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Abstract

Impacts of oxygen vacancies in titanium dioxide-supported metal nanoparticles in the
oxygen reduction reaction and the carbon electrooxidation reaction
by

Samantha Sweeney

With the current energy demands, the burning of fossil fuels is causing many
issues, such as global warming, therefore many researchers are looking into replacing
the current methods with electrical energy storage devices. One such device is the fuel
cell, where the oxidized fuel provides energy to power things, such as cars. However,
the reaction in the cathode compartment, the oxygen reduction reaction (ORR), has
driven up the price of the fuel cell due to the high catalyst loading needed to achieve
efficiencies suitable for industry. In addition, the most common commercial catalyst is
platinum nanoparticles deposited on activated carbon nanoparticles. Platinum is rare
and expensive and the major contributor to the high cost. The platinum nanoparticles
can also detach, move, or change size dependent on reaction conditions. Finally,
platinum is easily poisoned by carbon monoxide. Improving platinum’s tolerance for
CO will be discussed in chapter 5. The activated carbon nanoparticles are not stable at
the operation voltage of fuel cells and therefore constant catalyst replacement lowers
their recyclability and shelf-life. Therefore, an alternative to this system is needed.

Transition-metal oxides offer an interesting alternative to the activated carbon

because of their stability. TiO, in particular is abundant and relatively inexpensive.

Xi



However, due to its semiconducting properties, it has poor activity for electrochemical
reactions. The activity can be enhanced with the deposition of nanoparticles,
specifically gold due to the strong metal support interactions. However, this is still not
sufficient to replace platinum. The creation of oxygen vacancies in titanium dioxide
can influence the binding energy of oxygen and the activity of the overall
nanocomposite. Their impact is discussed in chapters 2 and 3. Finally, the activity can
be altered by doping the TiO2 and in chapter 4 nitrogen doping will be discussed.
Overall, these defects will be explored throughout this dissertation and how the kinetics

of electrochemical reactions will be affected.
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Chapter 1

Current Fuel Cell Catalyst Research and the Degradation of Carbon

Support: Why TiO2 is an Interesting Alternative

1.1 Fuel Cell Operation and Bottleneck of ORR

With ever increasing energy demands, there has been extensive research on
more sustainable devices. One of such devices is the fuel cell; a device that converts a
fuel directly into electrical energy as opposed to combustion devices that go through
multi-step conversions and release harmful byproducts. In this process, the fuel is
passed through the anode where it is oxidized, and the electron are released to power
something. Finally the electrons will flow back to the cathode where they will reduce
oxygen into water.*

There are several types of fuel cells each being classified by the electrolyte and
operation temperature. Alkaline fuel cells employ the use of KOH as the electrolyte
and operate below 100°C. These fuel cells have been used in space, especially in the
Apollo missions. Polymer electrolyte fuel cells have a proton exchange membrane as
their electrolyte. These operate in the temperature range of 60-120°C and were the first
to be used in space. The direct methanol fuel cell is a subset of the polymer electrolyte
fuel cell (PEMFC), but with methanol as the fuel and slightly higher operation
temperatures. The phosphoric acid fuel cells have phosphoric acid as their electrolyte

and have been the most commercialized being used in stationary power plants. The



molten carbonate fuel cell operates at a much higher temperature with LiK or LiNa
carbonate as the electrolyte. Because of the high temperature, the kinetics of the
electrochemical reactions are much faster and poisoning byproducts are not as common
since they don’t bind to the surface too strongly. Finally the solid oxide fuel cell
involves a solid oxide as the electrolyte also operating at high temperatures.?

Polymer electrolyte fuel cells in particular are an interesting option because they
operate at lower temperatures, they have high power densities, and they have an easy
scale-up which is important for industrial applications. Currently, they are used in
transportation, stationary power generation, and portable power generation.
Transportation has become an important area to use fuel cells because of the potential
of lower gas emissions when hydrogen is used as the fuel. Honda, Mercedes, Toyota,
Hyundai, and Riversimple all have models on the market. However, over time the
polymer membrane degrades causing the device lifetime to decrease. In addition, the
cost of the fuel cell remains high because of the large amount of platinum catalyst
needed to have the fuel cell run efficiently.® Figure 1.1 shows a projection chart from
the DOE. While there has been significant progress in this area, there still needs to be
improvement. This improvement comes from reducing the cost of the catalysts in fuel

cell reactions.
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Figure 1.1 Modulated fuel cell system cost over time. Taken from DOE Hydrogen and

Fuel Cells Program Record 17007: Fuel Cell System Cost—2017.

In Figure 1.2, a schematic is shown with the reactions that occur in PEMFC’s.
First, hydrogen gas is injected into the anode compartment where it is oxidized. The
resulting electrons are used for electrical energy and the protons travel across the
membrane into the cathode compartment. The two combine in the cathode
compartment where the electrons will reduce oxygen into water. In Equation 1.1, the

hydrogen oxidation reaction is shown.

Ve H % — H¥ (1.1)

(* denotes a surface site)

The main catalyst for this reaction is platinum, with very fast kinetics. A major

breakthrough with decreasing the loading for the anode is using platinum nanoparticles



where the voltage loss is less than 5 mV for a loading of 0.05 mg/cm?. Therefore, much
of the research is devoted to the cathode reaction, the oxygen reduction reaction
(ORR).*® In this reaction, more much platinum is needed to produce comparable
efficiencies to internal combustion engines. However, as stated earlier, this drives the
overall cost of the fuel cell up. Another problem is that platinum has a very low
abundance and mass production of this metal would deplete available resources and
cause for costly recycling processes. Finally, the reaction has a complex mechanism
making alternative sources to platinum harder to find. The overall equation for the ORR

is shown in Equation 1.2

20, + 4" + 4H" — 2H,0 (1.2)

Overall, this reaction has 4 electron transfer steps with two main pathways: the direct
pathway where O: is directly converted to water and a series of 2 electron transfer
steps with hydrogen peroxide as a byproduct. In general the direct pathway is favored
because hydrogen peroxide degrades catalysts and the membrane and decreases the

overall potential output of the cell.®



Electron— =9

Flow
/]\
o
Hydrogen |. 01‘ D o)
o 4
1 Y AN
—) : o o e d @
®lo o | ®Hydrogen @
o I lons S
-
0 ’ -
@ ©
\
Anode Electrolyte Cathode

Figure 1.2 Schematic of reactions that occur polymer electrolyte membrane fuel cells.

Taken from http://americanhistory.si.edu/fuelcells/basics.htm

1.2 Degradation of carbon black and use of TiOz in ORR

To enhance the kinetics for the ORR, platinum nanoparticles are deposited
onto a high surface area support to enhance conductivity. Typically, carbon black is
used as the support in current fuel cell devices. Two problems have become apparent
with carbon black as the support. 1) At the operation voltage, platinum dissolution
occurs decreasing the cell overall potential. 2) The carbon black support has been
shown to be unstable and cause loss in electrochemical surface area over time.
Carbon black instability is shown in conversion of the carbon to carbon dioxide and
detachment of platinum nanoparticles.” These mechanisms are further shown in

Figure 1.3. In Chapter 4, more detail will be given to catalyst degradation by carbon

monoxide.



Aqgaglomeration

Figure 1.3 Simplified representation of suggested degradation mechanisms for

platinum particles on a carbon support in fuel cells.®

There have been some studies replacing carbon black with other carbon-based
supports. In a study done by Molina-Garcia and Rees, NaBH4 was used to reduce
platinum nanoparticles on carbon black, multi-walled carbon nanotubes, graphene
oxide, and reduced graphene oxide. Their goal was to understand the performance of
all the supports on platinum nanoparticles for the ORR. Overall, the results showed

that platinum nanoparticles deposited on carbon black showed the best activity
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because of the most positive onset potential, most positive half wave potential,
highest electrons transferred, highest electrochemical surface area, and highest kinetic
current. In addition, on the other supports, the surface groups seem to affect the ORR
activity.® Therefore, finding an alternative to the carbon support important to enhance
the kinetics of the ORR.

TiOz is an interesting candidate because of its stability and high abundance. It
has also been looked at as a catalyst alone. In a study done by Mirshekari and
Shirvanian, TiO2 nanoparticles of different sizes were studied as electrocatalysts for
the ORR. The smaller particles seemed to have higher amounts of aggregation due to
their higher surface energies. Because of this the nanoparticles with 30 nm diameters
seemed have the highest activity. The biggest draw to these particles were their
stability. The particles were cycled 5000 times and the ORR currents increased.° In
another study done by Cabello and coworkers, used a facile method, one that takes 20
s, to synthesize anatase TiO2 nanoparticles. With this synthesis method, they
controlled monodispersity in particle size and synthesis yield. The particles were then
deposited on graphite electrodes and used as catalysts for the oxygen reduction
reaction. These particles showed good activity for hydrogen peroxide production.!!

A problem is using TiO- as a catalyst for the ORR because of its low
conductivity due its semiconductor properties. An enhancement of the activity can be
done by the deposition of metal nanoparticles onto TiO> creating a strong-metal-
support-interaction (SMSI).*2 Ando et al. deposited platinum nanoparticles onto

titanium dioxide matrix in cup-stacked carbon nanotubes (Pt NPs/TiO2/CSCNT). This



nanocomposite was then used as a catalyst for the ORR. It was shown that the strong
SMSiIs between the Pt and TiO, enhanced the activity and durability of the catalyst
compared to that of CSCNTSs only as a support.*® In another study done by Deng and
coworkers, PtAu alloy nanoparticles were deposited onto TiO2 nanowires and the
nanocomposite was coated with a carbon shell. This combined structure proved to be
more stable and more active than Pt/C because of the SMSIs and the altering of the d-

band with gold.*

1.3 Oxygen Vacancies in TiO2

The structure of oxygen vacancies in the crystal structure of TiOz is shown in
Figure 1.4. The vacancy is represented by an oxygen missing from the crystal lattice.
The extra electrons are donated to the adjacent Ti** to create Ti®* interstitials. Oxygen
vacancies have been used to further enhance the ORR and other reactions by
changing the properties of TiO, especially in photocatalysis.'® In this section, I will
summarize current synthesis methods of introducing oxygen vacancies into TiO; and
resulting properties of TiO>. Then in Chapter 3, the effects on electrocatalytic activity

towards the ORR will be looked into.



Figure 1.4 lllustration of the energy bands for Ti** self-doped TiO,-x with high oxygen

vacancy concentration and the photoinduced charge transfer processes.®

1.3.1 Synthetic Approaches to Produce Oxygen Vacancies in TiO2

(i) Hydrogen Thermal Treatment. Several groups have used H to reduce the
surface of TiO; to create oxygen vacancies.!’-?? In this method, the as prepared TiOz is
heated to a certain temperature in a hydrogen atmosphere and surface oxygen atoms
are removed thus creating oxygen vacancies. In a study done by Liu et al., the
temperature of the hydrogen treatment was changed from 120 — 700 °C and the
degradation of sulfosalicylic acid was studied. The temperature seemed to have an
effect on photocatalytic activity and the mechanistic formation of the oxygen

vacancies.’ Morgan and Watson used theoretical calculations to compare the



formation of oxygen vacancies in anatase and rutile TiO2. Overall, they found that
oxygen vacancies are more easily formed in anatase TiO2 than rutile TiO2.23

(i) High Energy Particle Bombardment. Another method employs high
energy particles that preferentially desorb oxygen ions from TiO. surfaces. This
method has been shown to preferentially form oxygen vacancies and minimizes
damage to the surface when electrons are used as the particle source.?*?” Ar* has also
been used to create oxygen vacancies, but defects other than oxygen vacancies can be
created and some of these defects are not at the surface. These kinds of defects tend to
be irreversible.?82°

(iii) Formation During Catalytic and Photocatalytic Reactions. During
catalysis, the surface oxygens of TiO. will participate in the reaction and cause an
oxidation thereby causing a surface oxygen vacancy.3’-3? Panayotov and Morris were
able to see an example of this by showing the burning of a methoxy group with a surface

oxygen in the TiOz, as shown in Figure 1.5.%

Burning of a methoxy group

Tio, | L\
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\ i &)

~ /  /Creation of shallow
“r——— donor states
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Figure 1.5 Schematic diagram illustrating thermally activated bridging lattice oxygen

leaving behind Ti**-VO-Ti%* donors. Reprinted with permission.*

(iv) Thermal Treatment under Oxygen Deficient Atmosphere. The final
method that has been reported is annealing TiO> at higher temperatures (>400°C) in a
low-oxygen environment (He, N2, or Ar environment) or under vacuum. A problem
with this method is that once the TiO: is exposed to air, the oxygen vacancies can
slowly disappear.?333-3 Wu and van de Krol employed this facile method to study the
selective photoreduction of NO to N,. They found that further doping TiO, with Fe®*

can enhance the selectivity and stability of the oxygen vacancies.*

1.3.2 Properties of TiO2 with Oxygen Vacancies

(i) Geometric structure. A missing oxygen in the lattice causes changes to the
geometric structure. Because there is now a new “stress” on the structure, bonds will
be shortened/lengthened to accommodate this new stress.?*>3” This has been shown in
Raman® and electron diffraction results.?!

(i) Electronic structure. As shown before in Figure 1.4, an oxygen vacancy is
characterized by a missing oxygen from the lattice of the TiO». This results in one or
two electrons becoming localized by replacing the missing O? charge and thus
stabilizing the structure.® In Figure 1.6, the band gap structure of TiO, with an oxygen
vacancy is shown. A state forms below the conduction band allowing for a decrease in

the band gap and thereby increasing photocatalytic activity and conductivity.*® The

11



electrons can also localize around Ti forming Ti®* states, thus creating energy states
below conduction band. If there is some doping, the dopants can create states above the

valence band.*

&
4 ﬂ?SeV_t_ I.1EeV

% “ ”’me’m”’/
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Figure 1.6 A proposed band structure model for the anatase TiO. with oxygen

vacancies.* Reprinted with permission from Elsevier.

(iii) Optical Properties. As stated earlier, due to the wide band gap of TiOg,
this material can only absorb light in the UV-region. For certain applications, this is
not helpful. When oxygen vacancies are introduced into TiO, local states are created
below the conduction band (as shown in Figure 1.6) and thereby creating some
absorption in the visible range. Ti** can also produce the same effect.*?

(iv) Oz adsorption. The creation of oxygen vacancies can affect the adsorption
energy of certain probe molecules, for instance molecular oxygen. Oxygen does not
easily adsorb onto a neutral TiO> surface. However, once oxygen vacancies are created,

the surface becomes more negative thereby allowing for better adsorption of oxygen.*?
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1.4 Doping in TiO2

Doping of TiO; is another way to alter the conductivity and thus change the
activity of TiO2.* In TiO, two different kinds of doping can happen: cation and anion
doping. For cation doping, the Ti** is replaced by another metal. Domen and coworkers
have shown that doping TiO2 with a trivalent cation, facilitates the formation of oxygen
vacancies without the formation of Ti®* ions. In contrast, when Ti*" is replaced with a
pentavalent ion, Ti®* is mainly formed instead of oxygen vacancies.*® In anion doping,
the O is replaced by another heteroatom. Overall, this can alter the conductivity and

band structure of TiO2. More detail will be given in Chapter 4.

1.5 Summary

Fuel cells are a very interesting energy storage device that provide a competitive
alternative to the car engine. However, their commercialization is bottlenecked due to
sluggish kinetics of the oxygen reduction reaction. In addition, the breakdown of the
activated carbon nanoparticle support drives up the cost of the fuel cell and lowers the
overall efficiency of the fuel cell. An alternative support that has been proposed is TiO>
because it is stable, cost effective, and abundant. However, because it is a semi-
conductor, its lower conductivity to carbon causes it to perform worse than carbon. By
creating oxygen vacancies and adding dopants to the TiO2, the conductivity can be

enhanced and therefore, the activity towards the oxygen reduction reaction can be
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enhanced. This dissertation strives to understand the impact these defects play in

electrochemical reactions.
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Chapter 2

Impacts of oxygen vacancies on the electrocatalytic activity of

AuTiO2 nanocomposites towards oxygen reduction

Abstract

Nanocomposites based on metal nanoparticles supported on oxide surfaces
have been used extensively as effective catalysts for fuel cell electrochemistry. In this
study, functional nanocomposites based on gold nanoparticles deposited onto TiO-
colloids were prepared by a simple wet chemistry method, and subject to hydrothermal
treatment at a controlled temperature in the presence of ascorbic acid. Transmission
electron microscopic measurements showed that the gold nanoparticles (10-30 nm in
diameter) were embedded within the TiO2 matrix consisting of colloids of 5-10 nm in
diameter and anatase crystalline structures, as evidenced in x-ray diffraction studies.
Interestingly, electron paramagnetic resonance measurements showed the formation of
oxygen vacancies after hydrothermal treatment and the concentrations of oxygen
vacancies increased with the amount of ascorbic acid added. Consistent results were
obtained in x-ray photoelectron spectroscopic measurements, which suggested partial
charge transfer from gold to oxygen-deficient TiO>. The Au:Ti atomic ratio in the
nanocomposites was estimated to be ca. 11% and consistent among the series of
samples. Electrochemically, the nanocomposites exhibited apparent electrocatalytic

activity towards oxygen reduction reactions in alkaline media, which showed a peak-
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shaped variation with the concentration of the oxygen vacancies. This was accounted
for by the deliberate manipulation of the binding energy of oxygen species onto the
nanocomposite surfaces. In addition, the AuTiO2 nanocomposites exhibited markedly
enhanced tolerance against methanol crossover, as compared to commercial Pt/C

catalysts.

