst in the first 100 cycles, the overall current decreasing
density rate (0.0259 j/cycle) is smaller than that of the catalyst without PAA (0.0825
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j/cycle). Certain numbers of cycles are chosen in Table 2.3, these cycle numbers are just
helped to show the variation tendency.
The faradaic efficiency is the ratio of the average number of electrons transferred per
molecule of ethanol (nav) to the maximum of 12 for the complete oxidation to CO2 (εF =
nav/12). It is determined by the product distribution according to the following equation
[50]

:
nav =∑ 𝑛𝑖 · fi
So the overall efficiency is in direct proportion to the total number of electrons

transferred during the reaction.

[51]

Based on Faraday’s law

Q

M

m = ( )( )
F
z
and the total charge Q is the electric current I (t) integrated over time t. F is the
Faraday constant, z is the valency number of ions of the substance.
Then

m

1
∫ I(t)dt
) (z)
F

n=M=(

where F and z are constants, so that the larger value of Q the lager n will be.
In the CV data, potential is the function with time, so one complete CV cycle area
represents as the charge passed during the reaction. And I = j A, j is the current density, A
is the electrode surface area. After the conversion, the number of electrons transferred
during one CV cycle is directly proportional to the CV shape area. The summary for each
CV cycle area with PtCr or PAA/PtCr as catalyst is shown in the following table.
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Table 2.4 Summary for each CV cycle area with PtCr or PAA/PtCr as catalyst
PtCr

PAA/PtCr

1

0.00216

1

--

5

0.00305

5

0.00229

10

0.00304

10

0.00262

20

0.00271

16

0.00274

30

0.00219

20

0.00270

40

0.00163

40

0.00246

50

0.00142

50

0.00229

100

0.00073

100

0.00185

200

0.00021

200

0.00124

300

---

300

0.00101

The peak current density of the catalyst PtCr with PAA was smaller compared to the
catalyst without PAA at potential 0.45 V in first dozens of cycles, but these peaks were
very sharp, and the current density of the catalyst with PAA was higher compared to the
catalyst without PAA at potential 0.70 V and 1.10 V after fifty cycles as shown in Table
2.3. So the total charge of the catalyst PtCr of each cycle was smaller than that of with
PAA after thirty cycles as shown in Table 2.4. And the PtCr catalyst with PAA can stand
to more cycles, therefore the overall efficiency the PtCr catalyst with PAA are better than
that of catalyst without PAA. Similar calculation method can be used to compare the
electrocatalytic efficiency between catalyst Pt and PtCr. Based on the CV graphs, the
current density generated by the catalyst Pt and PtCr was nearly equal at potential 0.45 V,
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but the current density generated by the catalyst Pt was smaller than by PtCr at potential
0.70 V and 1.10 V. So, the overall efficiency of the catalyst PtCr was higher than that of
pure Pt. Then the over order of electrocatalytic efficiency is PAA/PtCr ˃ PtCr ˃ Pt.

2.4 Conclusion
In this work, Pt and PtCr alloy catalysts had been successfully deposited on a glassy
carbon electrode using CV in acidic media. Also the best experimental concentration of
HClO4 and ethanol had been studied. For pure PAA and Cr, both of them have no
electrocatalytic properties for ethanol oxidation reaction, but both will help to improve
the efficiency of fuel cells. The general diameter of the Pt nanoparticles was around 50120 nm. PtCr nanoparticles were determined to be around 105 nm and the surface
aggregates were from 400 nm to 1μm at 40 cycles. The stability of the catalysts had been
studied by using the membrane PAA as supporting material. PAA alone was found to be
inactive toward the ethanol oxidation reaction, but after spin coating a layer of PAA
polymer (thickness ~4µM) on the top of Pt and PtCr alloy nanoparticles, this layer of
polymer permitted ethanol to travel through, and becoming oxidized with the catalysts.
Moreover, due to its fascinating properties, the stability in acidic media, good mechanical
strength and electronic conductivity, PAA was found to function as supporting material
for the electrocatalyst. All of the designed electrodes, Pt/GCE, PtCr/GCE, PAA/Pt/GCE
and PAA/PtCr/GCE, exhibited oxidation currents for ethanol oxidation reaction. After the
electrodes were coated with PAA, the activity of working electrodes was reduced based
on the current density of ethanol oxidation. However, both of the catalysts were proven to
be three times as durable, so that indicated that the PAA was effective at preventing the
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loss of the electrodeposited catalysts into the solution. Finally, based on the calculation,
the overall electrocatalytic efficiency is PAA/PtCr higher than PtCr than Pt.
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Chapter 3

Greener synthesis of platinum nanostructured catalysts with sugar
ligands as potential catalysts for ethanol oxidation reaction

Noble-metal nanoparticles have attracted significant interests due to their
applications as catalysts. Synthesis of anisotropic nanoparticles are important for
applications in sensing, catalysis, electrodeposition, solvothermal method, evaporation &
condensation and ethanol oxidation reactions (EOR). Among the noble-metal
nanoparticles, platinum has gained a lot of attention because most fundamental studies of
EOR in acidic media have been performed on platinum. However, the biggest challenge
of synthesizing Pt nanoparticle is that higher energy is required to reduce Pt4+ in order to
achieve complete four electrons transfer. In this work, a greener, fast and easy method
has been used to generate anisotropic Pt nanostructured materials. The first step in the
greener method is the preparation of different types of sugar ligands using a rapid, twostep procedure. Cyclic voltammetry characterizations showed that the synthesized sugar
ligands are electroactive. The synthesized sugar ligands were subsequently combined
with aqueous Pt4+ in pure water. The mixture was kept at room temperature for several
hours, leading to the generation of pure metallic nanostructured platinum materials,
which only relies on the reduction of Pt4+ into Pt0 that is followed by capping and
stabilizing with the sugar ligands reactions. The resulting Pt nanostructured materials
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exhibit different shapes and sizes. Transmission electron microscopy (TEM), energy
dispersive spectroscopy (EDS) and X-ray diffraction (XRD) were used to confirm the
nature of the nanostructured materials.

3.1

Introduction
Direct ethanol fuel cells are popular due to the fact that ethanol is renewable, non-

toxic to the environment, and provides thermodynamic high energy yield.

[1-2]

Platinum

(Pt) is the most popular catalyst in ethanol oxidation under acidic conditions owing to its
excellent performance.

[3-5]

However, low surface area, and poisoning by carbon

monoxide and acetaldehyde, which cause decrease in available active Pt site and
development of high over-potential, decrease the performance of Pt anode. [6-7] In order to
improve the catalytic performance of platinum, alloyed platinum nanoparticles or
utilization of conductive support materials and doping agents (like sulpshur and nitrogen)
can be used to improve the performance of platinum electrodes in ethanol electrooxidation reactions. [8-10]
In addition to increase the surface area of the catalysts, empowering the
microenvironment of the catalysts will improve ethanol electro-oxidation into carbon
monoxide but will decrease the byproduct formation which can poison the catalysts, that
turns into diminishing in operational stability.

[2,11-14]

Therefore, Pt nanoparticles

synthesis with controlling the surface chemistry is critical to improve anodic performance
in direct ethanol fuel cells. The most common approach in synthesis of platinum
nanoparticles (PtNPs) is colloidal method.

[15-16]
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In this approach, Pt salt is dissolved in

aqueous or organic media, which undergoes reduction to form PtNPs (such as by NaBH4
and radiation).

[17-18]

The formed PtNPs are further capped and stabilized by a proper

agent. From simple organic molecules (e.g. surfactants) to polymers are utilized to
control the growth and stability of the PtNPs.

[19-20]

The strong side of this technique is

that simple alcohols and other organic solvents can be utilized to control shape and size
under ambient conditions. However, surfactants and polymeric stabilizing agents are
required to protect the PtNPs.

[21-23]

Besides, the surface chemistry needs to further

improve by functionalization.
Despite of the fact that colloidal method is most widely preferred one in PtNPs
synthesis, microemulsion method can advance the control of size, shape, stability,
polydispersity and surface chemistry.

[21, 24]

Sol-gel and co-precipitation approaches are

the two most common approaches for microemulsion mediated PtNPs synthesis.

[24-26]

In

this method, the synthesis and capping/stabilization by a surfactant take place
simultaneously in order to provide monodispersed PtNPs. Administration of different
surfactants and utilization of super critical fluids including carbon dioxide can be
incorporated to the synthesis to alter the shape. [27-28] The negative side of this approach is
that they require organic surfactants, and they are mostly energy intensive approaches. [21,
29]

In synthesis of PtNPs for electro-oxidation reactions, impregnation method is among
the most widely followed one.

[30]

In this approach, nanoparticle formation takes place

liquid-solid interface of gas-liquid interface, where PtNPs are formed and impregnated
into the other metallic structures.

[31-33]

Even though this method is easy to use, demand
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for high temperature (e.g. 600 °C) and reducing agents and flammable gas make the
method require expertise and expensive. [34-35]
Sugar and polymers have been reported as reducing and stabilizing agents in
synthesis of metallic nanoparticles

[36]

while sugars haven’t been reported in synthesis of

PtNPs. However, sugars from plant extracts were speculated to take place in PtNPs
formation.

[37]

palm waste.

And also it was reported that people can get renewable sugars from iol

[38]

In contrast to this, Platinum (II)-sugar based organometallic compounds

have been reported for biological applications.

[39]

In the reported method, the sugar

ligands are utilized to synthesize platinum nanoparticles by following colloidal synthesis
approach. Pt4+ ions are mixed with sugar ligands in 18.2 MΩ pure water under stirring
conditions (e.g. 120-240 rpm) to form uniformly distributed PtNPs. Shape and size
control of the PtNPs were provided by selection of sugar ligands and sugar ligands/ Pt4+
ratio. As reported previously for gold nanoparticles,

[40]

the sugar ligands served as

reducing, capping and stabilizing agent. Rational design of sugar ligands allows
development of electroactive partners coating on the PtNPs’s surface during the synthesis
process, which possibly improves the electro-oxidation of ethanol and decrease poisoning
of the catalyst owing to the amphiphilic microenvironment of the metallic core.
In this study, six types of sugar ligands had been tested with cyclic voltammetry
method and the results showed that the synthesized sugar ligands are electroactive,
especially

the

N,N’-dilactosylphenylene

(LPDA)

ligand

which

showed

great

electrochemical performance. Then a green, easy and fast synthesis method had been
developed by just mixing sugar ligands with PtCl4 solution at room temperature for six
hours. So different size and shapes of nanostructured Pt materials has been formed.
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3.2

Experimental

3.2.1

Reagents and Instruments

Platinum(IV)

chloride(PtCl4),

4’4-oxidianiline(ODA),

N,N-dimethylacetamide

(DMAC), N,N-dimethylformamide(DMF) and pyromellitic dianhydride(PMDA) were
analytical grades, purchased from Sigma-Aldrich and used without further purification.
perchloric acid (HClO4, 70%) was purchased from Fisher. Ethyl alcohol (200 proof) was
obtained from PHARMCO-AAPER. 3 mm glassy carbon electrode, Pt wire electrode and
Ag/AgCl were purchased from BASi (West Lafayette, IN). Photographic paper was
purchased from Fuji company.
Major surface characterization was employed by Transmission Electron Microscope
(JEM 2100F TEM from JEOL). AUTOLAB potentiostat (PGSTAT204, with Nov.1.10
software) was used for all the electrochemical detection. Spin-coater (CHEMAT
Technology-KW-4A) was used to spin coat a layer of PAA on the surface of electrodes.
Bruker D8 Discover XRD system had been used to take of the XRD patterns of Pt
samples. And E-beam evaporator (ATC Orion 8 – E, AJA International) had been used to
prepare gold paper-based electrode.

3.2.2

Preparation of Sugar ligands stock solutions

All the sugar ligands were synthesized by Dr. Yazgan and obtained from him (the
synthesis procedure is shown in Appendix 1).
N,N’-dilactosylphenylene

(LPDA),

[41]

All the sugar ligands is recorded as

Lactose+p-aminosalicylic
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acid

(LpAS),

D-

galactose+(3-amino) propylaniline (44DG), lactose-4,4-ethylenedianiline (L-44EDA),
galactose-4,4-ethylenedianiline (G-44EDA) and galactose-4-sulfonyl phenyelendianiline
(GPSA). All the sugar ligands were prepared a concentration of 20 mg/mL as stock
solutions for further use. And the electrochemical characteristics of the sugar ligands
were conducted in this study.

3.2.3

Cyclic Voltammetry tests for different types of sugar ligands

Three electrodes system had been used in this study as follows:
Working electrode (WE): gold paper-based gold electrode was prepared by E-beam
evaporating gold nanoparticles on hp advanced photo paper. The blank photo paper was
placed on the holder and screwed it as shown in Fig. 3.1a. The E-beam evaporation was
processed by ATC Orion 8 – E evaporator manufactured by AJA International, Inc. So
the thickness of gold on the photo paper could be controlled by the evaporator as 100 nm.
After E-beam evaporation, a shiny layer of gold was observed as shown in Fig. 3.1b. The
working electrode was cut as a strip with 0.5 cm as width and only 0.5 cm was dipped in
the testing solution. Thus, the paper-based gold strips can be used as working electrode
for CV characterization of sugar ligands.
Counter electrode (CE): Pt wire
Reference electrode (RE): Ag/AgCl
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a)

Before

b)

c)

After

WE (0.5 cm ×0.5 cm)

Fig. 3.1 Pictures of paper-based gold electrode made by before (a) and after (b) Ebeam evaporation. And overview of paper working electrode (c).

