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Abstract
This dissertation covers photocatalytic and stochastic photoelectrochemical studies of
colloidal semiconducting nanomaterials. Photocatalytic properties of colloidal titanium
dioxide nanoparticles (TiO2 NPs) and stochastic interaction of colloidal dye sensitized
nanoparticles (DSNPs) with Pt ultramicroelectrode are studied. These nanostructured
materials are potentially useful substances in solar energy based photovoltaics and water-
splitting devices. In this dissertation, we present the photoelectrochemical study of bare
TiO2 nanoparticles, sensitized nanoparticles and cadmium selenide (CdSe) materials,
suspended in methanol as a model system. Methanol oxidation reaction is studied as a
model reaction of photocatalysis that provides a comprehensive view of the process.
Mechanistic and kinetic details of the process and their relationship with colloidal
properties are described based on our findings. To accomplish this, we adapted analytical
methods for quantitative analysis of formaldehyde, formic acid and carbon dioxide present
in neat methanol. Our observations reveal formaldehyde is the predominant reaction
product in controlled conditions that minimize the content of oxygen and water. Methanol
oxidation to formaldehyde is consistent with two-electron oxidation mechanism. The
photoelectrochemical study of dye sensitized TiO> NPs shows stochastic interaction
between DSNPs, suspended in methanol with a Pt ultramicroelectrode. In the dark, the
current steps observed are anodic, consistent with the oxidation of dye “N719” at the Pt
electrode surface. Under illumination, cathodic steps are observed as a dominant step
response and are assigned to the reduction of the oxidized form of dye that is generated
after electrons are injected into the TiO> NPs. We also present preliminary results for

stochastic photoelectrochemical study of quantum dots, CdSe and CdSe/ZnS materials.
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CHAPTER 1
INTRODUCTION
1.1. GENERAL INTRODUCTION

Titanium dioxide, TiO2 commonly referred as titania is a transition metal oxide and widely
used semiconductor material in photo-catalysis and photovoltaic devices. ' 2 3 TiO;
semiconductor is a preferred photo-catalyst due to its excellent photochemical, strong
oxidizing and photocatalytic properties.* > ® TiO- is a nontoxic, chemically inert and it is
stable over a wide pH range under irradiation conditions.* ® The photo-catalytic activity of
TiO, was first illustrated in photoelectrochemical water splitting reaction by Fujishima and
Honda in 1972.7 This discovery sparked interest in the use of this material for solar energy
conversion. Since then, a large number of research papers have been published on this
material with the goal of increasing the efficiency of solar energy conversion schemes to
meet the present-days energy demand. In 1991, professor O’Regan and Gratzel introduced
nanostructured dye sensitized solar cells, with a record of 7 % solar energy conversion
efficiency.? This breakthrough inspired the use of dye-modified semiconductor as a
promising material in photovoltaics devices. Thereafter, these materials remain in a high
spot for a solar energy research and are studied in various models and systems in several

laboratories.

Nanostructure of these materials have unique and advantageous physical, chemical and
optical properties. Nanoscale structures of TiO2 have large surface area compared to bulk
material ® and possess optical, chemical and electrical properties distinct from the bulk
material that have been promising in many other applications such as environmental

remediation,® 1° self-cleaning coatings,® anti-corrosion coating,'* self-sterilizing



materials® 1?2 photo degradation of organic pollutants. ® ** 1 Recently, application of TiO
has been extended to medical treatment, for example in an artificial heart valve and in
dental implants.t> ¢ Interest in use of TiO- in these and other applications drives research

on TiO2 nanostructures.

1.2. CRYSTALLINE STRUCTURE

TiO2 exists in different polymorphs both in crystalline and amorphous forms. Three forms
of TiO2 polymorphs namely anatase, brookite and rutile are commonly used in research
practice. These polymorphs are characterized by their unique crystal structures and band
gap energy. Anatase is tetragonal in shape and the most pure (>99% pure) crystalline form

of polymorphs in nature.’

Anatase is metastable and can be converted into the stable rutile, form by heating at
elevated temperature.l’ It is mostly used as photocatalyst and as a material for catalytic
support. Rutile and brookite are tetragonal and orthorhombic in their crystal structure,
respectively. Rutile is mostly used in white pigments in paints and also widely used as a
photo-catalyst whereas brookite has been a less used and been reported mainly in dye

sensitized solar cells.1® 1°

1.3. ELECTRONIC STRUCTURE

Band structure of semiconductor material and their doping level largely affect the

conductivity and photo-catalytic performance of the materials.

TiO2 is a wide bandgap semiconductor where the energy difference is between 3.0 to 3.3
eV. The bandgap is the energy difference between the valence band and conduction band.

The band gap of anatase is 3.2 eV and rutile is 3.0 eV.20 21 22



A
E, | Ecs empty states
Eq = Ecs- Evs
Evs filled States
> X

Figure 1-1. Schematic for band structure of semiconductor, energy vs position

In a semiconductor, bonding between the neighboring atoms is moderately strong.
Therefore, when external energy such as light and/or heat is applied, electrons from valence
band promote to conduction band thereby contributing the conductivity. The band position
and their gap are crucial for the conductivity of semiconducting materials. Conductivity of
semiconductor is affected by the doping level. Doping can be accomplished by the addition
of altervalent impurities to the intrinsic semiconductor in which a new energy level is
created in the bandgap. Doped semiconductor can be either n-type or p-type depending
upon the type of doping atom, dopant. In n-type doped semiconductors, majority of charge
carriers are electrons. Likewise, in a p-type semiconductor, positive charge carriers, holes
contribute to the conductivity of materials. Doping of semiconductor also shift the position
of Fermi energy level (Ef) towards the conduction band or valence band for n-type or p-
type semiconductor, respectively?® as shown below. Fermi energy level (Es) is a 50%
probability of state being occupied by an electron at any given time. For the case of intrinsic

semiconductor, Fermi energy level occurs approximately middle of the band gap energy.
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Figure 1-2. Schematic diagram for intrinsic and extrinsic semiconductor showing influence

of doping on Fermi level position (adapted from Ref 23)

1.4. FUNDAMENTAL PHOTOELECTROCHEMICAL PROCESS ON
SEMICONDUCTOR

The main goal of my research is to study the photoelectrochemistry of colloidal TiO2 NPs.
In photoelectrochemistry, electron-hole pairs are separated by a reaction across the
semiconductor/solvent interface. A brief overview of these fundamental electrochemical

steps are presented below.

1.4.1. Charge Carriers Generation and Recombination

Photoelectrochemical processes start with the generation of charge carriers at catalyst
surface. The charge carriers’ generation on semiconductor is mainly caused by photo
excitation, thermal agitation and doping. We focus on generation of charge carrier by photo
excitation in n-type doping nanomaterials, TiO, NPs. When photons with energy higher
than or equal to band gap of semiconductor is used to irradiate the materials, electrons from

the valence band (VB) can promote to the conduction band (CB). This process generates



the hole (h*) in the valence band and electrons (e”) in the conduction band. Electrons and

holes carry negative and positive charge, respectively and both are of mobile entity.

h
Ti0, > egp + hig (1.1)

The band gap energy sets the absorption threshold for photon energy. Direct transition
occurs when the minimum of conduction band and maximum of valence band are in same
momentum. For anatase, band gap energy of 3.2 eV corresponds to photon energy of 387

nm wavelength and is given by the equation shown below

hc B 1239.8 nm eV
Ebg Ebg

(1.2)

Here, A = wavelength of light in nm and Eng is the band gap energy.

However, in an indirect transition where minimum of conduction band and maximum of
valence band do not lie at same wave vector, relation between the bandgap and proton

energy is given by
hv = Ebg + h( (13)
The term hQ accounts the energy of participating phonon.

Photoexcited electrons and holes can undergo recombination and is mainly assisted by
surface traps and defect states. Photoexcited charge carrier recombine with dissipation of
the input energy as heat or get trapped in a metastable surface states. It has been reported
that about 60 to 80 percent of photogenerated carriers recombine in nanosecond time
scale.?* 2 It is also noticeable that life time of electrons at conduction band are typically

from 10° to 102 s 2° signifying a transient nature of charge carriers dynamics. Therefore,



it is very important to capture electrons or holes by the target molecule to start the chemical
reaction in a very short time. Overall, -carrier’s recombination controls

photoelectrochemistry and photo-catalysis processes.

1.4.2. Semiconductor and Electrolyte Interfacial Reaction

When a bulk semiconductor is brought in contact with an electrolyte, a small electric field
region created at the semiconductor and electrolyte boundary. This region is referred as
space charge region and is formed by difference in potential between semiconductor and
electrolyte. Due to space charge effect, band bending occurs, facilitating the charge carrier
separation and reaching a new equilibrium where Fermi energy level remains same. % i.e.
Redox potential of species is in agreement with Fermi level position (Ef = Eredox) as shown

below

Ef Eredox

E\"B

Space
n-type semiconductor charge Electrolyte
region

Figure 1-3. Schematic space charge region showing band bending at n-type semiconductor-

electrolyte interface (adapted from Ref 26)



1.5. RESEARCH OVERVIEW

We present photocatalytic and stochastic electrochemical study of semiconducting
nanoparticles. We used colloidal suspension of TiO2 in methanol solvent. Application of
external potential and/or irradiation of semiconductor altered the equilibrium that
established between semiconductor and electrolyte. By irradiation of semiconductor with
suitable light energy, the equilibrium potential starting from the dark changes and Fermi
level splits into the quasi Fermi level for electrons and holes facilitating the generation of
holes and electrons which separated further by band bending into the valence and
conduction band, respectively.?” These inherent electrochemical properties are explored in
fundamental and applied research field in various scope. We explore and present our study

under two broad electrochemistry topics.

i Photo-catalysis

ii. Stochastic electrochemistry

In brief, photo-catalysis is a reaction that uses light to activate the catalyst. Photo-catalysis
can be broadly categorized into homogeneous and heterogeneous catalysis. Homogeneous
photo-catalysis comprise of reactants and photo-catalyst in same phase. In contrast to this,
in heterogeneous photocatalysis reactants are different in phase from the photo-catalyst.
Our photo-catalytic model reaction that comprises of colloidal anatase is of heterogeneous
photo-catalysis in nature. We used colloidal TiO2 NPs in a photo-catalytic study in a model
reaction. Photo-catalytic properties of TiO> NPs are derived from generation of charge
carriers upon irradiation of ultraviolet (UV) light. Photoexcited electrons and holes diffuse

into surface states where they react with electron donor or acceptors species and/or within



the electrical double layer of charging particles. Photogenerated holes are strong oxidizing
agents and oxidize the reduced species in solution. Likewise, electrons in the conduction
band typically participate in reduction.?® 2° This process of charge carrier generation and
redox reactions at semiconductor electrolyte interface are fundamental to photo-catalytic

processes.

conduction _ relaxation
band . o diffusion )
e reduction
excitation
hv
valence band h* "V uo—s oxidation

/ diffusion

h* i
relaxation

Figure 1-4. Schematic for photocatalysis on semiconductor (adapted from Ref 29)

Another scope of our work includes stochastic electrochemistry and photoelectrochemical
study. Nanoparticles collisions are interaction of colloidal nanoparticles with
microelectrode surface. These interactions are often referred as nano-impact 3% 3% 32
electrocatalytic amplification 3% 3% 3 and/or stochastic events.®® These interactions
incorporate the intrinsic electrochemical properties associated with nanoparticles and are
mainly represented by the steps and blip transients. The interactions represented by steps

response are irreversible in nature, in which nanoparticles come to the surface of electrode



and stick there. But in blip response, particles come to the surface of electrode, transfer
electrons during collision and leave the surface. Therefore, blip interactions are transient,
short term interactions.®® 3" Both events are shown in figure 1-5.3" The study of
nanoparticles collision gained a broad scientific interest as it unravels electrochemical and
colloidal behavior of single entities. These properties have been continuously explored on
nanomaterials in their pure and modified form. Here, we report our finding on interactions

between a Pt ultramicroelectrode and dye sensitized nanoparticles (DSNPs).
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Figure 1-5. Steps and blip response graph (taken from Ref 37)

1.6. DISSERTATION ORGANIZATION
This dissertation is composed of our work and finding mainly on photo-catalytic

performance of colloidal TiO2, NPs and stochastic and

electrochemistry
photoelectrochemistry of colloidal dye sensitized anatase NPs at a Pt ultramicroelectrode.
In our work, we have developed the analytical methods for quantitative analysis of reaction

products to study the catalytic performance of anatase nanoparticles in colloidal suspension
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under illumination by analyzing the reaction products in the solution phase. And we also
included the preliminary results on stochastic photocurrent observation of individual
quantum dots, cadmium selenide (CdSe) and cadmium selenide zinc sulfite (CdSe/ZnS),

suspended in methanol as a prospective research work.

In chapter 2, methods for the qualitative and quantitative study of formaldehyde in solution
phase are described. We used Fourier transform infrared spectroscopy (FTIR) and
electrospray ionization mass spectroscopy (ESI-MS) for the analysis of methanol oxidation
product, formaldehyde. We noticed the vibrational overlapping of water with aqueous
solution chemistry of formaldehyde. Mass spectrometry technique is inappropriate for the
analysis because the mass spectra of formaldehyde and methanol show similar fragments.
To get around this problem, we derivatized the formaldehyde present in methanol solution.
The derivatization includes reaction in sulfuric acid medium. The derivative product,
formaldehyde 2, 4-Dinitropheyl hydrazone was measured by using electrospray ionization
time of flight mass spectrometer (ESI-TOF-MS). We observed ion suppression effect due
to sulfuric acid present in reaction and solved this problem by using barium hydroxide. We
used this method for quantitative study of formaldehyde formed as a reaction by-product
in colloidal suspension of TiO2 nanoparticles under model reaction of photocatalysis and

is described in chapter 4.

In chapter 3, the method for determination of carbon dioxide in methanol is explained. We
developed a titration method for determination of carbon dioxide by analyzing its adduct,
sodium carbonate formed by the reaction between sodium hydroxide and carbon dioxide.

The titration of sodium carbonate vs standard hydrochloric acid was performed in water
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and binary (water-methanol) mixture as reference system. This method is developed to
determine concentration of saturated solution of carbon dioxide prepared in methanol. The
standard saturated solution of carbon dioxide in methanol was used in FTIR measurements
to determine the sensitivity and selectivity of carbon dioxide detection as a reaction
byproduct in colloidal suspension of TiO> NPs under model reaction system of

photocatalysis and is described in chapter 4.

In chapter 4, we present the complete quantitative analysis on methanol oxidation products
under a model system of photo-catalysis. We mainly focused on quantitative estimation of
formaldehyde, formic acid and carbon dioxide as methanol photo-oxidation products in our
model reaction. Our model reaction includes photo oxidation of methanol in anatase
colloidal suspension under the controlled conditions that minimize the content of water and
oxygen in the system. Our study reveals formaldehyde as the predominant reaction product.
Interestingly, we did not observe carbon dioxide as a major reaction product. Under
different times of UV-illumination, rate for formation of formaldehyde show they are not
uniform over different times. This could be associated with history of colloids. Particle size
measurements by dynamic light scattering (DLS) show aggregation of TiO> NPs after
illumination. Mechanistic view of the photo-catalytic reaction was also investigated. Our
observation indicates the hydroxide mediated mechanism is the dominant pathway to
photogenerated holes mediated mechanism for the methanol oxidation to formaldehyde on

this catalyst.

In chapter 5, we describe stochastic electrochemistry and photoelectrochemistry of

colloidal dye sensitized anatase nanoparticles at a Pt ultramicroelectrode. In this study, we
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developed the electrochemical method to observe stochastic interactions between dye
sensitized nanoparticles, DSNPs and Pt ultramicroelectrode. We take our inspiration from
the pioneering work of stochastic interactions of colloidal NPs by Lemay*® with
electrocatalytic amplification 3% 34 3% and nano-impact methods.3 3132 In our system, we
used ruthenium based dye “N719” for sensitization of TiO2 NPs. Stochastic interactions
between dye sensitized anatase NPs, suspended in methanol and a Pt microelectrode show
a step wise behavior in the current vs time response. Stochastic currents are observed both
in dark and during illumination. Interestingly, current steps observed in dark are anodic
and during illumination predominantly cathodic in direction. The anodic current steps
observed in dark are due to oxidation of dye “N719” at a Pt microelectrode, whereas
cathodic current steps observed during illumination are assigned to the reduction of the
oxidized form of dye generated after electrons are injected into the TiO> NPs. Several
control experiments were conducted to support our claim. Surprisingly, there is no
significant difference in observed current steps both in dark and under illumination when
excess electrolyte is used. High concentration of supporting electrolyte force aggregation
or agglomeration of the NPs. This changes in colloidal behavior caused by high
concentration of supporting electrolyte are more likely to be responsible for the steps that

we observed.

In chapter 6, we present preliminary results on our study of collisions between the photo-
illuminated quantum dot and Pt ultramicroelectode under a prospective work. In our lab,
we used cadmium selenide (CdSe) and zinc sulfide capped cadmium selenide (CdSe/ZnS)
colloidal suspension of quantum dots for photoelectrochemical study. Step wise stochastic

photocurrents are observed that denote a long term interaction between the quantum dots
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and Pt ultramicroelectrode. Interestingly, stochastic photocurrents observed are both
cathodic and anodic in nature. Anodic current steps are assigned due to adsorption of
quantum dots to the surface of Pt microelectrode and cathodic current steps are observed

when quantum dots leave the surface of microelectrode.
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CHAPTER 2

QUANTITATIVE ANALYSIS OF FORMALDEHYDE IN SOLUTION PHASE:
ITS IMPLICATION AND CHALLENGES

2.1. ABSTRACT

We present a method for quantitative analysis of formaldehyde from neat methanol by
electrospray ionization time of flight mass spectrometry (ESI-TOF-MS). This method is
adapted to measure formaldehyde from its derivative product, formaldehyde 2, 4-
Dinitrophenyl hydrazone, prepared from derivatization of formaldehyde by 2, 4
dinitrophenyl hydrazine (2, 4-DNPH) in an aqueous sulfuric acid media. We report the
effect of sulfuric acid in ESI-TOF measurements and describe a novel strategy for
formaldehyde detection. The strategy includes neutralization, filtration and extraction
processes. We use barium hydroxide for neutralization of sulfuric acid and isobutyl acetate
for extraction of analyte from the reaction mixture. This method allowed the quantitative
detection of formaldehyde in neat methanol solution at the low concentrations. In this work,
we also study formic acid interference for the measurements. Here, we also discuss Fourier
transform infrared (FTIR) and ultraviolet visible (UV-Vis) techniques and complications
in the quantitative analysis of formaldehyde in solution. We use this method to study the
methanol photooxidation reaction in anatase colloids by analyzing the reaction product in

solution phase in a model reaction of photocatalysis.
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2.2. INTRODUCTION

The electro-oxidation of methanol is one of the most intriguing topics in electrocatalytic
studies over decades because of its potential application as a fuel in direct oxidation fuel
cells.! The electro-oxidation reaction may produce intermediate toxic product,
formaldehyde. There is interest in minimizing formaldehyde production to enhance the
efficiency of direct methanol fuel cells.® The study of formaldehyde formation as an
incomplete oxidation product has gained a growing attention in electrocatalytic and photo-
catalytic methanol oxidation reaction.? These studies provide insight of the mechanistic
and kinetics of the process and such studies have been reported in metal and semiconductor
catalysts.® # Recently, formaldehyde has been reported in methanol oxidation reaction over

Pt and PtRu bulk alloys during electrolysis in sulfuric acid solution medium.?