2.1 Introduction

Nanocomposites based on metal nanoparticles supported on oxide surfaces
have been used extensively as effective catalysts for a wide range of chemical reactions,
including fuel cell electrochemistry. In fact, such functional hybrid materials have been
found to exhibit apparent electrocatalytic activity towards both oxidation of fuel
molecules at the anode and reduction of oxygen at the cathode, with catalytic
performances comparable, or even superior, to that of state-of-the art platinum
catalysts.>* This has been ascribed largely to the strong metal-support interactions.>
For instance, Comotti and co-workers deposited gold nanoparticles on various metal
oxides and found that the electrocatalytic activity towards CO oxidation varied with
the oxide support, with AuTiO; identified as the best catalyst among the series.*° In
another study!! Lin et al. prepared a series of AuTiO2 nanocomposites and identified
an optimal gold loading for maximal activity towards oxygen reduction reactions
(ORR), which was accounted for by the dependence of surface OH concentration on
gold contents. Similarly, Chen and co-workers deposited gold on SnO> nanoparticles,

and observed that the gold loading played a vital role in the determination of the
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electrocatalytic activity towards ORR.'? With an increasing gold loading, the ORR
evolved from a two-electron pathway to a four-electron one, and Tafel analysis showed
that the optimal gold loading was ca. 1.9 at.%.'?

In these earlier studies, it is generally difficult to control the deposition and
dispersion of metal nanoparticles on the oxide surfaces.®**> Horvath et al.'® employed
two different methods to mitigate such an issue. In the first method, TiO2 was deposited
onto gold colloid surface by hydrolysis of a titanium-alkoxide precursor and the
resulting core@shell nanostructures were then adsorbed onto a SiO2 surface by
electrostatic interactions. In the second method, gold colloids were grown onto the SiO»
surface, and then a layer of TiO. was coated onto the composite by controlled
hydrolysis. The resulting AuTiO2/SiO2 nanocomposites were much more stable than
the AuTiO- counterparts, and their CO oxidation activity was markedly higher than the
AuSIO; reference sample. This was attributed to the controlled growth of the AuTiO>
interface.’® In another study,'’ Ma and co-workers deposited SiO2 onto AuTiO2
nanocomposites, which also exhibited enhanced catalytic activity and stability for CO
oxidation, as compared to AuTiO2 alone. Similarly, Huang and co-workers
successfully coated gold nanoparticles with ZrO> or TiO2 through an assembly
approach, and these ‘“nanoreactors” were found to exhibit superior catalytic activity for
CO oxidation, due to their porous structure and enhanced stability, as compared to the
uncoated ones.8

However, metal oxides typically exhibit only low electrical conductivity, which

is detrimental to the electron-transfer reactions on the catalyst surface. To increase
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metal oxide conductivity, a number of methods have been reported in the literature.
These include manipulation of the oxide crystallinity,*?° doping,?!-?* combination with
carbon substrates,?*?® and introduction of oxygen vacancies into the oxide structure.?®
Of these, Linh and co-workers carried out DFT calculations to examine the impacts of
oxygen vacancies in TiO2 on oxygen adsorption, and found that the formation of
oxygen vacancies enhanced the adsorption of oxygen species because of an increase of
the oxygen binding energy.?’” Aschauer and co-workers also showed that oxygen
adsorption might be enhanced by defect electrons transferring in the TiO2 surface band
gap.?® Thus, one immediate question arises. Will the ORR electrocatalytic activity be
enhanced by the formation of oxygen vacancy in the oxide support?

Note that thus far experimental studies have been scarce that focus on the
impacts of TiO2 oxygen vacancies on the ORR activity of metal-TiO2 nanocomposites.
This is the primary motivation of the present study. Herein, we prepared a series of
AuTIO2 nanocomposites by colloidal chemistry, and the concentration of oxygen
vacancy in TiO2 was deliberately manipulated by hydrothermal heating?® and ascorbic
acid reduction,®® and evaluated by electron paramagnetic resonance measurements.
Electrochemical measurements showed that the nanocomposites exhibited apparent
ORR activity in alkaline media, which displayed a volcano-shaped variation with the
TiO2 oxygen vacancies. The optimal nanocomposites were found to exhibit an ORR
activity that was comparable to that of commercial platinum catalysts, along with

enhanced tolerance against methanol crossover.
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2.2 Experimental
2.2.1 Chemicals.

Titanium(IV)-tert-butoxide (97%, Sigma-Aldrich), hydrogen tetrachloroauric
acid (HAuCls, Sigma-Aldrich), oleic acid (=99%, Sigma-Aldrich), 3-chloroaniline
(>99.0%, Sigma-Aldrich), sodium borohydride (>98%, Sigma-Aldrich), and ascorbic
acid (99.0%, Sigma-Aldrich) were used as received. Solvents were purchased from
typical commercial sources at their highest purity and used without further treatment.

Water was supplied from a Barnstead Nanopure Water System (18.3 MQ cm).

2.2.2 Preparation of TiO2 nanoparticles.

TiO2 nanoparticles were prepared by adopting a method reported previously.3!
In brief, titanium(1V)-tert-butoxide (0.182 g) was dissolved in 5 mL of water, and 0.791
g of 3-chloroaniline and 0.582 g of oleic acid were dissolved in 5 mL of toluene. Then
the two solutions were added to a Teflon-lined autoclave and heated at 180°C for 12 h.
A white precipitate was produced at the bottom of the autoclave which was collected
by centrifugation, washed with methanol several times, and dried under vacuum,

affording purified TiO2 nanoparticles.

2.2.3 Preparation of AuTiO2 nanocomposites.
AuTIO2 nanocomposites were prepared by adopting a protocol described
previously.®? Experimentally, the TiO2 nanoparticles prepared above (0.0755 g) were

dispersed in 100 mL of tetrahydrofuran. Then a calculated amount of HAuCls was
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added, followed by dropwise addition of a cold aqueous solution of sodium
borohydride (10 molar excess as compared to gold), leading to an immediate color
change from yellow to purple, signifying the formation of gold nanoparticles. The
solution was subject to magnetic stirring at room temperature for about 1 h, followed
by removal of tetrahydrofuran by rotary evaporation. The purple precipitates were dried
under vacuum and denoted as AuTiO2-pre.

The obtained AuTiOz-pre then underwent hydrothermal treatment in the
presence of ascorbic acid to produce oxygen vacancies. In a typical experiment, about
50 mg of AuTiO2-pre was added into a Teflon-lined autoclave, along with a calculated
amount of ascorbic acid and 10 mL of water. The mixture was heated at 180°C for 12
h. Four samples were prepared at the ascorbic acid:gold molar ratios of 0.5:1, 1:1, 2:1,
and 3:1. The corresponding nanocomposites were denoted as AuTiO2-1, AuTiOq-lII,

AUTIO-111, and AuTiO2-1V, respectively.

2.2.4 Characterizations.

The sample morphologies were examined with a transmission electron
microscope (TEM, Philips CM300) operated at 300 kV. X-ray photoelectron
spectroscopic (XPS) measurements were carried out with a PHI 5400/XPS instrument
equipped with an Al K, source operated at 350 W and 107 Torr. Diffuse reflectance
UV-vis spectra were acquired with a Perkin-Elmer Lambda 35 spectrometer. X-ray

diffraction (XRD) measurements were performed with a Rigaku Miniflex powder
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diffractometer using Cu K, radiation with a Ni filter (A = 0.154059 nm at 30 kV and 15
mA) that features a

detection limit of 0.04°.

2.2.5 Electron paramagnetic resonance (EPR).

For EPR measurements, samples were prepared by filling quartz EPR tubes
(Wilmad, 4 mm outer diameter) with one centimeter of powdered materials and
centering the sample in the cavity resonator for data collection. Spectra were recorded
at room temperature with a Bruker EMX EPR spectrometer operating at the X-band
frequency (~9.4 GHz) using an ER 4122SHQE resonator (Bruker). All spectra were
recorded at a power of 1 mW, a modulation amplitude of 1 G, and a modulation
frequency of 100 KHz. Signal intensity was calculated as the peak-to-peak amplitude
(S”) of the EPR signal and double integration of the recorded signal. Progressive power
saturation experiments were performed by recording spectra at various microwave
powers between 0.063 and 63 mW. The data were analyzed by plotting S’ vs. the square

root of the microwave power.

2.2.6 Electrochemistry.

Electrochemical experiments were carried out with a CHI 710 Electrochemical
Workstation with a glassy-carbon disk and gold ring electrode, a platinum counter
electrode, and a Ag/AgCI reference electrode. A catalyst ink was prepared by adding

10 mg of the AuTiO2 nanocomposites prepared above and 40 mg of carbon black
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dispersed in 500 mL of ethanol and 5 mL of Nafion (corresponding to a nanocomposite
concentration of 20 wt.%). The ink was then dropcast onto the glassy carbon disk at a
nanocomposite loading of ca. 20 mg, and dried in air before being immersed into
electrolyte solutions for data acquisition. The Ag/AgCl electrode was calibrated against
a reversible hydrogen electrode (RHE), and the potentials were all referred to this RHE

electrode.

2.3 Results and Discussion
2.3.1 Structural and Optical Characterization.

Figure 2.1 depicts two representative TEM micrographs of the AuTiOz-l1ll
nanocomposites. From panel (A), it can be seen that gold nanoparticles, which appeared
as dark-contrast objects, were embedded within a low-contrast matrix of TiO:
nanoparticles. The gold nanoparticles were somewhat polydisperse in size, ranging
from 10 to 30 nm with an average diameter of 23.1 £ 5.2 nm, whereas the TiO:
nanoparticles were much smaller, forming large-scale aggregates. From the high-
resolution image in panel (B), one can see that the TiO2 nanoparticles were markedly
smaller at 5 to 10 nm in diameter, with well-defined lattice fringes where the interplanar
spacing of 0.376 nm is consistent with that of anatase TiO (101) planes (JCPDS no.
21-1272); and the gold nanoparticles were indeed in intimate contact with the TiO>
nanoparticles, where the interplanar distance of 0.23 nm is in good agreement with the
(111) crystalline planes of fcc Au (JCPDS no. 4-784). Consistent surface morphologies

were observed with other AuTiO2 nanocomposites in the series.
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Figure 2.1 Representative TEM micrograph of AuTiO»-I11 nanocomposites. Scale bars

are (A) 50 nm and (B) 10 nm.

The structures of the AuTiO2 nanocomposites were then characterized by XRD
measurements. From Figure 2.2, one can see that prior to gold nanoparticle deposition,

the TiO2 nanoparticles exhibited a series of well-defined diffraction peaks at 20 = 25.3°,

29



38.1°,48.0°,54.5°, and 63.0°, corresponding to the (101), (104), (200), (211), and (213)
crystalline planes of anatase TiO, (JCPDS no. 21-1272), respectively.®® After gold
nanoparticle deposition, the gold diffraction features (JCPDS no. 4-784) can be clearly
identified for all AuTiO2 nanocomposites at 20 = 38.3° for Au(111), 44.2° for Au(200),
64.5° for Au(220) and 77.6° for Au(311);34 and the TiO2 (101) diffraction can also be
resolved at 20 = 25.3°, although it became increasingly broadened after hydrothermal
treatment with the addition of an increasing amount of ascorbic acid, likely due to the
formation of structural defects (oxygen vacancies), as manifested in XPS and EPR

measurements (vide infra).
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Figure 2.2 XRD spectra of TiO, and AuTiO2 nanocomposites before and after

hydrothermal treatment with ascorbic acid.

31



The formation of AuTiO2 nanocomposites was further manifested in diffuse
reflectance UV-vis measurements. From Figure 2.3, one can see that TiO2 colloids
alone exhibit only a largely featureless absorption profile, and the extension of
absorption down to 700 nm suggests the possible formation of defects states that arose
from structural defects,® considering the bandgap of anatase TiO2 is about 3.2 eV.%
After the deposition of gold nanoparticles onto TiO», the absorption was markedly
enhanced in the visible range. In particular, the AuTiO2 nanocomposites all exhibited
a broad absorption peak centered at ca. 543 nm (marked by the dashed line). This can
be ascribed to the surface plasmon resonance of gold nanoparticles®’ that were rather
polydisperse in size and aggregated to some extent (Figure 2.1). The results also
suggest a similar structure of the gold nanoparticles within the series of nanocomposites
before and after hydrothermal treatment with the addition of various amounts of

ascorbic acid.
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Figure 2.3 Diffuse reflectance UV-vis spectra of TiO2 colloids and AuTiO>

nanocomposites before and after hydrothermal treatment with ascorbic acid.

2.3.2 Characterization of Oxygen Vacancies.

However, the nanocomposites exhibited a clear variation of the concentration
of oxygen vacancies with the amount of ascorbic acid added in hydrothermal treatment,
as revealed in EPR measurements. Figure 2.4 depicts the EPR spectra of the series of
AuTiO2 nanocomposites. One can see that the prehydrothermal AuTiO2-pre sample
exhibited largely a featureless profile. In sharp contrast, after hydrothermal treatment
with ascorbic acid, all nanocomposites showed a resonance transition centered at ca.

3370 G, with a corresponding g value of 2.003, which became increasingly intensified
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with an increasing amount of ascorbic acid added. This may be ascribed to the
formation of unpaired electrons being trapped at the TiO2 surface, consistent with
results reported in earlier studies,?®3%338 due to partial reduction of Ti(1V) to Ti(lll)
by ascorbic acid.>>**%° Indeed, power saturation measurements of AuTiO-111 (Figure
2.4) show that the peak-to-peak derivative signal (S’) initially increased with the
microwave power, reached a maximum at a power around 1 mW, and then decreased
with a further increase of the microwave power, indicating that the signal reached

saturation. The data was fitted to Eq. (2.1),

P
S'"=K L (2.1)

P b/2
(1+p_l)/
2

where K is a constant, P is the incident microwave power, Py, is the power at half
saturation that is directly proportional to the spin-lattice (T1) and spin-spin (T2)
relaxation rates,*! and b is a factor between 1 (for an inhomogeneous line) and 3 (for a
purely homogenous line).*> A spin system that is easily saturated will have a low Py
and a long relaxation rate. From

the fitting, P+, was estimated to be only 0.52 mW; such a low P+, value is characteristic

of trapped oxygen radicals.*>*°
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Figure 2.4 EPR power saturation curve for the AuTiO2-1lIl1 sample. Symbols are
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%
o
experimental data and line is fit by the equation % , with the fitting

parameters of K = 3.669 x 10°, Py, = 0.5196 mW, and b = 1.5328.

Furthermore, one can see that the apparent oxygen vacancy concentration
increased with the amounts of ascorbic acid added. This can be better manifested in the
top inset to Figure 2.5 which compared the amplitude difference in the EPR signals
among the series of AuTiO2 samples, as well as in the bottom inset which depicts the
double integration of the respective spectrum. Both of these may be exploited for a
rough estimation of how many species are causing the resonance signals.*® From the
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results, one can see that the defect concentration (oxygen vacancies) increased in the

order of AuTiOz-pre < AuTiO2-1l < AuTiO2-1 < AuTiO2-11l < AuTiO2-IV.
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Figure 2.5 EPR spectra of the series of AuTiO2 nanocomposites. Bottom inset is the
double integration of the corresponding spectra, and top inset shows the variation of

the amplitude difference with the ascorbic acid:gold feed ratio.