Different concentrations of sugar ligands had been prepared for CV tests. First, 1 L
pH= 7 buffer was prepared by adding 8.0 g NaCl, 200.0 mg KCl, 1.44 g Na2HPO4 and
240 mg KH2PO4 into 800 mL distilled water in the order. Then the solution was adjusted
to pH=7 and added distilled water until volume is 1L. The preparation of different sugar
ligands testing solution is shown in Table 3.1. For example, for LPDA, 0.1 mg/mL, 0.25
mg/mL, 0.5 mg/mL, 1.0 mg/mL and 2.0 mg/mL were prepared by 0.05 mL, 0.125 mL,
0.25 mL, 0.5 mL and 1.0 mL 20 mg/mL LPDA solution into 10 mL pH=7 buffer,
respectively. After preparing the solutions, Pt wire and Ag/AgCl were connected into
system as CE and RE. And a mark was made on gold strip to make sure exactly 0.5 cm of
paper immersed into testing solution. So different concentrations of LPDA had been
scanned at a range from -0.5 V to 1.0 V with a scan rate at 100 mV/s. Meanwhile, 1.0
mg/mL LPDA/Buffer was also examined at different scan rates. Following same
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procedure, other five different types of sugar ligands had also been tested with CV
method.

Table 3.1 A summary of the preparation of sugar ligands testing solution
Testing concentration

Volume of sugar ligands

Volume of pH=7 buffer

(mg/mL)

in stock solution (mL)

solution (mL)

0.1

0.05

9.95

0.25

0.125

9.875

0.5

0.25

9.75

1.0

0.50

9.5

2.0

1.0

9.0
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3.2.4

Synthesis of Pt nanostructured Materials

Fig. 3.2 Scheme of synthesis procedure of Pt nanostructured materials (PtNSs) with
different types of sugars in aqueous solution at room temperature.

PtCl4 solution was prepared with a concentration of 0.02 mM in water. Six different
types of sugar ligands solutions were all prepared as 20 mg/mL. For all the normal
synthesis, the total reaction volume was 1.0 mL and was put in a clean glass vial. As the
first synthesis of Pt with LPDA, 0.5 mL 0.02 mM PtCl4 and 0.5 mL sugar ligands
solution was mixed together and left at room temperature for six hours. Also, different
ratios between PtCl4 and LPDA were prepared as shown in Table 3.2, by keeping the
same amount of PtCl4 (0.5 mL) and mixing with 0.025 mL, 0.05 mL, 0.1 mL, 0.2 mL and
0.3 mL of LPDA solution, respectively. Finally, water was added water to the vial until
the total volume reached 1.0 mL as the scheme shown in Fig. 3.2.
Following the same procedure, other five sugar ligands, LpAS, 44DG, L-44EDA, G44EDA and GPSA, had also been used for synthesizing Pt nanostructured materials and
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meanwhile different volume ratios (mL/mL) between sugar ligands and Pt raw solution
depended on the performance of sugar ligands.

Table 3.2 A summary of different volume ratios between PtCl4 solution and sugar
ligands solution for metallic materials synthesis
Synthesis

3.2.5

Volume of PtCl4

Volume of sugar

Volume of

solution (x mL)

ligands solution (y mL)

water (z mL)

1

0.5

0.025

0.475

2

0.5

0.05

0.45

3

0.5

0.10

0.4

4

0.5

0.20

0.3

5

0.5

0.30

0.2

Ethanol Oxidation Reaction detection with LPDA synthesized PtNPs

Sugar ligands LPDA synthesized Pt nanoparticles (LPDA-PtNPs) was mixed
together with PAA viscous solution (PAA solution was prepared as shown in Chapter 2).
Then 1.0 mL mixture solution was added on glassy carbon electrode by spin coating at
5000 r/min in 10s and recorded this electrode as PAA/LPDA-PtNPs/GCE. The
PAA/LPDA-PtNPs/GCE was left in room temperature over 24 hours for drying and used
as working electrode for later detection. The ethanol oxidation reaction was tested in a
mixture with 1 M ethanol and 0.1M HClO4 and CV method was used by scanning
potential from 0 V to 1.4 V at a scan rate of 10 mV s-1.
100

3.3

Results and Discussion

3.3.1

CV testing results for different sugar ligands

3.3.1.1 CV spectrogram for LPDA
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c)

Fig. 3.3 CV results of LPDA under different concentration (mg/mL) at 100 mv/s (a)
and with 1.0 mg/mL concentration under different scan rate (b) in PBS buffer pH=7. And
the reaction process of sugar ligands LPDA (c).

Typical CV voltammograms of sugar ligands LPAD in PBS buffer are shown in Fig.
3.3. In Fig. 3.3a, CV characters of LPDA was observed by preparing different
concentration solutions and scanned at 100 mv/s. With increasing the concentration, the
total current was also improved. And two reversible redox couples can be seen from each
sample solution, especially the one with highest concentration. Solution 1.0 mg/mL
LPDA/PBS was also detected at different scan rate as shown in Fig. 3.3b. Higher current
was generated under higher scan rate and an almost steady decline trend of current can be
seen in the graph due to the decreasing of scan rate. The multi-cyclic voltammograms
show that a huge oxidation waves occur at 0.1V and small oxidation waves come up
around 0.58 V. In the reverse scan, two reduction curves are shown around 0.28 V and
0.68 V. The chemical structure of LPDA is shown in Fig. 3.3c, benzene ring is in the
middle with a good symmetry.
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Fig. 3.4 A typical CV voltammogram of LPDA with 1.0 mg/mL concentration at
100mv/s scan rate.

In order to further study the electrochemical properties of LPDA, the CV
voltammogram under 1.0 mg/mL concentration at 100 mv/s scan rate was taken out for
drawing an individual graph. As shown in Fig. 3.4, there are two distinct reversible redox
couples peaks, then defined them as anodic peak potential Epa1 (0.28 V) with cathodic
peak Epc1 (0.11 V), and anodic peak potential Epa2 (0.68 V) with cathodic peak Epc2 (0.59
V). The formal reduction potential (Eo E1/2) for this two reversible couples defined as
1
E1O ≈ E1/2
=

Epa1 +Epc1

2
E1O ≈ E1/2
=

Epa2 +Epc2

2

2

=

=

0.28 +0.11
2

0.68 +0.59
2

= 0.195 V

= 0.635 V

103

The peak separation is defined as the difference between the two peak potentials:
∆ Ep1 = Epa1 − Epc1 = 0.28 − 0.11 =

∆ Ep2 = Epa2 − Epc2 = 0.68 − 0.59 =

0.059
n1

0.059
n1

V,

V,

n1 = 0.35

n2 = 0.66 ≈ 1

So based on the calculations, for the first redox reaction, there is 0.35 electron
transferred during the reaction. The calculation may be affected by the diffusion rate of
analyte since 0.059 V is a theoretical value. Typically, values observed experimentally
are greater, often approaching 70 to 80 mV.

[42]

And the second redox couple peak is

resulting from one electron reduction and oxidation. The two electrons transfer can be
due to one proton loss from each -NH- function group connected with middle benzene
ring as the chemical structure shown in Fig. 3.3c. [43]
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Fig. 3.5 ipc2 vs concentration at 100 nm/s (a) and ipc2 vs v1/2 with 1.0 mg/mL (b).

Randles-Sevick equation was used for plotting Fig 3.5：
5

3/2

ip = 2.69 * 10 n

1/2

AD

1/2

Cυ

As shown in the equation, ip is the peak current (A); n is the electron stoichiometry,
2

3

A is the electrode area (cm ); C is the concentration, (mol/cm ); υ is the scan rate, (V/sec).
D is diffusion coefficient of the analyte. The proportionality of the peak current to υ

1/2

or

to C serves as the basis for the quantitative measurement. Liner graphs of ipc2 vs
concentration at 100 nm/s and ipc2 vs v1/2 with 1.0 mg/mL have been demonstrated in Fig.
3.5. All R2 values are really close to 1, mean these electrode reactions are reversible.
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3.3.1.2 Summary of nonreversible sugar ligands
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b)
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f)
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Fig. 3.6 CV results of LpAS (a), 44DG (c), L-44EDA (e), G-44EDA (g) and GPSA
(i) with different concentration (mg/mL) at 100 mv/s, 1.0 mg/mL concentration of sugar
LpAS (b), 44DG (d), L-44EDA (f) and G-44EDA (h) under different scan rate in PBS
buffer pH=7, respectively. And the chemical structures of sugar LpAS (j), 44DG (k), L44EDA (l), G-44EDA (m) and GPSA (n), respectively.

Same testing method had been used for sugar ligands LpAS, 44DG, L-44EDA, G44EDA and GPSA and typical CV spectrums are shown in Fig. 3.6. Fig. 3.6a, 3.6c, 3.6e,
3.6g and 3.6i were tested under different concentration for five types sugar ligands at 100
mv/s. And Fig. 3.6b, 3.6d, 3.6f and 3.6h were the detection results of sugars with 1.0
mg/mL concentration and scanned at 100 mv/s relatively. As shown in all the cyclic
voltammogram, no distinct reversible redox couples observed in the graphs. Especially
for sugar GPSA, it is not as electroactive as other sugar ligands as shown in Fig. 3.6i due
to its special chemical structure with the functional group -OSO- in the middle between
two benzene rings as shown in Fig. 3.6m. And still a summary of anodic peak potential
and cathodic peak potential for all the sugar ligands under same condition are listed in
Table 3.3.
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Tab 3.3 All sugar ligands are under the same condition: 1.0 mg/mL, scan at 100
mv/s and in PBS buffer pH=7.
Eo(V)

ipa (A)

-0.3

0.25

-0.00009

0.00041

0.75

-0.25

0.25

-0.00014

0.00006

L-44EDA

0.7

-0.35

0.175

-0.00017

0.0002

G-44EDA

0.68

-0.35

0.165

-0.00015

0.00005

Sugar

Epc (V)

Epa (V)

LpAS

0.8

44DG

3.3.2

Characterization of Pt Nanostructured Materials

3.3.2.1 Pt Ultra small nanoparticles synthesized with LPDA

a)

b)
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ipc (A)

c)
d)

e)

f)

Fig. 3.7 TEM micrographs show size and shape of Pt (a, b and c) nanoparticles,
digital photo of LPDA-Pt reaction solution under different ratios after one hour. EDX (e)
and XRD (f) spectra of synthesized LPDA-PtNPs, respectively.

Four different volume ratios between sugar ligands 20mg/mL LPDA and 0.02mM
PtCl4 had been used to synthesize Pt nanomaterials (PtNPs). By increasing the amount of
sugar ligands in the total reaction solution, the color of final solution was changing to
darker as shown in Fig. 3.7d. After 12 hours, black precipitate can be observed at the
bottom of vial with the strongest concentration of LPDA as seen in Fig. 3.7d (top picture).
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Size and morphological characterization of sugar ligands LPDA synthesized Pt
nanoparticles (LPDA-PtNPs) is reported in Fig. 3.7a to Fig. 3.7c based on 0.5 mL PtCl4
and 0.5mL LPDA, monodispersed uniform nanoparticles are generated. The diameter is
around 3-5 nm as seen in Fig.3.7c. Fig. 3.7f shows XRD pattern of LPDA-PtNPs, the
strong characteristic diffraction peaks at 2θ = 39.6 º, 46.2º, 67.5º and 81.4º can be
assigned to the Pt crystalline planes of (1 1 1), (2 0 0), (2 2 0) and (3 1 1), respectively.
So LPDA-PtNPs is demonstrated to be face-centered-cubic (FCC) crystalline structure.
The diffraction peak for Pt (111) can be used to estimate the size of PtNPs by the
Scherrer’s equation: D = 0.89λ/(β cos 𝜃), where wavelength λ is equal to 0.156 nm, β
is the line broadening at half the maximum intensity and 𝜃 is the related Bragg angle. The
final calculation for the average diameter of Pt nanoparticles is 3.6 nm, which is
consistent with the TEM results. Meanwhile, EDX spectrum approves that pure Pt
nanoparticles was generated by LPDA as seen in Fig. 3.7e.
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3.3.1.2 Pt synthesized with LpAS

a)

b)

c)

d)

Fig.3.8 TEM micrographs show size and shape of Pt (a, b and c) nanoparticles
synthesized with LpAS and corresponding size distribution histogram for LpAS-PtNPs.
Inserted digital photo in d is the picture of final reaction solution.

In Fig. 3.8, a representative TEM images and corresponding size distribution
histogram of sugar ligands LpAS synthesized Pt nanoparticles (LpAS-PtNPs) is reported.
The reaction was carried out with 0.5 mL 0.02 mM PtCl4 and 0.5mL 20mg/mL LpAS and
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LpAS shows a better performance as stabilizer compared with LPDA since there was no
sedimentation observed in the vial (as top digital photo shown in Fig.3.8d). Finally a
homogeneous stable dark purple reaction solution was formed. As shown in Fig. 3.8b and
3.8c, uniform spherical Pt nanoparticles were generated in a size range around 3 nm to 10
nm, and most concentration ranges from 5 nm to 7 nm with the percent over 70%, which
is consistent with the size distribution histogram in Fig. 3.8d. The XRD pattern is shown
in Fig 3. 11h, since the formed LpAS-Pt reaction solution was homogeneous and uniform,
it was hard to separate sugar ligands with generated tiny Pt nanochips, the XRD pattern
was got with no peaks as shown in Fig.3.11h.

3.3.1.3 Pt synthesized with 44DG

a)

b)
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c)

d)

Fig. 3.9 TEM images of 4.5 mL 44DG with 0.50 mL PtCl4 (a,b and c) and
photograph of different concentration of 44DG with PtCl4 added (d).

During this part, different volume ratios between sugar ligands 44DG and PtCl4 has
been studied. As seen in Fig. 3.9d, the volume ratios (mL/mL) prepared as 20 mg/mL
44DG to 0.02 Mm PtCl4 equaled 0.05 : 0.5, 0.1 ：0.5, 0.5 : 0.5, 1.0 : 0.5 and 4.5 : 0.5,
respectively. And the total volume of reaction solution was 5.0 mL. With increasing the
concentration of sugar ligands 44DG, the color of reaction solution was getting darker
and brownish turbid solution was formed with the highest concentration of sugar as
shown in Fig. 3.9d Based on TEM images of fifth prepared solution, in Fig.3.9a to 3.9c,
there is some small nanoparticles (25 nm to 50 nm) around big sphere, and the size of
sphere is over 0.2 μm and they all aggregated together.
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3.3.1.4 Pt nanochips synthesized with L-44EDA

b)

a)

d)

c)

d)
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e)
6h

Fig. 3.10 TEM images of 1.0 mL L44DA with 0.50 mL PtCl4 (a, b, c and d) and
EDS spectrum (e). Insert digital photos were taken after sugar ligands solution added into
vial in one minute and six hours, respectively.

