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Abstract of “Synthesis and Self-assembly of Monodisperse Nanoparticles for Magnetic

and Catalytic Applications” by Liheng Wu, Ph. D., Brown University, May 2016.

With unique properties different from their bulk materials, magnetic nanoparticles
(NPs) have been extensively studied not only for scientific interests but also for
technological developments. Organic solution-phase synthesis provides a versatile and
robust method for synthesizing monodisperse NPs with controlled size, shape and
composition. Those monodisperse NPs can be self-assembled into functional devices
through the “bottom-up” approach. This thesis focuses on the synthesis and self-assembly

of several magnetic NPs, as well as their applications in magnetic recording and catalysis.

Synthesis and self-assembly of monodisperse magnetic NPs are very important for
magnetic recording. In this thesis, | will discuss the controlled synthesis of cobalt ferrite
NPs with tunable size and magnetic properties. Large-area monolayer arrays of those
ferrimagnetic NPs were fabricated through the water-air interfacial self-assembly. The
monolayer arrays were studied as the magnetic recording media, demonstrating their
great potentials in data storage application. This solution-phase synthesis and self-
assembly approach were extended to ferromagnetic barium ferrite NPs, which can be

potentially used for magnetic recording and permanent magnets.

The investigations of magnetic NPs for catalytic applications will also be discussed.
Specifically, I will discuss the efficient catalytic activity of cobalt (Co) NPs for oxygen
evolution reaction (OER) in water splitting. Highly stable Co NPs were synthesized
through thermal decomposition of Co,(CO)g followed by a post reductive annealing

treatment. The developed NPs are more active and stable than state-of-the-art iridium

xii



catalyst. Moreover, well-defined monolayer catalyst of the Co NPs was developed to
evaluate their intrinsic OER activity, showing 15 times higher turnover frequency and

mass activity than the NPs deposited on conventional carbon support.

Strong ferromagnetic face-centered tetragonal (fct) FePt NPs are a superior catalyst
towards oxygen reduction reaction (ORR). However, it is very challenging to make fully
order intermetallic fct-FePt NPs. In the thesis, | will discuss a new approach to fully
ordered fct-FePt NPs through dumbbell-like FePt-Fe;O, NPs. The fct-FePt NPs exhibit
the highest catalytic activity and durability for ORR among all intermetallic Pt-based

catalysts.
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Chapter 1. Introduction to Nanomaterials, Nanomagnetism

and Nanoparticle Catalysts



1.1. General Introduction to Nanomaterials

In 1959 physicist Richard Feynman gave a talk entitled “There’s Plenty of Room at
the Bottom” at the California Institute of Technology, describing a process of
manipulating and controlling individual atoms and molecules.™! This is where the
concept of nanotechnology began. However, modern nanotechnology started from 1981
when Gerd Binnig and Heinrich Rohrer at IBM-Zrich invented the scanning tunneling
microscopy, making the manipulation of individual atoms achievable. Since then,
nanotechnology has attracted more and more attention not only for fundamental scientific
research but also for technological applications.*® One nanometer (nm) is one billionth
(10°%) of a meter, which is a really small length scale. For example, a single gold atom is
about one third of nanometer in diameter; a strand of human DNA is about 0.5~2 nm in
diameter. The illustration in Figure 1-1 shows how small the nanoworld is compared to

some natural things. Typically nanoparticles (NPs) are on the length scale of 1 — 100 nm.
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Figure 1-1. The scale chart to illustrate how small the nanoworld is (Courtesy of the Office of

Basic Energy Sciences for the U.S. Department of Energy).



When the size of a material decreases to the nanoscale, its physical and chemical
properties differentiate significantly from its bulk counterpart. This is called size-
dependent effects. One direct consequence of the size-dependent effects is the surface
area change. Much larger surface areas can be obtained for NPs. A simple demonstration
can show why nanomaterials have extraordinary high surface areas. Imagining a solid
cubic material with the length of 1 cm, the surface area is 6 cm?®. However, by splitting
this cube into 1 mm small cube, one can get 1000 small cubes with the total surface area
of 60 cm?; further splitting the 1 cm cube into 1 nm nanocube, the total surface area
increases dramatically to 60,000,000 cm?. This size effect also leads to an increase of the
surface atoms by decreasing the size of a NP. For example, in cluster NPs shown in
Figure 1-2,° if the total number of atoms decreases from 561 to 13, the surface atoms

percentage can increase significantly from 45% to 92%.

Full-Shell
"Magic Number"
Clusters

Number of shells 1 2 3 4 5

Number of atoms
in cluster M13 Mss M147 M309 Ms6 1

Percentage 92% 76% 63% 52% 45%
surface atoms

Figure 1-2. The relationship between the number of atoms in cluster nanoparticles and the
percentage of surface atoms.!

There are significant differences between the surface atoms and the inner ones. In a
NP, the inner atoms are highly coordinated forming bonds similarly to the atoms in the
bulk material. However, the surface atoms are less saturated, especially those corner and

edge atoms on the surface. They are much less stable than the inner atoms. This lower
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stabilization of the surface atoms causes lower melting points of NPs compared to the
bulk ones. Taking the well-studied Au nanoparticles into consideration, the melting point
of ~2 nm Au nanoparticles was reported to be about 800 K, much lower to its bulk value
of 1336 K.[*% Another important consequence of the unstable surface atoms is their high
chemical activity. The unsaturated surface atoms are extremely active to react with other
molecules or intermediates to form new bonds, which are of great importance for

developing efficient catalysts for specific reactions.

The other important size-dependent effect is quantum effect, which is well known in
semiconductor materials. For instance, quantum dots (e.g. CdSe) are typical
semiconducting nanocrystals. The most phenomenal properties of quantum dots are their
size-dependent optical properties. In bulk semicondutors, when excited, electrons in the
valence band jump to the conduction band, leaving holes in the valence band. The
electrons-holes pairs are called excitons. The normal size of an exciton (also called
exciton Bohr radius) is in nanometer region. As the size of a semiconductor material
reaches a certain limit in nanoscale, the geometric confinement of excitons results in
quantum confinement, making the energy spectrum discrete and the band gap size-
dependent, as illustrated Figure 1-3A."*Y The smaller the nanocrystals, the bigger the
band gap. Thus, more energy is needed to excite the electrons in the valence band of the
dots and consequently, and more energy will be released when the excited electrons and
holes recombine. This effect results in a blue-shift in emission as the size of quantum dots
decreases. Figure 1-3B is a photo demonstrating size-tunable fluorescence properties of
CdSe quantum dots with different sizes.*? Figure 1-3C shows the absorption and

emission spectra of the corresponding quantum dots, further confirming the quantum size



effects on the optical properties of quantum dots.*? As a result of the quantum effect, the
fluorescence of the quantum dots can be easily tuned by simply adjusting their sizes.
With wide optical tunability and long term stability, quantum dots have attracted lots of

(12141 Moreover, their unique band-gap

attention as fluorophores in biological labelling.
engineering offers great potential in photovoltaics, solid-state lighting and displays.!***8!
Quantum dot displays, as a revolutionary display technology, is coming to our daily life

with much brighter color and more power efficiency.
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Figure 1-3. (A) Size-dependent electronic energy states of a semiconductor in the transition from
bulk crystals to nanocrystals.*] (B) A photograph demonstrating size-tunable fluorescence

properties of CdSe quantum dots with different sizes. (C) The absorption and emission spectra of

the corresponding quantum dots.!*?

Properties of NPs are not only size-dependent, but also shape-dependent. Taking
quantum dots into consideration again, their bandgap is strongly dependent on the
dimensionality.!*! Due to the shape effect on quantum confinement, much effort has been
made to synthesize NPs with precisely controlled shape and dimension.””® The shape

effect is also obvious in metal nanostructures (e.g. Au) for their surface plasmon



resonance (SPR), which results from the oscillation between the surface conduction
electrons and the electromagnetic radiation. By tuning the shape of the metallic NPs, the
SPR can be easily tuned.’?**® Figure 1-4A shows a typical TEM image of Au nanorods
with the aspect ratio of 5.9.1"! Their longitudinal SPR peak locates at 979 nm. Enhancing
the aspect ratio to 8.5 makes the LSPR shift significantly to NIR region at 1246 nm
(Figure 1-4B). The broadly tunable SPR in metallic nanostructures is of great potential in

sensing,'” bioimaging and therapeutic applications.’?>?"]

(A)i" i V‘LSPR pea:: 979 nm (B)
L
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Figure 1-4. (A) TEM image of Au nanorods with the aspect ratio of 5.9. (B) UV-vis-NIR spectra
of Au nanorods with increased aspect ratio from 5.9 to 8.5. (C) TEM image of 35 nm Co,Fe,.
«Q4 nanoparticles. (D) Composition dependence of the coercivity (H;) of 35 nm Co,Fes; 04
nanoparticles.’?®

The composition of NPs also strongly affects their chemical and physical properties.

As a result, many research efforts have been made to synthesize NPs with precise
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composition control. An example of ferrimagnetic cobalt ferrite system (CoxFes.xOa) is
presented here. The magnetic coercivity (H.) of cobalt ferrite is strongly dependent on the
composition of Co.”®! Due to the competing effect of spin-orbit coupling and crystal field
energy, the Hc increases as Co composition x increases and reaches the highest at around
x = ~0.6-0.7, which is confirmed in the 35 nm CoxFes«O4 nanoparticles (Figure 1-4C
and D).?® Thus it is important to control the chemical composition of NPs for tunable

and optimum properties.

1.2. Introduction to Nanomagnetism

1.2.1. Classes of Magnetism

Magnets have been widely used since a long time ago, especially in ancient China.
By the 12" century the Chinese were well known for using the loadstone compass for
navigation. However, the basics of magnetism have started to be understood since Hans
Christian @rsted, a professor at the University of Copenhagen, discovered the
relationship between electricity and magnetism in 1819. Electromagnetism has been
continuing to develop ever since. This famous @rsted’s experiment is illustrated in
Figure 1-5A, which shows how a magnetic field H can be generated by a current loop. In
atomic physics, the magnetism is mainly from the electron magnetic moment, which is
caused by the orbital and spin magnetization of an electron (Figure 1-5B). Based on the
interaction of atomic magnetic moments, materials can be divided into five major groups:

diamagnetism, paramagnetism, ferromagnetism, ferrimagnetism, and antiferromagnetism.



(A) (8)

current loop spin/orbital contribution

Superparamagnetic /" T / '\ /‘ \ / f l !
Ferromagnetic | T 1 T 1 T () T 0 T

A A A N A

Ferrimagnetic »1: l l ‘1' l’

A A A N A
Antiferromagnetic l l l l l

Figure 1-5. (A) Magnetic field generated by a current loop. (B) Magnetics from an electron by

()

spin and orbital contribution. (C) lllustration of atomic moment interactions in different classes of
magnetic materials

Diamagnetism is a fundamental property of all materials, which are composed of
atoms with no net magnetic moments (no unpaired electrons). Due to the very weak
property, diamagnetic effect is overwhelmed in the strong magnetic materials like
paramagnetic and ferromagnetic materials. In paramagnetic materials, there are some
unpaired electrons in partially filled orbitals. In the absence of external field, the spins are
randomly oriented due to thermal fluctuation and the net magnetization is zero (Figure 1-
5C). But in the presence of an external applied magnetic field, those atomic magnetic
moments will align in the directions of the field, resulting in a net positive magnetization.
Removing the external field causes a spontaneous randomization of those atomic
magnetic moments and zeros the net magnetization again. Different from paramagnetism,

in ferromagnetic materials, the atomic moments are strongly interacted by electronic



exchange forces. The strong interaction causes a parallel alignment of the atomic

moments, which shows a large net magnetization even in the absence of external field.