Further structural insights into the elemental compositions and valence states of

the series of the AuTiO2 nanocomposites were unravelled by XPS measurements. From

the survey spectra (Figure 2.6), the Ti 2p, O 1s, and Au 4f electrons can be clearly
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identified with the AuTiO2 nanocomposites at around 458, 530, and 85 eV (along with

C 1s electrons at 285 eV), respectively.
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Figure 2.6 XPS survey spectra of TiO2 and AuTiO2 nanocomposites.

In high-resolution scans (Figure 2.7), one can see that for all AuTiO:
nanocomposites (panels (B) to (E)) the Ti 2p electrons appeared as a doublet at the
binding energies of around 458.7 and 464.5 eV with a peak separation of 5.8 eV,
consistent with those in TiO, colloids (panel (A));*" and for the AuTiO.-11l and

AuTIO2-IV samples, there were some apparent deviations from deconvolution fits at
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around 460 eV (marked by the dashed circles), which might be ascribed to the Ti 2p¥%2
electrons of Ti(111).# This is in good agreement with the EPR results where the
concentrations of oxygen vacancies were markedly higher in these two samples than in
the rest of the series (Figure 2.5). For O 1s electrons, all samples (including TiO-
colloids) exhibited two peaks at the binding energies of 530.4 and 532.6 eV. The former
may be assigned to oxygen in TiO2 whereas the latter is most likely due to hydroxyl
groups adsorbed on the TiO2 and/or Au surfaces.*® For the Au 4f7/2 electrons, the
binding energy was rather consistent for all AuTiO2, nanocomposites at ca. 82.5 eV
(with Au 4f5/2 at 86.3 eV), which was markedly lower than that (84.0 eV) typically
observed with bulk gold and gold nanoparticles.® This signifies electron-rich gold,
likely due to excess NaBH4 used in nanoparticle synthesis as well as hydrothermal
treatment in the presence of reductive ascorbic acid. Such a low binding energy for Au
4f electrons has been reported previously, for instance, with Au nanoparticles supported
on TiO2-MOx (M = Fe, Co, Zn) and ascribed to effective charge transfer from the oxides
to gold,>* as well as with TiO.-supported AuPd alloy nanoparticles that were subjected
to a thermal treatment in a H, atmosphere.? For AuTiO2-11l and AuTiO.-1V, the
appreciable concentrations of oxygen vacancies (Figure 2.5) further enhanced the
electron density on Au that likely facilitated the adsorption of hydroxyl groups, as
evidenced by a second pair of Au 4f peaks at somewhat higher energies of 83.3 and
88.5 eV.%3 Furthermore, based on the integrated peak areas, the Au:Ti atomic ratio was

found to be rather consistent at 11% for all the AuTiO2 nanocomposites.
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Figure 2.7 XPS spectra of Ti2p O1s and Au4f electrons of (A) TiO2, (B) AuTiO.-pre,
(C) AuTiOz-1, (D) AuTiO2-1l, (E) AuTiOz-Ill, and (F) AuTiO2-IV. Black curves are
experimental data and colored curves are deconvolution fits. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of

this article.)

2.3.3 Electrocatalytic activity for the ORR.

The electrocatalytic activity of the nanocomposites prepared above were then
examined by electrochemical measurements in alkaline media. Figure 2.8 depicts the
steady-state cyclic voltammograms of the nanocomposites loaded onto a glassy carbon
electrode in a No-saturated 0.1 M NaOH solution at the potential scan rate of 100 mV
s, It can be seen that in contrast to TiO> colloids that exhibited only a featureless
voltammetric profile due to double-layer capacitance charging,'®% the series of
AuTIiO2 nanocomposites all showed a pair of voltammetric peaks, where the anodic
peak at around +1.3 V can be ascribed to electrochemical oxidation of gold and the
cathodic peak at ca. +1.0 V to the reduction of gold oxides. Furthermore, based on the
integrated peak areas of gold oxide reduction, the effective electrochemical surface area
was estimated to be rather consistent at 0.22 cm? for AuTiO2-pre, 0.13 cm? for AuTiO;-

I, 0.12 cm? for AuTiO>-11, 0.71 cm? for AuTiO»-111, and 0.30 cm? for AuTiO2-1V.%*
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Figure 2.8 Cyclic voltammograms of a glassy carbon electrode modified with TiO>
and AuTiO2 nanocomposites in a nitrogen-saturated 0.1 M NaOH solution. Potential
scan rate 100 mV/s. Catalyst loadings were all 20 g. Based on the integrated peak areas
of gold oxide reduction, the effective electrochemical surface area was estimated to be
0.22 cm? for AuTiOz-pre, 0.13 cm? for AuTiOz-1, 0.12 cm? for AuTiOz-11, 0.71 cm? for

AuTiO2-111, and 0.30 cm? for AuTiO>-1V.

The AuTiO2 nanocomposites were then evaluated for their electrocatalytic
activity towards ORR. Figure 2.9(A) shows the RRDE measurements in an O saturated
0.1 M NaOH solution at the rotation rate of 1600 rpm. One can see that for all samples,

nonzero cathodic currents at the disk electrode emerged at sufficiently negative
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electrode potentials, suggesting apparent electrocatalytic activity towards ORR, despite
the relatively large size of the Au nanoparticles (Figure 2.1). However, the performance
was markedly different among the series of samples. For instance, the onset potential
for TiO2 nanoparticles was estimated to be +0.73 V; yet for the AuTIO:
nanocomposites, the onset potentials were far more positive by ca. 200 mV, at +0.92 VV
for AuTiOz-pre, AuTiO2-1 and AuTiO2-Il, and +0.95 V for AuTiO2-11l and AuTiO»-
IV, indicating marked enhancement of the catalytic performance by the incorporation
of gold nanoparticles onto TiO». Significant discrepancy can also be seen in the
diffusion limiting currents. For instance, at +0.60 V and 1600 rpm, the current density
(Jm, voltammetric currents normalized to the composite loading) can be found at 2.67
A gt for TiO2, but increased by more than two folds to 7.04 A g for AuTiO.-pre, 7.13
A g for AuTiOz-1, 7.46 A g for AuTiOz-11, 9.89 A g for AuTiOz-111, and 6.55 A g
1 for AuTiO2-IV. Taken together, these results suggest that the AuTiO-lII
nanocomposites stood out as the best catalysts among the series.

Furthermore, by setting the ring electrode at +1.5 V, collection experiments
showed that the ring currents were at least one order of magnitude lower than those at
the disk,
indicating only a minimal amount of peroxide species were produced during oxygen

reduction. In fact, the number of electron transfer (n) may be quantified by Eq. (2.2),

4]
n= —2 (2.2)

Ip + IR/N
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where ID and IR are the voltammetric currents at the disk and ring electrodes,
respectively, and N is the collection efficiency (0.40).% From panel (B), one can see
that within the potential range of +0.4 to +1.0 V, the n values increase in the order of
TiO2 < AuTiOz-pre < AuTiO2-11 < AuTiO2-1 < AuTiO2-I1l1 < AuTiO2-IV. For instance,
at +0.60 V, n = 3.13 for TiO,, 3.58 for AuTiO.-pre, 3.68 for AuTiO»-I, 3.54 for
AuTIiO2-11, 3.71 for AuTiO2-1ll, and 3.81 for AuTiO2-1V, corresponding to a H20>
yield of 34.8%, 16.8%, 12.8%, 18.4%, 11.6%, and 7.6% respectively. That is, with the
formation of AuTiO2 nanocomposites, the H2O: yield decreased significantly and the
ORR proceeded mostly by the four-electron reduction pathway, O; + 2H20 + 4¢ —
4OH—_11,56

Further insights into the ORR electron transfer kinetics can be obtained from
analysis and comparison of the Tafel plots, where the kinetic current density (Jk) was
quantified by the y-axis intercepts of the respective Koutecky-Levich plots.>” From
panel (C), it can be seen that for all nanocomposite catalysts, the kinetic current
densities increased with increasingly negative electrode potential, and within the
potential range of +0.95 to +0.55 V, AuTiO.-I1l exhibited the highest kinetic current
density, whereas TiO> the lowest, with the rest of the samples showing similar activity
in the intermediate range. For instance, at +0.90 V, the kinetic current density was only
0.40 A g for AuTiO2-1, 0.43 A g for AuTiO-11, 0.70 A g for AuTiOz-pre, 0.71 A
g for AuTiO2-1V, and 1.96 A g for AuTiO2-111 (only minimal activity for TiO; at

this potential).
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In addition, one may note that the Tafel slope of the series of sample was
actually very close at 110 mV dec™ for TiO2, 158 mV dec™ for AuTiO2-pre, 136 mV
dec for AuTiO2-1, 136 mV dec™* for AuTiO2-11, 114 mV dec™ for AuTiO2-1ll, and 134
mV dec? for AuTiO2-1V. This implies a similar ORR mechanism for this series of
AuUTIO catalysts where the rate-determining step was likely the first electron reduction

of oxygen.tt12
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Figure 2.9 (A) RRDE voltammograms of a glassy carbon electrode modified with TiO>
and AuTiO2 nanocomposites in an oxygen-saturated 0.1 M NaOH solution. Potential

scan rate 10 mV s and rotation rate 1600 rpm. Catalyst loadings 20 mg of composite.
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(B) Variation of the number of electron transfer (n) with electrode potential. Data were
obtained from the voltammograms in panel (A). (C) Tafel plots of the various
nanocomposite catalysts. (D) Chronoamperometric profiles of AuTiO2-1ll and Pt/C
catalysts in an oxygen-saturated 0.1 M NaOH solution at the electrode potential of

+0.60 V, where 1 M methanol was injected into the electrolyte solution at t = 3 h.

For metal/metal oxide nanocomposites,***? it has been known that the
electronic interactions at the interface likely play a key role in determining the bonding
interactions with oxygen species and hence the ORR activity. In the present study, the
discrepancy of the ORR performances observed above may be accounted for by the
impacts of oxygen vacancies on the adsorption of oxygen intermediates on the
composite surfaces. The AuTiO2-1ll and AuTiO2-IV samples, which exhibited
markedly higher ORR activity than other samples in the series, also showed
significantly higher concentrations of oxygen vacancies (Figure 2.5). This most likely
led to enhanced adsorption of oxygen species onto the nanocomposites, due to partial
charge transfer to Au from oxygen-deficient TiO2 (Figure 2.7).58 Importantly, the
results presented above suggest an optimal concentration of oxygen vacancies for
maximal ORR activity, as manifested by the AuTiO»-I11 sample which stood out as the
best catalyst among the series. This may be accounted for by the fact that whereas
oxygen vacancies enhanced bonding interactions between oxygen and the
nanocomposites, too strong binding would actually diminish the ORR performance, as

manifested by the so-called volcano plot.>®
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It should be noted that the ORR performance of the AuTiO2 nanocomposites
observed above was markedly enhanced in comparison with similar composite
catalysts that were not treated hydrothermally with ascorbic acid (Table 2.1), within
the context of onset potential, n value, and Kkinetic current density. This suggests that
controlled formation of oxygen vacancies may be exploited as a unique, powerful
parameter in the deliberate manipulation of the nanocomposite ORR activity.!1?
Notably, the electrocatalytic activity of AuTiO»-I1l1 was rather comparable to that of
commercial Pt/C catalysts.? In addition, the AuTiO2 nanocomposites and Pt/C both
exhibited excellent stability, where the ORR currents remained virtually invariant after
continuous operation at +0.60 V for ca. 3 h, as depicted in panel (D). One can also see
that AuTiO2 showed much better tolerance against methanol poisoning than Pt/C. For
instance, upon the injection of 1 M methanol into the electrolyte solution, the ORR
current at the Pt/C catalysts dropped by ca. 60% whereas only a 4% decrease was

observed with AuTiO»-llII.

Table 2.1 Summary of ORR activity of metal-TiO2 nanocomposites in previous studies

Sample Eonset (V' Vs. n Activity Ref.
RHE)
AU/TIO? +0.88 3.72 63.7 A/m*> @ +0.70 V 11
vs. RHE
Au/SnO> +1.06 4.1 4.1 Alm?> @ +0.70 V vs. 12
RHE
AU/TIO,/C +0.82 3.0 2.0 AIm> @ +0.74 \V vs 60
RHE
TiO2 +0.70 - - 19
Pt/Cr-TiOz +0.90 - 450 A/m> @ +0.9 V vs. 21
RHE
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PUTIO.@C +0.95 - 0.1 A/Mm?>@ +1V vs. 24
RHE
CuHC10/TiOz +0.75 3.69 12.38 A/Im*> @ +0.70 V 32
vs. RHE
Pt/TiIO2-C +0.80 - 1.47 A/Im?> @ +0.80 V 61
vs. RHE
Pt/TiO2 +1.00 - 3.86 A/lg @ +0.81 V vs. 62
mesoporous film RHE
Au coatings on +0.95 - 10.1 A/m? @ +0.66 V 63
TiO2 substrates vs. RHE
AU/TiO: +1.04 - 10 A/m? @ +0.74 V vs. 56
RHE
Au/CoOx +0.90 4 1.4 A @ +0.6 V vs. 64
RHE
Au/Gdo.3Ce0701.9 +0.80 3.5-3.8 | 100 A/m? @ +0.24 V vs 65
RHE

2.4 Conclusions

In this study, gold-TiO2 nanocomposites were prepared by chemical deposition
of gold nanoparticles onto TiO> colloid surface. Hydrothermal treatment at a controlled
temperature in the presence of ascorbic acid led to the generation of oxygen vacancies
where the concentration varied with the amount of ascorbic acid added. This led to a
deliberate manipulation of the electrocatalytic activity towards oxygen reduction in
alkaline media. Voltammetric measurements showed that the nanocomposites with a
relatively high concentration of oxygen vacancies exhibited the best ORR activity
among the series, as a result of deliberate manipulation of the binding interactions of
oxygen species on the nanocomposite surfaces that was facilitated by partial charge
transfer from oxygen-deficient TiO> to gold. The results further highlight the
significance of metal-substrate interfacial interactions in the design and engineering of

functional nanocomposites as effective catalysts for fuel cell electrochemistry.
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Chapter 3

Impacts of the transition metal oxide support for oxygen reduction

reaction

Abstract

In metal nanoparticle/oxide nanocomposites, the reducibility of the support
plays an important role in determining the activity of the entire system. There is a
general understanding that reducible oxides are far more reactive than nonreducible
oxides because of the presence of defects sites or oxygen vacancies. Typically, these
defects cause a stronger interaction between the metal nanoparticle and the reducible
oxide making them better candidates for fuel cell reactions. They also will cause a
partial charge transfer to the metal nanoparticle, which causes a lower binding energy
of gas molecules in electrocatalysis. In this study we looked at the role of the support
in studying gold nanoparticles photo-deposited on different oxide materials. We
synthesized TiO, nanoparticles and SiO2 nanoparticles and deposited gold
nanoparticles of different sizes using different irradiation times. The structure of the
nanocomposites was determined using TEM and XRD. TEM showed that Au/TiO> 30
min sample was composed of two regions with anatase TiO. and Au facets. XRD
mainly showed Au peaks and showing that the gold tended to be smaller on the SiO>
samples. Oxygen vacancies were studied Raman, EPR, and XPS which afforded that

they were caused by Au deposition and a partial charge transfer to the Au occurred on
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the TiO. samples. The SiO. samples however have no indication of a defect/reduced
state. The contribution of the oxygen vacancies was studied during ORR catalysis using
RRDE and Tafel analysis. Overall, because of the oxygen vacancies, the TiO2 samples

out-performed the SiO, samples.

3.1 Introduction

Recently, there is an increase in research in fuel cells, however due to the
sluggish kinetics of the oxygen reduction reaction at the cathode, the commercialization
of these devices has been hindered. In addition, the current most effective catalyst is
platinum which is very rare and expensive. Therefore, new catalysts are needed to
replace platinum.! Nanocomposites based on metal nanoparticles supported on
transition metal oxide surfaces have been used extensively as effective catalysts for the
oxygen reduction reaction as well. This has been ascribed largely to the strong metal-
support interactions.>” They are a good replacement for the commercial activated
carbon supports because of their stability under harsh conditions whereas the carbon
supports will oxidize and loose electrochemical surface area over time.®

Previous studies have shown that the interaction between the metal nanoparticle
and the support can affect catalytic activity.® For instance, Li and coworkers
demonstrated that gold atoms have different favorable binding patterns on anatase and
brookite TiO. This affects the growth of nanoparticles on the surface and therefore the

catalytic activity towards CO oxidation.° Lui et al. showed that by changing the crystal
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facet of TiOy, catalytic activity towards CO oxidation changes because the facet
dictates the activation of 0.1

Whereas there has been some advancement in studying the metal-support
interactions through electron microscopy*?, there is still some information needed to
deduce the interaction between metal nanoparticles and transition metal oxide supports
during catalysis and electrocatalysis. This interaction has shown to affect the kinetics
of the oxygen reduction reaction. Lin et al. prepared a series of AuTiO2 nanocomposites
and identified an optimal gold loading for maximal activity towards oxygen reduction
reactions (ORR), which was accounted for by the dependence of surface OH
concentration on gold contents.'® In addition, Sweeney et al. synthesized Au/TiO;
nanocomposites with varying concentrations of oxygen vacancies and determined an
optimal concentration of oxygen vacancies that influenced the binding of oxygen to the
AU/TiO; interface.’