In this preparation, as shown in Fig.3.10e, the left insert digital photos was taken
after sugar ligands solution added into vial in one minute and a dark purple layer could be
seen on the top before mixing solution together. That demonstrated that this reaction was
happened immediately. After six hours, a stable black solution was formed as the right
insert digital photo shown in Fig. 3.10e. Typical TEM detections was shown in Fig. 3.10a
to 3.10d based on the highest concentration of L-44EDA. For the overall view of
synthesized Pt nanochips (L-44EDA-PtNCs) was generated with a diameter around 100
nm as shown in Fig.3.10a. By zooming up the scale, nanochips was overlap together.
And in Fig.3.10b and 3.10d, more details morphology of nanochips can been observed
and all the tiny nanoparticles (size around 1nm to 2 nm) aggerated together to form the
nanochips. Finally, the EDS spectrum shows the strong intensity peak of Pt nanoparticles.
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3.3.1.5 Pt nanoflowers synthesized with G-44EDA

a)

c)

b)

d)
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e)

f)

g)

h)

Fig. 3.11 TEM micrographs show size and shape of Pt (a, b, c, d, e and f)
nanoflowers, EDX (g) and XRD (h) spectra of synthesized G-44EDA-PtNFs, respectively.

Fig.3.11a to 3.11f shows the representative TEM images for Pt sample synthesized
with 0.5 mL 20 mg/mL G-44EDA and 0.5 mL 0.02 mM PtCl4 at room temperature.
Based on the TEM images, an extraordinary Pt nanoflowers (G-44EDA-PtNFs) was
generated. The synthesized nanoflowers show a big head with 50 nm to 100 nm width
and a small root, so it looks like dandelion. Increasing magnification, as shown in Fig.
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3.11e and 3.11f, there are some tiny particles with size about 1 nm to 2 nm that surround
the big nanoflowers. So the Pt nanoflowers were formed due to the aggregation of ultrasmall nanoparticles. The crystalline nature of nanostructured Pt was confirmed from the
X-ray diffraction analysis as shown in Fig. 3.11h. The crystalline phases obtained with
the formation of Pt nanoflowers could be indexed to (1 1 1), (2 0 0), (2 2 0) and (3 1 1)
planes of FCC bulk metallic counterparts, but the related diffraction peaks related to (2 0
0), (2 2 0) and (3 1 1) planes are not observed in the XRD pattern due to the bad
crystallinity and good homogeneous stability of reaction compared with LPDA
synthesized Pt nanoparticles. EDS pattern (as seen in Fig. 3.11g) gives a strong evidence
that pure Pt nanomaterials was produced.

3.3.1.6 Pt ultra-small nanoparticles synthesized with GPSA

)

)

119

)

Fig. 3.12 TEM images of 0.5 mL GPSA with 0.50 mL PtCl4 (a and b), EDS
spectrum (c) with an insert photograph of GPSA added to PtCl4 solution immediately.

In this part, GPSA was used as reducing and stabilizer agent. By adding sugar
ligands directly into PtCl4 aqueous solution, the black color formed immediately, like a
drop of ink was added into water. Based on TEM images (Fig. 3.12a and 3.12b, 0.5 mL
GPSA with 0.50 mL PtCl4), monodispersed uniform nanoparticles were formed with a
nanoparticles size from 3 nm to 6 nm. And the EDS spectrum shows the strong intensity
peak of Pt nanoparticles. So GPSA is a strong reducing agent that can be used to
synthesis Pt nanoparticles. As the XRD pattern shown in Fig 3. 12h, there were no peaks
observed due to the combination between sugar ligands and Pt nanoparticles.
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3.3.3

Ethanol oxidation study with LPDA-PtNPs

Fig. 3.13 Cyclic voltammogram of the PAA/LPDA-Pt/GCE electrode in 0.1 M
HClO4 solution with 1 M ethanol at the scan rate of 10 mV s−1.

Pt nanostructured materials is the most common catalysts for ethanol oxidation
reaction, for the purpose of confirming the electrochemical properties of the sugar ligands
synthesized Pt nanomaterials, cyclic voltammogram was carried out with 1 M ethanol in
0.1 M HClO4 solution and scanned at a rate of 10 mV/s, same as the method shown in
previous chapter. All the sugar ligands synthesized Pt nanomaterials were homogeneous
and stable in the solution only except the one synthesized with LPDA due to black
precipitate at the bottom of vial. So the Pt nanoparticles was separated from LPDA by
centrifugal machine and the black sediment was dried with nitrogen gas. The working
PPA/LPDA-PtNPs/GCE electrode was prepared by adding PPA and LPDA-PtNPs
mixture in the middle of glassy carbon electrode and spin coated it. The final EOR CV
test is shown in Fig.3.13, there is no any traditional peaks observed due to EOR. The
main reason is that high surface area is the guarantee of high catalytic activity. Even
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though ~ 5 nm PtNPs had been synthesized, all the nanoparticles aggregate together after
the working electrode prepared by spin coating. So a big visible black dot can been seen
in the PAA layer which on the surface of glassy carbon electrode. The aggregation of
catalysts will block the electrocatalysis of PtNPs definitely. For the other sugar ligands
synthesized Pt nanomaterials were even hard to be separated from sugar ligands solution
due to their good stability. Hence, for the future work of this study, a new method should
be developed to prepare a better working electrode for getting a uniform distribution of Pt
catalysts in the PAA layer on the glassy carbon electrode. Due to small size of Pt
nanoparticles and some unique shapes and structures, sugar ligands synthesized Pt
nanomaterials show great potential as functional electrocatalysts for EOR and even other
applications.

3.4

Conclusion
In this chapter, different sizes and shapes of Pt nanostructured materials, such as

ultra-small uniform nanoparticles, fancy nanochips and nanoflowers, had been
successfully synthesized with six types of sugar ligands by using simple, easy and fast
one step method at room temperature in water. Some interesting color change of reaction
solutions were also observed. The electrochemical characterizations of sugar ligands had
been tested by CV method with three electrodes system. Especially sugar ligands LPDA
showed two reversible redox couples and great electroactivity compared with other five
sugar ligands. So far, the electrocatalysis of synthesized Pt nanostructured material
haven’t been successfully tested for ethanol oxidation reaction, but their small size and
unique morphology show great potential for working as catalysts.
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Chapter 4

Green and rapid synthesis of nanostructured Ag metallic materials with
different sugar ligands in water

Synthesis of metallic nanomaterials have attracted a lot of attention recently because
the nanostructured materials show unprecedented optical and electrical properties in
comparison with their bulk counterparts. Hence a green, easy and fast synthesis of Ag
nanostructured materials with sugar ligands in water had been developed in this chapter.
Six types of sugar ligands had been used as reducing and stabilizing agents without
adding any other strong toxic reductant or surfactant. The reactions just occurred by
combining sugar ligands with AgNO3 aqueous solution at room temperature and allowing
the reaction to occur within a few hours. Ag nanoworms was generated by reacting with
sugar ligands LpAS and a shiny layer of Ag mirror was observed on the surface of the
vial. Ag nanoflowers were formed with sugar ligands G-44EDA and different size Ag
nanoparticles were generated with the rest four types of sugar ligands.

4.1

Introduction
One dimensional (1D) or two dimensional (2D) metallic nanostructured materials

provide some many attractive characters, like distinct mechanical, large surface, catalytic,
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electrical and optical and optoelectrical properties, which are different from the
corresponding nanoparticles or nanoclusters.

[1-2]

These fascinating properties make them

more attractive in the development of stretchable materials, conductive circuits, and are
also applicable to surface-enhanced Raman scattering (SERS) and other catalysis
applications.[2-4] However, the synthesis of these one-dimensional or two-dimensional
nanomaterials, (e.g., gold nanosheets, gold templates, silver nanoribbons, and silver
nanowires) always require multistep reactions where toxic organic chemicals (e.g.,
dibenzyl and hexadecyltrimethylammonium bromide (CTAB)) and also very strict
experimental conditions (e.g., higher temperatures and vacuum).

[2,5]

Another

unavoidable abuse is that spherical nanoparticles are forming as byproducts in addition to
the sustainable generations.

[6-8]

To overcome these issues, greener chemicals and easy

methods are proposed to synthesize nanostructured materials, for instance, green
synthesis of Au nanoplates was reported for extract of lemongrass. [8-9] But these types of
green methods have been reported for their lack of reproducibility and uncontrolled
surface chemistry. [9-11]
Wet-chemical reduction method is a common approach to synthesize metallic
nanostructured materials and shows strict control on shape, size, surface chemistry,
polydispersity and elemental composition. [12-16] These are the most important parameters
for defining the functionality of the nanomaterials. Shape directing agents from small
ligands to polymers and frameworks have been applied to control shape along with the
need of applications. Templated preparation of 1D nanomaterials has some inherent
problems, such as structural and mechanical issues. Template free synthesis of 1D require
special conditions, like relatively high temperature (~ 500 °C) and pressure (~ 50 MPa). [1,
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17]

In the case of seed growth gold nanoribbon synthesized at a mild temperature (<50 °C),

but NaBH4 and CTAB or even other toxic solvents are required as reducing agents.

[18-19]

In addition, the formed nanoribbons and the other 1D nanomaterial forms also require
some surfactants as stabilizer.

[20-22]

Furthermore, directed electrochemical nanowire

assembly is a famous method to fabricate electrode-nanowires assemblies.

[23-25]

The

growth procedure is preceded by immersing working electrode and counter electrode into
a salt solution and an alternating voltage generated between these two electrodes.
Subsequently, the metallic species crystallization is placed on the working electrode
during the negative half cycles. [26-27]
In addition to strong dichroism in absorption spectra, waveguiding is an important
phenomenon for 1D or 2D silver and gold nanostructured materials that is a prominent
character for nearfield microscopy and data storage.

[28-29]

Nanostructured materials can

also be promising as ‘antenna’ where precise transfer of light is extremely important.
31]

[30-

Besides to SERS, silver and gold chain nanostructures can also transfer incident light

that is smoothened by near field coupling between the closely spaced particles, where the
speed can reach up to 1/10th of the speed of the light depending on the size and shape. [3233]

The near field interactions can advance ultrasensitive sensor development as well as

their potential in optoelectronics.

[34]

In addition to optical properties, 1D nanoparticle

arrays show unprecedented electrical (non-linear) and magnetic properties.

[35-36]

For

example, ultralong 1D nanowires and nanoribbons can perform ballistic and quantum
charge transfer what make them charming for optoelectronics.

[37-38]

So due to these

fascinating properties of 1D and 2D nanostructured of Ag materials, people are eager to
develop a green and easy method to synthesize them.
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In this cahpter, a green and easy method was reported to synthesize pure metallic
nanostructured silver by the reduction of aqueous Ag+ with different types of sugar
ligands. All the sugar ligands were already indicated in Chapter three. Different size and
shapes of silver nanoparticles were generated with different types of sugar ligands. A
detailed discussion of silver nanoworms that were generated with LpAS is shown in this
Chapter due to its unique structure. Toxicity detection of bacteria and fungi had also been
achieved using with LpAS-Ag nanostructures materials. Ag nanoflowrs were produced
with sugar ligands G-44EDA. All the synthesis procedures were very simple, fast, and at
room temperature with no other additional reducing agent or surfactant agent was added.

4.2

Experimental

4.2.1 Reagents and Instruments
Silver nitrate (AgNO3, 99%) was purchased from Sigma-Aldrich, Milwaukee, WI.
And then 0.02 mM AgNO3 aqueous solution was prepared for further using. Six types of
sugar ligands powder, like LpAS, G-44EDA, LPDA, L-44EDA, 44DG and GPSA were
obtained from Dr. Yazgan and then re-constituted as 20 mg/mL in water for further using.
Major characterization instruments employed include Transmission Electron
Microscope (JEM 2100F TEM from JEOL), Hewlett Packard 8453 UV-VIS
spectrophotometer, Bruker D8 Discover X-ray Diffraction (XRD) system.
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4.2.2

Synthesis of Ag Nanostructured Materials

The synthesis procedure for Ag materials is extra-ordinarily simple and easy. For all
the preparations, the total reaction volume was 1.0 mL and a 5.0 mL clean vial was
needed. For first synthesis, sugar ligands LpAS had been used, so 0.5 mL 0.02 mM
AgNO3 was reacted with 0.5 mL 20 mg/mL LpAS at room temperature. So the initial
reaction concentration for LpAS was 10 mg/mL and this sample will be labeled as
LpAS/Ag+ with ratio 10.0/1.0. The reaction only took couple hours and then a shiny
silver mirror layer was formed on the surface of glass vial. Other samples synthesized
with same method and kept same volume of AgNO3 aqueous solution, but different
amount of LpAS was added, like 0.025 mL, 0.05 mL, 0.1 mL, 0.2 mL and 0.3 mL,
respectively. For the last step, pure water was added to each vial until the total reaction
volume reached to 1.0 mL. So the initial reaction concentration for LpAS was 0.5 mg/mL,
1.0 mg/mL, 2.0 mg/mL, 4.0 mg/mL and 6.0 mg/m, respectively. Then these prepared
sample solutions will be labeled as LpAS/Ag+ with ratio 0.5/1.0, 1.0/1.0, 2.0/1.0, 4.0/1.0
and 6.0/1.0, respectively.
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Table 4.1 A summary of different volume ratios between PtCl4 solution and sugar
ligands solution for Ag materials synthesis
Solution

LpAS/Ag+

Volume of

Volume of

Volume of

LpAS (mL)

AgNO3 (mL)

Water (mL)

1

0.5/1.0

0.025

0.5

0.475

2

1.0/1.0

0.05

0.5

0.45

3

2.0/1.0

0.1

0.5

0.4

4

4.0/1.0

0.2

0.5

0.3

5

6.0/1.0

0.3

0.5

0.2

6

10.0/1.0

0.5

0.5

0

Under the same synthesis method, sugar ligands LpAS was replaced by other five
sugar ligands, G-44EDA, LPDA, L-44EDA, 44DG and GPSA, so different sizes and
shapes of Ag nanostructured materials had been synthesized.