Several methods have been devised to measure formaldehyde. It is reported that
formaldehyde was measured fluorometrically® from the derivative obtained by reaction
with 1, 3-cyclohexadione in an ammonia/ammonium acetate buffer.* 4 In a similar study,
it was determined on Pt catalyst from methanol electro-oxidation as the 3,5-diacetyl-1,4-
dihydrolutidine species by spectrofluorometric method* 5 as first reported by T. Nash.®
Dasgupta and co-workers modified the method to detect the formaldehyde in atmospheric
water as 3,5-diacetyl-1,4-dihydrolutidine obtained by reaction of formaldehyde with
ammonium acetate and 2,4-pentanedione at 95°C.** Formaldehyde has also been reported
as a methanol oxidation by-product on carbon supported Pt and Pt-Ru catalysts dispersed
in Nafion by the fluorimetry technique.® Formaldehyde in solution is difficult to track by

the modern in situ techniques such as mass spectrometry and infrared spectroscopy. In
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mass spectrometry, the coincidence of formaldehyde and methanol mass fragments
hampered the analysis.® Similarly, vibrational bands over-lapping between water and the
aqueous solution of formaldehyde limit infrared technique for quantitative analysis of
dissolved formaldehyde.” 8 In this chapter, we also discuss quantitative analysis for
formaldehyde detection by FTIR in a novel cell setup and complications we observed in

the measurements.

We describe the method for quantitative analysis of formaldehyde present in methanol. 2,
4-Dinitrophenyl hydrazone, a stable derivative of carbonyl compounds with 2, 4-
dinitrophenylhydrazine (DNPH) that has been widely used for analysis of the low
molecular weight carbonyl compound, formaldehyde.® Gas chromatography mass
spectrometry (GCMS) is not an appropriate technique for analysis of the 2, 4-Dinitrophenyl
hydrazone compounds because they have relatively high boiling point and undergo
decomposition before vaporization. Therefore, detailed reports of formaldehyde
determination in solution have largely relied on liquid chromatography. Recent
development of a LC/MS technique made possible to track trace formaldehyde as its
derivative in a methanol electroxidation reaction. 1! There are few reports on analysis of
carbonyl compounds by its derivatization using soft ionization techniques such as
electrospray ionization mass spectrometry (ESI-MS), atmospheric pressure negative
chemical ionization (APCI).!? 1! Recently, R. J. Behm and co-workers reported the
quantitative analysis of liquid phase methanol oxidation products in aqueous sulfuric acid
solution by ESI-MS.*® They reported formaldehyde present in aqueous solution as its
derivative: formaldehyde 2, 4-Dinitrophenyl hydrazone by online mixing, derivatization,

extraction and separation procedures.® * However, formaldehyde present in neat
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methanol solution has not been reported by mass spectrometry technique yet. In this
chapter, we report the quantitative analysis of trace formaldehyde present in neat methanol
solution with a bench top method. Here we track formaldehyde present in methanol by its
derivative detection. We modified the strategy following the procedure by R. J. Behm and
co-workers 13 to analyze the formaldehyde in methanol solution by ESI-TOF-MS. We
developed this method to study the quantitative analysis of formaldehyde as a reaction by-
product in methanol photo-oxidation. We follow the reaction of anatase nanoparticles
suspended in a colloid under UV-Vis illumination. To the best of our knowledge, this is
the first report for the analysis of formaldehyde quantitatively in methanol solution by mass

spectrometry.

2.3. EXPERIMENTAL SECTION

2.3.1. Materials and Reagents

Titanium (IV) isopropoxide (97%), glacial acetic acid (=99.8%), 2-propanol (=99.8%) and
spectrophotometric grade methanol (>99.9%), formaldehyde solution (37.5%w/w), 2, 4
dinitrophenyl hydrazine, formaldehyde 2, 4-Dinitrophenyl hydrazone and formic acid
(>95%) were obtained from Sigma Aldrich chemicals. Sulfuric acid (ACS reagent grade)

was purchased from Pharmaco-Aaper. All chemicals were used as received.

2.3.2. FTIR Experiment

A specially designed custom made infrared cell was used for the measurements. Two
calcium fluoride (CaF2) windows sandwiched two compartments partitioned by
polytetrafluoroethylene spacer (136 pm unless explicitly specified) were mounted into the

cell. The cell was then transferred to the heating plate for 10 minutes at 150° C for tight
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sealing. When the cell was adjusted to room temperature, both compartments were filled
with 20 pl of solutions using a Hamilton syringe. One of the compartments was filled with
sample solution while other was filled with its respective blank or control solution. After
the solutions were filled into the respective compartments, solution injection ports were

made airtight with a rubber septum and metal screw.

» Blank Compartment

» PTFE

— CaF; Cell

— . Sample Compartment

Figure 2-1. Schematic for FTIR cell setup with two CaF»

Fourier transform infrared spectra were acquired on a nitrogen gas purged FTIR
spectrometer equipped with a liquid nitrogen cooled mercury cadmium telluride (MCT)
detector. The cell and detector were customized in an external bench top. A steper motor
switched the cell compartments to alternate the beam path between the analyte and its
control. This setup was previously described by Gai et al.® 6 Spectra were collected in a
single beam mode with a resolution of 1 cm™. Typically, 100 scans were averaged for each
spectrum for steady state experiments. The spectra obtained for samples were corrected
from their blank measurements. The blank measurements used a cell with methanol to

make optically equivalent with sample measurements.
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2.3.3. Formaldehyde Derivatization and ESI Measurements.

The method for quantitative determination of formaldehyde from the bulk methanol
composition was developed. Briefly, in this method, formaldehyde present in bulk
methanol solution was quantified by its derivative detection using electrospray ionization
time of flight mass spectrometer (ESI-TOF-MS). Because of the low cross section of
formaldehyde for ESI ionization, formaldehyde was first derivatized by 2, 4-DNPH to form

easily ionizable formaldehyde 2, 4-Dinitropheyl hydrazone.! The reaction is shown below.

ON
O,N 2
0
I H H*
H—C—H + HN=N NO, —>  HC=—=N—HN NO; + H,0

Scheme 2-1. Formaldehyde derivatization reaction

The optimized procedure follows and is depicted on scheme 2-2. The formaldehyde
derivatization reaction was performed by mixing the formaldehyde present in methanol
solution (2 ml) with 200 uM 2, 4-DNPH made in 0.5 M sulfuric acid (2 ml) solution at
room temperature. The derivatization reaction was carried out for 1 hour. Then, barium
hydroxide octahydrate (Ba(OH)2 - 8H20) was added in stoichiometric amount to the
reaction mixture. Barium hydroxide neutralizes the sulfuric acid and produces barium
sulfate. The barium sulfate obtained by this reaction was white precipitate component and
was separated out from the reaction mixture using a 0.2 um Whatmann filter. Then, the
analyte present in the filtrate (2 ml) was further extracted in an organic phase. Then, 2 ml
of isobutyl acetate was used as an organic phase for extraction. The analyte containing

isobutyl acetate, obtained by extraction, was mixed with methanol in 50:50 ratios by
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volume. The final mixture of methanol plus isobutyl acetate containing the formaldehyde
derivative was then delivered to a high resolution mass spectrometer. The signals for

formaldehyde 2, 4-Dinitrophenyl hydrazone (m/z = 209) were recorded.

An Agilent Technologies, G6230B TOF- LC/MS was used for the measurements. The ion
source used for the measurements was electrospray ionization and the detector employed
in the spectrometer was time of flight. Typically, syringe flow rate of 1000 pl/hr was used
for ionization. Instrumental operating parameters were optimized for the signal detection.
The fragmentor and skimmer voltage used for the measurement were 175 V and 65 V,
respectively. Gas temperature used was 325 °C. Because, formaldehyde 2, 4-Dinitrophenyl
hydrazone have a functional group that readily loses a proton, the negative ion ESI mode

was used for the ionization.

ESI-TOF-MS

methanol

.

organic phase

A

Ba(OH),.8H,0
extraction
filtrate >
CH,0 in methanol
T _ _ filtration aqueous waste
reaction mixture >
2,4 DNPH in aq. H,SO, BaSO, (waste)

Scheme 2-2. Principle scheme for formaldehyde detection
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Formaldehyde 2, 4-Dinitrophenyl hydrazone and 2, 4-DNPH purchased from Sigma
Aldrich chemicals were used as standards and they were analyzed for signal validation in
the measurements. These standards were analyzed in methanol plus isobutyl acetate
mixture. Different concentrations of formaldehyde from 10 uM to 200 uM were made in
methanol. Following the formaldehyde detection scheme 2-2, formaldehyde solutions were
derivatized by 2, 4-DNPH and analyzed the derivative product by ESI-TOF-MS for signal
intensities of mass fragment (m/z = 209.01). Pure methanol solution was used as blank and
was derivatized with derivatization scheme 2-2 and measured the signal intensities of mass
fragment (m/z =209.01). Calibration curves were reproduced for the standard
formaldehyde derivative (formaldehyde 2, 4-Dinitrophenyl hydrazone) and for
formaldehyde derivative prepared by derivative reaction using different concentrations of

analyte by measuring the intensities of m/z =209.01.

In a model study of photocatalysis, we monitored formaldehyde in UV illuminated TiO>
colloidal suspension. A Xenon arc lamp (150 W, Newport Instruments) along with an IR
filter was used to illuminate the colloidal samples. The UV-illuminated TiO, colloidal
solutions were filtrated by using 0.02 um pore size Whatmann filter prior to derivatization.
Filtration removed TiO particles and made the solution compatible for ESI-MS for
measurements. Formaldehyde detection as its derivative in different solutions were also
performed. A pure methanol and an UV-Vis illuminated methanol were measured as the

blank and control of the measurements, respectively.
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2.4. RESULTS AND DISCUSSION

Our observations indicate that the analysis of formaldehyde present in a bulk and/or neat
methanol solution by mass spectrometry is not promising. Methanol and formaldehyde
showed the common mass fragments (m/z) = 28, 29, 30 in electron ionization (shown in
figure 2-2). It is also reported that the mass fragments of methanol overlapped with the
formaldehyde fragments in mass analysis.® Therefore, detection of formaldehyde in

methanol solution cannot be accomplished by electron ionization of molecules.
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Figure 2-2. Mass spectra (electron ionization) for a) formaldehyde and b) methanol. Data

obtained from NIST Standard Reference Database 69: NIST Chemistry WebBook

Here, we also discuss FTIR technique and the complications that we observed for

quantitative detection of formaldehyde present in methanol solution.
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2.4.1. FTIR Studies of Formaldehyde Solutions

In FTIR measurements, standard formaldehyde solution in methanol showed a
characteristic peak at 1670 cm™ spectral region. According to the manufacturer’s data the
formaldehyde standard solution contains formaldehyde 36.8 % w/w and methanol 12 %
v/v in water. The quantitative determination of formaldehyde present in aqueous methanol
solution is limited because the carbonyl group of formaldehyde and water bending mode
overlap at 1670 cm™ spectral region. We subtracted the peak contribution of water from
the mixture and obtained the calibration curve for pure formaldehyde for 1670 cm™* spectral
region and is shown in figure 2-3, b). The low value of molar extinction coefficient, 8.6 +
0.2 Imol~tcm for pure formaldehyde obtained in this work is indicative of vibrational band
that the carbonyl group of formaldehyde is dominated by the water bending mode. It has
also been reported that formaldehyde quickly reacts with water forming methylene glycol
(OH-CH2-OH) to more than 99.5 % at room temperature.!” Therefore, the quantitative
determination of formaldehyde in its solution phase present in bulk methanol solution

cannot be accomplished by FTIR.
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Figure 2-3. FTIR measurements of formaldehyde in methanol a) overlay plot for standard
formaldehyde and pure water made in methanol solution. Note that green represents 0.6 M
formaldehyde in methanol and black represents the corresponding water content in
formaldehyde mixture b) calibration curve for standard formaldehyde solution and
formaldehyde in methanol solution for spectral region at 1670 cm™. Note that absorbance
for formaldehyde in methanol is obtained by subtracting the absorbance of corresponding

concentration of water from absorbance of standard formaldehyde solution.

2.4.2. UV-Vis Studies of Formaldehyde Solutions

In this work, we apply UV-Vis technique to analyze formaldehyde present in methanol
solution. Here, formaldehyde is measured as its derivative product, formaldehyde 2, 4-
Dinitrophenyl hydrazone prepared by derivative reaction between the formaldehyde and 2,
4-DNPH prepared in aqueous sulfuric acid solution. Formaldehyde prepared from 6.25 uM
to 100 M concentration in aqueous sulfuric acid solutions were derivatized and extracted

in isobutyl acetate. We adapted the method for formaldehyde derivative preparation to
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measure the derivative product by UV-Vis technique.®® The derivative product obtained in

isobutyl acetate was examined by UV-Vis spectrometer.
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Figure 2-4. a) UV-Vis spectra for formaldehyde derivative solution after extraction in
isobutyl acetate b) calibration curve for formaldehyde derivative, formaldehyde 2, 4-
Dinitrophenyl hydrazone, prepared from derivatization reaction ¢) UV-Vis spectrum for
25 UM 2, 4-DNPH in isobutyl acetate d) Overlay plot. Note that (------ ) represents

formaldehyde 2, 4-DNPH and (------- ) represents 2, 4-DNPH in isobutyl acetate.
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The UV-Vis measurement of the formaldehyde derivative, formaldehyde 2, 4-
Dinitrophenyl hydrazone have a strong absorption peak at 343 nm region (shown in figure
2-4, a). 1 cm cuvette was used in the measurements and extinction coefficient obtained
from the measurements for formaldehyde derivative is 20 x 10° Imolcm™. Interestingly,
the derivative reagent 2, 4-DNPH also have the absorption at 343 nm region shown in
figure 2-4, c) and d). Because both formaldehyde derivative and its derivative reagent, 2,
4-DNPH showed the absorption peak overlapped at 343 nm region, quantitative
measurement of the formaldehyde as its derivative detection by UV-Vis measurements is
also compromised. It should be noted that the signal for absorption in these compounds
could be from ring-to-ring transition in 2, 4-DNPH rather than that with formaldehyde

moiety.

2.4.3. Formaldehyde Detection by Derivatization
2.4.3.1. Quantitative Study of Standard Formaldehyde Derivative

In this section, we employ the standard formaldehyde derivative i.e. formaldehyde 2, 4-
Dinitrophenyl hydrazone obtained from Sigma Aldrich chemical for its detection using
electrospray ionization mass spectrometer. Standard formaldehyde derivative solutions
were prepared from 0.625 ppm to 7.5 ppm concentrations in methanol plus isobutyl acetate
in 1:1 v/v mixture and they were analyzed for signal intensities of mass fragment, m/z =
209.01 (shown in figure 2-5, a) in ESI-TOF-MS. Calibration curve for standard
formaldehyde derivative is shown in figure 2-5, b). This analysis for standard compound
is for the signal validation of derivative compound and for its quantitative analysis in

methanol plus isobutyl acetate mixture at 1:1 v/v ratio in negative ion mode of electrospray
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ionization. We used methanol plus isobutyl acetate 1:1 v/v mixture as ESI solvent for all

quantitative measurements.

30000 le+5
3) miz = 209.01 b)
25000 1 gera | V= 12033 X + 9963.8
2 R? = 0.9916
20000 1 =
> 8 6e+4
£ 15000 1 2
] [0}
E g de+d m/z =209.01
10000 1 E
2e+4 -
5000 :
0 ' o }\‘ L 0 T T T
0 2 4 6 8
206 208 210 212 214 Formaldehyde 2,4-DNPH, ppm

m/z

Figure 2-5. ESI spectrum and calibration curve obtained for standard compound
(formaldehyde 2, 4-Dinitrophenyl hydrazone) prepared in methanol and isobutyl acetate
mixture a) spectrum for standard compound (formaldehyde 2, 4-Dinitrophenyl hydrazone)
b) calibration curve for standard compound (formaldehyde 2, 4-Dinitropheyl hydrazone)

prepared in methanol and isobutyl acetate mixture in different concentrations.

2.4.3.2. Quantitative Study of Formaldehyde Present in Aqueous Solution

It has been reported that methanol oxidation product, formaldehyde in sulfuric acid solution
is quantitatively analyzed through its derivatization by using electrospray ionization mass
spectrometry.'® Following the modified procedure of W. Zhao et al. for formaldehyde
derivatization, formaldehyde derivative (formaldehyde 2, 4-Dinitrophenyl hydrazone) was
prepared from the derivative reaction of formaldehyde with 2, 4-DNPH. In this work,

standard formaldehyde and 2, 4-DNPH, both solutions were made in aqueous 0.5 M
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sulfuric acid. The derivatization reaction was performed for 1hr and the derivative product
obtained was then extracted to isobutyl acetate. This extraction process effectively removes
sulfuric acid in the aqueous waste from analyte mixture. The analyte mixture extracted in
isobutyl acetate was mixed with methanol in 50:50 ratios by volume prior to their
measurements using electrospray ionization time of flight mass spectrometer. The

procedure is depicted on scheme 2-3.