In ferrimagnetic materials, there are two magnetic sublattices interacted by
superexchange coupling. This interaction results in antiparallel alignment of the two
sublattices. However, their magnetic moments are not equal with a existing net magnetic
moment. Ferrimagnetism shows similar magnetic behavior to ferromagnetism.
Antiferromagnetism also exhibits strong superexchange interaction, but differently, the
two sublattices have the same magnetic moments and cancel each other in the antiparallel

alignment, resulting in zero net magnetization.

1.2.2. Properties of Ferromagnetic Nanoparticles

Due to strong interactions of atomic moments, ferromagnetic/ferrimagnetic materials
show characteristic magnetic behavior: once magnetized, they can retain a memory of the
applied field. This behavior is called hysteresis and the curve of the magnetization change
with the external field is called a hysteresis loop. A typical hysteresis loop of
ferromagnetic materials is shown in Figure 1-6A. In the presence of external field, the
domains (the region where individual magnetic moments of atoms align in the same
direction) in a ferromagnetic material tend to align in the direction of the field. When the
field is strong enough, all the domains are aligned in the field direction. In this case, the
material is saturated and the corresponding magnetic moment is called saturation moment
(Ms). After magnetization, if one removes the external field, due to the strong magnetic
interaction between the domains, the material still exhibits a significant amount of

moment, which is call remnant moment (M;). The remnant moment is the basis for



magnetic recording. In order to totally demagnetize it, a reverse magnetic field has to be
applied. The field that needs to drive the magnetization to zero again is called coercivity
(Hc). This hysteresis behavior is very different from the magnetization curve of
superparamagnetic materials. In a superparamagnetic material, owning to the thermal
fluctuation, the magnetic domains undergo randomization as long as the external field is

removed, leaving no remnant magnetic moment (Figure 1-6B).

(A)

N
\ 4

Figure 1-6. Schematic illustration of (A) the hysteresis loops of ferromagnetic/ferrimagnetic and
(B) the magnetization curve of superparamagnetic materials.

The magnetic properties of a ferromagnetic material are strongly size-dependent. The
size below which all the magnetic spins in a ferromagnetic grain align in the same
direction is called the critical size (D). Below the D, the grain becomes a single domain
(SD). For most ferromagnetic materials, the critical size is in the range of 5 — 100 nm. If
the grain size is bigger than D., multi-domains (MD) exist inside. Due to the domain-
domain interaction, the magnetic coercivity decreases with increasing the size. A
relatively low field is needed to change the magnetization of a MD grain through an
energetically easy domain wall translation process. However, in the SD size range, the
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only way to change the magnetization is through the rotation of the magnetization, which
is an energetically difficult process. Thus the coercivity for SD NPs is relatively high. In
the SD size range, as the size continues to decrease, another critical threshold is reached,
at which the ferromagnetic becomes superparamagnetic. This critical limit is call
superparamagnetic limit. The size-dependent coercivity of ferromagnetic NPs is shown
in Figure 1-7AP® The reason for the transition of ferromagnetism to
superparamagnetism in the SD size range is explained in Figure 1-7B, which shows the
energy barrier between the “up” and “down” magnetization of a SD NP. The energy
required for reversing the magnetization of a SD NP is KV, where K is magneto-
anisotropic constant and V is the volume of the nanoparticle. If V is small enough, thermal
energy ksT (kg is Boltzmann constant, T is temperature) will be sufficient to overcome the
energy barrier, causing a spontaneous reversal of magnetization. The superparamagnetic limit
of small ferromagnetic NPs has proven to be a challenge in the design of recording media for
magnetic data storage applications. However, the properties of those superparamagnetic NPs,
namely their high My in the small external field and no My, render them great potentials in
biomedical applications, especially in drug delivery, magnetic resonance imaging, and

hyperthermia therapy.?2*3
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Figure 1-7. (A) A plot of magnetic coercivity (H.) vs. the size of ferromagnetic nanoparticles.*”
(B) Sketch of double well potential showing the energy plotted against the orientation of the
magnetization of magnetic nanoparticles in the absence of field.

The magnetic properties of ferromagnetic NPs are not only size-dependent, but also
temperature-dependent. For ferromagnetic NPs with a certain size, at a particular
temperature, thermal energy kgT will be high enough and eventually overcome the
reversal barrier, causing a randomization effect. This temperature is called Curie
temperature (T;). Above T, ferromagnetism transits into superparamagnetism. Curie
temperature is also an intrinsic property which is important in determining the application

of ferromagnetic NPs.

1.2.3. Applications of Ferromagnetic Nanoparticles

One important application of ferromagnetic NPs is as building blocks of permanent
magnets for magnetic energy storage applications. Permanent magnets with high energy
storage have various applications in our daily life, such as in the fabrication of direct-
current motors and wind turbines. As an intrinsic property, ferromagnetic materials
maintain remnant magnetic moment (M,) after magnetization. Due to this property,
permanent magnets could be used to generate a large magnetic field. However, for long-
time stability, they must possess a large coercivity (Hc). A figure-of-merit for evaluating
the performance of a permanent magnet is referred to as the maximum energy product
(BH)max, Which corresponds to the area of the largest rectangle that can fit inside the
second quadrant of the B-H hysteresis loop by converting M into magnetic induction B =
H + 4zM. The increase of the magnetic energy in a specific volume of a permanent
magnet would result in the enhancement of the energy conversion efficiency and also the

12



decrease of the device size. However, regular hard ferromagnetic materials, such as
SmCos* and fct-FePt!***"] have very high Hc (> 10000 Oe) but relatively low Ms, while
soft magnetic materials (e.g. bcc-Fel*® and FeCo!*) have very high M but very small H.
(< 1000 Oe). In order to enhance the energy storage of a permanent magnet, both high
coercivity and saturation moment would be needed. Exchange coupling provides an
alternative way for this purpose. The illustration of a modulated hard-soft exchange-
coupled system is shown in Figure 1-8. The requirements for effective exchange
coupling between the two phases are very strict.?°! First of all, the hard magnet and
soft magnet much be in close contact with each other. Secondly and the most importantly,
the size of the soft phase must be appropriate. If the size of the soft phase is too large, the
composite would be non-exchange-coupled (Figure 1-8A). Just the interface between the
hard and soft magnets is effective coupled, the majority of the soft would be easily
magnetized and demagnetized, and therefore there would be a Kkink in the
demagnetization curve showing two phase behavior. Only with appropriate size of the
soft phase (~10 nm) will the composite be effectively exchange couples with enhanced

energy storage (Figure 1-8B).

A successful exchange-coupled nanocomposite has been achieved in self-assembled
FePt and FesO4 NPs.®? Annealing the composite under reducing atmosphere resulted in
the fct-FePt/FesPt composite with enhanced energy product of 20.1MGOe, which is 50 %
more than theoretical limit of 13 MGOe for non-exchange-coupled isotropic FePt.
Another example is recently developed exchange-coupled fct-FePt/Co core/shell
nanoparticles, within which the magnetic properties can be rationally tuned by the shell

thickness of the soft phase.l®®!
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magnetic soft and hard composites.

Another very important application of ferromagnetic NPs is as recording media in
magnetic data storage. Magnetic recording also takes advantage of the remnant
magnetization (M;) of ferromagnetic NPs, which converts magnetic signals of those
ferromagnetic NPs into voltage signals by giant magnetoresistance (GMR) sensors.
Figure 1-9A shows a typical longitudinal recording system in hard disk drive (HDD).[*¥
Basically, it composes of three parts: magnetic recording medium of ferromagnetic NPs,
write head and read head. During writing process, the write head is driven by a flux
current carrying the information to be stored, generating a flux external field. The flux
field changes the magnetization of the recording medium under the write head. To read
back the stored information on the recording medium, the read head is used. The read

head, namely GMR sensors, translates the recorded magnetic signal into a voltage signal
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(Figure 1-9B). Due to the significant advancements in materials science and recording
technology, there is a dramatic enhancement of the recording areal density, as shown in
Figure 1-9C.5 Figure 1-9D shows a typical TEM image of the media material of
CoCrPtX NPs with the size of ~8.5 nm in the commercial HDD.® This recording media
guarantee a recording density of ~750 Gb/in?. To further increase the areal density, the

size of the media NPs needs to be further reduced.
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Figure 1-9. (A) Schematic of a longitudinal recording system in HDD.¥ (B) Illustration of the
write and read process in the longitudinal recording system. (C) Recent recording areal density
enhancement of HDD and magnetic tape recording (LTO is commercial tape product and the red
line represents research demonstration of the tape recording).”™ (D) TEM image of the CoCrPtX
nanoparticular recording media in HDD.®® (E) Cross-section TEM image of Ba-ferrite NPs in

magnetic tape recording.

Smaller ferromagnetic NPs with high thermal stability are required for future
ultrahigh areal density recording in HDD. Table 1-1 lists possible magnetic recording

media materials.®® The thermally stable grain size D, is calculated by assuming KV/kgT
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=60 and T = 350 K. Today’s HDD recording media is mainly based on CoCrPtX NPs,
which can support thermally stable grain size of 7-9 nm and ~750 Gb/in* density.
However, to further increase the density, smaller recording media is required. SmCos and
Fe14aNd,B have smaller Dy, but they have very complicated structures and are not
chemically stable. Thus they are mainly used for permanent magnets, not of interest in
HDD. L1,-structured FePt (or fct-FePt) is alternative media material for this purpose.
Due to very small D, (~4nm) and not very high T (~750 K), it is the key media candidate
for the future HDD in heat-assisted magnetic recording. By decreasing the grain size to 3-

5 nm, we are expecting to increase the areal density to ~1.5 Th/in®.

$=10nm

8/<D>=2
reox. B O 0O
alloy matenial K, ) Mg Hy Tc D, (a) D, (®) D,(c) D, (d)
system (10" erg/em’)  (emwem’)  (kOe)  (K) (nm) (nm)  (m)  (nm)
P\ \N Co-alloys CoCrgPty, 0.7 500 28.0 10000 7.3 75 8.7 64
g CosPt 2 1100 364 1200 43 53 6.1 45
’ ; CoPry 0.5 300 333 600 8.6 8.3 9.7 72
4
CoX/PuPd) CoyPry, 1.2 450 333 ~700° 55 6.2 7.2 54
multilayers  CoyPd,, 0.6 360 33.3 ~700° 7.8 7.8 9.1 6.8
¢ve & ordered FePd 1.8 1100 327 760 45 54 6.3 4.7
p - c L1y/L1, FePt 7 1140 1228 750 23 35 4.0 3.0
ve « phases CoPt 49 800 1225 840 27 39 4.5 34
oo ® \\ MnAl 1.7 560 60.7 650 7 55 6.4 48
rare-carth Fe,sNd,B 4.6 1270 72.4 585 28 4.0 4.6 34
transition SmCos 20 910 439.6 1000 14 24 2.8 2.1
metals

Table 1-1. Possible magnetic media material for extremely high areal density recording in HDD.

Dy, is the average thermally stable grain diameter assuming KV/kgT = 60 and T = 350 K.