4.2.2

Fluorescence and UV Characterization

Prepared sample solutions with different LpAS/Ag+ ratio 0.5/1.0, 1.0/1.0, 2.0/1.0,
4.0/1.0, 6.0/1.0 and 10.0/1.0 were just put directly into UV-VIS spectrophotometer and
recorded data.
Synchronous fluorescence spectroscopy was utilized to study of the fluorescence
character of the LPAS- Ag nanostructured material (LpAS-AgNSs) because of its
superior properties. The deposited LpAS-AgNSs were re-dissolved in nanopore water
with resistively of 18.2 MΩ, and plastic fluorescence cuvette was utilized. 400-700 nm
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wavelength range with Δλ 10 nm, 1.5 nm Ex/Em slit with and sensitivity was high.
Shimadzu RF5301PC fluorimeter by LabSolutions RF was utilized to record the spectra.

4.2.4

Toxicity determination of LpAS synthesized Ag nanomaterials with bacteria
and fungi

Standard nutrient agar was prepared for antibacterial detection. In this part, the
toxicity of LpAS-Ag nanoparticles, nanorods and nanoworms were studied with
Escherichia coli (E. coli) 25922 bacteria, Penicillium italicum (P.italicum) and
Glomerella cingulate (G.cingulata ) fungi. Different ratios of LpAS/Ag+ 0.5/1.0, 1.0/1.0,
2.0/1.0, 4.0/1.0, 6.0/1.0 and 10.0/1.0 were tested and coated as LpAS-AgNS6, LpASAgNS5, LpAS-AgNS4, LpAS-AgNS3, LpAS-AgNS2 and LpAS-AgNS1, respectively.
108 cfu/mL of E.coli was placed on agar and incubated for four days. Different LpAS-Ag
treated media was used as 100 µL. So same experimental conditions had been utilized for
two fungi. Just two different concentration of P.italicum had been prepared as 105
spores/mL and 103 spores/mL, one concentration of G.cingulata had been prepared as 105
spores/mL.
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4.3

Results and Discussion

4.3.1

Characterization of Ag nanomaterials synthesized with LpAS

4.3.1.1 Morphology study

a)

b)

c)

d)
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e)

f)

Fig. 4.1 TEM images of Ag nanoparticles and nanoworms synthesized with different
concentrations of LpAS, 0.5 mg/mL (a), 1.0 mg/mL (b), 2.0 mg/mL (c), 4.0 mg/mL (d),
6.0 mg/mL (e) and 10.0 mg/mL (f), respectively.

Typical TEM images were carried out at different concentration of LpAS in order to
elucidate the size and shape evolution of the Ag nanostructured materials. As shown in
Fig. 4.1, it is clear exhibited that at the lowest concentration of LpAS (0.5 mg/mL), only
some small size of Ag nanoparticles was generated (Fig. 4.1a). With increasing the
concentration of LpAS to 1.0 mg/mL, more nanoparticles were produced, and the size
was also getting bigger, as shown in Fig. 4.1b. In Fig. 4.1c, the concentration was
doubled (2.0 mg/mL), short Ag nanorods were generated at this time. Meanwhile there
are still some big nanoparticles around the nanorods with the diameters around 20-30 nm
as seen in the top insert image in Fig. 4.1c. At the same time, there are still tiny Ag
nanoparticles with diameter less than 10 nm can be seen around nanorods and big
nanoparticles as shown in the bottom insert image in Fig. 4.1c. Hence, with increasing the
concentration of LpAS, bigger size nanoparticles and even nanorods were formed due to
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the cluster of small size of Ag nanoparticles. When the concentration of LpAS reached to
4.0 mg/mL, the formation of Ag nanoworms can be seen in Fig. 4.1d. Still there are some
small size nanoparticles (diameter about 10-15 nm, insert images in Fig. 4.1d) adhered on
the surface of nanowires. With keep rising the concentration of LpAS, more stable and
bigger diameter nanoworms were formed as shown in Fig. 4.1e and 4.1f. There was
almost no any Ag nanoparticles exist in Fig. 4.1f.
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4.3.1.2 Characterization of Ag Materials using UV-Vis, EDS and XRD

a)

b)
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Fig. 4.2 UV-vis spectra recorded as a function of different concentration of LpAS for
synthesizing Ag nanostructured material (a) and insert digital photo is the picture of 10.0
mg/mL LpAS with aqueous Ag+ after eight hours; UV-vis of 10.0/1.0 LpAS/Ag+ (b).

Formation of the Ag nanoworms by reduction of the aqueous Ag+ ion with sugar
ligands LpAS may be easily followed by UV-vis spectroscopy, so Fig. 4.2 shows a
typical UV-vis spectrum of the Ag with different concentration of LpAS. The reaction
solution was brown, and the silver mirror reaction occurred after eight hours as shown in
the insert picture in Fig. 4.2a, an obvious shiny layer of silver adhered on the surface of
glass vial. There is a peak about 525 nm relate to pure LpAS as shown in Fig. 4.2a. With
increasing the concentration of LpAS, the peaks are extended to two small peaks due to
the generation of Ag nanostructured materials as the black line shown in Fig. 4.2a with
0.5 mg/mL sugar ligands, the first peak around 525 nm is still due to the combine with
sugar ligands LpAS, and the second peak around 565 nm is because the generation of Ag
nanoparticles. Meanwhile, there was not a lot amount of Ag nanoparticles formed, so the
UV peaks is not obvious. When the concentration of sugar ligands has been improved,
the Ag peaks around 565 nm are more distinct as shown in Fig. 4.2b. Also, there is an
overall red-shit for all the peaks due to the formations of bigger size Ag nanoparticles,
nanorods and nanoworms, especially for the highest concentration LpAS with much
larger aspect ratio of the Ag nanoworms.
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a)

b)

Fig. 4.3 EDS (a) and XRD (b) patterns of Ag nanoworms synthesized with 10.0
mg/mL LpAS.

The EDS spectrum clearly demonstrate that Ag metallic material had had been
formed as shown in Fig. 4.3a. The sample XRD pattern of the Ag nanoworms is shown in
Fig. 4.3b, the peaks occurring at 38.1°, 44.3°, 64.4°, and 77.8° are indexed as (111), (200),
(220) and (311) facets, so these obtained diffraction peaks consistent with the bulk FCC
crystal structure of Ag. And the sharp peaks also indicate that the Ag nanoworms has a
good crystallography. As shown in the spectrogram, (111) peak exhibits the highest
intensity compared with other peaks’ intensity, thus indicates that the preferential growth
direction of Ag nanoparticles was following (111) plane. That’s also coincidence with the
formation of Ag nanoworms.
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Fig. 4.4 Schematic illustration of the growth mechanism of the proposed Ag
nanoworms with different concentration of LpAS at room temperature.

A particular summary for the observed growth mechanism of Ag nanoworms is
depicted in Fig. 4.4. When small amount LpAS was added resulting to the formation of
silver spherical nanoparticles and the size of nanoparticles is tiny. Double amount of
LpAS was mixed into the reaction solution, then big size spherical like nanoparticles was
formatted due to small size particles aggregated together. So the initially formed silver
particles served as the nucleation sites for later formation resulting in the bigger size
nanoparticles generated. Keeping double the concentration of LpAS to 2.0 mg/mL, big
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size nanoparticles clustered together to form silver nanorods. LpAS was not only working
as reducing agent, but also could electrostatically bind to select facet of Ag nanocrystals
via -COO- or -NH functional groups.

[39-40]

Hence, more particles were preferentially

deposited on the excitation facets and less particles were aggregated on the passivated
facets. Subsequently, Ag nanoparticles fellow anisotropic growth on short surface and
then culminate into short nanorods. By keep increasing the concentration of LpAS, short
Ag nanorods culminated together to generated long nanoworms and there were still some
small particles adsorbed on the long nanoworms. Final, with the highest concentration of
LpAS, long smooth Ag nanoworms was formed.
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4.3.1.3 Fluorescence characterization of Ag materials

Fig. 4.5 Fluorescence characterization of LpAS-AgNSs at different LpAS/Ag+ ratio.

Synchronous fluorescence spectroscopy was utilized to characterize fluorescence
properties of LpAS-Ag nanostructured materials (LpAS-AgNSs). As shown in later TEM
images in Fig. 4.3, the size of silver nanoparticles is over 2 nm, so the observed
fluorescence was coming from LpAS molecule itself. In general, only reveal surface
plasmon resonance (SPR) peak are not fluorescent. In parallel to decreasing LpAS/Ag+
ratio, the observed fluorescence intensity was decreased, and excitation/emission showed
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a red shift. The observed higher fluorescence capability and relatively lower
Excitation/Emission wavelength for Ag nanoworms can be resulted from two possible
reasons. First, a better resonance energy transfer between the Ag nanoworms and LpAS.
Second, at lower LpAS/Ag+ ratio, the aromatic groups strongly interacted with silver
nanoparticles possibly decreasing fluorescent character of LpAS. In addition to these,
overall area ratio to volume will be higher for LpAS-Ag nanoworms in comparison to the
larger counterparts, which also contributed the observed fluorescence intensity difference.

4.3.1.4 Toxicity detection results for LpAS-Ag nanomaterials.

a)
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b)

Fig. 4.6 Toxicity of the LpAS-Ag nanostructured materials on E.coli. 108 cfu/mL of
E.coli was placed on the control and LpAS-Ag treated media in 100 µL. All samples
were left total 4 days incubation at room temperature, with LpAS/Ag+ ratio of 10.0/1.0 (i),
6.0/1.0 (ii), 4.0/1.0 (iii), 2.0/1.0 (iv), 1.0/1.0 (v) and 0.5/1.0 (vi), respectively (a) and
related analysis histogram (b).

LpAS-Ag nanostructured materials showed size-independent toxicity towards E.coli
detection. As detailed shown in Fig. 4.6, the observed toxicity of the nanostructured
silver does not only dependent on the shape and size, but the inoculum concentration is
also key component where low inoculums are more susceptible to the toxicity. Therefore,
very high concentration of inoculum (E.coli, 108 cfu/mL) was utilized to find out how
different shapes and sized nanostructured Ag possessed different antibacterial activity.
LpAS-AgNS1 (LpAS/Ag+ ratio of 10.0/1.0) did not even allow E.coli to attach on the
surface. While slight attachment of E.coli was observed on the LpAS-AgNS2 treated agar
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even though no growth was seen. In contrast to this, LpAS-AgNS3 did not show any
inhibition ability. LpAS-AgNS4, LpAS-AgNS5 and LpAS-AgNS6 showed slight
inhibition capability as 40%, 60% and 50% as shown in Fig. 4.6b.

a)
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b)

c)
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Fig. 4.7 Toxicity of the LpAS-Ag nanostructured materials on P.italicum. 105
spores/mL of P.italicum was placed on the control and LpAS-Ag nanomaterials treated
media in 100 µL. 103 spores/mL of P.italicum was inoculated on the plates labeled from
vii-vvii. Six LpAS-Ag solutions were utilized. The following plates were treated with the
same amount of LpAS-Ag nanostructured materials and refers as LpAS/Ag+ ratio of
10.0/1.0 (i and vii), 6.0/1.0 (ii and viii), 4.0/1.0 (iii and viv), 2.0/1.0 (iv and vv), 1.0/1.0
(v and vvi) and 0.5/1.0 (vi and vvii), respectively (a). Toxicity of the LpAS-AgNPs on
G.cingulata. 105 spores/mL of G.cingulate was placed on the control and LpAS-AgNPs
treated media in 100 µL (Control, i-vi), i-vi refers to LpAS/Ag+ ratio of 10.0/1.0, 6.0/1.0,
4.0/1.0, 2.0/1.0, 1.0/1.0 and 0.5/1.0, respectively (b). All were left for a total 4 days
incubation at room temperature. And growth histograms for two fungi (b).

LpAS-AgNS3 did not show any inhibitory activity on P.italicum under the tested
conditions (shown in Fig. 4.7a-iii), but showed over 80% growth suppression capability
on G.cingulata (as shown in Fig. 4.7b-iii). The most characteristic effect was observed
for LpAS-AgNS1 which not only decreased the growth (~ 60% for G.cingulata and
P.italicum) but also it prevented G.cingulata invasion towards the edges. This effect was
not clear for the other LpAS-AgNSs except LpAS-AgNS6 which showed the second
highest inhibitory capability. LpAS-AgNS4 and LpAS-AgNS5 showed over 50%
inhibitory effect on G.cingulata. In contrast, only LpAS-AgNS5 and LpAS-AgNS6 in
addition to LpAS-AgNS1 showed over 50% inhibitory effect on P.italicum growth.
The LpAS-AgNSs did show some size-independent antimicrobial activity and
specific to the type microorganism as bacteria or fungi. The obtained outstanding
antibacterial capability cannot be claimed as only size-dependent since similar sized
AgNS showed relatively weak effect; LpAS itself showed decreasing antibacterial
capability, therefore it can be claimed that the obtained antibacterial activity was a
cooperative activity of LpAS and the AgNS. In contrast to antibacterial capability of the
LpAS-AgNSs, larger LpAS-AgNSs showed better capability towards the tested fungi
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species, which is contracting classical understanding of size-dependent AgNSs. There can
be two possible explanations for this observation: first, shape dependent anti-fungal
activity was more dominant for LpAS-AgNSs as described before, and second the
interaction between LpAS-AgNSs allowed the chemically more/less toxic LpAS to the
tested fungi since at different LpAS/AgNSs the interaction will be different.

4.3.2

Ag nanoflowers synthesized with G-44EDA

a)

a b)
)

b
)
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c

c)

d

d)

)

)

CuKa

e)

AgLa

e)
e)
CuKb
CuLa
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f)

Fig. 4.8 TEM images of Ag nanoflowers synthesized with 10.0 mg/mL G-44EDA at
different scan scales (a, b, c and d), respectively. EDS (e) and XRD (f) patterns of Ag
synthesized nanoflowers.