ESI-TOF-MS

methanol

.

organic phase

A

CH,O0 in aqueous sol

extraction
reaction mixture >

\.
e ‘,

2,4 DNPH in aq. H,SO,

aqueous waste

Scheme 2-3. Scheme for detection of formaldehyde present in the aqueous mixture.

For quantitative analysis, we prepared the standard formaldehyde solution in different
concentrations from 10 uM to 200 uM in ag. 0.5 M sulfuric acid solution and were
derivatized with 2, 4 DNPH prepared in agq. 0.5 M sulfuric acid solution. The quantity of
formaldehyde present in aqueous solution was measured as signal intensities of mass
fragment, m/z = 209 for derivative product (formaldehyde 2, 4-Dinitrophenyl hydrazone).

Calibration curve obtained by these measurements is shown in figure 2-6.
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Figure 2-6. Calibration curve for standard formaldehyde present in aqueous solution. Note

signal intensity counts shown in the curve is for mass fragment (m/z =209.01).

Our observations reveal that calibration curve obtained for formaldehyde have a linear
regression (R? = 0.94). We believe this deviation from linear behavior is due to traces of
sulfuric acid present in organic phase that come along with the extraction process. It should
be noted that formaldehyde solution obtained from Sigma Aldrich chemicals used in this
measurement contains 12 % v/v of methanol as a stabilizer. Since isobutyl acetate and
methanol are miscible solvents, sulfuric acid that mixed in methanol in derivatization
reaction could come in the organic phase by extraction. Here, we discuss different new
approach to neutralize the sulfuric acid and to remove HSO4 that present in extracted
analyte mixture in isobutyl acetate. We introduced ammonium hydroxide to the extracted
organic phase. Ammonium hydroxide reacts with sulfuric acid readily and forms

ammonium sulfate. The reaction is shown below
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2NH,OH + H,S0, — (NH,),S0, + 2H,0

Scheme 2-4. Scheme for neutralization of sulfuric acid present in analyte mixture

It is noteworthy that the ammonium sulfate produced as a reaction byproduct is volatile
and low concentration of volatile salt is tolerable to the ESI and does not interfere with the
measurements. Therefore, ammonium hydroxide treatment to neutralize the traces of
sulfuric acid and subsequent analyte measurements look a promising approach. But, the
results we obtained for different solutions after this treatment is not convincing. ESI
measurements showed that ion counts for the analyte is substantially increased after
ammonium hydroxide treatment shown in figure 2-7. It is important to note that the
ammonium hydroxide remained in analyte mixture cannot be reproducibly controlled. It is
expected that ammonium hydroxide remained in analyte mixture acts as ion enhancer for
negative ion mode of ESI measurements. Therefore, this approach suffers with the
complication of random ion counts response caused by presence of ammonium hydroxide.
We need to have a linear curve in the range from 10 uM to 200 uM concentration of
formaldehyde in solution. The quantitative curve obtained for signal of formaldehyde

derivative (m/z =209.01) after ammonium hydroxide treatment is shown below.
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Figure 2-7. Quantitative plot obtained for formaldehyde derivative (m/z =209.01) after
treatment with ammonium hydroxide. Note: formaldehyde in ag. 0.5 M sulfuric acid is the

starting solution.

Although the calibration curve is not optimal. We decided to move forward to methanol

solutions because that is our main interest.

2.4.3.3. Formaldehyde Present in Non-Aqueous Methanol Solution

We require a method to measure the amount of formaldehyde formed in colloidal TiO>
methanol suspension. Determination of formaldehyde in methanol solution through its
derivatization in acidic solution and its subsequent detection by ESI measurement is of
fundamental interest for the photocatalytic model system we study.

A number of problems have to be resolved in order to make ESI-MS applicable for the
analysis of formaldehyde in colloidal TiO2 in neat methanol. First, we derivatized the
formaldehyde made in methanol by 2, 4-DNPH made in sulfuric acid solution following

the modified procedure of W. Zhao et al. for formaldehyde derivatization. The
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formaldehyde derivative formed in the reaction mixture is further extracted in isobutyl
acetate. The extracted organic phase is mixed with methanol in (1:1 v/v) ratio and
subsequently injected the solution into the ESI-MS. A mixture of methanol and isobutyl

acetate is a solvent used in the ESI measurements.
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Figure 2-8. ESI spectrum for formaldehyde derivative solution prepared from 150 uM

formaldehyde in methanol solution with 2, 4 DNPH in 0.5 M sulfuric acid.

Interestingly, ESI spectrum showed the peak for mass fragment, m/z = 96.98 as a
predominant constituent in the solution and all other peaks and/or ions were greatly
suppressed. The isobutyl acetate solution obtained after extraction was measured by pH
meter and found acidic in nature, pH in between 2 to 4. Therefore, we assign the peak for
mass fragment, m/z = 96.98 for sulfuric acid (98.08 g/mol). This showed that there is a
significant amount of sulfuric acid extracted to isobutyl acetate and they caused the
suppression of other ions. Presence of sulfuric acid in organic phase not only affect the

ionization of molecules but also cause corrosion of the ESI components.®® It is noticeable
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that isobutyl acetate is polar but immiscible with water; however, they are miscible with
methanol. Moreover, methanol is completely miscible in water. Therefore, complete
separation of analyte from sulfuric acid matrix predominately composed of methanol is not
possible by isobutyl acetate extraction. Our experimental results show sulfuric acid content
in isobutyl acetate has several complications to ESI-TOF measurements. Therefore, we
need to develop an appropriate approach to remove the sulfuric acid from the analyte before
running the ESI-MS. First, we attempted to neutralize the sulfuric acid by adding
ammonium hydroxide (NHs+OH) to the extracted organic phase. Although this approach
ensured the minimization of sulfuric acid signal and enhancement of other signals in
ionization, we were unable to reproducibly control the sulfate (SO4%) in solution. Our
observation showed erratic ion responses from run to run and often resulted in no counts
on ESI measurements. Therefore, we could not reproduce the calibration curve over the
different concentrations of analyte for quantitative analysis. Moreover, ammonium sulfate,
(NH4)2S04 formed as a byproduct of the reaction is water soluble that we cannot uniformly
control its concentration in the solvent. In most cases, concentration of ammonium sulfate
exceeds the tolerable range to the ESI-MS and often resulted in no ionization at m/z of
derivative product. Another approach we applied was to use of rotary evaporator and/or
vacuum techniques for the removal of sulfuric acid from the solution mixture.
Administration of these techniques caused the decomposition of analyte prior to reaching

the optimum condition to evaporate the sulfuric acid from the mixture.

Here, we developed a new strategy to make the solution applicable for ESI-TOF
measurements. The advancements in the procedure include neutralization of sulfuric acid

by acid base reaction and subsequent removal of the salts formed as a byproduct from the
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reaction mixture. To achieve this objective, we chose the base that should readily neutralize
the sulfuric acid and forms an insoluble byproduct. For this purpose, we explored the
various bases. Since salts of sodium and potassium sulfate are soluble in reaction mixtures
and cannot be easily removed, sodium hydroxide and potassium hydroxide are not
advisable. We also used barium carbonate to neutralize the sulfuric acid in the reaction
mixture. Our observations reveal reaction with barium carbonate (BaCO3) was not
successful because pH of the reaction mixture did not go up above 1.83 even after stirring
48 hours at 40 °C on hot plate. Therefore, choice of the base is the challenging step for the

successes of the experiment.

In the present work, we introduced the barium hydroxide octahydrate, Ba(OH)2-8H.0 as a
suitable reagent to achieve our goal. Barium hydroxide reacts with sulfuric acid and

produces a barium sulfate, a white insoluble precipitate.

H,SO0, + Ba(OH), — BaS0, ! +2H,0

Scheme 2-5. Scheme for neutralization of sulfuric acid present in reaction mixture

We used 0.2 um pore size Whatmann filter to remove a white insoluble precipitate, BaSO4
from reaction mixture. This filtration eliminates the bulk sulfate constituents from the
solution and protects the ESI components from corrosion. Furthermore, we did not
reproducibly achieved neutral (pH~7) filtrate solutions from the different concentrations of
analyte prepared. This indicate the traces of sulfuric acid and/or barium hydroxide remain
in filtrate as unreacted reagents. Sulfuric acid suppressed the ion counts discussed earlier
in the chapter and barium hydroxide is expected to enhance the ion counts in negative

ionization mode of ESI measurements. Therefore, the calibration curve for the derivative
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product prepared from different concentrations of formaldehyde in methanol could be
deviated from the linearity due to presence of trace sulfuric acid and/or barium hydroxide
in analyte solution. Here, we further extracted the analyte by isobutyl acetate to remove the
traces of unreacted reagents. To test this method, we prepared the standard formaldehyde
solution in different concentrations from 10 uM to 200 M in methanol solution and were
derivatized with 2, 4-DNPH solution prepared in 0.5 M H>SO4 solution. Quantity of
formaldehyde present in methanol was measured as signal intensities of mass fragment,
m/z = 209 for formaldehyde 2, 4-Dinitrophenyl hydrazone. Here, we were able to
reproduce a good calibration curve (R?> > 0.99) over the concentration range of
formaldehyde from 10 uM to 200 pM made in methanol. Calibration curve obtained in the
measurements is shown in figure 2-9, b. These results demonstrated the validity of the
proposed approach and underpinned the suitability of the method for quantitative
measurements of formaldehyde present in the methanol solution. To the best of our
knowledge, this is the first report for quantitative measurements of formaldehyde at micro
molar quantity present in neat methanol solution. The limit of detection (LOD) and limit
of quantification (LOQ) for formaldehyde obtained in the measurements are 7.75 pM and
25.85 uM, respectively. The limit of detection and limit of quantification of chemical

analysis is determined as described in.®



39

20000 12000
a) b) y=50.86 x+770.05
m/z = 197.01 10000 R =0.993
15000
8000 -
> 2
210000 - g 6000 | miz = 209.01
2 miz=20001 | E Z=am
- 4000 H
5000 1
2000 -
OL_L ) .A;‘hxdhf.lAlA'A l,. ‘L,AAL‘ 0 T T :
185 190 195 200 205 210 215 0 50 100 150 200
m/z formaldehdye conc™ in methanol (M)
30000
9 miz = 197.01 d)
30000 - - ' =
25000 m/z = 209.01
20000 H
£ 20000 | 2
g 2 15000 |
C -
= <
10000 - 10000 1
b 5000 -
0 ‘ : ‘ : ‘ ) \L L
185 190 195 200 205 210 215 206 208 210 212 214
m/z m/z

Figure 2-9. ESI spectra and calibration curve for formaldehyde in methanol as its
derivative, formaldehyde 2, 4-Dinitrophenyl hydrazone a) spectrum for formaldehyde 2,
4-Dinitrophenyl hydrazone prepared by derivatization of 150 pM formaldehyde in
methanol solution b) calibration curve obtained for formaldehyde in methanol as derivative
product (formaldehyde 2, 4-Dinitrophenyl hydrazone, m/z =209.01) c¢) spectrum for 2, 4-

DNPH (standard) d) spectrum for formaldehyde 2, 4-Dinitropheyl hydrazone (standard).

In Figure 2-9. a) Signals for m/z = 197.01 and 209.01 are of 2, 4-DNPH and formaldehyde
2, 4-Dinitrophenyl hydrazone, respectively. The 2, 4-DNPH (198.14 g/mol) is derivative

reagent used in the reaction of formaldehyde derivatization and formaldehyde 2, 4-
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Dinitropheyl hydrazone (210.14 g/mol) is the formaldehyde derivative product formed in
the reaction. Both signals obtained for formaldehyde 2, 4-Dinitrophenyl hydrazone and 2,
4-DNPH are validated by analyzing the standards prepared in methanol and isobutyl
acetate (1:1 v/v) mixture. Mass spectra obtained by ESI-TOF measurements for standards

are shown in figure 2-9, c) and d).

2.4.3.4. Formic Acid Effect on Formaldehyde Detection

We also analyzed formic acid and investigated its effect on the signal intensities of mass
fragment, m/z = 209.01 in ESI-TOF measurements. Since formic acid is reported as one of
the methanol oxidation product,'31® and formaldehyde and formic acid species are likely
intermediates for methanol photo oxidation reaction, study of formic acid effect on
formaldehyde measurement is important. For this, we prepared the standard solution of
formic acid in methanol and performed the derivatization reaction in a same scheme

(scheme 2-2) used for formaldehyde measurement in ESI-TOF.
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Figure 2-10. ESI spectrum obtained from formic acid derivatization in methanol.
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In Figure 2-10. We did not observe the signal of mass fragment, m/z = 209 in the derivative
solution prepared from formic acid. However, the peak for mass fragment, m/z = 197.01 is
dominant in the spectrum obtained that indicate 2, 4-DNPH present in solution as an
unreacted reagent. This result indicates that the formic acid present in methanol solution
does not interfere with formaldehyde. The proposed scheme indicates the signal, m/z =
209.01 is purely from the formaldehyde. Overall, these results suggest the proposed method
is suitable for qualitative and quantitative analysis of liquid phase formaldehyde present in
methanol. We used this method to study the liquid-phase methanol oxidation product,
formaldehyde in colloidal solution of TiO>. Based on the calibration curve we produced
for formaldehyde by its derivative detection using ESI-TOF, we can estimate the amount

of formaldehyde present in methanol quantitatively.

2.5. CONCLUSION

We have reported a protocol to detect formaldehyde in neat methanol solution at low
concentration (10 uM to 200 uM). The data demonstrated that this method is useful for the
quantitative study of formaldehyde present in methanol solution. The performance of the
method was tested and validated with standard solution for the quantitative study.
Determination of formaldehyde in methanol by its derivative detection suffers from the ion
suppression effect of H2SO4 or H SO4~. We solved this problem by removing sulfuric acid
using barium hydroxide. The data from this work show that formaldehyde signal obtained
as its derivative is free of interferences from matrix components: 2, 4-DNPH, formic acid,
methanol and isobutyl acetate. This scheme for quantitative analysis of formaldehyde can

be extended in other different solvents such as ethanol and propanol. We used this method
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to study methanol photo oxidation product, formaldehyde in colloidal suspension of
anatase under a model reaction of photocatalysis. At last, we believe that this method is an
excellent tool for evaluating the solution analysis of formaldehyde present in methanol

solvent.
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CHAPTER 3

MEASUREMENTS OF CARBON DIOXIDE IN SOLUTION

3.1. ABSTRACT

We describe a method for quantitative analysis of carbon dioxide dissolved in methanol.
This method involves the determination of dissolved carbon dioxide in methanol by
detection of its adduct, sodium carbonate using titration with sodium hydroxide. In this
method, sodium hydroxide is used to react with dissolved carbon dioxide in methanol
solution. The reaction adduct, sodium carbonate that formed is titrated with standard
hydrochloric acid. We employed auto-titration with glass pH electrode sensor for these
measurements. We also studied the titration of standard mixtures in water and binary
(methanol-water) mixture as a reference system. This method is reliable and simple. In this
chapter, we present the measurement of dissolved carbon dioxide in methanol using
titration technique. Carbon dioxide solution was prepared with purging CO- gas or adding
dry ice. In both preparations, we measured the concentration of dissolved carbon dioxide

at room temperature.
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3.2. INTRODUCTION

The quantitative study of carbon dioxide dissolved in methanol solution is a subject of
broad scientific interest for the design, development and optimization of various research
and industrial work.> Many researchers are actively involved in carbon dioxide reduction,
absorption and transformation processes. The reduction, absorption and transformation of
carbon dioxide into fuel or other environmental friendly species are attractive as they play
important roles in solving the global environmental threat caused by ever increasing
urbanization and industrialization and, in addressing the energy challenges associated with
continued use of fossil fuel.X 2 3 4 In direct methanol fuel cell (DMFC), methanol
conversion into carbon dioxide is a promising route for electricity.> Transition metal based
catalysts, Rh and Ir polypyridyl complexes,® Pt and Pd electrode materials® and many other
materials are being used in electrocatalytic and photocatalytic carbon dioxide reduction
process. Quantitative analysis of carbon dioxide in solution is important for system
characterization and optimization of such a study. In this chapter, we present the method
for determination of carbon dioxide present in solution. We used this method to study
methanol oxidation process in a model system of photocatalysis. We describe our model
that includes the quantitative analysis of CO. as a reaction byproduct in details in chapter
4. In a model reaction of photocatalysis, we use ca. 20 nm size anatase nanoparticles
suspended in a colloid as a photocatalyst. The fundamental understanding of mechanistic
and kinetic view of this photocatalytic reaction necessitates an appropriate method to
determine dissolved CO> in methanol in a solution phase study. Solubility of carbon
dioxide in methanol has been reported earlier by molecular simulation.” Schuler and

coworkers also reported the solubility of carbon dioxide in methanol and binary (methanol-



46

water) mixture by titration method.® The reported method described the titration between
barium carbonate and hydrochloric acid. In the measurements, barium carbonate adduct
was obtained with several reaction steps. The reported method is an expensive and time
consuming. Here, we present a simple and fast method to determine the dissolved carbon
dioxide in methanol. This method is also useful for determination of dissolved carbon
dioxide in water and binary (methanol-water) system. We used the standard carbon dioxide
solution obtained by this method for its quantitative study using FTIR and is described in
chapter 4. The main interest of this work is to measure the carbon dioxide as a reaction

byproduct in model study of photocatalysis.

3.3. EXPERIMENTAL SECTION
3.3.1. Chemical Reagents

All the reagents used were of analytical grade. Sodium hydroxide, sodium carbonate and
hydrochloric acid were purchased from Sigma Aldrich chemicals (Milwaukee, USA).
Spectrophotometric grade methanol was also purchased from Sigma Aldrich chemicals.

Dry ice was used as received.

