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For all scientists who are crazy about nanotubes



Life is like riding a bicycle. To keep balance,
you must keep moving.

A. Einstein
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Abstract

Di erent ways of electrode modi cation with non-functionalised and functionalised car-
bon nanotubes (CNTs) and enzymes are presented in this thesihe study is mostly focused
on the preparation and electrochemical characterisationf éhe bioelectrodes for Q@ reduc-
tion. Bilirubin oxidase without a mediator or laccase with amediator such as 2, 2'-azinobis
(3-ethylbenzothiazoline-6-sulfonate) or syringaldazenwere chosen to catalyse Lelectrore-
duction. CNTs give a huge increase in the electrode activeesr as well as enable and/or
enhance electron transfer between the electrode substraad the enzyme. The best bio-
cathode - the one which gives the highest reduction currentedsity - is obtained for a
breathing system with functionalised CNTs and BOx. In a brething system the electrode
substrate is a semipermeable membrane and is exposed forne side to gas, and from the
other side to an electrolyte. This construction allows to aMd problems with di usion of
O, in electrolyte limiting the current and convection of the etctrolyte which typically have
a large in uence on the obtained current of @ reduction.

Di erent attempts to obtain biobatteries, biofuel cells (BFCs) and biosensors with the
above mentioned biocathodes are described. The biobatesiare prepared by using a Zn
wire as an anode. The anodes modi ed with vertically aligne@NTs or carbon nanopatrticles
(CNPs) are used in ascorbic acid (AA) oxidation. This modi @tion enables to apply these
electrodes in BFCs with the breathing biocathode acting aseB-powered sensors for AA.
Moreover it is shown that the CNP-BFC in connection with a Prissian blue display acts as
a truly self-powered sensor which can be used for the quaatiive analysis of AA in a real
sample. A photo-BFCs and a self-powered sensor for glucosthwitania nanotubes are also
constructed and studied.

A small part of this thesis describes the way of growing CNTsia de ned place on
a specially designed chip. The local heating method is usent the growth.

Keywords: Carbon nanotubes, vertically aligned carbon nanotubes, Birubin oxidase, laccase,
oxygen reduction, biocathode, titania nanotubes, air-breathing biobattery, biofuel cell.



Streszczenie

W niniejszej rozprawie prezentuj; ro»ne sposoby mody kacjelektrod niesfunkcjonali-
zowanymi i sfunkcjonalizowanymi nanorurkami w;glowymi oaz enzymami. Zaprezentowane
badania sj skupione g2éwnie na otrzymaniu i charakterystgcbioelektrod wykorzystywanych
do redukcji tlenu. Oksydaza bilirubiny bez mediatora orazakaza bez lub z mediatorami
takimi jak 2,2'-azino-bis(3-etylobenzotiazolino-6-stibnian) lub syryngaldazyna zosta?y wy-
brane do katalizy elektroredukcji tlenu. Nanorurki wiglowe powodujj ogromny wzrost po-
wierzchni aktywnej elektrody oraz umosliwiajj i/lub zwiik szajj szybko+¢ przeniesienia elek-
tronow pomijdzy elektrodj a enzymem. Najlepsza biokatoda ktora pozwala uzyska¢ naj-
wy»szy prid redukcji - zosta?a skonstruowana jako oddychgly uk®ad zawierajjcy sfunkcjo-
nalizowane nanorurki wiglowe i oksydaz; bilirubiny. W uk®alzie oddychajjcym elektroda jest
umieszczona na poé2przepuszczalnej membranie, ktora z jepstrony pozostaje w kontakcie z
powietrzem a z drugiej strony z elektrolitem. Taka konstruga pozwala na uniknijcie powol-
nej z dyfuzji tlenu limitujjcej wartox¢ pridu oraz z konwekgj elektrolitu, ktéra zazwyczaj
ma du»y wpdyw na uzyskany prid redukcji Q.

Ponadto opisuj; ré»ne proby otrzymania biobaterii, bioogiw paliwowych i bioczujnikéw
zawierajjcych wy»ej wymienione biokatody. Biobaterie sj gygotowane z wykorzystaniem
drutu cynkowego jako anody. Elektrody mody kowane prostopdle zorientowanymi nano-
rurkami w;glowymi lub nanoczjstkami wigla sj wykorzystane do utleniania kwasu askor-
binowego. Taka mody kacja umo»liwia zastosowanie elektdoz nanorurkami lub nano-
czijstkami w bioogniwach paliwowych dzia?ajjcych jako sanmmasilajjce si; czujniki kwasu
askorbinowego. Pokazuj; tak»e, »e bioogniwo paliwowe z rmaozjstkami wigla po po?jcze-
niu z wyxwietlaczem zawierajjcycm bakit pruski dzia®a jakprawdziwie samonap,;dzajjcy
si; czujnik. Sensor ten mo»e by¢ wykorzystany do jakoxcigvanalizy kwasu askorbinowego
w probce rzeczywistej. Kolejne skonstruowane i zbadane oizenia to fotobioogniwo pali-
wowe i samonap,dzajjcy si} czujnik na glukoz, zawierajjce anorurki z dwutlenku tytanu.

Niewielka cz|+¢ tej dysertacji opisuje metod; hodowania morurek w,glowych w *citle
okrexlonym miejscu, na specjalnie zaprojektowanym czipi®letoda wykorzystana do ich
hodowli to metoda lokalnego grzania.

S2owa kluczowe: Nanorurki wiglowe, pionowo zorientowane nanorurki wjglowe, oksydaza
bilirubiny, lakaza, redukcja tlenu, biokatoda, nanorurki dwutlenku tytanu, oddychajjca biobateria,

bioogniwo paliwowe.
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Introduction

The world's energy needs have been growing for the last deeadSo far they have been
mostly ful lled by burning natural fuels such as gas and crud oil which will not last for ever.
Thus it is desirable to develop new sources of energy basedrenewable sources. One of
the device designed to face this challenge is a fuel cell (F&)nverting chemical energy into
electric energy. The FC utilises renewable fuel and in thepgenerates electricity as long as
the fuel is supplied. A biofuel cell is a type of FCs which coains biocatalysts, e.g. enzymes.
One of the bene t from using these biomolecules is the possily to miniaturise the cell so
that it can become an implantable source of energy consumitige fuel directly from the
body. The most explored type of a BFC uses glucose and oxygendatypically generate
power of about dozens of microwatts. Although at the momenthiese devices are not able
to solve the energy problem, they are expected to help peogig powering the implantable
medical devices such as cardiac pacemakers, drug-deliwvgrpumps or nerve-simulators]].

The development of new miniaturised devices would not be pile without the use
of nanomaterials. The exceptional properties of these nametre size materials give huge
possibilities to tune the properties of the modi ed objectsCarbon nanotubes (CNTs) are
examples of nanomaterials which have been successfully dugeg. for the preparation of
bioelectrodes for BFCs.

The goal of my thesis is to prepare and characterize mainly electrochemical pregies
of electrodes with CNTs and enzymes. These electrodes aredidor the construction of
new biofuel cells, biosensors and hybrids of a battery and dohuel cell (biobatteries). The
characteristics of these devices is also the aim of my stuslieThus this thesis presents a
contribution to the development of new types of bioelectrogs and related biodevices.

| start this dissertation from an overview on the subjects aacerning the work described in
the next chapters. Thus in Chapterl | describe the most important properties and methods
of growing carbon and titania nanotubes. | also present seted, in my opinion the most
interesting, examples of the use of these tubes as electrodaterials. Additionally | describe
properties of the chosen enzymes and their application indfuel cells and biosensors.

The main part of my thesis presents Experiments together wit Results and Discussion
forming a clear structure of seven chapters. Chaptéris about experimental methods, ma-
terials and procedures used in more than one of the followirapapters. The procedures of
the experiments described only in a given chapter are presed at the beginning of it. In
Chapter 3 | describe a novel way of obtaining electrodes with vertidgl aligned carbon nan-
otubes (VACNTS) based on transferring the tubes to a conduiste substrate. | also show
detailed characteristics of these VACNT-electrodes and #r use as platforms for enzyme
immobilisation. A crucial part of Chapter 3 is about preparation of di erent types of bio-
cathodes containing the enzyme laccase embedded in a sikaaatrix on VACNT-electrodes.

Vi



| also show characteristics of zinc/oxygen batteries comiging these biocathodes. The work
described in this chapter is also presented in the publicain [2].

In Chapter 4 | shortly introduce the problem of the convection of the eléwmlyte in the
electrochemical cells and its in uence on the performancé biocathodes for Q reduction. In
cooperation with J. Urban and W. Stryczniewicz the convecte ow of the electrolyte inside
the cell is modelled. We show that the theoretical value of Oreduction current matches the
experimental results only when the convective ow of the sotion is taken into account ).

Chapter 5 describes the way of obtaining and characterisation of alreathing biocath-
odes with functionalised CNTs and the enzyme bilirubin oxigse. The construction of the
breathing electrodes allowed to avoid the problems with £di usion and electrolyte convec-
tion giving a very e cient biocathode. In this chapter, | also present an application of our
biocathode in the construction of Zn/G, battery and a stack of batteries which were used
for powering various devices4].

A part of Chapter 6 presents the connection of the electrode with the VACNTs (CGip-
ter 3) with the air-breathing biocathode (Chapter 5) which acts a biofuel cell for ascorbic
acid (AA). This BFC can be also used as a self-powered sensor AA. Besides | present the
characteristics of another anode - with carbon nanoparties (CNPs) - and an AA/O, BFC
with this anode and the air-breathing biocathode. | show thevay of constructing the rst
truly self-powered AA sensor with an electrochromic dispjaconnected to the second type
of the BFC. Moreover, | demonstrate the use of this sensor imé real sample analysis.

In Chapter 7 | present the idea of obtaining a lab-on-chip device with dactly grown
CNTs. | also describe the attempts to grow CNTs in localisedl@gce on a chip by using
a local heating method.

The last chapter describing the experimental work (Chapte8) is about the construction
of photoelectrochemical BFCs with anodes containing titda nanotubes (TNTSs). In that
chapter | show the method of TNT growth and the characteristis of a few di erent photo-
BFCs. Moreover | present the use of one of the photo-BFCs as elfspowered sensor for
glucose.

The thesis in summarised in Chapte® where | describe a contribution of my work to
the studies on electrodes modi ed with CNTs and enzymes.

Vii
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Chapter 1
Literature review

This chapter presents a background relevant to the researdescribed in Chapters 2 - 8.
Here one can nd information about carbon nanotubes, their fpperties, methods of their
synthesis as well as their use in electrode preparation. B#ss the term bioelectrocatalysis is
explained together with a presentation of the use of enzymasthe preparation of electrodes
for biofuel cells and self-powered biosensors. At the endfaost introduction to the electrodes

with titania nanotubes is given.

1.1 Carbon nanotubes

Carbon nanotubes (CNTSs) are tubular nanostructures made @rely of carbon atoms. They
have a diameter in the range of nanometers (from 0.5][up to 100 nm) but their length
might reach several centimeters. So far the record length wfore than 18 cm was obtained
for the SWCNTs [6]. The diameter of a typical single-walled CNT (SWCNT) is arand 1 nm
and for multi-walled CNTs (MWCNTS) it is ca. 10 nm [7]. One can imagine CNTs as rolled
sheets of graphene (a layer of graphite). If one such a laysrrolled, a SWCNT is formed. In
case of rolling more than one layer around the same axis a MWCNs created. Moreover,
in case of SWCNTs, depending on the axis along which the laysrrolled, it is possible to
obtain CNTs of di erent chirality. For a better description of the term chirality, one de nes
the chiral vector:

Ch=na+ ma (1.1

wherea; and a, are the unit vectors of graphene andh and n are indices. In other word<C,,
indicates how the axis of the rolled tube is rotated in compé&on to the initial unit vector.
By further simpli cation of the notation one can write:

Ch=(n;m) (1.2)

5



CHAPTER 1. LITERATURE REVIEW

to distinguish di erent types of tubes. Then CNTs with n = m are called armchair tubes,
these with (n; 0) are zig-zag and othersr(, m , 0) are chiral (see Eq.l.1). The SWCNT

————
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Figure 1.1: SWNT chirality map and examples of (n; m) chiral vectors that give rise to armchair, zig-zag
and chiral nanotube structures with metallic or semiconduding electronic character [8].

chirality determines the electric properties of the tubesso that they can be either metallic
or semiconducting. However, MWCNTs are almost always metal [9]. This phenomenon
can be explained by taking into account that the MWCNT is a cdection of SWCNTs. It is
enough when one of the SWCNTs is metallic and then the whole MUWT is also metallic.
Thus the CNT with more walls is more likely to behave as a metaind MWCNTSs are almost
always metallic.

Before moving on to the description of CNT properties it is a god moment to men-
tion the interesting history of their discovery. Surprisirgly most articles concerning these
nanomaterials state that lijima discovered them. He indeedas the rst one who observed,
understood and described CNTs1[J. In his paper from 1991 he used the expression mi-
crotubules of graphitic carbon to describe the needle-likstructures (later called CNTSs)
observed under HRTEM. But he was not the one who obtained thismaterial. The specimen
was given by his friend Yoshinori Ando who was only mentionad the acknowledgements of
that seminal paper. Moreover, the same Ando was aware thathular carbon nanostructures
were described much earlier than lijima’'s report by Endo'srgup [11 13]. What is even more
interesting; even Ando never mentioned the truly rst discoerers of CNTs - Radushkevich
and Lukyanovich [L4]. They described the tubes in 1952 after observing them undéEM.
Unfortunately that paper did not bring them the fame, which s understandable taking into
account that it was written in Russian and not everyone outsie the Soviet Union had an
access to it at that time. More details about the early histoy of CNTs were described by
Monthioux and Kuznetsov who in the name of truth and for the benet of all answered
the questionWho should be given the credit for the discovery of carbon mambes?[15].

6



1.1. CARBON NANOTUBES

1.1.1 Electronic properties and applications

An ongoing interest in research concerning CNTs comes frorhelr exceptional properties.
These properties are the result of their nanometre size anketronic structure. As mentioned
before, MWCNTs behave like a metal. SWCNTs can be either sezonducting or metallic -
depending on their chirality which is related to ; m) (Eqg. 1.2). All armchair CNTs (n = m)

are metallic, with no band gap even at 0 K. If the indices and m have di erent values and
ful | the relation n m = 3i (i is an integer), the nanotube is metallic. This type of tube
has a negligible band gap at room temperatured]. All other SWCNTs are semiconducting
and have a band gap on the order of 500 meV that varies invergelith their diameter [8].

In 1998 White and Todorov used local density-functional callations to show that arm-
chair SWCNTs can act as ballistic conductorslg]. In the same year Heer's group con rmed
experimentally that the MWCNTs indeed show this type of condctance [L7]. The authors
measured the conductance of single nanotubes which was t¢ans(near Gy = 2e*=h) along
the tube length of ca. 2 m. However, they showed that the application of a high voltag did
not damaged the CNTs by heat dissipation. 6 V applied to the sgle MWCNT (20 nm in
diameter) could have caused its heating up to very high tempature in case of non-ballistic
conductance. The nanotubes would de nitely be destroyed ahat temperature. Thus a
non-destructive in uence of the high voltage on CNTs is andter proof that the MWCNTs
examined by Heer's group showed ballistic conductance. Faermore, the authors found
that the conductance of MWCNTSs is quantized 17].

Taking into account the above mentioned electronic propeds of CNTs and bearing in
mind their nanosize dimension as well as a huge aspect ratame can imagine a very wide
spectrum of their applications. CNTs have been proposed tehused e.g. as/to construct:

" metal-semiconductor, semiconductor-semiconductor or etal-metal junctions [18],

" molecular electronic devices such as: a Fabry-Perot elatin resonators 19, ballistic eld-

e ect transistors [20],

" exible electronics based on CNT thin Ims [ 21],

" power sources such as: batteries, fuel cells, capacitor8 and dye-sensitized solar cells
[23,

" optoelectronic devices, e.g. terahertz polarizers and tge-area broadband photodetectors
[24],

" electron sources in high-brightness luminescent elemesntand an X-ray tubes 25,

" di erent types of sensors, including arti cial skin sensors [26],

" neural regeneration [27].

More about CNT electronics can be found in the (relatively) ecently published review
by Wang et al. [28. However, from the point of view of this thesis the most intesting
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application of CNTs is the electrode modi cation to obtain rew power sources such as
biobatteries and biofuel cells.

Although | am mainly interested in electronic properties ofCNTs, it is also worth men-
tioning that these materials also have other extraordinaryroperties such as thermal con-
ductivity similar to diamond [ 29 and mechanical strength 100 times stronger than stedd].

Although the perspectives of exploiting CNTs are very promsing one need to be aware
of the safety issues concerning handling them. There is s@n ongoing debate about CNT
toxicity [ 31 33]. For example Polandet al. suggested toxicological similarity between these
materials and asbestos and warned against carcinogenic & [34]. Moreover, CNTs can
induce in ammatory response, granuloma formation and del@ment of pulmonary brosis

[39].

1.1.2 Methods of growing CNTs

The rst CNTs were grown in an arc-discharge chamber. The ideof using this equipment
came from a method used for the rst time by Kratshmer (in 199Dto obtain another carbon
nanomaterial - fullerene (Go) [36]. The scienti ¢ world was very excited about G, at that
time since its discovery. But only when Kratschmer presented the production of € in
macroscopic amounts everyone started to believe that thisaterial could be used outside
the laboratory. That is why his method was very popular at theend of the 1990's.

The CNTs described by lijima in 1991 were multi-walled. The rst SWCNTs were re-
ported two years later independently by lijima and Ichihash[38] and Beyers' group from
IBM [39]. Although it was possible to produce big amounts of CNTs wiit the arc-discharge
method it had a big drawback - the CNTs were polluted with sooaind/or metal nanopar-
ticles. To obtain cleaner CNTs other methods were developedaser vaporisation (LV) and
chemical vapour deposition (CVD) were used for the synthespf both SWCNTs and MW-
CNTs. To obtain only MWCNTSs di usion ame, electrolysis of graphite electrodes in molten
ionic salts, ball-milling of graphite, heat treatment of pdymer etc. were developedd]. One
of the most intriguing methods was presented by Banhart's gup. They showed that it is
possible to grow MWCNT inside a bigger MWCNT under an electno beam B1].

In this section | will shortly describe three main methods wich are well established to
produce a wide variety of CNTs (arc-discharge, LV and CVD). fien | will focus on the
so-called local heating method (a type of CVD) which | mainlyused.

1The fullerenes were discovered by Krotcet al. in 1985 B7]
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Arc discharge

As | mentioned earlier the rst well described CNTs were pregwred by Ando P] in his direct
current (DC) arc-discharge chamber. He used an arc discharg>100 Amp., ca. 300 C)
between two graphite electrodes placed 12 mm apart in helium atmosphere.

In this method the electrons emitted from the cathode hit theanode with so high energy
that carbon atoms evaporate from the latter electrode. A kid of carbon plasma is created
which is next cooled and forms a deposit inside the chamberO 2 40 % of this deposit is
left on the cathode and here MWCNTSs are found. But this type oérc-discharge is not very
e ective in the production of CNTs because it mostly produce carbon sooth. Only when
rare earth metals are added to a graphite anode a high yield MMWCNTSs is obtained [42].

SWCNTSs were obtained for the rst time as an unexpected prodtt of the reaction which
supposed to give MWCNTSs incorporated with metal nanoparties Bg. ljima and Ichihashi
lled the graphite anode with iron and surprisingly got a newtype of CNTs. These SWCNTs
were found not only in the cathode deposit but in the whole ardischarge chamber. After this
discovery a wide range of metals and metal alloys were testeu give the best nanotubes,
e.g. Ni, Co, Fe/Ni. Also dierent gases were introduced ingie the chamber (Ar, H) to
optimise the way of obtaining SWCNTs. So far the highest yidlwas obtained by Andoet
al. - 1:24 gmin 1) [43]. They used Ni as a catalyst in their arc plasma jet method (AP)?.

The costs associated with the production of CNTs by the arcistharge method are high
because the substrates need to be of high purity. The main aatage of this method is the
very high crystallinity of the obtained tubes. However, thedrawbacks such as no control
over the CNTSs' size and lots of impurities imply that this mehod is not the best for the
production of CNTs.

Laser varporisation

LV was used for the rst time for the synthesis of MWCNTs by Smé#ey's group §4]. In this
method a graphite target is vaporised by a laser beam in an ii@tmosphere. The quality of
obtained the MWCNTSs depends on the temperature inside the ember - the best is around
1200 C.

Here like in the arc-discharge method the use of a metal cagat induces the growth of
SWCNTs. The reaction yield depends on the catalysts in the fowing order: Ni > Co > Pt
> Cu > Nb for monometals and Co/Ni, Co/Pt > Ni/Pt > Co/Cu for bim etals. The best
yield was obtained for Co/Ni catalyst - 50 %. Later this resulwas beaten and reached 70 %

2In APJ method the electrodes are inclined at 30 not at 180 as it is done in a standard arc-discharge
method
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due to the use of a dual pulsed LV49]. In this case two successive laser pulses were used to
rst ablate the anode and then break up the larger carbon partles and feed them into the
growing CNTs.

Although LV gives the better control over the CNTs size distibution, it does not give a
better quality material than the arc-discharge method. Mogover, it also requires high quality
substrates which increase the production costs. Thus LV isoheconomically advantageous
at the moment.

Chemical Vapour Deposition

The CVD method of CNT growth is based on the decomposition obgeous carbon precursors
in the presence of a catalyst. Up to now a huge range of precors was tested with acetylene
and ethylene as the most often usedt§]. Also the use of hundreds of di erent catalysts
was reported, where most of them are transition metals (mdgtFe nanoparticles), their
alloys or compounds such as ferrocen&/] or ferritin [ 48]. Depending of the source of energy
which induces the decomposition of the precursor one can tthguish a few types of CVD:
thermal CVD (T-CVD), plasma-enhanced CVD (PE-CVD) [49 51], hot- lament CVD [ 52]
and others.

In T-CVD the gas precursor is thermally heated (700 1200 C [50)) in a furnace together
with the catalyst. The catalyst can be either deposited on aubstrate or be introduced in
the gas phase (the oating catalyst method). The typical appratus for T-CVD comprises a
guartz tube furnace, pumps and a cooling system. The precorsis carried by an inert gas
(or gas mixture) and ushed though the heated tube. There thestarting carbon material
decomposes and reacts with the catalyst. The questidrow does the carbon precursor react
with the catalyst?is still not answered explicitly, so | will leave the discussn concerning it
for the end of this section.

There are very many factors in uencing the formation of CNTsvhich make their synthesis
a very complex eld to study. Alan Windle called it a technology in a multidimensional
parameter spacqd53. This space comprises parameters such dJf

" chosen materials: catalyst, underlayer, substrates, duacatalyst plates, etc.

" chosen gases: mix, ow rates, reducing agents, oxidizinggents, hydrocarbons, etc.
" temperatures of the substrate and gas phase, thermal proé inside the furnace, etc.
"~ reactor technology i.e. tube furnace, substrate heater, te.

~ duration of the steps such as annealing, growth, post-groth, etc.

Choosing di erent parameters one can grow SWCNTs or MWCNTs knch are either
straight (high quality) or curly (with defects); grow as simgle tubes or as forests; obtain a
shape of bamboo or spaghetti. The variety of shapes comes &gm many defects appearing

10
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on their walls which bend the tubes. These defects are not dedle because they re ect a
poor quality of the material. Hence a good way of growing mearobtaining high quality
tubes. One of example of high quality tubes are arrays of SWAN super-grown in the
presence of waterd4]. A major advantage of CVD is that the CNTs can be used direcgtlafter
the growth, without further puri cation which is indispensable in case of the arc-discharge
method. Moreover, CVD gives the possibility to grow CNTs in pede ned position which
opens the door for bottom-up nanoengineering and building drent nanodevices, which is
presented e.g. in Figurel.2

-

JULbbuLu\TLL
technelegies

Figure 1.2: CNTs growth on a patterned 6-inch silicon wafer pb5].

CNTs are promising parts of electronic devices, but one needo remember that this
application requires compatibility with microelectronic fabrication. This in turn requires
keeping the processing temperature below 400 for industrial implementation [56]. Typical
apparatus for CVD do not allow to grow good CNTs in such a low teperature. Even the so-
phisticated way of incorporating plasma-enhanced hot lamnt CVD and ammonia decreases
the temperature only to around 660C [57]. A turning point appeared when Englanderet
al. reported the growth of CNTs by localised heating in a room-taperature chamber $§].
This process is selective, scalable and compatible with ehip microelectronics. Here the
catalyst is deposited on a suspended polysilicon microbge which is resistively heated by
applying a voltage up to 10 V. The obtained CNTs are believedbtbe mutli-walled and are
up to 5 m long (Figure 1.3). Later Wierold's group used a very similar approach to also
obtain SWCNTs [59.

The local heating method was used e.g. by Slocum's group to@stigate the in uence of
the temperature of the gas mixture introduced into the chamér on the growth rate of CNTs.
They found out that the CNTs grow ca. 14 times faster when theages (acethylene, argon
and hydrogen) were preheated, in comparison with gases kaptroom temperature pQ|.

Another interesting way of exploiting this type of CVD was pesented by Graham's

11
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Figure 1.3: a) Synthesis localized to microbridge legs. Growth occursargely in the direction of the local E
eld. b) High resolution SEM of the right microbridge sectio n oblique view. Note how the CNT curves and
follows the E eld. Scale bar 10 m [58].

Gas CH,

|

MFC Au pad

Microheater

Vacuum

Figure 1.4: Scheme of experimental setup for the fabrication process ithe local heating method. Here
MFC stands for a mass ow controler [59].

group [61]. They grew CNTs on an AFM cantilever and in this way created ew opportunities
for interfacing nanomaterials with microstructures. Unfatunately the fabrication process is
too complicated and even the authors are aware that their imntion will not replace the
standard silicon or silicon nitride cantilevers.

More information about the local heating method can be founih the references?,62,63).
The last two describe the setup which | used to grow CNTSs.

Although thousands of papers about CNT growth have been pubhed since lijima's
crucial paper [LO] the exact mechanism of this process is still not fully undstood. The
description of di erent models can be found e.g. in Lubej andPlazl's review pB4]. Up to
now the most accepted model derives from the vapour-liqusblid (VLS) originally used for
the rst time to explain the mechanism of growth of silicon wliskers B5. In this model
decomposed hydrocarbon gas i) precipitates on the surfacetloe catalyst, ii) di uses into
the catalyst and iii) nucleates the nanotube growth at the egles of the catalyst. There is still
an ongoing debate weather the catalyst is in a liquid or in a 8d state. For example some
researchers claim that the catalyst is liquidg6]. They proposed that both the temperature
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and the carbon concentration are uniformly distributed aarss the metal particles. While
others claim that the catalyst is in its solid state during thre CNT formation [46].

When the catalyst is placed on the surface a CNT can grow in ot of two ways:

" tip-growth - where the nanotube nucleates and grows belowhe catalyst (it lifts the
catalyst),

~ base-growth - where the nanotube nucleates and grows abovke catalyst (the catalyst
remains attached to the substrate).

Taking into account all the above information concerning CNis one can simply conclude
that growing these tubes is like cooking. It is necessary toake many attempts and precisely
examine the results to nd the best recipe. On the other handldaining nanotubes of prede-
termined parameters is an art not yet fully mastered. Thus tts section was an introduction
to the description of my work as a cook and an artist (see Seati 7).

1.2 Bioelectrocatalysis

In 1981 Hill and Higgins de ned the term bioelectrocatalys® as the use of materials de-
rived from biological systems as catalysts for reactions @aring at electrodes [B8. The
authors underlined that biomolecules have characteristifeatures such as speci city, selec-
tivity, spacial and temporal organization. Moreover, the mmolecules are able to control
electron transfer, which all in all make them a desirable matial for electrode modi cation.

In recently published reviews one can read that an intereshibioelectrocatalysis has
been growing mainly because it opened the path for obtainingew kinds of power sources
(biofuel cells, BFCs) and sensors (biosensor€)9. Moreover, bioelectrocatalysis started to
be used in electrochemical bioprocessing (producing fuelsother valuable products) ¥0].
But looking into the literature from the early 1980's revea di erent expectations from
bioelectrocatalysis, e.g. obtaining biological memorige computers and electrically driven
biocatalysis for chemical synthesis/fl]. At that time the interest in biosensors and biofuel
cells was just in its early stage. Probably - as was suggestegl Aston and Turner - the later
expansion of interest in biosensors and BFCs was caused byiw of political and economic
pressure T1]. Nowadays a huge number of publications concerning this g shows how
broadly bioelectrocatalysis has been exploded.

Biological catalysts can be divided into a few classes deimg on their origin. Typically
the literature distinguishes two types of catalysts: enzyss and microbes (microorganisms)
[72 74]. A more rare classi cation was presented by Freguiat al. who listed three classes of

3To be more accurate - this term was for the rst time used in a report published by Brezin's group in
1976 B7]. But they used it to describe enzymatic electrocatalysis &clusively.
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Ribozyme or Enzymatic Mitochondrial Microbial Tissue-based
Deoxyribozyme Electrocatalyst Electrocatalyst Electrocatalyst Electrocatalyst
Electrocatalyst

Figure 1.5: Dierent types of bioelectrocatalysts, according to Minteer [70].

bioelectrocatalysts: i) enzymes, ii) enzyme arrays and @agelles, and (iii) microbial cells 75.
An even longer list of biological entities can be found in Mieer's paper (], i.e. protein
biocatalysts (enzymes), nucleic acid biocatalysts (ribgmes and deoxyribozymes), organelle
biocatalysts (thylakoid membranes or mitochondria), funttoning tissues and complete living
cells (bacteria or fungi).

For the purpose of this thesis | will focus only on enzymes.

1.2.1 Mediated and direct bioelectrocatalysis

There are two types of bioelectrocatalysis classi ed acating to the mechanism of electron
transfer between the enzyme and the electrode: mediated adnlect (mediator free). In the

case of the mediated bioelectrocatalysis the electrons afauttled via a mediator which is a
(inorganic or organic) redox compound or some redox prote[ii6]. Mediators can be either
di usional (such as ferrocene derivatives, ferricyanideguinones, and bipyridinium salts) or
can be attached to the electrode surface together with the Bygme. The immobilization of
the mediator can be done by e.g.: covalent tethering, crofisking or surface reconstitution
of apo-enzymes on mediator-cofactor-functionalized etesdes [77].

S — elec

diffusion
diffusion electron
@ tunneling
distance enzyme
mediator . mediator
(ox.) (red.)
substrate product
substrate product

Figure 1.6: Scheme of mediated - via a di usional mediator - (A) and dired (B) electron transfer between
the electrode and the enzyme78].

The main advantage of mediated electrocatalysis is that the is no need of having the
enzyme oriented properly on the electrode surfacéy. As a consequence it is easier to get an
electron transfer between the enzyme and the electrode bying the mediator. Such a system
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has high initial activity but unfortunately it introduces an additional source of long-term
instability in addition to the instability of the enzyme [74]. Moreover, its redox potential is
lower than the potential of a non-mediated system, which coas from the di erences between
the redox potentials of the mediator and the enzyme. In the s& of mediated process the nal
potential of the bioelectrode depends on the mediator and &l is why it is lower than the

potential of a non-mediated system. More details concerrgmmainly the kinetics of mediated
bioelectrocatalysis can be found in Kano and lkeda's reviefwg|.

In direct bioelectrocatalysi$§ no electron-shuttling species are needed, which paves the
way for obtaining smaller and more stable systems having lhigr potential than the mediated
ones. But not each enzyme can be e ciently used without the ntBator. For example only
less than about a hundred out of more than 1400 known oxidorectases can take part in
direct electron transfer BO]. In most cases the active centre of the enzyme is deeply lmdi
inside the protein, hence the electron tunnelling betweerné electrode and this centre is not
possible. However, research concerning direct bioeledatalysis has exploded in the last
decade, mainly due to exploiting nanomaterials which impxe transfer rates and therefore
increase current densities7[)].

1.2.2 Selected enzymes

In my thesis | mainly used the enzymes responsible for,@eduction - laccase fronCerrena
Unicolor and bilirubin oxidase from Myrothecium sporag which belong to the multicopper
oxidases (MCOxs) family. Beside these two | also used enzysneesponsible for glucose
oxidation, i.e. glucose oxidase frorAspergillus nigerand glucose dehydrogenase froRseudo-
monas sp. Therefore in this section | will describe these four selesd enzymes.

Multicopper oxidases and the O , reduction reaction

MCOxs are the class of redox-active enzymes with four coppiens. These ions are classi ed
into three active centres: T1 (blue copper which is locatedase to the protein surfacegl]),
T2 and T3 (coupled binuclear copper centre)8] (Fig. 1.7a). Although the main role of
MCOxs in nature is oxidation of e.g. phenolic compounésmore interesting is the ability of
some of them to reduce @directly to water [79]. Moreover, this reaction occurs at relatively
high potentials in comparison with the potential on Pt eleatode under similar conditions. It

4Karyakin in his review concerning this topic wrote that the discovery of direct bioelectrocatalysis by the
enzymes is a pride of Russian enzymology and electrochentig schools [69]. Unfortunately - as it was in
case of the rst synthesis of CNTs - the rst reports were written in Russian, so not everyone noticed that
discovery.

5Thus some of them, like laccases, are widely used by the indirg e.g. for the detoxi cation of e uents
and cosmetics production (e.g. hair dyes)§3]
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means that MCOxs are very good biocatalysts for the constrtion of biocathodes for biofuel

cells B4].

There are more than 200 kinds of MCOxs. Among them only 6 are &wn to take part in
O, reduction: laccase (Lc), copper e ux oxidase (CeO), bilirbin oxidase (BOx), cytochrome-
c oxidase, L-ascorbate oxidase, ceruloplasmin and phenoxene synthase§5]. Each enzyme
derived from a di erent source can have a di erent redox potetial which is related to di erent
onset potential of G reduction. This diversity of potentials is due to di erent dectronic
structures of the MCOxs, which in turn comes from small di eences in the surroundings of
the active centre B6).

As mentioned above the main natural activity of MCOxs is the xidation of some organic
compounds. In that case the biomolecule takes the electrofisem the substrate. But in the
absence of the oxidizable species the enzyme can transfee #lectrons directly from the
electrode to the active centre where ©reduction takes place. The mechanism of this reaction
by MCOxs was described in detail by Solomon and co-worker87]. This is in overall a 4-
electron reaction and it is usually coupled to four 1-eleabn reactions of substrate oxidation.
First the electrons are transferred from the substrate to tb T1 (from a distance of ca. 1
nm). Then they are passed trough a tripeptide His-Cys-His @ (ca. 1.3 nm long) to the
trinuclear cluster (TNC) comprised of the T2 and the T3 centes and dioxygen is reduced
at the TNC. The more precise description of this reaction isepicted in Figure 1.7b. The
reaction steps which occur at the TNC are the following: i) geeration of peroxy-intermediate
(PI) - where O, molecule has been reduced by two electrons and an O-O bond e@ns; ii)
generation of a negative-intermediate (NI) - where the lagtond between oxygen atoms has
been broken and all copper atoms are in the 2+ state; iii) configte regeneration of the TNC,
fast 4-electron transfer and release of two water moleculéghe step ii) is faster than i) so
the generation of Pl is the rate determining step. But one atsneed to take into account
that the schemel.7b does not include the electron transfer process from the efede. This
step can also be the rate determining.

Laccase

Laccase (Lc) is present in dierent plants or fungi where it fays a role in e.g.: pigment
formation, lignin degradation or detoxi cation [82]. It is an extracellular metalloprotein, thus
it is relatively easy to extract, in comparison with other MQOxs. This ease of extraction
is the reason why Lc is the most studied enzyme so far among 8MICOx. Laccase was
used for the rst time in electrocatalysis (in 1978) by Beren et al. [88]. They reported
O, electroreduction on a carbon electrode with adsorbed enzgm

When considering the use of Lc for electrode modi cation ongeed to bear in mind that
the catalytic potential of this enzyme (which is equal to theedox potential of the T1 centre)
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Figure 1.7: a) The structure of the MCOXx active site with arrows marking t he ow of substrates, electrons.
b) Mechanism of O, reduction to water by the MCOxs. Red arrows illustrate the steps taking place in the
catalytic cycle of the enzyme. The black ones indicates stepout of the catalytic cycle but the ones which
can be observed experimentally. The dashed arrows indicatthe transfer of an electron from the T1 to the

T2. [87].