Oxygen-deficient oxides have been shown to improve the oxygen reduction
reaction in past studies. Ji et al. deposited platinum nanoparticles oxygen vacancy-
treated TiO2 nanofibers and the onset potential for the oxygen reduction reaction
increased and the stability for the reaction improved.!* Xu et al. deposited platinum
nanoparticles on cerium oxide nanoparticles with a lot of oxygen vacancies in the CeO>
nanoparticles. The mass activity improved by 50% and it proved to be more durable
than Pt/C.»°

In addition to manipulating the support, the reducibility of the support has

played a role in metal deposition and catalysis. Fang and coworkers made a series of
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gold nanoclusters supported on different oxides and studied the effect of temperature
on size of particles and the catalytic efficiency towards two organic reactions. It was
shown that the gold nanoclusters supported by TiO> samples showed no increase in
particle size after heat treatment and showed the highest catalytic activity towards the
two organic reactions.'® Lu and coworkers treated samples of Degussa P25 powder
with Hz at room temperature to understand structural and defective changes in the
samples. They did this using XRD, FT-IR, Raman and UV-vis, and TEM. They were
able to show that the resulting structures formed a core-shell structure with good
photocatalytic activity.’

However, there is needed a deeper understanding of how the oxide influences
the reactivity of deposited nanoparticles. Because reaction conditions such as heat can
change the size of gold nanoparticles, we needed a synthesis method that allows us to
control the size of gold nanoparticles on both types of supports. We chose
photodeposition because it allows us to control both the size of gold nanoparticles and
oxygen vacancies in oxide supports. Pan and Xu were able to show the formation of
oxygen vacancies under UV light in an oxygen-rich environment.*® Herein, we report
on the role of the support in the interaction between gold nanoparticles and two
supports: TiO2 nanoparticles (a reducible oxide) and SiO2 (a non-reducible oxide) in

the oxygen reduction reaction.

3.2 Experimental

3.2.1 Materials.
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Titanium(IV)-tert-butoxide (97%, Sigma-Aldrich), gold(I1l) chloride (AuCls,
Sigma-Aldrich), oleic acid (>99%, Sigma-Aldrich), 3-chloroaniline (>99.0%, Sigma-
Aldrich), and tetraethyl orthosilicate (98%, Acros Organics). Solvents were purchased
from typical commercial sources at their highest purity and used without further
treatment. Water was supplied from a Barnstead Nanopure Water System (18.3 MQ

cm).

3.2.2 Synthesis of TiO2 nanopatrticles.

Synthesis has been modified from a previous study'®, and has been used in a
previous publication.” In brief, 0.0503 mL of 3-chloroaniline, was dissolved in 5 mL
of milliq water and placed in a Teflon-lined autoclave. 0.090 mL of Ti(IV)-tert-
butoxide and 0.050 mL of oleic acid were dissolved in toluene and added to the same
Teflon-lined autoclave. The bi-phasic reaction was heated at 180°C for 12 h. The
liquids were evaporated under rotary evaporation, and the brown solid was washed
extensively with methanol. The brown solid was then dried under vacuum and used as

prepared.

3.2.3 Synthesis of SiO2 nanoparticles.

Synthesis of SiO, was performed by modifying a previous method.?° In brief,
25 mL of ethanol was dissolved in 100 mL of millig water. This solution was sonicated
for 10 min. Then, 0.965 mL of tetraorthosilicate was added to the mixture and this was

sonicated for 20 min. Finally, 56 mL of ammonia hydroxide was added, and the mixture
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was sonicated for 60 min. The solution was evaporated off under rotary evaporation
and followed by washing with water. The white powder was then vacuum dried and

used as prepared.

3.2.4 Photo-deposition of gold on oxides.

A reaction flask/condenser was attached and secured to a water cooling system
with a shaker. Then 5 mg of the oxide was added to the flask followed by 20 mL of 10
mM AuCls. The shaker was turned on to evenly disperse the oxide particles. Then 0.2
mL of methanol was added, and the reaction was irradiated with 100 W of UV-light at
365 nm. The reaction was allowed to proceed for 10 min and 30 min (samples are
designated as such). The precipitate was centrifuged down, washed with water, and

vacuum dried and further used for experiments.

3.2.5 Characterization.

The sample morphologies were examined with a transmission electron
microscope (TEM, Philips CM300) operated at 300 kV. X-ray photoelectron
spectroscopic (XPS) measurements were carried out with a PHI 5400/XPS instrument
equipped with an Al K, source operated at 350 W and10® Torr. Diffuse reflectance
UV-vis spectra were acquired with a Perkin-Elmer Lambda 35 spectrometer. EPR
measurements were prepared by packing a glass capillary tube and sealing off the open
end with a Bunsen burner. The capillary was placed in the quartz EPR tube (Wilmad,

4 mm outer diameter). Spectra were recorded at room temperature with a Bruker EMX

62



EPR spectrometer operating at the X-band frequency (~9.4 GHz) using an ER
4122SHQE resonator (Bruker). All spectra were recorded at a power of 1 mW, a
modulation amplitude of 1 G, and a modulation frequency of 100 KHz. Signal intensity
was normalized to mass of sample added to the capillary tube.” X-ray diffraction (XRD)
measurements were performed with a Rigaku Miniflex powder diffractometer using Cu
Ka radiation with a Ni filter (A = 0.154059 nm at 30 kV and 15 mA) that features a
detection limit of 0.04°. Raman characterization was performed on an inVia Renishaw
Raman spectrometer using a HPNIR diode laser operated at 785 nm, HeNe ion
excitation source operated at 663 nm, and Argon ion excitation source operated at 514

nm.

3.2.6 Electrochemistry.

Electrochemical experiments were carried out with a CHI 710 Electrochemical
Workstation with a glassy-carbon disk and gold ring electrode, a platinum counter
electrode, and a Ag/AgCI reference electrode. A catalyst ink was prepared by adding
the Au/oxide nanocomposites prepared above and 4 times the amount of oxide of
carbon black dispersed in a calculated amount of ethanol and 1% of mL of ethanol of
Nafion (corresponding to a nanocomposite concentration of 20 wt.%). The ink was then
dropcast onto the glassycarbon disk at a nanocomposite loading of ca. 20 mg, and dried
in air before being immersed into electrolyte solutions for data acquisition. The
Ag/AgCI electrode was calibrated against a reversible hydrogen electrode (RHE), and

the potentials were all referred to this RHE electrode.
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3.3 Results and Discussion
3.3.1 Structural Characterization.

Representative images of the structural morphology of the Au/TiO2 30 min
sample as portrayed through TEM and HRTEM measurements are shown in Figure 3.1
(A) — (D). Figures 3.1 (A) and (B) shows two main regions in the sample: one of lower
electron density with less defined particles and one of higher electron density with more
defined particles. The lower electron density region can be ascribed to the TiO>
nanoparticles which are aggregated with an average size around 25 nm. The higher
electron density area can be ascribed to gold nanoparticles with an average size of
around 5 nm. Both regions however show aggregation of particles. In Figure 3.1 (C),
the HRTEM image of the lower electron density area shows lattice fringes at 0.37 nm
which corresponds to the (101) facet for anatase TiO2.22?® Looking at an HRTEM
image of the higher electron density area (Figure 3.1 (D)), there appears to be lattice

fringes with a value of 0.224 nm which corresponds to the Au (111) facet.?>%
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Figure 3.1 (A) and (B) - TEM images of Au/TiO2 30 min sample, (C) HRTEM image
of TiO2 region of Au/TiO2 30 min sample, and (D) HRTEM image of Au region of

AU/TiO2 30 min sample.

Structural assignments were further manifested in power x-ray diffractions
measurements (Figure 3.2). One peak for SiO2 nanoparticles is found at 22.7° which is
attributed to amorphous silicon dioxide.?® TiO, nanparticles show peaks at 25.2, 38.0,

48.0, 54.7, and 62.8° which correspond to the (101), (004), (200), (211), and (220)

65



facets of anatase TiO- respectively (JCPDS Card no. 21-1272). When gold is deposited
onto the oxides, the peaks for TiO2 and SiO. disappear and peaks are shown at 38.0,
44.5,64.6, 77.4, and 81.9° which correspond to the (111), (200), (220), (311), and (222)
facets of Au respectively (JCPDS Card No. 4-784). From the Debye Scherrer equation,
the particle sizes were estimated to be 5.4 nm, 24.2 nm, 19.7 nm, 22.4, and 14.1 nm for
TiO2, Au/TiO2 30 min, Au/TiO2 10 min, Au/SiO2 30 min, and Au/SiO2 10 min samples
respectively. The size of SiO2 was not able to be determined because of the large peak
broadening from the particles.?” The discrepancy between the TiO2 nanoparticle size
from TEM and XRD measurements is potentially due to the discrepancy between the
grain size (measured by TEM) and coherent scattering domain size (measured by
XRD).?2 As the photodeposition time increases, the gold particle size increases.
However, it seems that the average size of the gold nanoparticles is slightly smaller on
the SiO> compared to those on the TiO,. This could be due to gold have a stronger
affinity to defects and nucleate and grow from solely the defects instead of the rest of

the surface.2%30
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Figure 3.2 Powder x-ray diffraction of (A) Au/SiO2 10 min, (B) Au/SiO2 30 min, (C)

AuU/TiO2 10 min, (D) Au/TiO2 30 min, (E) TiO, and (F) SiOa.
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Raman measurements were done because substrate peaks were not shown after
gold deposition in XRD measurements more information was needed on structural
change due to the interaction between gold and the oxides. Figure 3.3 is a Raman
spectrum of all the samples. The SiO, samples do not show sufficient signal, except for
the Au/SiO2 10 min sample which shows peaks at 270, 1170, and 1300 cm™ which are
ascribed to vibrations in the silica network.3! Bare TiO2 nanoparticles show peaks at
407, 520, and 635 cm™ which can attributed to the O-Ti-O bending mode, and the one
and two dimensional Ti-O stretching modes of anatase crystal structure respectively.®?
The Au/TiO2 30 min and Au/TiO2 10 min samples both show these peaks indicating
that the gold does not change the crystal structure of the TiO that much. However, two
new peaks appear at 443 and 710 cm™ after the gold is deposited onto the TiO,. This
has previously been prescribed to titanate peaks which could show the partial negative
charge due to the formation of Ti** species (see XPS). These peaks are not present in
the SiO2 samples indicating that photodeposition does not induce defects into the SiO;

lattice (see XPS).
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Figure 3.3 Raman spectra of all samples (A) 514 nm, (B) 663 nm, (C) TiO2, (D)
SiO2, (E) Au/TiO2 30 min, (F) Au/TiO2 10 min, (G) Au/SiO2 30 min, and (H)

AU/SiO2 10 min
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3.3.2 Electronic Characterization.

The optical properties of the Au/oxide samples were tested with diffuse
reflectance measurements (Figure 3.4). TiO2 nanoparticles have an exponential decay
absorption profile. This is due to the presence of defects in the TiO2 nanoparticles (see
EPR and XPS data).3*3 A peak also appears around 450 nm which could possibly be
due to the luminescence properties of TiO2.3 When gold is deposited onto the samples,
there seems to be a red shift in this peak to around 475 nm and a small peak at 590 nm
which is due to the surface plasmon resonance of gold.3” The Au_SiO, samples seem
to have no peaks and no exponential decay because the SiO2 substrate has no absorption

in the visible range.*®
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Figure 3.4 DRS of all samples.

The presence of oxygen vacancies was determined using EPR measurements
(Figure 3.5). TiO2 nanoparticles have a peak at 3375 G which corresponds to a g value
of 2.0013. This peak is due to the presence of oxygen vacancies where an electron
becomes trapped in the vacancy and produces a signal similar to that of an oxygen
radical.®*4° The SiO, nanoparticles have no signal because they have no oxygen
vacancies. This is due to the fact that Si only has one oxidation state, 4*.** This data
verifies the reducibility of TiO> and non-reducibility of SiO2. Once the gold is
deposited on SiO», there seems to be no EPR signal. This means that gold does not
generate oxygen generate oxygen vacancies in SiO2. However, when the gold is
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deposited on the TiO-, the signal disappears. This could be due to the high conductivity
of the gold and the presence of oxygen weakening the oxygen vacancy signal.*> These
limitations do not affect XPS results and we were able to see the presence of gold-

induced defects.
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Figure 3.5 EPR of all samples.

Electronic characterizations and effect of photodeposition on the oxides were
further studied using XPS (Figure 3.6). Peaks appeared at ~85, ~100, ~285, ~460, and

530 eV which correspond to the elements Au, Si, C, Ti, and O respectively.*344
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Figure 3.6 XPS survey spectra of all samples.

Figure 3.7 shows the high-resolution scans of Au 4f (left column), O 1s (middle
column), and Ti 2p (right column) of TiO2 nanoparticles and Au/TiO2 samples. In the
Au 4f high resolution spectrum both Au/TiO2 samples have one pair of peaks present.
The peak positions are 87.75 and 84.13 eV and 87.72 and 84.09 eV for Au/TiO2 10 min
and Au/TiO2 30 min respectively. These peak positions seem to fall near AuC signifying
that the photodeposition converted the Au®* from AuCls to Au®.*® In the high-resolution

scan for the O 1s spectra, the TiO2 samples have two peaks at 531.34 and 529.87 eV
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for TiO2, 532.23 and 530.74 eV for Au/TiO2 30 min, and 532.55 and 531.19 eV for
AuU/TiO2 10 min corresponding to surface adsorbed OH groups and lattice oxygen
respectively.*® The peak positions seem to blue shift after the photodeposition of gold
whereas the photodeposition time increases, the binding energy increases. This could
be due to the formation of oxygen vacancies in the TiO2.2® In high resolution Ti 2p
scans, there appears to be a doublet for the bare TiO2 nanoparticles and two sets of
doublets when Au is deposited onto the surface. The peak positions are 463.83 eV and
458.13 eV for bare TiO2; 464.95 eV, 459.18 eV, 463.80 eV, and 457.59 eV for Au/TiO>
10 min; and 465.01 eV, 459.23 eV, 464.24 eV, and 457.66 eV for Au/TiO2 30 min. The
Ti** state occurs at ~465 and ~459 eV and the Ti®* state occurs at ~463 and ~457 eV.*’
It seems that the bare TiO, started off at a reduced state with a mix of Ti** and Ti%*.
Once the gold is photo-deposited onto the TiO2, there seems to be a blue-shift in the
major peak where it falls near the binding energy of Ti** and the smaller pair of peaks
fall near the Ti®* state. The amount of Ti%*" is 0%, 11%, and 14% for TiO,, Au/TiO2 10
min, and Au/TiO, 30 min respectively. The Ti®* seems to increase slightly as the
photodeposition time increases, therefore the photodeposition time affords more
oxygen vacancy formation. In addition, the Ti peaks in the gold deposited samples have
higher binding energies because of the charge transfer from Ti to Au which verifies the

Au data.*8-0
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Figure 3.7 High resolution Au 4f, O 1s, and Ti 2p spectra of (A) TiO2, (B) Au/TiO;

30 min, and (C) Au/TiO2 10 min

In contrast, Figure 3.8 shows the high-resolution spectra of the SiO, samples.
In the left column, the high-resolution Au 4f spectra are shown with both samples have
1 pair of peaks at 87.72 and 84.09 eV for Au/SiO2 10 min, and 87.81 and 84.19 eV for
AU/SiO2 30 min. These samples’ peak positions are very similar to that of the TiO2
samples meaning that these samples as well have reduced gold. In the middle column,
the high resolution spectra for O 1s are shown with one peak for all samples at 533.07
eV for SiO2, 532.63 eV for Au/SiO2 30 min, and 533.23 eV for Au/SiO2 10 min
corresponding to lattice oxygen in the SiOz crystal lattice.>! Finally, in the right column,
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the high resolution Si 2p spectra are shown with one peak for all samples at 103.11,
102.87, and 103.02 eV corresponding to SiO2, Au/SiO2 30 min, and Au/SiO2 10 min
samples respectively that corresponds to lattice Si.5>° All of these peak positions are

very similar to each meaning that there is no charge transfer in the SiO2 samples.
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Figure 3.8 High resolution Au 4f, O 1s, and Si 2p spectra of (A) TiO2, (B) Au/SiO2