3.3.2. Solution Preparation

Carbon dioxide in methanol solution was prepared by using CO2 gas or dry ice. The
saturated solution of CO> prepared in methanol was adjusted and maintained at room
temperature prior to measurements. All prepared CO> and reaction solutions were kept in
a glass vial and sealed with a rubber septum subsequently. Special care was taken to
minimize the impurities in solution during manipulation. 0.25 M sodium hydroxide

solutions were prepared in water and binary methanol-water mixture. The binary methanol
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water mixture contains 1:1 v/v ratio. 0.10 N hydrochloric acid was used as a titrant as
received from Sigma Aldrich chemicals. All aqueous solutions were prepared in 18 MQ.cm

water (Barnstead Nanopure, Thermo Scientific).

3.3.3. Method

In this method, standard sodium hydroxide solution prepared in water was mixed with
carbon dioxide solution in methanol prepared by bubbling CO> gas or spangling dry ice.
Reaction between the dissolved carbon dioxide in methanol and sodium hydroxide is
shown below

2 NaOH + CO, - Na,CO; + H,0 (3.2)

In this reaction, sodium hydroxide was added in an excess amount in the reaction mixtures.
Carbon dioxide dissolved in methanol was determined by monitoring the sodium carbonate
that formed by the reaction between sodium hydroxide and carbon dioxide. We used auto-
titration technique to determine the amount of sodium carbonate in solution. The analyte
mixture was titrated with standard 0.10 N hydrochloric acid. Auto-titrator hooked with
glass pH sensor was used in pH measurement in the titration. The glass pH electrode was

calibrated with the buffer solution of pH 2, 4 and 10 before the measurements.

3.3.4. Titration

In titration, standard hydrochloric acid was used as a titrant for neutralization of the
mixture containing sodium carbonate and sodium hydroxide. Hydrochloric acid reacts with
sodium carbonate and excess sodium hydroxide present in the solution. Hydrochloric acid

first neutralize the excess sodium hydroxide present in solution. After complete
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neutralization of sodium hydroxide, further addition of hydrochloric acid reacts with
sodium carbonate. The neutralization reaction occurring during titration are shown in the

equation.

NaOH + HCl - NaCl + H,0 (3.2)

Na,CO; + 2HCl — 2 NaCl+ CO, T + H,0 (3.3)

Here, two mole of hydrochloric acid are consumed per mole of sodium carbonate.
Therefore, when one equivalent of hydrochloric acid is used to titrate the carbonate, it is
transformed into bicarbonates while another equivalent of hydrochloric acid is used for the
complete neutralization. The reaction involved for complete conversion of sodium

carbonate into the salt are shown below.

Na,CO; + HCl - NaHCO; + NaCl (3.4)

NaHCOs + HCl — NaCl + H,0 + CO, 1 (3.5)

The sharp change in pH in the titration curve of standard mixture (sodium hydroxide and
sodium carbonate) vs standard hydrochloric acid shown in figure 3-1 is an indication of an
equivalence point. In the method, when mixture of sodium hydroxide and sodium
carbonate is titrated with standard hydrochloric acid, two equivalence end points are
obtained. First equivalence point corresponds to all hydroxide and half of the carbonate
consumption and second equivalence point corresponds to all the hydroxide and all the
carbonate consumption. For simplicity, equivalence points obtained in the titration are

denoted by the volume of titrant V1 and V>, respectively.

Volume of HCI, V1 = all hydroxide + half of carbonate
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Volume of HCI, V2 = all hydroxide + all carbonate

Scheme 3-1. Scheme for equivalence points calculation in titration

Therefore, the volume of HCI that corresponds to half carbonate consumption and that to
all carbonate consumption are calculated by V = (V2-V1) ml and 2V ml, respectively.
Similarly, the volume of HCI corresponds to excess hydroxide consumption is calculated

by (V2 —2V) ml.

3.4. RESULT AND DISCUSSIONS

Amount of dissolved carbon dioxide in methanol was analyzed by determination of sodium
carbonate (carbon dioxide adduct) using auto-titration method. As a reference
measurement, we performed the titration between the standard solution mixture vs
hydrochloric acid. The titration method used in determination of dissolved carbon dioxide
in methanol was tested and validated by analyzing the standards mixture prepared in water

and binary (water-methanol) solvent.

3.4.1. Method Validation

For testing and validation of this method, 20 ml solution of 0.1 M sodium hydroxide was
mixed with 10 ml of 0.1 M sodium carbonate solution. Both solutions were freshly
prepared and subsequently standardized with standard hydrochloric acid as described. The
mixture composed of sodium hydroxide and sodium carbonate was titrated with 0.1 N
hydrochloric acid. Titration experiments were also performed in binary (water-methanol)
mixture for method validation. We observed the two equivalence points in the titration
curve obtained in these measurements. It is noteworthy that equivalence point

corresponding to consumption of sodium hydroxide is barely noticeable in pure water
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solvent shown in figure 3-1, a) (labelled 1) in titration curve). In contrast to this, we did

not discover the equivalence point for neutralization of sodium hydroxide in binary

methanol-water mixture (shown in figure 3-2, a).
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Figure 3-1., a) Titration curve for mixture (0.1 M NaOH (20ml) + 0.1 M Na>COs (10ml)

vs 0.1 M HCI in aqueous media 1) equivalence pt. for neutralization of NaOH 2) first
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equivalence pt. for Na2CO3 3) second equivalence pt. for Na, CO3 b) first derivative plot

c) second derivative plot
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Figure 3-2., a) Titration curve for mixture (0.1M NaOH (20ml) + 0.1 M Na2COz (10ml) in
binary methanol-water (1:1 v/v) mixture vs 0.1 M HCI b) first derivative plot b) second

derivative plot

The solution contains two bases, OH and COs*. Because of different strength of bases,

we observed inflection points at the different regions in the titration curve. First inflection
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point is at ~pH 11.3, barely visible. Second and third are much clear at around pH 8.31 and
4, respectively. It is well known that the stronger base, the easier it reacts with acid. In this
study, sodium hydroxide is strong base and therefore neutralize at first. When all carbonate
are converted into bicarbonate, the pH of the solution is approximately 8.31, (pka1 +pkaz)/2
= (6.37+10.25)/2 = 8.31. Then, all bicarbonate are converted into the carbonic acid at
around pH 4. These inflection points in titration are also called equivalence points and, are
estimated by first and second derivative plot. Concentration of sodium hydroxide and
sodium carbonate present in the mixture were determined based on the calculation model

devised as described. The mixtures concentrations are tabulated below.

Table 3-(1). Results from titration of standard sodium hydroxide and sodium carbonate

mixture vs standard hydrochloric acid in different solvent system

HCI for half HCI for full HCI for
NaOH
V1 Vs carbonate carbonate consumption | Na;COs
Solvents conc"
(ml) | (ml) | consumption | consumption, of NaOH conc",M
(M)
(V=V2-Vy) 2V (ml) (V2-2V), ml
Water | 28.69 | 38.48 9.79 19.58 18.9 0.0979 | 0.094s
Binary
MeOH-
28.75 | 38.63 0.88 19.76 18.87 0.0988 | 0.094;
water
mixture
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This data point out that the titration end point was not shifted significantly in the methanol
solvent composition. In both solvent systems, the experimental results were found to be in
good agreement with each other and with prepared and standard solutions concentration
value. This provides strong evidence for the application of the method in binary methanol-
water mixture system. With this validation of method in binary methanol-water mixture,
we used this method for the determination of dissolved carbon dioxide in methanol. The
motivation of this work is from quantitative analysis of carbon dioxide produced as a

reaction byproduct in colloidal TiO2 suspension under photocatalytic model system.

3.4.2. Titration Measurement of Carbon Dioxide Dissolved in Methanol

Here, we used the modified warder titration method for determination of carbon dioxide
dissolved in methanol by detection of its adduct, sodium carbonate. Sodium carbonate is
formed by the reaction between carbon dioxide and sodium hydroxide in methanol
solution. It has been reported that solubility of dissolved carbon dioxide in methanol at 299
K at its saturated condition® is, %oz = 5.37 x 1073, This corresponds to 129 mM
concentration. Therefore, preparation of saturated carbon dioxide solution in methanol is
crucial for the validation of proposed method for the quantitative study. Since the warder
titration method is simple, fast and accurate enough, use of this method for determination

of carbon dioxide dissolved in the methanol gained significant attention.

In this work, we present titration results for determination of dissolved carbon dioxide

solution in methanol prepared by two different ways.

i) By purging carbon dioxide gas into the methanol solution

i) By adding dry ice in methanol and bringing the solution to room temperature



54

The solutions prepared from both ways were titrated. In both solutions, two equivalence
end points were observed indicating the formation of sodium carbonate adduct by the
reaction of dissolved carbon dioxide with sodium hydroxide. This observation underpinned
the suitability of the proposed method. Further, for the method validation saturated solution
of carbon dioxide was prepared in methanol and titration results obtained were compared
with the reported value. Titration curve obtained in solution prepared by purging the carbon

dioxide in methanol is shown in figure 3-3.
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Figure 3-3., a) Titration curve for carbon dioxide dissolved in methanol made by purging
CO2 gas for 2 hours (10 ml) and 0.25 M (15 ml) NaOH vs 0.1 M HCI solution b) first

derivative plot c) second derivative plot
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Table 3-(2). Titration results obtained from carbon dioxide solution prepared by purging

CO- gas in methanol.

HCL for HCL for CO;
1st 2nd
half full Carbonate | conc"in
Method | equivalence | equivalence
carbonate, | carbonate, (mole) methanol
point, ml point, ml
ml ml (M)
CO;
purging 4
hrs. 9.177 12.56 3.389 6.778 0.0003389 | 0.0233;
CO;
purging 2
hrs. 26.594 36.05 9.463 18.926 0.0009463 | 0.09465;

Itis clearly indicated that the values obtained in the measurements are less than the reported
one for saturated carbon dioxide concentration in methanol. Moreover, values obtained
from titrations are inconsistent with time of gas purging. We observed low concentration
of dissolved carbon dioxide with longer hours of purging and vice versa. This results

implies the flow rate of gas purging need to be controlled for reproducible solubility results.

Secondly, we prepared the dissolved carbon dioxide solution in methanol solvent by adding
dry ice in methanol. In this method, the dry ice was added into the methanol solution, then

solution mixture was brought to room temperature and kept in a vial with a great care to
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maintain its saturation. The vial was sealed with a rubber septum to prevent the loss of
carbon dioxide from prepared solution composition. The titrations were performed on the
solution after mixing of 10 ml of carbon dioxide dissolved methanol solution with 20 ml

of 0.25 M sodium hydroxide solution
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Figure 3-4. a) Titration curve for dissolved COz in methanol made by adding dry ice and
20 ml 0.25 M sodium hydroxide vs 0.1 M HCI standard solution b) first derivative plot c)

second derivative plot
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Table 3-(3). Titration results obtained for dissolved carbon dioxide in methanol made by

dry ice are listed below

HCL for HCL for
CO;
1st 2nd half full
Carbonate conc"in
Trials equivalence equivalence carbonate carbonate
(mole) MeOH
point, ml point, ml consumption | consumptio
(M)
, mi n, ml
Dryicein
33.789 48.979 15.19 30.38 0.001519 0.1519
methanol, 1
Dryicein
34.709 49.011 14.302 28.604 0.001430 0.1430
methanol, 2
Dryicein
35.662 48.98 13.32 26.636 0.001331 0.1331
methanol, 3

These results indicate that concentration of carbon dioxide in methanol show a good
agreement to the value reported in the literature for saturated concentration of dissolved
carbon dioxide in methanol (129 mM).2 It is noticeable that there is a small decrease in
concentration of carbon dioxide in each new trial. This is because in each new trial, a new
equilibrium is established between the gaseous and dissolved carbon dioxide inside the vial
due to solution manipulation. Experimental results show that this method is suitable for
preparation of saturated solution of carbon dioxide dissolved in methanol for our

experimental conditions.



58

We used the standard saturated solution of carbon dioxide obtained by this method for its
quantitative analysis using FTIR technique. FTIR measurement shows the strong
absorption peak at 2340 cm™ spectral region for saturated carbon dioxide solution in
methanol and is assigned as asymmetric stretching mode of carbon dioxide, shown in figure

3-5.
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Figure 3-5. FTIR spectrum for saturated carbon dioxide in methanol

The quantitative analysis of carbon dioxide in methanol using FTIR is described in chapter
4. The main interest of this study is to measure the amount of carbon dioxide produced in

methanol oxidation reaction as model system of photocatalysis and is described chapter 4.

3.5. CONCLUSION

The method for the quantitative analysis of carbon dioxide in methanol solution is
developed. We discovered this method as a simple, fast and accurate for the measurements.

Study on standard solutions analysis were conducted to validate this method. Observation
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of two equivalence end points in the titration indicate the formation of sodium carbonate
adduct by the reaction of dissolved carbon dioxide with sodium hydroxide. We used the
method for determination of carbon dioxide in solution prepared from dry ice adding and
CO2 gas purging. This method can be used for determination of amount of carbon dioxide

present in other solvents such as propanol, acetonitrile and butanol.
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CHAPTER 4

PHOTOCATALYTIC STUDY OF TiO2 COLLOIDAL SUSPENSION IN NON-
AQUEQOUS SOLVENT

4.1. ABSTRACT

We present a study of the methanol photo-oxidation reaction using anatase NPs as a model
photocatalyst for colloidal suspensions. We perform our reactions with suspended anatase
nanoparticles of ca. 20 nm diameter. Our model includes photo-oxidation of methanol to
formaldehyde under controlled conditions that minimize the content of water and oxygen.
We investigate the reaction products from the photo-oxidation of methanol under an inert
atmosphere (Ar) by analyzing the solution phase. Fourier transform infrared spectroscopy
(FTIR) and electrospray ionization (ESI) techniques are employed to detect methanol
oxidation products to provide a comprehensive view of this process. In this work, we report
the analytical method to detect formaldehyde in a matrix predominantly composed of
methanol by detection of a derivative in ESI. Our observations indicate that formaldehyde
is the predominant photo-oxidation product for UV- Vis illuminated TiO; suspension in
methanol. Interestingly, our measurements did not show carbon dioxide or formic acid as
a product. In this report, we describe the mechanistic pathways for the conversion of
methanol into formaldehyde and rate of formaldehyde formation intrinsic to semiconductor
nanoparticles in its colloidal suspension. We discuss the qualitative and quantitative
analysis of the possible methanol byproducts and its implications for the

photoelectrochemical measurements of colloidal NPs.
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4.2. INTRODUCTION

Semiconductor nanostructure materials have been used extensively as active components
in photocatalysis and photovoltaics devices. TiO, NPs are a promising type of material as
photocatalyst. It has gained significant attention and has become widely studied because
of its excellent photochemical stability, strong oxidizing power and good photochemical
properties.? 3 The photocatalytic activity of TiO, was first illustrated by Fujishima and
Honda in 1972.% 4 Since then, this material has been continuously studied as a
photocatalyst in different systems. TiO2 exhibits a large band energy of ~3.2 eV for anatase
and ~ 3.0 eV for rutile.® * When TiO; is irradiated by photons with an energy higher than
or equal to its band gap, the electrons can be promoted to the conduction band (CB)
generating holes (h*) in the valence band (VB).> ® This fundamental principle of photo
generated electrons and holes can be extended to a wide array of applications such as photo

oxidation of organic pollutants, water splitting and solar energy conversion.’

Methanol photo-oxidation reaction using TiO2 as a photo catalyst is a model reaction. This
reaction has been studied in different models and systems and has gained significant
attention as it provides photoelectrochemical insight into the TiO, NPs. There is lots of
interest in mechanistic and kinetic studies of methanol oxidation reaction on TiO2 NPs,
which is useful for direct methanol fuel cell that provides sustainable energy concepts.®
The dynamics of electrons and holes that are generated on conduction and valence bands
of TiO2 and their role as reductant and oxidant, respectively, are key to understand the
photocatalytic process. It is well known that methanol is a hole scavenger. Therefore, photo
oxidation reaction is believed to be initiated by the photogenerated hole. As suggested by

other studies, it has also been reported that the photocatalytic reaction occurs via the
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hydroxyl radical. However, the exact mechanistic pathway is still not known and is of
interest. The photoelectrochemical process intrinsic to semiconducting nanoparticles
associated with charge carriers’ generation, their recombination and the rate at which a
photo-generated hole is scavenged in a methanol molecule control the methanol photo-
oxidation reaction. Several studies revealed that about 60-80% of photo generated electrons
and holes undergo recombination on a nanosecond time scale in a TiO> colloid.**- 2 To
account for these kinetic limits of the process and to study the large time scale, we
developed the model to study the methanol oxidation reaction in colloidal TiO2 suspension.
The possible methanol oxidation products were analyzed quantitatively in solution phase,
which is suitable for the understanding of the photo-catalytic process of TiO> in methanol
oxidation reaction. Methanol oxidation using TiO> as a photocatalyst can be operated in
solution at an ambient temperature that leads to the formation of different oxidation
products. Formaldehyde, formic acid and carbon dioxide are possible oxidation products.®:
10 |dentification and quantification of these products provide a comprehensive view of the

process.

Studies of catalytic conversion of methanol to formaldehyde have attracted significant
interest as it unravels mechanistic details and kinetics occurring during methanol oxidation.
The photocatalytic oxidation of methanol has been studied as a model reaction in the gas
phase using TiO2 as a photo active material. Gas phase photocatalytic methanol oxidation
process has been studied in aerobic and anaerobic conditions. Under aerobic condition, it
has been suggested that oxygen acts as an electron scavenger as well as a reactant that
forms absorbed formic acid by incorporating into intermediates and eventually yielding

carbon dioxide.*® Researchers indicate that in the absence of O, the photochemistry of
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methanol is initiated by holes trapped at methoxy groups.® Photo-oxidation of methanol
has also been reported by surface studies of rutile TiO> NPs. Transmission infrared
spectroscopy technique was employed to detect the surface-bound species. Photo-oxidation
of methoxy to formate on the surface of rutile TiO2 has been reported.®> However, we are
not aware of comprehensive analysis of methanol oxidation products in solution phase on
this photocatalyst. In this report, we present our investigation on qualitative and
quantitative analysis of possible methanol oxidation products in the solution phase by FTIR
and ESI measurements. Detection of photo oxidation products in the solution phase opens
an avenue to establish the mechanism of methanol photo oxidation on anatase TiO:

nanoparticles.