Figure 1.8: Ribbon diagram of Lc from Trametes versicolor showing the two channels leading to the TNC.
Red and blue spheres represent water molecules and coppen®respectively BI].
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is dependent on its origin. Thus this type of MCOXx can be divied into three groups 90,91]:

" high redox potential Lc - with the potential ca. 0:78 V vs. NHE, obtained mainly form
fungi (e.g. @785V for Lc from Polyporus versicolor[92], 0:750 V for Lc from Cerrena Uni-
color [93)),

" medium potential Lc - with the redox potential 0:47 0:71V vs. NHE, isolated from
fungi, e.g.Coprinus cinereus- 0:55V vs. NHE [P4],

" low potential Lc - with the redox potential below 0:47 V vs. NHE, obtained mainly from
trees, such aRRhus vernicifera- 0:434V vs. NHE P2].

Other factors which can in uence the redox potentials of Lci@: electrostatic interactions
between the metal site and the protein, water environment,rad hydrogen bonding interac-
tions of the active site ligands 82]. That is why this enzyme behaves di erently in di erent
pH, with the optimum pH in the range of 3 - 5. Unfortunately this pH is not suitable for
in vivo applications where pH is around 7.4. Thus this enzyme is not@oper biocatalyst
for the preparation of electrodes for implantable biofuelddls. So although high-potential Lc
are desirable in bioelectrocatalysis form the point of viewf high catalytic activity [ 95] they
would poorly work in vivo.

Bilirubin oxidase

Bilirubin oxidase (BOXx) is another example of an enzyme frolMCOx family. It can be
found in di erent organisms such as fungi, bacteria and aniais, where it acts as a catalyst
in oxidation reactions (of e.g. bilirubin, diphenols and ayl amines) P6]. Similarly to Lc this
enzyme can also catalyse LOreduction reaction at a potential similar to the one for high
potential Lc. The redox potentials of the T1 site for BOx fromMyrothecium verrucaria and
from Trachyderma tsunodaeare 0.67 V vs. NHE and >0.65 V vs. NHE respectively9[/].
Interesting is the electron transfer (ET) from the electro@ surface to the inside of BOXx
might be dependent on the electrode material. In case of canb electrodes BOx might be
oriented in a way that the T1 site is at the tunneling distanceform the electrode surface
(up to 1.4 nm [9§]). The orientation of this enzyme might be reversed on funitinalized gold
electrodes where the TNC is responsible for the ET (see uted) [99].

The crystal structure of BOx (from Myrothecium verrucaria) was recently resolved (Figl.9)
[81]. Untypically, in comparison to other MCO, this enzyme haswo non-coordinating hy-
drophilic amino acids - asparagine and threonine - locatedbse to the T1 site. Thus a long,
narrow and hydrophilic pocket is formed near this active sit. Cracknellet al. used the in-
teraction between this hydrophilic binding pocket and biliubin to stabilise the enzyme on
a pyrolytic graphite electrode 81]. As a result they obtained more than twice higher elec-
trocatalytic activity of BOx in comparison to the one obtained by simple adsorption of the
protein to the carbon surface.
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Figure 1.9: Proposed mechanisms of DET from electrodes to BOxTrachyderma tsunodag connected via
(A) the T1 site and (B) the TNC [ 99].

Figure 1.10: A cartoon representation of the X-ray determined crystal structure of BOx from Myrothecium
verrucaria [81].

From the point of view of future application in biofuel cellsBOx is more interesting than
Lc because it retains its activity and catalyses @reduction in pH close to neutral. Moreover,
it is more resistant to chloride ions. Both of these featuresiake BOx more suitable to be
utilized in implantable devices.

Glucose oxidase

Glucose oxidase (GOx) is of a fungal origin, wittAspergillus Niger being the most utilised
source of this enzyme. It catalyses-D-glucose oxidation to D-glucono-lactone. Later D-
glucono- -lactone is further non-enzymatically hydrolyzed to gluaaic acid [L0J. GOx utilizes
O, as an electron acceptor, with the simultaneous productionf diydrogen peroxide 101].
Glucose oxidation with GOx would not be possible without a dactor which is in this case
avin adenine dinucleotide (FAD). This cofactor is rst reduced by glucose and then oxidised
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by O,, as described in the following reactionslp2:

D glucoset FAD D glucono lactone+ FADH » (1.33a)
FADH,+ O, FAD +H ,0O, (1.3b)

The pH optima of GOx vary from 5.0 to 8.6 10Q, so it is appropriate forin vivo applications

Gluconolactone _q™\4 |/
=)
4 N %
YT

Sk

Glucose

electrode

Figure 1.11: Structure of glucose oxidase fromAsperigillus niger indicated as cyan ribbons, the avin
cofactor is indicated with yellow sticks [75].

such as electrochemical glucose sensors and biofuel c&l][ Moreover, at least till 2011,
all the commercial optical sensors relied on the use of thism/me [L0ZJ. Apart from that
GOx has a considerable industrial importance e.g. as foodgservative and the production
of gluconic acid or oral hygiene productslpQ 101].

Glucose dehydrogenase

Glucose dehydrogenase (GDH) belongs to the family of oxigmluctases, as MCOx do. It can
be found in a liver and di erent bacteria and where it is invoved in glucose metabolism. GDH
needs the presence of a cofactor to be able to catalyse thecglse oxidation. Thus, depending
on the coenzyme, glucose dehydrogenase is classi ed intoeitypes: i) NAD" - and NADP™ -
dependent (e.g. fromGluconobacter suboxydansnd Pseudomonas sporgeii) avin adenine
dinucleotide (FAD)-dependent (e.g. fromAspergillus niger) and iii) pyrolloquinoline quinone
(PQQ)-dependent (e.g. fromPseudomonas uorescens[104.

GDH from Pseudomonas spwhich was used in this thesis, is responsible for the catalg
of the following, oxygen-insensitive, reaction:

D glucoset NAD(P) * D glucono lactone+ NAD(P)H+H *:  (1.4)

NAD and NADP stand for nicotinamide adenine dinucleotide ad nicotinamide adenine
dinucleotide phosphate, respectively. Both of them are @uftors for this type of GDH, so
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one can say that this enzyme has a dual-cofactor speci citlt preferentially utilises NADP,
whereas it binds NAD with lower a nity [ 105.

Figure 1.12: Schematic representations of the tetramer of GDH fromThermoplasma acidophilum with
each monomer shown in a di erent colour. Zinc atoms are depied as spheres105.

The optimum pH for GDH depends on its source, the kind of bu eland the kind of an
electron acceptor 106, but generally it is in the range of 5 - 9. For example for GDHrém
Bacillus megateriumthe optimum pH is 8.0 in Tris®/HCI bu er and 9.0 in acetate/borate
buer [107.

An example of the GDH crystal structure is presented in Figug1.12 It is worth noticing
four monomeric parts which build this enzyme, as well as thergsence of Zn atoms.

At the end of this section | would like to mention two importart issues concerning all
enzymes. The rst one is the use of a properly matched pH to theertain enzyme. Since
the ionization state of the amino acids in the enzyme activats is dependent on pH, one
can easily change the enzyme activity by changing pH. Thus pplays an important role in
maintaining the proper conformation of the biomolecules ahmost of them are only active
within a narrow pH range [LOQ.

The second issue concerns enhancing enzymes propertiesdretic engineering by bind-
ing functionalities to surfaces T4]. Such a treatment is expected to tune the redox potentials
of enzymes active sites and to facilitate electric commurtion at the interface between the
enzyme and electrodel0§. It is also expected to obtain more stable enzymes. Thus i$ i
understandable why Brito and Turner [f4] underline the necessity of joining the knowledge of
biologists, chemists, chemical engineers and materialgestists to improve the performance
of bioelectrodes. The joined e orts of all of the listed scrgists will lead to a development
of better biodevices for electrical energy production.

5Tris stands for tris(hydroxymethyl)aminomethane.
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1.3 Biofuel cells and biobatteries

Biofuel cells (BFCs) are devices comprising two electrodésn anode and a cathode) which
convert chemical energy into an electrical energy, where dast one of the electrodes/{)]
utilises bioelectrocatalysis. The reactants in these powdevices are fed from external reser-
voirs [1]. Batteries contain the reactants and there is no possilyito feed them externally [1].
In this thesis | use the term biobatteries to describe the hyids of BFCs and batteries. In
non-scienti ¢ literature the BFCs are often called biobateries 109 110 which is misleading.
Here | use these two terms for di erent devices.

There are two main groups of BFCs - depending on the exploitddocatalyst - microbial
and enzymatic. The microbial BFCs use whole organisms to edyse the reactions occurring
on the electrodes, while the enzymatic BFCs use specic emags. The rst BFC was a
microbial one, constructed by Potter in 1912111]. He generated electricity with the help of
microbial cells placed on platinum electrode. The rst example of an enzymatic-BFC was
reported almost half a century ago by Yahireet al. [113. They used GOx on the anode which
was connected to the platinum cathode. Apart from the above emtioned two types of BFC
another hybrid design - a combination of microbial- and enzyatic-BFC - was also examined.
An example of this type of a hybrid was reported by Schaetzkt al. who showed that a BFC
with a microbial-bioanode can be improved by using an enzyria cathode [L13. Since my
thesis is about electrodes modi ed with enzymes, | will nowotus only on the enzymatic-
BFCs and enzymatic biobatteries.

The main advantages of enzymatic-BFCs in comparison with mriobial-BFCs are: they
do not require nutrients or biomass; the processes occumgion the electrodes can be more
easily controlled; they generally produce higher currenteshsities than microbial-BFCs; it
is easier to miniaturise them 74,114. These advantages are possible due to high catalytic
activity of the enzymes and their smaller size in comparisowith the micoorganisms. For
example many oxidoreductases are able to increase the réactrate by as much as 18 times
the rate. Moreover, oxidoreductases often have turnovertes on the order of 18s * [72. A
comparison of electrodes with enzymes and electrodes corsipg metal catalysts (such as
Pt) clearly shows that the former can give lower overpoterdi at pH close to neutral. That
in turn gives better power output of the BFC at pH similar to the pH of blood. Besides
enzymes are less expensive than precious metals, which istaer plus for enzymatic-BFCs.

On the other hand enzymatic-BFCs have several disadvantaggeAmong the most impor-
tant are: the short lifetime of the enzymes and their low powedensity. Both of these issues
are related to enzyme instability, electron transfer rate md enzyme loading 115. Therefore
for practical application of BFCs two main di culties need to be overcome: i) nding the
way to maximise power densities by understanding which impt@ant parameters a ect the
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BFC performance and ii) stabilizing the enzyme so that it is active for a reasonably long
operating time [74,114. A very good way to manage these tasks is to immobilize the en
zyme on the electrode in an appropriate way. The proper immadisation means providing
the enzyme an orientation which makes it active and enablinthe substrates to get to the
active site. That is why the immobilization of enzymes is exnsively studied since the late
1960s 1169 and a vast majority of reports concerning enzymatic-BFCaifact describe new
ways of enzyme immobilisation.

Active Site

Enzyme

AN

Figure 1.13: Schematic showing the importance of orientation on the eleiton tunneling distance from the
active site to the electrode [7(].

Figure 1.14: Enzymes immobilized on an electrode surface via (a) physi¢adsorption to a polymer, (b)
covalent attachment to a polymer (as shown by the black and wiite tethers) or (c) encapsulation in polymer
micelles. f117].

There are a few ways to immobilize the enzyme on electrode fage: i) adsorption, ii)
covalent attachment, iii) encapsulation iv) and combinatbns of i), i) and iii) [114 11§
(see Fig.1.14). Physical adsorption is the easiest approach to stabilishe enzyme on the
electrode surface. It utilises interactions such as: hydobobic, ionic, van der Waals or the
formation of hydrogen bonds between the enzyme and the elexe. The main drawback of
this immobilisation technique is leaching out of the protei. It does not concern the covalent
attachment approach, where the enzyme is covalently bouna tthe electrode material or
to other enzyme molecules. Therefore covalent immobilisgah often results in obtaining a
better stabilised enzyme, in comparison with the adsorptioapproach. On the other hand
the encapsulation retaining the proper orientation of the mzyme is more desirable method
of enzyme stabilization than the adsorption and covalent #gchment. The encapsulation
prevents from leaching out the protein and it might improve ts selectivity.

The use of nanomaterials for enzyme immobilisation can lead obtaining improved
stability and activity of the protein [ 115. The most interesting properties of nanomaterials

"The enzyme stabilisation means preserving its unchanged niae structure, which is equal to preventing
enzyme denaturation [L1§.
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from the point of view of this application are: large surfacarea, pores sizes tailored to
the enzyme dimensions, multiple sites for interaction or gachment of proteins 11§. All of
these properties make the use of nano-structured materiais be an expected milestone in
overcoming the major obstacles in the development of powerbiofuel cells.

The literature concerning the enzymatic BFC preparation isso broad that it is not
possible to brie y summarise it in this thesis. In Sectiorl.5.21 will present a more detailed
description of di erent ways of the enzyme and CNT entrapmenon the electrode surfaces.
The same or very similar immobilisation methods are used irhé case of all biomolecules
and nanomaterials. Thus most of the bioelectrodes to the BRCcan be obtained in the ways
which will be mentioned in Sectionl.5.2 Here | will restrict myself to presenting the most
interesting examples of BFCs and biobatteries.

From my point of view the most interesting BFCs are the ones wth were truly implanted
in some living beings. These examples are the proofs that thedd of interest of my thesis
has already left the lab bench and was used vivo.

The rst example of an implanted BFC was developed in Cosni&r group and presented
in 2010 fL19. The authors used a simple mechanical compression of gréaphparticles, se-
lected enzymes and mediators to obtain the bioelectrodestime shape of graphite discs. The
bioanode comprised GOx, catalase and ubiquinone. The bidlcade comprised polyphenol
oxidase (PPO) and quinhydrone, and it was wrapped in a dialisbag (to prevent quinhy-
drone di usion). Both electrodes were packed in another digsis bag which was permeable
for oxygen and glucose. The constructed BFC was implanted anretroperitoneal space of a
rat and was operating for 3 months. The principle of the opet®n of this BFC was based
on the oxidation of ubiquinol generated by GOx and a couplededuction of quinone, which
was in turn generated by PPO. The generated power had a peak@®b W at 0:13V, which
was equal to a maximum speci c power of 24 Wml *. Such a result is better than the
requirements of pacemakerslp(d. On the other hand the cell produced 2 W for several
hours, which was still not enough to power any implanted medal device. However, this
BFC was a promising rst small step to the further developmets.

Miyake et al. constructed a needle-like BFC and inserted it in a rabbit'sa (see Fig.1.15
[12]]. The bioanode design was far more complicated than in the s of the cell obtained
by Cosnier's group. It contained glucose dehydrogenase (Bpand diaphorase as well as
poly-L-lysine modi ed with the enzyme cofactor NAD" and with the mediator - vitamin K.
Moreover, the bioanode comprised ketjenblack (KB)and a material which immobilised alll
the compounds on the surface of a gold wire - poly(ethyleneygbl) diglycidyl ether. The
modi ed wire was inserted into a plastic needle lled with agrose mixed with bu er. To get a
biocompatibile anode, the needle was coated with 2-methgtwyloxyethyl phosphorylcholine

8KB is a kind of amorphous carbon which is electroconductive ad has a very high surface-are-to-volume
ratio.
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(MPC)-polymer. The gas-di usion (air-breathing) biocathode was located on the top of the
needle and had an ionic contact with the anode via the gelledyarose mix. The biocathode
was made of a Toray carbon paper coated with KB, poly(tetra vroethylene) (PTFE) and
bilirubin oxidase. As prepared biocathode was in a direct otact with the air and due to
that it was able to utilise more oxygen than it would be possie inside the rabbit's vain.
The power output of this needle-like BFC reached 115Wcm 2 (26:;5 W) at 0:34V [12]]

"
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Skin
l._

Biofuels

Figure 1.15: A) Schematic structure of a biofuel cell designed to utilize biochemical energy in living
organisms. B) Photographs of the assembled biofuel cell fgpower generation from a rabbit vein [L21].

which was a ca. 4 times better result than in case of the BFC ingmted in the rat [119.

Next a few examples of BFCs implanted in living beings were mstructed by Katz's
group. Each of these BFC was prepared in the same way, but theyere implanted in dif-
ferent animals: a snail 123, clams [L23 and lobsters 124. As a substrate for both bioelec-
trodes a buckypapet was used. The compressed CNTs were modi ed with a cross-kmk
(1-pyrenebutanoic acid succinimidyl ester, PBSE) so thathtey were bound via - stacking
with the polyaromatic part of PBSE. The PBSE was also bondedot the selected enzyme.
The Katz group chose the pyrroloquinoline quinone-dependieglucose dehydrogenase (PQQ-
GDH) as an enzyme responsible for glucose oxidation. PQQ-GDvas immobilised on the
buckypaper/PBSE to form a bioanode. To get a biocathode laase was immobilised on the
same substrate. The rst BFC obtained in this way was implangd in a snail which contains
glucose in its hemolymph. The cell was working as long as theollusc was treated properly.
A proper treatment of the snail made it to produce glucose wbh was the BFC fuel. The
maximum power output obtained from this BFC reached ca. 30Wcm 2 (7:45 W) [123, so
very similar to the one reported for the BFC implanted in the at [119. It was also similar to
the maximum power output of the BFC implanted in the clam - 40 Wcem 2 (10 W) [123.
But in case of the clams used as a source of glucose the Katzugrevent a bit further with
their work. They showed that a stack of BFCs powered an elednic device. They connected
three BFCs in parallel and charged a capacitor. Then the cap@or was discharged on a

9Buckypaper is a conductive material made of densely packed KTs, see the section1.5.2
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DC-rotary motor resulting in its rotation.

The most recent example of the BFC reported by the Katz group & implanted in
lobsters. One such a cell gave a maximum power output of 64Wcm 2 (160 W) [124.
After connecting two BFCs in series the authors used them fqgrowering a digital watch for
over an hour. Moreover, when ve of those BFCs were connectedseries and were used in a
system mimicking human physiological conditions, they cddi power a pacemaker. That was
the rst reported example of the pacemaker activation by thdBFC working in the conditions
closely similar to the conditions foundn vivo.

The nal example of an implanted BFC was presented by Schemss group [L25. This
power device was inserted in a cockroactBlaberus discoidali}. Due to the presence of
trehalase oxidase and glucose oxidase at the bioanode theHtilised the disaccharide
trehalose (present in the hemolymph of a living cockroach)saa fuel. Bilirubin oxidase was
immobilised on the biocathode to perform the oxygen reducn. Both electrodes needed the
presence of osmium complexes as mediators of the oxidatiamdahe reduction reactions.
The maximum speci c power density of this BFC reached ca. 55Wcm 2 at 0.2 V and
decreased ca. 5 % after operating for3h.

Very recently Wang's group reported a non-invasive way of engy harvesting from the
human perspiration [L26. They constructed a BFC which utilised lactate as a fuel. Bmuse
lactate is produced by humans and it is present in a sweat, $iBFC does not need to be
implanted in a person to generate electrical energy. Laceibxidase and CNTs functionalized
with tetratiafulvalene (TTF) were immobilised on the bioamde. Platinum black was used as
a cathode responsible for @reduction. Both electrodes were prepared by the screen4ming
method and were supported on a Gore-Tex textile. The asseraldl BFC looked like a tattoo
and was easily transferable on the human skin. The power outpbwas dependent on the
person who was testing the BFC performance. The highest maxim power output was
obtained with less t individuals - 70 Wcm 2.

Due to the low power outputs BFCs are still not used commerdig for powering useful
devices. However, so far at least the Sony Corporation made attempt and co- nanced
research which resulted in obtaining a very well performinBFC (P nax = 1:45mWcm 2 at
0.3 V) [127. The bioanode comprised GDH, vitamin K, diaphorase and NADH deposited
on carbon bre sheets. BOx and ferricyanide were immobiliseon the biocathode. A stack of
four of these BFCs were successfully used for operating a twr or portable music player for
at least 2 h. However, due to the two-compartment design andh¢ size of this power source
it would not be possible to implant it in some small animals. Bt glucose-powered iPad with
this BFC seems to be an interesting solution for an externalse of this power device.

The presented examples of BFCs generate little powers whemeoconsiders powering big
electronic devices. However, the obtained powers have baeareasing and hopefully it will
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be possible in future to use BFCs for powering implanted meddl devices such as nerve-
simulators, pacemakers and drug-delivering pumps. More abt BFCs can be found e.g. in
the following reviews: I, 70,75,78 114128 130.

1.4 Electrochemical biosensors

According to recommendations given by the International Uion of Pure and Applied Chem-
istry (IUPAC) an electrochemical biosensor is a self-comtined device, which is capable of
providing speci ¢ quantitative or semi-quantitative analytical information using a biological
recognition element (biochemical receptor) which is retaed in direct spatial contact with an
electrochemical transduction element 131. Being self-contained in this case means that all
parts of the biosensor are integrated and form the same uniExamples of biological recog-
nition elements are: enzymes, whole cells, membrane reaeptand plant or animal tissues.
Thus the process occurring on the sensor is the previouslysdebed bioelectrocatalysis (see
Section1.2). The electrochemical biosensor is one among several typéshemical biosensors
such as optical, piezoelectric and thermal biosensors.

1.4.1 Self-powered biosensors

Self-powered biosensors are these biosensors which do regdhan external power source
to convert an input form the analyte into a signal 133. The rst example of such a de-
vice was described by Katz and Willner in 20011B3'°. They presented a new concept of
a self-powered biosensor comprising a BFC generating diemt open circuit voltage (OCV)
dependent on the concentration of the fuel. Depending on thenzyme immobilized on the
surface of a bioanode (GOx or lactate dehydrogenase, LDH}hear glucose or lactate was
used as an analyte/fuel. In both cases the same biocathodesnssed - containing immobilised
cytochrome c/cytochrome oxidase (Cyt ¢/COx) responsibleoi O, reduction (Fig. 1.16. In
the absence of the fuel the BFCs did not generate any voltagéhe OCV increased logarith-
mically with the increase of the fuel concentration showingxpected Nernstian dependence.
Both BFCs produced very little power to drive a device to shovihe change of OCV. Thus
the term self-powered was rather assigned to the fact thathe cell was able to give any
di erent output related to the change of the fuel concentraion.

Following the Katz and Willner's de nition a few di erent ty pes of self-powered biosen-
sors were presented, mainly by Dong's, Minteer's and Nislaiwa's groups. An example of
mitochondrial bioelectrocatalysis harnessed for detenty the presence of explosives was pre-
sented by Minteer's group 136. In the absence of nitroaromatic compounds the bioanode

10At the same time patent applications concerning self-poweed biosensors started to be submitted to
patent o ces [ 134,135
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Glucose l

Figure 1.16: Con guration of the self-powered BFC-based biosensors coposed of: A) PQQ-FAD/GOx-
functionalized anode utilizing glucose-analyte as a fuel ©B) PQQ-NAD * /LDH-functionalized anode uti-
lizing lactate-analyte as a fuel, and C) Cyt c¢/COx-function alized cathode utilizing O, as an oxidizer in
combination with either the anodes A) or the anode B) [L33 134. PQQ stands for pyrolloquinoline quinone

containing mitochondria was inhibited by oligomycin and wa not able to oxidize pyruvate
present in the solution. The addition of explosives causedhe decoupling of the inhibitor
which resulted in power generation by the BFC. The power outg was not related to the
concentration of explosives. The sensor acted rather likebsnary device and detected the
presence of nitrobenzene in a solution with a concentratiaas small as 1 fM.

The rst device which in my opinion is an example of a truly sétpowered biosensor was
presented by Hanashet al. in 2009 [L37. They used a capacitor as a transducer coupled to a
light-emitting diode and connected it to a glucose/@ BFC. The BFC charged the capacitor
with a rate proportional to the fuel concentration. Then thecapacitor was discharged through
a LED. As a consequence the LED blinked with a frequency inditing glucose concentration.
The so called BioCapacitor did not need any external devicesich as a potentiostat or a
multimeter to convert an analytical signal into a signal vihle by naked eye. Thus | would
suggest to call it the rst truly self-powered biosensor.The same idea of charging a capacitor
by a BFC (glucose/O, or fructose/O,) was further used by Nishizawa's groupl21,139, but
surprisingly without referring to Hanashi's paper.

In 2010 Denget al. [139 introduced another interesting approach to self-powerebio-
sensing - utilising inhibition of the biocatalyst. The autlors presented a way of cyanide
sensing by using a glucose/©BFC. In this case the decrease of the power output of the
BFC was caused by the inhibition of laccase by CNions. As a result a linear dependence
of the power output on the CN concentration was registered. In this case the signal from
this biosensor could be analysed with the use of a potentiast

So far the self-powered biosensors were used for sensingaga 133 137,140, acetylthio-
choline [L41], lactate [133, nitroaromatics [136, cyanide [L39, Hg®* [147, ethylenediamine-
tetraacetic acid (EDTA) [143, fructose [L2]], acetaldehyde 144 and herbicides 145. My
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thesis added to this list a self-powered sensor for ascorlicid (see Chapter6).

1.5 Electrochemistry at electrodes modi ed with CNTs

Carbon materials have been extensively used for electrodedncation since around 1960s
[146 147. The main advantages of using these materials in electraagtical chemistry are
ready availability, chemical stability, wide electrocherital potential window in aqueous so-
lutions, biocompatibility and the possibility of forming grong covalent bonds to a variety of
surface modi ers [L148149. CNTs have also been considered as an excellent materialétec-
trode modi cation. This is mainly due to electronic properies of CNTs (see Sectiori.1.])
and their high aspect ratio. Interestingly, together with tie growing interest in using CNTs
in electrochemistry, some controversies concerning th@wonderful properties have appeared.

In this section | will describe di erent attempts of CNT eledrode preparation and the
most interesting applications of these electrodes in eleganalysis and bioelectrocatalysis.
Moreover, | will point out the most important uncertainties about CNT electrochemistry.

1.5.1 CNT electrodes in electroanalysis

The preparation of the rst electrode modi ed with CNTs was reported in 1996 by Ajayan's
group [150. It was made by packing a paste made of unpuri ed CNTs mixed i bromoform
into a glass tube. The electrode was not characterised in aryedetailed way and it was
used for dopamine sensing. Moreover, it was suggested fiorvivo for neurotransmitters
sensing. During the few years after that paper CNTs were notsed very often for electrode
preparation. The explosion of interest in electrochemisgrwith CNTs appeared around 2002
when Lin's group observed stable NADH detection at low poteial at a CNT-modi ed glassy
carbon electrode 151].

Electrodes modi ed with CNTs can have randomly distributedtubes or tubes which are
organised in a de ned way. The random distribution of CNTs isasier to obtain and can be
achieved by a number of ways, such a$42 153:

" deposition of CNTs without any binders [154 156,

" dispersing CNTs with a binder, e.g. Na on [157]), dihexadecyl hydrogen phosphatelpg
or Teon [159,

" making a nanotube paper (a buckypaper) by vacuum ltrati on of the suspension of
puried CNTs [ 160,

" embedding CNTs with a polymer [16]] or a sol-gel silicate matrix 162.
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Di erent CNT pastes, composites or mixes can be deposited dhe electrode surface in
several ways, such as drop coating, screen printing, inkjptinting, layer-by-layer assembly
method or by spraying. Moreover, CNT thin Im modi ed electrodes can be obtained by
electrodeposition 163 164 or electrophoretic deposition 165. All the deposition methods
listed so far give electrodes with randomly distributed CN3. To achieve a better control
over the CNT orientation a self-assembly phenomenotqq or a direct growth of the tubes
on the electrode surface was usedq7 169. The directly grown tubes can cover the whole
area of the electrode or can form an array of microelectrodesde of vertically aligned CNT.
The main advantage of the electrodes with a controlled digbution of CNTs is an improved
electron transfer, in comparison with the electrodes withandomly oriented tubes.

The number of analytes which were studied using CNT-electies is huge and includes
compounds such as: hydrogen sul de.Y(, morphine [L7]], carbohydrates 72, nitric oxide
[173, insuline [L74), uric acid [179 and capsaicin 176§. Networks of SWCNTs appeared
to be very e ective for trace level CV measurements becauséey are relatively simple
to prepare and they allow to detect analyte concentration atevels inaccessible to other
electrode materials 177).

One of the most elegant ways of using CNTs in electroanalysi® my opinion, is the
detection of dopamine (DA) recently reported by Sansulet al. [178. In this example a
network of SWCNTs was rst grown on silicon substrate usingatalyzed CVD method and
then used as a micro uidic electrode. A specially designedicno uidic cell (Fig. 1.17) with
this CNT-electrode was used in a ow injection analysis (FIAto detect DA with a limit of
detection of ca. 5 pM in 50 I.
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Figure 1.17: Left: A micro uidic cell with a CNT-electrode and (inset) a3 D AFM prole (3 m 3 m)
of a typical SWCNT network. Right: Typical FIA amperometric signal for the detection of 50 | injection
volumes of DA in 10 mM PBS pH 7.4 at concentrations in the rangeof 5 1000 nM. The inset shows the
triplicate current response of 5 nM DA [17§.

Usually the use of CNTs in electroanalysis is explained byvaurable low detection limits,
increased sensitivity, decreased overpotentials and a istgance to surface fouling179 180Q.
However, not all the authors praising their CNT-electrodesare aware of the in uence of
impurities or CNT defects on the electrode performance. Thenpurities such as amorphous
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carbon or metal nanopatrticles (NPs) used for CNT growth candresponsible for changing
the electrochemical response of particular redox systeniglf. The NPs can greatly enhance
the response of the electrodel81 183 and moreover their in uence is still noticeable after
a puri cation of CNTs [184 185.

Some of the favourable electrode features can be a result dfiTacid puri cation pro-
cess. Usually this process not only removes impurities fraime nanotubes but also cuts them
and leaves open ends and damaged sidewalld§. The CNT damages introduced during the
acid-treatment lead to the formation of oxygen-containingroups, e.g. ketones and carboxylic
acids, which in turn can facilitate certain electrochemidareactions [L8§. Moreover, what is
probably even more important, the acid-treatment introdue also so called edge-plane-like
sites on CNTs which act as edge plane pyrolytic graphite (ER®). Pumera et al. showed
that EPPG-like sites present on MWCNTSs increased the rate emtant of electron transfer
for the ferrocyanide/ferricyanide by over two orders of magtude [187. On the other hand
the presence of the sidewall defects causes changes in mlaat states of CNTs which usu-
ally results in the increase of CNT resistivity 148. Thus one should bear in mind above
mentioned ndings during the fabrication of CNT-electrode to be able to properly explain
their performance.

The main uncertainty about the CNT electrochemistry concers the question What is
more active: nanotube tips or its sidewall?The answer is still under a debate. Initially
it was assumed that only the CNT tips are active, whereas thadewalls are inactive. This
assumption came from the experiments conducted on MWCNTegtrodes (presented below)
and were unreasonably transferred on SWCNT-electrodes.
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Figure 1.18: A schematic representation of the edge plane and the basal @he pyrolytic graphite electrodes
derived from highly ordered pyrolytic graphite (HOPG) [ 180.

A signi cant contribution to the studies on MWCNT-electrodes was made by Compton's
group. First they demonstrated that the use of CNTs gives siitar e ects on an oxidation of
NADH, epinephrine, and norepinephrine as a graphite powdenodi ed basal plane pyrolytic
graphite (BPPG) electrodes 188. Then they showed that the CNT sidewalls are similar to
the BPPG and the tips behave like the EPPG (Fig.1.18. Compton's group suggested that
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only the MWCNT sidewalls are responsible for the observed Edctivity [ 18919(0. They also
proved that the electrode kinetics at EPPG are at least threemes faster than at BPPG [L90.
Moreover, they indicate that it is possible to easily introdce the EPPG-like defects on the
BPPG and (in this way) make it more electroactive 191. By analogy it is possible to
make the sidewalls of MWCNTs more active, but still their eletroactivity is assigned to the
presence of the EPPG-like sites1B(. Furthermore Compton's group also showed that the
CNT defects such as terraces are voltammetrically inerL8(d. So the main conclusion drawn
from the work done in Compton's group is that there is nothingextraordinary in MWCNTSs
from the point of view of electrochemistry. The electroactity of MWCNTSs has its origin in
the presence of EPPG-like sites and these sites have beenwndor a long time.
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Figure 1.19: A) A schematic representation of the procedure for preparimg the CNT electrodes with only the
nanotube tip (CNT-T) or sidewall (CNT-S) accessible to eledrolyte. The insets show a digital photographs
of as grown CNTs and a nanotube electrode prepared with an ajined superlong CNT bundle connected to
a copper wire fl97. B) CVs for H,0, and ascorbic acid oxidation at CNT-S and CNT-T electrodes wth or
without oxygen surface functionalities [14§.

An interesting study was presented by Dai's group who used ger long VACNTs (5 mm
long, Fig. 1.19A) to check electrochemical response of di erent redox spes on the nano-
tube sidewalls (CNT-S) or nanotube tips (CNT-T) [L92 before and after introducing oxygen-
functionalities (O-CNT). It was shown that the electrochenstry of investigated probes is
facilitated only in certain examples (Fig.1.19B)). E.g. ascorbic acid oxidation was promoted
by O-CNT on both CNT-S and CNT-T [148. On the other hand CNT-T were not active
towards H,O, oxidation.

Another studies lead to contradictory conclusions conceing SWCNTs. On the one hand
Dekker's group showed that SWCNTs have electroactive sidalls and that no impurities
were needed for an electron transfer to the used redox spefl®3. On the other hand
Compton's and Gooding's groups showed that the electrochéal properties of SWCNTs
arise from their tips which have EPPG-like defects194 193.

In contrast to what had been reported previously, a very sursing result was recently
presented by Unwin's group. They developed a new techniqualled scanning electrochemical
cell microscopy (SECCM) 196 197 and used it for spatially resolved electrochemical imag-
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ing of the isolated BPPG [L98. The performed electrochemical measurements showed un-
ambiguously that ET is fast (close to reversible) for the twamost studied redox couples
([Ru(NH3)g]** and [Fe(CN)]* =2 ). The authors' comment on the BPPG performance was:
After all, it's active. Their nding made a big impact on ou r understanding of not only
the highly oriented pyrolytic graphite (HOPG) but also on oter related sg materials, such
as CNTs and graphene.

Another example of studies done by Unwin's group, which agaias an turning point in
understanding the performance of CNTs, was published redn[ 199. This time the authors
investigated forests of SWCNTs using the SECCM. The resulshowed that both closed ends
of CNTs and CNT sidewalls promote fast electron transfer. Tén ET was observed without
any activation or processing of CNTs, what was contrary to tb former models present in
the literature [200Q.

After all above mentioned contradictory observations theestion arises why some groups
claim that CNT sidewalls are active only when they have the gosed EPPG-like sites, while
other groups are able to show that even BPPG-like sites aresetroactive? Is this divergence a
result of using di erent experimental techniques which g the data interpreted in a slightly
di erent way? Or it is a result of using CNTs prepared not in eactly the same way? One
can say that the problem with the di erent results might be urderlain by an inappropriate
interpretation of the obtained data.

Compton's group has drawn the electrochemists' attentionat the following issue - the
models describing di usion on a naked and modi ed electrodean be dierent [20]]. The
semi-in nite planar di usion model is a proper model for interpreting the kinetics of the
electron transfer at the naked ( at) electrode. However, tb CNT modied electrode is
typically porous and it is possible that pockets of solutiorare trapped between the layers of
CNTs. Then oxidation of electroactive species on such a CNalectrode should be described
by the model of a thin layer cell of high electrode area. The nradi erence between these
two models is that the thin layer model predicts a smaller pdato-peak separation than
the semi-in nite di usion model. Thus some electrochemig who do not take the thin Im
model into account can make a conclusion that their CNT-elémde shows faster kinetics
than the naked electrode so it shows electroactivity. All irall Compton's group showed how
important is a correct interpretation of the obtained voltanmetric data.