30 min, and (C) Au/SiO2 10 min

3.3.3 Electrocatalytic Activity.

76



Cyclic voltammetry was performed in a N saturated 0.1 M KOH solution at a
scan rate of 10 mV/s (Figure 3.9). The reduction peak at 1 V vs. RHE is ascribed to the
reduction of the AuO monolayer on the surface that formed at 1.3 V vs. RHE.>** From
this peak the electrochemical surface area can be calculated®® to yield 0.1665, 0.2333,
0.0972, and 0.0726 cm? for Au/TiO, 30 min, Au/TiO2 10 min, Au/SiO2 30 min, and
Au/SiO2 10 min respectively. The Au/TiO2 10 min sample has the highest
electrochemical surface area which contributes to its overall activity.>” The defect data

confirmed in the TiO2 samples also contributes to the higher surface area.
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Figure 3.9 Steady-state cyclic voltammagrams of Au/oxide composites in N2 saturated

0.1 M KOH solution at a scan rate of 10 mV/s.
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This was further revealed in studying the oxygen reduction reaction by using
RRDE measurements in an O saturated 0.1 M KOH solution at a scan rate of 10 mV/s
(Figure 3.10). From the voltammagrams, the onset potential for the reaction is 0.90,
0.92, 0.88, 0.87 V vs. RHE for Au/TiO2 30 min, Au/TiO2 10 min, Au/SiO2 30 min, and
Au/SiO2 10 min respectively with Au/TiO2 10 min having the closest onset potential to
the standard reduction potential of the conversion of Oz to H20 at 1.229 V vs. RHE.*®
All curves show apparent activity for the reaction with the ring current being 4x lower
than the disk current in magnitude showing that the formation of hydrogen peroxide is
the minor pathway. However, there is crossing of the disk current in all the samples
showing that the mass transport is affecting the kinetics of the reaction decreasing the

limiting current.>%°
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Figure 3.10 RRDE voltammagrams in Oz saturated 0.1 M KOH at 10 mV/s a)

AU/TiO2 30 min b) Au/SiO2 30 min e) Au/TiO2 10 min f) Au/SiO2 10 min

To determine the number of electrons transferred, the following Equation 3.1

was used:

al (3.1)

Iy +-=
D
N

where Ip is the disk current, Ir is the ring current, and N is the collection efficiency at
0.41. The electrons transferred were plotted vs. disk potential in Figure 3.11 (A). The

calculated electron transfer numbers are 3.8, 3.7, 3.7, and 3.6 for Au/TiO2 30 min,
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AU/TiO2 10 min, Au/SiO2 30 min, and Au/SiO2 10 min respectively at their highest
point a potential of 0.75 V vs. RHE. All numbers are very close to four so all samples
perform the ORR mostly through the 4 electron pathway with Au/TiO2 30 min being
the closest to the 4 electron pathway.®* These values confirm the differences in
magnitude between the disk and ring currents for all the samples. Interestingly, the
electrons transferred decreases as the potential becomes more negative for all the
samples except Au/SiO2 30 min sample. This behavior transpires from the RRDE
voltammagrams showing crossing behavior and mass transfer effects. The kinetics of
the reaction were further studied using Koutecky-Levich Analysis (Equation 3.2)

1

N (3.2)

i g

where i the measured current at 1600 rpm, ik is the kinetic current, and ip is the
diffusion limited current approximated to the limiting current at 1600 rpm. The disk
potential was plotted against the kinetic currents to form the Tafel Plot. From the Tafel
Plot (Figure 3.11 (B)), a mass activity at 0.85 V vs. RHE is calculated to be 2.78 A/g,
9.31 Alg, 5.96 Alg, and 3.71 A/g for Au/TiO2 10 min, Au/TiO2 30 min, Au/SiO> 10
min, and Au/SiO2 30 min samples respectively with Au/TiO2 30 min having the highest
activity. From the Tafel Plots, the tafel slopes for the samples are -105, -100, -115, and
-105 mV/dec for Au/TiOz 10 min, Au/TiOz 30 min, Au/SiO2 10 min, and Au/SiO2 30
min respectively. All of the Tafel slopes are close to the accepted value of -120 mV/dec
which shows that the conversion of O, + H*/e” + * — OOH?* is the rate-limiting step.5?

Combining all the results from the analysis it can be concluded that the Au/TiO2 30
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min sample has the highest electrocatalytic activity towards the oxygen reduction

reaction.
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Figure 3.11 a) Electrons transferred plot b) Tafel plot. Inset: Specific activity @ 0.85

V vs. RHE of samples

The origin of the better activity for the TiO2 samples stems from the presence
of defects. A combination of Raman and XPS showed that Au/TiO2 nanocomposites
have strong interactions that creates the Ti®* state which is the origin of ORR activity.
It is interesting to note that the Au/SiO> composites do not show this defect state in
both Raman and XPS data. Therefore, the surface remains unreduced and therefore, is
not as reactive of a support as TiOz. This is verified by the ORR data where the TiO>
samples have a higher electrochemical surface area, onset potential, number of
electrons transferred, and specific activity. Therefore, we have successfully

demonstrated that the defects in oxides play a role in electrocatalysis.

3.4 Conclusions
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The role of the support in electrocatalytic reactions is very important can affect

the kinetics of these reactions. We have demonstrated here, that the results with TiO»

as a support and SiO> as a support vary greatly because of the interaction that gold has

with the different oxides because of their different reducibility capabilities. TiO2 has

two oxidation states, Ti** and Ti%*, and the presence of these influences the activity.

With an increasing amount of Ti", the activity is enhanced as demonstrated here with

AU/TiO2 10 min being the best sample for oxygen reduction.
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Chapter 4

Understanding the Effects of Nitrogen Doping in TiO2 as a Support

for the Oxygen Reduction Reaction

Abstract

Fuel cells are an interesting electrical-based alternative. However, their
commercialization is being hindered because of the sluggish kinetics of the cathode
reaction, the oxygen reduction reaction (ORR). Currently, the commercial catalyst is
Pt/C, but the low abundance of Pt and the degradation of the carbon cause this catalyst
to be expensive and not that efficient. TiOz is looked at as a promising alternative, but
the Kkinetics with this support are worse because of the low conductivity. Here, we
doped the TiO2 with nitrogen to increase conductivity and therefore enhance TiO2’s
capability as a promising support for the ORR. We also attempted to control the change
in nitrogen doping to see the effect on activity using hydrothermal heating with ascorbic
acid. However, there was no trend to be found and the hydrothermal heating with

ascorbic acid seemed to worsen the activity for the ORR.

4.1 Introduction
Nanocomposites based on metal nanoparticles supported on oxide surfaces
have been used extensively as effective catalysts for a wide range of chemical reactions,

including fuel cell electrochemistry. In fact, such functional hybrid materials have been
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found to exhibit apparent electrocatalytic activity towards both oxidation of fuel
molecules at the anode and reduction of oxygen at the cathode, with catalytic
performances comparable, or even superior, to that of state-of-the art platinum catalysts
13 This has been ascribed largely to the strong metal-support interactions “®. For
instance, Comotti and co-workers deposited gold nanoparticles on various metal oxides
and found that the electrocatalytic activity towards CO oxidation varied with the oxide
support, with AuTiO identified as the best catalyst among the series ’. In another study
8 Lin et al. prepared a series of AuTiO, nanocomposites and identified an optimal gold
loading for maximal activity towards oxygen reduction reactions (ORR), which was
accounted for by the dependence of surface OH concentration on gold contents.
Similarly, Chen and co-workers deposited gold on SnO2 nanoparticles, and observed
that the gold loading played a vital role in the determination of the electrocatalytic
activity towards ORR °. With an increasing gold loading, ORR evolved from the two-
electron pathway to the four-electron one, and Tafel analysis showed that the optimal
gold loading was ca. 1.9 at.% °.

However, TiOz is a semiconductor and that causes a decrease in the activity for
the ORR. Recently, nitrogen doped TiO2 has become an interesting material to study
especially in the realm of photocatalysis.'® The nitrogen doping, causes N 2p orbitals
to fall at an energy above the valence band decreasing the band gap, which in turn
increases conductivity. The nitrogen doping can happen in two ways: substitutional
doping and interstitial doping. Substitutional doping occurs when the nitrogen replaces

an oxygen in the lattice, creating a Ti-N bond. In interstitial doping, the nitrogen will
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sit between two oxygens, creating a Ti-O-N bond. However, there seems to be a lack
in the literature in how the kinds of nitrogen doping affect the activity of the nitrogen-
doped TiO,. 1113

For the first time, in this study we employed the use of nitrogen-doped TiO; as
a support for gold nanoparticles in the ORR. We first synthesized the N-TiO>
nanoparticles using a sol-gel method. Then gold nanoparticles were deposited onto the
N-TiO2 nanoparticles and subject to hydrothermal heating with ascorbic acid to control
the change in the different types of nitrogen doping. Finally, the ORR Kkinetics were

tested using RRDE measurements and Koutecky-Levich analysis.

4.2 Materials and Methods
4.2.1 Chemicals

Ti-tert-butoxide (97%, Sigma-Aldrich), butyric acid (99+, ACROS Organics),
urea (Fisher), hydrogen tetrachloroauric acid (HAuCls, Sigma-Aldrich), sodium
borohydride (>98%, Sigma-Aldrich) and ascorbic acid (99.0%, Sigma-Aldrich) were
purchased from their sources in their highest purity. Solvents were purchased from
typical commercial sources at their highest purity and used without further treatment.

Water was supplied from a Barnstead Nanopure Water System (18.3 MQ cm).

4.2.2 Synthesis of N-TiO2 Nanoparticles
N-TiO, nanoparticles were synthesized using a literature sol-gel method.!*

First, 0.5021 g of ti-tert-butoxide was dissolved in 100 mL of acetic acid and stirred for
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15 min. Then, 0.3968 g of butyric acid dissolved in 10 mL of Nanopure water and
added to the solution and stirred for 2 h. Then 1 g of urea dissolved in 20 mL of
Nanopure water and added to the solution and stirred for another 2 hr. Then, the pH
was adjusted to 10 with 200 mL of ammonium hydroxide and stirred for 3 h at 60°C.
The reaction was cooled down and the formed white precipitate was filtered off and
dispersed in Nanopure water and heated to 60°C for 3 h. The white precipitate was
filtered off, washed with ethanol, dried, and calcined in air at 400°C for 5 h. The as-
formed nitrogen doped TiO> nanoparticles were used and labeled as N-TiO2. TiO>
nanoparticles were made using the same procedure except without the addition of the

aqueous urea step and labeled as TiOa.

4.2.3 Synthesis of Au/N-TiO2 and Au/TiO2 Nanocomposites

Gold nanoparticles were deposited onto the oxide materials using a wet
chemical reduction method.*>® About 0.01 g of N-TiO2 or TiO, was dispersed in 50
mL of THF. Then about 0.025 g of HAuCl4 was added to the suspension. Then a cold
aqueous solution of about 0.03 g of NaBH4 dissolved in as little Nanopure water as
possible was added dropped wise to the suspension which then proceeded to turn
purple. The reaction stirred for 1 h at room temperature. Then, the purple precipitates
were collected, washed with methanol, and vacuum dried to afford Au/N-TiO. and

AU/TiO2 nanocomposites.

4.2.4 Change in the Different Kinds of Nitrogen Doping
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The Au/N-TiO2 were further treated using a hydrothermal method to control the
kinds of nitrogen doping.*>" About 0.1 g of Au/N-TiO; and 0.166 g of ascorbic acid
were dissolved in Nanopure water and added to a Teflon-lined autoclave and reacted
for 12 h at 140, 160, 180, and 200°C and were named as such. The black precipitates
were collected, washed with water, and vacuum dried to afford Au/N-TiO2 140, Au/N-

TiO2 160, Au/N-TiO2 180, and Au/N-TiO2 200.

4.2.5 Structural Characterization

The sample morphologies were examined with a transmission electron
microscope (TEM, Philips CM300) operated at 300 kV. X-ray photoelectron
spectroscopic (XPS) measurements were carried out with a PHI 5400/XPS instrument
equipped with an Al K, source operated at 350 W and 107 Torr. Diffuse reflectance
UV-vis spectra were acquired with a Perkin-Elmer Lambda 35 spectrometer. X-ray
diffraction (XRD) measurements were performed with a Rigaku Miniflex powder
diffractometer using Cu K, radiation with a Ni filter (A = 0.154059 nm at 30 kV and 15
mA) that features a detection limit of 0.04. For EPR measurements, samples were
prepared by filling quartz EPR tubes (Wilmad, 4 mm outer diameter) with one
centimeter of powdered materials and centering the sample in the cavity resonator for
data collection. Spectra were recorded at room temperature with a Bruker EMX EPR
spectrometer operating at the X-band frequency (~9.4 GHz) using an ER 4122SHQE
resonator (Bruker). All spectra were recorded at a power of 1 mW, a modulation

amplitude of 1 G, and a modulation frequency of 100 KHz.
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4.2.6 Electrochemistry

Electrochemical experiments were carried out with a CHI 710 Electrochemical
Workstation with a glassy-carbon disk and gold ring electrode, a graphite rod counter
electrode, and a Ag/AgCI reference electrode. A catalyst ink was prepared by adding
10 mg of the nanocomposites prepared above and 40 mg of carbon black dispersed in
500 mL of ethanol and 5 pL of Nafion (corresponding to a nanocomposite
concentration of 20 wt.%). The ink was then dropcast onto the glassy carbon disk at a
nanocomposite loading of ca. 20 mg, and dried in air before being immersed into

electrolyte solutions for data acquisition.

4.3 Results and Discussion
4.3.1 Structural Characterization and Assignment

Morphologies of the nanocomposites were first examined using TEM, shown
in Figure 4.1. In panel (A), a representative image of Au/N-TiOz is shown. In the image
there seems to be dark contrast circles which are attributed to the gold nanoparticles
and light contrast circles which are the TiO2 nanoparticles. The gold nanoparticles are
somewhat aggregated, but very dispersed on the TiO2 nanoparticles which are heavily
aggregated. Taking a closer look at the interface of the Au and TiO3, panel (B) shows
an HRTEM image of the Au/N-TiO> sample. The darker contrast spots are Au
nanoparticles with lattice fringes of 0.239 nm, which are attributed to the Au(111)

facet.’® At the edge of the darker contrast spots, lattice fringes for anatase TiO2 (200)
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were found at 0.186 nm. When taking a closer look at the interface, the lattice fringes
of the TiO. extend onto the gold nanoparticles, showing that they have good contact
between the two.'® In panel (C), the histogram of sizes for gold nanoparticles is shown.
It is apparent that the distribution of gold is very large having an average diameter of
16.752 £ 7.088 nm. In panel (D), a representative TEM image of the Au/N-TiO2 sample
is shown. It seems that after hydrothermal heating with ascorbic acid, the particles
become more dispersed showing even distribution of dark and light contrast spots. In
panel (E), the HRTEM image of the interface of Au and TiO2 is shown. After
hydrothermal heating with ascorbic acid, the crystallinity of the interface decreases as
shown by less well-defined lattice fringes. A 0.239 nm lattice is shown again for
Au(111)*® and 0.357 nm lattice is shown for anatase TiO2 (101).%° Finally in panel (F),
the histogram for gold nanoparticle size distribution is shown. The diameter of the
particles seems to have decreased with a more monodisperse size distribution with an

average diameter of 8.305 + 2.367 nm.
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Figure 4.1 (A) Representative TEM image of Au/N-TiO> with a scale bar of 50 nm,
(B) HRTEM image of interface of Au/N-TiO. with a scale bar of 5 nm, (C) Histogram
of gold nanoparticle size on N-TiOz, (D) Representative TEM image of Au/N-TiO2 180
with a scale bar of 50 nm, (E) HRTEM image of interface of Au/N-TiO2 180 with a

scale bar of 5 nm, (F) Histogram of gold nanoparticle size on N-TiO> 180

Structural characterization was further manifested in XRD measurements
which are shown in Figure 4.2 of (A) N-TiOz, (B) TiO2, (C) Au/N-TiOz2, (D) Au/TiOz,
(E) Au/N-TiO2 140, (F) Au/N-TiO2 160, (G) Au/N-TiO2 180, and (H) Au/N-TiO2 200
respectively. N-TiO. and TiO2 show peaks at 24.2°, 38.4°, 48.3°, 55.0°, and 63.7°
corresponding to the anatase (101), (004), (200), (211), and (204) planes respectively
(JCPDS no. 21-1272).%* The N-TiO2 sample’s peaks are very broad and almost

indistinguishable. This means that the nitrogen doping causes a decrease in crystallinity