4.3. EXPERIMENTAL SECTION

4.3.1 Materials and Reagents

Titanium (IV) isopropoxide (97%), glacial acetic acid (>99.8%), 2-propanol (>99.8%) and
spectrophotometric grade methanol (>99.9%), formaldehyde solution (37.5%wi/w), 2, 4
dinitrophenyl hydrazine (2, 4-DNPH), formaldehyde 2, 4-Dinitrophenyl hydrazone and
formic acid (>95%) were obtained from Sigma Aldrich chemicals. Sulfuric acid (ACS

reagent grade) was purchased from Pharmaco-Aaper.

4.3.2 Preparation and Characterization of TiO2 NPs

The TiO2 NPs were prepared by hydrothermal growth following a modified procedure of
Zaban, et al. A mixture of 2-propanol (6.01 g) and TTIP (7.23 g) was added to a mixture
of glacial acetic acid (33.6) and de-ionized water (100 ml) in a drop-wise manner. Then the

mixture was pre-concentrated for six hours at 80C using a heating plate. The pre-
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concentrated mixture was transferred to an autoclave for hydrothermal growth at 230 C for
12 hours. The as- prepared TiO2 NPs were extensively purified, first with de-ionized water
and finally with spectrophotometric grade methanol. The prepared NPs were characterized
by x-ray diffraction (XRD) and Transmission electron microscopy (TEM). XRD showed
peaks obtained are consistent with anatase form of TiO2 NPs. The crystal domain size of
synthesized anatase NPs were calculated and found to be (17.8 = 2.5) nm which is
consistent with particle size obtained from TEM measurements (18.0 + 3.0) nm. Figure 4-

1 show a typical XRD results and TEM image of NPs from preparation.
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Figure 4-1. Powder XRD of the TiO, NPs (synthesized anatase NPs 18 nm diameter) (left) and

TEM image of the Synthesized TiO2 NPs (right)

4.3.3. Preparation of TiO2 Suspension

TiO2 NPs (25nM) samples were used for the experiment. This sample was prepared by
diluting 2ml of stock solution (0.25uM) in 50 ml volumetric flask using pre-dried

spectrophotometric grade methanol. The spectrophotometric grade methanol was dried for
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a week inside a glove box by activated alumina (MP Alumna N — Supper 1, MP Bio
medicals, and Germany at 400 C for 3 hours). The calculation of TiO2 NPs concentration
was made from the concentration of TiO2 molecules divided by the average number of
TiO2 molecules contained in each NP. For example, a TiO2 NP with diameter of 18 nm
contains~ 97,933 TiO2 molecules. For the calculations, 100% conversion of Ti (IV)-

precursor into TiO2 molecules was assumed in this synthesis.

Figure 4-2. Colloidal TiO2 NPs suspended in methanol (sample) used in the measurements

4.3.4. Experimental Setup

TiO2 NPs (25nM) colloidal solution prepared in methanol was used in the experiment. In
a typical setup, a starna cell of 1 cm path length cuvette made of quartz glass was filled
with 4 ml of colloidal suspension. The solution in the cuvette was then purged with argon
for 30 minutes and an airtight seal was made with a rubber septum. All solutions were
ultra-sonicated for 30 minutes before use. Prepared TiO2 NPs colloidal solutions were

illuminated under an ozone free Xe arc lamp (150 W, Newport Instruments) along with an
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IR filter. Typically, light intensity of (142 + 2) mW/cm? was used for the experiments. The

light intensity was measured using a thermophile detector (Newport Instruments)

IR filter (H,0) —
LRE LI~ A ==
pnaman | ‘,
I | :
e °n :
25nM TiO; in methanol methanol

Quartz cuvette

Xe 150W ozone free arc lamp

Figure 4-3. Schematic diagram of the experimental setup used in photoelectrochemical

measurements

4.3.5. FTIR Measurements

A specially designed custom made infrared cell was used for the measurements. Two
calcium fluoride (CaF2) windows sandwiched two compartments partitioned by PTFE
spacer (136 pum unless explicitly specified) were mounted into the cell. The cell was then
transferred to a heating plate for 10 minutes at 150 °C for tight sealing. When the cell was
adjusted to room temperature, both compartments were filled with 20 pl of analyzing

solutions using a Hamilton syringe. One of the compartments was filled with the sample
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solution while other with its respective blank solution. After the solutions were filled into
the respective compartments, solution injection ports were made airtight with a rubber

septum and metal screw.

Fourier transform infrared spectra were acquired on a nitrogen gas purged FTIR
spectrometer configured with a custom made cell holder. FTIR spectrometer was equipped
with a liquid nitrogen cooled mercury cadmium telluride (MCT) detector. Spectra were
collected in a single beam mode with a resolution of 1 cm™. Typically, 100 scans were
averaged for each spectrum for steady state experiments. The spectra obtained for samples
were corrected from their blank measurements. The blank measurements used a cell with

methanol to make optically equivalent with sample measurements.

4.3.6. Formaldehyde Derivatization and ESI-TOF Measurements

Formaldehyde present in bulk methanol solution was derivatized by 2, 4-DNPH into its

derivative product, formaldehyde 2, 4-Dinitrophenyl hydrazone as shown reaction below.

ON O;N
0
H H
H—C—H + HN-N NO, =  HC=—=N—HN NO, + H0

Scheme 4-1. Formaldehyde derivatization reaction

Formaldehyde made in methanol solution was mixed with 200 uM 2, 4-DNPH made in 0.5
M sulfuric acid solution. The acid catalyzed reaction between formaldehyde and 2, 4-
DNPH form a stable hydrazone derivative, formaldehyde 2, 4-Dinitrophenyl hydrazone.
The derivative product obtained from the derivatization reaction was analyzed by using

electrospray ionization time of flight (ESI-TOF) technique. It is reported that sulfuric acid
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has ion suppression effect and is a corrosive to ESI-MS.* Therefore, the sulfuric acid was
removed from the analyte mixture before putting them to ESI-MS. For this work, barium
hydroxide was used to neutralize the sulfuric acid and was removed the barium sulfate, the

white insoluble precipitate formed in the reaction.
H,S0, + Ba(OH), - BaSO, | +2H,0
Scheme 4-2. Scheme for sulfuric acid neutralization reaction in reaction mixture

The white insoluble precipitate, barium sulfate was removed from the reaction mixture
using 20 um syringe filter. Then, the analyte in reaction mixture was extracted into organic
phase. Isobutyl acetate was used as an organic phase for extraction of the derivative
product. Then. isobutyl acetate containing the derivative product was mixed in methanol
by 50 % volume and injected into the ESI for the measurement. This scheme served as a
highly effective method for the removal of sulfuric acid from the analyte mixture and made
the solution appropriate for ESI-MS measurement. In addition, the extraction efficiency
of isobutyl acetate for formaldehyde derivative from the reaction mixture was also

determined in ESI measurement by standard addition method.

An Agilent Technologies, G6230B TOF LC/MS was used for the measurements. The ion
source and detector used in the measurements were electrospray ionization and time of
flight, respectively. In these measurements, the syringe flow rate was maintained at 1000
pl/hr. The fragmentor and skimmer voltage used for the measurements are 175 V and 65
V, respectively. The gas temperature used was 325 °C. These are optimized parameters for
the detection of formaldehyde derivative, formaldehyde 2, 4-Dinitrophenyl hydrazone in

the methanol plus isobutyl acetate (1:1 v/v) mixture. We monitored the formaldehyde
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derivative as the signal intensities of m/z = 209 in this analysis. Since formaldehyde 2, 4-
Dinitrophenyl hydrazone has a functional group that readily loses a proton, the negative

ion ESI mode was used for the ionization.

The formaldehyde derivative obtained from different concentrations of formaldehyde
prepared in methanol was measured for signal intensities of mass fragment (m/z= 209.01).
The derivatization reactions were performed for spectrophotometric grade methanol
solution and illuminated methanol solution as the blank and control of the measurements,
respectively. The illuminated (25 nM) TiO2 colloidal solution was derivatized after
filtration through a 0.02 pm syringe filter. The filtration removed the particles from the

solutions and made them appropriate for ESI measurements.

4.4, RESULTS AND DISCUSSION

We study the photo-oxidation of methanol using anatase as a model reaction of
photocatalysis. Here, we report the complete analysis of possible methanol oxidation
byproducts in the solution phase by different analytical techniques. We observed
formaldehyde as a reaction product in colloidal anatase NPs in methanol photo-oxidation
reaction. Our investigation did not show any evidence of carbon dioxide and formic acid
as the reaction byproducts in this model reaction. Here, we present different techniques and
methods for the detection and quantitative studies of these product in details. In this
chapter, we also report our investigation on colloidal properties of TiO2 NPs as a function

of colloidal history and their implication in photoelectrochemical measurements.
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4.4.1. FTIR Spectra under UV Illumination

The photocatalytic activities of TiO2 NPs in their colloidal solutions are evaluated by
analyzing the methanol oxidation products in the solution phase. We used the FTIR
technique to detect the byproducts formed in the reaction. In our work, we illuminated the
TiO2 colloidal under UV-light and measured the reaction products. We discovered the
characteristic features in the infrared spectrum for illuminated TiO2 colloidal solution. TiO2
colloidal solution before illumination and illuminated methanol solution were control of
the measurements. TiO- colloidal solutions after illumination have strong absorption peak
at 1670 cm™ and 3630 cm™ spectral region that is attributed to the formaldehyde and/or

water formed in the reaction during illumination
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Figure 4-4. FTIR spectra for a) TiO2 colloidal solution after 15 hours of UV-illumination
b) overlay plot, red represents TiO> colloidal solution after 15 hours of UV-illumination,

blue represents TiO> colloidal solution before illumination and black represents methanol
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solution after 15 hours of UV-illumination. Note that all spectra are presented after

subtraction from methanol.

Figure 4.4 clearly highlights the changes in spectral regions at 1670 cm™ and 3630 cm™.
We observed the absorption at 1670 cm™ and 3630 cm™ spectral regions are significantly
increased for TiO2 colloidal in methanol after UV-illumination. We did not observe the
change in spectral regions for methanol before and after illumination (shown in figure 4-5,
a) and b). Figure 4-5, ¢) and d) show the change in spectral regions at 1670 cm™ for TiO2

colloidal suspension after illumination.
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Figure 4-5. FTIR spectra for a) methanol b) methanol after 15 hours of illumination c) TiO»

colloidal solution after 15 hours of illumination d) overlay plot, black represents methanol,
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blue represents methanol after 15 hours of illumination and red represents TiO> colloidal
after 15 hours of illumination. The inset shows the details of 1600 to 1800 cm™ for d). Note

that all spectra are presented before subtraction from methanol solution.

After these observations, we further conduct the FTIR measurements for formaldehyde,
formic acid and carbon dioxide by preparation of their standard solution in methanol. The
involved products can be rationalized on the basis of the spectral features observed on
absorption of infrared light by these compounds in their solution phase. In this work, we
also report the complexity on the quantitative measurements of these products in methanol

solution.
4.4.2. Carbon Dioxide as a Methanol Photo-Oxidation byproduct

Carbon dioxide is an ideal reaction product in oxidation of most organic molecules and is
also reported in methanol oxidation reaction with incorporating several intermediates.*®
The conversion of methanol to carbon dioxide is consistent with six electrons mechanism

as shown in equation (4.1).
CH,0H 'co, + H,0 (4.1)

It is commonly assumed that the carbon dioxide is produced via several intermediates in
electrochemical cycle. We studied electrochemical oxidation of methanol to carbon dioxide
in colloidal NPs by proton absorption as a model reaction. For our study, the amount of
carbon dioxide in methanol and their quantitative analysis is required to obtain the yield in
our model. For the guantitative analysis we determined the amount of carbon dioxide in

methanol prepared with dissolving the dry ice in solution by titration method and is
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described in chapter 3. We employ the FTIR technique in a typical experimental set up as
described earlier in the chapter to measure the carbon dioxide in methanol. The carbon
dioxide solutions prepared from dry ice in methanol solution were brought to room
temperature prior to the measurements. The saturated solution was diluted into different
concentrations in methanol solvent under the controlled condition to minimize the loss of

carbon dioxide during solution manipulation.
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Figure 4-6. a) FTIR spectra for carbon dioxide in methanol a) spectrum for 57.52 mM

carbon dioxide in methanol b) spectra for different concentration of carbon dioxide in
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methanol c) details of b) at 2300 to 2400 cm™ spectral region d) calibration curve for carbon

dioxide in methanol obtained for peak at 2340 cm™ spectral region.

We observed the peak for carbon dioxide at 2340 cm™ spectral region and assigned to the
asymmetric stretching mode of carbon dioxide. From these measurements of carbon
dioxide at 2340 cm™ spectral region, the limit of detection (LOD) and limit of
quantification (LOQ) obtained are 1.54 mM and 5.45 mM, respectively. Interestingly, in a
model reaction of colloidal anatase NPs we do not have evidence for carbon dioxide
formation. We did not observe the absorption peak at 2340 cm™ spectral region in FTIR
spectra obtained for colloidal anatase solution before and after UV-illumination. We have
no evidence of this product formed in colloidal NPs up to 92 hours of illumination in the
model reaction. These observations indicate that the carbon dioxide is not the major
reaction product in this model. However, we cannot rule out the possibility of formation in
a trace quantity. These results point out that the carbon dioxide could be forming as a minor

reaction product below the detection limit.

4.4.3. Formaldehyde as a Methanol Photo-Oxidation byproduct

We noticed the strong absorption peaks at 1670 cm™ and 3640 cm™ for UV-illuminated
TiO> colloidal solutions. Here, we investigate formaldehyde in methanol solution by FTIR
measurements and explore their contribution for the absorption peaks at 1670 cm™ and
3640 cm* spectral regions. Interestingly, we observed the strong absorption peaks at 1670
cm? and 3640 cm™ for standard formaldehyde solution in methanol. These standard
solutions were obtained from Sigma Aldrich chemicals. There is a shift in peak for the

carbonyl stretching mode of formaldehyde to 1670 cm™ that could be due to hydrogen
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bonding between methanol and formaldehyde. More interestingly, our observations and
calculations revealed that the formaldehyde (37%) solution obtained from Sigma Aldrich
chemical contains 59% water by v/v. Therefore, we also monitored the peak contribution

from water. Spectra for formaldehyde and water are shown in figure 4-7.
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Figure 4-7. FTIR spectra for a) illuminated TiO2 colloidal in methanol for 15 hours b)
overlay plot for different solutions. Solid line represents illuminated TiO2 colloidal in
methanol for 15 hours, (------ ) represents 0.6 M formaldehyde and (------- ) represents for
1.475 M water. Note that water concentration corresponds to its content in 0.6 M

formaldehyde solution made in methanol.

These spectra clearly indicate that the peak contribution for the spectral region 1670 cm™

is from both the water vibration mode and the carbonyl stretching mode of formaldehyde.
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For the quantification of formaldehyde formed in the reaction, we obtained the calibration
curve for formaldehyde by subtracting the absorption peak of water from the formaldehyde
water mixture over the different concentration range. Our observation showed the molar
extinction coefficient for formaldehyde in methanol is 8.6 + 0.2 Imolicm™. The data
demonstrated that water vibrational mode is significantly dominated over the carbonyl-
stretching mode of formaldehyde in FTIR measurements. Therefore, we were unable to
detect the formaldehyde quantitatively by this analysis. For the separate signal of
formaldehyde and its quantification in methanol, we derivatized the formaldehyde and

measured the derivative product by electrospray ionization mass spectrometry.

4.4.4. Formaldehyde Detection by Derivatization

We used the method for the quantitative analysis of formaldehyde present in a neat
methanol. The details of the method are described in chapter 2. Here, formaldehyde
produced in NPs colloidal suspension by UV-illumination is monitored as its derivative
product, formaldehyde 2, 4-Dinitrophenyl hydrazone. The derivatization reactions were
carried out between the colloidal solutions and 2, 4-DNPH in acidic solution. In this
method, the sulfuric acid was neutralized by barium hydroxide and insoluble barium sulfate
produced was removed from reaction mixture by filtration. Isobutyl acetate was used to
extract the derivative product to be analyzed by ESI-TOF mass spectrometer. Isobutyl
acetate containing the derivative product was mixed with methanol in 1:1 v/v before
injecting the solution into ESI-MS. The ESI measurements show the formaldehyde as its
derivative product (m/z = 209.01) in colloidal anatase NPs after illumination. Spectrum

obtained for anatase colloidal solution after 15 hours of illumination is shown in figure 4-
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8. Figure 4-9 shows the formaldehyde signal obtained in different analyzing solutions. The
quantity of formaldehyde we obtained as a signal intensities of m/z = 209.01 for methanol,
illuminated methanol and TiO- colloidal solution before illumination are below the limit
of detection. These are the control experiments in our measurements. We also analyzed the
methanol plus isobutyl acetate (1:1 v/v) mixture as a blank of the measurement and is
shown in figure 4-9. Interestingly, our observations revealed the formaldehyde as a

predominant methanol photo-oxidation product in TiO> colloidal suspension.
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Figure 4-8. ESI spectrum for formaldehyde derivative, mass fragment (m/z) = 209.01 for

colloidal TiO2 in methanol solution after 15 hours of illumination
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Figure 4-9. a) spectra showing the abundance of formaldehyde 2, 4-Dinitrophenyl
hydrazone obtained for different solutions b) Histogram showing the abundance of

formaldehyde 2, 4-Dinitrophenyl hydrazone (m/z = 209) obtained for different solutions.

The results clearly indicate that TiO> nanoparticles in the colloidal solution under
illumination in a controlled condition of oxygen and water acts as an effective catalyst for
oxidation of methanol into formaldehyde. Based on this observation, we can discuss the

properties of colloidal TiO2 NPs in mechanistic aspects.