Currently the biggest interest in CNT modi ed electrodes isin the properly matched
way of CNT functionalization which would lead to obtaining he electrodes of desirable
properties. This nanoengineering of electrodes can be ddnethe use of various CNT modi-
ers, such as: organic compounds and functional groups (pyohers, DNA, proteins, oxygen

1 The diagnostic criterion for the faster electrode kinetics is often simply based on the peak-to-peak
potential separation of the forward and reverse waves in thecyclic voltammetric experiment [ 201.
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functional groups, etc.), inorganic materials (metal NPsmetal oxides, etc.) and organic-
inorganic hybrids R0J. An interesting example of an electrochemical sensor withSWCNT-
DNA hybrid was presented by Guoet al. [203. In the absence of H§f ions the nanotubes
wrapped by single stranded DNA (ssDNA) were not adsorbed ohé Au electrode modi ed
with self-assembled monolayer (SAM) of alkanethiol. At thiastate no redox current was
generated at the electrode immersed in ferrocenecarboxyhcid (FCCOOH) solution. The
addition of Hg?* ions caused the removal of the ssDNA from the SWCNT sidewal&nd
the formation of double stranded DNA (dsDNA}?. Then SWCNTs assembled on the SAM
and mediated the ET between electroactive indicators and thelectrode (Fig.1.20. The
obtained sensor was ultrasensitive, with limit of detectio of 16.3 fM.
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Figure 1.20: A) A scheme of an electrochemical sensing strategy for the dection of Hg?* ions. B) Typical
di erential pulse voltammetry responses for di erent Hg?* concentrations R03.

More about the functionalized CNTs used in the electroanatical chemistry can be found
in the following reviews: P05 214. The most interesting reports from the point of view of
this thesis treating of the sol-gel composites with CNTsLp3 2152164 and the bioelectrodes
with CNTs and enzymes will be wider discussed in the next sudsion.

1.5.2 Bioelectrodes with CNTs

The interest in immobilisation of e.g. proteins and enzymesn the electrode surface comes
from the possibility of obtaining high selectivity (unique recognition) and sensitivity to
speci ¢ molecules 203. The selective bioelectrocatalysis achieved by this mocktion is
desired to construct e.g. e ective sensors and bioelectresi to biofuel cells.

Because of the unfeasibility of direct stable immobilisatin of the proteins and enzymes
on the electrode surface there is a need of using materialsigthform a conductive support
holding the biomolecules. Nanomaterials are very good exples of such modi ers because
they are able to increase the electrode surface area, conilty and electrode ability for
the ET. Moreover, they can decrease an overpotential for aaeyme/cofactor electrochemical

20no's group demonstrated that Hg* ions possess an unique property to bind speci cally to two DN\
thymine bases (T) and form stable base pairs (T-Hg* -T) [204.
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regeneration Y0]. Carbon nanotubes are one of the most commonly used nanomaals for
the bioelectrode preparation. They act as electrical bridgs between the electrode surface
and the biomolecule 207. It was showed that direct ET reactions of redox-active bimacro-
molecules can be much improved by the use of CNT21J0 217 219. Besides the enhanced
electrochemical activity of the electrodes they can also beelpful in accumulation of some
biomolecules 220 and decreasing surface foulind$1,221].

So far CNTs have been used together with biomolecules such exzymes, mitochon-
dria, deoxyribozymes and living cells to modify electrodefirther applied as biocathodes,
bioanodes, sensors, batteries and electrodes in solar <¢fld. Here, | will focus on CNT
electrodes with enzymes and thus | will extend the topic stéed in Section1.3.

—(;.2 0?0 0.'2 0?4 0.=6 -0=.2 0?0 0?2 0.=4 0.=6
E (V vs. Ag/AgCl)

Figure 1.21: A) a) CV characteristics of the SWCNT before the O, plasma treatment at =10 (1), 20 (2),
50 (3), 100 (4), 200 (5), and 300 (6) mVs?, b), and after the O, plasma treatment at various plasma power
( =100 mvs 1), ferrocyanide/ferricyanide redox couple. B) a) A schemaic illustration of glucose sensing
mechanism occurring on the pfSWCNT/GOx electrode. b)-d) Shematic drawings of sensors prepared with
di erent biomolecules attached to the pfSWCNT-electrode in the same way as GOx in an example a)J22.

The most reliable method of permanent biomolecule immolsktion on CNTs is covalent
cross-linking R27. This way of immobilisation requires CNT functionalizaton - most often
with carboxylic groups. There are two main ways of introducig -COOH groups on the
CNTs: oxidative acid treatment and exposure to a plasma atnsphere. Min's group used
the second approach to obtain CNT-based devices for eleathemical biosensing223. They
constructed a miniaturised three-electrode system wheréd working electrode (WE) was
covered with O, plasma treated SWCNTs. Due to the plasma treatment the WE hada. six
times larger e ective area than the untreated electrode. Meover, the plasma functionalized
tubes (pfSWCNTSs) could easily be exploited for covalent baing of biomolecules. In this
example P27 the pfSWCNT WE was rst immersed to a solution containing lethyl-3-
(3-dimethylaminopropyl) carbodiimide (EDC) and N-hydroxysulfosuccinimide (sulfo-NHS).
Due to such treatment several biomolecules (GOegionellaspeci c antibody, Legionella
pneumophila (L. pneumophilg-originated probe DNA and a peptide aptamer) could be
covalently immobilised on the CNTs via EDC/sulfo-NHS chenstry. The obtained electrodes
acted as sensors for: glucoskegionella Legionella pneumophilaand thrombin (Fig. 1.21B
a, b, c and d respectively).
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Another example of the covalent immobilisation of biomoledes to CNTs was shown
by Rusling's group R1§. They utilised amide linkers to bind horseradish peroxidse and
myoglobin to oxidised ends of SWCNTSs forest standing on théeetrode surface. The modi ed
electrode acted as a hydrogen peroxide sensor with a deteatilimit of ca. 100 nM.

PSCDH NH,-PDISWCNT-GC
- .-~ .-~" 5 mMlactose
g
3300
2
200
1004 buffer pH 3.5

E/Vvs. NHE

Figure 1.22: A) A scheme of lactose oxidation on the GC electrode modi ed vith SWCNTs with covalently
bounded cellobiose dehydrogenase (PsCDH). B) CV of a PsCDH N,-PD/SWCNTs-GC electrode in the
presence of 5 mM lactose (red) and in the absence of substrafblack). 0.1 M acetate bu er, pH 3.5, scan
rate 1 mV s ! [223.

Tasca.et al. used a way of SWCNT modi cation byin situ generated functionalized aryl
diazonium specie$ to steadily immobilize cellobiose dehydrogenase (CDH) fro Phane-
rochaete sordida(PsCDH) [223. The SWCNTs were rst adsorbed on a glassy carbon elec-
trode (GC) and then functionalized by the use of p-aminobewic acid (COOH-PD) and
p-phenylenediamine (NH-PD), see Fig.1.22 The obtained covalent functionalization gave
a very e cient DET between the enzyme and CNTs. The oxidationcurrent density was
the highest among all which were reported before for an oxailng enzyme working without
the mediator. Moreover, the presented way of PsCDH immolation enhanced the enzyme
stability - there was only 15 % decrease of the current aftel05hours of continuous cycling
(scan range: from -0.2t0 0.4 V, =0.1 mV s 1).

Another way of enzyme immobilization is the use of a sol-gelathod. Thank to this
approach one can obtain a hybrid of an inorganic/organic matial which is usually composed
of a porous silicate matrix encapsulating the biomoleculeIhe main advantages of using
the sol-gel process are: (i) the biocompatibility of the inganic material with the enzyme,
(1) retaining or enhancing the enzyme activity, (iii) the possibility of obtaining the desired
pore size distribution of the matrix, (iv) thermal stability of the matrix, (v) prevention of
enzyme leakage, (vi) the ease of obtaining these hybrid matds [225 and (vii) an extreme
pH-protectability of enzymes P2§.

The rst attempts to immobilize biomolecules in a silica. m&ix were described almost
60 years agod27 228. Then colloidal silicic acids were used as the precurso the for-
mation of the porous silica. Currently the term sol-gel progss is rather restricted to the use

13This method of SWCNT functionalization was developed by Bahr and Tour [224).
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of silicon alkoxide precursors. These precursors underggdiolysis and condensationZ29,
and form polymeric silicates with a structure controlled . by the catalyst used in the
process, temperature and humidity. The rst example of enayes encapsulated by the sol-
gel process was reported by Mosbach's group3[]. They imprinted horseradish peroxidase
and GOx in silica. coated with sol-gel made from a mix containg alkoxides such as bis(2-
hydroxyethyl)aminopropyltriethoxysilane and tetraethokysilane. The obtained hybrid mate-
rials were stable and allowed the enzymes to retain from 10 &9 % of their activity. The
authors correctly predicted already in 1985 that in the futwe organic silanes would nd an
increased use in solid state biochemistry.

A new class of composite sol-gel materials with CNTs or CNTsd enzymes was intro-
duced by Bachas' group162 231]. They used the sol-gel process for the enzyme (L-amino
acid oxidase) encapsulation on the electrode surface. Thenductive CNTs were added to
this composite to facilitate the ET. The enzyme retained cad0 % of its activity over 1 month
and the obtained modi ed electrode was used as a biosensora|®vaset al. [231]]).

After Galavas' work a big number of enzymes were immobilised sol-gel/CNT compos-
ites, e.g.: GOx 33, laccase 233, BOx [234, GDH [2352364, D-sorbitol dehydrogenaseZ37),
diaphorase 234, acetylcholinesterase and choline oxidas23g. This way of electrode mod-
i cation is still developing and most likely the sol-gel melhod will long remain as one of the
most important ones for the bioelectrode preparation.

One of the laccase mediators is 2,2'-azinobis(3-ethylbernkziazoline-6-sulfonate) (ABTS)
[239. Usually it is present in the electrolyte in which the biocthode is immersed. So far a
few examples of ABTS immobilisation on the CNT-modi ed bioathodes has been presented,
e.g. with Na on [24Q or polypyrrole [24]]. The rst example of such encapsulation in a sol-
gel silicate matrix was presented by Opallo's grou283. They immobilised MWCNTSs in the
silicate matrix, adsorbed ABTS on the tubes and then coatedhe electrode with thin Im
of the same type of sol-gel with Lc. Although the obtained symm was not very stable, this
method of electrode modi cation was relatively simple andreowed a new direction toward
obtaining biocathodes with a mediator.

An interesting example of a method used for obtaining a siBédCNTs/enzyme hybrid ma-
terial via a biomimetic process was presented by Johnson'sogp [243. They immobilised
GOx by a one-step silici cation reaction (a rapid ambient pecipitation of silica) catalysed
by lysozyme. Lysozyme is one of the biomolecules responsitadr silica. formation. In this ex-
ample it was coimmoblized with a chosen enzyme and formed achanically stable material
which allows to retain a high level of the enzyme catalytic d@iwity. Due to the biosilici ca-
tion the authors got a system revealing direct bioelectrotalysis of glucose oxidation (see
Fig. 1.23.

The idea of the utilisation of liquid crystals (LQs) for enzyne immobilization was devel-
oped by Bilewicz and co-workers2d3 245. Inter alia they described a few approaches to the
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Figure 1.23: A) CVs of GOx modi ed electrodes: GOx in silica. (line 1); GOx and CNT in silica. (line 2).
(KCI in phosphate buer, =20mV s 1), B) CVs of GOx and CNT in silica. in the absence (line 1) and
presence (line 2) of 40 mM glucose, = 20 mV s 1) [247.

utilisation of CNTs in this type of hybrid material. The nanotubes were mainly used to en-
hance the electron transfer between the electrode and thezgme active centre. Stolarczyk
et al. immobilized Lc (from C. Unicolor) in the lipid liquid-crystalline cubic phase p44.
The obtained modi ed electrode demonstrated oxygen reduch but it was very unstable. A
better stability of the modi ed electrode was obtained for he biocathode with the CNTs co-
valently functionalized with 2,2'-azinobis (3-ethylbenathiazoline-6-sulfonate) diammonium
salt (ABTS) and Lc [247.

Anode: TTF + GO: Anode: TTF/SWCNT + GOx
£ v p } 8- Calhoede: AB‘TS .ch Cathode: ABTS/SWCNT + Lc
R ng ., 604
: F S 64 504
| 3
404
a O 3:0 - E({ é 9
8 4 X3 5 21 204
X i AN H
,(I »‘A‘ﬂ' g Q' a 04 101 [ ]
- 0 T v
4 ). 0 3 6 0 100 200 300
0 ¢ fg Current density [uA/cm?] Current density [uA/cm?]
g (‘( "}') - Anode: FcCOOH + GOX Anode: FC/SWCNT + GOx
8 8 b S Cathode: ABTS +Lc 10 Cathode: ABTS/SWCNT + Lc
X ] P 1.2
~) Q ,:',f g 5
~ i = 1.04
-k‘— % 3 ool 804
> 0.
‘ v O G
s h ¢ S 0.64 604
o g o O’ i E 't
>e @ S / % 5 041 .
ac :
C ) .~ H
—“8 § 35 & 3 404
%% 8 ; Q"“'{U N_\(E— o 0.24 :r
mo m = ' 0.0 e
L. 0 300 600 900

0 0 1
Current density [uA/cm?] Current density [uA/cm?]

Figure 1.24: A) Schematic representation of the biofuel cell circuit. B) Comparison of power densities of
biofuel cells with and without CNTs [248.

A nice example of CNT utilisation for enzyme immobilisationin LQ was presented by
Nazaruk et al. (see the Fig.1.24 [248. They synthesised SWCNTs and MWCNTs with
covalently bound mediators for GOx and Lc. Usually, in casef MET, mediator leaching
is a big problem with maintaining the bioelectrode active. dre the authors overcame this
problem by the covalent immobilisation of ferrocene (Fc) ahABTS. Moreover, Nazaruket
al. used the LQ for the immobilization of tetratiafulvalene (TTF) - a molecule which acts
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as a mediator for GOx. Due to its hydrophobicity TTF was permaently immobilised in the
lipid phase of the liquid crystal. The comparison of the poweoutputs from the BFCs with
and without the CNTs is shown in the Figurel.24B.

Another method of CNT modi cation - based on the adsorption boppositely charged
molecules - was developed by Lin's group. They used a lays-Hayer (LBL) technique
to immobilise three dierent enzymes (intrinsically negaively charged) alternately with
a positively charged polymer. In all cases they rst put a lagr of poly(diallyldimethyl-
ammonium) chloride polymer (PDDA) on MWCNT modi ed glassy @arbon electrodes. Then
they put a second layer made of enzyme molecules - one of thikofeing: acetylcholinesterase
(AChE) [249, GOx [25Q (Fig. 1.25, choline oxidase (ChO) and a bienzyme of ChO and
horseradish peroxidase (HRP51]]. The obtained biosensors were used to detect organophos-
phate pesticides and nerve agent249, glucose 250 and choline respectively 251].
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Figure 1.25: a) Procedure of assembling enzymes on a CNT by LBL techniqueb) 3D image of
PDDA/enzyme/PDDA/CNT nanocomposite [ 249.

A di erent approach to obtain the bioelectrodes with CNTs wa presented by Mano's
group [257. They used a previously developed method of a CNT bre prepation called a
coagulation spinning process. First the acid treated CNTsave dispersed in sodium dodecyl
sulphate (SDS) water solution. The CNT bre was obtained by njecting the CNT disper-
sion into a spinning bath made of polyvinyl alcohol (PVA) saltion. The coagulated bre
contained ca. 80 wt.% of PVA, so it was further thermally treted (Ar, 600 C) to get rid
of the unwanted material and leave very porous bres made sy of CNTs. Next the CNT
bres were modi ed with an appropriate osmium polymer and tle enzymes BOx or GOx
to obtain a biocathode and a bioanode respectively. These dwbioelectrodes were used to
make a glucose/Q BFC (see Fig.1.26), which is still the most powerful among all BFCs
demonstrating MET. The obtained BFC gave the power densityfor40 Wcm 2 at +0:57 V
in 15 mM glucose solution (physiological conditions).

All the ways of CNT-bioelectrodes preparation described dar represent a small part of
the work done in this eld of electrode modi cation. Besideshe above mentioned methods
it is worth to add that the enzymes can also be immobilised tagher with CNTs with
the use of e.g. Na on 157, clay composite (hydroxyapatite with glutaraldehyde) 253 and
chitosan R54. In these cases the obtained biocomposites with CNTs fornogus thin Ims
on the modi ed electrodes.
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Figure 1.26: A) A scheme of an e cient glucose/O, BFC. B) Power density curves for a BFC made with
carbon bre (open circles) and CNT bre (solid circles). Conditions: a quiescent phosphate-bu ered saline
bu er, air, 15 mM glucose, 37 C [252.

Among other methods which use CNTs as an electrode substrab@e can distinguish
fabrication of buckypaper-based bioelectrode2%5, compression of the nanotubes together
with the enzyme R54 and induced shrinkage of CNTs entrapping the biomoleculd$3§.
The buckypaper electrode is prepared by a Itration of the CN suspension on the nylon
membrane, drying the obtained CNT- Im and then a mechanicatemoval of the membrane.
This type of CNT-electrode is very fragile but when treated arefully it can be further
modi ed with the enzymes immobilised by some binders, e.g.d\bn [255 to obtain the
bioelectrode.
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Figure 1.27: A) A schematic diagram of enzyme entrapment inside a CNTF by Iquid-induced shrinkage.
The photograph shows a free-standing enzyme-CNTF ensemblén that can be manipulated with tweezers.
B) A scheme of the BFC with enzyme-entrapped CNTF [L38§.

Completely binder-free CNT bioelectrodes were obtained hylishizawa's group by the
use of a liquid-induced shrinkage methodLBg. A forest of very long CNTs (ca. 1 mm) was
rst grown by CVD. Then the CNT-Im was removed from the substrate and treated by
a surfactant (Triton X-100) solution. Next the CNT-electrode was immersed in the enzyme
solution (D-fructose dehydrogenase or Lc) which induced hkage of the forest and the
entrapment of the biomolecules in between the nanotubes é€ig. 1.27). As prepared bio-
electrodes were used to construct a fructoseABFC which gave a maximum power output
of 1:8 mWcm 2 (at 0.45 V) in stirred oxygenated 200 mM fructose solution.

As mentioned before, one of the main challenges of bioelecte preparation is to obtain
e cient electron transfer between the electrode and the eryme active centre. CNTs are in-
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teresting materials to ful | these challenges not only beagse they are conductive and have a
high aspect ratio, but also because they can be easily furanialized. CNT functionalization
can lead to obtaining the MET - as was presented by Bilewicz'group who attached the
mediators to the nanotubes248. On the other hand some ways of CNT functionalization
can lead to DET. An example was presented by Jénsson-Niedk® et al. who functionalized
SWCNTs with di erent types of pyrene-derivatives which wee non-electroactive 257, 25§.
The authors used a non-covalent bonding by -electron stacking to modify CNTs with:
1,3,6,8-pyrenetetrasulfonate (PTSA), 1-pyrenesulfonat(PSA), 1-pyrenecarboxylate (PCA),
1-pyrenebutyrate (PBA) or 1l-pyrenemethylamine (PMA). Then they co-immobilized the
functionalized CNTs with Lc or BOx in a silicate matrix prepaed by the sol-gel method or
they adsorbed the enzyme (BOx) on the CNT/sol-gel modi ed elctrode. The obtained bio-
cathodes showed DET and gave the best (and similar) reducti@urrent in case of electrodes
with PTSA and PSA/SWCNTSs. The poorest oxygen reduction was latained for the biocath-
ode with PMA/SWCNTSs, which indicated that the sign of the ion bonded to SWCNTs was
more important than the speci ¢ functional group R58.
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Figure 1.28: A) Fabrication process for the BFC based on a paper chip. Steg: a) patterned paper chip;
b) paper chip-based carbon electrodes (C-PE); c) CNTs-IL mdi ed C-PE (CNTs-IL/C-PE); d) bioanode
(GDH/CNTs-IL/C-PE) and biocathode (BOx/CNTs-IL/C-PE) of  paper chip-based BFC. B) Digital photo
of the BFC. C) Digital photo of the BFC operating by utilizing commercial Nescafe instant co ee-based
solution as the biofuel [L44].

Another way of promoting the ET between the CNT-electrode aththe enzyme is the use
of ionic liquid (IL). Dong's group used 1-butyl-3-methylimdazolium hexa uorophosphate
([omim]PFg) to functionalize MWCNTs by simple mixing in a mortar [249. As prepared
paste was immobilised on carbon bre microelectrodes andrfoed a system which displayed
a good promotion of electron transfer to GOx. The following wrk of Dong's group was
crowned by obtaining a small paper membraneless glucose/&8FC (see Fig. 1.28 [144.
The bioelectrodes substrate was made of the CNTs modi ed witfbmim]PFg screen-printed
on the paper chip with patterned carbon electrodes. The enmes (GDH and BOx) were
immobilized on the electrode surfaces with chitosan. The EF performance was checked
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in a glucose solution as well as in Nescafe instant co ee, Mang vitamin water, fresh
watermelon juice and Minute Maid grape juice. The highest peer output (ca. 18 Wcm ?)
was registered for the BFC operating in the co ee. The destxed device was small (1.5 cm

1.5 cm), easy to prepare and relatively inexpensive. Thus might be a model for future
portable bioenergy devices.

For those who are interested in comparisons between di ereBFCs prepared with CNT-
bioelectrodes, | recommend to read a relatively new reviewulplished by Cosnier's group
[259.

1.6 Titanium dioxide nanotubes

Titanium dioxide (titania) is the most extensively studied material among all transition
metal-oxides R6(. It is also one of the most interesting compounds for matei scientists
due to the wide range of current and future applications, e.gn photocatalysis, medicine,
solar cells, production of white paints or sun-blockers.

The interest in this material has boomed in 1972, when Fujigima and Honda reported
the rst successful water photoelectrolysisZ61]. They used a cell comprising platinum and
n-dopped rutile modi ed electrodes and Vvisible light **. As a result they decomposed water
into O, and H, without applying any external voltage. Although that work provoked a
debate about the mismatch between a theory and the results moerning water splitting, it
also induced an interest in H generation. The world needs new energy carriers and hydroge
is regarded to be one of them. Thus photoelectrochemistry @iO, might lead to solving
one of problems with the world energy crisi2p2.

In the following subsections | will mainly focus on the desiption of TiO, nanotubes
which | used in my thesis as photoanodes in photo-biofuel tsl

1.6.1 Properties and applications

All the intrinsic properties of TiO, nanotubes derive from the electronic structure of titania
and the organised tubular geometry. TiQ is a non-toxic, wide-bandgap semiconductor which
naturally occurs in three forms: anatase (band gapE 3.2 eV R6Q), rutile (E 4 =3 eV [263)
and brookite (E5 = 3.1 eV [264). The bandgap (E;) - which is de ned by the gap between the
edges of the conduction and the valance bands - in Tjds equal to the gap between the Ti3d
states and the O2p levels, respectively (for anatase and iel) [265 266§. However, the band

n fact they used 500 W Xe lamp in their experiment, but in the conclussions they suggested that water
can be decopmosed by the visible light.
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edges can be shifted by the presence of defects in the Ti€@ystalline structure. The defects
such as oxygen vacancies and °Ti states provide additional states and result in a change
of Ey. That is why the presence of defects is crucial for the most portant properties of
TiO, and why the Ti®* content seems to entirely dominate its conductivityZ6Q. The defect-
dependent properties include: electrical properties, madransport and charge transport
Kinetics, reactivity, catalytic properties and light-induced properties 267. In his recently
published book Janusz Nowotny focuses on the detailed deption of studies concerning
di erent types of defects in uencing the properties of binay metal oxides, especially titania
[267. He shows that TiO, is not a formula which correctly re ects titania composition
because of a non-stoichiometric behaviour of this compounde also points out that even
a trace amount of impurities can substantially a ect the prgerties of this material. The
most important message taken from this book is that the defechemistry can be used for
engineering of TiQ properties. Thus the control of titania structure at the atamic scale can
lead to obtaining enhanced materials needed for solar engrepnversion.

Undoped anatase and rutile have similar resistivity - 0 10 cm. This value is
signi cantly decreased by thermal reduction of TiQ (10 * cm for anatase and 1
cm for rutile) and then stays temperature-independent260 268 269. Titania is very stable
against corrosion and photocorrosion. Usually it has the fim of a white powder which has a
high refractive index, thus it is mainly used as a white pigm# in e.g. paints, plastics, papers
and cosmetics. Moreover, TiQ has a strong UV light absorbance and that is why it is also
applied as a sunscreen blocke267]. Other properties are: photoinduced superhydrophilicyt
[270 and voltage-induced wettability control used in obtainimg anti-fogging and self-cleaning
coatings, respectively. But the most interesting are the pitoelectrochemical properties of
TiO, which can be used in photocatalysis (e.g. for water puri cadn), harvesting of solar
energy and obtaining new types of sensors (e.g. gas sensors)

The photocatalytic properties of TiO, result from the formation of electron-hole pairs
[27]] (see Fig.1.29. These charge carriers are formed when titania is illumined with the
light of the energy higher than the bang gap. Thus the undopediO, is photoactive under
the ultraviolet (UV) radiation *°. The photogenerated electrons and holes (h exist as long
as they are separated. The simpli ed model of the activity ofthese charge-carriers can be
described as follows. The electrons are promoted from theleace band to the conduction
band (see Fig.1.2%). The holes reach an interface between TiOand environment, where
they can react with appropriate redox specie26d. When TiO, is in contact with water
several highly reactive species are generated, e.g. ‘Omhat radical generation is possible
due to the high energy of the hole2[/J and can be further used for an oxidation of organic
compounds. Moreover, the decomposition of species adsattos the TiO, surface may be
initiated by direct transfer of h* from the valance band to those species.

15E4 higher than 3 eV is equal to the light wavelength lower than 4® nm.
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Figure 1.29: Photocatalytic activity of TiO , nanotubes: a) the mechanism of photoinduced formation of
electron-hole pairs and reaction with surroundings. b) Dak photocatalysis: su cient voltage-induced band-
bending creates valence band holes {h that can react with the environment, in analogy to photon-i nduced
hole (h*) generation [260Q.

Interestingly, reactions similar to the photocatalytic ores can be triggered by the voltage
applied to su ciently doped TiO , [272. For example annealed TiQ nanotubes have a doping
concentration of ca. 18# 10'° cm 2 and by applying voltage larger than 3 V (vs. Ag|AgCl)
it is possible to ionise their valance band and generate th@les (see Figl.2%). This e ect
is called a dark photocatalysis and might can be used for seleaning in the dark as well as
for performing photocatalytic reactions without the use ofJV light [ 26Q.

Nanosized titania is far better than the bulk TiO, from the point of view of most of its
applications. That is mainly due to di erent electronic prgoerties and a higher speci c area
of nanopatrticles which in turn lead to improved overall e ciency of the reactions catalysed
by this material. Physical and chemical properties of TiQ supposed to be even better con-
trolled in the case of nanotubular and nanorod-like geomeg&s P6(0. The most important
advantages of the TiQ nanotube structure is a de ned geometry and a large surfacees.
Moreover, the nanotubes show very good biocompatibility2f3 274. The tubular geometry
results in a narrow distribution of di usion paths of specis such as electrons, holes and
ions (transported through the tube wall) and reactants whike should be transported to the
tube bottom [275 276. For example Schmuki's group showed that the electron dision
length in aligned tubes can be 30 times greater than in the naparticulate TiO, [277]. Thus
the nanotubes, in comparison to other titania structures, lsowed enhanced properties when
applied in photocatalysis 278 279, sensing 280 287, photoelectrolysis £83 284 and pho-
tovoltaics [285 287. One of the most interesting applications of TiQ nanotubes presented
so far was a controllable drug delivery system presented byr®nuki's group R8§. They

44



1.6. TITANIUM DIOXIDE NANOTUBES

prepared amphiphilic® TiO, nanotubes by a two-step anodization process. The obtained
tubes had hydrophobic caps which prevented uncontrolleddkage of the hydrophilic drug
from the inside of the tubes into an aqueous environment. Tharug was released by applying
UV irradiation which caused scission of organic monolayeos the tube caps. Thus the drug
release was highly controlled by the photo-scission.

1.6.2 Methods of growing TiQ nanotubes

TiO, nanotubes (TNTSs) can be fabricated in many ways, such as tedape-assisted methods,
hydro/solvothermal processes, an atomic layer depositipmnodic oxidation, freeze-drying,
an electrodeposition and a seeded growtR§0,289290. The rst report about the formation
of titanium dioxide nanotubes was published by Hoyer in 199@91]. He introduced a rather
complicated template-assisted method coupled with an eteachemical deposition of tita-
nia. The obtained material was amorphous and gained the arese structure after the heat
treatment. Many of the methods introduced later involved slegel processes where hydroly-
sis of titanium alkoxide precursors was followed by hydro$ys and condensation reactions.
The control of the nanotube structure was usually obtainedybthe use of di erent types of
template [292 293.

In contrast to other methods of TiO, growth, anodic oxidation (at proper conditions)
gives self-organised vertically aligned nanotubes whicheausually attached to the substrate.
Moreover, the anodization technique is one of the simplestheapest and most straight-
forward approaches leading to ordered porous structurea/[H. Thus this method is very inter-
esting from the point of view of electrode preparation. Therst description of TiO, nanotube
formation using the anodization technique was presented ¥999 by Zwillinget al. [294. They
described the formation of columnar pores of nanometre &zby the anodization of Ti in
an electrolyte containing HF. Their method gave rather disganized layer on the top of the
Ti plate.

Dense, uniform and aligned TiQ nanotubes were for the rst time described by Dickey's
group [293 in 2001. By changing the anodization voltage and the condeation of HF in
the aqueous solution they were able to control the pore diatees of the nanotubes. The
pore sizes were in the range from 25 to 65 nm, where the higheitage the bigger diameter.
All the obtained tubes had the same length, so no dependence the anodization time was
found. The authors also presented a possible mechanism oé ttube formation which was
similar to the mechanism of a eld-enhanced oxidation of alinum.

After that crucial report di erent approaches to the anodiztion technique were tested to
achieve better control over the nanotube size and understanthe growth mechanism. Many

1 Amphiphilic means having both hydrophilic and hydrophobic properties.
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variations of electrolytes were tested, also organic onasch as ethylene glycol, DMSO, gly-
cerol and ionic liquids, which generally gave smoother ancetter oriented nanotubes 296.
It was also showed that the pH of the electrolyte in uences th thickness of a TiQ nanotube
layer. For the pH close to neutral it was possible to controlite tube length, which could not
be done at low pH £97,299. Moreover, it was found that a porous oxide layer or nanotuds
are formed when the uoride concentration is in the range:05 1 wt.% [299. In most of the
presented variations of anodic oxidation the obtained namebes were amorphous until the
anodization was followed by annealing. In general amorphed’iO, is converted by thermal
treatment (in air) into an anatase phase at the temperature 500 C and into a rutile
phase above 550C [26(. Before this annealing step the amorphous tubes containdua
high density of recombination centers that there is virtudy no photoconductivity in the
tube walls [260.

'
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Figure 1.30: A) The electrochemical anodization process and possible adic morphologies: ) metal elec-
tropolishing, 1) formation of compact anodic oxides, IIl) self-ordered oxides (nanotubes or nanopores), 1V)
rapid (disorganized) oxide nanotube formation, V) orderednanoporous layers 260. Schematic representa-
tion of the Ti anodization B) in absence of uorides (results in at layers), and C) in presence of uorides
(results in the tube growth) [2795.

The mechanism of TiQ nanotube growth during the anodization is very similar to tle
mechanism of self-organization of porous alumin26Q 287 300. Generally it describes the
competition between the oxidation of the metal and dissolitn of the oxide layer. The key
processes of the mechanism of TiGhanotube growth are:

growth of an oxide layer on titanium (Ti is used as an anode - ed~ig. 1.30 as a result of
an interaction between Tiand G or OH ions, where OH ions are created by eld-aided
deprotonation of HO,

migration of Ti** from Ti to the TiO ,/electrolyte interface under the applied electric
eld,

eld-assisted dissolution of the oxide at the oxide/electilyte interface which results in
the migration of the O* ions towards the metal/oxide interface,

chemical dissolution of the Ti or TiO, by the electrolyte.

The most important process which leads to the formation of # nanotubes rather than a
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nanoporous structure of TiQ is the chemical dissolution in the HF electrolyte. The cheroal
dissolution keeps an electrochemical etching process @ehssisted oxidation and dissolution)
active by reducing the thickness of the oxide layer (barridayer) [287. Only a proper balance
between the Ti oxidation and the etching processes givesfsetganized aligned TiQ nan-
otubes. This balance is achieved only by the utilisation ofptimised parameters of anodiza-
tion such as: applied voltage, HF concentration, pH, eleatlyte type, anodization type. Thus
TiO, growth is also a multi-parameter process, like the CNTs grdaiv. Those who are inter-
ested in a more detailed description of Ti@ nanotube growth, please refer to an excellent
review from Schmuki's group 260. Here it is only worth mentioning that it is also possible
to grow titania nanotubes in electrolytes containing e.g. Bl and H,O, [301, 303, but they
are shorter than the tubes grown in uorine electrolytes.

1.6.3 Electrodes with titania

Fujishima and Honda can be called the fathers of titania elaochemistry. Their seminal
paper which appeared in Nature in 1972p1 was mentioned at the beginning of this sec-
tion. Besides they were the rst who made electrodes with nype rutile crystals and then
performed the electrochemical studies in aqueous solutiofihey determined the at band
potential of TiO, electrode B03 309. Fujishima and Honda also showed the use of oxide Ims
formed on Ti as anodes in an electrochemical photocell3Dg. The stack of their photocells
generated 1.1 litre of hydrogen per day under the illuminadin of a sunlight. Moreover, they
were involved in the rst studies concerning a dye-photoseitization of TiO, [305. Nowa-
days this e ect is exploited mostly in dye-sensitizes solasells (DSSCs) 307 which will be
mentioned in Chapter8.

The way of TiO, synthesis and then the way of electrode preparation have aryebig
in uence on the nal photoelectrochemical properties of tania electrode. The preparation
of the electrodes with the structure optimised for a particlar application is still a challenge
[308 311]. The electrode preparation methods can be divided into twgroups B11]:

involving the use of presynthesized TiQ doctor blading [ 310, screen printing B12313,
dip coating [314], spin coating B10 315 and electrophoretic deposition316 319,

based on the direct growth on the conducting substrate: eleodeposition [319, elec-
trochemical anodization (sectionl.6.2, chemical bath deposition (CBD), spray pyrolysis
deposition B13 and chemical vapour deposition (CVD) 320 321.

A comparison of the methods based on direct growth of TiOon the electrode surface indi-
cates that the chemical bath deposition can be the simpleshd the least expensive311]. The

CBD leads to obtaining Ims of a large area and quality compaable with the ones obtained
e.g. by CVD, which is a much more expensive method. The CBD isabed on the hydrolysis
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of TiO, precursor followed by the precipitation and deposition of anostructures. The ob-
tained material can have a well de ned morphology controltk by the synthesis parameters,
e.g. needle-like crystals322 or nanowires B23.

Those who are interested in more details concerning photeetrochemical investigations
of titania electrodes, please refer to the following papef311, 324.