99



of the TiO,.2% One gold is deposited onto the oxides, peaks appear at 38.1°, 44.4°, 64.4°,
77.5°, and 81.5° corresponding to the Au (111), (200), (220), (311), and (222) planes
respectively (JCPDS no. 4-784).2% The TiO2 seem to disappear because of the apparent
higher crystallinity of the gold and due to the hydrothermal heating in ascorbic acid.
This confirms the TEM data. Another observation is with the change in temperature,
the peaks do not change position and no new peaks appear which means the heating
and the ascorbic acid don’t affect the overall crystal structure of the Au/N-TiO:

nanocomposites.
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Figure 4.2 XRD spectra of (A) N-TiOz, (B) TiOg2, (C) Au/N-TiOg, (D) Au/TiO, (E)

Au/N-TiO2 140, (F) Au/N-TiO2 160, (G) Au/N-TiO2 180, and (H) Au/N-TiO2 200
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4.3.2 Optical and Electronic Characterization and Assignment

In Figure 4.3, diffuse reflectance UV-Vis spectra of all samples are shown to
look at optical properties. Both N-TiO, and TiO2 nanoparticles show an exponential
decay profile. This means that the defects in both samples cause some absorption in the
visible range.?* Once gold is deposited onto the oxide substrates, there is complete
absorption in the visible range and a peak appears at 530 nm which is due to the
localized surface plasmon resonance (LSPR) of gold.?>?” The temperature and the

ascorbic acid treatment cause the LSPR to disappear.
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Figure 4.3 Diffuse reflectance UV-Vis spectra of all samples.
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Electronic characterization was further manifested in high resolution Au 4f
XPS, which is shown in Figure 4.4. All of the samples have at least one pair of peaks
at 87.58 and 83.93 eV for Au/N-TiO, 87.79 and 84.15 eV for Au/N-TiO> 140, 87.70
and 84.04 eV for Au/N-TiO2 160, 87.61 and 83.97 eV for Au/N-TiO> 180, and 87.72
and 84.09 eV Au/N-TiO2 200. In contrast, the Au/TiO, samples has two pairs of peaks
at 88.22 and 83.45 eV and 86.26 and 82.56 eV. All of the ascorbic acid-treated samples
have a slightly higher Au 4f binding energy that the Au/N-TiO. treated sample. This
means that after ascorbic acid treatment the gold becomes more oxidized overall.?® As
the temperature increases for hydrothermal heating, the Au 4f binding energy decreases
then increases slightly. This means that the gold is slightly more reducing as the
temperature increases to 180 and then beyond that it becomes more oxidizing.?® For the
AU/TiO2 sample, the higher binding energy pair of peaks seems to be much more

oxidized and the lower binding energy pair of peaks seems to be much more reduced.
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Figure 4.4 High resolution Au 4f XPS spectra of Au/TiO2 nanocomposites (A) Au/N-
TiO», (B) Au/TiOg, (C) Au/N-TiO2 140, (D) Au/N-TiO2 160, (E) Au/N-TiO2 180, and

(F) Au/N-TiO2 200
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Characterization of the nitrogen doping was further studied by taking a closer
look at high resolution N 1s spectra as shown in Figure 4.5. All of the samples except
AU/N-TiO2 180 have 1 peak at 400.18 eV for N-TiO2, 399.15 eV for Au/N-TiOs,
400.81 eV for Au/N-TiO2 140, 400.08 eV for Au/N-TiO. 160, and 400 eV for Au/N-
TiO2 200. Au/N-TiO2 180 has two peaks at 400.09 eV and 397.68 eV. The peak at ~397
eV is ascribed to the substitutional nitrogen doping and the Ti-N bond. The peak at
~399-400 eV is ascribed to the interstitial nitrogen doping or the Ti-O-N bond.? It
seems that the deposition of gold does not affect the nitrogen doping type and the only

temperature that seemed to affect the type of nitrogen doping is 180°C.
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Figure 4.5 High resolution XPS N 1s of nitrogen-doped samples (A) N-TiO2, (B)
AU/N-TiO2, (C) Au/N-TiO2 140, (D) Au/N-TiO. 160, (E) Au/N-TiO2 180, and (F)

Au/N-TiO2 200.
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Finally, electronic characterization was finished by looking at high resolution
O 1s and Ti 2p spectra shown in Figure 4.6. Before hydrothermal heating, the O 1s
spectra shows two peaks at 532.02 and 530.14 eV for N-TiO2, 532.65 and 530.79 eV
for TiO2, 532.11 and 530.56 eV for Au/N-TiO2, and 533.06 and 530.79 eV for Au/TiOs..
The peak at ~532-533 eV is labeled as the peak for surface -OH groups bound to the
TiO; and the peak ~530 eV is for the 02> in the lattice of TiO,.2% The ratio of the
intensities of these two peaks are 0.317, 0.477, 0.350, and 2.22 for N-TiO3, TiO, for
AU/N-TiO2, and Au/TiO. respectively. The first thing to notice is when gold is
deposited on either TiO2, the hydroxide concentration increases which could be due to
the strong-metal-support interaction between gold and TiO2.%° It also seems there are
more surface hydroxides when there is no nitrogen doping which does not make sense
because nitrogen doping helps break down organic molecules in photocatalysis.'® After
hydrothermal heating in ascorbic acid, all the samples now have three peaks at 533.18,
531.48, and 530.03 eV for Au/N-TiO2 140; 533.19, 531.69, and 530.11 eV Au/N-TiO-
160; 533.22, 531.62, and 529.95 eV for Au/N-TiO, 180; and 533, 531.38, and 529.78
eV for Au/N-TiO2 200. The highest binding energy and third peak formed is due to
water trapped in the lattice which comes from the hydrothermal heating.? The ratio of
-OH groups to O,* for these samples are 0.944, 0.732, 1.02, 0.740 for 140, 160, 180,
and 200 respectively. There seems to be no trend with these samples.

Next the right column, of the Ti 2p peaks are shown with all samples except

AU/N-TiO2 180 having 1 pair of peaks and that sample having 2 pairs of peaks. The
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peaks are located at 464.42 and 458.73 eV for N-TiO», 465.02 and 459.22 eV for TiOy,
464.92 and 459.19 eV for Au/N-TiOz, 465.04 eV and 459.21 eV for Au/TiOz, 464.57
and 458.86 eV for Au/N-TiO2 140, 464.51 and 458.84 eV for Au/N-TiOz 160, and
464.36 and 458.7 for Au/N-TiO2 200. Au/N-TiO2 180’s peaks are at 465.04, 459.2,
463.9, and 458.44 eV. It seems that Au/N-TiO, 180 is the only sample with a Ti%*
signal.?® Un-doped TiO2 samples have more oxidized TiO2 which relates to the one set
of peaks of Au 4f that are more reduced. Once gold is deposited on the N-TiO, the Ti
becomes more oxidized, which means the Ti is transferring charge to the Au. After
hydrothermal heating in ascorbic acid, there seems to be no trend between the
temperature and the Ti signal. Next the ratio of N:Ti was calculated to be 0.0404, 0.153,
0.124, 0.103, 0.133, and 0.136 for N-TiO2, Au/N-TiO2, Au/N-TiO2 140, Au/N-TiO2
160, Au/N-TiO2 180, and Au/N-TiO2 200 respectively. The only substantial difference
between any of the ratios is between the N-TiO2 and Au/N-TiO2 samples which means
the gold signal affected the nitrogen signal. After hydrothermal heating the N content
doesn’t change based on XPS so the temperature does not affect the amount of nitrogen
doping. Finally, Au:Ti ratio was calculated to be 0.763, 0.1, 0.373, 0.147, 0.361, and
0.125 for Au/N-TiOz, Au/TiOz, Au/N-TiO2 140, Au/N-TiO2 160, Au/N-TiO2 180, and
AU/N-TiO2 200 respectively. Because of the large contrast in gold content, the ORR

could be affected.
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Figure 4.6 High resolution O1s and Ti 2p XPS of all samples (A) N-TiO2, (B) TiOz,
(C) Au/N-TiOg, (D) Au/TiOz, (E) Au/N-TiO2 140, (F) Au/N-TiO2 160, (G) Au/N-TiO:

180, and (H) Au/N-TiO2 200
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4.3.3 Electrocatalytic Activity for the ORR

In Figure 4.7, electrocatalytic activity is shown. Panel (A) shows cyclic
voltammograms of Au/TiO2 nanocomposites in N saturated 0.1 M KOH at a scan rate
of 10 mV/s. For all he samples in the cathodic scan, there appears to be 2 peaks at
around 1.2 V vs. RHE and 0.8 V vs. RHE. The first peak’s position is at 1.215, 1.145,
1.211, 1.207, 1.137, and 1.140 V vs. RHE for Au/N-TiO2, Au/TiO2, Au/N-TiO; 140,
AU/N-TiO; 160, Au/N-TiO2 180, and Au/N-TiO2 200 respectively. This peak is due to
the reduction of the AuO monolayer that is formed, shown by the oxidation peak in the
anodic scan at 1.3 V vs. RHE. All of the nitrogen doped samples have a more positive
AuO peak than the Au/TiO». After hydrothermal heating, as the temperature increases,
the peak position decreases overall. This implies that as the temperature increases, the
reduction of AuO becomes harder. From the AuO reduction peak, an electrochemical
surface area can be calculated dividing the charge by the charge density of 390
pC/cm?.3! The electrochemical surface area is 0.0873, 0.271, 0.142, 0.0851, 0.122, and
0.0812 cm? for Au/N-TiO2, Au/TiO2, Au/N-TiO, 140, Au/N-TiO2 160, Au/N-TiO2
180, and Au/N-TiO2 200 respectively. The second peak position is 0.872, 0.852, 0.883,
0.872, 0.814, and 0.802 V vs. RHE Au/N-TiO2, Au/TiO2, Au/N-TiO2 140, Au/N-TiO:
160, Au/N-TiO 180, and Au/N-TiO2 200 respectively. This peak is due to a second
AuO species.

In panel (B), rotating-ring-disk voltammograms normalized to geometric

surface area of the electrode (0.247 cm?) of the Au/TiO, samples are shown. The disk
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current seems to be 4x higher than the ring current, suggesting that the samples mainly
don’t form the peroxide intermediate.®> From the voltammogram, the onset potential
was determined to be 0.98, 0.97, 0.95, 0.95, 0.92, and 0.9 V vs. RHE for Au/N-TiOz,
AU/TiO2, Au/N-TiO2 140, Au/N-TiO2 160, Au/N-TiO. 180, and Au/N-TiO2 200
respectively. The half-wave potential can also be determined from the graph. It is 0.85,
0.84, 0.85, 0.84, 0.78, and 0.75 V vs. RHE for Au/N-TiO2, Au/TiO2, Au/N-TiO, 140,
AU/N-TiO2 160, Au/N-TiO2 180, and Au/N-TiO2 200 respectively. The sample with
the highest onset potential and half-wave potential is Au/N-TiOa.

In panel (C), the electrons transferred vs. disk potential is plotted from the data

from panel (B). The electrons transferred are calculated from Equation 4.1:

(4.1)

where n is the electrons transferred, Ip is the disk current, Ir is the ring current, and N
is the collection efficiency of the electrode (calculated to be 0.41 from RRDE
measurements in potassium ferrocyanide).®*3* From this equation, the electrons
transferred were calculated to be 3.5, 3.7, 3.2, 3.3, 3.5, and 3.7 electrons for Au/N-
TiO2, Au/TiO2, Au/N-TiOz 140, Au/N-TiO2 160, Au/N-TiO 180, and Au/N-TiO2 200
respectively. All of the samples seem to follow the 4-electron pathway for oxygen

reduction mostly with with Au/TiO, and Au/N-TiO having the closest numbers to 4.3
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Finally, from Koutecky-Levich analysis* in panel (D), a Tafel Plot was created.
At 0.90 V vs. RHE, the mass activity was determined to be 3.76, 2.74, 2.7, 2.7, and
1.83 A/g for Au/N-TiO2, Au/TiOz, Au/N-TiO2 140, Au/N-TiO; 160, and Au/N-TiO:
180 respectively. All of these numbers were plotted in a bar graph which is shown in
the inset of panel (D). From these graphs, the Au/N-TiO, sample was determined to
have the highest kinetic current for the ORR. From this graph, the Tafel Slope was also
calculated to be -160, -125, -110, -118, -166, and -168 mV/dec. Since all of these
numbers are close to the value of -120 mV/dec, each sample showed the that the rate

determining step for this reaction was the first electron transfer step.
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Fig 4.7 — (A) Cyclic voltammagrams of Au/TiO2 nanocomposites in N2 saturated 0.1
M KOH at a scan rate of 10 mV/s. (B) Rotating-ring-disk voltammgrams normalized
to geometric surface area of the electrode (0.247 cm?) of Au/TiO2 nanocomposites in
O> saturated 0.1 M KOH at a scan rate of 10 mV/s, rotation rate of 1600 rpm, and
catalyst loading of 20 pg. (C) Variation of the number of electron transfer (n) with disk
electrode potential. Data were obtained from the voltammograms in panel (B). (D)

Tafel plots of the Au/TiO2 nanocomposite catalysts.

From all of these measurements it seems that the best sample for the ORR is
AU/N-TiO,. Overall, nitrogen doping seems to have some effect on the ORR kinetics.
However, the XPS data not having a strong correlation shows that we cannot provide
good evidence for this claim. Also, it seems that the activity decreased after
hydrothermal heating. This is probably due to the decrease in the gold content which is
shown by XPS. Our group has shown this before that having too low of a gold loading

will affect the ORR kinetics.’

4.4 Conclusions
From this study it can be see that nitrogen doping has an effect on the properties
of TiO,. XPS measurements showed that there was some electron transfer, but not a

good enough trend to show the trend in ORR activity.
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Chapter 5

Ag/TiOxN1x Nanocomposites for Studying the Electrooxidation of

Carbon Monoxide

Abstract

As the demand for more energy efficient devices increases, more stable and
cost-efficient catalysts are needed. One demand is to make more CO-tolerant catalysts
to further increase the power output of fuel cells. In this study we synthesized an
electrocatalyst with Ag nanoparticles deposited onto oxidized TiN (TiOxNix).
Structural analysis shows that Ag nanoparticles nucleated in areas of the oxidized
surface, with the bulk structure mainly being TiN. XPS shows a charge transfer Ag to
TiOxN1x allowing for a more oxidizing surface of Ag. Finally, we found an optimal

oxidation time that correlated to the best CO electrooxidation activity, Ag/TiOxN1x 1h.

5.1 Introduction

With the ever increase in energy demands, new devices have been looked at to
reduce the carbon footprint. One of such devices is the proton exchange membrane fuel
cell (PEMFC). A big problem with the commercialization of these devices is if a little
carbon monoxide (CO) is present, it will block the active sites of the platinum catalysts
and decrease the overall output potential. Platinum group metals (PGMs), including Pd,

Pt, Rh, Ir, and Ni are most susceptible to carbon monoxide poisoning because of their
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high electrocatalytic activity.>* One solution to this problem has been to operate fuel
cells at higher temperatures to promote desorption of the carbon monoxide. However,
this proves to not be a good solution due to the higher costs of operation, lowered
activity for reactions, and higher likeliness for metal sintering.>® Thereby, it is of the
utmost importance to find a catalyst that has a high electrocatalytic activity for fuel cell
reactions, but has a high tolerance for CO.

One area researchers have investigated is making Pt-based catalysts more CO
tolerant. Recently, Rizo and coworkers developed a PtSn alloy catalyst that showed
tolerance for CO monoxide due to activation of H,O by Sn/SnOx complexes.” The
actual Sn content did not shift the onset potential of CO oxidation, but rather the type
of support greatly influenced the onset potential of CO oxidation. Carbon nanofibers
seemed to outperform the functionalized Vulcan carbons in both acid and base media.
Another method of creating more tolerant Pt-based CO catalysts is by changing the
support.