Apart from the HDD recording, there is another important recording media, called

magnetic tape recording. The basic concept of the magnetic recording is the same, but
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differently the media materials used in magnetic tape are ferrimagnetic materials, like
FeCo alloy nanorods and ferrite NPs. Recent development in the areal density of the
magnetic tape recording is also shown in Figure 1-9C. Even though a big gap between
the tape recording and HDD exists, there are several advantages for the tape recording.
First of all, the media materials are much cheaper than the Pt-based media in HDD.
Secondly, even though the areal density of magnetic tape is much smaller than HDD, its
available surface area is much larger than that of HDD, bringing about similar capacity to
that of HDD. For example, in the commercial LTO 5 magnetic tape, ~40 nm needle-
shape FeCo NPs are used as the recording media. The data cartridge has the dimension of
102x105>21.5 mm (Length > Width > Hight), but contains the tape of ~846 m. The
capacity of this tape cartridge is 1.5 TB. The demand for even higher recording density
requires the media to be smaller and smaller, and shape anisotropy cannot support such a
dimension reduction. Very recently barium-ferrite (BaFe) NPs have attracted lots of
attention in tape recording due to their high magnetic anisotropy and chemical stability. A
successful demonstration of utilizing oriented BaFe NPs (Figure 1-9E) in magnetic tape
drives has been achieved, leading to an areal density of 29.5 Gb/in>.*® However, BaFe is
normally synthesized through conventional solid state chemistry method at very high
temperature.®% It is very difficult to control the size and shape of BaFe NPs. In my
thesis, | will discuss the chemical methods | developed for synthesizing ferrite NPs
(cobalt-ferrite NPs in Chapter 3 and BaFe NPs in Chapter 4) with controlled size and
magnetic properties and their potential applications as recording media in magnetic data

storage.
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1.3. Introduction to Nanoparticle Catalysts

As discussed earlier, NPs have very large surface area. The surface unsaturated
atoms are highly active to react with other molecules or intermediates, which are of great
importance for developing efficient catalysts for specific reactions. Recent advancements
in chemical synthesis of NPs with rational size, shape, composition and structure control
have led to significant developments of various new and better catalysts. During my Ph.
D. study, I also focused on the design and synthesis of metal and metal alloy NPs for
catalytic applications, specifically fct-FePt NPs for oxygen reduction reaction (ORR) in
proton exchange membrane (PEM) fuel cells and metallic cobalt (Co) NPs for oxygen

evolution reaction (OER) in electrochemical water splitting.

1.3.1. Nanoparticle Catalysts for Oxygen Reduction Reaction

In the past few decades, lots of research efforts have been made on renewable and
sustainable energy technologies. Among them, PEM fuel cells are a promising
technology which converts diverse fuels directly into electrical energy without
combustion. Figure 1-10A is a typical PEM fuel cell with H; as fuel. In the anode, H is
oxidized to protons. The generated protons are further migrated in the electrolyte to the
cathode through PEM. In the cathode, O, is reduced and neutralized by the protons. The
electrons go through the external circuit, generating a flow of electricity. The two half
reactions in cathode and anode and overall reaction in H, PEM fuel cell are listed in

Figure 1-10B.

18
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Figure 1-10. (A) A typical PEM fuel cell with H, as fuel (Courtesy of the Office of Energy
Efficiency and Renewable Energy for the U.S. Department of Energy). (B) Half reactions and
overall reaction in a H, PEM fuel cell.

However, oxygen reduction reaction (ORR) in a PEM fuel cell is kinetically sluggish
and requires a catalyst to lower its electrochemical overpotential and increase the voltage
output.® Although the exact mechanism of ORR process on a catalyst surface is not
well known, density functional theory (DFT) calculations have been utilized to gain some
insights into the ORR. For example, possible reaction mechanism on a Pt (111) surface
was proposed by DFT calculation of adsorption energies for the surface intermediates.®™
There are two possible mechanisms: one is dissociation mechanism in which the O-O
bond is cleaved into adsorbed O, followed by the transfer of proton and electron to it
forming OH. The adsorbed OH further reacts with proton and electron to form H,0O and

then desorbs from the catalytic surface.
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ﬂ) Dissociation Mechanism (B) Association Mechanism \

%O:+=a=ao>:: Oz+ '-_’OJF

L 0,* + (H" + ¢") — HO,*
O* + H" + e~ — HO* . 2

HO*+H'+e —H,0O+* HO,* + (H" +¢7) — H,0 + O*
O* + (H™ + ¢7) — HO*

K HO* + (H™ + ") — H,0 +/

Figure 1-11. Possible reaction mechanism of ORR on a Pt (111) surface. Here * denotes a
catalytic site on the Pt (111) surface.’®"

The other mechanism is called association mechanism, in which the adsorbed O,
does not undergo bond cleavage of O-O, but directly react with proton and electron
forming OOH species. Proton and electron are transferred to the adsorbed OOH species,
resulting in the formation of adsorbed O and H,O. Then the adsorbed O undergoes
similar reactions as discussed in dissociation mechanism. At lower O, coverage, the
dissociation has lower energy barrier and dominates the ORR process. However, at high

O, coverage, the association mechanism has lower energy barrier.

So far, Pt NPs are the state-of-the-art catalyst for ORR, but there is still considerable
overpotential for ORR over Pt catalyst. Moreover, Pt itself is not stable enough for long-
time fuel cell durability due to dissolution and aggregation.!® The high price and scarcity
of the noble metal Pt also limit the large-scale commercialization of Pt catalyst for ORR.
Thus, a rational design of ORR catalysts should not only reduce amount of Pt but also

enhance catalytic activity and durability.
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Recent advancements in chemical synthesis of Pt-based NPs with precise size, shape,
composition and structure control have provided successful approaches to meet those
requirements. For example, by designing a Pt thin shell on non-Pt core NPs, the Pt
loading in the catalyst can be effectively reduced.®*®® To further improve catalytic
activity, theoretical calculation and experimental results have indicated that by alloy with
transition metal M (M = Fe, Co, Ni), the electronic structure of surface Pt atoms can be
modified.[*” The formed Pt;M alloy catalysts exhibit ‘volcano-type’ catalytic activity,
which is determined by a balance between adsorption energies of reactive intermediates
and surface coverage by spectator (blocking) species. For bare Pt (111) electrode, the
bonding between Pt and adsorbed O is so strong that it is very hard to remove the oxygen
species. After alloying with M, the alloy catalysts show lower binding energy with O and
thereby accelerate the reaction. As a result, alloying with other M metals into Pt NPs can
not only reduce the Pt loading but also enhance the ORR activity.!*”®! Apart from alloy
effect of catalyst performance, shape-induced enhancement of both activity and durability
for ORR has also been demonstrated in one-dimensional Pt-based nanowires.!’®™ Very
recently, structure-induced activity and durability improvements for ORR have been
realized in intermetallic CoPt and FePt NPs.[”>" These improvements are mainly caused
by the Pt-Pt bond compress in the intermetallic structure, resulting in a better balance of
adsorption/desorption of oxygenated species during ORR. However, high temperature
annealing is normally needed to obtain intermetallic structure of those NPs, which will
cause NP sintering/aggregation if not treated properly. What’s more, even after proper
annealing, it is still very difficult to obtain fully ordered intermetallic structure. In

Chapter 6 of my thesis, | will discuss the method | developed for synthesizing fully
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ordered fct-FePt NPs with much enhanced activity and durability for ORR in acid

solution.

1.3.2. Nanoparticle Catalysts for Oxygen Evolution Reaction

The increasing consumption of fossil fuels and the limited amount of natural
resources have motivated us to search for renewable and sustainable energy. Harvesting
energy directly from sunlight provides a very promising and viable solution for clean
energy. One way is to convert solar energy directly into electricity using photovoltaic
cells, which has shown significant advances recently.'® " Alternatively, solar energy
can be converted and stored into high-energy chemical bonds through artificial
photosynthesis. Among the artificial photosynthesis, photoelectrolysis of water is one of
the most promising method to store solar energy in chemical fuel H,. Figure 1-12
illustrates the renewable H, cycle based on the photoelectrochemical water splitting.!"™
Sunlight is utilized and converted into H, fuel through electrolysis of H,O in a water
splitting cell. The generated H; is then stored, which can be used as a fuel, e.g. to power
the PEM fuel cell, generating electricity and releasing H,O in the atmosphere. However,
efficiently photoelectrochemical splitting water into usable H; is still challenging. There
are basically two requirements for achieving this success: one is efficient utilization of

solar energy; the other is enhanced catalytic conversion kinetics of water splitting into

hydrogen and oxygen.[’®
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Figure 1-12. The hydrogen cycle: H, fuel is generated through photoelectrolysis of water in the
splitting cell; the generated H, is stored and utilized as a clean fuel to power the PEM fuel cell,

generating electricity and heat and releasing water in the atmosphere.!™

The reactions of water splitting in acidic and alkaline solutions are shown in Figure
1-13. Oxygen evolution reaction (OER) takes place at anode while hydrogen evolution
reaction (HER) happens at cathode. Ideally, the thermodynamic potential needed to drive
the electrolysis of H,O under standard conditions is AE = 1.23 V. The first demonstration
of photoelectrolysis of water was done by Honda and Fujishima in 1972, using wide
band-gap semiconducting TiO- as the light absorber./”™ However, TiO, only absorbs UV

region of the sunlight, resulting in low solar conversion efficiency.[’®

Electrolysis of H,0 in Acidic Solution Electrolysis of H,0 in Alkaline Solution
Anode: 2H,0 —> O, + 4H* + 4e" (OER) Anode:40H- —> O, + 2H,0 + 4e" (OER)
Cathode: 4H* + 4e- —> 2H, (HER) Cathode: 4H,0 + 4e- —> 2H, + 40H - (HER)
Overall:2H,0 — 2H,+ 0, Overall:2H,0 —> 2H,+ 0,

Figure 1-13. OER and HER of water splitting under acidic and alkaline solutions.
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In order to efficiently harvest a large portion of the solar spectrum, multijunction
configurations of semiconductors with different band gaps are needed.[’® Recently there
are some promising developments in the designs of semiconducting materials for
photoelectrochemical water splitting.["®® An efficient solar water splitting cell is
proposed in Figure 1-14.%% |t contains a membrane-supported assembly of two types of
semiconductors with different band gaps: one is p-type semiconductor with narrower
band gap as photocathode electrode for HER; the other is n-type semiconductor with
wider band gap as photoanode electrode for OER. The membrane is used to physically

separate the HER and ORR but at the same time allows protons transfer during reactions.

The dual band gap cell configuration allows more efficient sunlight capture and
creates sufficient chemical potential to drive the water-splitting reactions. However, the
kinetics of water splitting on the bare semiconductor surface normally limits its
efficiency.l’¥ An overpotential is needed as the driving force to overcome the kinetic
barriers for a high reaction rate. Thus addition of a catalyst onto the surface of the
semiconductor is needed to further improve the efficiency of water splitting. A catalyst to
facilitate reduction of protons to H, at the cathode and a catalyst to facilitate oxidation of

water to O, at the anode are needed, as depicted in Figure 1-14,
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Figure 1-14. A typical solar water-splitting cell in acidic condition with a membrane-supported

assembly of two types of semiconductors and electrocatalysts on the surface of semiconductors to

promote water splitting.!®”

During my graduate study, | also devoted to develop new efficient catalyst for OER
in water splitting. As discussed, OER is a kinetically sluggish reaction, which requires an
overpotential to drive its completion. A catalyst is required to lower the overpotential to
promote the 4-electron oxidation process. So far, iridium (Ir) and ruthenium (Ru) oxide
have been chosen as the state-of-the-art OER catalyst.®*® However, just like the Pt
catalyst for ORR in PEM fuel cells, the high price and limited sources of the precious
metals limit their large-scale commercialization. Moreover, those precious metal oxides
are not stable in basic solutions. For example, RuO; is subject to dissolution in base to
unstable RuO..B* Thus, searching for non-precious catalyst with high electrocatalytic
activity and long-term stability is needed for efficient water splitting. Recently, lots of

earth-abundant transition metal oxide/hydroxide nanostructures have been developed as
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promising alternative catalysts for OER, including oxide thin films,®5%8 NPs B9 ang
layered double hydroxide nanosheets.****) However, these oxides/hydroxide catalysts
generally have low electron conductivities, limiting their performance in electrocatalysis
enhancement. One strategy to improve the OER catalytic activity of these oxides is to
couple them with a conductive support, such as graphene,® carbon nanotubes,” *° or

metallic Au support.[® 101107

However, these conductive supports can only offer a
partial solution to the desired enhancement in catalysis, as the electron transfer required
for the OER on the catalytically active surface may only be possible at the catalyst-
support interface, not entirely on the catalyst surface. In Chapter 5, | will present the
stable metallic Co NP catalyst | developed as an efficient OER catalyst. The stable Co
NPs were synthesized and stabilized against oxidation via a post reductive annealing.
During OER process, the surface metal atoms are oxidized, forming a thin layer of CoOsx.
The metallic core acts as a conductive support to enhance its OER activity. Moreover, a
monolayer array of metallic Co NP array was fabricated, which exhibits much enhanced

activity than the NPs deposited on conventional carbon support. These stable Co NPs are

a promising new class of noble-metal-free catalyst for water-splitting.
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Chapter 2. Chemical Synthesis and Self-Assembly of