1.7 Photoelectrochemical biofuel cells

Merging the ideas of a current photogeneration on the anodetivan enzymatic fuel oxidation
results in obtaining a photoelectrochemical BFC (photo-BE). The main advantages of
making this hybrid cell are that it can operate at higher volage than a standard type
of a BFC with the same cathode and than a standard dye-sengiéid solar cell with the
same anode. First examples of photo-BFCs were presented tnetGust group. They used
a photoanode comprising either nanoparticulate Sn(J323 or TiO, [329 sensitized with a
porphyrin. The anode was kept in the solution containing reaced form of -nicotinamide
adenine dinucleotide (NADH - reduced form of NAD), GDH and glucose. As a cathode Pt
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cB hv Enzyme !
NADH Fuel |
|
|
S |
Oxidized |

+ —

NAD Fuel I lons

—
|
Load l

Figure 1.31: Schematic diagram of the hybrid photoelectrochemical biofiel cell [32§.

gauze or Hg|HgSO, « ,so, separated from the anode by an anion-permeable membrane was
used (see Figl1.31). When the photoanode is illuminated with light (520 nm, 1 m\Wem 2
[329) the porphyrin molecules absorb photons and go into theirxeited single state. Then
they inject electrons to the conduction band of the semicondtor and turn into radical
cations. The electrons generated in this way are transfedrevia an external circuit to the
cathode. The porphyrin radical cations are further regenated by NADH, so that they come
back to their ground state and NAD" ions are generated. NAD ions act as a GDH cofactor
for glucose oxidation. Thus the NADH/GDH/glucose system i€xploited for the regeneration
of the dye on the anode and glucose is used as a fuel for the gh8tC. The rst photo-
BFC with titania nanoparticulate electrode gave the OCV of 110 V and the maximum power
density of 37 Wcm 2.
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Next examples of photo-BFC were very similar to the rst onethe only di erence was in
the use of di erent dye, such as copper chlorophyll trisodm salt [327, chlorophyll [328, tri-
arylamine dye B29, H,-mesoporphyrin IX or Zn-mesoporphyrin 1X 83J and only a slightly
di erent porphyrin than used by Moore's group R35. Almost no work concerning the use
of a di erent cathode was presented. As far as | am concernedodre's group presented
the only BFC with a photoanode based on porphyrin/NADH/GDH/ glucose system and a
biocathode with immobilised enzyme. They used [FeFe]-hyalyenase for the production of
H, [331]. So far no one used a biocathode for oxygen reduction worgitogether with a pho-
toanode developed by Moore's group. However, biocathodeshabilirubin oxidase were used
in photo-BFCs together with the anodes comprising e.g. phosystem Il B33 or cyanobac-
teria [333.

Very simple approach to the construction of a photo-BFC wasrpsented by Dong's group
[334. They connected a biocathode with BOx to an anode with titalm nanotubes in one-
compartment cell lled with glucose solution. Under the ilumination of UV light and a
presence of 20 mM of the fuel the photo-BFC generated maximymower of 47 Wcm 2. The
authors expect their photo-BFC would generate electricityalso under the solar irradiation,
but that has not been checked yet.

In the last chapter of my thesis | will present the attempts ofobtaining two types of
photo-BFCs. Both of them comprise the biocathode with BOx amh the anode based on
titania nanotubes.
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Chapter 2

Materials, Instrumentation and Procedures

2.1 Materials

Inorganic compounds

Disodium hydrogen phosphate (POCH), FMCA ¢ 97%, Fluka), Hydrochloric acid (35%,
POCH), Hydrogen peroxide (30%, Chempur), Hydro uoric acid(40%, POCH), Iron(lll)
chloride (Chempur), Monosodium phosphate hydrate (POCH)Yhosphoric acid (85%, Chem-
pur), Potassium chloride (Sigma-Aldrich), Potassium hexayanoferrate (1) trihydrate (POCH),
Potassium hexacyanoferrate (111) (Sigma-Aldrich), N719 RB-dye (Solaronix), Sodium chlo-
ride (Chempur), Sodium hydroxide (POCH), Sul ric acid (95% Chempur), Titanium (IV)
chloride (> 99.0%, Sigma-Aldrich)

Organic compounds

ABTS? (98%, Sigma-Aldrich), ACN (99.5%+, Sigma-Aldrich), L(+)-ascorbic acid from
Riedel-de Haél, CTAB (95%, Aldrich), Citric acid monohydrae (Merck), EEM Kit (contains:
1,2-epoxypropane (EEM), hardeners: dodecenylsuccinic rgairide (DDSA) and methyl
nadic anhydride (MNA), and an accelerator - 2,4,6-tris(dirathylaminomethyl)phenol (PDM-
30), Fluka), Ethanol (96%, Chempur), Ethylene glycol (Merk), Glucose (99.5%, Sigma-
Aldrich), Latex beads (polystyrene, 3 m mean particle size, Sigma-Aldrich), Methanol
(99.8%, Chempur or Sigma-Aldrich), Na onr (5% solution in 2-propanol, Sigma-Aldrich),
2-Propanol > 99.8%, Merck), PSA (Sigma-Aldrich), tBuFc (98%, ABCR), Tris (> 99.9%,
Sigma)

Silicate precursors
MTMOS (98%, Sigma-Aldrich), OTEOS (97%, ABCR), TMASICI (50% in methanol, ABCR),
TMOS (99%, Sigma-Aldrich)

Enzymes
BOx from Myrothecium sp. fungus (EC 1.3.3.5, Amano Enzyme m), GDH from Pseu-
domonas sp. (Sigmna-Aldrich), GOx from Aspergillus nigemuhgus (EC 1.1.3.4, Amano En-
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zyme Inc.), Lacc fromCerrena unicolor fungus (EC 1.10.3.2, isolated and puri ed by Prof.
Rogalski group according to procedure described in litenate [333)

Nanomaterials
CNPs with phenylsulfonic acid surface functionalities (ca7:8 nm mean diameter, Emperor
2000, Cabot Corporation), CNPs with sulfonamide group (olsined from Prof. Marken,
synthesized according to procedure described in literawif336), MWCNTs (outer diameter
20 30nm, inner diameter 5 10nm, length 05 200 m, Sigma-Aldrich), Platisol T -
Transparent Platinum Catalyst Paint (Solaronix), SWCNTs (Shenzhen Nano-tech Port Co.
Ltd.), Titania paste (Dyesol, DSL 18NR-T, 10 - 30 % TiQ NPs, 20 nm in diameter)

Others

Argon and Oxygen (N5. 0, Multax), Bynel foil (35 m thick, Bynel 4164, DuPont), Copper
tape (adhesive conducting tape, 3M), cover glass (9 Rmm inastheter and 013 Rmm thick,
VW International), FTO glass (TCO 30-8, Solaronix), ITO (resistivity 15 30 cm and
8 12 cm, Image Optics Components Ltd., and Delta Technologig, respectively), Na on
r Membrane (N115, 127 m thick, Du Pont), Platinum wire (Goodfellow), Toray Te on
Treated Carbon Paper (TGP-H-090, Fuel Cell Store, Coloradp Titanium foil (0 :25nm
thick, 99.7%, Sigma-Aldrich), Water (resistivity >15 cm, demineralized with ELIX sys-
tem, Milipore), zinc foil (0:25 mm, purity 99.98%, Alfa Aesar), Zinc wire (250 m diameter,
99.95%, Goodfellow)

All reagents were used as received.

2.2 Instrumentation

Most of the instrumentation was used in Warsaw, unless otherse stated.

Electrochemical measurements
Autolab PGSTAT 30 (Eco Chemie), Autolab Il (Metrohm Autolab) and Solartron elec-
trochemical workstations

Microscopes
Zeiss Supra Field Emission microscope, FEI Nova NanoSEM sym or Hitachi 4700 Il
cold Field-emission Scanning Electron Microscope (BIOSEMdinburgh)- SEM microscopes,
Nikon Eclipse LV150 metallurgical microscope (Nikon) - ojtal microscope, AFM Veeco
Nanoman VS with Dimension 3100 controller - AFM measuremest

N

Ultrasonic instrumentation
Sonorex RK 31 (Bandelin electronic GmbH & Co.) and Sonic05 (fsonic) ultrasonic baths,
Ultrasonic nger Sonopuls HD2070 (Bandelin electronics)

Balances
Discovery (OHAUS) and CP124S (Sartorius AG) analytical bances
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Ovens and hot plate
Tube furnace (Barnstead Inc.), drying oven (BINDER), RET basic magnetic stirrer with hot
plate (IKA)

Power supply and power meter
Power supply, 150V/2A (UNITRA UNIMA); Power meter 815 (Newport Research)

Raman spectromter
InVia Raman spectrometer (Renishaw)

Solar simulator
150W Xe lamp (Instytut Fotonowy Sp. z 0.0.) and AM 1.5 G lIter (Sciencetech)

Others
Mass ow controllers (Sierra Instruments, The Netherlands Reference cell for the solar cell
calibration (0:13 mm thick, RC/5024, NIELSEN)

2.3 Experimental methods

In this section | will shortly describe experimental method used during my research. For
the characterisation of electrodes' surface. | mainly useglectrochemical methods such as
cyclic voltammetry, chronoamperometry and chronopotentimetry. All all them require the
use of a specialized equipment called a potentiostat. Thipparatus is responsible for forcing
enough current through the tested electrode (here workindeetrode) to achieve the intended
potential.

Apart from the above mentioned methods | also used scannindeetron microscopy,
Raman spectroscopy and atomic force microscopy for lookig the sample topography,
checking the quality of CNTs and checking the electric conth between the grown CNTs
and the substrate, respectively.

2.3.1 Cyclic voltammetry

In cyclic voltammetry (CV) the potential of WE is swept forward and backward between
two desired potentials with the speed called the scan rate, [Vs 1]. As a result a cyclic
voltammogram is obtained - a curve showing current-voltageependency. It shape depends
on e.g. the type of WE, the electrolyte, the type of the reaatin occurring on the electrode
and di usion of the electroactive species to the electrodesurface. This is why this technique
is very powerful for studying electrochemical processesdthe properties of the modi ed
electrode's surfaces. Information about the examined sgsh which one can obtain using
CV include: qualitative and quantitative composition, themodynamics and kinetics of the
processes such as heterogenous reactions, catalysis arsbgation [337,338.
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The current recorded during CV has capacitive or capacitivand faradaic origin. The
rst one appears because the interface between the electednd an electrolyte behaves like
a capacitor which is charged and discharged during the eleathemical experiment. The
faradaic current comes from charge-transfer processeswang on the electrode. Its shape
looks like waves or peaks. For example for a reversible preseof dissolved electroactive
compound the i-E curve has two peaks - anodic and cathodic (fthe situation when the
di usion to the electrode surface is planar and the temperate is 25 C). The value of the
peak current [in amperes] is described by the Randles-Sdveiquation [337:

nNED :
RT

i, = 0:446F AC (2.1)

where:n - number of transferred electronsE - the Faraday constant,A - electrode projected
area [cnt ]; C - concentration of electroactive species in the solution phem 3 ;

D - diusion coecient [cm ?s 1];, is given Vs !]; R - gas constant;,T - temperature

[C].

Thus for a reversible procesg, depends linearly on the square root of. On the other hand,

in case when the electroactive compound adsorbs on the etede surface, the peak current
shows the linear dependence on

The shape of the voltammogram can indicate the reversibyitof the electrode process.
One can say that the redox reaction is chemically, thermodymically and/or electrochemi-
cally reversible B39. The latter type of reversibility means that the surface cocentrations
of reduced and oxidized species obey Nernst equation (EX2):

RT
In ared

E=E —
nF &

(2.2)

where:E - equilibrium electrode potential at temperature T;E - potential of a redox couple
at standard state;a,q - chemical activity of a reductant;a,y - chemical activity of an oxidant.
Thus the reaction is reversible electrochemically when thdi erence between the potentials
of the anodic and cathodic peaks recorded on a CV is approxitely equal to %9 mV at

25 C. A chemical reversibility means that the reaction can proeed in two directions. The
thermodynamic reversibility indicates that the reaction § in equilibrium at any moment.

In my research | used CV mainly for the characterisation of nt ed electrodes, e.g. to
nd out the electrodes capacitance and to compare the bio@gocatalytic currents obtained
after di erent modi cation processes. However, | used thisechnique to control the adsorp-
tion of electroactive species and to obtain the transient V curves for photoelectrochemical
biofuel cells.
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2.3.2 Chronoamperometry

During chronoamperometry (CA) experiment a constant potetal is applied to the working
electrode - versus the reference electrode. The resultingrrent is recorded as a function
of time. The obtained curve is usually proportional tot 2 which nicely visualises the e ect
of depleting the electroactive species near the surface. i$hbehaviour is described by the
Cottrell equation [337:

1
. nFAD 3C
() = —— 2 (2.3)

2t2
where: n - charge number of electrochemical reactio@, - bulk concentration of species O,
Do - di usion coe cient of electroactive species.

E.q. 4 was derived from the linear di usion equation and one need®tremember that
it is valid only for the di usion-limited current. For examp le the long term measurements
might cause the disruption of the di usion layer by the convetion and end up withiq higher
than predicted by the Cottrell equation.

CA was used in this thesis mainly for checking the stability fothe bioelectrodes.

2.3.3 Chronopotentiometry

In chronopotentiometry (CP) the potential is measured as auhction of the applied current.
There are di erent types of this technique, depending on thevay how the current is applied,
eg: CP with current reversal, cyclic CP, programmed currenCP and constant-current CP
(the one used in this thesis). They are used for obtaining isfmation about the kinetics of
the reaction, eg: heterogenous electron transfer rate ctersts or dimerization rate constants.

| used CP for testing the stability of the biobatteries and ploto-biofuel cells, for obtaining
the galvanostaticV i characteristics of these cells as well as for the electrodsgion of
thin layers on the electrodes.

2.3.4 Scanning Electron Microscopy

In this technique the sample is kept inside the microscope iz 2.1) where it is scanned by

an electron beam. The beam is generated by an electron gun dodused by magnetic lenses.
Its position is controlled by de ection coils so that it can san the chosen part of the sample
surface.

The interaction of the electron beam of the energy:® 40 keV with the sample induces a
variety of di erent signals, such as: secondary-electrorfSE), back-scaterred electrons (BSE),
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Figure 2.1: A scheme of scanning electron microscop&4dQ.

characteristic X-rays, cathodoluminescence (CL) and traamitted electrons. To detect each
of these signals the microscope needs to be equipped withtalie detectors. Standard SEM
detectors collect mainly low-energy SE which are generatgdry close to the sample surface.
Therefore the obtained image represents the topography did examined sample. It is also
possible to get the information about the composition of th@aample surface by measuring
the di erence of electron scattering e ciency which depend on the material.

Using SEM one can obtain images with a very high resolution baut 250 times higher
than for the optical microscopes (down to 1 nm). That is why tis technique is a very
powerful tool for surface characterisation. Moreover, tkiis the reason why SEM was used
in my thesis for taking images of CNTs and TiQ nanotubes.

2.3.5 Atomic Force Microscopy

The basis of the AFM is scanning a sample surface with a micaugpe probe (a sharp tip).
Here the sample is placed on a piezoelectric table which isl@alo change its position inx,
y and z directions (Fig. 2.2). The tip is mounted to the cantilever and - depending on the
AFM mode - it can be static (contact mode) or can oscillate (dyamic mode).

In the contact mode the atomic force between the sample anddthtip is kept constant
while the de ection of the cantilever is measured. In the dyamic mode the cantilever is
subjected to the oscillations with the given frequency. Thkifrequency should vary together
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Figure 2.2: A scheme of atomic force microscope3f1]. PZT stands for piezoelectric.

with the change of the distance between the tip and the sampkurface. But the use of a
so called feedback mode allows to keep a constant frequengyrboving the table and in

consequence keeping the distance constant. To do that the eletion of the cantilever needs
to be controlled. Usually it is done by the detection of the Iser beam re ected by a mirror
placed on the back of the cantilever.

Multitude of types of AFM derives from a big number of forces hich can be indirectly
measured, e.g. mechanical contact, van der Waals, magneéind electrostatic forces. The
information obtained with this technique depend on the typeof AFM. In this thesis it was
important to check the topography of the sample with a hight esolution and to perform
conductance measurements. Thus the mechanical contact gy@mnd conductive AFM (C-
AFM) was used. In C-AFM the tip is scanned in contact mode withthe sample and the
voltage is applied between them. As a result a current imagend topography image are
obtained.

2.4 Experimental setups

2.4.1 Electrochemical measurements on the non-photoadielectrodes

Al the measurements were done in room temperature, i.e. 2024 C. Cyclic voltammetry
(CV) and chronoamperometry (CA) were performed in a convernal three-electrode cell
(see Fig.2.3), unless otherwise stated. A typical cell had a cylindricashape and had a
volume of 7 ml. Ag|AgCI|KCl3y and a platinum wire were used as reference (RE) and counter
electrode (CE), respectively. An electrode modi ed with CN's or CNPs was used a working
electrode.
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Figure 2.3: A scheme of the three-electrode cell. RE, WE and CE stand for eéference electrode, working
electrode and counter electrode, respectively.

Chronopotentiometry (CP) was used in a two-electrode cellith (i) a (bio)cathode and
(i) a (bio)anode of the tested biofuel cells or biobatteri® Various currents were applied
between the electrodes until the measured potential di ereees become stable. This method
was used mainly for obtaining polarisation curves and poweutputs of tested biobatteries
and biofuel cells.

2.4.2 Electrochemical measurements on the photoactive @®des

Figure 2.4: Scheme of the photo-biofuel cell illuminated by the beam ofight passing through a water lIter.

The measurements done with titania electrodes (Fi@.4) and solar cells were done in the
darkness or under the illumination of a 150 W Xe lamp and a Ite The sample was placed
in a way that the photoactive electrode was exposed to the hgbeam going through the
Iter. Two types of Iters were used (depending on the availdility): a quartz beaker lled
with deionised water (water Iter) or an AM 1.5 G lter (Scien cetech). The electrode surface
was parallel to the plane of a lamp quartz window. Moreovernisome cases a special mask
was used to cover the area around the illuminated part of thenade. The mask was made
od a piece of a thin black metal plate with a hole of 0.7 cm in dmaeter.
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2.5 Experimental procedures

2.5.1 Cleaning ITO

All ITO electrodes (ca. 1 cm x 1.5 cm) used in this thesis werdeaned in the same way
before their modi cation. They were sonicated in ethanol iol5 min., rinsed in water and
sonicated in water for 3 min. Then they were annealed in a tulfarnace at 500 C for 15 min.

to burn out the remained organic pollution. They were left tocool down in air.

2.5.2 Pretreatment of Na on membrane

Na on membrane was pretreated according to a standard prodaere [342 by heating it at
the temperature of 80 C in the following solutions:

1. 5 wt% H,0O, for 1 h,
2. H,0O for 1 h,
3. 05M H,SO, for 1 h,
4. H,0O for 1 h.

Then it was stored in water before being used.

2.5.3 Bu er preparation

Phosphate buer 0:1 M H3PO, solution was mixed with concentrated NaOH solution un-
til the desired pH was obtained (usually pH 4.8).

Mcllvaine's bu er Solutions of 02 M Na,HPO, and 01 M citric acid were mixed in a
proportion which gave the desired pH.

Tris buer  Solution containing Q1 M KCI and 0:25 M Tris was mixed with concentrated
HCI until the desired pH was obtained (usually pH 8.0).

2.5.4 Laccase puri cation

Laccase fromCerrena unicolor was puri ed by J. Rogalski using a procedure described in
literature [335 343. This protein was puri ed by ion exchange chromatography m DEAE
Sepharose (fast ow) and concentrated on a Pellicon 2 ultrdtration semiprep cell (10 kDa
cut 0 ). The laccase was then distributed into lyophilisaton vials and lyophilised in Labconco
FreeZone 12. Each vial contained 1 mg of protein and 1.80" nkat of laccase.
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2.5.5 Sol-gel matrix preparation

Silicate sol-gel matrices were obtained from precursorscbuas MTMOS B44, OTEOS (mod-
i ed recipe from [345) and TMOS [258. Due to the similarities in the preparation of all
matrices one can divide it into the same several steps:

mixing the precursor with a catalyst (HCI or NaOH) solutio,
sonication of the mix in a sonication bath for a determinetime,
one or several dilutions of the obtained mix followed by s&ation or vortexing,

Hw NP

drop-coating of the nal sol on the electrode surface andrging.

The details concerning rst three steps of the matrix prepaation are listed in Table 2.1

Table 2.1: Details concerning the following steps of di erent sol-gelmatrix preparations.

Precursor Mix compaosition Sonication Dilution
MTMOS 375 | of MeOH 15 min 1 I mix : 99 | buered solution which
+ 250 | of MT- can contain enzyme and/or CNTSs, vortex
MOS and 14 | of for 3 min
11 M HCI
OTEOS 100 | of OTEOS 10 min 1 I mix : 99 | buered solution which
+ 5 | of EtOH can contain enzyme and/or CNTs, vortex
+ 20 | H,O + for 3 min
75 | of 0:04M
NaOH
TMOS 500 | of TMOS 20 min 250 | of the mix + 250 | of buer (pH
+ 125 | H,0 + 5.0), you get mix (i)
275 | of 0:04 M
HCI
3min 25 | of diluted mix (i) + 225 |of buer
(pH 5.0)
3 min 125 | of diluted mix (i) + 12:5 | of

bu er (pH 5.0) + 100 | bu ered solution
which can contain enzyme and/or CNTSs,
vortex for 3 min

MTMOS - methyltrimethoxysilane; OTEOS - n-octyltriethoxy silane; TMOS - tetramethoxysilane

The goal of using the sol-gel matrix for electrode modi catin was to immobilise the
enzyme, thus typically the nal diluter contained the chose biocatalyst. Depending on the
electrode surface which was modied, the nal sol either cdained or did not comprise
CNTs. Further details of the dilution step will be describedin next chapters. Usually the
last step was the same for all modi ed electrodes - 20 of the nal mix was drop-coated on
the substrate of the area @ cn?. Then it was left in ambient conditions (typically ca. 50 %
humidity and 22 C) for ca. 17 h.
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2.5.6 SWCNT functionalisation

SWCNTs were functionalised by the sonication of nanotubesd pyrene-1,3,6,8-tetrasulfo-
nic acid tetrasodium salt hydrate (PTSA) in water. The suspasion of 2 mg ml* SWCNT
pellets and 10 mM PTSA was sonicated with an ultrasonic ngefor 2 h at the amplitude
of 40 %. Then the suspension was left over night and sonicateda bath just before the
Itration. It was further ltered with at least 1| of water on a nylon Iter. The obtained
PTSA-SWCNTs were dried together with the Iter in a tube furnace and then scraped o
it. Then they were redispersed in water to obtain the concerdtion of 2 mg ml ! [257.
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Chapter 3
Electrodes with vertically aligned CNTs

CNTs have been used in electrochemistry almost since they reerst produced in large
guantities [150 346 347). Their exceptional properties described in Sectioh.1.1 make them
popular as material for electrode modi cation (see Sectiofi.5.1). One of the ways of such
modi cation is the attachment of aligned CNTs perpendiculdy to the electrode surface.
The vertical orientation allows for good utilisation of the electrode surface extended by
CNTs. Furthermore, this arrangement takes advantage of theery fast electron transfer
along the CNTs B4§. Vertically aligned CNT (VACNT) electrodes can be prepard either
by (i) functionalisation of the CNT ends and covalently bindng them to the surface 217,219
or, more commonly, (ii) using the aligned forests of CNTs gwm on a substrate by chemical
vapour deposition (CVD) [349.

A few cases of the as grown CNTs used in electrochemistry camfiound in the literature,
e.g. B50 353. However, the most common way of the preparation of this tyg of electrodes
involves attaching the VACNT arrays in a binder and often transferring them to a new
substrate which serves as an electrode base. The transfdr’ddACNTs should be attached
in a way which both ensures an electric contact to the electde surface and increases the
mechanical stability of the tubes. A creation of the electd contact is often necessary, as the
growth of VACNTs by CVD on a Si-wafer, which is the most commosupport, creates a thin
amorphous silicate layer between the CNTs and the silico894. Moreover, the mechanical
contact between the tubes and the growth surface is genesallery weak and it is easy to
accidentally scrape o the VACNT Im from the support.

Electrodes modi ed with VACNTs have been shown to support vy fast electrochemistry
of redox-probes or enzyme<217 355. They have been used previously for electroanalysis
[152 175 351, 354, but to the best of my knowledge, the work presented in thishapter
describes the rst example of the VACNT utilisation as a platorm for enzyme immobilisation
and used for oxygen reduction.

Here | will present a simple method of transferring the as gnn tubes on the electrode
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substrate. | will focus on the description of the electrodewith laccase (see Section.2.2
immobilised on the VACNTs. Additionally | will show that oth er enzymes have also been
successfully immobilised on the VACNT electrodes. | will ab present the use of the obtained
bioelectrodes for the construction of biobatteries and bioel cells.

3.1 Electrode preparation

VACNT growth

Vertically aligned carbon nanotubes were grown by thermal D as described in detail
earlier [357. This part of work was done by Martin Jénsson-Niedziolka ithe cooperation
with Eleanor Campbell's Group at Goteborg University in Swden. A silicon wafer was
used as a growth substrate. As a catalyst 1 nm layer of Fe waspisited by electron beam
evaporation. Between the substrate and a catalyst 10 nm of AD; was deposited - to act
as a bu er layer preventing the catalyst di using into the Si wafer. Moreover, the alumina
layer enabled a better dispersion of Fe particles formed dog heating of the wafer 85§.

The as prepared substrate was loaded into a tube furnace whigvas rst pumped out
by a vacuum pump and then was ushed with a mix of inert gases: A , in the proportion
900/100 sccm. The furnace was heated up to 700C and it was left at this temperature
for 5 min. Acetylene was used as a carbon feedstock for CNT gitb. It was introduced to
the furnace by ushing the furnace with the gas mix of: GH,/H »/Ar, 5/500/500 sccm for
30 min. The CNTs were grown on the substrate as long as;id, was introduced into the
furnace. Thus ushing the furnace with a mix of Ar/H, (900/100 sccm) amounts to stopping
the tube growth. During all the above described steps the ch@ber was kept at a constant
temperature of 700 C.

The electrodes with the aligned nanotubes were prepared bjuging the as-grown VA-
CNTs to tin-doped indium oxide coated glass electrode (ITOlectrode) with a home-made
conductive adhesive. Just before spreading the adhesivieetiTO electrode surface was wiped
with a tissue moistened with acetone.

Preparation of the adhesive

The conductive adhesive was prepared by mixing a non-condive epoxy adhesive with con-
ductive MWCNTSs. The obtained paste was conductive the mosiKely due to the percolation
paths formed by the nanotubes. The epoxy adhesive was prepdrfrom the commercially

1Scem stands for standard cubic centimetres per minute
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available Epoxy Embedding Media Kit (EEM, Fluka) as follows First two mixes, denoted
as A and B were made by mixing:

Mix A 1:25 ml EEM with 2 ml dodecenylsuccinic anhydride
Mix B 2 ml EEM with 1:75 ml methyl nadic anhydride.

Both A and B were stirred on a magnetic stirrer. 500 | mix B was stirred with 1 drop of
an accelerator - 2,4,6-tris(dimethylaminomethyl)phenofor 6 min. Then 250 | mix A was
added and stirred for further 10 min. 100 | as prepared epoxy was mixed by hand with 10
mg MWCNTSs (ca 8 wt.%) and 20 | methanol. MeOH was used here to facilitate mixing. The
obtained conductive adhesive was not viscous enough for gilg the VACNTSs in a desired
way. Thus it was left for a week in room temperature to gain pieer viscoelastic properties.
After that time it was possible to make a very thin and sticky ayer of the epoxy-MWCNT
paste.

VACNT transfer on ITO electrode

An approximately 50 m thin layer of the epoxy-MWCNTs adhesive was spread on the
conductive side of cleaned ITO electrode. The VACNT transfewas done by placing the
wafer with the tubes upside down on the sticky paste and pre=s gently with a nger. Thus
only one side of the tubes was covered with the adhesive. Stger pressure applied to the
wafer could result in glueing the whole VACNT length.

™ o
e e Gl

Figure 3.1: A scheme of the VACNT-electrode preparation.

Then the wafer was removed with the tweezers and all nanotubwvere left on the electrode
surface, still in vertical position. The ITO electrode moded in this way was then put into
the tube furnace or a laboratory dryer and heated at 60C for ca. 18 h. The heating resulted
in curing the epoxy paste.

The electrode was stored in dry place in room temperature whaot in use. Not the whole
area of ITO-electrode was covered with VACNTs. Thus an unmaeéd part of the electrode
was covered with Scotch tape, nail varnish or an insulatingape. The electrodes were further
characterised as VACNT Ims or they were used as platforms fdhe immobilisation of the
mediators and/or the enzymes.
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Electrodes with randomly aligned MWCNTs

The epoxy-MWCNTSs paste was thinly spread on clean ITO eleatde. Then powder of MWC-
NTs (the same ones which were used for making the paste) wagssed into the conductive
adhesive. All the glued CNTs were left on the electrode suda and the excess was removed
before curing the paste. The last step of the preparation wake same as in case of VACNT
electrode. The electrode was heated for 18 h in at 60.

Mediator immobilisation

Two di erent mediators were used to further facilitate the mediated electron transfer between
the enzyme and the CNTs: ABTS or Syr. They were immobilised athe VACNTSs in di erent
ways. ABTS was adsorbed from a 0.1 mM solution in Mcllvaine'su er as described earlier
[233. The electrodes were immersed in the ABTS solution for atdst 2 h and then they
were rinsed in pure bu er. Syr was drop coated on VACNTs from inM solution in EtOH
due to its insolubility in water.

Laccase immobilisation

Laccase (Lc) was immobilised on the VACNT electrodes in thelfowing ways: (i) adsorption
from solution, (ii) encapsulation in drop-coated hydrophbic sol-gel silicate Im and (iii)
encapsulation in drop-coated silicate Im preceded by nonevalent functionalisation of the
CNTs with 1-pyrenesulfonic acid sodium salt (PSA).

(i) The VACNT-electrode (with or without the mediator) was immersed into 16 g ml ! Lc
solution (in phosphate bu er, pH 4.8) for 1 V.

(i) First the nal MTMOS sol was prepared according to the recipewvritten in the Experi-
mental procedures (Sectio2.5.5. The mix was diluted in Lc solution (16 g ml ! in water).
The obtained sol was drop-coated onto the VACNTSs so that 10l was used for the electrode
area of 02 cn?. The electrode was left to dry for ca. 20 h under ambient corttbns.

(i) The VACNT-electrode was rst immersed in 2 mM PSA solution (n water) for 24 h.
It was dried for a few hours in air, rinsed with water and then sed as a platform for Lac
immobilisation in the same way as described i) .

In total six di erent types of electrodes were obtained by tle modi cation of the VACNT-
electrodes. The ways of their preparation, as well as theiymbols which will be further used,
are listed in Table 3.1. Each electrode prepared by drop-coating the sol with Lc ctained
the same amount of enzyme - 80g cm 2. The amount of Lc adsorbed on the electrodes from
the solution is unknown.
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Table 3.1: A list of abbreviations used for the description of di erent types of electrodes obtained by the
modi cation of the VACNT platforms.

Name Mediator Laccase
VACNT/ABTS/Lc ABTS adsorbed from solution
VACNT/ABTS/MTMOS/Lc ABTS immobilised in a silicate Im
VACNT/Syr/IMTMOS/Lc Syr immobilised in a silicate Im
VACNT/Lc - adsorbed from solution
VACNT/MTMOS/Lc - immobilised in a silicate Im
VACNT/PSA/MTMOS/Lc - immobilised in a silicate Im

(VACNTSs were functionalised with PSA)

Immobilisation of other enzymes

Glucose oxidase (GOx) and glucose dehydrogenase (GDH) wamemobilised on various
VACNT-electrodes in the MTMOS silicate matrices. The same &y of electrode prepara-
tion as in case of VACNT/MTMOS/Lc was used, the only di erence was the composition
of the bu ered solution used for the dilution of the MTMOS mix The solution of 1 mg
GOx ml 1 of Mcllvaine's buer (pH 4.8) was used for the preparation ofthe electrode
VACNT/MTMOS/GOx. GDH solution of the same concentration and in the same bu er

was used as a diluter for MTMOS mix for obtaining VACNT/MTMOS/GDH electrode. In

both cases the dilution was done in the proportion 99:1. 3 of the nal sol with the enzyme

was drop-coated on @3 cnt of the projected area of the VACNT-electrode and left to dry
in ambient conditions.

Zn anode

The anode was made of a piece of a Zn wire rolled to a spiral. Thetive surface area was
around 1 cnf. The Zn wire was coated with Na on by dipping it into 0.5 % soltion of
Na on in isopropanol and drying in air.

3.2 Results and discussion

3.2.1 Film electrodes with as-grown VACNTSs

Before the characterisation of the electrodes modi ed with/ACNTS, initial experiments

were performed on the tubes grown in the same way, but not traferred on ITO electrode.
The as-grown tubes were used with Si-wafer as a substrate.this case an electric contact
with the tubes was made by attaching an adhesive copper cordive tape to the edge of
the wafer. The non-transferred CNTs showed a very good elsmthemical behaviour in the
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case of adsorption of ABT3 (more details below). Furthermore, an e cient electrocatdytic
O, reduction was observed on the electrode with adsorbed AB%Sin the electrolyte con-
taining laccase. However, the as-grown VACNT electrodes Y&two major drawbacks. The
more important problem concerns the poor adhesion of the tel to the substrate. E.g. tak-
ing the electrode out of an aqueous solution and drying in aiesults in collapsing the CNT
forest by the surface tension of the evaporating water. Thahakes this electrode essentially
one-time-use.

The second drawback of using non-transferred VACNTs as théeetrode material is the
unreliable electric contact with the silicon wafer. This eect the most likely comes from the
use of a bu er layer placed between wafer and Fe. On the otheahd the use of a conductive
adhesive for the VACNTSs transfer results in improved adhesin to the electrode surface, as
well as in more reliable electric contact.

3.2.2 Transferred VACNT electrodes
SEM images

At SEM images of the VACNT electrodes prepared by the transfenethod one can clearly
see that the CNTs remain vertically aligned, as they were bafe in the as-grown state
(Fig. 3.2A). The transferred CNTS were approximately 500 m long and had an outer diam-
eter of 10 20 nm. In Figure 3.2B one can see that the tips of the tubes are not covered by
the epoxy paste. The VACNTs covered with silicate Im (Fig.3.2C) form a wavy structure
of vertical sheets of silicate coated CNTs. Close inspeationto this structure (Fig. 3.2D)
shows that the VACNT-silicate forms a porous composite. Sha porous matrix allows the
di usion of electrolyte through the Im - as noted in previous experiments 233.

Electroreduction of H ,0,

Valuable information about the active surface area of the ettrodes can be obtained by
the slow, heterogeneous and highly irreversible electrdrection of hydrogen peroxide in an
acidic solution 359 360. This is because the control of the electrode reaction kies by
electrochemical step allows for penetration of the reactathrough the nanotube forest. It
is clearly seen in Fig.3.3 that the Faradaic current is about 2 orders of magnitude time
higher on the VACNT electrode compared to the bare ITO electrde. Moreover, the enhanced
current observed for the electrode with only the CNT-epoxy gste indicates that the adhesive
does not form a fully compact surface but that it is somewhat grous. The presence of the
CNTs does not seem to a ect the onset of the current. It mean$at the current enhancement
comes from the increased surface area and not from catalygi$7. Striking in Fig. 3.3 is
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Figure 3.2: SEM images of the transferred VACNTSs. (A) Side view of the ed@g of the electrode. Note that at
this magni cation the individual CNTs are not visible. The | ower part of the image shows the epoxy covered
side of the VACNT Im peeled from the electrode surface. (B) Close-up of the tips of the VACNTSs, (C)
silicate-covered VACNT electrode, (D) close-up of the silcate covered VACNT tips, all taken at an oblique
angle of 45.

also the comparatively large capacitive current at the VACN electrode resulting from their
large surface area.