After Haruta and co-workers® showed the excellent activity of Au/transition
metal oxide nanocomposites for CO electrooxidation especially at lower temperatures,
many studies have been done to understand more about this reaction. It has become
apparent that CO oxidation over Au catalysts is highly dependent on the 1) type of
support, 2) the size of the Au, and 3) the structure of the interface.®! The exact
mechanism of CO oxidation has been a debate over the past 30 years, but it is clear that

the interface between Au and the support and the interaction between Au and the
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support are very important.*? Understanding this interaction is critical developing more
CO tolerant catalysts.

However, for the purposes of fuel cell applications, transition metal oxides
typically have lower conductivity and contribute to lower fuel cell performance. TiN is
an interesting support because of its higher conductivity, higher oxidation resistance,
and higher corrosion stability.!®> Haldorai et al. synthesized a Pt@TiN/rGO
nanocomposite that showed excellent electrocatalytic activity, long-term stability, and
better carbon monoxide tolerance for the electrooxidation of methanol. This became
apparent in the higher electrochemical surface area and higher peak current densities
for methanol oxidation. They attributed this to the formation of -OH groups and oxy-
nitrides on the surface, suppressing the poisoning effects of carbon monoxide on the
surface.!4

In addition, gold is expensive and rare and the need for cheaper catalysts is ever
the more critical. Another promising metal which is cheaper and has similar properties
to that of Au is Ag. Like Au, Ag’s activity is also influenced by the nature of the
support. Xu and coworkers developed Ag/SiO>-based catalysts and tested their
catalytic activity for the CO oxidation reaction. It was shown that the nature of the
support affected the mobilization and aggregation of Ag nanoparticles and thus
affecting the catalytic activity towards CO oxidation.’® Zhang et al. synthesized Ag
nanoparticles deposited onto Al incorporated SBA supports with a combined effect for
better CO oxidation. This was due to the CO restructuring the surface of the catalyst

thus improving its catalytic activity.®
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In this study we have created a hybrid catalyst of Ag nanoparticles deposited
on top of titanium nitride (TiN) that has small amounts of TiO2 present which we refer
to as titanium oxynitride (TiOxNix) powders. The effect of oxidation time of the
surface was studied by changing the heating time of the TiN powders and then
depositing Ag nanoparticles on top of the powders. It was shown that the Ag
nanoparticles deposit on the TiO> areas, thereby making the Ag more oxidized over
time and the TiN more oxidized over time. We employed an anodic CO stripping
scheme to understand CO electrooxidation and at the same time understand its fuel cell
characteristics.!” This correlated to changing the activity of the CO oxidation with the

1 h time having the best catalytic activity.

5.2 Materials and Methods
5.2.1 Chemicals

Titanium Nitride ~325 mesh powder (Alfa Aesar, 99.5%), silver nitrate
(LabChem, ACS), and sodium borohydride VenPure™ SF granules (Acros Organics,
99%) were used as received. Solvents were purchased from typical commercial sources
at their highest purity and used without further treatment. Water was supplied from a

Barnstead Nanopure Water System (18.3 MQ cm).

5.2.2 Synthesis of TiOxN1x powders
Synthesis of the oxidized TiN was a solid state synthesis that has been published

previously.® In brief, about 100 mg of TiN powder was weighed out into a ceramic
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boat and placed in a Thermolyne 1500 furnace and heated to 450°C at 2°C/min for
different amounts of time and then cooled down to room temperature at 2°C/min. The
heating time was changed to produce different amounts of oxidation of the TiN. The
samples were used as produced and labeled based on their times. Samples are TiOxNj.-

X 0 min, TiOle-x 30 min, TiOle-x 1 h, TiOle-x 2 h, and TiOle-x 3 h.18

5.2.3 Synthesis of Ag/ TiOxN1-x composites

Deposition of the silver was done by modifying a previous wet chemical
reduction synthesis. In brief, 10 mg of the as synthesized TiOxN1.x powder was weighed
out and placed in a 100 mL round bottom flask. Then around 130 mg of AgNOs in 60
mL of water was added to the flask and the suspension was cooled down to 0°C for 30
min. Then a cold aqueous solution of NaBH4 (about 40 mg in 10 mL cold water) was
added dropwise and the reaction was stirred overnight. The grey precipitate was washed
with methanol and vacuum dried to afford the Ag/ TiOxN1i.x composites. Samples are
Ag/TiOxN1x 0 min, Ag/TiOxN1x 30 min, Ag/TiOxN1x 1 h, Ag/TiOxN1x 2 h, and

Ag/TiOle-x 3 h.19_21

5.2.4 Structural Characterization

The sample morphologies were examined with a transmission electron
microscope (TEM, Philips CM300) operated at 300 kV. X-ray photoelectron
spectroscopic (XPS) measurements were carried out with a PHI 5400/XPS instrument

equipped with an Al Ka source operated at 350 W and 1019 Torr. X-ray diffraction
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(XRD) measurements were performed with a Rigaku Miniflex powder diffractometer
using Cu Ka radiation with a Ni filter (A = 0.154059 nm at 30 kV and 15 mA) that

features a detection limit of 0.04°.

5.2.5 CO electrooxidation

All electrochemical were measurements were done using a Gamry Reference
600™ potentiostat/galvanostat/ZRA. The working electrode was a modified glassy
carbon electrode and was polished with a 3 p Al2O3 slurry and washed with millig
water and dried with nitrogen. Inks for modification of the glassy carbon electrode were
made by sonication of a 20 pg/3 uL suspension in ethanol with 1% Nafion© addition
and drop-casted onto the electrode and dried. Then 3 pL of 20% Nafion© in ethanol
(w/w) solution was drop-casted onto the electrode on top the of the catalyst suspension
and dried. All measurements were run in 0.5 M H2SO4 solution with a graphite counter
electrode and Ag/AgCI reference electrode. For comparison, cyclic voltammetry
measurements were run in a nitrogen saturated environment for all the samples. To run
carbon monoxide electrooxidation measurements, the solution was purged with high
purity CO for 15 min and then chronoamperometric measurements were done at -0.3
V vs. Ag/AgCI for 30 min to adsorb CO onto the surface of the catalyst. Then
impedance measurements with an AC voltage at 15 mV rms were done at DC voltages
0f0.1,0.2,0.3,0.4,0.5,and 0.6 V vs. Ag/AgCl in the frequency range of 1e6 Hz to 0.1
Hz. Then another chronoamperometric step at -0.3 V vs. Ag/AgCl was done to re-

adsorb the CO on the surface. The solution was then purged with N2 gas for 5 min to
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remove excess CO. Finally, CO stripping was done using cyclic voltammetry in the
potential range of 0.1 V t0 0.6 V to strip the CO from the surface and an electrochemical
surface area was calculated based upon the charge from this peak. Impedance
measurements Nyquist plots that were fitted equivalent circuit models and the charge

transfer resistance was determined for each potential.

5.3 Results and Discussion
5.3.1 Structural Characterization

Nanocomposite morphologies were manifested in TEM measurements. Figure
5.1 portrays of representative TEM images of Ag/TiOxNi.x nanocomposites. From
panels (A1) and (B1), it can be seen that the Ag/TiOxNix 1 h and the Ag/TiOxN1x 2 h
samples are aggregated and polydisperse and it hard to determine the size of the
particles. Both samples seem to have similar morphologies showing that the heat and
NaBH. do not affect the morphology of the nanocomposites. Panels (A2) and (B.) are
HRTEM images of Ag/TiOxNi.x 1 h and Ag/TiOxN1x 2 h respectively. The images
show an intimate contact between the Ag and the TiOxN1-x due to the lattice spacing of
the TiOxN1-x continues onto the Ag spacing. Interplanar distances in panel (Az) are
0.232 nm and 0.324 nm which are attributed to Ag (111)??** and Rutile TiOz (110)%>
27 respectively. In addition, the TiO2 lattice spacing is only close to the Ag, which
means the TiN only oxidized at the surface and the Ag only deposited on the TiO>
which is further shown by XRD and XPS measurements (vide infra). Interplanar

distances in panel (B>) are 0.243 nm and 0.216 nm which is attributed to TiN(111) and
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TiN(200) respectively.?22° In this panel, it was very hard to find Ag and TiO2 which

means that the Ag is not monodisperse on the TiOxN1-x substrate.

(A)

0.2“32 nmAg (111)

0.324 nm Rutile TiO, (110)

0.243m SN

Figure 5.1 Representative TEM images of Ag/TiOxNy nanocomposites (A1) and (Az)
Ag/TiOxN1x 1 h, (B1) and (B2) Ag/TiOxN1x 2 h. Scale bars are 50 nm on (A1) and (Ba1),

5nmon (A2), and 2 nm (B2).
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The Ag/TiOxN1.x nanocomposite morphologies were then further confirmed by
XRD measurements. When looking at Figure 5.2 (A), one can see that there are a series
well-defined peaks at 20 = 36.8° for TiN(111), 42.6° for TiN(200), 61.5° for TiN(220),
74.2° for TiN(311), and 78.2° for TiN(222) (JCPDS no. 38-1420).3%-32 As the oxidation
time increases, there also appears to be small diffraction peaks appearing for anatase
and Rutile TiO; at 26 = 25.3° for anatase TiO2(101) (JCPDS no. 00-021-1272)%, 27.5°
for rutile TiO2(110), and 54.3° for rutile TiO2(211) (JCPDS no. 21-1276)* which
agrees with TEM and XPS measurements (vide infra). In Figure 5.2 (B), there are a
series of well defined peaks at 20 = 38.2° for Ag(111), 44.3° for Ag(200), 64.5° for
Ag(220), 77.6° for Ag(311), and 81.7° for Ag(222) (JCPDS no. 04-0783).3537 All the
peaks do not change shape or change position with oxidation time meaning that the
oxidation of the TiN does not affect the Ag crystallinity. Figure 5.2 (C) shows a
comparison of oxidation time and depsition of silver. Both samples with Ag show the
TiN peaks which means that the Ag is in close contact with the substrate which agrees
with the TEM measurements. However, there are no peaks for TiO2 in the samples

deposited with Ag which could be that the Ag is blocking the TiO..
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Figure 5.2 XRD spectra of (A) TiOxN1x nanoparticles oxidized at different times, (B)
Ag/TiOxN1.x nanocomposites oxidized at different times, and (C) Ag/TiOxN1-x before

and after oxidation and before and after Ag deposition comparison.

5.3.2 Electronic Characterization

The samples were further characterized for charge transfer comparison by doing
some XPS measurements. Figure 5.3 shows the survey spectra of all the samples. The
spectra revealed peaks at around 280, 370, 400, 460, and 530 eV which correspond to

C 1s, Ag 3d, N 1s, Ti 2p, and O 1s electrons.
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Figure 5.3 XPS survey spectra of all samples.

Elemental analysis and charge transfer were further studied in high resolution
XPS measurements. In Figure 3.4, samples without Ag are shown. In the first column,
the high resolution spectra of N 1s are shown with the first graph showing two peaks
at 399.94 and 397.17 eV for the (A) TiOxN1x 0 min sample which are very close to the
peak positions of around 399 and 397 eV which corresponds to the TiOxN1x and TiN
peaks respectively. The rest of the samples show one peak at 399.82 eV, 399.27 eV,

399.31 eV, and 399.31 eV for samples (B) TiOxN1.x 30 min, (C) TiOxNix 1 h, (D)
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TiOxN1x 2 h, and (E) TiOxN1x 3 h respectively. In addition, the N:Ti atomic ratios are
0.78, 0.11, 0.034, 0.028, and 0.025 for (A) TiOxN1x 0 min (B) TiOxNix 30 min, (C)
TiOxN1x 1 h, (D) TiOxN1x 2 h, and (E) TiOxN1x 3 h respectively. After the oxidation
time the disappearance of the TiN peak and the decreasing N:Ti shows that the surface
is being oxidized to TiO2.%84° This confirms the XRD spectra showing peaks for TiO;
and TiN (vide infra). The second column shows the high resolution spectra of O 1s. All
of the samples show two peaks at 531.6 and 529.88 eV, 530.98 and 529.48 eV, 531.15
and 529.84 eV, 530.87 and 529.79, and 530.76 and 529.8 eV for (A) TiOxN1x 0 min
(B) TiOxN1x 30 min, (C) TiOxNix 1 h, (D) TiOxNi1x 2 h, and (E) TiOxN1x 3 h
respectively. The peak at the higher binding energy around 531-532 eV corresponds to
the surface hydroxyl groups deposited on TiO> compounds. The peak at the lower
binding energy between 528-529 eV corresponds to lattice O2? in TiO2.4* The atomic
ratio between the two peaks for all the samples are 1.89, 0.61, 0.87, 0.83, and 0.66 for
(A) TiOxN1.x 0 min (B) TiOxN1.x 30 min, (C) TiOxN1x 1 h, (D) TiOxN1x 2 h, and (E)
TiOxN1x 3 h respectively. Overall, the amount of surface hydroxides is decreasing with
oxidation time. Finally, the last column shows the high resolution Ti 2p XPS spectra
for all the samples. The TiOxNix O min sample has two pairs of peaks that appear at
464.2, 458.18, 461.91, and 455.94 eV. The first set of peaks that appear correspond to
TiO; and the second pair of peaks correspond to TiN.384! After the TiN is oxidized the
remain samples only have one pair of peaks at 463.96 and 458.28 eV, 464.26 and

458.61 eV, 464.24 and 458.58 eV, and 464.18 and 458.52 eV for samples (B) TiOxNz-
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x 30 min, (C) TiOxN1x 1 h, (D) TiOxN1x 2 h, and (E) TiOxN1.x 3 h respectively. As the

oxidation time increases, the Ti is becoming more reduced then oxidized.

f 3, A BB
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Figure 5.4 High resolution XPS spectra of N 1s, O 1s, and Ti 2p for (A) TiOxN1x 0

min, (B) TiOxN1.x 30 min, (C) TiOxN1x 1 h, (D) TiOxN1x 2 h, and (E) TiOxN1 3 h.
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XPS measurements of samples with silver deposited onto them are shown in
Figure 5.5. In the first column, the high resolution spectra of Ag 3d for all the samples
is shown. (A) Ag/TiOxN1x 0 min shows two pairs of peaks at 374.75 and 368.77 eV
and 373.57 and 367.64 eV. The pair of peaks at the higher binding energy we assign to
a Ag® species and the second pair of peaks at the lower binding enery we assign to the
Ag® state.*? So it seems that TiN causes two kids of silver species to be formed when
Ag is deposited onto it. The other samples have 1 pair of peaks at 374.82 and 368.79
eV, 374.66 and 368.66 eV, 374.52 and 368.52 eV, and 374.84 and 368.84 eV for (B)
Ag/TiOxN1x 30 min, (C) Ag/TiOxN1x 1 h, (D) Ag/TiOxN1x 2 h, and (E) Ag/TiOxN1x
3 h respectively. These samples have silver species that correspond to the AgP® species.
Overall, as the oxidation time increases there is an overall decrease in the binding
energy which is showing that the silver is being oxidized.*> The atomic ratio of Ag:Ti
was also found to be 9.34, 2.01, 8.84, 8.45, and 6.81 for (A) Ag/TiOxN1.x 0 min, (B)
Ag/TiOxN1x 30 min, (C) Ag/TiOxN1x 1 h, (D) Ag/TiOxN1x 2 h, and (E) Ag/TiOxN1x
3 h respectively. Because these numbers seemed high, we double checked by doing
some ICP-OES measurements and found the wt% of Ag in the samples (Figure 5.6).
The analysis showed that the samples have 10.6%, 8.79%, 12.8%, 17.0%, and 7.72%
wt/wt of Ag for Ag/TiOxN1x 0 min, Ag/TiOxN1.x 30 min, Ag/TiOxN1x 1 h, Ag/TiOxN1-
x 2 h, and Ag/TiOxN1x 3 h respectively. Since the silver loadings were not the same,
the electrochemical data is normalized to this mass to account for changes in activity

due to different loadings of silver (vide infra).
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Figure 5.5 High resolution XPS spectra of N 1s, O 1s, and Ti 2p for (A) Ag/TiOxN1-x
0 min, (B) Ag/TiOxN1x 30 min, (C) Ag/TiOxN1x 1 h, (D) Ag/TiOxN1x 2 h, and (E)