Monodisperse Nanoparticles
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2.1. Chemical Synthesis of Monodisperse Nanoparticles

As the chemical and physical properties of nanoparticles (NPs) are strongly
dependent on their size, shape and composition, in the past few decades, lots of research
efforts have been made on designing efficient synthetic methods to well-defined NPs
with precise size, shape and composition control. Liquid-phase colloidal method provides
a powerful tool to achieve this. In the early stage of colloidal synthesis, NPs were mainly
synthesized in hydrolytic (e.g. aqueous) solutions. Lots of metal and metal oxide NPs
were obtained through sol-gel process, microemulsion process and hydrothermal methods,
which were well summarized in the review article.! However, NPs synthesized by this
method generally suffer from low crystallinity or large size distribution. An alternative
way is using high-boiling point organic solvent instead of hydrolytic solvent. NPs
synthesized through this organic-phase colloidal method have much better crystallinity
and monodispersity. They can be well controlled in size, shape, and composition by
changing the reaction parameters, such as precursor concentrations, the reaction
temperatures, and the surfactants used. Moreover, NPs with different architectures such
as core/shell type, dumbbell type or even more complex morphologies can be achieved.
There are several excellent review articles on the synthesis of inorganic NPs using the
organic-phase colloidal method.!>® During my graduate study, | focused on this organic
solution synthesis of monodisperse metal and metal oxide NPs with controlled shape, size

and composition.
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2.1.1. Formation Mechanism of Monodisperse Nanoparticles

The widely accepted formation mechanism of monodisperse NPs is based on the
concept of “burst nucleation” proposed by LaMer.!®! The LaMer model describing the
nucleation and growth process of monodisperse NPs synthesis is shown in Figure 2-1.1"
“Burst nucleation” is an important concept in guiding the synthesis. The concentration of
“monomers” or “precursors” continues to increase as the reaction time increases. The
nucleation threshold is the supersaturation of those monomers. If the concentration of
monomers is rapidly increased above the nucleation threshold, then “burst nucleation”
takes place, resulting in the formation of nuclei and at the same time the rapid decrease of
the monomer concentration. When the concentration level drops below the nucleation
threshold, no new nuclei form. The reaction comes to the growth stage, in which the
monomers attached to the formed nuclei to facilitate the NP growth. The growth process
will keep going as long as the monomer concentration is above the saturation level. In
order to synthesize monodisperse NPs, it is required to separate the nucleation process

from the subsequent growth process.
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Figure 2-1. LaMer model of the nucleation and growth process of synthesizing monodisperse
nanoparticles.!”

Basically there are two techniques for achieving efficient “burst nucleation™ for
monodisperse NP synthesis. One is “hot-injection” method. This method was introduced
by Bawendi and his coworkers on the synthesis of monodisperse CdE (E = S, Se and Te)
semiconductor NPs about two decades ago.®! During the synthesis, the rapid injection of
precursors in surfactant solvent at high temperature generated high degree supersaturation,
causing burst nucleation and the formation of monodisperse NPs. The cartoon depicting
the “hot-injection” synthesis of monodisperse NPs is shown in Figure 2-2.11 This “hot-
injection” method has been well extended to some other semiconductor and metal NPs

synthesis.!"!
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Figure 2-2. “Hot-injection” synthesis of monodisperse nanoparticles.™

The other method is call “heating-up” method, in which the precursors, surfactants
and solvent are mixed together at low temperature and subsequently heated up to a
certain temperature to initiate the nucleation and growth process. This process can also
generate very uniform NPs. Moreover, it is very convenient for a large-scale synthesis.

The “heating-up” method is especially powerful for metal oxide NP synthesis.**

Typically the organic-phase colloidal synthesis utilizes high boiling organic solvents
(180 ~ 350 °C) including 1-octadecene, benzylether, 1,2-dichlorobenzene and 1,2,3,4-
tetrahydronaphthalene. It also needs appropriate surfactants to stabilize the formed NPs.
Typical surfactants include long-chain carboxylic acids (e.g. oleic acid), alkylamines (e.g.
oleylamine), alkyl phosphines and alkylphosphine oxides (e.g. trioctylphosphine and

trioctylphosphine oxide).

2.1.2. Chemical Synthetic Routes for Monodisperse Nanoparticles

As discussed above, organic-phase colloidal synthesis provides a powerful method
for synthesizing monodisperse NPs based on the LaMer model. In the past few decades,
significant progress has been made on the controlled synthesis of monodisperse NPs

through this colloidal method. As my Ph. D. work is mainly focused on the synthesis and

39



self-assembly of monodisperse metal and metal oxide NPs, | will briefly summarize the

synthetic routes in colloidal synthesis of those NPs we have achieved in our lab.

There are mainly two approaches to monodisperse metal NPs: reduction of metal
salts and thermal decomposition of metal compounds. A representative example of
reducing metal salt precursors to uniform metallic NPs is Au NP synthesis. Using
HAUCI, as the precursor, monodisperse Au NPs have been successfully synthesized with
tert-butylamine-borane complex as the reducing agent.*? Figure 2-3A shows a TEM
image of self-assembled 6 nm Au superlattice. By tuning the reaction temperature, the
kinetics of the nucleation and growth process can be controlled to synthesize
monodisperse Au NPs with the size range of 2 — 10 nm. Thermal decomposition of metal
organic compounds has also been widely used to synthesize monodisperse metal NPs.
For instance, monodisperse Fe NPs have been synthesized by thermal decomposition of
Fe(CO)s with oleylamine as the surfactant, as shown in Figure 2-3B. Due to the
oxidation of Fe upon air oxidation, a layer of Fe3O, shell was formed on the metallic Fe
NPs. The size of the final Fe NPs can be easily adjusted by changing the amount of the
precursors and the surfactants. Similarly, monodisperse Co NPs can be produced through

the thermal decomposition of Co,(CO)s.*
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Figure 2-3. TEM images of some representative monodisperse NPs synthesized in our group. (A)
6 nm Au NPs.™ (B) 13 nm Fe NPs with an oxide layer upon air exposure. (C) 9 nm FePt NPs.
(D) 16 nm Fe;0, NPs.P! (E) 14 nm CoFe,0, NPs.™ (F) 15 nm Co,gFe, 403 NPs.1*!

Compared to the single element metal NPs, bimetallic NPs are somehow more
difficult to synthesize with precise size and composition control. One way is to synthesize
single element metal NPs first and then dope the other element into the metal NPs to form
uniform alloy (e.g. FeCo,* AuAg*® and MnAu™® alloy NPs). Another way is to
directly form monodisperse alloy NPs, as shown in the FePt case.*”! The FePt synthesis
combines the reduction of metal salt and thermal decomposition of metal compound
together. It uses Fe(CO)s as Fe precursor. Thermal decomposition of Fe(CO)s generate
CO, which can be used as the reducing agent to reduce Pt(acac), to Pt(0). The
composition can be readily tuned by changing the initial precursor ratio. More
importantly, the reaction kinetics can be controlled by changing the amount and ratio of
the surfactants (oleic acid and oleylamine), leading to precise size and shape control.*8*!

Figure 2-3C shows a typical TEM image of 9 nm cubic FePt NPs. More examples about
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using the surfactant molecules to direct the kinetics of nucleation and growth process in

NP synthesis can be found in this review article.”!

Metal oxides NPs, especially magnetic ferrite NPs, are a main research project in our
group due to their great potential applications in magnetic recording and biological
applications. In our group, we utilize organic-phase colloidal synthesis to make
monodisperse metal oxide NPs. For example, monodisperse iron oxide NPs were
synthesized in high boiling solvent (e.g. benzyl ether) using the “heating-up” method
through the thermal decomposition of Fe(acac)s with oleic acid and oleylamine as the
surfactants.!”] Figure 2-3D shows a TEM image of 16 nm monodisperse Fe;O,; NPs. By
substituting part of Fe(acac)s; with Co(acac), or Mn(acac),, monodisperse Co ferrite or
Mn ferrite NPs were synthesized (Figure 2-3E).*Y Very recently, we found that using
sodium oleate instead of oleylamine, preferential growth of Co ferrite NPs along the <111>
direction can be achieved and cubic Co ferrite NPs can be synthesized (Figure 2-3F).1*
These ferrimagnetic NPs are of great potential applications in magnetic recording, which

I will discuss in details in Chapter 3.

2.2. Self-Assembly of Monodisperse Nanoparticles

Self-Assembly of NPs is of great importance for bottom-up fabrication of functional
devices. Recent advances in the synthesis of monodisperse NPs with precise control over
the size and shape allow us to assemble them into well-defined patterns, such as 2D
monolayers?®?? and 3D superlattices.”**”) There are several techniques for self-
[29-30]

assembling NPs on solid substrates, including drop-casting,’?* *® and spin-coating.

However, it is hard to control the thickness and size of the assembly through drop-casting
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method. Spin-coating is a convenient way to fabricate well-assembled film with the
thickness of several hundred nanometers, but it is difficult to make ultrathin assemblies,

especially dense-packed monolayers.

(A) A
%

DEG -> ->

(B)
Ps in Toluene/Hexane Transfor
k — L
H,0

Figure 2-4. (A) Schematic illustration of the liquid-air interfacial assembly of binary

superlattices.”™ (B) Schematic illustration of the water-air interfacial assembly of monolayer
nanoparticles.

Very recently, Murray group developed a liquid-air interfacial assembly method of
preparing centimeter-scale binary superlattices.[zsl The concept is shown in Figure 2-4A.
The binary NPs dispersion in hexane with desired amount was drop-cast on the surface of

diethylene glycol (DEG) in a Teflon well. The well was covered with a glass slide to
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allow the hexane to evaporate slowly in about 10 min. Upon the complete evaporation of
the organic solvent, the assembled film formed on the surface of DEG could be readily
transferred to solid substrates for further characterization. There are two major benefits of
this liquid-air interfacial assembly: one is the formation of large-area assembly with
control architecture; the other is the ease of transferring the assembly on any arbitrary

substrates to fabricate devices.

Inspired by this liquid-air assembly method, large-area monolayer assembly of NPs
can be fabricate through similar method.”! The water-air interfacial assembly |
developed is shown in Figure 2-4B. Here, water was used instead of DEG, which makes
the drying of the assembled film much easier. The NPs were dispersed in the mixture of
toluene and hexane (volume ratio = 1 : 1), in which the toluene can slow down the
evaporation rate of the organic solvent and as a result favor the assembly process. After
the complete evaporation of the solvent, densely packed assemblies of the monodisperse
NPs were formed on the water surface, which could be easily transferred onto a Cu TEM
grid, Si wafer or glassy carbon support for further characterizations. The thickness of the
assembly can be tuned by the initial amount of the NP dispersion, which can form
monolayer, bilayer or even thicker assemblies. I will discuss more about the monolayer
assembly of the Cog4Fe;404 NPs for magnetic recording in Chapter 3. Moreover, this
assembly process can be extended to the assembly of Ba-doped iron oxide NPs for
permant magnet and magnetic recording applications, which will be included in Chapter
4. A detailed study of well-defined monolayer catalyst of Co NPs for oxygen evolution

reaction will be discussed in Chapter 5.
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2.3. Organic-Phase Colloidal Synthesis: Experimental Section

2.3.1. Experimental Setup

A typical experimental set-up to synthesized monodisperse NPs in our lab is shown
in Figure 2-5. We use the Schlenk line to provide inert gas to protect the synthesis from
oxygen and moisture. A four-neck flask is used as the reaction vessel for the NP synthesis.
During synthesis, the organic solvent in the flask is stirred by a stirring bar and a stirring
plate. The reaction vessel is heated using a hemisphere heating mantle. One neck of the
flask is connected to the thermal couple of the temperature controller to control the
reaction temperature. One is connected to a gas (e.g. Ar or Ny) inlet of the Schlenk line
and another is connected to the gas outlet trap. The extra neck is usually covered with a

rubber septum for adding any chemicals inside the reaction system if needed.