Characterisation with the use of simple redox systems

Simple redox systems were employed to further characterihee electrochemical performance
of the VANCT electrodes. The one electron electrooxidatioand reduction of the Fe(CN);3
complex ion is a fast outer sphere reaction. Thus §&ke(CN)e solution (5 mM in 0.1 M
KCI) was used to compare the electroactivity of a few di erenelectrodes: (i) bare ITO, (ii)
electrode with randomly aligned MWCNTS, (iii) VACNT electrode and (iv) electrode covered
with CNT-epoxy paste without any VACNTSs. As shown in Fig.3.4A the peak current is much
higher for the VACNT electrode than for the bare ITO. Interesingly the peak separation
(E = 141 mV) is close to that at the bare ITO electrode despite a much higher current.
That is in contrast to the electrode (iv) where the peak sepation is very large ( E = 465
mV). This behaviour comes from the partially blocked electrde surface by the epoxy glue.
The electrode (ii) - with randomly aligned MWCNTs - shows eve higher current than the
VACNT electrode, which is probably caused by the slow di usin into the VACNT forest.
The reaction therefore takes place mainly on tips of theseltes. This conclusion is supported
by the scan rate dependence of the redox current which showtypical planar electrode mass
transfer limited behaviour (Fig. 3.4B). For this kind of a behaviour| is proportional to v*?
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Figure 3.3: Cyclic voltammograms obtained in deaerated 0.1 M HSO, o4 at a bare ITO electrode a), an
electrode covered with CNT-epoxy paste b) or with VACNTSs c). The voltammograms shows measurements
with (solid lines) and without (dashed lines) the presence 650 mM H,0,. Scan rate 2 mV s 1.

1/2

Figure 3.4: A) CVs obtained in 5 mM K 3Fe(CN)g in 0.1 MKCI at a) a bare ITO electrode, b) an electrode
with randomly aligned MWCNTSs, c¢) a VACNT electrode, and d) an electrode covered with CNT-epoxy
paste without any VACNTs. =16 mV s 1. B) Dependence of the peak current against the square root of
the scan rate for the VACNT electrode. The red line is a linear t to the data from 4 to 128 mv s 1.

and not to v as would be expected in the restricted geometry inside the QNarray [20]]. A
slight deviation from the peak current vs.v** linear dependence can possibly be spotted at
the lowest scan rates (lower than 4 mV ). That might be caused by VACNTs forming a
thin cell with trapped electrolyte [201]. However, this behaviour is noticeable only for very
small scan rates.

The resistance of the VACNT electrodes measured both by thenpedance spectroscopy
and by a two-probe multimeter gave a value of between 100150 .

Tert -butylferrocene ¢BuFc) was chosen as another redox probe indicating the degref
the enhancement of the active surface of the ITO-electroddter the modi cation with the
VACNTs. 50 nmol of tBuFc was deposited on the VACNT-electrode by drop-coating it
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tBuFc diluted with hexane. Cyclic voltammetry on such modi &l electrode was performed
in aqueous solution of 0.1 M NaCIQ - see Fig.3.5. The obtained voltammograms (black

Figure 3.5: CV on the VACNT-electrode coated with 50 nmol tBuFc in 0.1 M NaClO, performed under
air, =10mVs ! Gray line shows the result for the ITO-electrode with the same amount of t BuFc.

lines) show a peak-shaped response related ttBuFc oxidation to tBuFc™ [345 361, 362.
The following scans give a decrease in anodic and cathodi@keg, what is a result oft BuFc*
cations transfer from the organic to aqueous phase of the sy% (Eq. 3.1).

tBuFc e ! tBuFc, (3.1)

org

The reaction oftBuFc oxidation is expected to occur at the three-phase-jution between the
electroactive material, the organic phase with the redox pbe and the aqueous electrolyte.
Thus an increase in the voltammetric signal for the modi ed lectrode, in comparison with
bare electrode, indicate an increase of the length. Suchiease is caused by the enlargement
of the electroactive surface of the electrode. A comparisohCVs from the bare ITO-electrode
and the VACNT-electrode (Fig. 3.5, grey and black lines, respectively) indicates a tremen-
dous enlargement of the electroactive surface due to the @®de modi cation. That in turn
means that the sidewalls of VACNTs are active. Thus our simpl experiment with tBuFc
gave another argument for stating the electroactivity of CN sidewalls, which is the subject
of undergoing debate described in Sectioh5.1

The next compound which was used as a relevant redox probe fbe characterisation of
the VACNT electrodes was ABTS. It was chosen rst of all becage it is a popular mediator
shuttling the electrons between the electrode surface ante active centre of laccase3]. It
contains benzothiazoline group which has an extendedelectron system in a benzene ring.
This system is easily adsorbed by-orbit overlapping onto graphite-like surfaces, like CNTs
[233 240. Figure 3.6 presents cyclic voltammetry performed after the VACNT elecode
was immersed into the ABTS solution. From these measuremenit is clearly seen that this
mediator is adsorbed on the electrode. Moreover, the adstigm took place for approximately
from 2 to 3 hours. After that time the voltammograms showed atabilised current.
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Figure 3.6: CVs of the ABTS? adsorption. Solid lines (in direction of arrow): VACNT/epo xy paste elec-
trodes after 10, 30, 80, 160 and 180 min immersion in 0.1 mM ABS in Mcllvaine's bu er. Dotted blue line:
in clean bu er after adsorption. Dashed green line: As-grom VACNTSs after adsorption saturated. Scan rate
10mvs 1

As a comparison the electrode with as-grown VACNTs was usedith Si wafer acted as
a substrate). The current density measured for the situatio when the ABTS? adsorption
was saturated was very similar for the two electrodes: withhe transferred and the as-grown
VACNTSs. It shows that the transfer method results in only a small blockage of the tubes by
the epoxy (Fig. 3.6). Moreover, the peak separation obtained for the non-trafsrred tube
forest is much bigger than for the transferred one, which isra@sult of a worse electric contact
made with the former ones.

The VACNT electrodes were removed form the ABTS solution adr 3 h and immersed in
the clean bu er. Again the CV was performed - dashed line in i 3.6. The charge indicated
that a small fraction of the mediator was desorbed from the taes. This amount was a bit
di erent from sample to sample (here ca. 24 % was desorbed)tbn general most of ABTS
stayed at the VACNTSs.

The oxidation peak obtained for the VACNTs with adsorbed ABTS> was used for esti-
mation of the electroactive electrode area. A reasonabletiesation was made that the tubes
are almost completely covered with the mediator ions. Thusiaving the charge passed during
the oxidation and knowing the size of ABTS, the electrode aisee area was calculated to be
0:11 cm 2. This rough estimation indicates that the area of the VACNT éectrode was almost
200 times higher than bare ITO. However, this is a low estimatbecause the electrode active
area could have been calculated larger if a big area of VACNVgas not covered with probe
molecules.
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Oxidation of dopamine, ascorbic and uric acid

Dopamine (DA) is a very important neurotransmitter respontle e.g. for coordination and
higher mental activities. The abnormal concentrations of B found in the human body can
lead to serious diseases such as Parkinson's disease orzephirenia B63. Thus a good
method of reliable and fast DA detection in the body uids cotaining di erent interfering
species such as ascorbic acid (AA) or uric acid (UA) is sougfi64.

Figure 3.7: CVs on the VACNT-electrode performed in deoxygenated soluibns containing (green line) 0.2
mM ascorbic acid (AA); (dotted line) 0.2 mM AA and 0.2 mM dopam ine (DA); (black line) 0.2 mM AA,
0.2 mM DA and 0.1 mM uric acid. Phosphate bu er (pH 4.7) was usel as an electrolyte. =5 mVs 1.

We performed simple cycle voltammetric experiment to chedke response of the VACNT-
electrode in the presence of DA, AA and UA (Fig3.7). Each of the organic specie gives the
a pronounced oxidation peak, but the peaks are not separates it was obtained e.g. on
the carbon nanoparticulate electrodes3p4. Moreover, the capacitive current related to a
huge surface area of the electrode is very disadvantageowmtf the point of view of using
the VACNT-electrode as a sensor. The signal from the tiny caentrations of the analyte
might be hidden in the signal related to the CNT capacitanceThus although we obtained
a relatively nice signal from DA, AA and UA oxidised on our eletrode we did not use it as
a platform for DA sensing. However, the VACNT-electrode wlilbe further exploited for the
construction of a self-powered sensor for ascorbic acid désed in detail in Chapter 6.

3.2.3 Platform for enzyme immobilization

So far we checked that the VACNT-electrodes have a very largdectroactive surface. More-
over, it is possible to permanently immobilise ABTS on theselectrodes which results in
obtaining a stable extended system being able to mediate efl®n transfer to the Lc active

centre (VACNT/ABTS). Thus our electrodes are expected to bevery good platforms for Lc
immobilisation and thus biocathode preparation.
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The method of biocathode preparation was based on our preuexperience concerning
Lc immobilisation [233 257,365 364. First we prepared electrodes with or without the medi-
ator such as ABTS or Syr. Taking into account the hydrophobity of our VACNT-electrodes
we have chosen a hydrophobic type of sol-gel matrix for a stelenzyme immobilisation which
is MTMOSg. All in all six types of electrodes were obtained and checkéowards O, reduc-
tion with slow scan cyclic voltammetry and chronoamperomey. The obtained results are
divided into two groups depending on the given mediated or nemediated bioelectroreduc-
tion oxygen.

3.2.4 Biocathodes for mediated electrocatalysis

Figure 3.8: CVs of mediated oxygen reduction in oxygenated Mcllvaine'sbu er (pH 4.8) with the electrodes
i) VACNT/ABTS/Lc ii) (dashed line) VACNT/ABTS/MTMOSI/Lc an d iii) VACNT/Syr/MTMOS/Lc, scan
rate 1 mvV s 1.

Both electrodes with ABTS and Lc, VACNT/ABTS/- Lc and VACNT/ ABTS/MTMOS/-
Lc give O, reduction currents density of around 100 Acm ? - see Fig.3.8A i-ii. Thus the
current level is the same either Lc was adsorbed from the sban or it was embedded in
a sol-gel matrix. Moreover, the obtained current is ca. twoirines higher that the current
obtained form the biocathodes with the same amount of Lc but(times less CNTs which
were randomly oriented 233. The bioelectrodes without the mediator did not show any
oxygen reduction (data not shown).

A remarkably high anodic current of ca. 700 Acm 2 (at 0:10V vs. RE) was observed
for the electrode with another Lc mediator - syringaldazineg(Fig. 3.8Aiii). The shape of the
curve for VACNT/Syr/MTMOS/Lc indicates a large non-cataly tic contribution, which was
also observed earlief367. The onset potential of mediated @ reduction on our bioelectrodes
is at ca. Q60 V vs. RE . This value is close to the redox potential of T1 tin Lc which is
around 058 V vs. RE. Besides the value:80 V is similar to the onset potential obtained for
the same mediated system immobilized on carbon nanoparesl B69.
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3.2.5 Biocathodes for non-mediated electrocatalysis

Figure 3.9: A) CVs of Non-mediated electron transfer with the electrodes a) VACNT/Lc, b)

VACNT/MTMOS/Lc and c¢) VACNT/PSA/MTMOS/Lc, scan rate 1 mV s 1. B) Chronoamperom-
etry at 0:20V in Mc llvaine's buer kept under air, pH 4.8, a) VACNT/PSA /MTMOS/Lc, b)

VACNT/Syr/IMTMOS/Lc. Measurements done in Mcllvaine's bu  er kept under air.

In case of the non-mediated systems we observed a di erencetieen the performances
of VACNT/Lc and VACNT/MTMOS/Lc electrodes. No oxygen reduction was found for the
electrode with Lc adsorbed on bare nanotubes (graph a). Hovez, when Lc was immobilised
in MTMOS 4 on the VACNTSs the electrode showed a large catalytic currenfThe current
density at 0:10V is ca. 200 Acm 2, which is a two times bigger value than in case of the
mediated bioelectrocatalysis with ABTS (Fig.3.8 A i-ii). This result indicates a favourable
enzyme orientation in a silicate matrix. Interestingly, the shape of the CVs shows that the
saturation current of O, reduction was not reached. That was caused by the limited ratof
di usion of oxygen to the electrode surface.

Taking into account our success in obtaining e cient biocahodes with the functionalised
CNTs [257, 259 we used one of the pyrene derivatives for the modi cation ajur VACNTS.
PSA was non-covalently bound to the VACNTs for the solution.The obtained electrode
was coated with Lc/MTMOSge and named VACNT/PSA/MTMOS/Lc. It gave a very high
reduction current of ca. 400 Acm 2.

Chronoamperometry was performed on VACNT/PSA/MTMOS/Lc and VACNT/Syr/-
MTMOSI/Lc - see Figure 3.8B a and b, respectively. In both cases a very fast initial deole of
current is followed by a slower decrease. For the electrodéthwout the mediator the current
is almost stable in comparison with the electrode with Syr. fie latter one loses ca. 48 %
of its activity after 60 h which might be caused by the leakagef the mediator. Thus Lc
immobilised on the VACNT-electrodes in sol-gel processedicate Ims retain its activity,
which is in agreement with 233 366 369.
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3.2.6 Bioanodes for mediated electrocatalysis

Electrodes with GOx and GDH in MTMOS,¢ were prepared to show the ease of obtaining
bioanodes with the use of our platform for enzyme immobilisan. Both enzymes are respon-

sible for glucose oxidation and they are often used in the cstnuction of glucose biosensors
or biofuel cells. Our goal here is just to show that the immobsation method which we used

for Lc is also successful for obtaining other bioelectrodes

Figure 3.10: A) CV of VACNT/MTMOS/GOx in 0.5 mM FMCA in Mcllvaine's bu er ( pH 4.8) (a) without
glucose and with (b) 1, (c) 2 and (d) 3 portions of glucose. B) & of VACNT/MTMOS/GDH in Tris bu er
(pH 8.0) (a, dashed black line) with 1 portion of glucose; wih 2 mM NADH and (b) 1, (c) 2 and (d) 3
portions of glucose. 1 portion is equal glucose concentrath of 6.3 mM. Gray graph is a CV obtained in pure
Tris bu er. All solutions were kept under air.

Cyclic voltammograms presented in Figur&.10A as solid lines show the increase in anodic
current at the potential around 045V vs. RE with the increase of glucose concentration.
That increase is due to glucose oxidation by GOx immobilisedn VACNT/MTMOS/GOx
in the presence of ferrocenecarboxylic acid (FMCA). FMCA &s as a mediator for GOx and
without it no glucose oxidation is observed as an anodic ped#ata not shown). Reactions
occurring in the presented system with GOx are described ire&tion 1.2.2

Figure 3.1(B presents glucose oxidation on VACNT/MTMOS/GDH in the presnce of its
coenzyme nicotinamide adenine dinucleotide, NAD The increase of glucose concentration
results in the increase of anodic current. However, no anageak is observed for the situation
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when NAD* is not present in the glucose solution (Fig3.1(Ba). This kind of bioanode
behaviour is expected and the reaction describing it is preisted in Sectionl.2.2

3.2.7 Biobatteries
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Figure 3.11: A) Polarisation curve and B) the dependence of the power outpt on the current density of the
zinc-dioxygen battery in O,-bubbled Mcllvain's bu er with (squares) VACNT/Syr/MTMOS /Lc, (circles)
VACNT/MTMOS/Lc and (diamonds) VACNT/PSA/MTMOS/Lc as a cat  hode. The open diamonds are
measured in air.

To show the potential application of our biocathodes basednoVACNT-electrodes we
used the best of them for making biobatteries with zinc anodeZn was chosen as an anode
material due to the low potential of the Zn/Zn*?> redox couple 870. Thus the obtained
hybrid biobattery should give higher operating voltages tan typical biofuel cells such as
glucose/O, BFC.

VACNT/Syr/IMTMOS/Lc, VACNT/MTMOS/Lc and VACNT/PSA/MTMOS /Lc were
connected with properly pretreated Zn wire. The zinc pretr@ment was done by coating
the wire with thin Im of Na on which promoted the growth of Zn *? conductive hopeite
[Zn,(PO,),]- 4H,0 [37Q. The performances of obtained biobatteries were checkeu oxy-
genated Mcllvaine's bu er with the use of chronopotentiomey. The results are plotted in
Fig. 3.11 as V- curves (A) and power outputs (B). The best outputs arerbm the non-
mediated system with PSA-functionalised VACNTs. Open ciugit potential for the battery
with VACNT/PSA/MTMOS/Lc has a value of 1 :67 V, almost the same as for the battery
with VACNT/MTMOS/Lc. The maximum power, P ., of 275 Wcm 2 was obtained at
the cell potential of 150V (Fig. 3.11, black diamonds). The same system checked without
introducing oxygen into the bu er gave Pnax of 70 Wcem 2, which is almost four times
less than for the oxygenated bu er. A comparison of the biolitery with VACNT/PSA/-
MTMOS/Lc with a similar battery comprising PSA-functionalised SWCNTs P58 shows
that the one with VACNTSs gives higher power. It also give highr power output than other
Zn/O , batteries with Lc reported previously despite our biobattey comprises cheaper and
less e cient enzyme.
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Systems comprising VACNT/Syr/MTMOS/Lc and VACNT/MTMOS/L c¢ had the same
maximum power density - 115 Wcm 2. However, the potential related to R,.x was di erent
in each example: M0 V for the system mediated with Syr and 25V when Lc was embeded
in MTMOS 4 without any mediator. This di erence comes from a higher ougotential in
the rst example which in turn comes from the mismatch betwee the redox potential of the
mediator and the catalytic potential of the enzymé. The redox potentials of Syr and the
enzyme T1 centre are 34V and Q58 V vs. RE, respectively.

3.3 Conclusions

We developed a new method of obtaining mechanically stabledh electroactive platforms
with vertically aligned carbon nanotubes. As grown VACNTs wre transferred on ITO-
electrodes and glued with home-made conductive adhesiveheltransferred CNTs greatly
increased the active surface of the electrode and acted asudbsrate for enzyme immobili-
sation. We showed a successful immobilisation of three drent enzymes - laccase, glucose
oxidase and glucose dehydrogenase. All of them were embeblde a sol-gel silicate ma-
trix known as a very good host which keeps biomolecules aaivlThus we showed that the
VACNT-electrodes act as very good platforms for obtainingibcathodes for oxygen reduction
and bioanodes for glucose oxidation.

We paid special attention to the detailed study on the electdes modied with Lc.
We immobilised the enzyme either with or without the mediato such as ABTS or syringal-
dazine. Besides we prepared a biocathode without the medatout with PSA-functionalised
VACNTs. Performed electrochemical experiments showed théhe most e cient electrode
toward oxygen reduction was the biocathode with PSA-VACNTsIt gave a very high non-
mediated cathodic current density of 400Acm 2 at 0:10V vs. RE in oxygenated solu-
tion. The best result for mediated system was obtained for éhbiocathode with Syr - ca.
700 Acm 2 at0:10V vs. RE. Thus the obtained current density was higher for BT than
for DET. This result can be explained by the easier electrorrdnsfer from the electrode sur-
face to the active centre of Lc in case of a mediated systeméds®ectionl.2.1). The presence
of Syr make an ET possible even when the enzyme molecules aoé properly oriented on
VACNTs. DET is not possible in that case so that the current dasity for VACNT/PSA/-
MTMOS/Lc is lower than for VACNT/Syr/MTMOS/Lc.

The most e cient bioelectrodes were further connected withthe Zn anodes and formed
biobatteries. The maximum power density was obtained for #h non-mediated system with
PSA-VACNTs - 275 Wcm 2 was obtained at the cell potential of 150 V.

2Catalytic potential is an informal name for the potential of an in ection point of the sigmoidal transition
toward the plateau [37]]
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The results which | presented in this chapter clearly show tt the VACNT-electrodes are
attractive platforms for enzyme immobilisation. Thus thes electrodes are useful in obtaining
e cient bioelectrocatalytic systems which can be further sed for biobattery and biofuel cell
preparation.
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Chapter 4

In uence of convection on the oxygen
bioelectroreduction

Experimental data concerning oxygen bioelectroreductiopresented in the literature over
the last decade shows the increase in the obtained reducticarrent density on new types
of biocathodes 372 374. On the one hand this is caused by the use of new nanostruatalr
materials which give bigger active surface of the electro@dmd enhance the electron transfer
rate to the active centre of the enzyme. On the other hand marof the reported results simply
do not match the theory. The reduction currents under quiesnt conditions are higher then
the currents calculated from the Cotrell equation by takingnto account the mass transport
limitation. The deviations from this equation can be causedby the convection in the long
term measurements. This phenomenon and the fact that the natal convection can strongly
in uence cyclic voltammetry are well known B37,375. However it is hard to nd a proper
model for convection in an electrochemical cell due to manydditional sources of a liquid
movement such as an air motion or vibrations of the celBf§.

Here we present a combination of the simulations of the biagltrocatalytic oxygen re-
duction with experimental data obtained from tracking the éectrolyte convection in the
electrochemical cell. The convection occurring in a steadfectrolyte and in an electrolyte
kept under a gas ow is measured and simulated in the program@MSOL. Then this sim-
ulation is coupled with a simple model of @ reduction occurring on the biocathode. The
results are presented in form of cyclic voltammograms whiamatch the experimental data
obtained for the non-breathing biocathodes with bilirubinoxidase. Thus we prove that the
exceeded currents of @reduction are in fact the results of the convective ows presit in
the electrochemical cells.
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4.1 Experimental

4.1.1 Biocathode for Q electroreduction as a non-breathing system

PTSA functionalised SWCNTs were immobilised together witithe enzyme in a MTMOS
sol-gel matrix (see recipe in Sectio8.5.5. 99 | of PTSA-SWCNT suspension was vortexed
together with 99 | BOx solution (2 mg ml ! in Mcllvaine's bu er, pH 4.8) for ca. 2 min.
2 | of the nal MTMOS mix sol from Sec. 2.5.5was added to the PTSA-SWCNT/BOx
suspension and vortexed for 3 min. 20l of the nal suspension was drop-coated on the ITO
electrode of the area @2 cn? and dried overnight.

4.1.2 Setup for measuring the convective ow in the cell

slit
cuvette

laser laser beam

Figure 4.1: Top view on the setup for measuring the convective ow in the ell.

We used a dispersion of latex beads suspended in water in acgp@scopy cuvette. The
cuvette was illuminated by a green laser beam from the sideuP to the way of illumination it
was possible to observe the light scattering from the beadsoming in plane of a longitudinal
section of a cuvette. The bead movement was Imed at the righingle to the illumination.
The obtained pictures were further analysed by Witold Stryzniewicz with the use of particle
image velocimetry (PIV).

4.1.3 2D model of the non-breathing systems

The computer models of two systems containing the non-brdahg biocathodes were made
in COMSOL. Both of them contained 2D rectangular shaped ceflO mm 15 mm) with a
linear electrode. The electrode width was the same as the rad of the electrode which we
used in our experiments (5 mm). Moreover, the electrode was located on one of the walls
of the cell, 10 mm in depth. A very simple model of @reduction by BOx was used. It was
assumed that the reaction was of the rst order377:

S+4e ! P; (4.2)
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where S is a substrate and P is a product (here,;@nd H,O respectively). Thus the following
equation describes the consumption of dioxygen by the enzgm

!
[O;] _ 1
Do, +-2 = e - (4.2)
on electrode £ Keat [O2] e ki [O2]

where:Ky - Michaelis constant for BOx;Do, - di usion constant of O,; g - surface density
of BOx on the electrodek.s - turnover number; ks - forward reaction rate in Eq.4.1 k; is
in turn described by a Butler-Volmer type expression:

ki = koexp f (E Eop)l; (4.3)

wherek, - pre-exponential constant; - symmetry constant;f = %; Eo - catalytic potential.

One of the systems de ned in COMSOL represented the quiest@onditions. The other
one took into account the convection. The hydrodynamic e govas introduced as a volume
force in the cell pushing the liquid around and a sliding waltepresenting the moving gas
at the electrolyte surface. The liquid was treated as a wategolution in room temperature.
Two situations were simulated for each model: (i) the systerstaying under the nominally
quiescent conditions and (ii) the system subjected to the ngective ow. In each case @ con-
centration at the liquid surface was xed to 0.25 mM (under aj). COMSOL was used for
numerical solving of the convective di usive equations stéing from Eq. 4.2

4.2 Results and discussion

As a model system of @ bioelectroreduction we use an e cient non-breathing elecode
with bilirubin oxidase. In quiescent conditions this biocathode gives the current density of
O, reduction around 40 Acm ? (Fig. 4.2, dashed black line). This result is almost three
times higher than the current density calculated for the 2D mdel without the convection.
The values of the parameters used for calculating the thedieal shape of the CV (Fig.4.2,
blue dotted line) are listed in Table4.1. The comparison between the experimental and
the modelled CV clearly shows a big deviation for the poterals much lower than the onset
potential. However, for the low potentials, the modelled C\ollows the mass transfer limited
current described by the Cottrell equation (Fig.4.2, red solid line).

The discrepancy between the shapes of CVs for the modelledlaxperimental systems comes
from the presence of convective ows in the real electroché&al cell under the nominally

Here quiescent condition mean that the cell with the electrale was left undisturbed for ca. 1h before
performing the measurement.
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j/pAcm”

E vs AglAgCl/V

Figure 4.2: CV of oxygen reduction at BOx-modi ed electrode (dashed line) in Mcllvain's bu er under
air. Simulated curve without any convection (dotted line) and current calculated using the Cottrell equation
(red full line). =1mvVs .

Table 4.1: Parameters used for the simulated CVs.

Parameter Value How the value was obtained
0.375 by tting an exponential function to the experimental

CVs just left of the onset potential of the reaction

Eo 0:602 V the same way as for , moreover Eq was kept close to
the onset value reported in the literature [37§

Kwm 51 M from [333

Kcat 200s 1 from [333

E 2.5 10 2 mol cm 2 kept close to values measured on similar electrodes in

rotating disc experiments [258]

Ko 100 m?' s I mol ! free tting parameter

quiescent conditions. To describe the convection we trackét by with the use of a camera
and analysed with the PIV. One of the examples of a convectigmo le obtained by PIV is
shown in Fig.4.3A. It represents the case when a gas ow of 50 sccm was maintathfrom
a gas nozzle placed several mm above the surface of the ligigry similar images were
obtained for slightly di erent ways of setting the experimet (where the conditions such as
the gas movement around the cell, position of the gas nozzlectuations in the gas pressure,
could vary between the experiments). Due to the use of the PIWe obtained the values of
the ow velocities inside the cell, at the depth of the electwde. The velocities measured
in case of the induced convective ow were at the level of a felundred micrometers per
second. In case of the cell kept under quiescent conditiontsetsame physical quantity had
the value of around 100 200 m s !, which is not far from the situation with the forced
convection.

The velocity values obtained by the PIV were further used intte simulations of the con-
vection ow done again in COMSOL. Figurest.3B and C show the result of these simulations
for the cell with and without the gas ow above the liquid, repectively. Next the obtained
pro les of hydrodynamic movement and the parameters from Ta 4.1 were used for the
simulations of CVs. The obtained voltammograms (Fig4.4B) are very similar to the CVs
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Figure 4.3: A) Example of convection pro le analysed using PIV - for the cell subjected to the gas ow. B)

and C) Simulated convection to t the measured liquid velocities with B) and without C) gas ow over the
surface. B) corresponds to the conditions measured in A). Th position of the electrode is marked in black.
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Figure 4.4: A) CVs of oxygen reduction at BOx-modi ed electrodes in Mcllvain's bu er under air. Curve
a) is under nominally quiescent conditions and b) with a gas ow of 50 sccm over the cell surface, =
1 mVs 1. B) Simulated CVs in COMSOL with the liquid ow from Fig. 4.3 C (curve a) and B (curve b).

measured in the real cells (Fig4.4A). Even such a simple model of @bioelectroreduction
which was used in our simulations gave the results matchingiige well the experiment. This
nding underline the importance of convection present in tie electrochemical cell even under
the nominally quiescent conditions.

4.3 Conclusions

We looked more carefully at the biocathodes subjected to tHinitation of O , di usion. We
measured the native convection of electrolyte in an electbemical cell. Then we included
the electrolyte movement in the computer simulations of theioelectrocatalytic O, reduction
on the electrode kept under quiescent conditions. The obted model was used to repro-
duce the experimental data obtained with the non-breathindiocathode comprising BOx.
Thus we showed that the exceeded currents of,®@eduction come from the convective ows
present in the electrochemical cells. We hope that our ressildescribed here will make some
electrochemists aware of the presented issue and that moretioem will take into account
the hydrodynamic e ects occurring in the studied bioelectschemical systems. Moreover, the
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study presented here is an introduction to the next chaptertzout air-breathing biocathodes.
Here we stressed the importance of convection under quigsceonditions showing an im-

provement of G transport to the electrode surface. In the next chapter we Widescribe the

way of avoiding the problem of mass transport by changing theéesign of the biocathode and
giving it the possibility to breathe, i.e. use Q directly from the air.
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Chapter 5

Alir-breathing biocathodes with functionalised
SWCNTs

So far the most e cient biocathodes for dioxygen reduction ave been obtained with the
enzymes from the MCOx family, such as bilirubin oxidase anditcase (Sectiorl.2.2). Al-
though the catalytic potential of Lc is slightly higher than the potential of BOx, the latter
one has a higher activity in neutral pH. Thus BOx is considerkas a very good enzyme for
the preparation of biocathodes for implantable biofuel cisl which would operate at a pH of
ca. 7.4. The BFCs would exploit the @ which is available in the subcutaneous liquids.

The ubiquitous nature of dioxygen indicates its easy accdsdity for the biocathodes
kept in ambient conditions or implanted into a body. On the oher hand one need to take
into account problems with di usion of O, to the electrode surface. The values of di usion
coe cients of this gas in water solutions and in air are 210 °>cn? s Y and 2 10 ! cn?

s 1, respectively 121]. Moreover, only a small amount of dioxygen can be dissolvéu water
(ca. @27 mM under air B79). Thus O, is transported much faster to the electrode exposed
to air than to the electrode which is immersed in solution. As logical consequence of this
phenomena the biocathode staying in contact with the eleaityte should give much lower
reduction current than the electrode exposed to air. Even aewy well designed biocathode
will not work e ciently without being in direct contact with the air because of the limited
O, di usion [ 380.

So far a few di erent approaches of overcoming the problem dioxygen di usion to the
biocathode surface were reported. The use of micro uidic lt€[234 38]] or rotating disc elec-
trodes 387 are ways to introduce a forced convection enhancing the, @ansport. Another
way is to prepare an air-di usion electrode which can bredtie the air exposed directly to
one side of the electrode. The rst reported example of the rabreathing biocathode was
oating on the electrolyte surface B83. It was prepared by drop-coating the mix of Lc and
carbon material on a compressed carbon black pellet. Nextamples of air-breathing bio-
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cathodes described in the literature contain di erent enzmes form the MCOx family, such
as BOx and copper e ux oxidase 121,384 390. These biocathodes usually comprise: (i) a
catalytic layer exposed to the electrolyte and (ii) a di uson layer. The layer (ii) is permeable
for gases and not-permeable for the electrolyte.

Non-covalent functionalisation of CNTs with pyrene derivéives comprising sulfonic groups
was used for the preparation of di erent types of biocathode For example the SWCNTs
functionalised with pyrenesulfonic acid or pyrene-1,38stetrasulfonic acid (PTSA) were
shown to enable the direct electron transfer to the active oge of BOx and Lc [257,25§.
Moreover, the functionalised nanotubes enhanced the stétyi of the sol-gel layer which was
used for the enzyme immobilisation.

In this chapter | will describe a simple way of obtaining bioathodes for a non-mediated
bioelectrocatalytic O, reduction. | will present a detailed study of the air-breating bio-
cathodes. The obtained two-layered biocathodes are easyprepare and are very e cient.
The catalytic layer of these biocathodes is made of the funchalised SWCNTs and BOXx
immobilised in a sol-gel matrix. A semi-permeable membrarie used as a di usion layer.
The biocathodes were tested in biobatteries but they can alde used in biofuel cells.

5.1 Preparation

Non-breathing electrodes

PTSA functionalised SWCNTs were immobilised together witithe enzyme in a MTMOS
sol-gel matrix (see recipe in Sectiof.5.5. 99 | of PTSA-SWCNT suspension was vortexed
together with 99 | BOx solution (2 mg ml ! in Mcllvaine's bu er, pH 4.8) for ca. 2 min. 2 |
of the nal MTMOS sol was added to the PTSA-SWCNT/BOx suspengn and vortexed for
the next 3 min. 20 | of the nal suspension was drop-coated on the substrate wdh here was
the ITO electrode. The surface coated with the prepared matiel was de ned by an adhesive
tape. Thus a circle modi ed electrode with diameter (b cm was obtained (projected area of
ca. Q2 cn?). Then the electrode was left to gel under ambient conditianfor 17 h (typically
ca. 50 % humidity and 22 C). The electrodes were stored in the fridge when not in use.

For the preparation of the electrodes with BOx embedded in OHOS;e and TMOSgg
the recipes from Sectior?.5.5were used. Each time the nal mixture contained the same
amount of PTSA-SWCNTs and BOx and was drop-coated on ITO. Therying step was the
same as in the case of MTMQOg.
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Air-breathing electrodes

The air-breathing electrode (AirB) with both PTSA-SWCNTs and BOx was prepared almost
in the same way as the non-breathing one (hereafter called BR-CNT/BOX/MTMOS ).
The only di erence is the used substrate. In case of the brdahg electrode Te on-treated
Toray paper was used instead of ITO. The dried electrode waggt in the freezer till it was
used. The electrode side covered with the matrix with BOx an@WCNTs will be further
called the active side of the air-breathing electrode.

For the preparation of the electrode without the functionalkked CNTs 99 | of water was
used instead of the PTSA-SWCNT suspension. The obtained eteode was further called
BOX/MTMOS . For the preparation of the electrode without the enzyme 99! of the bu er
was used instead of the BOx solution. It was further called PSA-SWCNT/MTMOS gg.

Zinc anodes

The rst type of the anode (further used in a single biobattey) was prepared by rolling
30 cm of Zn wire into a spiral. The active surface area was ca5tn?. The Zn wire was
coated with Na on by dipping it into 0.5 % solution of Na on in isopropanol and drying in
air. Then it was coated with hopeite by performing a chronogentiometry in 0:15 M NaCl in

0:1 M phosphate bu er (pH 7.0). The Na on-coated Zn wire was usttas a working electrode
in a three-electrode cell and the current density of 13Acm 2 was applied for 16 h.

The second type of the Zn anode (further used in a compact skaof four biobatteries)
was made from a Zn foil. The anode had a shape of a square (1 cni cm) connected with
a stripe (ca. 15 cm long, anode in Fig5.1B. It was covered with Na on in the same way as
the rst type of Zn anode.

3-electrode cell with air-breathing biocathode

Two plastic spectrometer cuvettes were used for making a kelith the air-breathing bio-
cathode. A hole (area of ca. @ cn¥) was drilled in each cuvette with an electric drill so
that both holes overlapped after putting the cuvettes next ® each other. The biocathode
was placed in between the cuvettes. Copper conductive tap@aswsed for making an electric
contact to the AirB. A silicon spacer was put from the active sle of the biocathode and
then squeezed with the electrode between the cuvettes. Als of the cell were held by a
metal clamp.

The scheme of the obtained cell is presented in Fi§.1A. The air-breathing biocathode
was used as a working electrode (WE) in 3-electrode cell tdiger with Ag|AgCI|KCI 3y and
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a platinum wire - as RE and CE respectively. The active side dhe WE was exposed to
the electrolyte which lled one of the cuvettes - 0.1 M Mcllvane's bu er (pH 4.8, unless
otherwise stated).

gas inlet
1 RE
cuvettes
with holes @l
/ \ CE
| WE

Cu tape i/

silicone !
spacer

electrolyte

Figure 5.1: Schematic visualisation of: A) the cell with the air-breathing battery used as a working electrode;
B) the stack of four biobatteries.

A stack of biobatteries

Four air-breathing biocathodes and four Zn anodes of the sew type were used for making
a stack of biobatteries. All the electrodes were squeezedtire mould made of PDMS - as
shown in Figure5.1 B. The as formed assembly was held by two parallel metal plaend

screws. Four holes in the mould were lled with the bu er (Mclvaine's bu er, pH 4.8) so

that each of them formed a small cell for a single biobatteryoenprising one biocathode and
one Zn anode. The obtained four biobatteries were connectedseries by the strips of Cu
conductive tape.

5.2 Characterisation

5.2.1 Dierent silicate matrices for BOx/PTSA-CNT immobil isation

We checked current densities of dioxygen reduction geneedt at the biocathodes with
BOx/PTSA-SWCNT embedded on ITO-electrodes in (i) TMOSg, (i) MTMOS g¢ or (iii)
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OTEOQOSge . As long as the sol-gel matrices were dried in the same conalits they gave com-
parable results - see Fig5.2 The current densities measured at the potential of:Q0 V vs.