4.4.5. Mechanistic Study

In this work, we discovered that formaldehyde is the predominant methanol photo-

oxidation product in a colloidal TiO2 suspension. It is important to note that we performed
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the methanol photo-oxidation reaction under the controlled condition that minimized
oxygen content. Because we cannot rule out the possibility of traces of oxygen and water
in the system, formation of formaldehyde and water in the model reaction can be described
under the different possible mechanistic pathway. Here, TiO2> NPs when irradiated by UV
light having supra band gap photon energy generate the charge carriers, conduction band
electrons (e'ce) and valence band holes (h*ve). This fundamental principle of generating

electrons and holes can be extended to different arrays of mechanistic study.
TiO, = ecg +hip (4.2)
Case (I): If no trace of water and oxygen are in the system
h* + CH;0H — H,CO" + H*

H;CO* » HCHO + H* + e~

h* + CH,OH — HCHO + 2H* + e~ (4.3)

This mechanism is the two electrons oxidation mechanism and referred to as the current
doubling mechanism in which two electrons are injected into the conduction band due to
one photon (hv). According to this mechanism, the hole that generated in the valence band
by UV light oxidizes the methanol into formaldehyde with the release of one more electron

into the conduction band.
Case (I1): If this is a trace of oxygen in the system

2H* + 0, + e~ - H,0 (4.4)
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In the mechanism, protons that are generated along with the formaldehyde formation react
with the trace of oxygen remaining in the system and ultimately produce the water while

incorporating the electron that was generated in the conduction band during illumination.

Case (I11): If there is a trace of water in the system

"OH (bound) + h* —> °OH (4.5)
H.O (ads) + h* ——> °"OH+H* (4.6)
CH30H + 'OH —>  HCHO + H20 + % H; (4.7)

These mechanisms incorporate methanol oxidation to formaldehyde via the generation of
hydroxide radicals by hole (+) induced conversion of hydroxide and water molecules
bound to TiO2 NPs. ATR measurements on synthesized TiO2 NPs and its paste at both dry
and wet conditions revealed that hydroxide groups are bound to nanoparticles. Moreover,
TiO2 nanopaste showed the absorption peaks at the spectral regions of 1638 cm™ and 1701
cm that are associated with the absorbed and free water molecules in the TiO, surface
(shown in figure 4-10). The hole, generated on a valence band of TiO> NPs by UV-
illumination, produces the hydroxide radical by abstraction of electron from the water and
hydroxide groups that bind to NPs described in equation (4.5) and (4.6).1> 1 The hydroxide
radicals, thus produced on the surface of NPs catalyze the methanol into the formaldehyde
(equation 4.7). Earlier studies reported that methanol is a good hydroxide scavenger!’ and
is often employed as a sacrificial electron donor in photoelectrochemical experiments.

These mechanisms also point out the formation and regeneration of water molecules via
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the hydroxide radicals that are generated from the bound hydroxide group and absorbed
water molecules, respectively. It is worth noting that hydroxide radicals are generated by

hole initiated mechanisms as indicated in equation 4.5 and 4.6. 16
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Figure 4-10. ATR spectra a) overlay plot for TiO2 nanopaste as prepared and TiO>
nanopaste baked at 450 °C b) spectrum for TiO2 nanopaste after baking at 450 °C for 1

hour.

Here, we described the reaction mechanisms involved for the formation of formaldehyde
and water in this study. Our observations indicate the hole initiated methanol oxidation

mechanism via the hydroxide radical as a main reaction pathway.

We also report the amount of formaldehyde that formed in colloidal suspension at different
times of UV-illumination. Our observation revealed that the amount of formaldehyde

increases when increasing the illumination times on the colloidal solution.
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4.4.6. Kinetic Study

In order to provide the kinetic insights in methanol photo-oxidation reaction catalyzed by
TiO2 NPs, we measured the formaldehyde formed in the colloidal suspension at different
times of UV illumination quantitatively. The data provide the rate for the formation of
formaldehyde, which in turn governs the rate of methanol photo-oxidation in the model
reaction system. For quantitative analysis, we produced the calibration curve for
formaldehyde made in methanol from 10 uM to 200 uM by detection of its derivative,
formaldehyde 2, 4-Dinitrophenyl hydrazone (m/z = 209.01), in ESI-MS measurements.
The limit of detection (LOD) and limit of quantification (LOQ) obtained in our
measurements are 3.19 UM and 10.64 uM, respectively. Based on the calibration curve we
obtained in our measurements, we estimated the amount of formaldehyde formed in the

different hours of illumination in the system.
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Our observation shows the formation of formaldehyde in the colloidal suspension is not
uniform over the different times of UV-illumination. For the first three hours of

illumination, the amount of formaldehyde formed is below the detection limit of the
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measurements. In the study, we noticed two distinct rates for the formation of
formaldehyde. First, sluggish kinetic from 3 to 10 hours followed by the faster kinetic from
12 to 15 hours. This non-uniformity over the rate of formaldehyde formation in the
methanol photo-oxidation reaction is due to change in colloidal properties of TiO2 NPs in
a reaction system. The colloidal property is a function of the history of solution. These
intrinsic colloidal properties could be associated with aggregation of nanoparticles and/or

charging of particles during illumination under UV light.

4.4.7. Dynamic Light Scattering Measurements

We employed dynamic light scattering (DLS) to measure the particle size in colloidal
suspension over the different hours of UV-illumination. Interestingly, DLS measurement
of TiOz colloidal solution showed particles aggregation with an increase in times of UV-
illumination, shown in figure 4-12. It is also reasonable to point out that aggregated NPs
have a large cross section area, which in turn absorbs more UV-light. Higher light
absorption rate by the NPs promote faster kinetic for electron hole pair generation and
ultimately promote methanol oxidation reaction. In contrary to this hypothesis, there is
huge loss of overall surface area of NPs with aggregation and UV interacts over more
volume of liquid, methanol. To have further evidence of this argument, we can test by
growing large particle. The observations hint the aggregation of TiO2 NPs observed during
illumination of colloidal suspension control the kinetics of the methanol photo-oxidation

reaction.
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Figure 4-12. DLS measurements for TiO> colloidal suspension at different times of UV-

illumination

It should be also noted that charging of particles and the reactive intermediates that formed
in the reaction governs the mechanistic pathway and affects the kinetics of reaction.
Overall, our observations provide both the mechanistic and kinetic insights into the
methanol photo-oxidation reaction in a model reaction and its relationship with colloidal

properties of NPs.
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4.4.8 Formic Acid as a Methanol Oxidation byproduct

Formic acid has been reported on the TiO2 surface as a photo oxidation product of
methanol.> We investigated the formic acid as a methanol photo-oxidation byproduct in a
colloidal TiO- solution. Here, we report the quantitative analysis of formic acid in the

methanol solution by FTIR measurements.
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Figure 4-14. a) FTIR spectrum for 51 mM formic acid in methanol solution b) calibration

curve for formic acid in methanol solution.

Based on these measurements, the molar extinction coefficient for formic acid in methanol
was found to be 218 + 9 Imol-cm™ for 1732 cm™ spectral region. The limit of detection
and the limit of quantification obtained in our measurements are 5.87 mM and 19.57 mM,
respectively. Interestingly, we did not observe the absorption peak at 1732 cm for the
TiO> colloidal solution after 15 hours of illumination. This observation implies formic acid
as a byproduct of the reaction could be below the detection limit of the measurements.

Therefore, we further used an electrospray ionization time of flight mass spectrometer
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(ESI-MS-TOF) to quantify the product in the nanomolar (nM) concentrations. We

quantitatively measured the amount of formic acid formed as a reaction product.
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Figure 4-15. a) Histogram showing the abundance of formic acid (m/z = 45) at different

solutions b) calibration curve obtained for formic acid in methanol.

The limit of detection and limit of quantification obtained in the measurements are 0.051
uM and 0.171 uM, respectively. In the measurements, we found higher amount of formic
acid in the illuminated methanol compared to the illuminated TiO2 colloidal solution after
15 hours. The reactions were carried out under the same intensity of UV- illumination. It

has to be noted that all analyzed solutions were argon purged for 30 minutes before
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illumination. The lower intensity counts for formic acid in illuminated TiO2 colloidal
solution could be because NPs absorb the UV (figure 4-16) that lower the amount of formic

acid formed. A summary of quantitative analysis of these measurements is shown below.

Table 4-(1). Formic acid in colloidal solution

not illuminated TiO; illuminated TiO;
solutions methanol illuminated methanol
colloidal colloidal
formic acid
<LOD <LOD 492.21 23.49
conc"(uM)

Based on these results, we propose that formic acid is a byproduct from the photo-oxidation

of methanol.
CH;OH Y HCOOH (4.8)

4.4.9. Expected Rate of Formaldehyde Formation

We estimated the amount of formaldehyde formed under illumination. Our estimation is
based on absorption of UV light by TiO2> NPs. The absorption of UV light by NPs was

measured by the UV- Vis measurement inside the integrating sphere.
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Figure 4-16. UV-vis spectrum for 25 nM TiO2 methanol solution obtained in 1mm cuvette.

We calculated the amount of formaldehyde formed in the colloidal solution by the light
flux reaching the cuvette (i.e. 142 mW cm) in our experimental conditions. We estimated
the light flux based on an in-house measurement for the power of the lamp that reaches the
cuvette with a thermopile (Newport, 818P-010-12) in combination with the manufacturer’s
data for the lamp to obtain the fraction of energy for A <400 nm, ca 7 %. We calculated
the number of photons reaching the cuvette based on the light flux and the cross section
area of cuvette surface exposed to light.

Assuming every photon absorption by the NP produced an electron. The number of
electrons that are produced by the NPs upon light absorption is 5 x 10 electrons/s. We
calculated the amount of formaldehyde formed in a colloidal suspension by Faraday’s law
i.e. Q = NnF, where n = 2 for methanol to formaldehyde conversion, F= Faraday constant
and Q = charge. The charge (Q) generated by NPs is calculated based on the time of UV-
illumination and the number of electrons generated upon light absorption. Our calculation

showed the concentration of formaldehyde that formed in the colloidal suspension upon



91

the 15 hours of UV-light illumination is 560 mM. This theoretical estimation does not
account for recombination between electrons and holes generated.
Table 4-(2). Results obtained for amount of formaldehyde, formic acid and carbon dioxide

produced in colloidal suspension under 15 hours of illumination.

. FTIR ESI-TOF-MS
Reaction
products Colloid LOD LOQ Colloid LOD LOQ
Formaldehyde N/A N/A N/A 357mM | 3.19uM | 10.64 uM

Formic acid <LOD 5.87mM | 19.57mM | 23.49 uM | 0.051 puM | 0.171 uM

Carbon dioxide | <LOD 1.54mM | 5.45mM N/A N/A N/A

Our finding indicates that quantum efficiency for the methanol oxidation to formaldehyde
isabout < 1%. i. e. <1% of the absorbed UV light has been used for the effective conversion
of methanol molecules to the formaldehyde molecules. To the best of our knowledge, this
is the first report for the rate of methanol oxidation to formaldehyde on the TiO> colloidal
suspension solution under the model reaction. After 15 hours of illumination, formic acid

and carbon dioxide were below the limit of detection.

4.5. CONCLUSION

We investigate the methanol photo oxidation reaction in a TiO2 colloidal solution by
monitoring the products in the solution phase i. e. all possible methanol oxidation products.
We report formaldehyde as a predominant photo oxidation product in the methanol
oxidation reaction. In FTIR measurements, the quantitative analysis of formaldehyde

formed in the illuminated TiO. colloidal is compromised due to overlapping water
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vibrational frequency. Therefore, we developed method for quantitative measurements of
formaldehyde present in methanol as its derivative detection in ESI-MS measurements. We
provide the full quantitative analysis of formaldehyde formed in TiO> colloidal solutions
at different times of broad spectrum illumination. The data demonstrated the different rates
for the formation of formaldehyde with different times under UV-illumination is due to
aggregation of particles in UV- illumination. To the best of our knowledge, this is the first
report of such studies in colloidal suspension. Interestingly, our measurements did not
indicate carbon dioxide and formic acid as the photo oxidation products. Overall, these
results provide new insight into the mechanistic and kinetic aspects of photo-catalytic
properties of TiO; in a colloidal suspension. Our observations indicate that hole initiated
and hydroxide mediated reactions govern the photochemistry of the methanol oxidation
reaction. Future work could include studies of other products by using more sophisticated
techniques and studies of intermediate (methoxy radical) by using EPR technique at cold

temperatures.
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CHAPTER 5

STOCHASTIC ELECTROCHEMISTRY AND PHOTOELECTROCHEMISTRY
OF COLLOIDAL DYE-SENSITIZED ANATASE NANOPARTICLES AT A Pt
ULTRAMICROELECTRODE

This chapter was published in Faraday Discussions, Royal Society of Chemistry, 2016,
DOI: 10.1039/C6FD00100A

5.1. ABSTRACT

We report the stochastic interactions between dye sensitized anatase nanoparticles,
suspended in a colloid, and a Pt ultramicroelectrode (UME) that results in step-wise
behavior in the current vs time response. The stochastic currents are observed in the dark
and under illumination. In the dark, the currents are anodic, consistent with the oxidation
of the dye N719 at the Pt surface. The electrochemical behavior of the dye was investigated
in MeOH and MeCN with a quasireversible cyclic voltammogram (CV) observed at 1 V/s.
The anodic currents observed in the dark due to nanoparticles (NPs) at the Pt surface are
consistent with the CVs in MeOH and MeCN. Under illumination the cathodic steps are
observed and assigned to the reduction of the oxidized form of the dye generated after
electrons are injected into the TiO2 NPs . The colloidal behavior is a strong function of the
history of the colloid with illumination time increasing the size of the agglomerates and
with larger agglomerates being less photoelectrochemical active. Agglomerates of ca. 100
nm of diameter are proposed to be photoactive entities with higher probability of detection

that contribute to the stair case photocurrent response.
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5.2. INTRODUCTION

We present a study of the stochastic interactions between a Pt ultramicroelectrode and
colloidal dye-sensitized nanoparticles (DSNPs). Recent efforts to perform electrochemical
measurements on single entities have included the study of colloidal NPs with
electrochemical methods and our group has focused in the study of semiconductor
nanoparticles (NPs) with the goal of measuring the photoelectrochemical rates of
individual semiconductor NPs. We take our inspiration from the seminal work of stochastic
interactions of colloidal NPs pioneered by Lemay® with electrocatalytic amplification?®
and nano-impact methods.®! In the electrocatalytic amplification, when the NPs collide
with the electrode surface they enable an electrochemical reaction that is sluggish at the
substrate electrode, typically an ultramicroelectrode (UME) with diameter of less than 30
um. The reactions of choice include proton reduction,® 2 oxygen evolution,*®* and
hydrazine oxidation'2. This approach has been modified to allow higher sensitivity in NP
detection!*® and correlated with optical events. 17 Soft NPs collisions by the Bard group®®
19 allowed electrochemical studies of emulsions. The technique has been coupled with
magnetic NPs to increase the frequency of collision®® and  with
electrochemiluminescence.?! Studies of CeOx nanoparticles?? collisions showed the effect
of surface composition towards H>O disproportionation by Adreescu et al. Here, we
present a study of the suspended TiO2> nanoparticles sensitized with di-
tetrabutylammonium cis-bis(isothiocyanato)bis(2,2'-bipyridyl-4,4'-dicarboxylato)
ruthenium(Il), “N719”, that display complex stochastic responses . Due to several possible
electron transfer processes including oxidation/reduction of the dye, the mediator and

electron transfer to/from the semiconductor NPs. We will discuss how these processes
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determine whether anodic or cathodic stochastic are observed under certain experimental

conditions.

Recently, we reported on the complex behavior of colloidal DSNPs that we assigned to
aggregates following a report where Compton and co-workers found that the nanoimpact
method is sensitive to the colloidal behavior of NPs and aggregation or agglomeration.®
Koper has also addressed the effect of aggregation when using hydrazine to detect Pt NPs.?3
With DSNPs electrochemical oscillations were observed on a F-doped SnO; electrode®*
using the catalytic amplification distinct from the well-resolved step-wise* ®?° and blip*®
responses previously reported. In general a fast chronoamperometry technique is used to
study the nature of the interactions between the NPs and the UME with the step-wise
behavior assigned to the long-term, irreversible interaction to the electrode. On the other
hand, the blip response is assigned to the reversible, short term interactions between NPs
and the UME.3 26 However, the ultimate shape of the i vs t trace can also be influenced by

the instrumentation and the electron transfer kinetics at the NP surface.?’ 28

Dye sensitization has been proposed to produce low cost photovoltaic devices since the
seminal paper by O’Regan and Gratzel that reported the use of a sensitized film of TiO:
NPs.? To study electron transfer on films with electrochemical techniques one has to take
into account the electron transport through the complex NP network and the mass transport
of reactants and products to and within the porous structure. Impedance techniques have
been used for these studies that yield information of the electron lifetime, flat band potential
and other properties of the NP/dye/electrolyte interface.3%3” However, our goal is to isolate

the problem of electron transfer from the complication of mass and electron transport
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through the film by studying the particle by particle contributions. Previous reports of
slurries and colloids of TiO, and DSNPs have studied band alignment and other
properties.®® An additional motivation of our study is the possibility to study the
dye/semiconductor/electrolyte because the identity of the electrolyte cation affects the rate
of electron injection and we propose that this technique could be used to study the effect
of electrolyte composition on the coupled electron transfer to regenerate the dye.*® The dye
N719 on TiO2 is a model system given the high efficiency achieved in dye sensitized solar
cells (> 10 %).%° Studies of the electrochemistry of the dye and similar Ru-based
compounds (e.g., N3) are complemented with spectroscopic techniques to determine the
HOMO and LUMO.**2 To the best of our knowledge, the CV of N719 is not reversible in
the usual electrochemical conditions. The use of N719/N3 as a model study for dye
injection is common due to the fast electron injection into TiO anatase, ** even within
femtoseconds of photon absorption.***” Recent theoretical and experimental studies** %8
e.g., with ultrafast photoelectron spectroscopy study*® demonstrate strong coupling

between the dye orbitals and the conduction band of TiO,.