It was noted that Ag nanoflowers was generated as shown in typical TEM images in
Fig. 4.8a. Sugar ligands G-44EDA with 10 mg/mL concentration was added into the
reaction solution and was left for six hours at room temperature. As shown in Fig. 4.8c
and 4.8d, there were some big and small size nanoparticles around the big nanoflowers.
As we discussed in LpAS-Ag nanoworms part, the growth procedure is followed by
isotropic formation mechanism. First, the initial generated small spherical nanoparticles
were worked as the middle islands for further particles coalesced together. Second, due to
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the –COO− or –NH functional groups, G-44EDA can electrostatically combine with Ag
select facets. Thus, lots of Ag particles was preferentially sedimented on active facets and
less number particles sedimented on the passivated facets, and the anisotropic growth
resulted in more Ag nanoparticles deposit on sharp branches, so culminating into
nanoflowers finally. The EDS spectrum (Fig. 4.8e) proves the existence of Ag. The
typical XRD pattern obtained for silver nanoflowers is shown in Fig. 4.8f, diffraction
peaks consistent with (111), (200), (220) and (311) facets demonstrated that the obtained
structure of Ag is face centered cubic crystal. In addition to the Bragg peaks on behalf of
FCC Ag nanocrystals, extra four peaks as marked with stars are not assigned with any
facets. But as similar results were reported by Shankar and Philip

[41-42]

, Ag nanoparticles

synthesized using geranium leaf extract or mushroom extract, these peaks are also
observed and suggested that the bioorganic phase crystallized on the surface of the silver
nanoparticles.
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4.3.3

Ag nanoparticles synthesized with different sugar ligands

b)

a)

d)

c)
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e)

f)

h)

g)

Fig. 4.9 TEM images of Ag nanoparticles synthesized with 10.0 mg/mL LPDA (a),
L-44EDA (c), 44DG (e), GPSA (g), and the size distribution diagrams (b, d, f and h),
respectively, inserts are just digital photos of reaction solutions for each sample.

Representative TEM images and corresponding size distribution histograms of Ag
nanoparticles generated with different sugars were shown in Fig. 4.9. When 10.0 mg/mL
LPDA was used as solvent, small Ag spherical was formed and with a size range
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concentrated in 5-7 nm as shown in Fig. 4.9a and 4.9b. After replacing the sugar ligands
with L-44EDA, Ag nanoparticles were generated with a size rang around 6-8 nm as
observed in Fig. 4.9c and 4.9d. For 44DG synthesized Ag nanostructured materials (as
shown in Fig. 4.9e and 4.9f) almost spherical Ag big nanoparticles was produced and
over 60% particles were focused on a size rang around 20-40 nm. Meanwhile, there were
still over 20% of nanoparticles found in the size around 60-80 nm. So 44 DG-Ag
nanoparticles shows the worst dimension uniformity compared with other sugar ligands
employed Ag nanoparticles. For the last sample, sugar ligands GPSA had been used and
spherical like particles were most distributed in a size range around 25 nm – 30 nm. As
shown with the insert digital photo, black precipitate was formed at the bottom of vial.
This part gives a clear proof that different types of sugar ligands contribute to form
different sizes and shapes of Ag nanoparticles due to their intrinsic chemical structure
with different function groups.

4. Conclusion
During this work, six types of sugar ligands had been used to synthesize Ag
nanostructured materials by a simple, easy, fast method at room temperature with no
other toxic or expensive inhibitor or surfactant added. When sugar ligands LpAS was
used, Ag nanoparticles, nanorods and nanoworms were generated due to the different
reaction concentrations of LpAS. When concentrated 10 mg/mL LpAS was added, due to
the -COO- or -NH functional groups, excitation facets are more attractive for more
particles to sediment on them and passivated facets did not catch much particles to
aggregate them. Thus, FCC crystal structured Ag nanoworms were formed as
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demonstrated by XRD. For the antibacterial testing, LpAS-Ag nanoworms did not even
allow any E.coli attachment on the surface. But at the same time, LpAS-Ag nanoworms
showed better capability towards the tested fungi species due to its big size compared
with other Ag nanostructured materials. Ag nanoflowers was formed with sugar ligands
G-44EDA followed by isotropic growth mechanism. The remaining four types of sugar
ligands were tested to generate different sizes of Ag nanoparticles. So due to the different
chemical structures of sugar with different functional groups, different sizes and shapes
of Ag nanostructured materials had been successfully synthesized at room temperature
within six or eight hours.
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Chapter 5

Novel Electrode Materials for Improving the Efficiency of Microbial
Fuel Cells (MFCs)

Microbial fuel cells (MFCs) are attracting more and more attention as new
alternative energy due to its double benefits of using waste water as resource while
generating power. The purpose of this work is to develop novel electrode materials for
improving the efficiency of MFCs. For the traditional design of MFCs, one chamber
device was used in this work, catalysts were deposited on the reticulated vitreous carbon
electrode (RVC, working as cathode) with CV method to improve power generation.
Meanwhile the different types of mini structured paper based MFCs had been studied in
this part and the design of devices were carried out by Professor Choi’s research group.
The main goal for this work is to develop novel electrode materials to improve the
efficiency and power output of paper based MFCs. The synthesizing PAA can be used to
modify paper as supporting substrate, and also could be mixed together with different
carbon materials as conducting glue. PPDD worked as ion exchange membrane in paper
based MFCs.
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5.1 Introduction
Energy is a kind of resources that humans need for everyday life. And the energy
demands are increasing rapidly based on the development of technique and the
population of the world. Due to the global shortage of fossil energy and the damage when
people exploit and use the fossil energy, seeking for new reproducible energy has
attracted more and more attention from people. [1] Even though scientists have done a lot
of research and hard works looking for new alternative energy, people still can’t find a
completely independent method to replace fossil energy. [2,3] For this reason, we are likely
need a lot of alternative energy with various functions. Microbial fuel cell (MFC) is an
innovative power output device, which utilizes microorganisms as catalysts to metabolize
fuel and covert chemical energy into electrical energy.

[4-7]

A traditional MFC is

comprised with an anode chamber, a cathode chamber and a proton exchange membrane.
[8-9]

It possesses both waste disposal and electricity output at the same time and is a

promising new energy. But at present, the most challenge for the application of MFCs is
the low power output. [10]
Considered from the structure of MFC, the microorganism is attached to surface of
anode, so the selection of the anode materials can affect not only the amount of active
microorganisms adhering to the surface of electrodes, but also the rate of electrons
transferred from the microbial cells to the anode, which has a very important impact on
improving the performance of MFC's electricity production.

[9-13]

The essential

requirements for anode materials as well as cathode materials should include high
conductivity, low resistance, high specific surface area, appropriate mechanical strength,
high porosity, non-toxic, non-corrosiveness, non-bacteria clogging, strong bio159

compatibility, chemical stability and low cost.

[10]

So far, carbon materials are the most

popular and widely used materials for MFCs anode performance studies, like graphite
particles, graphite rod, graphite plate, graphite fiber brush, carbon clothe, carbon paper,
carbon felt, carbon mesh, activated carbon, reticulated vitreous carbon (RVC), etc.

[5, 14-22]

And also nanostructures carbon materials are gaining more attention recently, like carbon
nanotubes, nanofibers and nanowire. [23-25] Actually, people also tried some non-carbon
materials as anode materials (like titanium, stainless steel and gold), they all shown many
issues, for instance, not stable, unsuitable and the maximum power density was very low,
etc.

[26-28]

The cathode materials also have a great impact on the power output of MFCs.

The most common cathode materials are still based on carbon materials. And for
improving the performance, catalysts can be modified on carbon materials among which
Pt is the most popular one. [27] The basic principle of one chamber MFC is the same as
conventional two chambers MFC, and it is much simpler to use a single chamber.
Meanwhile, one chamber MFCs will the trend of the development of MFC in the future.
Recently, paper based miniaturized biological fuel cells attract a lot of attention. [28]
The paper substrate is gain more interest for high-performance devices due to its unique
advantages, such as low cost, multifunctionality, versatility, flexibility, and disposability.
[29-33]

So paper based miniaturization MFC exhibits intrinsic advantageous features such

as large surface area-to-volume ratio, short electrode distance, and fast response time,
theoretically producing far better performance than macro-sized MFCs. [34-36] Therefore
many paper-based biological fuel cells have been successfully developed for various
applications, such as a urine-activated battery for biosystems and a sweat-based
epidermal biofuel cell for wearable physiological monitoring. [37-38]
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In this study, we focused on the novel electrode materials that can improve the
efficiency of both traditional one chamber MFC and paper based mini size MFCs. First,
for the traditional one chamber design, reticulated vitreous carbon (RVC) was used as
anode due to its high surface area and porosity. Pt catalyst was deposited on the RVC as
cathode to improve power generation. Second, different types of mini structured paper
based MFCs had been studied in this part and the designs of MFCs devices were done by
Professor Choi’s research group. Synthesized PAA can be used to modify paper as
supporting substrate and also could work as conducting glue by mixing together with
different carbon materials and coated on paper later. Viscous PPDA can be used as ion
exchange membrane in this work.

5.2

Experimental

5.2.1

Reagents and Instruments

5.2.1.1 One chamber MFC
Reticulated vitreous carbon (RVC) with different ppi (the amount of pores per inch
of foam, 10, 20, 30, 45 and 80, as some shown in Fig. 5.1) served as both anode and
cathode material, purchased from Duocel (Oakland, CA). E. coli (ATCC#11775) was
purchased from ATCC (USA). Platinum (IV) chloride (PtCl4) was analytical grades and
purchased from Sigma-Aldrich. Hydrochloric acid (HCl, 36.5% ~ 38%) was purchased
from Fisher. Carbon disk electrode and Ag/AgCl were purchased from BASi (West
Lafayette, IN). Tryptic Soy Broth (TSB) which was purchased from Fluka Analytical
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(USA). The concentration of TSB intermedium was made to 30 g/L and autoclaved 30
minutes before use.
RVC foam was shaped in 8 cm ×1 cm ×1 cm as electrode material. Different ppi
was tested in this work. These tests were conducted in Tryptic Soy Broth (30 g / L) with
bacteria (E.coli #11775).

a)

b)

c)

d)

Fig. 5.1 Pictures of RVC 30 ppi (a) and pores external view with 10 ppi (b), 45 ppi (c)
and 80 ppi (d).

Major characterization instruments employed include Scanning electron microscope
(Zeiss Supra 55 VP analytical ultrahigh resolution FESEM + EDAX Pegasus EDS +
EBSD equipped with SmartSEMTM), Ultimate Electrochemical Workstation VSP multichannels potentiostat (BioLogic Science Instruments),

5.2.1.2 Paper based MFCs
Activated carbon (100 mesh) was obtained from Aldrich Chemical Company, Inc..
Graphite ink (E3449) was purchased from ERCON, MA. Graphite particle obtained from
Professor Choi. N,N-dimethylformamide (DMF),

N,N-dimethylacetamide (DMAC),

pyromellitic dianhydride (PMDA), p-phenylenediamine (PPD), 4’4-oxidianiline (ODA)
were obtained from Sigma-Aldrich (St Louis MO) and used without further purification.
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Spin coater (CHEMAT Technology-KW-4A), Whatman # 1mm Chromatography
(CHR) paper (marked as thin paper) and Whatman # 3mm CHR paper (marked as thick
paper) coated with or without wax (modified by Maedeh Mohammadifar and Yang Gao),
E-beam evaporator (ATC Orion 8 – E, AJA International).

5.2.2

Electrodeposited Pt nanoparticles on the surface of RVC

This section used similar electrodeposition solution, as show in Chapter 2 (8.0×10-4
M PtCl4 and 0.01M HCl), was used for depositing Pt on different ppi of RVC. A
traditional three electrodes cell system was used, RVC shaped in 8 cm ×1 cm ×1 cm was
used as working electrode, carbon disk electrode as counter electrode and Ag/AgCl as
reference electrode. All potentials were reported vs the Ag/AgCl reference electrode. CV
method was used, and potential was scanned between -0.3 V to 0.7 V for 20 or 40 cycles
to achieve Pt nanoparticles on the surface of RVC (denoted as RVC-Pt). After the
electrodeposition was accomplished, the modified electrode was rinsed with water for
several times and air-dried at room temperature for characterization and further use.

5.2.3

Electrochemical measurements of MFC

One chamber MFC was used in this part for testing different designs of electrode
materials. Before each experiment, all RVC electrodes were cleaned with ethanol
(prepared as 70% v/v) and bleach (10% v/v) for additional cleaning by sonication. The
concentration of E. coli (#11775) at the beginning of each experiment was prepared as
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108 ~ 109 CFU/mL. DPV method was used to test the power output properties based on
different design of RVC electrodes.
After each test, the porous RVC electrodes were cleaned with bleach (10% v/v) to
remove biofilm that were generated on the surface and kept them in acid solution
overnight. Then all the RVC electrodes, reference electrode Ag/AgCl and the final
solution were autoclaved for 30 minutes.