Ag|AgCl had values in the range 180 200 Acm 2 in oxygenated bu er. However for fur-
ther experiments and the preparation of a breathing biocattde we used MTMOg. Our

choice was justi ed by the following facts: the way of obtaimg MTMOS is fast and easy,
and it requires smaller number of steps than TMOg|; MTMOS ¢ is hydrophobic so it should
interact better with the CNTSs; obtaining a good reproducibé electrodes with OTEOSy, is

very di cult due to obtaining inhomogeneous sol.

Figure 5.2: CVs of O, electroreduction on the biocathodes with BOx and PTSA-SWCNTs immobilised in
di erent sol-gel matrixes: (dashed line) TMOS, (dotted lin €) MTMOS and (solid line) OTEOS. Measurements
were taken in the oxygenated Mcllvaine's buer, pH 4.8, =1mVs !

5.2.2 Air-breathing electrodes
SEM images

The active side of the air-breathing biocathode was invegtated by the scanning electron
microscopy - Fig.5.3. In the image A the unmodi ed surface of the Toray paper is shvan. It
is made of compressed straight randomly oriented carbon madbres. These micro bres area
also visible in the gure C (top right corner) where the zoonmosut view on the electrode is
presented. On the left part of the image C the silicate matrixvith BOX/PTSA-SWCNTs are
visible. A closer inspection to the latter part is shown in tle images B, D and E. The visible
structure is porous which results in the enlarged area of thedectrode surface, in comparison
with the bare carbon paper. This structure is similar to the ae obtained for the electrodes
obtained on ITO with SWCNTs in silicate matrix made from tetramethoxysilane (TMOS)
precursor R57.
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Figure 5.3: SEM images of: Te on treated Toray paper A) and the same papermodi ed with a porous
silicate matrix in which enzyme and CNTs are encapsulated B) C), D) and E).

Mechanical stability

As long as the sol-gel composite is dried in the proper conidihs (ca. 55 % humidity and

22 C) it forms a mechanically stable thin Im on the Toray surfae. The composite stays
on the substrate after being wetted and dried for a severalnies. It also does not undergo
disintegration during performing long (a few days long) etdrochemical measurements. The
biocathodes subjected to the gel process in too high or toaMdumidity were easily damaged
in contact with the electrolyte, thus they were not used for he measurements.

E cient bioelectrocatalytic reduction of O 2

The 3-electrode cell was used for performing cyclic voltanetry on the air-breathing bio-
cathode and checking the e ciency of the @ reduction (Fig. 5.1A). The scan range and the
scan rate were 5 0:1V and =1 mVs ! respectively. The slow scan sate was chosen
because it was suitable for a slow bioelectrocatalytic remn occurring in the presence of
BOx. The suitable design of the cell allowed to easily intracte any type of the gas (argon,
air and oxygen) from the non-active side of the AirB.

The results presented in gure5.4A show rst o all that the O , reduction has its onset
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Figure 5.4: A) CV (Mcllvaine's bu er under air, pH 4.8, =1 mVs !: oxygen reduction current with

the followiwng gases introduced to the gas-side: argon b),iac) and O, d). CV curve a) correspond to
the situation where argon is introduced from the gas-side, \Wwile the electrolyte is also deaerated. B) pH
dependence of @ reduction current normalised to the current obtained for the air-breathing electrode in
Mcllvaine's bu er pH 4.8. All data points were obtained from the current measured at potential 0.2V vs.
the RE( =1mvVs 1).

potential at ca. 0.6 V (vs. Ag|AgCI|KCl 3y ). This potential is not very far from the formal
potential of the T1 centre of the enzyme, which is 0.9 V (vs. A§gCI|KCl 3y ) [99].

Figure 5.4A clearly shows that the breathing biocathode gives di erencurrent densities
of O, reduction, depending on the type of the gas introduced to theell. The more oxygen
is carried by the introduced gas, the bigger is the reductioourrent. Thus the current was
the lowest when both the electrolyte was deareated as well #® gas-side was lled with
argon - ca. 30 Acm 2 at 0:1V (Fig. 5.4A, curve a. Curve b in Fig. 5.4A represents the
situation where the gas-side is exposed to argon but the dietyte-side is kept under air.
So in these conditions the biocathode should behave as a stard non-breathing electrode.
For a comparison the biocathode prepared in the same way but éTO instead of on Toray
paper gave ca. 40Acm 2 at 0:1V (Chapter 4). However in case of the AirB the current
density of O, reduction is ca. 210 Acm 2 at 0:1V, which is higher than expected. This
is probably due to a presence of some oxygen in the gas-sidetha cell, which was not
deareated ideally.

A highly-responsive behaviour of the air-breathing biocéibde on the change of the in-
troduced gas is presented on the scan c in Fi§.4A. This scan was started when argon was
present in the gas-side of the cell. At the potential of ca.:85 V (forward cycle) the Ar ow
was stopped and air started to enter the cell and provide theidicathode with dioxygen.
As a result the O reduction current increased more than 7 times (up to ca..A3mAcm 2)
after 3 min. That indicates how sensitive is the biocathodeotthe type of the introduced gas,
thus to the concentration of Q. Moreover, it shows that the di usion of the gas through the
Toray paper is very fast because the change of the current wimsmediate.

The highest current density of Q reduction was obtained when pure oxygen was intro-
duced to the gas-side of the cell - ca.25 mAcm 2 at 0:1 V. This high value is consistent
with the maximum limiting current determined for a similar bioelectrocatalytic composite

91



CHAPTER 5. AIR-BREATHING BIOCATHODES WITH FUNCTIONALISED SWCNTS

on rotating disc electrode (glassy carbonPpg. Moreover, the value of 215 mAcm 2 is, to
the best of my knowledge, the highest current density of Oreduction for non-mediated
systems with BOx which were published so far.

The dependence of the reduction current on the pH of the bu eused in the tested cell
is presented in Figure5.4B. The biocathode was exposed to air (air-breathing biocatiue)
form the gas side and to Mcllvaine's bu er of di erent pH from the electrolyte-side. The
current of O, reduction was measured at the potential 0.2 V vs. the RE for ptéf: 3, 4,
4.8, 6 and 7. Then the current was normalised to the highest t@ined value (pH 4.8) and
plotted in Figure 5.4B. The obtained results indicate that the most e cient O, reduction is
obtained for pH close to 5, what is consistent with what was galished previously 58 391].

In uence of the Im composition on the performance of the bio cathode

A few electrodes with di erent composite material were usedo show their in uence on
the electrocatalytic O, reduction. They were examined by the CV. The electrode PTSA-
SWCNT/MTMOS 4. was air-breathing but did not contain the enzyme. As is showin
Fig. 5.5a, no oxygen reduction was observed in the potential range76 0:1V. This be-
haviour was expected due to the lack of BOx. A very low curreniensity of O, reduction
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Figure 5.5: CV of dioxygen reduction on the electrodes modi ed with silicate and: a) PTSA-SWCNT, b)
BOx, ¢) and d) PTSA-SWCNT and BOx. In the case of d) CNTs with th e enzyme formed a very compact
layer on the Toray paper. Mcllvaine's bu er, pH 4.8, =1mVs 1, air.

was observed for the electrode with the enzyme but without #h functionalised SWCNTs
(BOX/MTMOS 4¢) - ca. 10 Acm 2 at0:1V (Fig. 5.50). It clearly indicates that even though
the Toray paper can provide some electric contact with the egyme, the PTSA-SWCNTs are
indispensable for obtaining a very e cient O, reduction. But not only a compaosition of a thin
layer with the enzyme but also a proper dispersion of a comptesmaterial has a big in u-
ence on the e ciency of the obtained bioelectrode. In case & TSA-CNT/BOX/MTMOS 4
the electrode with too compact layer of the composite matexi (Fig. 5.5¢) is less e cient
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than the electrode with nicely distributed material (Fig.5.5d). A compact layer was formed
when a drop of the sol mixture was left to dry undisturbed on ta hydrophobic carbon bre.
In the case of a nicely distributed material, the same sol nire was mechanically spread
on the Toray paper before drying. The observation depicteahiFigure 5.5c and d is in agree-
ment with the results published by Tarasevicht al. They showed that more dispersed carbon
nanomaterial improved direct electron transfer between thelectrode and the active centre
of laccase 383.
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Figure 5.6: Chronoamperometry of the air-breathing biocathode done inMcllvaine's bu er, pH 4.8. The
inset graph shows the rst 3 h of the presented chronoampero@m.

Chronoamperometry was used to check the stability of the abreathing biocathode
(Fig. 5.6). The potential of 0.2 V vs. RE was applied for almost 80 h. Dumg that time the
electrode was kept mostly in air. The change of the gas causadery fast and pronounced
change in the reduction current. The value of the current waalmost twice higher under
O, but negligible under the ow of argon. This result once morelow the very fast response
of the breathing electrode on the introduced gas. MoreoveCA measurements showed that
the electrode retains approximately half of its initial acivity after 80 h of constant work.

5.2.3 Biobatteries

A single zinc/oxygen biobattery was constructed in almosthte same way as the 3-electrode
cell presented in the Figure5.1A. For obtaining a biobattery the CE and the RE were
replaced by the zinc anode pretreated in the described wayh& polarisation curves for
the biobattery were obtained from the chronopotentiometd measurements done by the
potentiostat. Di erent current loadings were applied to the battery (in a 2-electrode cell)
and as a response a stable value of the voltage was measurelde Dbtained open circuit
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Figure 5.7: A) Galvanostatic polarisation curves and B) the dependence of the power output for the
Zn/O , biobattery with the electrolyte-side lled with Mcllvaine 's bu er, pH 4.8 and the gas-side lled with:
a) oxygen, b) air or c) argon.

voltage (OCV)! was 175V (Fig. 5.7A). This value is very close to the theoretical value of
1:99 V . Moreover, this result is almost the same as the best OCWrfbiobatteries with CNTs
reported so far P59 397.

The shape of the |-V curves in Fig.5.7A is typical for this type of biobatteries and
biofuel cells 3]. The power outputs of the biobattery were calculated fromke j-V curves
and plotted in Figure 5.7B. It is clearly visible that the power of Zn/O, battery is highly
dependent on the type of the gas introduced to the gas-sideh& highest value was obtained
for the battery working under O, - the maximum power density (R,x) output was ca. 5
times higher than the output from the oxygenated battery. Ths dependence between the
O, concentration of oxygen and R.x indicates that the dioxygen reduction reaction in the
breathing biocathodes is very e cient.

The stability of the biobattery was checked by performing tke chronopotentiometry.
Under a very high load of 1250 Acm 2 (Fig. 5.8Aa) the biobattery can operate for 4 h
in Mcllvaine's bu er, pH 4.8. Lower current loadings resultin a longer battery lifetime. 5
times lower loading imposed on the battery lled with Mcllvane's bu er (pH 4.8) increased
a lifetime up to almost 9 h (Fig. 5.8Ab). Further extension of the stability was achieved by
changing the bu er (pH 4.8) into the phosphate bu er at pH 7.0(Fig. 5.8Ac and Bc). In
these conditions the biobattery was working for ca. 45 h, wtt is vefold longer than in
case of Mcllvaine's bu er (pH 4.8). Moreover, this long ternstability can be again improved
by the immobilization of two times more BOx on the biocathodd€Fig. 5.8Bd). This change
gives further doubling of the lifetime in comparison with tle biocathode with the standard
amount of the enzyme.

In all the plots related to the current density loading of 1250 and 250 Acm 2 a gra-
dual decrease of the voltage is observed. This is caused bg fbss of the catalytic activity

1The OCV is the voltage measured at the zero loading.
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Figure 5.8: A) Long term stability of the batteries checked with CP: A) curve a) 1250 Acm ?; b), ¢)

250 Acm 2,B)curved) 250 Acm 2,e) 50 Acm 2, curve c) is the same as in A) The gas-side was
lled with air and the electrolyte-side with: a), b) and e) Mc llvaine's bu er, pH 4.8, c) and d) phosphate
bu er, pH 7.0. The amount of enzyme on biocathode d) was twicethat of biocathodes a), b), ¢) and €). Due
to evaporation additional electrolyte was added after 71, ®7 and 240 h (curve e).

of the biocathode. It was also observed when the CA of the bmibode was performed
(Fig. 5.6). However the sudden drop of the voltage at the end of CP measments is the
most likely related to the anode breakdown. This statemensisupported by the observations
described by Shinet al. [370. Moreover, the slope of the initial gradual voltage decrse in
all of the mentioned examples is not dependent on the type dig¢ bu er. Thus this is another
evidence for the conclusion that the sudden voltage drop ahé end of the CP measurement
is related to the anode failure. A dramatical increase of thbattery lifetime was observed
for a much lower load of 50 Acm 2, in Mcllvaine's bu er (Fig. 5.88d). In this case the
cell potential has decreased only 10 % after 250 h of a congtavork. This observation is
in agreement with what was reported by Shleeet al. [393. They also observed that the
high loadings dramatically decrease the biocathode lifetie. Thus the theory that a too high
turnover rate for an individual enzyme leads to a loss of catdic activity is supported by
the following observations: an increase of the enzyme loadion the electrode or a decrease
of the total current load prolongs the lifetime of the biocatode. However the mechanism of
this phenomenon is not known.

Powering electronic devices

The single biobattery was used for powering a small digitalack. The clock was operating
for at least 6 h. Thus our biobattery can be used for poweringseful devices which do not
consume to much power. To use our source of energy for powgrmore demanding devices
which need higher voltages it is necessary to connect a fevolmtteries in series. Four air-
breathing biobatteries connected in this way acted as a sa@ of power for a bike lamp
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Figure 5.9: Galvanostatic polarisation curves (squares) and the depetiences of the power output (stars)
for one (i) and a stack of four (ii) zinc/oxygen biobatteries.

comprising two red LEDs. The same type of characteristics dsr the single biobattery (see
Fig. 5.7) was done for the obtained stack (Fig5.9). Galvanostatic polarisation curves and
the dependences of the power output were plotted for one amuuf biobatteries. The results
for one of the battery from the stack are di erent than for thesingle battery because of the
di erent type of the anode. Here the anode is made of a zinc g&awhich has much smaller
surface area than a zinc wire used in a single cell. The biobatles used in both cases are the
same and they are so e cient that the obtained power output dpends on the anode. Thus
the obtained maximum power is ca. 10 times smaller for one liaty from the stack than for
a single biobattery. Moreover, the results presented in théig. 5.9 show that the connection
of the biobatteries in series gives a relatively small footint stack. The OCV increases by
1.5 V for each additional cell. That leads to obtaining relavely high cell voltages of the
assembly and in consequence it results in a drastic increasfethe power output.

5.3 Conclusions

We have presented a simple procedure for the preparation dfet e cient air-breathing non-
mediated biocathodes with bilirubin oxidase. These biochbdes can be used in Zn/@ bat-
teries by connecting them with the zinc anode. The way of theitcathode construction
allowed to avoid the problem with G di usion to the electrode surface. Usually slow mass
transport causes the @ depletion in the vicinity of the electrode. Thus the slow diusion is
a limiting step of O, reduction on the non-breathing bioelectrodes. Our breathg electrodes
are constantly supplied with the gas and that is why they giverery high reduction current
densities. The values of -5 mAcm 2 under air and over 2 mA cm?2 under O, were obtained.
Our zinc/oxygen battery gave the maximum power density of 25 mW cm 2 at ca. 0.4 V
in O,. This result is the best among other published so far for such device. Moreover,
we constructed a stack of four biobatteries which was sucsédly used as an energy source
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capable of powering a bike lamp with two red LEDs. However the is still some work left
to improve the stability of our bioelectrodes.
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Chapter 6
Self-powered sensor for ascorbic acid

Recently biofuel cells started to be interesting as sensavhich can power themselves (see Sec-
tion1.4.7). Although many examples of the analytes were reported in ¢hliterature so far,
here | will present the rst two examples of the self-poweredensors for ascorbic acid. In
both examples the air-breathing biocathode is used. As an aabe two electrodes modi ed
with carbon nanostructures were used: (i) the VACNT-electsde (Chapter3) or (ii) electrode
with carbon nanoparticles and silicate beads (CNP/beadseatdtrode). Each of the examples
of the sensor can be called self-powered because it gives plogver output dependent on
the concentration of the fuel. However, the easiest way to msure this dependence is to
use a dedicated electronic device. Here we present a novey washowing AA concentration
dependency. We use a Prussian blue electrochromic displaynnected to the AA/O, BFC
(with CNP/beads on the anode) and analyse the change of its looir with time. The higher
the fuel concentration the faster the change of the colour.his change can be noticed with
the naked eye, what makes our device a truly self-powered sen Moreover, the calibration
of the sensor makes it usable for the determination of AA coentration in the orange juice.

6.1 Preparation

VACNT electrodes

The preparation of this type of the electrode was described Chapter 3.

CNP/beads electrodes

First the silicate beads were prepared via a modi ed Stober @hod [394 395. 1055 | of N-
trimethoxysilylpropyl-N,N,N-trimethylammonium chlori de and 537 | of tetramethoxysilane
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were mixed with 1 ml MeOH. Then 10 ml of aqueous solution of hadecyl-trimethyl-ammo-
nium bromide (CTAB), 3 ml NH 3,4 and 9 ml MeOH were added and constantly stirred for
next 2 h. The obtained white precipitate was Itered, washedvith EtOH and left to dry in
room temperature. White powder was further re uxed for 24 h wth 1 mM HCI in EtOH to
remove the remains of CTAB. Then it was again ltered, washeavith EtOH and water and
left to dry. The obtained material is from that time on called TMA-beads.

Two suspensions 5 ngmnl of TMA-beads and carbon nanoparticles (CNPs with phenyl-
sulfonic acid surface functionalities from Cabot Corpor&bn) were obtained by the dispersion
in MeOH and ACN respectively. The ITO electrode was modi ed Y alternate immersions
(5 s) into the TMA-bead and CNP suspensions. Each immersiotep was followed by drying
in air and immersion in clean solvent to remove loosely bondienaterial. The active area of
the electrode was limited by the Scotch tape and the electrmontact was assured by a piece
of a copper tape. These electrodes were prepared by Anna Galeska.

Air-breathing biocathode

The preparation of this biocathode is described in Sectioh 1 of this thesis.

Prussian blue display

A thin layer of Prussian blue (PB) was electrodeposited on ID electrode according to the
following procedure 396. The ITO was masked with the adhesive tape (area of:Dcn?).
Aqueous solutions of 50 mM HCI, K[Fe(CN)g] and FeCk - 6H,O were mixed in the propor-
tions 1:2:2 and stirred with the magnetic stirrer. The ITO eéctrode was immersed in the
mix of solutions and a current of 8 A was passed through the electrode for 240 s. After the
electrodeposition the electrode was rinsed with water andidd. Then it was post-treated in
0.1 M KCI solution (in phosphate bu er, pH 4.8), in a 3-electode cell, in two steps: (i) by
keeping at 0:05V vs. RE for 600 s397 and (ii) Cycling three times the potential from 0.6
to 0:2V with the scan rate of 20 mV s!. Then the electrode was washed with water, dried
and masked with the insulating tape and white nail polish ontte area not covered with the
PB.

AA/O , BFC and a truly self-powered AA sensor

Two types of BFCs for ascorbic acid were used: with VACNT-et¢rode or CNP/beads-
electrode as an anode. In both cases the anode was connectethé air-breathing electrode.
Both electrodes were kept in the same cell lled with AA solubn in phosphate bu er (pH
4.8, air).
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A cell for the truly self-powered AA sensor comprised two cgpartments. It was made
of two cuvettes with the drilled holes connected together Wi the Na on membrane placed
between them. In one of the compartments the BFC with the CNHjeads-electrode was
placed (phosphate bu er, pH 4.8). The PB display was placechithe second compartment
which was lled with 0.1 M KCI (in phosphate bu er, pH 4.8). The cell was kept under air
in room temperature.

Figure 6.1: A) schematic illustration of the self-powered sensor. In A e con guration used for AA detection
and in B the con guration for regeneration of the PB-display.

The display changed the colour from blue to transparent wheit was connected to the
CNP/beads-anode (Figure6.1A). The reversed colour change (PB regeneration) was ob-
tained by connecting the display with the biocathode (Figue 6.1B. The di erences between
the speed of PB decoloration for di erent AA concentrationsvere easily observed with the
naked eye. However, for a better data presentation we used @antera and precisely monitor
the decoloration process. A Canon EOS 5D was placed on a trthaconnected to a laptop
and was taking pictures each 5 s. In the pictures the PB disptavas visible together with an-
other electrode with electrodeposited PB layer kept in airB-electrode). This PB-electrode
gave a reference colour which was stable in time, while thesglay was changing the colour.

6.2 Results and discussion

6.2.1 AA oxidation

As mentioned in Sectior3.2.2(Fig. 3.7) the VACNT-electrode can be used for AA oxidation.
Here this electrode was examined more accurately by cyclioltammetry. The VACNT-
electrode was immersed in not-stirred solutions of incraag AA concentration (in Mcll-
vaine's bu er, pH 4.8). Each time the electrode was left for taleast 10 min in the solution -
to enable the solution di usion into the CNT forest. Then the CV was recorded in the scan
range from 00 0:7V and a scan range = 10mV s *. A well de ned peak corresponding
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to AA oxidation was observed at the onset potential of Q V, with a peak potential of ca.
0:3V (Fig. 6.2). The dependence of the peak height on the AA concentratios shown in
the inset of Figure6.2 - a linear relationship is observed up to 3 mM. Linear tting has the
slope of 0.386 Acm? M 1.

Figure 6.2: CV on VACNT-anode in Mcllvaine's bu er, pH = 4.8 (dashed line ) and in AA solutions of
di erent concentrations: 0.5, 1.0, 1.5, 2.0 and 30 mM; v = 10 mV s 1. Inset: Peak height as a function of
on AA concentration. The line shows a least squares linear tto the data (R? = 0.998).

The same method was used to check the performance of the CNBAms-electrode with
9 double layers. In this example the onset potential of AA oglation is more negative than
in the case of the VACNT-electrode. The oxidation starts at & 0025V (Fig. 6.3). The
dependence of the oxidation peak height on the AA concentiah in shown in the inset of
Figure 6.3. The linear t to this data has a slope of 0.157 A cm? M ! which indicates
that the sensitivity of the CNP/beads anode is ca. twice lowethan the sensitivity of the
VACNT-electrode. Presumably this e ect is a result of a formation of a thin layer cell made
of a relatively high amount of AA trapped between the alignedNTs.

Figure 6.3: CV on the CNP/beads Im electrode in phosphate buer, pH 4.8 (dashed line) and in AA
solutions of di erent concentrations: 0.5, 1.0, 1.5, 2.0, 30, 4.0, 6.0 7.0, and & mM; =10mV s !. Inset:
Peak height as a function of on AA concentration. The line shavs a least squares linear t to the data (R?
= 0.999).

The anode with the VACNTs was examined by CA to check the limitof detection of
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AA. The electrode was immersed in Mcllvaine's bu er and the ptential of 0:2V vs. RE
was applied. After obtaining a stable current without the amlyte subsequent portions of the
concentrated AA solution (30 mM) were added to the bu er. Togther with the addition of
AA the magnetic stirrer was used to thoroughly stir the solubn for ca. 3 minutes. Then the
stirrer was turned o and the current was measured after thetabilisation. The measured
values are mean values for at least 100 points and error bane astandard deviations from
these values. The obtained results are presented in Figuéed. The limit of detection was

Figure 6.4: Current as a function of AA concentration in chronoamperomedric measurement using the
VACNT anode. Applied potential: 0.2 V vs. Ag|AgCl. The line shows a least squares linear t to the data
(R? = 0.998).

calculated for the concentrations from the range 10 350 M. By taking into account 3
times signal to noise ratio the LOD of 4 M was found. Thus the results obtained for the
VACNT-electrode and the CNP/beads electrode indicate thathese electrodes act as sensors
for ascorbic acid. Moreover, the detection range for thesersors covers the levels found in
() human serum (05 1:.51 mgH) [39§, (ii) urine (12:5 26:83 mg=l) [39§ and vitamin C
rich fruits (up to ca. 4 mg=l) [399. That makes the sensors potentially interesting in the
determination of AA level in real samples.

6.2.2 AA/O, BFC

Before assembling of the BFC the behaviour of the air-breaitig biocathode in the presence
of ascorbic acid was checked. Figuie5 presents cyclic voltammograms recorded in (a) clear
bu er, (b) 1 mM AA and (c) 6 mM AA solutions. It is clearly visib le that relatively low AA
concentration does not have a big negative e ect on the biot®de. The electrode retains
ca. 60 % of its activity (at 02V vs. RE) in 1 mM AA in comparison with the clear bu er
(Fig. 6.90). Moreover, AA oxidation on the electrode is negligible. blvever, the biocathode
working in 6 mM AA solution shows lower activity toward O, reduction. The oxygen reduc-
tion current is ca. 70 % smaller (at @ V vs. Ag|AgCl) than in the clean bu er (Fig. 6.5¢). At
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Figure 6.5: CV of O, reduction on the air-breathing electrode in: a) clean bu er, b) 1 mM AA and ¢) 6 mM
AA solutions (phosphate bu er under air, pH 4.8, =1mVs 1).

AA concentrations as high as 6 mM the AA oxidation takes placat the bioelectrode. The
current density of AA oxidation at 0:7 V vs. RE is ca. 200 Acm 2, almost as high as the
reduction current. Although the oxidation is very pronouned, the presence of a big amount
of AA does not deactivate the enzyme on the biocathode. Monezr, only a very small shift
of O, reduction potential was noticed between the reaction in a €hr bu er and in 6 mM
AA. Thus the silicate matrix probably acts as a barrier for AAand is preventing its access
to the electrode surface.

Figure 6.6: Open circuit potential versus time registered for the BFC with the VACNT-anode. At the
beginning it was measured in the phosphate bu er (pH 4.8). Ater 100 s a concentrated AA solution was
added to obtain 0:5 mM solution. The inset is a zoom of the rst several minutes.

It is known that enzymes such as BOD are very easily deactived by AA [400. For ex-
ample the enzyme in a BFC prepared by Qiagt al. [401] was deactivated in less than 10 min
after the exposure to G mM AA solution. However, the enzyme stayed active when thad
cathode surface was coated with a protective ionic liquid yar. In case of our AA/O, BFC
we did not use any additional layer. We performed almost theasne measurement as the
one done by Qianet al. [40]] to check the BFC stability (see Fig.6.6). The OCP between
the air-breathing biocathode and the VACNT-anode was meased in phosphate bu er (pH
4.8). A the beginning the obtained value of the OCP was:61 V. After 100 s AA was added
so that its concentration in the cell reached ® mM. An immediate decrease of the OCP was
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observed - it dropped up to @7 V. Then the OCP increased very fast and after less than
2 min it reached 056 V. This very short-lasting OCP drop might have been an e dcof an
injection of a concentrated AA solution in a very close vicity of the biocathode surface.
The sudden change of the pH of the solution could have been asen of the change of the
biocathode potential. Further measurement showed that th©CP was stable for at least 4 h
and had a value of 68 V. Thus our air-breathing biocathode is extremely resiaht to AA in
comparison with the biocathode presented by Qiaat al. [40]]. The silicate acted not only
as the matrix which immobilized the enzyme but also as a pratgon from AA. The most
likely the protective e ect of the sol-gel matrix is a resultof AA repulsion by the negatively
charged silanol groups present in the matrix.

Figure 6.7: CV of the VACNT-anode and the biocathode working in 1 mM AA, v= 1 mV s 1. The dashed
blue lines indicate the onset potentials for the AA oxidation and the oxygen reduction.

The performance of the separately working VACNT-anode andhe biocathode was checked
in 1 mM AA solution. CV at a scan rate of 1 mV s ! showed that the current of Q reduction
on the biocathode is at least one order of magnitude higherdh the current of AA oxidation
on the anode (Fig.6.7). Moreover, taking into account also the previous observan that the
potential of O, reduction does not shift signi cantly with the change of AA ©ncentration, it
is expected that the power of the AA/O, BFC is mostly dependent on the VACNT-anode.
The current generated by the BFC should increase together thithe increase of AA concen-
tration. Thus with the unchanged cell voltage the power outpt of the BFC should increase
with the addition of the fuel.

The di erence between the onset potentials for the VACNT-aade and the air-breathing
biocathode is depicted in Figures.7 by a blue arrow and it has a value of around 0.55 V. The
arrow indicate an open circuit potential (OCP) which can be eached by the AA/O, BFC
and in fact it is very similar to the OCP measured on the assendd BFC (Fig. 6.8A).

Chronopotentiometry was used to obtain polarisation cungand power outputs for the
BFC with the VACNT-anode. The results obtained for four di erent concentrations (1,
2, 4 and 6 mM) are presented in Figure&5.8 The OCP is almost the same in all cases
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oA A
A

Figure 6.8: A) Polarization curves and B) the cell power as a function of airrent the BFC with VACNT-
anode. The measurements are done for four di erent AA concetnations: 1 (cyan squares), 2 (green triangles),
4 (dark cyan circles) and 6 mM (violet pentagon). The inset in B) presents the dependence of the maximum
power on the AA concentration.

(0:57 054V, Fig. 6.8A). As expected the power output of the BFC increased with the
increase of AA concentration. Thus our BFC acted as a self-wered sensor for ascorbic
acid according to Katz's and Willner's de nition [77]. The inset in Figure 6.8 B shows
the relationship between the maximum power of the BFC and thé&A concentration. This
relationship is almost linear in the measured concentratiorange, with the R2 = 0.965. The
slope of the linear tis 842 0:80 Wcm ?M 1. Thus the AA concentration which ful | the
linear dependence is very broad. However, utilizing our BF@s a sensor and determination
of the AA concentration from the known power output of the BFCmight give an error of
ca. 95 %.

The presented way of constructing the self-powered sensor fiscorbic acid gave a very
nice result in a form of a biofuel cell which generates the pewdependent on the concen-
tration of the fuel. However, the sensor characteristics agell as its application requires the
use of the externally powered potentiostat. We wanted to obin a truly self-powered sensor
which does not need any power input into sensing. Thus we fadiout a novel way of the
construction of a sensor by the connection of our BFC with anlectrochromic display. As a
display a thin layer of electrodeposited Prussian blue wased.

6.2.3 Prussian Blue electrochromic display

The use of the electrochromic display is a simple way of shagian electron ow coming in
or out of our BFC, without application of any external power.In this case the current ow
between the electrodes can be seen as a change in colour ofdisplay. For our purpose we
needed to use an electrochromic material which changes itslaur at the potential higher
than the potential of AA oxidation on the anode (ca. @5 V) and lower than the potential
of O, reduction on the biocathode (ca. ® V, Chapter 5). Prussian blue was chosen because
it has a redox potential around @2 V [40 and it starts to change its colour at the potential
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around 04V vs. RE. Thus the PB display will change its blue form into a tansparent form
(known as Everitt's salt or Prussian white, PW) after conneting it to the anode kept in AA
solution. On the other hand the display will return to its blue form when connected to the
biocathode. This reversible process of the colour changeaisesult of the change in the PB
layer composition and is described Equatiof.1[396 402:

KFe)' [Fé' (CN) J,+K* +e K, Fe}'[F"' (CN),], (6.1)

This reversible process of PB decoloration requires the gence of potassium ions, thus
the display was kept in the compartment with 01 M KCI solution (Fig. 6.1). The display-
compartment was separated from the BFC-compartment via a Nan membrane not only
to avoid a negative in uence of chlorine ions on BOD but alsoat eliminate the change of PB
into PW caused directly by AA. It is known that AA is responsilde for a chemical reduction
of PB [403.

Figure 6.9: CVs of PB layers post treated by performing chronoamperomeaty at 0:05V vs. Ag|AgCl for
600 s in di erent electrolytes: (dashed line) 0.1 M KCI in Mcllvaine's bu er; (solid line) 1 M KCI; (dotted
line) 0.1 M KCI in phosphate bu er. The bu ers had the same pH 4.8. All CVs were recorded in 1 M KCI
(in water, under air), =20mVs 1.

In the research concerning the air-breathing biocathodé) Mcllvaine's bu er was used
as an electrolyte. In case of the self-powered sensor phasehbu er was used because
we wanted to avoid the presence of citrate ions in the displayjompartment of the device.
Citrates are known as chelating agents which form complexesg. with Fe(ll) [404. Thus
these ions might remove the reduced form of iron from the PByar by transferring it into
the solution in form of complexes. The phenomenon of loosimgn from the PB layer was
observed during the post-treatment of the PB display in Mcilaine's bu er solution. Post
treatment was done to turn the PB into its more stable form. Tle potential of 0:05V vs.
RE for 600 s was applied to the display in a chosen electrolyt€hen cyclic voltammetry in
1 M KCI was done and the results are presented in Figui@9. It is clearly visible that the
post-treatment in 0:1 M KCI in phosphate bu er (dotted line) give the highest PB oxdation
and reduction peaks. It means than the smallest portion of PBayer turned into a soluble
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form, in comparison with post-treatment in Q1 M KCI in Mcllvaine's bu er (Fig. 6.9, dashed
line) and 1 M KCI (solid line). The PB oxidation and reduction peaks were almost invisible
(Fig. 6.9, dashed line). This result indicates that a very big amountfathe layer was dissolved
in the solution by Mcllvaine's bu er after PB reduction.

6.2.4 Truly self-powered AA sensor

Taking into account the potentials of AA oxidation and G, reduction in the VACNT-BFC
as well as the redox potential of the PB display we expected tget a truly self-powered AA
sensor by a proper connection of the VACNT-electrode and thedectrode modi ed with PB.
The idea was to obtain decoloration of the PB display after emecting it to the VACNT-
electrode. The reverse colour change should be obtained noecting the display to the
biocathode. A similar concept was presented by NTERA Limitg (Ireland) [405, but that
company used di erent electrodes and did not use them for seing. The similarity was in
exploiting three electrodes. One of them acted as an eleattwomic display which changed
the colour in the reversible way after being alternately carected to two other electrodes.

Surprisingly the connection to the VACNT-anode did not resli in an expected change
in the colour of the display linked to the AA concentration. Aoparently the potential of AA
oxidation on the VACNT-electrode was not low enough to indug a su cient electron ow
to the PB-display and cause its decoloration. Thus another ay of electrode modi cation
with carbon nanomaterial was used to obtain the anode whichals a suitable potential of
AA oxidation.

The rst type of anode which worked successfully in our trulyself-powered AA sensor
was made by modi cation of ITO-electrode with carbon nanopdicles (data not shown).
Oppositely charged CNPs were alternately deposited by layby-layer method until three
double layers (3L) were obtained40q. The obtained CNP-electrode (area of:03 cn?) was
connected to the PB-display (area of @ cn?). The colour of the display was changed from
blue to transparent with the rate dependent on the AA concemation. The higher the AA
concentration in the BFC-compartment of the sensor, the fésr the decoloration of the PB
layer. Unfortunately the CNP-anodes were not mechanicallgtable. After several immersions
in the aqueous electrolytes at least half of the CNPs were peé o from the electrode sur-
face. The disintegration of the CNP-layer is unwanted becae our sensor is expected to be
reusable. It is not possible to use it several times the anod@s changeable amount of the
material. Thus an improved way of the anode preparation wassed to obtain mechanically
more stable electrodes. The ITO-electrode was alternatelyoated with silicate beads and
CNP nanopatrticles (CNP/beads-electrodes). The electrodewith 6, 9 and 12 double layers
were prepared and checked toward AA oxidation (Fig6.10Aa, b and c, respectively). The
onset potential of AA oxidation is almost the same for all thee electrodes, 02V vs. RE.
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Figure 6.10: A) CV on the CNP/beads Im electrodes with di erent number of double layers: a) 6L, b)
9L and c) 12L. The measurements were performed in:5 mM AA in phosphate bu er, pH 4.8 with the scan

rate =10 mVs 1. B) CVs of the electrodes used in the self-powered AA sensoa) CNP/beads-electrode
in1mM AA, =10 mV s 1;b) air-breathing biocathode in 1 mM AA, =1 mVs !;c) PB-display, =

20 mV s 1, in 0.1 M KCI in phosphate bu er, pH 4.8. The scale on the left axis is related to the graphs a)
and b) and the right to the graph c).