\ Schlenk Line

|

Gas Inlet.

Thermal -

Stirring Plate Heating Mantle Reaction Flask

Figure 2-5. A typical experimental setup for colloidal synthesis of monodisperse NPs.
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The chemicals used for the organic-phase colloidal synthesis include the solvent,
metal precursors, surfactants, and reducing agents (if necessary). Most of the chemicals
we used were purchased from Strem Chemicals (e.g. metal acetylacetonate, metal stearate
and cobalt carbonyl) or Sigma Aldrich (e.g. surfactants: oleic acid and oleylamine;
solvents: 1-octadecent, benzyl ether and 1,2-dichlorobenzene) without further purification.
The reaction temperature and heating rate are well controlled by the controller to obtain

desired conditions for monodisperse NP formation.

Figure 2-6. Photograph of 10 nm CoFe,O4 NPs dispersion in hexane.

2.3.2. Nanoparticle Collection and Purification

After the reaction, the formed NPs are precipitated out from the solution by adding a
non-solvent, such as ethanol, isopropanol or acetone. The precipitation of NPs is then
collected by centrifugation using a Beckman Coulter Allegra® 64R Centrifuge (8500 rpm,

5 ~ 10 min). The NPs are then re-dispersed in non-polar solvent (e.g. hexane, toluene or
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chloroform) and separated again using non-solvent followed by centrifugation. This
washing step is usually repeated two or three times to clean the NPs. During each step,
few droplets of surfactants are sometimes added to better cover the surface of NPs. The
final product is re-dispersed in non-polar solvent and stored for further characterization
and use. Figure 2-6 shows a photograph of 10 nm CoFe,O, NPs synthesized two years
ago. They are very stable in hexane. Some metal NPs (e.g. bcc-Fe and fcc-Co NPs) are
not stable in air which can be gradually oxidized. These air-sensitive NPs should be

stored in inert atmosphere in glove box for long-term use.

2.4. Material Characterization

There are various characterization techniques available to investigate the properties
of the synthesized NPs. The typical characterization methods I used during my Ph. D.

study are listed below.

2.4.1. Transmission Electron Microscopy

Transmission electron microscopy (TEM) is the most common equipment used to
characterize the size and morphology of the NPs. The TEM images were collected on a
Philips CM20 microscopy with an operating voltage of 200 kV at Brown University. To
prepare the sample for TEM analysis, typically a droplet of dilute NP dispersion in
hexane was deposited on an amorphous carbon coated Cu TEM grid (Ted Pella). For the
monolayer assembly, it can be easily transferred onto a TEM grid for morphology
analysis. High-resolution TEM is even powerful which can analyze the lattice distance of

the crystalline NPs. HR-TEM images were recorded using a JEOL 2010 with an
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accelerating voltage of 200 kV. The sample preparation is the same as regular TEM

sample.

2.4.2. X-ray Diffraction

X-ray diffraction (XRD) is an important technique used to determine the crystalline
structure of the synthesized NPs. XRD patterns of the NPs were collected on a Bruker
AXS D8-Advanced diffractometer with Cu Ka radiation (A = 1.5418 A). In order to
prepare sample for XRD, NPs need to be dried into powder or form a thick film on a
glass or Si substrate by drop-casting concentrated NP dispersion. Based on the standard
patterns, the crystalline structure of the NPs can be analyzed. Moreover, using Scherrer
equation, the size of the NPs can be roughly determined, which can be coupled with the

size analysis from TEM study.

2.4.3. Scanning Electron Microscopy

Scanning electron microscopy (SEM) is another EM technique for studying the size
and morphology of NPs, although the resolution is not as high as TEM. SEM images
were acquired on a LEO 1530 microscope at an accelerating voltage of 10 kV. To prepare
samples for SEM, conductive substrates such as Si substrates are needed. Typically, NPs
dispersion was deposited on a Si substrate. For characterizing the morphology of
monolayer pattern of the assembly, the assembly was transferred on a Si substrate and let
dry under ambient condition. SEM can not only analyze the morphology, but also can

perform elemental analysis. Equipped with an energy-dispersive X-ray (EDX)
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spectroscopy, this equipment can analyze the characteristic X-ray emission spectrum of

the elements inside the NPs and thus can measure elemental composition of the specimen.

2.4.4. Scanning Transmission Electron Microscopy

The recent advances in EM technology allow us to study the atomic structure in a
single NP that tradition TEM or SEM cannot achieve. Taking the intermetallic face-
centered tetragonal (fct) FePt NPs as an example, regular TEM cannot show the
intermetallic structure. However, scanning transmission electron microscopy (STEM) can
provide detailed elemental distribution and atomic structures of a NP. STEM analysis
were carried out on a Hitachi HD2700C (200 kV) with a probe aberration corrector, at the
Center for Functional Nanomaterials, Brookhaven National Lab. The electron energy loss
spectroscopy (EELS) in STEM measurement makes elemental identification possible,
which is capable of determining the intermetallic structure. The EELS line-scan was
obtained by a high-resolution Gatan-Enfina ER with a probe size of 1.3 A. Sample

preparation is similar to that of TEM sample.

2.4.5. Inductively Coupled Plasma Atomic Emission Spectroscopy

EDX can provide some accurate elemental information of NPs, but a more accurate
elemental analysis can be done by the inductively coupled plasma-atomic emission
spectroscopy (ICP-AES) measurements, which were carried on a JY2000 Ultrace ICP
atomic emission spectrometer equipped with a JY AS 421 autosampler and 2400g/mm
holographic grating. To prepare the sample, a few droplets of NP dispersion were dried in

a 20 mL glass vial. Then 1 mL of aqua regia solution was added to dissolve the NPs.
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Subsequently, ~5 mL of 2% HNOj3 solution was added. This solution was ready for the

ICP-AES analysis.

2.4.6. Magnetic Measurements

Magnetic properties of NPs were evaluated by a vibrating sample magnetometry
(VSM, LakeShore 7404) in our group. Several mg of NP dry powder was transferred into
a gelatin capsule (0.3 mL, Electron Microscopy Science) and placed inside a uniform
magnetic field to measure its hysteresis loop. Alternatively, the NPs can be deposited
onto small Si substrates for this measurement. The VSM can only provide a magnetic
field of 1.5 T. For very strong ferromagnetic NPs such as fct-FePt NPs, this field is not
strong enough to fully magnetize them. Thus a stronger field is necessary. In this case, a
Quantum Design Superconducting Quantum Interface Device (SQUID) with a field up to

7 T from Prof. Xiao’s group at Physics Department was used.

2.4.7. Electrochemical Measurements

The catalytic properties of NPs studied in this thesis were evaluated using an Autolab
302 Potentiostat station, which uses glassy carbon rotating disk (5 mm in diameter) as a
working electrode, Ag/AgCl (4 M KCI) as a reference electrode, and platinum wire as a
counter electrode. Typically, NPs were first deposited on Ketjen carbon (C) support at the
desired mass ratio. Then the C-NPs was dispersed in the mixture of water, isopropanol
and Nafion (v/v/v 4:1:0.05) through sonication to form a homogeneous catalyst ink. The
catalyst ink was cast on the rotating disk and dried under ambient condition for the

further catalytic study. Different from the NPs deposited on C, the monolayer catalyst of
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Co NPs in Chapter 5 was directed loaded onto a homemade glassy carbon plate

electrode for the catalytic measurement.
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Chapter 3. Monolayer Assembly of Ferrimagnetic Cog¢Fe, 4O,

Nanocubes for Magnetic Recording

Reprinted with permission from Nano Lett. 2014, 14, 3395-3399. Copyright 2014

American Chemical Society.
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3.1. Introduction

The need for long-term and cost-effective digital archives requires state-of-the-art
magnetic tape products with ever increased areal storage density.’*! To support such a
high recording density, magnets used for tape recording must be made in nanometer-size
regime and assembled with both their packing density maximized and their magnetization
direction oriented. Conventional nanomagnets developed as magnetic tape media have
been based on ferrimagnetic (FIM) iron oxides in needle-like shapes due to their
acceptable shape-induced anisotropy/coercivity, medium high magnetization, high Curie
temperature, and more importantly, their excellent chemical stability and corrosion
resistance. Once stabilized with oxide coating, rod-shaped FeCo alloy particles have been
used in tape media products, enabling recording densities up to 2 Gb/in?. Recently, the
demand for even higher recording density requires the nanomagnets to be smaller and

smaller and shape anisotropy cannot be used to support such a dimension reduction.

Ferrite magnets with large magnetocrystalline anisotropy, such as cobalt ferrite
(CoFe,0,4 or CoO-Fe,03) and hexagonal barium hexaferrite (BaFe, BaO-6Fe,O5 or
BaFe1,010),!® have been considered as alternative media materials. For example, doped
BaFey,019, Which are now used in commercial tape drives, have led to a 29.5 Gb/in’
recording demonstration.”” Magnetic studies have shown that magnetocrytalline
anisotropy constant (K) of the non-stoichimetric Co-substituted magnetite CoxFesxO4 and
hexagonal BaFe can be as high as 5>10° J/m* [ which are close to those of the common

hard magnetic FePt, SmCo and NdFeB magnets at 10° — 107 J/m*.%™ These suggest that

CoyFesxO4 or BaFe, once prepared in a proper nanometer size and shape, can maintain
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large magnetic coercivity, providing a more cost-effective system than other noble metal

(FePt) and rare-earth metal (SmCo and NdFeB) magnets for magnetic tape applications.

In this chapter we report a new approach to FIM Co-ferrite nanocubes (NCs) and
monolayer assemblies and demonstrate their capability for magnetic recording.
Previously we developed a high temperature solution phase synthesis of monodisperse
CoFe,04 nanoparticles (NPs) via thermal decomposition of Fe(acac); and Co(acac), (acac
= acetylacetonate) in the presence of oleic acid and oleylamine.™ We extended this
synthesis and prepared monodisperse CoxFes.xO4 NPs with x tuned by the molar ratio of
Co(acac),/Fe(acac)s.*) These FIM NPs were dispersible in hexane and random
assemblies had coercivities reaching as high as 3.1 kOe at room temperature. However,
the size of these Co-ferrite NPs was around 35 nm, which was too large for high-density
recording. We further improved the synthesis by replacing oleylamine with sodium oleate
and found that FIM Co-ferrite nanocubes (NCs) were produced with their sizes (10-20
nm) and composition (CoggFe,404) controlled by the Co(acac),/Fe(acac)s ratio. More
importantly, these FIM NCs were well dispersed in hexane, allowing for self-assembly.
We developed an organic liquid-water phase self-assembly approach and succeeded in
depositing monolayer assembly of these FIM NCs on a solid substrate. These monolayer
arrays showed FIM at room temperature and could be recorded using a static magnetic
tester. The work demonstrates the great potential of Co-ferrite NCs as promising

alternative media for tape recording applications.
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3.2. Experimental Section

Chemicals and Materials. The following chemicals were used as received. Iron (111)
acetylacetonate (99%) was purchased from Strem Chemicals. Sodium oleate (90%) was
purchased from Spectrum Chemicals. Cobalt(l1) acetylacetonate hydrate, oleic acid (90%)

and benzyl ether (98%) were all purchased from Sigma Aldrich.