5.2.4

Synthesis of PAA and Poly (pyromellitic dianhydride-p-phenylene diamine)
(PPDD)

The 0.2 M PAA was synthesized as previously reported in Chapter 2.
0.16 M PPDD was synthesized with following procedures (developed by Victor
Kariuki and synthesized by myself): first, 1.384 g PPD was weighed in a beaker, then
slowly added 5.0 mL DMF into beaker with stirring. The reaction was kept at 40℃ on a
hot plate and was stirred until complete dissolution of PPD. Second, 75.0 mL DMAC and
2.848 g PMDA was added to by once and kept stirring over 12 hours. The whole beaker
was covered with aluminum foil. The isomeric PPDD formation via nucleophilic
substitution at an anhydride carbonyl and the resultant polymer is shown in Fig. 5.2. [39]
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Fig. 5.2 Isomeric PPDD formation via nucleophilic substitution at an anhydride
carbonyl and the resultant polymer. [39]

5.2.5

Modification of paper using PAA or PPDD

Prepare anode paper with PAA: The Whatman # 1mm (thin) and # 3 mm (thick)
CHR paper were first fabricated with wax and made by Maedeh and Yang. Then after
PAA was synthesized, the viscous solution was added on a piece of clean glass (30 cm ×
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30 cm), after 30 minutes, the PAA was half dry and the surface looked like jelly, then put
a page of Whatman # 1mm or Whatman # 3mm CHR paper on the top. After 12 hours,
tear off the whole page paper from the glass, then a shiny layer of PAA film was covered
on the surface of paper. For preparation of thin paper with Whatman # 1mm, a longer
time need to wait for PAA to dry, otherwise PAA solution would penetrate through the
whole paper.
Prepare cathode basic paper: for the air cathode, after a yellow PPDD solution was
synthesized, then put yellow solution on a piece of glass, put paper (two types of papers,
thin paper and thick paper, thin paper is for two and three layers MFCs design, thick
paper is for four layers MFCs design) above the solution, dry overnight. The modification
procedure is shown in Fig. 5.3.

Fig. 5.3 Scheme of modification paper with PAA or PPDD.
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5.2.6

Preparation of different anode materials

5.2.6.1 Screen Print Electrode
In this part of experiment, PAA viscous solution was used as conductive glue to
connect different carbon materials with paper. Several various types of anodic materials
were prepared for future power output test.
•

First type, activated carbon with PAA, different ratios between activated carbon
and PAA (1:3, 1:5 and 1:8) were made by adding different mass of active carbon
into different volume of PAA solution. The ratio 1:3 represents adding 1 g
activated carbon into 3 mL PAA, ratio 1:5 represents adding 1 g activated carbon
into 5 mL PAA and ratio 1:8 represents adding 1 g activated carbon into 8 mL
PAA. Completely mixed them and then screen printed them on the surface of
paper by painting brush, dry for 12 hours in the air.

•

Second type, graphite particles with PAA, different ratios were made by adding 1
g graphite particles into 3 viscous PAA solution, 1 g graphite particles into 5 mL
viscous PAA solution and 1 g graphite particles into 8 mL viscous PAA solution.

•

Third type, graphite ink with activated carbon together as 1:1 mass ratios. This
anode preparation was done together with Maedeh.
After all the different types of anode materials solutions were prepared, a flat

printing brush was used to print solutions on the surface of prepared MFCs papers.
Other anode materials (graphite particle with PTFE and graphite ink) were made by
Maedeh.
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5.2.6.2 Spin coating Materials on paper
Spin coating solution was made by adding 1 g activated carbon and 5 g graphite ink
into 5 mL PAA. Each spinning duration time was 10 s at 5000 r/min. All the samples
were covered over Whatman # 1mm. Different amount of mixed materials were added on
the paper as followed with different methods: 500 μL of mixture (recorded as L1_1), 1
mL of mixture (recorded as L1_2), 500 μL of mixture and waited 1h before dropping
another 500 μL (recorded as L1_1_1). The preparation steps are shown in Fig. 5.4. Also,
different spin speeds were used by adding 500 μL of mixture solution on the paper, 1000
r/min was denoted as L2-1, 3000 r/min was denoted as L2-3 and 5000 r/min was denoted
as L2-5.

Fig. 5.4 Scheme of spin coating modification procedure.
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5.2.7

E-beam evaporation preparation for anode materials

By using evaporator in the clean room, gold, copper and aluminum had been
evaporated on Whatman # 3mm and # 1 CHR paper. The thickness of evaporation was
controlled as 50 nm and 100 nm. Before each experiment, different templates needed be
made due to the different designs and shapes of paper MFCs. As shown in Fig. 5.5, two
templates were made, the templates were placed on another black pieces of Whatman
paper and tightened together in the holder, then coated with 50 nm or 100 nm metal via
E-beam evaporation on the surface.

Fig. 5.5 Templates graved on Whatman paper for E-beam evaporation.
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5.3

Results and Discussion

5.3.1

One Chamber MFC

5.3.1.1 Deposition results on different ppi of RVC
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Fig. 5.6 CV images of the Pt electrodeposition on the surface of different ppi of RVC,
10 ppi (a), 20 ppi (b), 30 ppi (c), 45 ppi (d) and 80 ppi (e) at different scan cycles,
separately.

Electrodeposition of Pt was processed under the same solution condition (8.0×10-4 M
PtCl4 and 0.01M HCl) and CV data setting with scanning total 40 cycles under 10 mV/s ,
only except different ppi of RVC had been used as working electrode. Based on Fig. 5.6,
CVs data was recorded, and the figures show the deposition process very well. In the
graphs Fig 5.6a, 5.6b, 5.6c and 5.6d, typical broad peaks of reduction of Pt can be seen
from 0.2 V to 0.5 V as discussed in Chapter 2. The peaks observed at the potential range
from -0.3 V to 0 V is due to the processing of hydrogen adsorption and desorption. When
the ppi of RVC was increased from 10 ppi to 45 ppi, the highest current of each
deposition was also increased. That will help to prove that more Pt was deposited on the
surface of RVC due to its increased number of pores and surface area. So higher ppi of
RVC is better for deposition but when the ppi reached to 80, there was no any
characteristic reduction peaks of Pt can be seen in Fig. 5.6e. That can be explained by
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two reasons. First, when the pores ratio is too high, it takes time for platinum ion transfer
from solution to the surface of carbon electrode. Second, the conductivity of RVC is
decreased with increased ppi. As shown in graphs, negative current is getting increased
due to the decreased conductivity result in the current for Pt reduction not obvious. A
summary of the Pt electrodeposition amount is shown in Table 5.1 based on the total
charge of 40 cycles.

Table 5.1 A summary of Pt amount deposited on RVC based on the total charge
after 40 cycles.
RVC

Amount deposited – Total Q

10 ppi

0.2195

20 ppi

0.2205

30 ppi

0.2747

45 ppi

0.2910

80 ppi

0.2005

172

a)

c)

b)

d)

0

e)

f)
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g)

h)

i)

Fig. 5.7 SEM images of the plain RVC (a and b), Pt electrodeposition on the surface
of different ppi of RVC, 10 ppi (c), 20 ppi (d), 30 ppi (e and f), 45 ppi (g) and 80 ppi (h),
separately. EDS spectrum (i) is for 30 ppi RVC.

The appearance of bare RVC is clean and smooth as shown in Fig. 5.7a and 5.7b. In
Fig. 5.7c to 5.7h, SEM images give a description of the overlook of different ppi RVC
after electrodeposition. Based on the results of Fig 5.7c, 5.7d and 5.7e, compared 10 ppi
and 20 ppi RVC with 30 ppi RVC, there was more Pt deposited on the surface with the
increasing ppi which is also coincided with the data shows in Table 5.1. Fig. 5.7f is an
overall appearance of 30 ppi RVC after deposition, and a white layer of Pt participles can
be seen on the surface. EDS spectrum (Fig. 5.7i) demonstrates that there was Pt particles
on the RVC after electrodeposition. When the ppi of RVC exceeds 45, the surface area,
porosity and conductivity will all affect the amount of Pt generated from
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electrodeposition and the calculation results (shown in Table 5.1) demonstrated that the
highest amount of Pt deposition was formed on 45 ppi RVC. Even though, there is no
traditional Pt reduction peaks visible in Fig. 5.6e, there were still some Pt particles
generated on the surface of 80 ppi RVC as shown in Fig. 5.7h.

5.3.1.2 Power Generation Test
5.3.1.2.1

Power output test with/without Pt catalysts
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Fig. 5.8 The V-I and P-I test curves of MFC with 20 ppi RVC (20 cycles deposition)
as electrode material with and without Pt catalysts.

For testing the performance of prepared electrode with 20 ppi RVC, one chamber
MFC was used. Plain RVC was used as both the anode and cathode electrode as control
since that was previous work been done in my group by Dr. Congdon.
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[40]

In my study,

plain RVC was used as anode electrode and RVC-Pt was used as cathode electrode.
Based on Fig. 5.8, it was apparently that RVC with Pt on the surface will significantly
increase the power output and open circuit voltage (OCV). The RVC-Pt cathode showed
0.35 V open circuit potential and 4.0×10-6 W maximum power output. But for the blank
RVC cathode, only 0.18 V open circuit potential and 2.4×10-6 W maximum power output
was got. So with Pt as catalyst, both the power output and OCV was doubled.

5.3.1.2.2

Power output test of RVC-Pt depends on different ppi
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Fig. 5.9 V-I and P-I curves for MFCs with different ppi RVC- Pt as cathode and 10
ppi RVC as anode.

In this part of work, different ppi of RVC with Pt worked as cathode had been used
for the study of performance of MFC. As shown in the graph (Fig. 5.9a), 45 ppi RVC
with Pt as cathode generated the highest power output compared with other ppi RVC
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cathodes. When increasing the ppi of RVC from 10 to 45, the power output of MFC
increased from 2.0×10-7 W to 3.0×10-6 W, so increased by fifty times. And the OCV was
increased by around four times from 0.15 V to 0.56 V. When the 80 ppi RVC was tested,
the power output of MFC decreased to 2.8 ×10-6 W. There are two reasons can help to
explain this phenomenon. First, more of Pt nanoparticles were deposited on RVC with
increasing ppi (demonstrate by CV calculations and SEM images), Pt worked as catalyst
to improve the efficiency of MFC, but 80 ppi is too high to get a good electrodeposition,
so the highest power output was got with 45 ppi. Second, the surface area and porosity of
RVC as working electrode is also increased with the increasing ppi. So, based on the
results, bigger ppi will help to improve the efficiency of MFC. But that’s not mean the
biggest is the best. When the ppi of RVC reached to 80, the transformation of electrodes
is getting harder duo to too much porous. Based on Fig. 5.9b, the ppi of RVC will not
affect a lot on open circuit potential, only 10 ppi RVC- Pt cathode got the lowest voltage.
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5.3.2

Origami fabrication 3-D paper based MFC

5.3.2.1 Pictures of paper MFCs

a)

(1)

(2)

(3)

(4)

b)
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d

c)

d)

)

e)

f)

Fig. 5.10 Pictures of origami fabrication process of the paper based MFC device (a),
schematic diagram of the working principle and its test setup (b), view of screen print
different carbon materials on paper in anode section (c), picture of PAA solution added
on the paper directly (d), evaporation preparation of gold (e) and aluminum (f) as anode
materials.

For normal MFC should include three parts, anode, cathode and ion exchange
membrane. Then all these components were prepared on a single sheet of paper and fold
the two-dimension paper to three-dimension MFC. As shown in Fig. 5.10a, the folding
process was done by order from (1) to (4), and then a single cubic four layers paper MFC
was got. The small open hole in the middle of anode is for adding bacterial. The basic
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working principle is also shown in Fig. 5.10b. Since the entire MFC was made by paper
and that will directly decrease the cost of device. And no extra pump is needed due to the
capillary force to flow liquid. Different types of prepared anode materials can be screen
printed on the anode paper part, as shown in Fig. 5.10c, a layer of smooth carbon mixture
was generated on the top. The around black hydrophobic area was covered by wax. The
limitation for this printing method is that it’s hard to keep exactly same amount of
mixture on the paper every time, so the experiment repeatability will be affected. If
viscous PAA solution was added on the paper directly, a PAA film layer was not visible
(Fig. 5.10d). E-beam evaporation is really good way to prepare electrode by controlling
exact same thickness and the amount of particles on paper every time. As shown in Fig.
5.10e and 5.10f, gold and aluminum were deposited on paper with controlled 100 nm
thickness.
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5.3.2.2 SEM images for MFC with different anode materials

Fig. 5.11 SEM images of the anode electrodes before and after inoculation of
graphite particle with PAA (a) and gold (b) used in the paper-based MFC. Scale bar is
2μm.

Fig. 5.11 shows images of prepared anodic materials for paper based MFC before
and after inoculation. Then the morphologies, the micro- and nano-pores on the graphite
particle/PAA and gold anode surface can be observed. And after inoculation, the attached
bacterial cells were presented on the surface clearly that can be easy observed on each
electrode. The graphite particle/PAA anode was fully covered by bacterial cells and also
there were some cracks that can be observed on the surface. Thus, these cracks will help
to provide more efficient proton transfer and substrates. Gold anode with E-beam
deposition got a smoother surface relatively. The SEM image of the gold anode shows
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that it is planar and bacterial cells doesn’t completely cover the whole surface of gold
electrode.

5.3.2.3 Open circuit voltage (OCV) and current output detection

a)
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b)

c)
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d)

Fig. 5.12 Voltage profiles measured from the devices with five different anodic
materials (a), open circuit voltages were measured for the first 8 minutes (b) and then all
devices were connected to 100 kΩ (c) and 10 kΩ (d) external resistors and the currents
were calculated (PTFE: Polytetrafluoroethylene).

The potential between the anodes and the cathodes was measured with a data
acquisition system (National Instrument, USB-6212) by Maedeh, and recorded the
readings every 1 min via a customized LabView interface. Five different types of anode
had been tested in this part: graphite particle/PAA, graphite particle/PTFE, graphite ink
with AC, graphite ink and gold (graphite particle/PAA and gold anode were made by
myself, graphite particle/PTFE and graphite ink were prepared by Maedeh, graphite ink
with AC were made by both of us).