The peak potential shifts to negative direction with the inceased number of CNP layers.
The lowest value of 122 mV was obtained for 12L CNP/beads-eteode. The electrodes with
9L and 6L gave the anodic peak potential of 135 and 148 mV, resgiively. Although the
electrode with 12L had the same peak position as the CNP-efiexde with 3L it was still
not mechanically stable enough. CNP/beads electrodes withL (9L/CNP/beads) and 6L
(6L/CNP/beads) could be immersed in the solution more than ¢n times without disinte-
gration of CNP layer. Moreover, the peak potential for 9L/CNP/beads was better than for
6L/CNP/beads and the tests done with 6L/CNP/beads did not give satisfactory results.
Thus the electrode with 9L CNP/beads was chosen for our trulgelf-powered AA sensor.

Cyclic voltammetry was performed on all electrodes used ihé¢ self-powered sensor in
suitable electrolytes which were used during the sensor epgon. The air-breathing biocath-
ode and 9L CNP/beads anode were checked in AA bu ered solutig(in phosphate bu er)
and the PB-display was checked in:@ M KCI (in phosphate bu er). The results are pre-
sented in Figure6.1@B. It is clearly visible that the half wave potential for the PB display
is between the onset potentials of AA oxidation and @reduction on the anode and the
biocathode respectively. Thus alternate connection of thaisplay to the anode and the bio-
cathode of the BFC should cause a reversible change of theowol of PB, similarly to the
work presented by NTERA Limited (Ireland) [403.

As expected the PB-display changed its colour from blue todansparent after connecting
with the CNP/beads electrode. The speed of the discolourath was checked for the AA
concentrations of 0.5, 1, 1.5, 2, 3 and 4 mM. It was easily yé¢ with a naked eye that the
display became transparent much faster for higher AA conceations. This dependency is
due to the fact that the more AA is oxidised on the electrode,hie more electrons ow to the
electrochromic display and thus cause faster PB electronection and consequently faster
decoloration.
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Figure 6.11: A) Relative value of the change of the colour of the PB-disply plotted versus time. B) Plots
from A after the normalisation with the value of the fully red uced display. For a-d) the display was connected
to the anode immersed in 0.5, 1, 1.5, 2, 3 and 4 mM AA respectilg A straight vertical line represents the
moment chosen for the calibration of the sensor (100 s).

The pictures taken during the reversible change in PB colouwere analysed in the fol-
lowing way. By using ImageJ the greyscale values were measiirfor the display and the
PB-electrode. These values were between 0 which is black a?85, which is assigned to
white. Then the values related to the display were normalisewith the values of a refer-
ence PB-electrode and plotted in Figures.1JA. Next the graphs from Figure 6.11A were
normalised to the transparency of the fully reduced (transgrent) display. The latter step of
data analysis was done by tting an exponential function6.2 to each graph and nding the
value of parametera.

y=a b (6.2)

Thus the graphs in Fig.6.11B were obtained by the normalisation of the graphs from Fig-
ure 6.1JA to the tted parameters a. Each graph represents the time dependent change
of the transparency of the PB-display at a given concentratn. For AA concentrations of
1.5 4 mM the time dependency of the discolouration was very repdacible. Figure 6.12A
presents results for the concentrations of 2 and 4 mM AA, whicwere obtained for two and
three repeated reductions of PB-display, respectively. lis clearly visible that the graphs
plotted for a certain concentration are overlapping. It meas that the PB-display changes
its colour in the same way each time after being connected tbeé CNP/beads-anode.

Each time after the complete discolouration of the displayt was regenerated by connect-
ing it to the biocathode (Fig. 6.1). Such electrode con guration results in an oxidation of
the electrochromic material and thus in a very fast change as colour. The display regains
its initial blue colour in a few seconds (Fig6.12B, blue graphs). Moreover, this regeneration
is reproducible which is shown in Figure5.12B. The colour regeneration can be obtained
several dozen times which indicates that our self-poweredrsor is reusable.

A viable way of the determination of AA concentration in realsamples with the use of
our self-powered sensor is as follows. The CNP/beads anodekept in the solution for a

109



CHAPTER 6. SELF-POWERED SENSOR FOR ASCORBIC ACID

WM

Figure 6.12: A) Reproducibility of the time dependency of the PB-display discolouration for the sensor
working in 2mM (2 graphs) and 4 mM AA (3 graphs) solution. B) Reversible changes of the PB-display
transparency for the sensor working in 4 mM AA solution.

determined time. During that time the anode is connected wit the display and changes the
colour. The nal colour of the display is then compared with he calibrated palette of colours
and the AA concentration is found. Although our idea is simér to using a litmus paper for
pH determination, in case of the self-powered sensor with ghelectrochromic display the
time of sampling matters. Moreover, in case of the PB-dispfathe palette can have only
various shades of blue, not several di erent colours like éhlitmus paper. Besides after the
regeneration of our sensor it can be used many times.
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Figure 6.13: Normalised relative value of the change of the colour of the B-display obtained after 100 s
plotted versus AA concentration. Orange circle representghe normalised value for the orange juice from the
bottle (2:72 mM AA according to the label).

For the sensor calibration we used the pictures taken 100 deafthe start of the display
discolouration (Fig. 6.13. This speci c time was chosen because then the highest coamt
between the sample colour was observed. The values of nonsed transparency were found
for the chosen pictures and they were plotted versus the AA goentration - Figure 6.13
black squares. The obtained data points were tted with the ®ponential function (y =
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0:974 0:332 0:63%, R?=0.993), so that the calibration curve for the self-poweredensor
was obtained (Fig.6.13 black line).

To show the application of our device in a real sample analgsthe BFC-compartment
of the cell was lled with the commercially available orangguice (Tymbark orange juice,
AA concentration from the label is 48 mg per 100 ml). The valuef normalised transparency
obtained after 100 s (0.88) was plotted on the calibration cue as an orange circle. Thus
the AA concentration of AA found from the calibration curve d our self-powered sensor was
2.7 0:2mM. This value is almost the same with the value indicated othe label of the
bottle with the juice - 2:73 mM.

6.3 Conclusions

In this chapter two examples of AA/O, BFC were presented. Both of them comprised a very
e cient air-breathing biocathode described in Chapter5. The rst BFC comprised the anode
with VACNTs which was described in Chapter3. This electrode can act as a sensitive AA
sensor used in a 3-electrode cell in voltammetric and chramperometric measurements.
The AA concentration range which can be determined with the se of this electrode covers
the values corresponding to the range from serum and urine up vitamin C citrus fruit.
Moreover, it was shown that the BFC with the VACNT-anode gavanaximum power output
(Pmax ) dependent on the AA concentration (Ga ). A linear dependency of Rax (Caa) was
found for the concentration up to 6 mM. Thus this BFC can be cé&td a self-powered sensor,
according to the de nition suggested by Katz and Willner 77]. However, this de nition
allows to use an externally powered read-out which indicadethe dependency between the
power (or the OCP) of the BFC on the fuel concentration. Sinceve wanted to obtain a
sensor which takes all the needed power from the BFC (a trulye-powered sensor), we
decided to use an electrochromic material which give a colochange visible with the naked
eye. The speed of the decoloration is dependent on the cortcation of the fuel. Since the
chosen material - Prussian blue - did not give expected demkmncy, the second type of an
anode was prepared for obtaining the self-powered sensor.

The second type of AA/O, BFC comprised the anode with alternately deposited 9 lay-
ers of CNPs and silicate beads. The CNP/beads anode gave lowearrent density of AA
oxidation than the VACNT-anode at a given AA concentration. Thus it was less e cient
toward the oxidation than the VACNT-anode. However, the onst potential of AA oxidation
was more negative for the electrode with CNPs than for the VART-electrode, which was a
desirable e ect from the point of view of the preparation of lhe truly self-powered sensor.

The obtained sensor worked in the following way. While the dplay with PB was con-
nected to the CNP/beads anode it was changing the colour frofmiue to transparent. The
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colour obtained after 100 s for di erent concentration was sed to calibrate the sensor.

The device described here is the rst truly self-powered ssar for AA reported so far.
Moreover, its construction is very novel and make the sensoeusable. During work on our
device Liu and Crooks 407 demonstrated a self-powered sensor based on a PB-display.
However, our sensor is still the rst example of a truly selowered analytical tool giving
guantitative information about the analyte concentration This is because our sensor does
not need any external power supply to work and to show a cologhange related to the AA
concentration. Our vision is that one day self-powered sems with electrochromic displays
will be used together with mobile phone appstPg. The apps will analyse the colour change
of the display and give quantitative information about the aalyte. Thus expensive apparatus
might be replaced with small, cheap and easy to operate serso
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Chapter 7

Carbon nanotube growth

There are many ways of growing CNTs, as described in Sectidnl.2 but most of them
require the use of big chambers heated to very high temperaas. The local heating method
(see Secl.1.2 is one of the CVD techniques which allow to grow CNTs by heatg only a
speci c place on the sample. In this method Joule heating (sestive heating) is used to heat
the substrate with the catalyst to the temperature suitablefor CNT growth (typically more
than 700 C). The obtained tubes are of good quality and highly localexl. Due to the fact
that the substrate for the growth is heated only in the area dagned for the CNTs the other
parts of the substrate stay at relatively low temperature. fus it is possible to grow CNTs
on samples with microfabricated electronic circuits withat damaging the metal leads. That
makes the local heating a method compatible with on-chip nmoelectronics.

Vertically aligned CNTs having a good electric contact witha conductive substrate are
very interesting as an electrode material. That is mainly de to exceptional electrochemical
properties of CNTs and a large surface area of the obtainedeefrode. A direct growth
of VACNTs on the conductive material seems to be the best wayf @btaining a desired
electrode. So far it was obtained e.g. on Ta, TiN, Pt and glagsarbon B09. In fact it is
very di cult to obtain mechanically stable electrodes with directly grown CNTs staying in
electric contact with the substrate. Nevertheless a part ahy thesis was devoted to coping
with this issue and obtaining a miniature electrodes with dectly grown CNTs.

In this chapter | will present an idea of obtaining a kind of a db-on-chip device with
CNTs directly grown by the local heating method. Then | will gescribe the problems which |
faced during the very rst steps of obtaining this device anavill present the most interesting
results of this project. Thus the biggest part of this chaptewill be about growing the CNTs in
the local heater, which was done in Edinburgh, with the coopation with Eleanor Campbell
Research Group.
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CHAPTER 7. CARBON NANOTUBE GROWTH

7.1 Preparation

Samples for the CNT growth

The samples for the CNT growth were prepared by using micrdfacation processes such as
photolithography and electron beam lithography (done by Ndlas Lindahl* in the Nanofab-
rication Laboratory at Chalmers University of Technology) A highly doped, n-type silicon
wafer with a thin layer of grown silicon dioxide was used as aulsstrate. On the top of that
wafer di erent patterns were fabricated - the larger pattens with the use of photolithogra-
phy and the smaller patterns with the use of electron beam hbgraphy. For the purpose of
this work several types of samples were prepared. Howevell,af them can be assigned to
two types of designs, from now on named as chip | and chip Il dgs. The schemes of the
designs are shown in the gure¥.l and 7.2, respectively. Both kinds of chips have 3 side
electrodes and a heater. The side electrodes have a rectdagshape of 200 m 450 m
and are fabricated to to be further used in post-growth elembtchemical measurements. They
are made of Pt (chip | where the heater was also made of Pt) or Achip Il and chip | where
the heater was made of Mo). The most important part of the chips the heater located

S00 1000 1000

e\ ]/

ﬁ W

)
30 _~ 1w

7000

nin 2500

450

Figure 7.1: Scheme of the chip | design. The heater and 3 side electrodeseavisible in the scaled up part
of the gure. The scale isin m

between the side electrodes. It has a shape of the square @. m 30 m) and it is made
of either molybdenum or platinum (see Fig.7.3, Materials), depending on the type of the
sample. Both Mo and Pt layers are deposited on 10 nm layer of ®n Si wafer and have a
thickness of 100 nm (chip 1) or 50 nm (design I1). On the top oftte square electrode a double
layer of Al,O3 and iron that functions as catalyst for CNT growth is deposid by an electron

10lofsson till 2011
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O

Figure 7.2: A) Scheme of the chip Il design. B) Zoomed part of the chip Il maked in A) by a blue frame.
Di erent materials are depicted by the following colours: pink - Au covered by the insulating layer; dark
khaki - Au, grey - Pt (from Niklas Lindahl).

beam evaporation. Three di erent patterns of A}O3(5 nm)/Fe(1 nm) were fabricated (see
Fig. 7.3, Catalyst pattern):

Full where the whole square was covered with Fe,
Stripes where 18 stripes of the Fe layers were fabricated 2/ 1 m),
Boxes with 5 boxes of the Fe layers (5m 5 m).

Each square electrode was connected to four contact pads -etwable 4-probe measurements.
Due to the fact that this electrode is heated during the growt process, it is named a heater.

Figure 7.3: A comparison of materials and catalyst patterns fabricatedon the heater of di erent designs.

The main di erences between the chip | and the chip Il are thehickness of the electric
paths leading to the heater as well as the thickness of the hea The heater was twice
thinner on the chip Il. The paths were made out of Pt in the chipl and Au in the chip
[1. Another signi cant di erence between the two chips is deicted in Figure 7.3A - a grey
area containing all 4 electrodes. This area was rst made oft F50 nm) and then Au was
deposited on it everywhere except the heater and a frame aralithe heater (5 m in width).

During the microfabrication process an insulating layer o8N, was deposited on the
sample just before the evaporation of AD; and Fe layers. Then the insulating layer was
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CHAPTER 7. CARBON NANOTUBE GROWTH

plasma-etched at the de ned places on the chip. As a result ¢hfollowing parts of the
sample should be free from §\,: 3 side electrodes, the heater and the contact pads. Thus
the di erent patterns of Al,O3; and Fe (see Fig.7.2, Catalyst pattern) should have been
deposited directly on the metal part of the heater (Pt or Mo).Moreover, there should have
been an area in the shape of a frame left free from the insulagi layer around the heater
covered with the catalyst (a few micrometers wide).

Set-up for the CNT growth by the local heating method

The design of a growth chamber was previously developed ineBhor Campbell Research
Group (the University of Goteborg) by Sta an Dittmer [7]. The chamber is small enough
(volume of ca. 200 cr¥) to t into the Raman spectrophotometer (Renishaw In-Via Reex
micro-Raman system). It has an inlet and an outlet for the intoduced gases, as shown in
Figure 7.4A. Inside the chamber a table for the sample and metal needlé®r making an
electric contact to the contact pads) are placed (Fig7.4B). Four needles are connected to

Figure 7.4: Photographs of the chamber used in the local heating methodA) closed chamber, B) inside
the chamber.

two sourcemeters in a way that one of the sourcemeters is altte send the current and
the other measures the voltage drop across the heater. A metal of the chamber has a
quartz window. That design allows to look at the sample durig the growth with an optical
microscope or to performn situ Raman measurements.

CNT growth

The CNT growth sample is placed on the table in the chamber. Thlocal heater is connected
through the needles to the sourcemeters. The chamber is @ddspumped out by the vacuum
pumps and then twice lled with argon. Next the ow of Ar/H , (500/300 sccm) is introduced
to the closed chamber. The gas output is opened when the press inside the chamber is
just above the ambient. The heater is heated by increasing ¢hcurrent passing through it
- up to the value when the CNT growth was expected. Then aceste is introduced into
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the chamber by ushing it with a gas mixture of Ar/H ,/C ,H, (500/300/6 sccm). The CNT
growth can be observed by the digital camera and stopped byogiping the ow of C,H,.

7.2 Results and discussion

Visionary lab-on-chip device

The idea of obtaining the CNTs directly grown on the electrod surface was connected
with obtaining a lab-on-chip device. Our vision was to get ahip with one CNT modi ed
electrode and a few side electrodes. The CNTs would have amattic contact with the
heater via carbon material deposited between the CNTs and ¢hexposed metal part of the
heater. The side electrodes would be used e.g. (i) as a counter andederence electrode
- for making a 3-electrode-on-chip cell; (ii) for making a Zranode for a biobattery (by
analogy with the biobatteries with CNTs described in other lcapters of this thesis) or (iii)
for obtaining bioanodes. Moreover, the chip designs allovegorming measurements in a drop
or in a micro uidic channel. Thus the samples for growing CN3$ by a local heating method
presented here are very good basis for obtaining lab-on{ghdevices such as miniaturised
biobatteries, biofuel cells or biosensors with directly givn CNTSs.

Facing reality

The chip designs used for the purpose of this thesis were newsed before. They had
been carefully planned to obtain the growth of CNTs. The sames used before in the same
chamber had the heaters of the shape of a stripe (30n 2 m) [63] 15 times thinner than
the square heater on the chips | and Il. A part of our samples dahe heaters made of Mo due
to its high melting point (2607 C) and compatibility with CNT growth, as was explained
before p3]. The other part of the samples had platinum heaters becausee expected that
this material would work better as a substrate for CNTs usechielectrochemical experiments.

The thickness of the layers deposited on the local heater (@i) was optimised before.
The 10 nm Ti layer acts as a good adhesion layer for Pt or Mo. THenm of a porous AjOs3
layer is thick enough to prevent the catalyst sintering41Q. A slightly thicker insulating
layer would not change the CNT growth but a too thick layer wold prevent the growth.
The thickness of a catalyst layer was 1 nm. Taking into accouhe results of the previous
works the CNTs grown on the hater prepared as described arepected be multi-walled and
relatively thin (up to 10 nm in diameter) [7,63).

2The exposed metal part of the heater is synonymous with the fame-like area around the heater which
was left without the catalyst and the insulating layer.
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CHAPTER 7. CARBON NANOTUBE GROWTH

7.2.1 Temperature measurements

The heater is too small to properly measure its temperatureybusing contact probes. Any
thermometer could easily change the temperature of the hestt electrode due to the small
thermal mass of the system. Moreover, it is not possible to t#mine the temperature by
measuring the resistance of the heater because the resistans also changed by chemical
modi cation of the heater during heating. Thus a method bas# on the blackbody radiation
was used to measure the temperature of the heater. The detldescription of this method
can be found e.g. in the previous work§][63]. It is based on the assumption that the heater is
very similar to a black-body (a grey-body assumption). In short, we used the spectrometer
without the laser and Raman speci ¢ lters to measure the engision spectra of the heater. A
tungsten lamp was used to calibrate the system used for theogvth. The spectra obtained
from the lamp were compared with the theoretical spectra ofhe black-body which are
described by Planck's law. Thus a correlation function washtained and further used for the
determination of the temperature of the heater.

This way of temperature determination was used only for theefv rst attempts of CNT
growth. We noticed that the longer we heat the sample the motlikely it is damaged. Record-
ing the spectrum is a relatively slow process, so it increasthe probability of damaging the
sample. Thus on the basis of a few temperature measurements mwughly estimated that
the CNTs were grown at a temperature of ca. 80@. We correlated this temperature to the
power dissipated across the heater, so that we knew in whictoyer range satisfying CNTs
were grown. For example the power more than 800 mW but less th&00 mW needed to be
used for heating the heater with the full catalyst pattern. @her patterns required the use
of di erent powers.

7.2.2 Optical and scanning electron microscopy

Due to the fact that the CNTs grown during local heating are riatively dense and long, they
can be observed through the chamber window with an optical erioscope (50 objective).

The microscope is connected to the digital camera and furthevith the computer. Thus one
can observe the growth process on a screen as a blackeningheflieater and the formation
of long curly black structures.

Chip |

All attempts at growing the CNTs with the use of the chip | with molybdenum were total
failures. We were not able to heat the heater using the souroeters which were used pre-

3A grey body is a hypothetical source that would radiate as a back body but with an emissivity lower
than 1 and constant with wavelength [4171].
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viously by Johan Ek Weis to grow the tubes on the striped heats [63. The use of a more
powerful sourcemeter did not help as well. An unexpected adrsation was that the voltage
measured by the same sourcemeter which was used for applythg current was from 1 to
2 orders of magnitude higher than the voltage measured by theecond sourcemeter. We
checked that it was not caused by a poor electrical conneatidetween the contact pads and
the wires. The problem with heating was probably caused by ad microfabrication process
or using too thin electric paths on the chip I.

Because of the unfeasibility of CNT growth on Mo by the local éating method we used
a few samples to grow the tubes in a standard thermal CVD (TCVP Three samples were
heated in a tube furnace up to di erent temperatures: 800C, 750 C and 700 C under the
same gas ow as used for the local heating, Ar/HC ,H, (500/300/6 sccm). The carbon
feedstock was introduced to the furnace for 10 min. As a residome carbon material was
obtained on each sample. Further investigation by SEM shodehat the biggest amount of
material grown on the sample heated up to 80 - Fig. 7.5A. Closer view on the obtained
carbon structures (not shown here) revealed very curly anchick nanotubes. Most likely
these CNTs are covered with amorphous carbon.
Although some CNTs were grown on the chips | with Mo, they weraever used for the
electrochemical measurements. That was due to the fact thtte golden electric paths leading
to the square electrode were seriously damaged during hegtithe samples in the furnace.

Figure 7.5: SEM images of the carbon material grown on chip | with Mo heates by the standard TCVD
technique at the temperature: A) 800 C, B) 750 C and C) 700 C. Scale bars are 20 m long

The use of the chips | with platinum heaters for CNT growth wasmore successful.
Although it was not possible to grow the tubes in a very contidted and reproducible way,
a few very nice results were obtained. We noticed that the beway to get a reasonable
growth is to increase the temperature of the heater graduglin two steps. First the heater
is heated by using a power of ca. 800 mW (for the full catalysigtern). That corresponds to a
temperature higher than 700 C. Then the carbon feedstock is introduced into the chamber
and the current is increased to increase the power just a lig bit - up to ca. 850 mWw.
The stepwise increase of the temperature on the heater alleavus to avoid the problem of
destroying the electric paths. We observed many examples @fcking or melting the metal
paths in the close vicinity of the sides of the heater. Theseathages were caused by too much
heat dissipated in an improper part of the chip. The longer aery high current was passed
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trough the connections, the more likely they would be destyed. Thus the stepwise heating
reduced the chance of damaging the samples by reducing thenfeerature.

Figure 7.6: Snapshots taken during the growth of CNTs by the local heatirg method on the chip | with
platinum heater (full heater covered with the catalyst layer). The numbers in each right corner indicate how
many minutes and seconds have passed since the acetylene viaisoduced into the chamber.

The best results were obtained for the power related to a temspature of ca. 800 C.
Figure 7.6 represents an example of the CNTs growth observed with the ei®f the optical
microscope. Each snapshot was taken after the specied tineunted from the moment
when GH, was introduced into the chamber. It is clearly visible that dring the rst 2 min
almost no carbon material appeared on the heater. Relatiyebmall amounts of the material
started to appear in the corners of the heater (here the uppéeft and the lower right corners)
which means that the temperature there is hight enough for & catalytic vapour deposition.
In comparison with the results obtained on the striped heats [63] 2 min is a very long
time. In the other example the CNT growth was observed withira few secondsg3. In case
of our square heater just after the second minute the curremgassing through the heater
was increased and an acceleration in a speed of growth wasiced. At rst the CNTs were
growing vertically to the electrode surface, thus only a btkening of the surface was observed
(2 : 30 min). Then the tubes were too heavy and without any suppt from the sides they
started to fold (after around 3 min). After the further growth (up to ca. 5min) the CNTs
turned on to their left side. Although the heater was still hated (till 10 min), no change in
the shape of the grown structure was noticed.

SEM images in Figure7.7 show the same sample as presented in Fig.6. The CNTs
were grown in a big bundle which fell on the substrate and cudl. It is di cult to measure
the length of the CNT bundle on the basis of the SEM images, bt is very likely that it is
more than 100 m (Fig. 7.7A). The single CNTs are entangled and very wavy ( g.7.7D and
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Figure 7.7: SEM images of the same CNTs as shown in the previous gure. Thacale bares are A) 40, B)
30, C) 10, D) 2 and E) 1 m long.

E). However, they are parallel to each other. Figur&.7C (which is a closer view of Fig7.7B
indicate that there is some carbon material deposited in thelose vicinity of the edges of
the heater. We expect that this material might help with obtaning the electrical connection
between the CNTs and the metal part of the heater.

Figure 7.8: SEM images of CNTs grown on local heaters (chip I) made of Pt. Te following images represent
the same samples: A and B, C and D, E and F. Scale bars are A-D) 20m, E) 30 mand F) 5 m long.

In Figure 7.8the SEM images of three di erent samples are presented - twmages taken
for each sample at various angles. One can clearly see (inmgeD) that the CNTs do not
cover the heaters in a homogeneous way. The CNTs were prefgialy grown in three ways:
(i) on one side of the heater (A and B), (ii) on two opposite carers (C and D) or (iii) along
the diagonal of the heater (not shown). The diversity of the lstained ways of growth comes
from the inhomogeneity of the heat dissipation along the h&a. That in turn comes from
the di erent ways of passing the current through platinum etctrode as well as from the
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overheating of some parts of the heater. The voltage acrodsetheater could be applied by
the electric paths localised along the same side of the elexte or in the opposite corners.
Joule heating occurs where is an electron ow, thus di erentegions of the sample are heated
in a di erent way. The CNTs are grown only in the areas where tb temperature of the heater
is suitable - not too low but also not too high. Overheating othe heater causes catalyst
fouling and halted CNT growth. That is why the CNTs shown in Fgure 7.8C and D are not
grown along the diagonal of the heater.

An interesting observation is the fact that the CNTs form way structures on the outer
part of the grown bundle. Figure7.8F) is a nice example of this phenomenon. One can see
that the closer to the centre of the heater the CNTs were growrthe more straight they
are. Close to the edges of the heater very wavy structures da@@med. This is a result of

Figure 7.9: SEM images of CNTs grown on local heaters (chip 1) made of Pt wth the striped pattern of
catalyst layer. Scale bars are A) 20 m, B) 5 mand C) 2 m long.

non-homogenous CNT growth rate. The waves appeared becauke CNTs on the edges
are longer than in the middle part of the growth zone. The whel grown bundle has more
or less the same length in the central and in the outer part. Tis the outer CNTs need to
take a form of curly or wavy tubes whereas the central CNTs syastraight. A very similar
observation concerning the local growth on the striped heat was described by Johan Ek
Weiss B3. In his example the CNTs formed the wavy structure in the ingle part of the
bundle.

Figure 7.9 represents the CNTs grown on the striped catalyst. The closgiews (B and
C) on the bottom part of the tubes indicate that they are toucling the metal part of the
heater. Thus an electric contact between the CNTs and the elgode is expected.
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Chip 11

Although some examples of successful CNT growth were acladwon the chip |, the obtained

tubes were not homogeneously distributed on the heater. MeEover, most attempts of grow-
ing the CNTs resulted in damaging the sample, usually at thelgce where the heater was
connected with the electric path. Chip Il was designed to awb the problem with the sample

breaking during heating (thicker connections were connexd to the square electrode). More-
over, a more homogeneous heat dissipation was expected daehe use of twice thinner

heater than in case of the chip I.

Figure 7.10: SEM images of CNTs grown on local heaters (chip Il) made of PtScale bars are A-B) 30 m,
C) 10 m and D) 20 m long.

The changes introduced to the sample design indeed changée tway of CNT growth.
Figure 7.10 represents a few samples with di erent catalyst patterns dhined by heating
the heater in the same way as it was done fo the chip I. Here it @early visible that the
heat dissipation was di erent - the hottest zone was locateih the central part of the heater.
Thus the CNTs were nicely grown in the middle of the heater (. 7.10A, B and C). In case
of overheating the heater the CNTs were grown on the sides dfi$ electrode (Fig.7.1D).

Again we had the problem with damaging the substrate in the einity of the heater. An
example of a broken part of a sample is shown in Figure1(D on the left to the heater.
However, in case of the chip Il the damages were not as freques in the case of the chip
I. So again we were able to grow nice CNTs but not in a reprodide way.
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7.2.3 Problems with conductivity

The CNTs directly grown on the chip | and the chip Il were planed to be used for electro-
chemical purposes. Unexpectedly we had a problem with getty any signal from the CNT-
electrode used as a working electrode in a 3-electrode c#lle started from checking the
electrode response to a simple redox couple (Fe(GR)/Fe(CN) ¢* ). No signal was obtained.
We got only noise which indicated the lack of electric contadetween the tubes and the
heater.

We performed conductive AFM measurements to check the rewmisty of the CNT-
electrode. Di erent voltages were applied between the camtt pad and the chosen places
on the heater. The following places were checked: the expwsaetal part; the part covered
with the carbon material di erent that the tubes; the part with the CNTs; the part covered
with the insulating layer. In case of having an electric comtct we should have measured a
current ow between the mentioned places. We expected to getcurrent response at least
for the exposed metal or the exposed carbon material. But itag not possible to measure the
current in any place on the heater and around it. Gentle toughg the sample with the AFM
tip did not give any signal. Only scratching the surface of th heater with the tip resulted in
a current ow. However, these measurements were not reprodble and it was not possible
to determine the resistance of the scratched sample.

The above mentioned problems with electrochemical and elec measurements are most
likely the result of the presence of a thin residue of the inkating layer. We concluded that
the SkN,4 was not etched properly before the deposition of the ADs/Fe bilayer. That is why
the electric contact was not possible even with the exposedhetal part of the heater. This
part was etched from SN, by plasma, but probably the exposure time to the plasma was
not enough to remove all of the insulating layer. On one hand &, was successfully removed
from the contact pads even though the etching was performed the same conditions as for
the heater. On the other hand one needs to take into account @h the smaller areas are
plasma-etched with a di erent speed than the bigger ones. BPsumably this phenomenon
was not properly taken into account during the microfabriciion of the chips. As a result all
the chips with the grown CNTs were useless from an electrochieal point of view. However,
they are examples of beautiful CNT-structures obtained byhe local heating method.

7.3 Conclusions

To the best of my knowledge the CNTs directly grown on the subsites of the designs
described in this chapter have been never presented befdviost of the samples used in this
thesis for the CNTs growth were damaged due to the thermal eapsion of the materials
located in the close vicinity of the heater. In most cases nalbes were grown because it

124



7.3. CONCLUSIONS

was impossible to su ciently increase the temperature of th heater. However, we still got
many samples with the CNTs grown by the local heater method. e SEM images of the
chosen examples were presented in this chapter. Althoughetiubes were not distributed
homogeneously on the electrode surface, they possibly ebbbhve been used as an electrode
material. Unfortunately this possibility was not achievedoecause of the inappropriate sample
preparation. The samples were designed in the way which shdwallow to get an electric
contact between the grown CNTs and the local heater electred No electric contact was
possible due to the presence of an insulating layer which wasintentionally left between
the platinum part of the heater and a bu er layer.

The CNT growth on the chip | required a very high power. It was en noticed that the
chamber became warm during the growth. That situation shodl not appear in the local
heating method. However, during the growth on the chip Il thesample was heated locally.
The sample damages happened less often for the chip Il design

Figure 7.11: Anaglyph 3D of CNTs grown on local heater of the chip Il design Remark: Use 3D glasses to
see a proper image.

Problems with growing CNTs in a repeatable was followed by ather unexpected issue -
the unfeasibility of obtaining the electric contact betwer the grown CNTs and the substrate.
That made our CNTs not very interesting objects from the poihof view of electrochemistry.
Without having the above mentioned problems we should be abto obtain some lab-on-chip
electrochemical systems. However, our CNTSs are still attciive examples of the local heating
growth what can be seen in Figure.11

The idea of obtaining a kind of a lab-on-chip device with dirgly grown CNTs was
not realised within my thesis. This project turned out to be nere time consuming than
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expected. Probably many more new chip designs should be ts$tto obtain the desired
result. Moreover, some theoretical calculations conceng heat dissipation on the heaters
should be done. | can only hope that in future someone will takinto account our failures
described here and use them to achieve the nal goal - a mufiidrpose lab-on-chip device
with directly grown CNTSs.
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Chapter 8

Photoelectrochemical biofuel cell with titania
nanotubes

Currently titania modi ed electrodes are very intensivelystudied as prospective photoanodes
for photoelectrochemical cells (Sectiofi.6.3. Nanoparticulate TiO, has been considered as
a very good material e.g. for dye-sensitizes solar cells (8Ss). Recently nanotubular form
of titania became interesting mainly due to the ability of fomation of the electrodes with
increased e ective surface area - in comparison with the eteodes with TiO, nanoparti-
cles (TNPs). Moreover, it was shown that the order and smootfess of titania nanotubes
(TNTs) can be increased and as a result the electron di usiotength along the tubes can
be increased. That in turn corresponds to an increase in camtivity and light to electricity
conversion e ciencies R77. Thus TNTs are expected to be better material for photoanoeb
than nanoparticulate titania.

Gust's group presented a hybrid photoelectrochemical BFCith the anode with porphy-
rin-sensitized nanoparticulate TiQ, and Hg|Hg,SO, cathode B2§. They used catalytic oxi-
dation of glucose by glucose dehydrogenase (GDH) to generdhe reduced form of NAD).
NAD* was used by GDH and the obtained NADH was exploited for the regeration of the
dye. Since the porphyrin could be regenerated as long as giae was present in the solution,
the presented hybrid photoelectrochemical cell worked asBFC. The anode described by
Gust's group is hereafter called a Por/NADH/GDH/glucose sgtem.

Very recently a simple way of improving the performance of algcose/O, BFC was
reported by Dong's group 334. A biocathode with BOx was connected to a TNT-anode
and illuminated with UV light. In the presence of 20 mM of gluose the photo-BFC gener-
ated maximum power of 47 Wcm 2. The authors believe that their light-driven cell would
generate electricity also under the outdoor solar irradiain.

In this chapter I will present the early stages of the work onlataining photo-enhanced bio-
fuel cells (photo-BFCs) and self-powered photo-sensor fglucose. The photo-enhancement
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was done by the exchange of a typical bioanode into a photoat® which resulted in an
increase of at least the cell voltage. The methods of the plteBFC preparation were similar
to the one presented by Gust's and Dong's groups, however ophotoanodes were based
only on TNTs.

A part of the work described in this chapter was done in the Rartson Research Group
in Edinburgh. Dye-sensitized solar cells prepared in a stdard way were used for making a
comparison with our photo-BFCs.

8.1 Preparation

Growing titania nanotubes

The titania nanotubes (TNTs) were grown by the anodic etchig of a titanium plate in 0:2 M
HF solution. The solution (electrolyte) was prepared at lest a few hours before the use and
contained 1.6 or 10 % wt. HO in ethylene glycol.

The Ti plate had a shape of a square and an area of ca. 1cnit was rst washed
with EtOH and dried with a hair dryer. Then it was placed in a Teon cell - as shown in
Figure 8.1A. A rubber o-ring (0:9 cm in diameter) was used to prevent the electrolyte leakage

-—

R

Figure 8.1: Scheme of the cell used for growing Ti@ nanotubes: A) inserting Ti plate into the Te on cell;
B) a partial cross-section view on the cell used in the TNT gravth.

between the plate and the cell. An electric contact with theitanium plate was achieved by
the use of a at round piece of metal in a shape of a lid. This mat part was placed on the
top of the Ti plate (Fig. 8.1A) and pressed in the direction of the cell, so that the o-ring
sealed the hole. Such a cell was gently turned up side down atiéd with 10 ml of the
electrolyte (Fig. 8.1B).

A platinum net was used as a cathode in a two-electrode cellh& cathode was cleaned
by heating it in a Bunsen burner just before placing it into the cell (Fig. 8.1B). Inside the
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cell the distance between the Ti anode and the Pt net was3lcm. The growth of the TNTs

was started by applying a voltage between the electrodes cwtted to the power supply
device. The voltage was rst increased up to 50 V (at once) antthen it was monotonically
increased up to 100V with a speed of ca. 1 mVs The Ti plate was etched for 1, 2 or
4 h and during that time both the applied voltage and the currat were controlled by two

multimeters. After the desired time the cathode was taken durom the solution. Then the

voltage on the power supply was decreased to 0 V.