Synthesis of 20 nm CoggFe; 404 NCs: Under a gentle flow of Ar, iron(lll)
acetylacetonate (1.0 mmol, 350 mg), cobalt(ll) acetylacetonate hydrate (0.48 mmol, 140
mg), sodium oleate (1 mmol, 300 mg) and oleic acid (2 mL) were mixed with benzyl
ether (10 mL). The mixture was magnetically stirred under a flow of Ar and then heated
to 120 °C for 1 h. Under Ar blanket, the solution was heated up to 290 °C at a heating rate
of 15 °C/min and kept at this temperature for 1 h. Then the mixture was cooled down to
room temperature by removing the heating mantle. Under ambient conditions, 10 mL of
hexane and 30 mL of ethanol were added to the mixture to precipitate the product.
Centrifugation (8500 rpm for 8 min) was applied to collect the product. The product was
redispersed in hexane and precipitated out by addition of ethanol for further purification.

Then the final product was dispersed in hexane for further characterizations.

For the synthesis of 15 nm CogsFe, 404 NCs, the synthetic procedure was the same
except the amounts of metal precursors were decreased to 280 mg (0.8 mmol) of iron(111)
acetylacetonate and 134 mg (0.46 mmol) of cobalt(ll) acetylacetonate hydrate. By further
decreasing the amount of cobalt(Il) acetylacetonate hydrate to 122 mg (0.42 mmol), 10

nm CoggFe2404 NCs were synthesized.
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Monolayer Assembly of the NCs: Large-area monolayer assemblies of the 20 nm
NCs were fabricated using the self-assembly approach at the water-air interface. Briefly,
the NCs were diluted and dispersed in the mixture of toluene and hexane (volume ratio of
1:1) with the concentration of 0.5 mg/mL. 120 uL of the dispersion was drop-cast and
spread onto the surface of deionized water in a Telfon column (diameter: 3.8 cm), which
was then slowly dried at room temperature. After complete evaporation of toluene and
hexane, the monolayer assemblies of the NCs floating on the water surface were

transferred onto Cu TEM grids or Si substrates for further characterizations.

Characterization: TEM and HRTEM images were obtained on a Philips CM 20
microscope and a JEOL 2010 microscopy with an accelerating voltage of 200 kV,
respectively. SEM images were acquired on a LEO 1530 microscope at an accelerating
voltage of 10 kV. Elemental analysis was done on a JY2000 Ultrace ICP Atomic
Emission Spectrometer equipped with a JY AS 421 autosampler and 2400g/mm
holographic grating. X-ray diffraction was performed on a Bruker AXS D8-Advanced
diffractometer with Cu Ko radiation (A=1.5418 A). Magnetic measurements were carried
out using a Lakeshore 7404 high-sensitivity vibrating sample magnetometer (VSM). The
magnetic recording performance was obtained using a contact magnetic tester. A Physik
Instrumente piezoelectric nanopositioning stage was used to control the sample position
during magnetic recording measurements. A hard disk drive (HDD) head with a Giant
Magneto-Resistive (GMR) read sensor that is 115 nm wide and a longitudinal write

element that is 160 nm wide was used to write and read magnetic signals on the sample.
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3.3. Results and Discussion

3.3.1. Synthesis of Cobalt Ferrite Nanocubes

The CoxFe;xO4 NCs were synthesized by the thermal decomposition of Fe(acac)s;
and Co(acac); in benzyl ether at 290 °C for 1 h. Oleic acid and sodium oleate were used
as surfactants to direct the anisotropic growth. The as-synthesized NCs were
characterized by transmission electron microscopy (TEM). Figure 3-1A shows the
typical TEM image of the as synthesized NPs deposited on an amorphous carbon-coated
Cu grid. These NCs have an average edge size of 10 0.7 nm. By increasing the amount
of Fe(acac); and Co(acac), while keeping other parameters unchanged, larger NCs were
synthesized. Figure 3-1B and 3-1C show the TEM images of larger NCs with the size of
15 £0.6 nm and 20 =1 nm, respectively. The Co compositions in those NCs were
determined by using inductively coupled plasma—atomic emission spectroscopy (ICP-
AES). All of the three kinds of NCs showed the same composition of CoggFe; 404, which
was in the right range for optimized magnetic coercivity.’® The 20 nm NCs were further
characterized by high resolution TEM (HR-TEM) (Figure 3-1D), which shows lattice
fringes with the inter-fringe distance in a single NC at 2.9 A close to the lattice spacing
of (220) planes at 2.96 A in the reverse spinel CoFe,O4. Also the diagonal direction of
(220) planes further confirmed the cubic shape of the nanoparticle. Some crystal defects
were found in the HRTEM image as marked by dashed ellipses. These defects were
probably caused by O vacancies formed in the inert reaction atmosphere. Figure 3-1E is
the X-ray diffraction (XRD) pattern of the 20 nm NC powder dried from the hexane

dispersion. The diffraction pattern corresponds well with the inverse spinel crystal
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structure of CoFe,Q,4, which shows clear (220), (311), (222), (400), (422), (511) and (440)

diffraction peaks.
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Figure 3-1. TEM images of the as-synthesized (A) 10 nm, (B) 15 nm, and (C) 20 nm
CoosFe2404 NCs; (D) HR-TEM image of a single 20 nm NC; (E) XRD pattern of the powder

dried from hexane dispersion of 20 nm NCs.
To better understand the role of the surfactants in the NC growth, we did some

control experiments. For the synthesis of 20 nm CoggFe; 404 NCs showing in Figure 3-
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1C, 350 mg Fe(acac)s reacted with 140 mg Co(acac), in the presence of 300 mg sodium
oleate and 2 mL oleic acid. Without sodium oleate, polyhedral NPs were synthesized, as
shown in Figure 3-2A. This indicates that the formation of NCs was initiated by the
preferred binding of sodium oleate to the {100} planes, which promoted the faster growth
along <111> directions. Oleic acid in the synthesis not only acts as the surfactant but also
as the growth rate controller. For example, larger NCs (60 nm) were synthesized by
decreasing the amount of oleic acid to 1.5 mL while maintaining other reaction

conditions (Figure 3-2B).

Figure 3-2. TEM images of Co-ferrite NPs (A) polyhedral NPs synthesized without using
sodium oleate, (B) 60 nm cubic NPs, (C) 15 nm polyhedral NPs and (D) 25 nm cubic NPs.

It is worth emphasizing that enough precursors are also critical for the formation of

cubic NPs. By just decreasing the amount of cobalt precursors from 140 mg to 120 mg,
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smaller (15 nm) polyhedral NPs rather than NCs were obtained, as shown in Figure 3-2C.
It seems that due to the lack of enough monomers, the growth along <111> direction was
not complete which resulted in truncated cubic NPs. ICP analysis showed that the
composition of the NPs was Cog.Fe» 04, which had lower Co content compared to the
20 nm NCs. However, if the amount of cobalt precursors was increased to 160 mg, the
{111} were fully developed and NCs were formed. And more precursors resulted in
larger NCs (25 nm) as confirmed by TEM image in Figure 3-2D. The composition was
determined to be CogsFe;304, which was more Co-rich than the 20 nm NCs. Our
synthesis indicates that both surfactants and precursors need to be controlled in a proper
amount to achieve the anisotropic growth of the Co-ferrite NPs into cubic shape and

controlled compositions.

3.3.2. Magnetic Properties of CoggFe, 404 Nanocubes

Magnetic properties of the CoosFe,404 NCs were characterized by a vibrating
sample magnetometer (VSM) with fields up to 14.5 kOe at room temperature. The
hysteresis loops of the as-synthesized NCs are shown in Figure 3-3A. These NCs
exhibited clear size-dependent magnetic properties. For the 10 nm NCs, the coercivity
was just 15 Oe. As the size increased to 15 nm, the coercivity increased to 170 Oe
correspondingly. Further increasing the size to 20 nm resulted in the enhancement of
coercivity to 810 Oe. Considering the defects present in each NP (Figure 3-1D) may
result in low magnetic anisotropy of the ferrite NPs, we annealed the ferrite NPs in O, at
300 °C for 1 h. Figure 3-3B shows the hysteresis loops of the NCs after the annealing.

The coercivity of the 10 nm, 15 nm and 20 nm NCs were significantly increased to 550
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Oe, 1200 Oe and 1930 Oe, respectively. Besides, the saturation moment (Ms) of the NCs
also increased after the annealing treatment. For instance, the Ms of 20 nm NCs enhanced

to 78 emu/g, which was much higher than that of as-synthesized ones (55 emu/g).
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Figure 3-3. Hysteresis loops of (A) the as-synthesized NCs without annealing and (B) the
annealed NCs (annealing in oxygen at 300 °C for 1h).
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Figure 3-4. (A) TEM image of the 20 nm NCs and (B) HR-TEM image of a single 20 nm NC
after annealing in oxygen at 300 °C for 1 h.

TEM image of the 20 nm NCs after annealing shows no aggregation/sintering
(Figure 3-4A). The HR-TEM image of a single NC after annealing is shown in Figure 3-
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4B, which clearly exhibits perfect lattice fringes of (400) planes in the single crystalline
NC. Control experiment of annealing the NCs in inert Ar gas at 300 °C for 1 h shows that
there is no obvious magnetic property change between the annealed and the as-
synthesized (Figure 3-5). These controlled annealing and its effect on magnetic
properties confirm that the defects observed in the as-synthesized ferrite NC (Figure 3-
1D) indeed lead to decreased coercivity and annealing under O, is necessary to remove

these defects and to increase magnetic anisotropy.
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Figure 3-5. Hysteresis loops of the 20 nm NCs before and after annealing in Ar gas at 300 °C for
1h.

3.3.3. Self-Assembly of Cog¢Fe, 404 Nanocubes

To test the potential of these FIM NCs for data storage applications, they must first
be assembled in uniform arrays with high packing density. We utilize the self-assembly

technique at the liquid-air interface to fabricate ordered monolayer NC arrays for
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magnetic recording demonstration.™***! We improved the liquid-air interfacial assembly
and developed a facile approach to assemble NCs at organic solvent and water interface.
To make the monolayer assembly, 120 uL of the NCs dispersion in the mixture of
toluene and hexane (volume ratio 1:1) with the concentration of 0.5 mg/mL was drop-cast
on the water surface in a Teflon column (diameter, 3.8 cm) and then dried at room
temperature. By using the mixture of toluene and hexane, the evaporating rate was
slowed which favored the NC face-to-face interaction for the assembly formation. After
complete evaporation of the toluene and hexane, monolayer film formed on the water
surface was transferred onto Cu TEM grids or Si substrates for further characterizations.
Figure 3-6A shows the TEM image of the self-assembled monolayer array of the 20 nm
CopsFe2.404 NCs. Scanning electron microscopy (SEM) image of the self-assembled NCs
is shown in Figure 3-6B, which further confirms the formation of large-area densely

packed monolayer.
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Figure 3-6. (A) TEM and (B) SEM image of the self-assembled monolayer of the 20 nm NCs

The crystal orientation of each NC in the self-assembly was further characterized by
X-ray diffraction (XRD) (Figure 3-7). Different from the randomly oriented powder
diffraction pattern of the 20 nm NCs which shows a strong (311) diffraction peak in
Figure 3-1E, the XRD pattern of the self-assembled monolayer on Si substrate exhibits
only one (400) diffraction peak. This (400)-only diffraction further indicates that NCs in

the monolayer assembly have preferred orientation along <100> direction.
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Figure 3-7. XRD pattern of the monolayer assembly deposited on a Si substrate.