In this chapter, we report the stochastic behavior of colloidal DSNPs with a Pt
ultramicroelectrode. The stochastic electrochemistry is strongly dependent on the
conditions of the colloid and its history, i.e., before and after illumination, with these
differences assigned to changes in the distribution of agglomerates and/or aggregates. The
stochastic steps are consistent with contact interactions with the Pt electrode* > 2° distinct
from the oscillatory behavior observed with F-doped SnO. microelectrode.?* The
individual steps are assigned to single entities that irreversibly attach to the electrode

surface because of the step-wise discrete changes* > 2 that are mostly due to agglomerates’
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contributions rather than dispersed NPs. Because the colloidal behavior is a function of
electrolyte composition and the illumination conditions, it is the main limitation factor
rather than instrumental limitations.?” 2

5.3. EXPERIMENTAL SECTION

5.3.1. Reagents and Materials

All the reagents used were of analytical grades: tetrabutylammonium perchlorate (TBAP,
electrochemical grade) was purchased from Sigma-Aldrich (Milwaukee, USA). Methanol
(CH30OH, HPLC grade) was purchased from Pharmco-AAPER. Polyethylene glycol (PEG,
20000) and tetra-butyl ammonium perchlorate (TBAP, electrochemical grade) were
purchased from Alfa Aesar. TBAP was recrystallized from 95% ethanol prior to use. All
aqueous solutions were prepared in 18 MQ-cm water (Barnstead Nanopure, Thermo
Scientific). Non-aqueous solutions for electrochemical measurements were prepared in
MeOH or acetonitrile (CH3CN, HPLC grade, EMD Millipore) with the solvents purified
by incubating in activated alumina (Al2Os, Alumina N-Super 1, MP Biomedical) 18 mg
Al,O3 per 1 ml of solvent, for at least 1 week in an Ar glove box. Titanium
tetraisopropoxide (TTIP) was purchased from Sigma-Aldrich (97 %) and used without
further purification. N719 was purchased from Solaronix (Switzerland) and used without
further purification.

5.3.2. Preparation of TiO2 NPs

Anatase NPs were prepared by a modified procedure given of Zaban et al.*® Briefly, NPs
were prepared from a mixture of 2-propanol (6.01 g) and TTIP (7.23 g) in glacial acetic
acid (33.6 g) and de-ionized water (100 ml). The mixture was pre-concentrated to a volume

of 80 ml (ca. 6 hours) on a heating plate kept at 80 °C and transferred to an autoclave for
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hydrothermal growth at 230°C for 12 hours. Details of the NP preparation are given
elsewhere.®* The as-prepared TiO, NPs were extensively purified, first with deionized
water and finally with spectrophotometric grade methanol (as received). XRD and TEM
measurements of TiO2 NPs showed the particle size of 18 nm.

5.3.3. Material and Colloidal Characterization

Every batch of synthesized TiO2 NPs was characterized with a powder X-ray diffraction
(PXRD) to confirm the presence of anatase phase and that no evidence of other forms of
TiO2 was observed. The batch was also characterized by transmission electron microscopy
(TEM) by transferring aliquots of the NPs to a TEM grid to determine the NP diameter and
its distribution. Colloidal suspensions of the materials were characterized by dynamic light
scattering (DLS) with a particle Sizer 380 ZLS (Particle Sizing System, Santa Barbara,
CA). The suspensions were prepared in spectrophotometric grade methanol filtered using
20 nm syringe filter prior to dispersing the NPs. The suspensions were sonicated for 10
min prior running the DLS. This procedure was applied to anatase NPs as prepared and
sensitized.

5.3.4. Sensitization of TiO2 NPs

The ruthenium based dye “N719” (mol. formula: CsgHgsNgOgRUS, and formula mass:
1188.55 g/mol) was used for sensitization of anatase TiO> NPs colloidal suspension. As
previously reported®? a single TiO2 NP of 18 nm size can hold ~ 600 N719 dye molecules,
for sensitization the initial concentration of dye was 1000 times higher than that of TiO>
NPs.2* Typically, 40 ml of 200 uM solution of N719 dye was prepared in ethanol after
adding 2.6 ml aliquot of purified 3.07 uM TiO> suspension in ethanol in a brown vial to

make a final volume of 40 ml with a final concentration of 200 nM of TiO»> NPs and 200
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MM in the dye. The mixture was kept in the dark for one week and the excess dye was
removed by centrifugation of the NPs at 10,000 rpm for 15 minutes and was washed by re-
dispersing with neat methanol. This cycle of centrifugation and washing was repeated for
8 times and yielded a clear supernatant. After removal of the unbound dye from TiO2 NPS,
they were re-dispersed in MeOH to make final volume of 40 ml. This stock suspension of
dye sensitized TiO2 NPs was used for photoelectrochemical experiments. Typically, a final
concentration of 2.5 nM of DSNPs was used for study of stochastic interactions. The
exposure of this stock suspension to light was minimized during manipulation and the

colloid was stored in the dark.

5.3.5. Electrochemical and Photoelectrochemical Measurements

For the measurement with colloids the working electrode was a 25 um Pt microelectrode
prepared as described before. 5 The three electrodes were setup in a specially designed
electrochemical cell made of polytetrafluoroethylene (PTFE) described before?* 5 with a
platinum coil for counter electrode (CE). A home-made reference electrode (RE)
containing 10 mM 1715 and 0.2 M TBAP in methanol previously described®! a silver quasi
reference electrode (Ag QRE) were used for electrochemical and photoelectrochemical
measurements. The Ag QRE was calibrated against the I"/l3" (10 mM in MeOH) reference.
Measurements of the colloids were performed in MeOH with and without 0.1 M
tetrabutylammoniumperchlorate (TBAP) as supporting electrolyte. Amperometric i-t
experiments were performed for 2.5 nM DS TiO- solutions at applied electrode potential,
e.g., Eapp = 0.6 V vs Ag QRE = 0.26 V vs I/l (10 mM in MeOH) = 0.64 V vs NHE.*!

Spectrophotometric grade neat methanol and methanol containing 0.1 M TBAP, and dye
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solutions were used as blanks unless otherwise stated. All solutions were purged with argon
for 30 minutes and ultra-sonicated for at least 15 minutes before the experiments. For
illumination, an ozone free Xe arc lamp, 150 W along with an IR water filter was used.
The potentiostat used for all electrochemical measurements was a CHI 760D
Electrochemical Workstation (CH Instruments, Texas, USA) used without modification at

the sampling rate of 16 ms/data point.

5.4. RESULTS AND DISCUSSION

We studied the stochastic behavior of suspensions of dye-sensitized nanoparticles (DSNPs)
with a Pt ultramicroelectrode with stochastic steps that follow an interesting trend: the steps
tend to be anodic in the dark and cathodic under illumination. This trend is observed when
the colloids are prepared in the absence of electrolyte. The DSNPs are suspended in MeOH
with the stochastic steps consistent with contact interactions with the electrode.* > 2°
Therefore, the individual steps are assigned to single entities that irreversibly attach to the
electrode surface. However, the differences between Figure a) and b) are, to the best of our
knowledge unprecedented and are assigned to the availability of electrochemical and
photoelectrochemical processes that occur at different rates in the dark and under
illumination. Figure a) shows that in the dark the discrete current steps are mostly anodic,
consistent with oxidations occurring at the DSNPs. Under illumination, the steps are in the
cathodic direction, as shown in Figure b). For these experiments, a 2.5 nM concentration
of dye sensitized TiO, anatase nanoparticles was used to obtain i vs. t curves. The
processes assigned to the steps are shown in Figure c) and d). In the dark, the electrode

oxidizes the dye (N719) that in turn oxidizes methanol. Several controls were run and are
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shown in figure 5-3. The steps were not observed when the blanks of CH30OH, and N719
dye were used in the same conditions. The concentration of the dye was chosen to
approximate the expected dye content in the DSNPs. Therefore, we assign the current

transients in Figure to stochastic interactions between the colloidal NPs and the Pt

ultramicroelectrode.
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Figure 5-1 (a) and (b) are i vs t data showing anodic and cathodic stochastic steps for a 2.5
nM suspension of DSNPs in MeOH (a) in the dark, anodic steps and (b) under illumination
of Xe arc lamp, cathodic steps. (c) and (d) are the schematics of the processes that are used

to explain the different responses. Eapp = 0.64 V vs NHE

Although Figure shows the archetypal response of the observed trends, we note that the
results were dependent on the history of the colloid and the electrode. Figure 5-2 shows the
response for 2.5 nM DSNPs in neat methanol: Figure 5-2, a) is the response in the dark

showing anodic steps. For the same colloid, Figure 5-2, b) corresponds to the full
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illumination conditions that result in cathodic and anodic steps. The inset shows a detail of
the 0 to 50 s trend in Figure 5-2, b) that displays mostly cathodic steps (negative direction
in the graph) that are sharp transitions within the sampling rate of 16 ms/data point for our
setup. For comparison, we recently reported the transient interactions between colloidal
DSNPs with an FTO electrode, but the transients observed in those cases were very broad,
even broader than expected based on the sampling rate and rising time of the potentiostat.?*
This is further evidence that the interactions in this case are long-term, irreversible
interactions between the single elements in colloidal suspension and the DSNPs. It is
intriguing that the interactions under illumination appear to reverse signs. One
complication is in the definition of a “step”, which in this work is the sharp step-wise
change in current, because the noise in our background is < 1pA, our steps are defined as
a sharp discrete change of 1 pA or more. It has been demonstrated that these steps can be
due to single NP irreversibly attaching to a UME.>* Here, we rely on the current vs time

trace to determine the nature of the interactions.
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Figure 5-2. Current vs time curve for 2.5 nM DSNPs in neat methanol a) in the dark
showing anodic steps. b) Under illumination showing cathodic and anodic steps. The

inset shows the details of 0 to 50 s for trace 2b. All other conditions as in figure 5-1
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Figure 5-3. I-t curve obtained for different solutions during illumination a) overlay plot
for blank and sample i) 2.5nM DSNP in methanol ii) 0.1 M TBAP in methanol b) control,

1.5 uM N719 (dye) in methanol

To summarize, in the absence of electrolyte, the transients are anodic in the dark, but under
illumination they are both in the anodic and cathodic direction. Figure 5-4 shows the steps
in the cathodic (Figure 5-4, a) and anodic direction (Figure 5-4, b). Note that the events are
almost equally probable and most of the observed currents are < 50 pA. In fact, within the
50 pA range, most of the currents are < 10 pA (shown in figure 5-5). There are two possible

explanations for the current steps observed in the reverse direction: (1) that the current
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change is caused by a NP that leaves the surface or that becomes de-activated, e.g., by some
by product or impurity in solution, and (2) the arrival of a NP performing a different process
that gives rise to cathodic currents. In this case, the anodic process could be the
photooxidation of the dye which would give rise to a similar catalytic amplification as the
one described before for bare TiO2.°>! However, the assignment of these currents is not
trivial given the electrochemical behavior of the dye in CH3OH. Another interesting feature
of these experiments is that when excess electrolyte is used there is no significant
difference between the observed transient steps in the dark and under illumination as

discussed below.
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Figure 5-4. Histogram of photoelectrochemical current steps observed under illumination

for 2.5 nM DS TiO: suspended in neat CH3OH. Total experiment time: 5400s time scale
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a) cathodic steps distributions b) anodic steps distributions. All other conditions as in figure

o-1.
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Figure 5-5. Histogram of photoelectrochemical current steps observed under illumination
for 2.5 nM DS TiO; suspended in neat CH3sOH showing step distribution within 50 pA.
Total experiment time: 5400s time scale a) cathodic steps distributions b) anodic steps

distributions. All other conditions as in figure 5-1.

Under illumination we propose that the cathodic steps (cf. Figure 5-1d) are explained due
to the kinetics of electron injection from the excited state (Dye*) that are expected to yield

the oxidized state of the dye (Dye™). Dye* must react with CH3OH to regenerate the reduced
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form of the dye. The fastest expected step is the injection of electrons into the TiO> NPs
from Dye* which is expected to occur within < 1 ps given the widespread agreement on
the fast electron injection process.*® 4485 This means that Dye* will be relatively stable
at the DSNPs surface and will become available for reduction when the illuminated NP
approaches the electrode surface. Therefore, the reduction of Dye* results in cathodic steps
under illumination. This is consistent with the fact that the cathodic steps are not observed
in the dark and decrease in frequency and step size when the illumination power is reduced

with neutral density filters (shown in figure 5-6)
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Figure 5-6. Histogram of cathodic current steps observed under illumination for 2.5 nM
DS TiO:2 suspended in neat CH3OH showing steps distribution ND filter effects. Total
experiment time: 2400s time scale a) cathodic steps distributions under full lamp
illumination b) cathodic steps distributions using 0.03 OD ND filter c) cathodic steps

distributions using 0.4 OD ND filter.

To explain the anodic steps in the dark we discuss the electrochemical behavior of the dye

in CH3CN and in MeOH. Figure 5-7 shows the cyclic voltammograms of the oxidation of
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the dye in CH3OH, curve (i) and CHsCN, curve (ii) and the voltammogram in CHsOH
(curve 1) is considerably shifted to cathodic potentials and the current of the same
concentration, 1 mM is considerably higher consistent with the dye oxidizing the CH:0H
and the regeneration of the dye at a relatively high rate. Note that as expected the CV in
CH3CN is irreversible at the conditions of Figure 5-7, v = 100 mV/s, (same data as in
Figure 5-8, a) however, increasing the scan rate to 1 V/s yields a quasireversible CV in
CH3CN shown in 5-8, b). The CV in 5-8, b) shows an anodic peak around 0.6 V in the first
segment (labeled 1, with the arrow indicating the initial anodic direction) of the two CVs
shown in the figure. This peak is assigned to adsorbed species because the second CV do
not show this peak. Note that segments 3 and 4 correspond to a quasireverisble CV that
agrees with a model after background subtraction (figure 5-9). The behavior in 5-8 is
consistent with a coupled chemical reaction and a relatively sluggish electron transfer
process (k° = 9 x10™ cm/s). We simulated the cyclic voltammetry experiment for 1mM
N719in 0.1 M TBAP in acetonitrile at 1V/s in the dark condition shown in figure 5-9. We
took the 3™ and 4" segments at 1V/s because these segments did not show the adsorption
peak. We simulated the electrochemical process followed by an irreversible chemical
reaction with DigiElch (Elchsoft). From the simulation, we obtained diffusion coefficient
of dye is 4.4 x 107" cm?/s. Based on our results at the higher scan rates, we estimate the
oxidation potential of the dye at 0.93 V vs. NHE consistent with the values of the HOMO

of the dye around 1 V vs NHE.
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Figure 5-7. Cyclic voltammograms of 1 mM N719 in CH3OH (a, curve i) and CHsCN (a,
curve ii) at 100 mV/s. (b) Corresponds to the same conditions in (i) but over a larger

potential window and shows an additional faradaic processat E > 1V.
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Figure 5-8. Cyclic voltammograms of N719 in CH3CN at the scan rates of (a) 100 mV/s

and (b) 1 V/s. In (b) the first segment in the anodic direction shows a peak around 0.6 V



111

assigned to an adsorption process that is not observed in segment 3. The arrows show the
direction for the outgoing anodic segments (1 and 3) with the cathodic segments (2 and 4)

closely overlapping.
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Figure 5-9. Cyclic voltamogram obtained for 1 mM N719 (dye) in 0.1 M TBAP in
acetonitrile at the scan rate of 1 V/s in dark. Note, Black line represents background

corrected experimental data and red line represents simulation

The anodic steps observed in the dark were studied as a function of potential and is shown
in Figure 5-10. This behavior is consistent with the HOMO value above of 0.93 V vs NHE,
and with the fact that CH3OH shifts the onset of oxidation currents described above. The
frequency of anodic steps in the dark increase in a manner consistent with the rate of dye
oxidation seen in MeOH (Figure 5-7 line i), with the probability of detecting anodic steps
dropping sharply at potentials more negative than 0.6 V vs NHE. At potentials more
positive of 0.64 V, the frequency of detection does not continue to increase likely due to

competing faradaic processes seen both in CH3sOH and CH3CN (Figure 5-7 curves i and

i).



112

(=Y
ol

Frequency, mHz
=
o

(&)

044 054 064 0.74 084 094

E, V vs NHE
Figure 5-10. Step frequency for anodic steps as a function of applied electrode potential

observed in CH3OH in the dark 2.5 nM DSNPs. Total experimental time was 600 s.

5.4.1. Effect of Colloidal Behavior

The trend of preferential anodic steps in the dark is not observed on colloids prepared with
0.1 M TBAP concentrations due to the difference in the colloidal behavior caused by the
high concentration of supporting electrolyte. Figure shows the DLS behavior of the colloids
without (Figure 5-11a) and with 0.1 M TBAP (Figure 5-11b). Note that the concentration
used is large to force aggregation/agglomeration of the NPs. When the colloid is prepared
in the absence of electrolyte, the light scattering distribution of the suspended particles is
much smaller than the distribution of the colloid prepared in 0.1 M TBAP. Interestingly,
both with and without excess TBAP the colloidal behavior is a strong function of the
history of the colloid, with the distribution of size increasing with illumination time (red
lines) and this is consistent with the tendency to lose our analytical signal during

experiments. Given the size distribution seen in Figure 5-11a we propose that the
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agglomerates of ca. 100 nm are more likely to be responsible of the steps that we observed.
Further, addition of TBAP makes larger agglomerates that appear to have much larger
recombination losses and do not show significant photocurrents under illumination. The
size of the observed photocurrents is also consistent with agglomerates. For our
illumination conditions, based on our measurements and on the lamp manufacturer’s
specifications, for A < 800 nm, the power density of the beam is estimated to be 66
mW/cm?. Assuming that all the photons interacting with one 20 nm anatase NP will be
converted into electrons, the current for one NP will correspond to the order of 0.4 to 4 x
10° electrons/s depending on the energy cutoff of DSNPs absorption. However, the currents
of > 1 pA observed correspond to > 6 x 10° electrons/s, which makes detection of single
NPs possible but less likely given that every photon will have to be converted to an electron
without recombination losses. Further, photocurrents > 100 pA were routinely observed

(Figure 5-4)
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Figure 5-11. Dynamic light scattering distribution of the colloidal 2.5 nM DSNPs in
methanol (a) in absence of TBAP, the size distribution before illumination is 98 + 20 nm
(—) and after illumination is 229 + 151 nm (—, red); (b) in presence of TBAP, the size
distribution before illumination is 1037 + 484 nm (—) and after illumination is 1741 + 794
nm (—, red).