Based on Fig. 5.12a, the OCVs for each test was
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increased and reached a stable value after 8 minutes. Then an external 100 k Ω resistor
connected between the anode and the cathode closed the circuit. Ohm’s law has been
used to calculate the current through the resistor. After around 5minutes, another 10 k Ω
resistor was replaced and connected into the system.
The performance of five different types of anodic materials can be observed in
Fig.5.12 and the open circuit voltages were measured after an inoculum was dropped
through the inlet of the device as shown in Fig. 5.10c. As shown in Fig. 5.12a, in the first
eight minutes, both graphite particles with PAA and graphite ink with activated carbon
generated a relatively stable open circuit voltage. But the mixture of graphite particle
with PTFE and gold anode generated a non-stable OCV, there were increased very quick
at first four minutes. After eight minutes, all MCFs reached a nearly stable OCV. Based
on Fig. 5.12a and 5.12b, the highest open circuit voltage (OCV) valve was got with
graphite ink as anodic material compared with other four anode materials and 0.39 V
voltage was generated. Fig. 5.12b also shows a summary of the maximum OCVs for five
different MFCs and graphite particle/PAA anode generated the lowest stable OCV. When
gold was used as anodic material, this MFC generated the second higher OCV. Then a
100 KΩ resistor was connected between anode and cathode electrodes. As shown in Fig.
5.12c, the highest output current was generated by using graphite ink with activated
carbon as anodic material (1.2 μA), which is almost six times higher than the output
current generated by graphite ink only (0.22 μA). That can be due to large surface area,
good conductivity and good electron transfer ability of activated carbon. Also gold anode
shown a good performance in current generation and generated a second high value.
After another five minutes, a 10 KΩ resistor was replaced and connected in the system,
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then a higher output current was produced for all five different anodic materials (Fig.
5.12d). Still graphite ink with activated carbon generated the highest current (2.8 μA),
which is fourteen times higher than just graphite ink (0.2 μA). Although graphite particle
with PAA did not show a high power generation as other anodic materials, an increasing
output current was observed with time under both resistors. That’s because PAA
improves the hydrophilicity of the anode and afforded a better surface for bacterial
getting attached. The best performance of graphite particles with PAA was made by
adding 1 g graphite particles into 5 mL PAA solution. Gold anodic material showed a
relatively higher output current when connected with 100 KΩ resistor, but the
performance declined a lot when connected with 10 KΩ resistor.

5.3.2.4 Polarization curves and power output detection
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Fig. 5.13 V-I curve (black circle) and P-I curve (blue square) of the MFCs with five
different anodic materials, measured as a function of current: graphite particle/PAA(a),
graphite particle/PTFE(b), graphite ink with AC(c), graphite ink (d), and gold (e). The
values are derived and calculated based on the maximum current value at external
resistances.

Measured OCVs varied in the different MFCs, clearly indicating performance was
affected by the choice of materials. The composite anodic materials such as graphite
particle/PAA, graphite particle/PTFE, and graphite ink with AC generated the lower
OCVs than the graphite ink and gold. After reaching an approximately stable OCV, the
V-I curves and P-I curves of the five MFCs were derived and calculated based on the
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saturated current value at a given external resistance (Fig. 5.13). Using the V-I curves, the
major electrochemical energy losses in MFCs can be evaluated. The graphite particle
with PAA showed a smaller activation loss (around 0.08 V) compared with other anodic
materials. And meanwhile, the highest power density was also generated by the graphite
particle with PAA as anodic materials. So the inserted PAA helps to improve the
hydrophilicity of anodic material and offered a better attachment for bacterial. The
highest power density was formed by the graite ink with AC is much higher than that of
graphite ink only. These results also demonstrate that active carbon provides a large
surface area and high electron transfer. Although gold is one of the most common
biocompatible material, it is not suitable for this paper based MFC devices as the lowest
current density was observed.

5.3.3

Four designs of paper based MFCs

5.3.3.1 Schematic diagram of different polymer covered paper electrodes

a)

Wax-patterned paper

PAA coated paper
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PPDD coated paper

b)

c)
(1)

(2)

(4)

(3)

(5)

Fig. 5.14 Surface view of different materials fabricated paper based electrodes (a),
schematic diagram for fabrication processes of the polymer coated paper-based MFC
layers, a summary front view of evaporation with Cu (1), Al (2), gold -50 nm (3) and
gold-100 nm (4) and print coated activated carbon with PAA (5).

One to four layers paper-based MFC was created with different numbers of paper
substrates. Synthesized PAA and PPDD viscous solutions were covered on the surface of
Whatman #1 paper. As shown in Fig. 5.14a, a smooth shiny layer of PAA film can be
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seen on the surface of paper and this prepared electrode worked as an oxygen blocking
layer. Even though PPDD permeated into paper and didn’t generate a visible layer of
polymer as PAA did, it still been used as ion exchange membrane with paper substrate.
Four functional components, anode, cathode, proton exchange membrane and reservoir
are distributed into different numbers of paper substrates. For four-layer MFC, each
component was prepared on one paper. For one-layer design MFC, four components were
combined into one single paper. For three-layer MFC, air cathode and proton exchange
membrane were combined on one paper, anode was one layer of paper and reservoir on
another one-layer paper. For two-layer paper based MFC, air cathode and proton
exchange membrane were modified on one page of paper, anode and reservoir were
combined on another paper. Air cathode was prepared with activated carbon. It’s really
hard to quantitated control the amount of materials on the surface of paper electrode with
print coating method. Meanwhile, E-beam evaporation method had been used to prepare
metal electrodes, like gold, copper and aluminum. The thickness can be quantitatively
controlled. Even though the metal electrodes hadn’t been systematic tested, the E-beam
method shows a potential to be a reliable quantitative way to prepare electrodes for paper
based batteries and biosensors.
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5.3.3.2 OCV and current output detection

a)

b)
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c)

d)

Fig. 5.15 Voltage profiles measured from the four devices with different layers of
paper for MFC (a), open circuit voltages were measured for the first 10 minutes (b) and
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then 10 kΩ (c) and 1 kΩ (d) external loads were connected to all devices and the currents
were calculated.

Four types of paper based MFCs have been test with different numbers of paper
substrates. The OCV performance of four MFCs was shown in Fig. 5.15a, the two-layer
MFC generated the highest potential value compared with other number layers of MFCs.
Both two-layer and three-layer paper based MFCs were generated a decreasing potential
with time going on. The most stable OCV generation was made with four-layer paper
substrates. The interesting phenomenon is one-layer MFC produced an increasing OCV
with test processing. Fig. 5.15b shows the maximum OCVs for four different MFCs.
After ten minutes, a 10kΩ resistor was connected between anode and cathode. After
seven minutes, a 1 kΩ resistor was replaced and connected into system. The highest
current, as shown in Fig. 5.15c and 5.15d, was generated by the two-layer designed paper
based MFC for both two different resistors. The highest values are 25 μA/ cm -2 and 30
μA/ cm-2, separately. This is due to because the oxygen penetration into the anode was
more efficiently reduced in this configuration.

For the three-layer and four-layer

designed paper based MFCs, when connected with two different resistors, the output
current density was dropped directly, especially when connected with 10kΩ resistor, the
output current density for these two devices was over twenty times smaller than the twolayer designed MFC. For one-layer designed MFC, it has a better performance than three
or four layers designs, but not as good as two-layer MFC.
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5.3.3.3 Polarization curves and power output detection

a)

b)
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c)

d)

Fig. 5.16 Polarization curve (black circle) and power output (blue square) of the
MFCs with different layers of paper, measured as a function of current: one layer (a), two
layer (b), three layer (c) and four layer (d).
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Based on the maximum current value at a given external resistance, polarization
curves and power outputs were calculated for four types of MFC with different numbers
of paper substrates. As shown in Fig. 5.16, two-layer MFC got the highest power density
and out voltage compared with all the other devices. And the power density that
generated with two-layer MFC is almost six times higher than that of four-layer MFC.
The four-layer MFC showed the lowest generation of OCV as seen in Fig. 5.13d.

5.3.4

Wire connect design with four different layers of paper based MFC

5.3.4.1 Physical pictures of paper based MFC

b
b)
)

a)

c) c
)

d)
)

d

e)

f)

e

)

)
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f

g)
)

g

h)

h

)

Fig. 5.17 Physical pictures of the prepared paper electrodes for MFC device: spin
coating carbon material with PAA on paper (a), screen printing activated carbon with
graphite ink on paper (b), a layer of PAA covered on the top of as prepared carbon
electrode (c), a layer of PAA covered on the back of electrode (d), PAA film on the
paper for further using (e), over review PPDD on the glass with paper on the top (f),
schematic diagram of fabrication processes (g) and physical view of the side of the
composed paper based MFC (h).

Based on Fig 5.17a, spin coating method had been used to prepare paper electrode.
PAA mixed carbon solution was added in the middle of paper electrode, after 10 s, a
smooth layer of PPA with carbon material can be seen on the surface. Mixed graphite ink
with activated carbon, also a shiny smooth layer had been generated on the surface.
Meanwhile, a copper wire was connected on the paper for further battery assemble as
shown in Fig. 5.17b. Fig. 5.17c and 5.17d show that a glossy PAA layer was covered on
the surface of electrode materials or on the back of paper for supporting. Fig. 5.17e just
shows a plan paper with PAA film on side, so this prepared paper was given to Chio’s
students, they can modify the paper with their electrode materials. PPDD solution was
put on a piece of glass, and the solution was penetrated into paper, so there was no film
generated on the paper as seen in Fig. 5.17f, but this prepared paper can still be used as
cathode materials. Fig. 5.17g and 5.17h are the schematic diagrams of fabrication
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processes and physical view of the side of the composed paper based MFC. Still the
paper based MFC consists with four parts, anode, reservoir, proton exchange membrane
and air cathode. For two-layer design, as shown in Fig. 5.17g, anode sheet was prepared
with anode and PEDOT reservoir and a hole was in the middle for adding bacterial,
cathode sheet was prepared by combing proton exchange membrane and air cathode.

5.3.4.2 Detection for different devices with screen printing electrode

a)

b)

d)

c)
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e)
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Fig. 5.18 Power density comparison for thick paper with PAA + Graphene anode (a),
thick paper with PAA + graphene + carbon ink anode (b), thin paper with PAA +
graphene anode (c), thin paper PAA + graphene and carbon ink anode (d), voltage profile
for non-working 3-layer device with thin paper substrate (e).

Two-layer and four-layer paper based MFCs had been tested as shown in Fig. 5.18a
to 5.18d with different thinness of paper substrate. Based on Fig. 5.18a and 5.18b, same
thick paper had been used for the cell devices, but different anode materials had been
printed on the paper. When carbon ink was added to the anode, for the four-layer design,
the generated power density was couple times higher when connected with different
resistors. For the thin paper designed four-layer MFCs, as shown in Fig. 5.18c and 5.18d,
when carbon ink was added, the power density was decreased a little bit when connected
with different extra resistors. So the overall best combination for four-layer paper based
MFC is by using thin paper substrate and graphene and carbon ink anode in PAA as
anode materials. For two-layer paper based MFC, when thin paper had been used, the
generated power density was low and not stable as shown in Fig. 5.18c and 5.18d. Thick
paper prepared two-layer MFC was relatively stable and gets higher power density. Thus
the best combination for two-layer designed MFC is by using thick paper as substrate and
graphene anode in PAA as anode materials.
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Although the three-layer design gave the highest power (0.17 V @ OCV) and
dropped very fast when connected with resistors as shown in Fig. 5.18e. Only one out of
16 devices worked, the rest of devices could not give constant OCVs. So the three-layer
designed MFC is not stable and repeatable.

5.3.4.3 Detections for different devices with spin coating electrode

a)

b)

c)
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Fig. 5.19 Different drops of activated carbon with graphite ink and PAA, OCVs for
different anode settings (a), Current density with 10 kΩ resistor (b) and 1 kΩ resistor (c).

Spinning coting method had been used to prepare paper based anode. As shown in
Fig. 5.19a and 5.19b, higher OCV was generated by adding double volume of mixture
solution on the paper due to more activated carbon and graphite ink. After a stable OCV
obtained, different extra resistor 10 kΩ and 1 kΩ were connected into the cells, L1-1
generated a higher current density at 10 kΩ than L1-2 did but generated a lower current
density at 1 kΩ. That indicates that the cell is more stable with more carbon materials.
When 1 mL of mixture solution was added on the paper by twice, the performance of
MFC isn’t improved as shown in Fig. 5.19. That’s may be because the layer of carbon
materials with PAA is hard to connect with second layer of carbon materials with PAA,
it's better to generate a thick layer of anode materials at once. Under the same condition
for mixture solution, when the spin coating speed has been decreased, the OCV and
current density at two resistors are also decreased, the low spin speed is not benefited for
improving the performance of MFC. That can be explained by higher spin speed is better
for a smooth surface to generate on the paper.

5.4 Conclusion
In conclusion for this part, we demonstrated a novel and practical technique
for manufacturing MFCs. For the traditional one chamber MFC, novel PVC-Pt
electrode was prepared by electrodeposition Pt on the surface of RVC, and the
polarization curve demonstrated that the OCV was almost double increased
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compared with the RVC without Pt as catalysts. Also, the best ppi of RVC for
improving the performance of MFC has been tested.
The mini-structured paper based 3-D MFC was directly created by folding
paper or overlaying paper together based on different designs. Meanwhile, several
composite anodic materials were investigated to optimize surface characteristics
for bacterial attachment and electron transfer efficiencies on paper. PAA had been
used as conductive materials for improving the performance of anode materials.
Results showed its potential to increase the performance of paper-based MFCs
including the surface area, porosity, biocompatibility, conductivity and biofilm
formation. PPDD was engineered as a proton exchange membrane to enhance ionexchange efficiency or as oxygen mitigating layer to prevent diverting electrons
away from the anode. For the first, the origami design of MFC device, the MFC
with the graphite particle/PAA showed lower OCV than the other composite
materials, but the current generation was significantly larger than the others. The ebeam prepared gold material showed the second highest OCV among all the five
anodic materials since gold is one of the most standard biocompatible materials for
bio-devices. Second, among the polymer covered four MFC devices, the two layer
paper-based MFC generated the highest current density of 30 μA/cm 2 and power
density of 4μW/cm2. For those overlaid papers based MFC, thin paper showed
better performance for four-layer device. The spin-coating method showed as
alternative quantitive method to prepare anode materials. And the 1 mL mixture
with PAA preparing electrode showed higher OCV (0.26 V) than that of printed

202

graphite particle with PAA (0.11 V), graphite particle/PTFE (0.20 V) and graphite
ink with AC (0.20 V) in origami MFC device.

203

BIBLIOGRAPHY
1.

International Energy Agency, MEDIUM-TERM Oil Market Report, 4th ed., Paris,
2009.