It is worth mentioning that this water-air interfacial self-assembly process is very
versatile to make monolayer assembly of the NCs with different sizes. Similar large-area
monolayer assembly film of 15 nm and 10 nm NCs were also obtained, as demonstrated
by the SEM and TEM images in Figure 3-8. Moreover, by tuning the amount of initial
dispersion of the NCs, the thickness of the film can be changed. For example, increasing
the volume from 120 pL to 160 uL resulted in the formation of bilayer assembly, as

shown in Figure 3-9.
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Figure 3-8. (A)TEM image and (B) SEM image of the self-assembled monolayer of 15 nm NCs;
(C) TEM image and (D) SEM image of the self-assembled monolayer of 10 nm NCs.

Figure 3-9. SEM image of the bilayer assembly of 20 nm NCs.
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3.3.4. Magnetic Recording of 20 nm Cog¢Fe; 404 Nanocubes

We chose the monolayer assembly of the 20 nm Cog¢Fe, 404 NCs deposited on a Si
substrate to demonstrate their capability in recording magnetization transitions. To ensure
the assembly was magnetically and mechanically robust for the recording demonstration,
we first annealed the monolayer assembly at 300 °C in O, for 1 h. Figure 3-10 shows the
SEM image of the annealed monolayer assembly. After this post treatment the monolayer
array was well-maintained without any aggregation or sintering. Magnetic properties of
the monolayer assembly were measured using VSM at room temperature. Due to the very
weak signal of the monolayer, hysteresis loops were obtained roughly by subtracting the
background signal from Si. As shown in Figure 3-11, O, annealing indeed increased the
coercivity of the NCs in monolayer assembly. The monolayer assembly was then coated

with a 15 nm SiN film deposited via sputtering step for magnetic recording test.

Figure 3-10. SEM image of the monolayer film after annealing at 300 °C for 1 h in oxygen.
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Figure 3-11. Out-of-plane hysteresis loops of the monolayer assembly on a Si before and after
annealing in O, at 300 °C for 1h.

Figure 3-12. AFM image of the monolayer assembly on Si after O, annealing.
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Figure 3-13. MFM images of the monolayer assembly subject to an in-plane field of (A) 0 Oe. (B)
1000 Oe. (C) 2000 Oe. (D) -2000 Oe.

To better understand the magnetic domain structures in the monolayer assembly,
magnetic force microscopy (MFM) images were collected using a Dimension 3100 SPM
system. Figure 3-12 is the atomic force microscopy (AFM) image of the monolayer
assembly on Si after O, annealing at 300 °C for 1h, which confirms a uniform surface
constructed by the closely packed 20 nm NCs as demonstrated by those SEM and TEM

images. MFM images of the monolayer were collected by applying an in-plane field from
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-2000 to 2000 Oe. Figure 3-13 presents the MFM images of the monolayer film subject
to different in-plane (parallel to the plane of the film) fields. The MFM image without
external field (Figure 3-13A) shows areas with different contrast, indicating the different
magnetic domain directions (up direction, down direction and intermediate directions).
When the field increases to 1000 Oe, due to the not enough field strength, the magnetic
domains still exist different directions in the monolayer film, as indicated by the different
contrast in the MFM image (Figure 3-13B). However, as the field continues to increase
to 2000 Oe, it is strong enough to make the domains flip and align in the direction of the
external field. In this case the MFM image in Figure 3-13C displays mainly the dark
color. In the opposite direction of the external field, the MFM image (Figure 3-13D) is
dominate by the white-colored area, indicating the reverse of the magnetic domains in the
monolayer film. The dynamics of the magnetic domains in the monolayer assembly
demonstrates their potential applications as the magnetic recording media for data storage

applications.

The magnetic recording characteristics of the monolayer assembly were measured
using a contact magnetic tester. The monolayer array was first written by the write head
with different linear densities of the writing signal and then the recorded information was
sensed by read head in the form of voltage. Figure 3-14 is the magnetic field image of
the readback amplitude at linear densities ranging from 254 to 31 kfci (thousand flux
change per inch). The tracks are written along the vertical direction. The leftmost track
corresponds to the highest linear density of 254 kfci. The linear density in the subsequent

tracks towards the right is decreased with the rightmost track corresponding to the lowest
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linear density of 31 kfci. The signal amplitude increased while decreasing the linear

densities of the writing signal.
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Figure 3-14. Magnetic field image of the readback amplitude at linear densities ranging from 254
to 31 kfci.

At the linear bit density of 125 kfci, the signal exhibited sufficiently strong signal to
enable the study of the dependence of signal amplitude on write current, which is shown
in 3-15A. The signal amplitude enhanced while increasing the write current from 100 mA
but saturated at around 250 mA. To further assess the write/read performance of the
monolayer assembly, the signal-to-noise ratio (SNR) of the readback signal was tested at
different linear bit density, as shown in Figure 3-15B. It can be found that the SNR value
was around 10 dB at linear densities below 200 kfci, indicating that the signal could be

easily resolved above the noise. Thus these write/read experiments clearly demonstrate
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that the monolayer assembly of the ferrimagnetic Cog¢Fe2 404 NCs can indeed be used as

a magnetic recording medium.
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Figure 3-15. (A) Dependence of signal amplitude on the write current. (B) The dependence of
SNR (signal-to-noise ratio) on the write signal at different linear densities.

3.4. Conclusion

In conclusion, we have reported an improved and facile approach to ferrimagnetic
ferrite NCs of CoxFes«O4. The NCs are synthesized by high temperature decomposition
of Fe(acac); and Co(acac), and the NC shapes are controlled by oleic acid and sodium
oleate. The synthesis allows easy control of NC sizes (from 10 nm to 60 nm) and Co/Fe
compositions, and CoggFe,.404 NCs are found to be optimal to show ferrimagnetism with
the 20 nm NCs having a room temperature H. = 1930 Oe. The well-dispersed
ferrimagnetic NCs can be assembled into monolayer array at the water-air interface and
the monolayer array in centimeter square is readily transferred onto a solid substrate. The
NCs in the monolayer array are densely packed and (100) textured. Once annealed in air
and coated with a thin (15 nm) SiN film, the NC arrays become robust and can be used to

record magnetic patterns. Our magnetic writing experiments show that the 20 nm NC
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monolayer array can be recorded at linear densities ranging from 254 to 31 kfci (thousand
flux change per inch), indicating the potential of self-assembled monolayer array as
magnetic recording media. Our synthesis and self-assembly methods are not limited to
ferrite NCs, but can be extended to other functional nanoparticles as well, providing a

unique approach to monolayer nanoparticle array for important technological applications.
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Chapter 4. Synthesis and Assembly of Barium-doped Iron

Oxide Nanoparticles and Nanomagnets
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4.1. Introduction

Magnetic iron oxide nanoparticles (NPs) with controlled size and magnetic
properties have attracted tremendous research and development interests due to their
great application potentials for future nanomedicine,’® high performance ferrite
magnets,®* and high density magnetic tape recording.***® There are two common
types of magnetic iron oxides: the cubic structured spinel-type ferrites with a general
formula MFe,O4 (M = Mn, Fe, Co, Ni, etc) and hexagonal barium ferrite, or BaFe, with a
general formula BaFe;2019. The spinel ferrites are magnetically isotropic and weakly
ferrimagnetic. Their NPs in sub-10 nm are often superparamagnetic at room temperature.
In contrast, the hexagonal BaFe support anisotropic spin alignment along the
crystallographic c-direction and their magnetocrystalline anisotropy can reach 5 x 10°
Im3 4181 This, plus their chemical stability, has made BaFe a class of well-known
materials for permanent magnets.*} Recently, the hard magnetic BaFe are also prepared
in nanostructured plates and tested as a new medium for magnetic tape recording.****! To
maximize the magnetic recording density in tape recording media and magnetic energy
storage capability in ferrite magnets, uniform BaFe NPs with controlled magnetic
properties need to be prepared and assembled in either two dimensional (2D) arrays for

magnetic recording or densely-packed 3D stacks for permanent magnets.

BaFe is normally synthesized by solid-state reactions between Ba- and Fe-precursors
at temperatures higher than 1000 °C due to the need to form hexagonal structure from the
normal cubic oxide precursors. These include the direct solid reaction between metal
hydroxidest?>?! or iron oxide and barium carbonate,'”>?!! hydrothermal reaction of metal

hydroxides followed by annealing,'”>*"! and organic phase preparation of Fes04/BaCOs
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core/shell NPs followed by annealing in O,.”®! However, these solid state reactions and
high temperature annealing often result in incomplete alloy formation between the Ba-
and Fe-oxides. The high temperature diffusion between Ba- and Fe-precursors also
causes uncontrolled sintering of BaFe, making it extremely difficult to control BaFe sizes

and magnetic properties.

To develop a better approach to BaFe NPs and their assemblies, we tested the
organic-phase decomposition of both Fe- and Ba-precursors at temperatures above 200°C.
We found that Ba-doped iron oxide NPs, denoted as Ba-Fe-O NPs could be easily
prepared by thermal decomposition of Fe(acac); (acac = acetylacetonate) and
Ba(stearate), at 320°C in 1-octadecene with oleic acid and oleylamine as surfactants. The
as-synthesized Ba-Fe-O NPs were well-dispersed in hexane and could be easily
assembled into 2D arrays. Upon thermal annealing, these NPs were converted to
hexagonal BaFe NPs, showing much enhanced magnetic properties. Moreover, the
synthesis could be generalized to make other doped iron oxide NPs, as demonstrated in
the synthesis of strontium-doped iron oxide (Sr-Fe-O) NPs and hexagonal SrFe NPs.
Here we highlight this new synthesis and self-assembly of Ba-Fe-O NPs to hexagonal

BaFe magnet arrays.

4.2. Experimental Section

Chemicals: Iron(l1l) acetylacetonate (99%), barium stearate (technical grade) were
purchased from Strem Chemicals. Strontium stearate (98.5%) was purchased from VWR.
Oleic acid (90%), oleylamine (70%) and 1-octadecene (90%) were all purchased from

Sigma-Aldrich. All chemicals were used as received without further purification.
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Synthesis of Ba-Fe-O NPs: In a typical synthesis of Baggs,-Fe-O NPs, Ba-stearate
(60 mg, 0.085 mmol), Fe(acac); (300 mg, 0.85 mmol), oleic acid (1 mL), oleylamine (8
mL) and 1-octadecene (3 mL) were mixed and magnetically stirred at room temperature
under a gentle flow of Ar gas for 20 min. Then the mixture was heated up directly to 320
°C at the heating rate of 10 °C/min. The reaction was kept at this temperature for 1.5 h.
Then the mixture was cooled down to room temperature by removing the heating mantle.
The NPs were precipitated by 2-propanol (30 mL) and collected by centrifugation (8500
rpm, 8 min). The product was re-dispersed in hexane and separated again by adding
ethanol followed by centrifugation (8500 rpm, 8 min). The final product was dispersed in

hexane for further characterization.

Self-assembly of Ba-Fe-O NPs: Monolayer assembly of the Bagos,-Fe-O NPs was
prepared using the water-air interfacial self-assembly approach reported previously.™*!
Briefly, the NPs were dispersed in the mixture of hexane and toluene (v:v = 1:1) at the
concentration of 0.5 mg/mL. 160 uL of the dispersion was drop-cast on the water surface
in the Teflon column (diameter: 3.8 cm). Upon complete evaporation of the organic
solvent, the formed monolayer assembly floating on the water surface was transferred to
TEM Cu grids or Si substrates for further characterization. Multilayer assembly of the

NPs was prepared by drop-casting 16 pL of the dispersion on a Si substrate (0.7 cm <0.7

cm).