After the TNT growth the electrolyte was removed from the cdland the anode was
placed in EtOH for at least a few hours. Then it was dried in aiand annealed in a tube
furnace (in the air or argon) at 450 C for 3 h. The as prepared samples were stored in
ambient conditions when not in use.

For the TNT-electrode sensitization it was put into 01 mM solution (in chloroform) over
night. Then the electrode was kept in chloroform for ca. 15 mito get rid of the dye molecules
which were not properly adsorbed on the TNT surface. After giing the TNT electrode was
masked by the insulating tape and immediately used for assblimg a photo-BFC.

Synthesis of the porphyrin

5-(4-carboxyphenyl)-10,15,20-tris(4-methylphenyl)-prphyrin (Por) was synthesized accord-
ing to the recipe found in #12. 2:3 g 4-carboxybenzaldehyde was dissolved together with
5:44 ml tolylaldehyde in 150 ml propionic acid and stirred on a agnetic stirrer at re ux for

30 min. Then 45 ml pyrrole was added drop wise within a few minutes. The mixre was
brought to the boil and then re uxed for another 90 min. Aftercooling down the crystallized
product was Itered, washed with EtOH and puri ed by ash chromatography on silica. gel
with CHCI ; and MeOH (9:1). The synthesis was done in the cooperation WiA. Listkowski.

Photo-biofuel cell assembly

Figure 8.2: Scheme of the photo-biofuel cell illuminated by the beam ofight passing through a water lter.
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The cell was made of a plastic cuvette which let in the light othe wavelength between
300 and 900 nm. As a cathode the air-breathing biocathode wased (see Sectioh.1). The
Por-sensitized TNT-anode was immersed in the same soluti@s the biocathode, without
any membrane separation (Fig8.2). The anode was placed close to the cell wall and exposed
to the light beam. The light was generated by the Xe lamp and sime through a water Iter
(water in a quartz beaker). The distance between the lamp arithe cell was adjusted to give
a desired power of the incident light. The power of the light as measured with the use of
a Power meter 815 (Newport Research) with the mask of the saraeea as the area of the
photoanode.

Electrode modi ed with titania nanoparticles

Photoanodes with titania nanoparticles (TNP-electrode) wre obtained by the modi cation
of uorine-doped tin oxide coated glass (FTO-electrode). fie FTO-electrode (25cm
1:5 cm) was washed by sonication for 15 min in a detergent soloti and rinsing in copious
amount of water and EtOH. After drying in air the electrode wa pre-treated in 40 mM
aqueous solution of TiC] at 70 C. It was kept in the hot solution for 30 min and then
washed with water, EtOH, and dried in ambient conditions.

Titania paste (Dyesol, with TNPs of 20 nm in diameter) was depsited on FTO-electrode
by the doctor blading method. The paste was spread with a glasod on FTO masked with
the Scotch tape, so that a thin Im (circular shape, 08 cm in diameter) was obtained. The
obtained layer was levelled in EtOH vapour for ca. 5 min and @d in the air on a hot plate
for 6 min at 125 C. Then the paste was sintered in the furnace (without the airow) in the
following steps (i) 5min at 325 C, (ii) 20 min at 450 C and (iii) 15 min at 500 C. After
cooling down to room temperature the electrode was again &&ed with TiCl , solution - in
the same way was during the pre-treatment (30 min in the solign heated up to 70 C).
Washed and dried electrode was again sintered in the furnata 15 min at 500 C. After
sintering the TNP-electrode was cool down to 80C and immersed into the ruthenium dye
solution for around 20 h. 6% mM N719 Ru-dye in the mixture of acetonitrile and tert-buty
alcohol (1:1 by volume) was used. To remove loosely adsorbdyge molecules the electrode
was immersed in the solvent mixture for at least 20 min. The seitized TNP-electrode was
dried by keeping it in the container lled with desiccant pelets. It is possible to store the
sensitized TNP-electrode with desiccant pellets for at Isaa few days.

Electrodes with Pt nanoparticles

Platinum nanoparticle electrode (PtNP-electrode) was pigared by FTO-electrode (25 cm
1:5 cm) modi cation. First a tiny hole was drilled through the dectrode in its central
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part. The electrode was washed by rinsing in water and DM HCI in EtOH, and sonication
in acetone for 10 min. It was further heated in the furnace foi5 min at 400 C to remove
remained organic impurities. Then a drop (ca. 10l) of Platisol T was drop coated on FTO
and heated for 15 min at 400C.

Electrolyte for DSSC

The iodine/iodide electrolyte used in DSSCs was prepared biyssolving the following chemi-
cals:

" 0:7984 g 1-Butyl-3methylimidazolium iodide (66 M)
" 0:0381 g lodine (€03 M)

~ 3.7 ml 4-tert-butylpiridine (0:5 M)

" 0:0059 g Guanidine thiocyanate (@1 M)

in a mix of 4:25 ml acetonitrile and 075 ml valeronitrile. The obtained solution was stored
in the fridge when not in use.

Dye-sensitized solar cell assembly

The dye-sensitized solar cell (DSSC) was assembled by saiutiimg the TNP-electrode with
the Pt-electrode. The cell was sealed with a square piece ofrigl foil with a hole (circle,
0:8 cm in diameter). The sealant was placed between the eleafies and melted on a hot
plate at 220 C. The electrodes were glued together by squeezing them o thot plate with
the sealant. Then the cell was sealed with a piece of Bynellfplaced on the top of the hole
drilled in the PtNP-electrode. This time sealant was meltedvith the use of a soldering iron
pressed through a thin Te on foil.

The DSSC was lled with the iodine/iodide electrolyte in a fdlowing way. The Bynel
layer which sealed the cell was pierced with a needle and tHearolyte was sucked into the
cell by a vacuum back- lling. Namely the air inside the cell \as replaced by the electrolyte
with the use of a vacuum chamber. Then the cell was sealed wiBynel and a cover glass
(0:13 mm thick) with the use of a soldering iron and Te on foil. The sides of the electrodes
were painted with a silver paint to obtain a better electric ontact.

8.2 Results and discussion

Here | present the results of mainly electrochemical chart&eisation of TNT-photoanodes
and photo-BFCs. Most of photoelectrochemical measuremantone in Warsaw used Xe lamp
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with a water Iter as a light source. Thus one need to take intcaccount that the spectrum
of this light source is slightly di erent than the solar spetrum, with more higher-energy
photons.

8.2.1 SEM images of titania nanotubes

SEM images of the TNTs grown for 2h from two slightly di erent solutions are shown
in Figure 8.3, Figure A presents the tubes grown from:@ M HF with 1.6 % wt. water.

Although nicely vertically aligned tubes were obtained fran this solution, they demonstrate
the presence of so called nanogras?{]. The tube ends form structures similar to grass

Figure 8.3: SEM images of TiO, nanotubes grown for 2 h in (A) 1.6% or in (B-D) the electrolyte with 10%
wt. water. Scale bars are (A, C) 200 nm and (B, D) 100 nm long.

due to the inhomogeneous etching of the TNTs. To obtain TIOQTNTs without nanograss
from the same electrolyte a few ways were tested. Neither tiggowth in lower temperature
(by cooling the Te on cell in ice) nor annealing Ti plates at £0 C for 10 or 20 min before
the etching eliminated the grass e ect Moreover, even sonication for 1 min of the grown
tubes did not remove the nanograss as was expected. The TNT&#hwalmost no nanograss
(Fig. 8.3B - D were obtained during the growth from @2 M HF with 10 wt.% water (in
ethylene glycol), thus the second electrolyte contained cé times more HO than the rst
one. Figure8.3B shows the top view on the TNTs with the diameter of 93 nm and téa wall
thickness at the tube ends of 12 nm. Images C) and D) show thedswalls of the bottom
part of the same tubes. Closer to the bottom of the TNT layer tk tube side walls are twice
thicker than at the end, 24 nm thick.
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An interesting observation is that the TNTs obtained from the second solution are double-
walled. It is clearly visible in Fig. 8.3C that bottom part of the TNTs contain inner longitudi-
nal structures. These structures are tubular (the open tulsewere visible in images which are
not shown here) and are not present at the tube ends. The santeustures were observed in
Schmuki's group and were described as carbon-rich shefld§. These inner tubes are formed
due to the presence of residual amount of the electrolyte vahi was trapped in the TNTs
during etching. Depending on the speed of annealing of theched sample the trapped elec-
trolyte can be turned either into separated inner tubes or @ an internal carbon-rich layer
fused together with the TNT walls. However, the reported ndng is contradictory to our ob-
servation. It was found f13 that the double-walled TNTs are formed when they are heated
with the temperature increase rate of 1Cs *. The heating rate of 50 Cs * should lead to
a complete fusion of the concentric tubes and the formatiorf gingle-walled structures. In
our case the sample was annealed by putting it almost immeddy from room temperature
to the tube furnace heated up to 450C. Although the heating rate was not controlled very
well in our case, it is easy to estimate that it was much largethan 50 Cs %. Thus our
samples are expected to have single-walled morphology. Thletained double-walled TNTs
indicate that not only the way of annealing a ects the nal morphology. Probably in our
case much larger amount of the electrolyte was trapped ingdhe tubes, so that not all of
it was burned-out.

Another important observation was that the TNT length was ircreased with the increased
time growth. However, we were not able to measure the exachlgths because of the way of
sample preparation for SEM. The obtained layer of TNTs was sztched before putting into
the microscope, so that we could observe the tubes orientedder unde ned angle to the
electron beam.

8.2.2 Photoelectrochemical characterisation of the TNTkectrodes

Chronoamperometry was used to check the photocurrent resgse of the TNT-electrodes
annealed in air (TNTg;, solid line in Fig. 8.4A and in argon (TNT 4, dotted line) before
(black) and after (blue) the sensitization with the porphyin. A standard 3-electrode cell lled
with Mcllvaine's bu er was used where the WE was kept at a potetial bias of G:0 V vs. the
RE. Each photoanode (WE) was rst kept in darkness for 2 min agh then it was illuminated
with a desk lamp for 2 min. This intermittent anode irradiation was repeated several times
and then the WE was left under the illumination for almost 1 h éxcept TNT,, ). It is clearly
visible that the photocurrent response is higher for the TN, than the TNT .. That is
the most likely due to the higher concentration of defects ithe tubes annealed in the air.
For both types of the tubes at the very beginning of the measament the current density

1Experiments described in this section were done on the eleades with the TiO, nanotubes grown from
the electrolyte containing 1.6 wt.% H,O.
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Figure 8.4: A) Photocurrent response of the TNTs grown for 2 h and anneald in the air (TNT 4 , solid line)
or in argon (TNT 4, , dotted line). Black and blue lines correspond to the non-sesitized and the poprhyrin-
sensitized TNT, respectively. Measurements taken in Mclhaine's bu er under the potential bias of 0V vs.
RE. B) CVs of the photoanode with TNTs grown for 4 h in Tris bue r (pH 4.8). In both cases (A and B)
the TNT-electrode was illuminated with the desk lamp (ca. 125 mWcm ?)

is higher after the sensitization, with a more pronounced arease in case of the TNJ; .
However, after ca. 1 h of constant illumination the photocuent generated by the TNT,;, was
the same for the non-sensitized and the sensitized sampleking into account the presence
of O, in aqueous electrolyte used in this experiment, the obsed/g@hotocurrent decrease is
explained by the photodegradation of the porphyrin. It is wi known that TiO , exposed
to light comprising UV part of the spectrum can generate higly reactive oxygen species
(e.g. OH, see Sectionl.6) which are responsible for the oxidation of organic compods.
Thus we assume that the porphyrin was photooxidized or strged o from the surface of
the TNT-electrode during the long term exposure to the light

Small anodic spikes visible in Fig8.4A (black lines) just at the beginning of the illumina-
tion of the non-sensitized electrodes are assigned to thegdbgeneration of the electron-hole
pairs (e -h*) [414419. A further exponential decrease of the current is a resultf@ surface
recombination of e -h*. The cathodic spikes appearing just after switching o theight are
assigned to the back reaction of efrom the conduction band with h" trapped at surface
photogenerated specie414. Much higher anodic spikes were observed for the sensitze
TNTs as a result of the injection of the photoelectrons fromhte dye (from its excited state)
to the conduction band of TiO,. A very fast decrease of the current was probably caused by
the lack of species which could regenerate the dye, thus therphyrin was not able to inject
more electrons to the TiQ conduction band.

Cyclic voltammetry of the TNT-electrode was performed in Tis bu er with and without
the illumination (Fig. 8.4B) dark green and black line, respectively). The current pHore-
sponse is visible as a shift of the voltammogram along the cant density axis in the direction
of more positive values. This shift comes from the photooxation of water and other species
present in the electrolyte, like Tris and chloride ions. A hgteretic structure which is vis-
ible on both CVs close to negative potentials (Fig8.4B) comes from the change in the
sample capacitance under the applied potential. The changd the capacitance originates
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from the exponential change of density of state€11§ in titania, which related to electron
accumulation and discharge in the TiQ nanostructures #17.

8.2.3 Dye-sensitized solar cells

The dye-sensitized solar cells with TNP-anodes were prepdr and characterised in the
Robertson Research Group in Edinburgh. The way of preparatn was adopted from 41§
because it describes a standardised way of obtaining e cie®SSC. Thus the DSSCs pre-
sented in this subsection should be treated as reference tar photo-BFCs comprising the
TNT-anodes.

- - -~ o v -

Figure 8.5: J-V curves of the cell with the non-sensitized photoanode (i), dotted line) and of DSSCs
illuminated with ((ii), dashed line) and without the mask (( iii), solid line). The measurements were taken
under the illumination of 1 Sun with AM 1.5 G lter.

Figure 8.5 presents j-V curves for the solar cells with the TNP-anode vith was (dotted
line) not sensitized or (solid and dashed lines) sensitizedth the Ru-dye. The measurements
were performed under the illumination from a solar simulato(1 Sun equal to the light power
of 100 mW cm 2). The most important parameters of the cells obtained from i§. 8.5 are
listed in Table 8.1 Fill factors (FF) and the overall sunlight-to-electric-power conversion

Table 8.1: Solar cell parameters obtained from j-V curves plotted in Fgure 8.5

Cell jsc / mAcm 2 Voc ! V FF

0] 0.16 0.56 0.56 0.05%
(i) 12.23 0.71 0.66 5.70%

(iii) 9.66 0.72 0.70 4.84%
jsc - short circuit current, V oc - open circuit voltage, FF - Il factor, - energy conversion e ciency

e ciencies ( ) were calculated according to equation8.1 and 8.2 [41§.

FF = [ma Vma (8.1)
Isc Voc

- Pmax - ISC VOC FF (82)
I:)in I:)in .
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The valuesl nax and Viax Stand for the current and the voltage of the cell corresponly to

L/

f

Figure 8.6: A schematic visualisation of illumination of a DSSC during the experiment.

its maximum power (Pnax ). Pin IS the power of the incident light.

The graph (ii) (solid line) represents the situation when tle whole cell was illuminated
from the anode side (Fig8.6). In case of the graph (iii) (dashed line) the anode was cowest
with a mask and thus only the central part of the anode was illminated. According to the
guidelines given by the group leading in the study on DSS@19 the use of a proper mask is
required for a correct cell characterisation. However, theeported consequences of masking
the cell were opposite to our results. Typically the short ecuit current density (jsc) is
decreased when the mask is applied. Our DSSC gave highgs pfter being masked. Most
likely this e ect was caused by the inhomogeneous titania yar. A multi-step procedure of
the TNP-electrode preparation can easily result in obtaimg a photoactive layer which is
thicker in the middle of a circular electrode than on the edgeSince masking an anode is
equal to illuminating its central part, this part of the TNP- electrode worked more e ciently
in our DSSC than the part covered by the mask. The same obsetiemn was made for 5
di erent DSSCs. It was probably due to the adsorption of highr amount of the dye in the
central part of the anode with more developed surface. Moregyel can absorb more light and
thus can convert more solar energy into electrical energy.udmasked solar cell gave almost
18% increase of the energy conversion e ciency Y in comparison with the same cell without
the mask.

The |-V curve for the DSSC with the non-sensitized photoana(Fig. 8.5 (i)) was regis-
tered to serve as a comparison to our photo-BFCs with bare TNT(see Fig.8.9). However,
the comparison with the standard DSSC show more than hundrémld decrease in for the
DSSC with the bare TNP-electrode. This result highlights tle importance of the presence of
the dye on the photoactive titania. Without the dye TiO, is able to absorb the light mostly
from the UV region which is a smaller fraction of the light gding to the anode surface.
The dye absorbs the light of lower energies and gets rst exed and then oxidised. The
oxidation of the dye corresponds to the injection of the el@ons to the conduction band of
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Figure 8.7: A scheme of a working DSSC42(Q.

nanoparticulate titania (see Fig.8.7). All in all a huge decrease in the DSSC performance is
expected when the anode is not sensitized with a proper dye.

8.2.4 Photoelectrochemical biofuel cell

Our rst attempt to obtain a photo-BFC with TNT-electrode wa s similar to the idea pre-
sented by Gust's group 326 - the Por/NADH/GDH/glucose system (Fig. 1.31). We con-

nected our e cient air-breathing biocathode with the photcanode with titania nanotubes

sensitized with a chosen porphyrin (Por). The idea was thathie porphyrin would sensitize
the nanotubes, so that the photoanode would be able to harteghotons of energies not
only corresponding to UV but also to the visible part of the sar spectrum. However, an
important message here is that standard DSSCs contain nor#eous electrolytes and they
are sealed, so that they are not exposed to oxygen. The el@dytes in our photo-BFCs are
based on water and are exposed to ambient conditions.

Most of our photo-BFCs were tested in the same way as the BFCsstribed in the
previous chapters - by performing chronoamperometric maagments. We checked that V-j
curves obtained in this way looked almost the same as the cesvobtained by using cyclic
voltammetry (data not shown). The latter method is typically used in DSSC characterisation
as in Fig. 8.5 and will be used for the characterisation of a self-powereérssor for glucose.

The results obtained for the cells with the sensitized anodere presented in Figure8.8
as graphs with black symbols. Triangles and diamonds corpemnd to the photoanodes with
TNTs grown for 1 h (TNT4,) and 2 h (TNT,,), respectively. The cell parameters listed in
Table 8.2 indicate that the photo-BFC with longer tubes gives ca. 1.5iines higher maximum
power. As a consequence an energy conversion e ciency foletiNT,, is 1.5 times higher.
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Figure 8.8: A) V-j curves and B) power outputs of the photo-BFCs under 1 Sun. Triangles and diamonds

indicate that the photoanodes comprise the TNTs grown for 1 hand 2 h respectively. Circles state for the BFC

kept in the darkness. Black symbols correspond to the situabn when the BFCs comprise the photoanodes
sensitized with Por and it is lled with 4 mM NADH, 15 Units GDH dm 2 and 1 M glucose in Mcllvaine's

bu er. Grey symbols represent the BFC with non-sensitized photoanode and catalase solution (in Mcllvaine's
bu er).

Table 8.2: Solar cell parameters obtained from j-V curves plotted in Figure 8.8 compared to the parameters
of the cell described in B26.

Symbol Type of anode kc/ Acm 2 Voc/V  FF P max/ Wcem ? ! %
black H 1 h, sensitized 100 0.93 0.31 29 0.029
black 2 h, sensitized 150 0.99 0.31 455 0.046
grey H 1h, non-sens. 165 1.19 0.25 50 0.050
grey 2 h, non-sens. 440 1.07 0.28 130 0.130
not shown [326] -, sensitized 55 1.10 0.61 37 3.7

Pin illuminating our cells = 1 Sun; P, illuminating the cell described in [32€] = 0.01 Sun with 520-nm
irradiation

This enhancement is due to the increase of the current gentsd by the cell, since the
OCYV is negligibly di erent in both cases. A proper compariso with similar types of the cell
obtained by Gust's group B2€ is not possible because of di erent source of the light. Our
source gave the light spectrum close to the solar spectrumhareas their lamp illuminated
the samples at 520 nm with the power of 1 mW cn? (0.01 Sun). Although the parameters
of their cell such as §c and Py Were lower than for our cell with TNT,,, they obtained ca.
28 times higher energy conversion e ciency than our best dgbresented in Fig.8.8. Such a
discrepancy in the obtained results might have been causey lharvesting more light by their
cell or the use of di erent pH of Tris bu er in their and our cells (8.0 and 4.8, respectively).
However, the most reasonable explanation is that in our caske dye was desorbed from
the TNT-electrode surface. It was visible by a naked eye thatur photoanode was gradually
bleached during the measurements. Moreover, when it was eged to light while being
immersed in a small volume of electrolyte the electrolyte eimged its colour. Not without
reason it was underlined before that our photo-BFC was exped to ambient conditions.
That exposure caused that @ was present in the electrolyte. On the other hand having £n
the electrolyte was unavoidable in case of using the air-lathing biocathode. Consequently
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oxygen was also present in the vicinity of the TNT-electrod@and in our opinion it was a
reason of the porphyrin degradation. It has been reported #t oxygen found in the DSSCs is
responsible for decreasing their performance by causingedyegradation. A few mechanisms
of such degradation are possible: (i) oxygen is rst turnednto very reactive singlet oxygen
by reacting with the dye and then it causes the dye degradatounder irradiation [421];
(i) photogenerated holes react with the dye molecules andxidise them @27; (iii) the
degradation is caused by OH radicals B22 formed on TiO, surface; (iv) direct charge
transfer between the TNTs and porphyrin molecules is invobd [423. However, it is possible
that the dye is simply desorbed from the photoanode due to thpresence of water which
repels it.

Taking into account the above mentioned scenarios of the dykegradation and the fact
that we observed the discolouration of the sensitized TNTrede, we concluded that Por is
not involved in the performance of our photo-BFC in the same ay as in case of the solar cell
described by Gust's group. Here Por does not stay on the TNT dgace so it does not inject
electrons to the conduction band of TiQ after being excited by the light. Thus NADH
molecules are not necessary to regenerate the oxidised dyel ayenerate NAD species.
Moreover, GDH and glucose are not used to replenish NADAs a consequence our TNT-
electrode is not a bioelectrode as in case of the BFC presehtasy Gust's group B2G. The
TNT-electrode acts as a photoanode which oxidise water anther organic molecules present
in the solution. Thus the scheme of the reactions occurringhahe photoanode correspond
to the situation presented in Fig.1.29

Our second type of photo-BFC comprises non-sensitized TNEnd Mcllvaine's bu er
with catalase (33 gml 1). This enzyme is responsible for a very fast decompositiorf o
hydrogen peroxide, thus it was added to the electrolyte to ad a negative in uence of
H,O, on BOx. H,0, is expected to be generated on the TNTs the same as Olfigure 8.8
(grey plots) as well as Table8.2 show that a simple connection of our biocathode to the
TNT-electrodes give much higherdc, Voc and P than the complicated system used in
the rst type of our photo-BFC. Again the cell with the TNT ., gives better parameters
than the cell with the TNT 1,. The maximum power density for TNT,, was 130 Wcm 2 at
0:52 V. Fill factors for of the second type of BFCs have lower vaés than for the rst type
which means that more current generated by the cells is dipsited in internal losses. Worse
(lower) Il factor values are related to the increased shurt conductance (decreased shunt
resistance). Thus more shunt current is present in the seabype of our photo-BFC which
is equal to more current short circuiting a some parts the ddby bypassing it without power
generation g24.

To simply compare the cells comprising non-sensitized ptu@nodes we plotted j-V curves
and power outputs of the cells from gures3.5and 8.8. Figure 8.9 shows that although gc,

2Shunts are unwanted short circuits found in the cell.
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Figure 8.9: A) V-j curves and B) power outputs showing a comparison betwen the solar cells with non-
sensitized photoanodes. Dotted line is taken from Fig.8.5 and the graph with diamonds is taken from
Fig. 8.8

Voc and Ppa Of our photo-BFC are better than the same parameters for theelt made in

a standard way (with the TNP-anode), the shape of the V-i cure for the latter one (dotted

line) better resembles the ideal shape. That observation & result of the internal losses
mentioned above for the second type of the photo-BFC. Moreex the curves in Fig.8.9A

were obtained for the cells illuminated by Xe lamps with di eent Iters. Thus lower currents

generated by the standard type of the cell (dotted line) mighbe an e ect of harvesting less
high-energy photons which are Itered by the AM 1.5 G Iter. The water lter used for

the other cell (grey diamonds) might allow more high-energphotons to excite the TNTs.

On the other hand the di erence in the cell performances cadilbe simply caused by the
di erent type of TiO , nanostructures present on the photoanodes. The TNTs couldvg

higher photocurrent than the TNPs.

Figure 8.10: A) V-j curves and B) power outputs showing a comparison betwen the photo-BFCs with two
types of TNT-anode (the TNTs were grown for 2 or 4 h - diamonds ad squares, respectively) illuminated
by the light beam of three dierent intensities (20, 100 and 500 mWcm 2 - green, dark grey and blue,
respectively). Mcllvaine's bu er (pH 4.8) was used as an eletrolyte.

To check the in uence of the photo-BFC performance irradiagd with the light of di erent
power we tested the cells with the TN, and TNT 4, under 0.2, 1 and 5 Suns. The results
are presented in Figure3.10and Table 8.3. It is clearly visible that V oc changes very slightly
for di erent illuminations. However, huge increase of the potocurrent is observed both with
the increased length of the TNTs, as well as with the increadgower of the incident light.
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As a result the values of cell conversion e ciencies § are from 1.7 to 1.9 times higher for
the tubes grown for 4 h than for the tubes grown 2 h. It is worth ¢ stress that values
are decreasing with the increase of;P, for both types of the TNTs. However, a big increase
of Pmax Values was observed with increasing power of the incidenghit. For example ca.
13 times higher R« was noted for the cell with the TNT,, after changing B, from 20
mW cm 2 (0.2 Sun) to 500 mW cm? (5 Suns).

Table 8.3: Solar cell parameters obtained from j-V curves plotted in Fgure 8.10

Symbol TNTs grown for Pin Vocl V P max Vimax! V ! %
/mWcm 2 / Wcm 2

green_ 2h 20 1.10 13.0 0.52 0.065
green 4h 20 1.09 22.4 0.56 0.112
grey _ 2h 100 1.16 57.6 0.48 0.058
grey 4h 100 1.23 108.1 0.47 0.108
blue _ 2h 500 1.22 153.7 0.53 0.031
blue 4h 500 1.28 294.0 0.49 0.059

8.2.5 Self-powered photo-sensor for glucose based of a BFC

So far we mainly used Mcllvaine's bu er (pH 4.8) as an electtgte for our BFCs because our
biocathode works slightly better in it than in e.g. phosphat bu er. However, Mcllvaine's

bu er contains citric acid which is oxidised on the TNT-anoc. For the preparation of a
sensor we wanted to avoid the oxidation of organic speciedet than the analyte. Thus we
changed the electrolyte into phosphate bu er.
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Figure 8.11: A) V-j curves and B) power outputs showing the performance ofthe same photo-BFC tested
just after being assembled (full diamonds) and the day after(empty diamonds). The TNTs were grown for
2 h and the catalase solution in phosphate bu er (pH 4.8) was sed as an electrolyte.

Figure 8.11 presents V-j curves and power outputs for the cell with the TN, in phos-
phate bu er under the illumination of 1 Sun. A comparison wih Fig. 8.8 (grey diamonds)
indicates almost vefold decrease in the power output when Blvaine's bu er was replaced
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with phosphate bu er. This is due to the presence of citric dd in Mcllvaine's bu er. Or-
ganic molecules of the acid are oxidised on the photoanodetkat the current generated by
the cell increases. Besides, the cell with the non-syntet@ TNTs show almost no change in
the values of its parameters after one day (see TaB.4). This small decrease is negligible
in comparison with the change of parameter values of the POWADH/GDH/glucose cell
(Fig. 8.11). The latter cell had ca. twice lower §c and Voc after one day (data not shown).

Table 8.4: Solar cell parameters obtained from j-V curves plotted in Fgure 8.11

_ 0.91 27 0.41 0.027
3 0.87 23 0.42 0.023

Only 15 % decrease in maximum power generated by the cell witie TNT ,;, in phosphate
bu er after one day is a good result as for a BFC. The di erencef the shapes of V-j curves
representing the fresh cell and 1 day old cell indicates a dease in the shunt resistance with
time. Moreover, we noticed that BOx was leaking from the elémde.

The photo-BFC lled with phosphate bu er gives unchanged §c under the xed Py, . Due
to the fact that an increased concentration of glucosecy,cose) CaUSES an increase irg¢ we
could use our photo-BFC as a self-powered sensor for glucak® curves were obtained with
the use of cyclic voltammetry (10 mV s?) and are shown in Figure8.12A. The monotonic

il
| TP P IR R R R R . |

Figure 8.12: A) J-V curves for the photo-BFC with TNT 44, in (dashed line) phosphate bu er and the bu er
with increasing concentration of glucose. B) The dependere between gc and glucose concentration and
(red line) a linear t to a part of this dependence.

increase of the photocurrent generated by the cell was obged up to glucose concentration
of 0:7 mM. For Cyycose > 0:7 MM jsc was saturated. Thus we got a calibration curve for
our sensor by linear tting to the data corresponding to gluose concentrations from 0.0 to
0:7 mM. The obtained relationJsc = (122 +144:4 Cgiucose) AcCm ?(R?=0.985) can be used
to determine glucose concentration present in the photo-EBFon the basic of the measured
short circuit current. Thus we showed the rst example of a depowered glucose photo-
sensor based on a BFC. Moreover, this sensor is reusable lseait gives the samegjc in

clear bu er after rinsing it copiously with water. Han et al. presented a photo-BFC with the
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TNT-anode and BOx-cathode which is similar to our BFC 334. Although their BFC uses
glucose as a fuel, they did not show any dependence betweea thosen cell parameter and
glucose concentration.

8.3 Conclusions

We presented two types of photo-BFCs with air-breathing bicathodes and photoanodes
based on titania nanotubes. The rst type of our photo-BFC mant to exploit the Por/-
NADH/GDH/glucose system for harvesting the visible light and the dye regeneration. In
fact the dye was degraded on the anode surface in the presentdiighly oxidative oxygen
radicals. Thus the cell produced relatively low power outguwhich was rapidly decreasing.
The highest maximum power for the fresh BFC illuminated withl Sun was 4% Wcm 2
at 0:52 V. From the point of view of DSSCs this is a very low value baase it means that
the cell converted 0046 % of the power of the incident light into electricity. Butas for a
photo-BFC with the sensitized anode this result is better thn e.g. the result presented by
Gust's group - 37 Wcm 2 at 0:82V [326.

The second type of our photo-BFC comprised the non-senséi$ TNTs and as a fuel it
used water and organic species present in the electrolytehd power outputs for this type of
the cells were much higher than for the rst type of the photoBFC. Moreover, the maximum
power increased with the increase of: the tube length and tip@wer of the incident light. The
best maximum power was obtained for the BFC with the TN, lled with Mcllvaine's bu er
and illuminated by the solar simulator (with the water Iter) with 5 Sun - 294 Wcm ? at
0:49 V. A similar photo-BFC was obtained by Dong's group334 by connecting a titania
nanotube photoanode and a biocathode comprising BOx. Theyed glucose as a fuel and
illuminated the cell with UV light (0.5 Sun). The best maximum power generated by their cell
was 47 Wcm 2 at 0:79 V at glucose concentration of 20 mM334. Due to the di erences
in the source of light it is hard conclude which photo-BFC wdk better - our or the one
presented by Dong's group. For sure our cell is a rst examplef the photoelectrochemical
biofuel cell with TNT-anode and an air-breathing biocathoé published so far.

The very rst attempt to obtain a self-powered glucose sensaurned out to be successful.
By the use of our photo-BFC with TNTy, lled with phosphate bu er we obtained a sensor
which shows a monotonic change of its short circuit current ith the change of glucose
concentration. The linear dependence was observed for thencentrations 00 0:7 mM. We
expect to be able to tune this concentration range by the TNT mdi cation.
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Chapter 9
Summary and conclusions

The study presented in this thesis concerns the modi catioof electrodes with carbon nano-
tubes CNTs and enzymes. Both non-functionalised and functalised CNTs were used as

a material increasing electroactive surface of the modi eelectrodes and enhancing e ciency
of electron transfer between the electrode surface and thezgme. Several biocatalysts were
used - laccase, bilirubin oxidase), glucose oxidase andase dehydrogenase. They were im-
mobilised within sol-gel silicate matrices. In this work | dcused mostly on the preparation of
the electrodes with the enzymes catalysing the reduction okygen, i.e. laccase and bilirubin
oxidase.

At the beginning | presented a way of the preparation of eleaides with vertically aligned
CNTs. The tubes were rst grown by thermal chemical vapour deosition and then trans-
ferred to a conductive substrate - on an indium tin oxide eléode (ITO). Electric contact
between the substrate and the tubes was achieved by the comtive adhesive. The obtained
modi ed electrode showed a huge increase in the electroaetiarea in comparison with the
bare ITO. It was further used as a platform for enzyme immohgation. Examples of mediated
glucose oxidation by glucose oxidase and glucose dehydrape were presented. Moreover
mediated and non-mediated oxygen reduction on VACNT-elecide with laccase was stud-
ied in more detailed way. The prepared biocathodes formeddiiatteries after the connection
with a Zn wire as anode. Among all tested devices the best onacha biocathode with the
VACNTSs functionalised with pyrenesulfonic acid and laccas(non-mediated bioelectrocatal-
ysis). The maximum power density for this device was 278N cm 2, obtained at the cell
potential of 1:50 V. This value is one of the very high power densities reped so far for the
CNT/enzyme biofuel cells and biobatteries359.

Further | described the preparation of non-mediated bioca&bdes with pyrene-tetrasulfonic
acid-functionalised SWCNTs and bilirubin oxidase. | shovek that the current density of
O, reduction depends on the preparation procedure. For non<xsithing electrodes (on ITO)
the current depends not only on the di usion of Q to the electrode surface but also on the

145



CHAPTER 9. SUMMARY AND CONCLUSIONS

convective ow of the electrolyte. The latter has to be takerinto account during electroche-
mical measurements if one wants to obtain reasonable resulFurthermore the performance
of a breathing biocathode was studied. A breathing electredis supported on a semiper-
meable membrane which is in contact with air on its one side dnis in contact with an
electrolyte on its other side. Our breathing biocathode tured out to be the best among all
non-mediated systems with CNTs and bilirubin oxidase repted so far. It was used for the
construction of the Zn/O, biobattery generating a maximum power density of 25 mW cm ?2
at ca 04V in O,. This battery was able to power a small watch and a stack of 4 haries
made a bike lamp with 2 LEDs shine. Thus it was proved that theanstructed biobattery
can be used for powering useful devices.

Our air-breathing biocathode was further used for the prepation of biofuel cells for
ascorbic acid (AA). Together with the VACNT-electrode it gare a BFC with power outputs
dependent on the AA concentration. Thus it can be treated as aelf-powered sensor for
AA. The connection of the breathing biocathode with an elecbde modi ed with carbon
nanoparticles (CNP) also gave a BFC for AA but with a little higher open circuit potential.
The small di erence in open circuit potential in comparisorwith the VACNT-BFC allowed
the second type of BFC to be used as a truly self-powered AA sem. This sensor was
constructed by the connection of the CNP-BFC with Prussian loe electrochromic display.
The display changes its colour with the speed dependent onetlconcentration of the analyte.
We used the term truly self-powered sensor to underline thatur sensor does not need any
externally powered device to operate. Moreover we used itrfthe quantitative analysis of
AA in orange juice.

The last two chapters of this thesis concern attempts to cotrsict: a lab-on-chip device
with directly grown CNTs and a photo-electrochemical biofel cell with sensitized titania
nanotubes. The rst project was abandoned at its early stagedue to problems with the
sample preparation. Nevertheless the obtained results rhigbe helpful for the future re-
search. The rst results of experiments concerning the photBFC show a steadily working
BFC with photoactive but non-sensitized titania nanotubesThis kind of BFC gives a power
density depending on the TNT length, the power of the light luminating the cell and the
concentration of organic species present in the electrogytTypically the power density is on
the order of dozens to hundreds of Wcm 2. Moreover the rst example of a self-powered
photo-sensor for glucose was presented here.
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