Ag/TiOle-x 3 h

In the second column, high resolution N 1s spectra are shown. (A) Ag/TiOxN1-
x 0 min shows two peaks at 399.24 and 394.98 eV corresponding to the TiOxN1.x and
TiN peaks respectively. The rest of the samples have one peak at 400.32 eV, 398.66

eV, 400.21 eV, and 400.47 eV for (B) Ag/TiOxN1x 30 min, (C) Ag/TiOxN1x 1 h, (D)
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Ag/TiOxN1x 2 h, and (E) Ag/TiOxN1x 3 h respectively which corresponds to the
TiOxN1x species. The fact that the TiN peak disappears after the samples are oxidized
means that the surface is becoming oxidized and converting to TiO2. The N:Ti ratios
for the samples were calculated to get a rough estimate of the nitgroen content in the
samples. They are 4.27, 5.85, 1.39, 0.55, and 0.48 for (A) Ag/TiOxNix 0 min, (B)
Ag/TiOxN1x 30 min, (C) Ag/TiOxN1x 1 h, (D) Ag/TiOxN1x 2 h, and (E) Ag/TiOxN1x
3 hrespectively. Overall, the N:Ti ratio decreases with oxidation time which means the
nitrogen content decreases with oxidation time. This is consistent with the samples
becoming more oxidized with oxidation time. In the third column, the high resolution
O 1s spectra for the Ag/TiOxN1x samples were shown. All the samples have two peaks
that appear at 533.62 and 531.52 eV, 533.04 and 531.77 eV, 531.71 and 529.02 eV,
532.33 and 530.23 eV, and 532.27 and 529.23 eV for (A) Ag/TiOxNix 0 min, (B)
Ag/TiOxN1x 30 min, (C) Ag/TiOxN1x 1 h, (D) Ag/TiOxN1x 2 h, and (E) Ag/TiOxN1x
3 h respectively. The peaks at the higher binding energy have been assigned to the
surface hydroxyl groups that deposit on TiO2 and the peaks at the lower binding energy
have been assigned to the O,% in the lattice of TiO2. For almost all the samples it seems
the surface hydroxyl group peak is shifted to higher binding energies. The atomic ratio
between these two peaks was also calculated to be 0.36, 0.84, 13.13, 3.71, and 11.88
(A) Ag/TiOxN1x 0 min, (B) Ag/TiOxN1x 30 min, (C) Ag/TiOxN1x 1 h, (D) Ag/TiOxN-
x 2 h, and (E) Ag/TiOxN1x 3 h respectively. The surface hydroxyl group content seems
to fluctuate between samples as the oxidation time increases. The last column shown

the high resolution Ti 2p spectra of the samples. All the samples have one pair of peaks
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at 463.27 and 452.76 eV, 466.1 and 457.5 eV, 463.54 and 458.09 eV, 464.28 and
458.33 eV, and 464.58 and 458.4 eV for (A) Ag/TiOxN1x 0 min, (B) Ag/TiOxN1.x 30
min, (C) Ag/TiOxN1x 1 h, (D) Ag/TiOxN1x 2 h, and (E) Ag/TiOxN1x 3 h respectively.
Overall, the samples seem to have an increase in binding energy which means the
samples are being oxidized as oxidation time is increasing. This implicates a charge

transfer from the Ag to the titanium oxynitride.*>#

18

% wt Ag

Figure 5.6 ICP-OES analysis of Ag/TiOxN1.x samples.

5.3.3 CO Electrooxidation
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Electrochemical behavior for electrooxidation of carbon monoxide was studied
using cyclic voltammetry measurements. As a comparison, a commercial Pt/C catalyst
was studied to compare metals and silver nanoparticles were deposited on carbon black
labeled as Ag/C was studied to understand the effects of using titanium oxynitride as a
support. In Figure 5.7 (A), N2 saturated cyclic voltammetry measurements were done
in 0.5 M H2SO4 at 10 mV/s are shown. For the silver samples, the cyclic
voltammograms were scanned between -0.1 V and 0.8 V vs. Ag/AgCl and for the Pt/C
sample it was scanned between -0.3 and 0.9 V vs. Ag/AgCI. For the silver samples, the
voltammogram does not show any peaks in the given range. For comparison, the
samples without Ag were scanned in the same samples as those with Ag (Figure 5.7
(B)). In it apparent that are also no peaks shown in both voltammograms. This shows
that in this range there is no activity that interferes with CO electrooxidation.*® For the
Pt/C sample, there appears to be the typical Pt butterfly showing H:
adsorption/desorption and O adsorption/desorption.** In Figure 5.7 (C), CO
stripping measurements done in a N2 saturated 0.5 M H2SO4 solution are shown. For
all the samples have one peak appearing at 0.304 V vs. Ag/AgCl, 0.328 V vs. Ag/AgCl,
0.292 V vs. Ag/AgCI, 0.310 V vs. Ag/AgCI, 0.294 V vs. Ag/AgCl, 0.612 V vs.
AgQ/AQCI, and 0.322 V vs. Ag/AgCI for Ag/TiOxN1x 0 min, Ag/TiOxNix 30 min,
AQ/TiOxN1x 1 h, Ag/TiOxN1x 2 h, Ag/TiOxN1x 3 h, Pt/C, and Ag/C respectively. The
peaks for Ag correlate well with literature data.*® For comparison, CO stripping
measurements done in N2 saturated 0.5 M H2SO4 at 10 mV/s for all TiOxN1.x samples

are shown in Figure 5.7 (D). None of the samples have any major peaks shown in the
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voltammogram which means that the CO electrooxidation requires an interaction
between the Ag and TiOxNix. A final comparison between scans in shown in Figure
5.7 (E) which is a representative image of all the samples. In the black solid line of the
first scan, it’s apparent that the Ag/TiOxN1.x 2 h sample has a pronounced CO stripping
peak. In the black dotted curve of the 2" scan, that peak as disappeared showing that
all the CO is removed from the first scan. The red curve is the N2 saturated scan shown
for comparison which shows that the 2" scan of the CO stripping becomes just like

that scan. This means that these samples don’t hold onto CO for very long.
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Figure 5.7 (A) N2 saturated cyclic voltammetry measurements done in 0.5 M H2SO4
at 10 mV/s for all samples with metals deposited on them. (B) N. saturated cyclic
voltammetry measurements done in 0.5 M H2SOg4 at 10 mV/s for all TiOxN1.x samples.
(C) CO stripping measurements done in N saturated 0.5 M H2SO4 at 10 mV/s for all

samples with metals deposited on them. (D) CO stripping measurements done in N2

saturated 0.5 M H2SO4 at 10 mV/s for all TiOxN1x samples. (E) Representative CO
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stripping voltammagram of Ag/TiOxN1x 2 h’s 1t and 2" scan in N2 saturated 0.5 M

H2SO4 compared to just N2 saturated scan.

Figure 5.8 shows bar graphs of the values of the peak potential (A), peak current
density (B), and electrochemical surface area (C). When comparing the peak potential,
overall as oxidation time increases the peak potential becomes more negative and
reaches an optimal peak potential at 1 h and then slightly becomes more positive. The
current at the peak potential was divided by the mass loading calculated from ICP-OES
measurements and was determined to be 2.07, 10.7, 1.91, 2.89, 2.58, 19.4, and 0.4580
A/cm? Ag/TiOxN1x 0 min, Ag/TiOxN1x 30 min, Ag/TiOxN1x 1 h, Ag/TiOxN1x 2 h,
Ag/TiOxN1x 3 h, Pt/C, and Ag/C respectively.. It seems as the oxidation time increases
there is a decrease in peak current density and then an increase in the peak current
density. Finally, the electrochemical surface areas of all the samples were 0.305, 0.605,
0.248, 0.576, 0.193, 1.046, and 0.346 cm? for Ag/TiOxN1-x 0 min, Ag/TiOxN1x 30 min,
Ag/TiOxN1x 1 h, Ag/TiOxN1x 2 h, Ag/TiOxN1x 3 h, Pt/C, and Ag/C respectively.
Based on these measurements, it seems that the Ag/TiOxNix has the best activity for

this reaction.
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Figure 5.8 Bar graphs for summary of CV results of Ag/TiOxN1.x samples.
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CO electrooxidation was further studied using Impedance measurements to
make Nyquist plots which are shown in Figure 5.9 for a DC voltage of 0.3 V vs.
Ag/AgCI. Figure 5.10 shows the equivalent circuit model used to fit the Nyquist plot
for the DC voltage of 0.3 V vs. Ag/AgCI. This circuit was used because there seems to
be a significant diffusion component which is attributed to the O adsorption in the CO
oxidation mechanism.>%°2 The first thing to notice is the typical semicircle is not
present this is due to the fast reaction kinetics of this reaction due to fast proton
transfer.3® Across the potentials, it is shown from the Nyquist plots that the Pt/C sample
has the highest charge transfer resistance, which is shown by the largest diameter of
the semicircle. This correlates back to the CO stripping measurements because the Pt/C
sample had the most positive peak potential. The next thing to notice, is the Ag samples
all had roughly similar charge transfer resistances that correlates to the very close
anodic CO stripping peak potential. This result is further indicative that Ag is a better

catalyst than Pt when reactions involve CO.
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Figure 5.9 Nyquist Plots for all Ag/TiOxNix samples made from impedance
measurements taken in CO saturated 0.5 M H2SO4 done at DC voltage of 0.3 V vs.

Ag/AgCI.
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Figure 5.10 Equivalent circuit model used for a DC voltage of 0.3 V vs. Ag/AgCI.

Taking a closer look at the impedance results, the charge transfer resistance of
the samples was plotted in Figure 5.11. Again, overall all the Ag samples have lower

charge transfer resistances than Pt except for the Ag/C sample which again shows that
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Ag is better at oxidizing CO. Another interesting observation is that the charge transfer
resistance decreases then increases with oxidation time having Ag/TiOxN1.x 1h having
the lowest charge transfer resistance. This correlate back to the CV data because
Ag/TiOxN1x 1h had the most negative CO oxidation peak potential. This also further
affirms that the nature of the support affects the reaction kinetics. When compared to
the Ag/C sample, the charge transfer resistance in the Ag/C is much higher than all the
TiOxN1.x samples. This shows that transition metal oxynitrides are much better supports

for this reaction than carbons are.
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Figure 5.11 Charge transfer resistance of Ag/TiOxN1.x samples at a DC voltage of 0.3

V vs. Ag/AgCI.

Overall, this study further proves that the nature of the support is very important
for CO electrooxidation and designing fuel cell catalysts. Structural analysis showed
that we have Ag nanoparticles deposited onto TiOxN1.x powders with only the surface
being oxidized. TEM showed that the Ag tended to nucleate near the TiO; areas (or
oxidized areas) due to the strong-metal-support-interaction between Ag and TiO.%3
Further exploring the structure, as the oxidation time increased, the surface of the
powders changed by becoming more reduced due to a charge transfer from the Ag to
the TiOxN1x. This in turn affected the activity of CO electrooxidation by allowing for
an optimal amount of oxidation of the surface, being 1 h having the most negative CO
stripping potential which also correlates to the impedance analysis with having a
relatively lower charge transfer resistance. It has been shown in a previous study that
CO adsorption is favored® when the interface is oxidized thereby oxidizing the
interface of the nanopowders we have changed the CO binding energy to the interface.
Based on this finding, the CO electrooxidation behavior is directly correlated to the CO
binding energy at the interface, with an optimal CO binding energy and thus optimal

CO electrooxidation activity.

5.4 Conclusion
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We have successfully synthesized Ag/TiOxNix powders for studying the
electrooxidation of CO by nature of changing the support. Structural characterization
shows that Ag nanoparticles are deposited onto oxidized areas of the TiN with the bulk
structure mainly being TiN. This allowed for a change in the oxidation state of the Ag
nanoparticles and in turn changing the electrooxidation behavior of the nanopowders.

Thus, we have found the optimal oxidation time to be 1 hour.
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Chapter 6

Summary and Future Work

6.1 Summary

In conclusion manipulating the defects in TiO2 and TiN have been described in
the preceding chapters. Chapters 2-4 deal with looking at TiO2 as a support and
understanding how the defects play a role in the kinetics of the oxygen reduction
reaction. Chapter 5 employs the use of TiOxNy substrate how its oxidation affects the

carbon monoxide oxidation reaction.

6.2 Summary of Impacts of Defects in TiO2 in ORR

In Chapter 2, we looked at the effect of the oxide substrate on the gold
nanoparticles during the oxygen reduction reaction. TiO, nanoparticles were
synthesized using a two phase high-pressure/high-temperature method and then SiO;
nanoparticles were synthesized using sonication. After both substrates were
synthesized, gold nanoparticles were deposited onto the supports by using
photoreduction. All of the characterization methods showed that the support played a
role in the electron-transfer properties of gold. Raman showed a new peak that was
only present in the TiO2-supported samples for the Ti®* signal. EPR showed a signal
for the oxygen vacancies that was only present in TiO2. XPS showed a charge transfer

from Au to SiO; and then TiO2 gold. Finally, when testing ORR activity the TiO> based
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samples proved to have the best activity showing that TiO: is the optimal support for
ORR because of the defects present.

In Chapter 3, we looked at manipulating the concentration of defects in TiO>
and seeing how that impacts the electrocatalytic activity for the ORR. TiO2 was
synthesized using the same two-phase high-pressure/high temperature method. Then
the gold was deposited onto the TiO2 by using a wet chemical reduction method.
Finally, the concentration of oxygen vacancies was controlled by adding increasing
amounts of ascorbic acid and heating it with the Au/TiO2 nanocomposites
hydrothermally. Structurally speaking, the defect concentration does not change the
bulk structure. However, by EPR, we could see a direct correlation by adding more
ascorbic acid the oxygen vacancy signal increased, meaning the concentration of
defects increased as more ascorbic acid is added. When testing the electrocatalytic
activity, as the amount of defects increased, the electrocatalytic activity for the ORR
showed a volcanic-like behavior. This is because as the amount of defects increased,
the binding energy of oxygen onto the TiO; increased, but it reached a point where the
binding energy of oxygen was too much and therefore decreased the electrocatalytic
activity.

Finally, in Chapter 4, the different kinds of doping in nitrogen and their effect
on the activity towards the oxygen reduction reaction was studied. N-TiO2
nanoparticles were synthesized using a sol-gel method. As a control TiO2 nanoparticles
were made using the same method, but the nitrogen source was not added. Then the

gold was deposited onto the TiO2 and N-TiOz using the same wet-chemical reduction
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method as before. Then the Au/N-TiO> was heated hydrothermally at different
temperatures with the same amount of ascorbic acid. XRD and UV-Vis measurements
showed that the nitrogen doping had a more defective bulk structure. The temperature
change did not seem to affect the overall bulk structure. What we were hoping to see is
that the temperature change would actually affect the kinds of nitrogen doping and be
a way to control the different amounts. However, the XPS showed that all of the
nitrogen doping was the same throughout the samples and there was no general trend
in charge transfer. ORR activity of the N-TiO2-supported gold nanoparticles had the

best activity, but we couldn’t figure out why.

6.3 Future Work for Looking at Defects in Au/TiO2
6.3.1 Better Control of Au deposition

One of the advantages of depositing the gold directly onto the TiO; is that there
is no need for a ligand in the synthesis. The use of ligands allows for size control of the
particles, however, the particle surface is not bare and the ligand has to be removed so
that the active species can access the surface. In most cases, the ligand is removed by
electrochemical cycling, but the particle size and surface and thus change. Here, we
can deposit the nanoparticles directly on the TiO2, but the size is so hard to control.
What an area would be is looking into other methods to control the size of the gold

particles and the dispersity on the substrate and that affects the defects.

6.3.2 Use of Nanoclusters or Single Atoms
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Our lab has done a previous study where the size of gold was changed and the
effect on the ORR. It was found that as the size decreases, the activity increases. In the
future, it would be interesting to try and deposit gold nanoclusters or single atoms onto

the TiO2 and see their interaction with the oxygen vacancies.

6.3.3 Other types of doping
Doping provides interesting properties for the TiO2. It would be interesting to

look at the different types of doping for example sulfur or carbon doping.

6.3.4 Controlled studies with the use of carbon

Currently, Pt has not been able to be replaced as the catalyst for the ORR.
Therefore, we need to start creating more complex molecules with multiple active sites.
AU/TiO2 can provide a start in this area because the active site is at the interface
between the TiO2 and gold. Utilizing carbon as well is helpful because it can also

provide more conductivity.

6.4 Summary of CO Electrooxidation of TiOxNy

In this study, TiN powder was heated in oxygen at the same temperature for
different amounts of time. This allowed for the oxidation of the TiN. After this, Ag
nanoparticles were deposited on the different TiOxNy using a wet-chemical reduction
method. TEM, XRD, and XPS revealed that only the surface of the powder was

oxidized by showing TiO: signals, but the bulk of the material was TiN. There seemed
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to be an apparent charge transfer from the Ag to the TiN. When comparing the
electrooxidation of carbon dioxide there seemed to be an apparent trend whereas the

oxidation time increased, there was a volcanic behavior for CO electrooxidation.
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