2.

B. E. Logan, Water Sci. Technol. 52 (2005) 31–37.

3.

B. E. Rittmann, TRENDS in Biotechnology, 24 (2006) 261-266.

4.

B. E. Rittmann, Biotechnology and Bioengineering, 100 (2008) 203-212.

5.

H. Liu, R. Ramnarayanan, B. E. Logan, Environ. Sci. Technol., 38 (2004) 22812285.

6.

H. Wang, A. Bernarda, C. Huang, D. Lee, J. Chang, Bioresource Technology, 102
(2011) 235-243.

7.

V. Gadhamshetty, N. Koratkar, Nano Energy, 1 (2012) 3-5.

8.

Z. Du, H. Li, T. Gu, Biotech. Adv. 25 (2007) 464–482.

9.

K. Rabaey, W. Verstraete, Trends Biotechnol., 23 (2005) 291-298.

10.

M. Zhou, M. Chi, J. Luo, H. He, T. Jin, J. Power Source, 196 (2011) 44274435.

11.

H. Liu, S. A. Cheng, B. E. Logan, Environ. Sci. Technol. 39 (2005) 5488–
5493.

12.

D. R. Bond, D. E. Holmes, L. M. Tender, D. R. Lovley, Science, 295 (2002)
483–485.

13.

K. Rabaey, W. Verstraete, Trends Biotechnol. 23 (2005) 291- 298.

14.

B. E. Logan, J. M. Regan, Sci. Technol., 40 (2006) 5172-5180.

15.

H.S. Park, B. H. Kim, H. S. Kim, H. J. Kim, G. T. Kim, M. Kim, I. S. Chang, Y.
K. Park, H. I. Chang, Anaerobe, 7 (2001) 297-306.

16.

K. Swades, H. Chaud, D. R. Lovley, Nat. Biotechnol., 21 (2003) 1229–
1232.

204

17.

X. Wang, S.A. Cheng, Y.J. Feng, M.D. Merrill, T. Saito, B.E. Logan,
Environ. Sci. Technol., 43 (2009) 6870–6874.

18.

S. A. Cheng, B. E. Logan, Electrochem. Commun., 9 (2007) 492–496.

19.

H. Liu, S. A. Cheng, B. E. Logan, Environ. Sci. Technol., 39 (2005) 658–
662.

20.

B. Logan, S. Cheng, V. Watson, G. Estadt, Environ. Sci. Technol., 41
(2007) 3341–3346.

21.

S. K. Chaudhuri, D. R. Lovley, Nat. Biotechnol., 21 (2003) 1229–1232.

22.

J. R. Kim, S. H. Jung, J. M. Regan, B. E. Logan, Bioresour. Technol., 98
(2007) 2568–2577.

23.

T. Sharma, A. LEELA Mohana Reddy, T. S. Chandra, S. Ramaprabhu, Int.
J. Hydrogen Energy, 33 (2008) 6749-6754.

24.

M. Ghasemi, S. Shahgaldi, M. Ismail, B. H. Kim, Z. Yaakob, Int. J.
Hydrogen Energy, 36 (2011) 13746-13752.

25.

Y. Zhao, K. Watanabe, R. Nakamura, S. Mori, H. Liu, K. Ishii, K.
Hashimoto, Chem. Eur. J. 16 (2010) 4982-4985.

26.

C. Dumas, A. Mollica, D. Feron, R. Basseguy, L. Etcheverry, A. Bergel,
Electrochim. Acta, 53 (2007) 468–473.

27.

H. Richter, K.M. Carthy, K.P. Nevin, J.P. Johnson, V.M. Rotello, D.R.
Lovley, Langmuir, 24 (2008) 4376–4379.

28.

A.T. Heijne, H.V.M. Hamelers, M. Saakes, C.J.N. Buisman, Electrochim.
Acta, 53 (2008) 5697–5703.

29.

K. Watanabe, J. Biosci. Bioeng., 6 (2008) 528–536.

30.

K. B. Lee, J. Micromechanics and Microengineering, 15 (2005) 210-214.

31.

H. Wang, A. Bernarda, C. Huang, D. Lee, J. Chang, Bioresour. Technol.,
102 (2011) 235–243.

32.

T. H. Nguyen, A. Fraiwan, S. Choi, Biosensors and Bioelectronics, 54
(2014) 640-649.
205

33.

S. Choi, Biosensors and Bioelectronics, 69 (2015) 8-25.

34.

S. Choi, H. S. Lee, Y. Yang, P. Parameswaran, C. I. Torres, B. E.
Rittmannand J. Chae, Lab on a Chip, 11 (2011) 1110-1117.

35.

H. Lee, and S. Choi, Nano Energy, 15 (2015) 549-557.

36.

A. Fraiwan, and S. Choi, A stackable, Biosensors and Bioelectronics, 83
(2016) 27-32.

37.

K. B. Lee, J. Micromechanics and Microengineering, 15 (2005) 210-214.

38.

W. Jia, G. Valdes-Ramirez, A. J. Bandodkar, J. R. Windmiller, J. Wang,
Angew. Chem. Int. Ed., 52 (2013) 7233-7236.

39.

V.M. Kariuki, Doctoral dissertation, State University of New York at
Binghamton, 2017.

40.

R.B. Congdon, Doctoral dissertation, State University of New York at
Binghamton, 2013.

206

Chapter 6

Conclusion and future work

This chapter is the overall summary of the major findings discussed in the previous
chapters and gives some insights for future work.
The main goal of this project is to develop an easy and fast way to synthesize
different types catalysts by different methods, such as Pt and PtCr alloy, for improving
the efficiency of fuel cells. In addition, the use of catalysts as novel electrodes materials
for enhancing the performance of different types of fuel cells was also instigated.
As shown in Chapter 2, the electrodeposition method had been successfully used to
deposit Pt or PtCr alloy on the surface of glassy carbon electrode with 50-120 nm and
105 nm diameters, respectively. And further studies were focused on EOR and catalysts
stability.
➢ Both of PAA and pure Cr are not catalysts for EOR.
➢ Cr is toxic, but due to its excellent corrosion resistance and mechanical
properties, PtCr alloy showed a better catalytic performance than pure Pt
nanoparticles.
➢ All the designed Pt/GCE, PtCr/GCE, PAA/Pt/GCE and PAA/PtCr/GCE
electrodes functioned for EOR in acidic environment.
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➢ Even the highest current density around potential 0.45 V for EOR generated
with Pt (10.90 j/mA cm-2) or PtCr (11.00 j/mA cm-2) was higher than that of
Pt (2.80 j/mA cm-2) or PtCr (4.60 j/mA cm-2) covered with PAA, the overall
efficiency was improved by PAA due to the longer duration time.
➢ Based on the calculation, the order of the overall EOR efficiency is
PAA/PtCr ˃ PtCr ˃ Pt.
As described in Chapter 3, an easy, fast and green way to synthesize various Pt
nanostructured materials was developed, the major achievements are summarized below:
➢ Six types of sugar ligands had been used in this part and their electrochemical
characterizations were also tested by CV method in PBS=7 buffer. In
particular was observed that the sugar ligands LPDA was electroactive with
showing two redox couples.
➢ One step synthesis procedure was just followed by combing sugar ligands
with PtCl4 in water at room temperature.
➢ Sugar ligands served as reducing agent and stabilizer, and no other toxic
solvent or surface active agent was added into the reaction system.
➢ Different sizes and shapes of Pt materials were formed based on the nature of
chemical structure properties of sugar ligands, like, ultra-small Pt
nanoparticles generated with LPDA (3-5), nanochips with L-44EDA,
nanoflowers with G-44EDA, etc.
In Chapter 4, same sugar ligands were used to synthesize Ag nanostructured
materials by using the same method as shown in chapter 2 since Ag+ is much easier to
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be reduced compared with Pt4+ and has a potential for a lot of applications. The main
findings were recorded as following:
➢ All the silver reduction reactions happened immediately when combining Ag
solution with sugar ligands in water. After six or eight hours, uniform
homogeneities solutions were formed.
➢ A silver mirror reaction occurred with sugar LPAS and a shiny layer of Ag
was observed on the glass vial. And different size Ag nanoparticles, nanorods
and nanoworms were formed based on the ratios between LPAS and AgNO3.
➢ The anisotropic growth mechanism had been studied for LPAS-AgNSs.
➢ LPAS-AgNSs did show size and shape independent antimicrobial activity and
specific to the types of bacteria and fungi.
➢ Ag nanoflowers was generated with sugar ligands G-44EDA.
➢ Other sugar ligands helped to generated various sizes Ag nanoparticles.
Chapter 5 is focused on finding novel electrode materials for improving the
performance of MFCs. Different designs of MFC devices had been studied and the major
findings from this study are outlined as below:
➢ For traditional one chamber MFC, Pt nanocatalysts had been successfully
deposited on RVC and used as cathode for MFC. The output detection with
RVC-Pt as electrode for MFC showed doubled increased comparing with that
of without Pt.
➢ Print-coating and spin-coating methods had been used to prepare paper-based
electrode for different mini structured of designs MFCs.

209

➢ PAA and PPDD were modified on paper to improve the performance of
paper electrode. PAA improved the hydrophilicity of anode and afforded a
better surface for bacteria attached. PAA also mixed together with different
types of carbon materials as conductive glue for developing new electrode
materials. PPDD was engineered as a proton exchange membrane to enhance
ion traveling efficiency or an oxygen mitigating layer to prevent diverting
electrons away from the anode.
➢ Gold was deposited on paper by E-beam evaporation on paper substrate, even
gold is a most common biocompatible metal, it didn’t show a good
performance for paper based MFCs.

Future work
During this project, a simple, fast and green method had been developed to
synthesized Pt nanostructured materials. Duo to their essential characters, like uniform
tiny sizes and fancy shapes, synthesized Pt nanostructured materials show a great
potential as electrocatalysts. The future work for this part should focus on developing a
new method to separate Pt with sugar ligands and modify on the glassy carbon electrode
for EOR detection. And even these synthesized Pt can be used for other applications,
such as biosensors.
For the synthesized Ag nanomaterials also can be used for other applications, like
genetic testing and as biosensors. Meanwhile, these six types of sugar ligands can be used
to synthesize other nanometallic materials, such as Cu, Zn, Pd, etc.
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Pt alloy shows better performance for EOR than pure Pt, so other different types of
Pt alloy can also be synthesized by electrodeposition, such as PtRu, PtSn, and even triple
Pt alloy can be synthesized. The catalysts surface area exhibits great effect on the
catalytic performance, so in order to get more completely 12 e- transfer of EOR, bigger
surface area is better for improve the efficiency. As discussed in Chapter 1 and Chapter 2,
DEFC can work at low temperature, but the best performance of DEFC was always
generated around 90 ℃. So for further work, when the performance of synthesized
catalysts is testing, a water bath can be used to control the temperature. Meanwhile, water
should be removed out from the system, otherwise it will increase the resistance. So a
new easy design of DEFC is also needed. Also, in situ FTIR can be used to further study
all the intermediates generated during the EOR. That will help to fully understand the
mechanism and find the key affect point to improve the efficiency.
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APPENDICES
Appendix 1: Synthesis of sugar ligands
Synthesis of LPDA

Fig. A1 Scheme of synthesis of N,N’-dilactosylphenylene (LPDA) with acetic acid
(AcOH). During amination step, NaOH was utilized to increase pH from 2.3 to 5.0.

Fig.A1 just shows a summary of the synthesis of N,N’-dilactosylphenylene (LPDA)
through two-steps reductive amination reaction. Briefly, 2 equivalent of beta-Lactose and
1 equivalent of p-Phenylenediamine in 1:1 acetic acid/water mixture was continuously
mixed for 1 hour. Right after imine-formation was completed, NaOH pellets were
introduced to the medium to bring pH ~ 5.0. And then 2.4 equivalent of (CH3)2NHBH3
was introduced to the media for 8 h. Thus, sugar ligands LPDA had been formed. By
using the same procedure, another five different types of sugar ligands had also been
synthesized by adding different raw materials and recorded them as Lactose+paminosalicylic acid (LpAS), D-galactose+(3-amino) propylaniline (44DG), lactose-4,4-
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ethylenedianiline (L-44EDA), galactose-4,4-ethylenedianiline (G-44EDA) and galactose4-sulfonyl phenyelendianiline (GPSA).
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Appendix 2: NMR of some sugar ligands

214

Fig. A2 NMR of sugar ligands LPDA, LpAS, L44EDA.
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Appendix 3: Zn nanomaterials synthesized with different sugar ligands

a)

c)

e)

b)

d)

f)

Fig. A3 Synthesized Zn nanomaterials with sugar ligands LpAS (a and b), L-44EDA
(c and d) and G-44EDA (e and f) by combining 0.5 mL 0.02 mM ZnCl2 with 0.5 mL 20
mg/mL sugar ligands solutions.
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Appendix 4: Cr nanomaterials synthesized with different sugar ligands

a)

c)

e)

b)

d)

f)

Fig. A4 Synthesized Cr nanomaterials with sugar ligands LpAS (a and b), L-44EDA
(c and d) and G-44EDA (e and f) by combining 0.5 mL 0.02 mM CrCl3 with 0.5 mL 20
mg/mL sugar ligands solutions.
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Appendix 5: Cu nanomaterials synthesized with different sugar ligands

a)

c)

e)

b)

d)

f)

Fig. A5 Synthesized Cu nanomaterials with sugar ligands LpAS (a and b), L-44EDA
(c and d) and G-44EDA (e and f) by combining 0.5 mL 0.02 mM CuSO4 with 0.5 mL 20
mg/mL sugar ligands solutions.
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Appendix 6: ipc2 vs concentration at 100 nm/s and ipc2 vs v1/2 with 1.0 mg/mL of different
sugar ligands

a)

b)
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Fig. A6 ipc2 vs concentration at 100 nm/s and ipc2 vs v1/2 with 1.0 mg/mL of sugar ligands
LpAS (a and b), 44DG (c and d), L-44EDA (e and f) and G-44 EDA (g and h).
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