5.5. CONCLUSIONS

We report the stochastic interactions between DSNPs and a Pt ultramicroelectrode. The
stochastic currents are observed in the dark and under illumination. In the dark, the currents
are anodic, consistent with the oxidation of the dye at the Pt surface that in turn, drives the
oxidation of MeOH. Under illumination we propose that the cathodic steps (Figure 5-1d)
are explained as follows: dye photooxidation injects electrons into the TiO> NPs (a fast

step) 43 44 48,55 that yields oxidized dye molecules (Dye*) at the DSNPs surface. The
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oxidized dye is reduced at the electrode surface resulting in cathodic steps that are not
observed in the dark. The colloidal behavior is a strong function of the history of the colloid
with illumination time increasing the size of the agglomerates and with larger agglomerates
being less photoelectrochemical active. The steps are assigned to agglomerates of ca. 100

nm of diameter.
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CHAPTER 6
PROSPECTIVE WORK

STOCHASTIC ELECTROCHEMISTRY AND PHOTOELECTROCHEMISTRY
OF COLLOIDAL QUANTUM DOTS AT A Pt ULTRAMICROELECTRODE

6.1. BRIEF OVERVIEW

We present study of quantum dots (QDs), suspended in methanol with a stochastic
electrochemistry and photoelectrochemistry as a prospective research work. Here, we
describe interactions of quantum dots with a Pt Ultramicroelectrode with our preliminary
research work. We take inspiration from seminal work of Bard and coworkers on
nanomaterials collisions. Previous research work on observation of nanoparticles collision
by particle-particle interactions and particle-electrode! interactions led a continuous
inspiration and inquisitiveness to further dig into this phenomenon with surface modified
nanoparticles and quantum size materials. Recent report of transient interactions of dye
sensitized anatase nanoparticles in colloidal suspension highlights the effect of particle
aggregations and/or agglomeration. Agglomerated dye sensitized nanoparticles showed a
photocurrent oscillation rather than steps and/or blip response with a micrometer size
fluorine doped tin oxide (FTO) electrode.? More recently, we reported stochastic
interactions between the dye sensitized anatase nanoparticles, suspended in methanol and
a Pt ultramicroelectode that shows current steps both in dark and under illumination.® Main
finding of this work includes cathodic photocurrent steps response in a predominant
occurrence under illumination. This behavior in current steps response is absent in dark in
a colloidal DSNPs composed in neat methanol solution.® Now, our aim is to develop a new
scientific advance in stochastic electrochemistry and photoelectrochemistry with

expanding our research work to quantum materials. In our laboratory, we used cadmium
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selenide (CdSe) and cadmium selenide zinc sulfite (CdSe/ZnS) quantum dots in our study.
Here, the stochastic behaviors of quantum dots, suspended in methanol with Pt
ultramicroelectrode are described. In this study, we used the method to detect the stochastic

photocurrent events by in house photoelectrochemical measurements.
6.2. EXPERIMENTAL SECTION
6.2.1. Preparation of CdSe Quantum Dots

The CdSe quantum dots were prepared by a modified procedure reported by van Embden
et al.* For solution of Cd source, mixture of 64.2 mg of CdO and 1 ml of oleic acid was
degassed in 9 ml of 1-octadecene (ODE) with argon for 30 minutes at 100 °C. Heating was
continued to 300 °C under degassing condition till clear solution was obtained. This clear
solution was cooled to 100 °C and degassed for another 30 minutes to remove any residual
water formed during reaction. The solution temperature was maintained at 60 °C during
study. For the source of Se, 39.48 mg of selenium powder was mixed to 5 ml of 1-
octadecene and degassed for 30 minutes then heated to 100 °C under degassing condition.
This was kept at 100 °C in argon atmosphere for another 30 minutes. Then, the mixture
was heated to 200 °C for 2 hrs. During this time, Se/ODE mixture was changed from
colorless to orange yellow solution. The solution of Se source was cooled to room

temperature and was kept under argon.

For preparation of CdSe quantum dots, the temperature of Cd source solution was increased
to 290 °C and Se source solution was injected at once to the Cd source solution using
syringe. The nanocrystal was formed following the injection at 230 °C. When the color of

solution starts changing, small fractions (~2 ml) were collected after each 30 seconds. The
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as-prepared CdSe quantum dots were extensively purified with 20 ml chloroform and
acetone three times and they were dispersed in chloroform. Colloidal suspension of the
CdSe solutions were prepared by redispersing the as-prepared QDs in spectrophotometric
grade methanol solution. This work of preparation of CdSe QDs was done by Dr. Suman

Parajuli.
6.2.2. Preparation of CdSe/ZnS Quantum Dots

CdSe/ZnS QDs preparation were adapted from a method reported by Wan Ki Bae et al.> A
mixture of 0.4 mmol of CdO, 4 mmol of zinc acetate, 17.6 mmol of oleic acid and 20 ml
of 1-octadecene was placed in a 100 ml round flask. This mixture was heated to 150 °C
and degassed with argon for 30 minutes. The mixture was further heated to 300 °C under
degassing condition till clear solution was observed. This solution was composed of Cd
(OA)2 and Zn (OA),. At this temperature, 0.4 mmol of selenium powder and 4 mmol of
sulfur powder dissolved in 3 ml of trioctylphosphine (TOP) were gently injected into the
reaction mixture. The temperature of the reaction mixture was adjusted to 300 °C for
promoting the growth of quantum dots and then it was cooled to room temperature to stop
further growth. The as-prepared QDs were purified by adding 20 ml chloroform and an
excess amount of acetone three times. They were dispersed in chloroform. The colloidal
suspension of CdSe/ZnS was prepared by redispering the QDs into spectrophotometric

grade methanol solution. This synthesis was performed by Dr. Suman Parajuli.

6.2.3. Electrochemical and Photoelectrochemical Measurements
Colloids, quantum dots CdSe and CdSe/ZnS were used for the measurements. They were

purged with argon for 30 minutes and ultra-sonicated for at least 20 minutes prior to every
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electrochemical measurements. 4 ml of colloidal solution was transferred into a specially
designed home-made polytetrafluoroethylene (PTFE) cell inside argon glove box and
sealed with a cap subsequently. Electrochemical measurements were carried out in a three
electrodes setup. Electrode configuration comprises of 25 pm diameter size Pt
microelectrode as a working electrode with a Pt coil, a counter electrode and home-made
reference electrode containing 10 mM 17/13" (0.1 M TBAP in MeOH). An ozone free Xe arc

lamp, 150 W, Newport instruments was used to illuminate the cell along with an IR filter.

Pt coll — €1 TV Ty

Pt. microelectrode (d = 25um) — _

IR filter (H,0)

|
i g — |

" 1" - Quartz glass plate —2 Quantum dots
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h

Figure 6-1. Schematic diagram of the experimental setup used in the collision

experiments.

A CHI 760D electrochemical work station (CH Instruments) was used for all
electrochemical measurements. The electrochemical cell setup was managed to place in an
open door Faraday cage during measurement. Special care for cell setup and its connection

were taken. Groundings were made to minimize the noise of the system. Background noise
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of the measurements were maintained < 1pA. Spectrophotometric grade neat methanol and
methanol containing 0.1 M TBAP were used as blanks unless otherwise stated.
Amperometry i-t technique was used for the collection of data with a sampling rate of 32
ms/data point. Typically 25 s quite time was used in the measurements. Mostly,
amperometry i-t curves were obtained for 1200 s with initial 400 s in dark, then 400 s under
illumination and remaining 400 s in dark. Similarly, sometimes time for i-t experiments
were maintained for 1800 s with initial 600 s in dark, then 600 s under illumination and
then remaining 600s in dark. The change in time scale in dark and under illumination during
run was to observe photocurrent steps at different time zone of the measurements. All

above measurements were carried out at the room light off condition.

6.3. RESULTS AND DISCUSSION

In this study, we observed distinct steps in i-t curve obtained for colloidal quantum dots.
Both CdSe and CdSe/ZnS quantum dots showed a stochastic steps with Pt
ultramicroelectrode. These steps are observed both in dark and under illumination and are
assigned to single entities that irreversibly attach to electrode surface. In this work, we do
not observed trends in steps in their cathodic and anodic response. However, we noticed
high occurrence of stochastic events during illumination when compared that in dark before
and after illumination. Moreover, we did not discover any blips response and photocurrent
oscillation when quantum dots collide with Pt ultramicroelectrode. It is reported that
suspension of TiO2 NPs undergo aggregation in illumination, therefore photocurrent steps
observed are mostly likely due to interactions of aggregated particles with electrode

surface. In case of quantum dots, steps behavior observed can be assigned by individual



125

dots with further validation. Observation of individual particle interactions with
ultramicroelectrode can be traced with extensive study of quantum dots materials in a more
sophisticated and controlled environment. These steps were not observed when blanks of
methanol were used under the same experimental conditions. Therefore, we assign the

current transients observed by quantum dots shown in figure 6-2 and 6-3 are to stochastic

interactions with Pt ultamicroelectrode.
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Figure 6-2. Current vs time curve obtained for CdSe suspension in MeOH a) in dark with
600s and another 600s in light b) under illumination showing steps, details of (a). Eapp =1

V vs I/13(10mM in MeOH)
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Figure 6-3. Current vs time curve obtained for CdSe/ZnS suspension in MeOH a) full i-t
curve with initial 400s in dark and then 400s in light and another 400s in dark b) under

illumination showing steps, details of (a). Eapp = 0.7 VV vs 1713 (10mM in MeOH)

Current steps observed during illumination for CdSe and CdSe/ZnS are both Cathodic (])
and anodic (1) in nature. Anodic photocurrent events are due to the adsorption of quantum
dots to the electrode surface which in turn oxidize the methanol. Conversely, leaving of
quantum dots from electrode surface creates a cathodic drift or becoming the
microelectrode inactive. We also observed collision events in the dark before and after the
illumination. However, these steps are more frequent under illumination than in dark.
Surprisingly, more collision steps are observed with suspension of CdSe/ZnS quantum dots
in compared with suspension of CdSe in methanol solution. Statistical distribution of steps

observed for both samples are shown in figure 6-4.
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Figure 6-4. Statistical distribution of stochastic photocurrent events obtained from current
vs time curve during illumination for a) CdSe suspension in MeOH b) CdSe/ZnS

suspension in MeOH.

6.4. FUTURE DIRECTION

We believe stochastic electrochemical study of quantum dots materials reveal some
intriguing features of electrochemical and colloidal properties. These results provide an
inspiration on study of single entity interaction or individual particle interaction. Stochastic
electrochemical study of quantum size materials is growing scientific interest in order to
reveal the mechanistic and microscopic picture of particle-particles and particle-electrode

interaction. photo-induced particles aggregation and/or agglomeration effect is an
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interesting field to study and to corelate the long term interactions observation obtained in
this priliminary results of measurements. The outcomes of this research could potentially

useful for the electrocatalytic amplification or nano-impact study.
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APPENDIX
FTIR Measurements and Calibration Curve for Water in Methanol

Water in methanol solutions were made from 1 M to 2.5 M concentrations. Prepared water-
methanol solutions were measured for their vibrational contribution of a peak at 1670 cm’
! spectral region by FTIR. Quantitative plot obtained for water present in methanol for
absorption peak at 1670 cm™ region is shown in figure A-1. The molar absorption
coefficient for water vibrational mode at 1670 cm™ region obtained is 18.3 + 0.8 Imol-cm
!, Note that water concentrations used are correspond to their mixture in formaldehyde

solution used in figure 2-3.
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Figure A-1: Calibration curve for water in methanol obtained from FTIR measurements.

Path Length of FTIR Cell Used in Measurements

In FTIR measurements, PTFE spacer was used between two CaF» cells partitioning the
sample and blank compartments as shown in figure 2-1. Thickness of PTFE spacer was

used for the path length of measurements. Path length is measured in order to calculate the
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molar extinction coefficient of formaldehyde, water and carbon dioxide present in

methanol solution using Beer’s law.

A=Ebc (Beer’s law)

Where, A = Absorbance
b = path length
C= concentration
€ = molar absorption coefficient

Thickness of PTFE spacer used in the FTIR cell is measured by interferometry and found
to be 136 £ 4 um. The spectrum obtained by single beam passing through the empty cell is
shown in figure A-2. The equation used in calculation of Teflon spacer thickness is shown

below.

b =n/2(vl-v2)
Where, b = path length (thickness of Teflon spacer)

n = number of complete peak to peak between v and v
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Figure A-2. Interferometry of empty cell
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Photocurrent onset potential for TiO> films and dye-sensitized TiO> films

The linear sweep voltammetry technique was employed to observe photocurrent and
flatband potential of TiO2 nanoparticles at methanol. TiO, nanoparticles film and dye-
sensitized nanoparticles film on fluorine doped tin oxide, FTO were used in experiments.
TiO2 Film was prepared by applying a paste of anatase NPs, PEG and water on conducting
side of fluorine-doped tin oxide (FTO) by doctor blade method. The paste was allowed to
air (approximately 12 h) and and baked at 450 °C for 30 minutes. For sensitization, the
films were cooled to 110 C and quickly transferred to an Ar glove box. The film was then
dipped in 0.17 mM “N719” dye for 48 hrs in an argon glove box. Once the sensitization
was complete, film was washed with methanol 3 to 4 times to remove unbound dye
molecules. The thickness of TiO- film was determined to be 1.5 pum with a profiler (KLA-

Tencor D-100).

In the experiments, three electrode configuration consisting TiO2 films on FTO plate or
dye-sensitized TiO2 films on FTO was used as a working electrode with Pt coil counter

electrode and I/13 (10 mM in MeOH) reference electrode.

The experiment was performed by illuminating the sample under a Xe Arc Lamp (150 W)
with the chopping frequency of 10 seconds in dark and another 10 seconds in light at a scan
rate of 1 mV/s. Linear sweep voltammogram obtained in chopping experiment for bare
FTO plate, TiO. film on FTO and dye-sensitized TiO> films on FTO are shown in figure

A-3.
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Figure A-3. Linear sweep voltammogram obtained for bare FTO, TiO> film on FTO and

dye-sensitized TiOz film on FTO in chopping experiments

Flatband potential of TiO2 NPs and dye-sensitized TiO> NPs (DSNPs) were measured by
Butler method and is calculated by the equation iph 2 = E - Es. The x-intercept of ipn? vs E

(applied potential) gives the Em (flatband potential) shown in Figure A-4. In the
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measurements, dye-sensitized TiO> film shows a more negative onset potential than that
for TiO- films without sensitization shown in figure A-4. Moreover, higher current density
is observed for dye-sensitized nanoparticles indicating the faster electron kinetic process.
The photocurrent onset potential calculated for TiO2 films and dye sensitized films by
Butler methanol are — 0.57 £ 0.05 V vs /I3 (10 mM in MeOH) and - 0.9 V vs I/13 (10

mM in MeOH), respectively.
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Figure A-4. Bulter plot for Flatband potential on bare TiO- film obtained from chopping

experiment
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Stochastic Current Events for Dye-sensitized Anatase at Pt Ultramicroelectrode

We studied the stochastic behavior of colloidal dye sensitized anatase nanoparticles,
DSNPs with a Pt ultramicroelectrode. In absence of electrolyte, current steps observed are
anodic in dark for 2.5 nM dye-sensitized anatase nanoparticles, suspended in methanol
solution and statistical distribution of these events are shown in figure 5-4. It is noticeable
that in dark, there are very few possibly one or two cathodic current steps observed in a
same time scale: 5400 s. Under illumination, current steps observed are both cathodic and
anodic in almost equal proportion as discussed in figure 5-4. Interestingly, in presence of
electrolyte, there is no such a trend in current steps observed for 2.5 nM DSNPs, suspended
in methanol. For a colloidal DSNPs suspension with 0.1 M TBAP in methanol, current
time curves obtained in dark showed both anodic and cathodic current steps in random

responses. The statistical distribution of these responses are shown in figure A-6. These



135

random responses in current steps observed for colloidal DSNPs suspension in 0.1 M
TBAP are due to aggregated nanoparticles at a Pt electrode surface. The colloidal behaviors
of DSNPs was measured by dynamic light scattering, DLS showed nanoparticles
aggregation when suspended in 0.1 M TBAP methanol solution shown in figure 5-11b. The
possible explanation for this observation: nanoparticles are forced to aggregate due to high
ionic strength caused by 0.1 M TBAP in methanol solution. Agglomerates of ca. 1000 nm
of diameter are entities with higher probability of observation that show the random

responses in steps current both in anodic and cathodic direction.
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Figure A-6. Anodic step distribution obtained for 2.5 nM dye-sensitized anatase

nanoparticles in methanol in dark. Total time of experiments: 5400s
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Figure A-7. Step distribution for anodic (a) and cathodic steps (b) in dark obtained for 2.5

nM DS-TiO2 in presence of 0.1 M TBAP. Total time scale of experiments: 5300 s

Current Steps as a Function of Potential under Illumination

The current steps observed during illumination were also studied as a function of potential
and shown in figure A-7. Anodic steps observed during illumination continue to decrease
at more positive and negative of 0.74 V. At potential more negative than 0.74 V, probability
of detecting anodic steps does not increase. This behavior is consistent with dye oxidation.
But, frequency of cathodic steps observed under illumination decrease sharply at potential

more negative of 0.64 V indicating a sluggish electron transfer from nanoparticles at Pt
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surface. The sluggish electron transfer is likely due to band position alignment between

applied potential and conduction band
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Simulation Parameter

We simulated the cyclic voltammetry experiments for 1 mM N719 in 0.1 M TBAP in

acetonitrile at 1 /s in dark condition shown in figure A-8. (same figure 5-9)
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Figure A-9. Cyclic voltamogram obtained for 1 mM N719 (dye) in 0.1 M TBAP in
acetonitrile at the scan rate of 1 V/s in dark. Note, Black line represents background

corrected experimental data and red line represents simulation.

Here is the simulation parameters:
Mechanism: ErCi

D*+e—D

D+S—P

E®=0.93V vs. NHE

a=0.5

Diffusion coefficients:

D* = D=P= 4.4 x10”
S=3.18x10°



Analytical (initial) concentrations:
D'=0M

D=0.001 M

P=0M

S=19.147 M

Radius of microelectrode: 0.00125 cm
Uncompensated resistance (Ru) = 30 KQ

Double layer capacitance= 2.1x10° F
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