Characterization: Transmission electron microscopy (TEM) and high-resolution
TEM (HR-TEM) images were collected using a Philips CM20 and JEOL 2010 both with

an accelerating voltage of 200 kV, respectively. Scanning electron microscopy (SEM)
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images of the assemblies were acquired on a LEO 1530 microscope at an operating
voltage of 10 kV. Energy dispersive X-ray (EDX) spectrum was obtained by Oxford
energy-disperse X-ray spectroscopy equipped in the SEM at an operating voltage of 20
kV. X-ray diffraction (XRD) patterns of the samples were collected on a Bruker AXS
D8-Advanced diffractometer with Cu Ko radiation (A = 1.5418 A). The Ba/Fe
composition was determined by elemental analysis using a JY2000 Ultrace ICP Atomic
Emission Spectrometer. Magnetic properties were measured on a Lakeshore 7404 high-
sensitivity vibrating sample magnetometer (VSM) with fields up to 14.5 kOe at room

temperature.

4.3. Results and Discussion

4.3.1. Synthesis of Barium-doped Iron Oxide Nanoparticles

To prepare Ba-Fe-O NPs, Fe(acac); and Ba(stearate), were dissolved in 1-octadecene
solution of oleic acid and oleylamine and the solution was heated at 320 °C for 1.5 h (see
the Experimental Section). Ba composition in the NP structure was analyzed by
inductively coupled plasma—atomic emission spectroscopy (ICP—AES). In the synthetic
condition with the amount of Fe(acac); (300 mg) and oleic acid (1 mL) fixed, the
composition of Ba in Ba-Fe-O NPs was controlled by the amount/concentration of
Ba(stearate), or oleylamine (Table 4-1). For example, adding 20 mg of Ba(stearate), to
the reaction mixture produced Ba-Fe-O NPs with a Ba/Fe atomic ratio of 0.04, denoted as
Bap 04-Fe-0. 40 mg (or 60 mg) of Ba(stearate), gave Bag gss-Fe-O (or Bag ges-Fe-O) NPs.
In the synthesis, we also noticed that oleylamine played two roles in NP stabilization and

in promoting metal precursor decomposition.?=! Reacting 300 mg of Fe(acac)s with 60
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mg of Ba-stearate in 8 mL oleylamine and 7 mL 1-octadecene yielded Bag g75-Fe-O NPs.
By reducing 1-octadecene to 3 mL, Bagg-Fe-O NPs were obtained. These NPs have the
Ba composition close to the ideal Ba/Fe ratio of 0.083 in the pure BaFe phase. If only
oleylamine was used as the solvent, then Bagggs-Fe-O NPs were synthesized. The Ba/Fe
ratio of 0.095 is very close to the initial precursor ratio of Ba(stearate),/Fe(acac); (0.099)
used in the reaction, indicating almost complete precursor decomposition and metal ratio

carry-over to the final Ba-Fe-O product.

Reaction  Ba(stearate),  Oleylamine 1-Octadecene  Ba Composition

1 20 mg 6 mL 12 mL 0.040
2 40 mg 6 mL 12 mL 0.055
3 60 mg 6 mL 12 mL 0.065
4 60 mg 8 mL 7mL 0.075
5 60 mg 8 mL 3mL 0.082
6 60 mg 8 mL 0mL 0.095

Table 4-1. Experimental conditions for synthesizing Ba-Fe-O NPs with different Ba
compositions (the amount of Fe(acac); (300 mg) and oleic acid (1 mL) was fixed).

Figure 4-1A shows a typical transmission electron microscopy (TEM) image of the
15 +£0.5 nm Bagg4-Fe-O NPs. The high-resolution TEM image of a representative NP is
shown in Figure 4-1B. The distance of the lattice fringe was measured to be ~2.6 A,
corresponding to the lattice spacing of (311) planes in the spinel Fe;O,4. Obvious crystal
defects exist in the NP as marked by dashed ellipses, which can be ascribed to the lattice
mismatch caused by Ba doping. Figure 4-1C shows the TEM image of the monodisperse
Bag 0s2-Fe-O NPs of 13 0.5 nm.
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Figure 4-1. (A) TEM image of the as-synthesized Bayos-Fe-O NPs. (B) HR-TEM image of a
representative Bagos-Fe-O NP. (C) TEM image of the as-synthesized Bag gg2-Fe-O NPs.

TEM images of the as-synthesized Ba-Fe-O NPs with other Ba compositions are
shown in Figure 4-2. For the synthesis of Ba-Fe-O NPs using 1-octadecene as the solvent,
the morphology of the obtained NPs is spherical/polyhedral with the size of 13-15 nm. If
using oleylamine as both the solvent and surfactant, the obtained Bagogs-Fe-O NPs are
not well-shaped, probably due of the faster nucleation and growth rate caused by the
oleylamine. The Ba-Fe-O NPs were further characterized by energy dispersive X-ray
(EDX) spectroscopy. Figure 4-3 is the EDX spectrum of the Bag g2-Fe-O NPs deposited
on Si, confirming the existence of Ba and Fe at the atomic ratio of 0.093, which is close

to that obtained from the ICP—AES analysis.
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O)p

Figure 4-2. TEM images of the as-synthesized Ba-Fe-O NPs with different Ba compositions. (A)
Bag gs5-Fe-O NPs. (B) Baggss-Fe-O NPs. (C) Bagos-Fe-O NPs. (D) Bagggs-Fe-O NPs. All scale
bars represent 50 nm.

Figure 4-3. EDX spectrum of the Bag g,-Fe-O NPs deposited on a Si substrate.

86



4.3.2. Conversion of Ba-Fe-O Nanoparticles into BaFe Nanoparticles

X-ray diffraction (XRD) pattern of the as-synthesized Bagos-Fe-O NPs is shown in
Figure 4-4A. The pattern matches with the spinel FesO, structure but the broad
diffraction peaks infer the presence of small crystalline domains within each NP, which
supports what is observed from Figure 4-1B. The magnetic hysteresis loop of the as-
synthesized Bapos-Fe-O NPs (Figure 4-4B) indicates that these NPs are
superparamagnetic. Due to the existence of Ba and the induced crystal defects, the
saturation moment (M;) of the NPs is relatively small (~31 emu/g) compared to the pure
single crystalline FesO4 NPs at a similar size (~ 65 emu/g).” In order to convert the as-
synthesized Ba-Fe-O NPs into BaFe NPs, we first tested different annealing conditions to
ensure that Fe;O, structure could be oxidized to a-Fe,03,Y and BaFe phase was formed
via the diffusion of Ba®* into a-Fe,05 lattice.*? In O, at 600 °C for 1 h, the Bag os-Fe-O
NPs show no obvious structure change and diffraction peaks become sharper (Figure 4-
4A), indicating the annealing enlarge the crystal domain within each NP, which is further
supported by their superparamagnetic property with higher Ms than the as-synthesized
NPs (Figure 4-4B). Bagos2-Fe-O NPs behave similarly once annealed the same way, as
shown in the superparamagnetic hysteresis loop in Figure 4-5. It is worth mentioning
that the saturation moment (35 emu/g) of the Bags-Fe-O NPs after annealing in O, at
600 °C for 1 h is even lower than that for Bag os-Fe-O NPs ( 50 emu/g). This is because of

the increasing impurity of Ba in the Fe-O matrix.
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Figure 4-4. (A) XRD patterns and (B) Room temperature hysteresis loops of the Bag ¢4-Fe-O NPs

before and after O, annealing treatment.
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Figure 4-5. Hysteresis loop of Bag gg,-Fe-O NPs after annealing in O, at 600 °C for 1h.

When annealed at 700 °C in O, for 1 h, the as-synthesized Baggs-Fe-O NPs are

converted into hexagonal BaFe, as confirmed in the XRD pattern in Figure 4-4A. The

hysteresis loop of the obtained hexagonal BaFe in Figure 4-4B shows that it is

ferromagnetic with the coercivity (H¢) of ~2800 Oe and Ms of 40 emu/g. However, both

XRD and magnetic data (the loop shows a two-phase behavior) indicate that in the

annealed Bag g4-Fe-O NPs, the a-Fe,O3 phase co-exists with the BaFe phase. This is due

to the non-stoichiometric composition of Ba in the NP structure.
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The increase of Ba composition from 0.055 to 0.065 reduces the amount of a-Fe,O3
presented in the annealed Ba-Fe-O NPs (Figure 4-6). For the Baggss-FeOx NPs, after
annealing treatment the hexagonal BaFe is the dominated crystalline phase. Different
from the Bago4-Fe-O NPs with obvious impurity of a-Fe,O3 phase after annealing, only
obvious (104) diffraction peak at 20 = 33.3° of a-Fe,O3 appeared. The increase of Ba
composition from 0.055 to 0.065 caused obvious weakening of the a-Fe,O3; (104)
diffraction peak. In contrast, when the Ba composition is above 0.075, no obvious
diffraction peaks of a-Fe,O3 are observed for the annealed Ba-Fe-O NPs. The diffraction
peaks of the annealed Bagos-Fe-O NPs in Figure 4-6 match well with those of the
hexagonal BaFe, indicating the formation of pure BaFe phase. It is worth noting that our
annealing is performed at lower temperature and shorter time than previous syntheses, %

21 therefore, the NP morphology is better preserved.

* * BaFe 10-Fe,0;
* * . * L N * %
* * *
P Ba:Fe = 0.082
=3
&
> Ba:Fe = 0.075
B mm;—wwﬁ/\/\-w-j\u
I= Ba:Fe = 0.065
*JMVML‘JL
Ba:Fe = 0.055
30 40 50 60

20 (degree)

Figure 4-6. XRD patterns of the Ba-Fe-O NPs with different Ba compositions after annealing in
O, at 700 °C for 1 h.
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Ba/Fe composition dependent magnetic properties of the annealed Ba-Fe-O NPs
were studied and their hysteresis loops are shown in Figure 4-7. As the Ba composition
increases from 0.055 to 0.082, the H. of the annealed NPs increases from 3120 Oe to
5260 Oe. Their Ms increase as well from 42 emu/g to 54 emu/g due to the increased BaFe
phase purity, which is further confirmed by the single-phase hysteresis loop from the
annealed Bagg,-Fe-O NPs. When the atomic ratio of Ba/Fe is over the optimal value
required for the formation of BaFe (0.083) at 0.095, the annealed NPs show a decreased
H; (5150 Oe) and M; (50 emu/g). Figure 4-8 summarizes the H; and Ms change of the

hexagonal BaFe with different Ba compositions.

60
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Figure 4-7. Room temperature hysteresis loops of the Ba-Fe-O NPs with different Ba

compositions after annealing in O, at 700 °C for 1 h.

90



—

>

=
~
o
=

-

|
AN

\
/

484

T 4500
o
2 4000

Coercivity (
w
3
o
Saturation Moment (emu/g)
N
S

)
3000 /
./ 404 .
2500 T T T T T T T T T T T T
0.03 0.04 005 0.06 0.07 0.08 0.09 0.10 0.04 0.05 0.06 007 0.08 0.09 0.10
Atomic Ratio of Ba/Fe Atomic Ratio of Ba/Fe

Figure 4-8. The change of magnetic coercivity and saturation moment of the annealed Ba-Fe-O
NPs with different Ba compositions.

The above results demonstrate that the new synthetic method described in this paper
is a facile approach to Ba-Fe-O and further to hard magnetic BaFe NPs. It is worth
emphasizing that this synthetic method can be readily extended to the synthesis of Sr-Fe-
O NPs. For example, by just replacing Ba(stearate), with the same amount of
Sr(stearate), in the synthesis of Bag gg,-Fe-O NPs, Sr-Fe-O NPs were synthesized (Figure
4-9A) with the size of 15 =1 nm. EDX spectrum in Figure 4-9B confirmed the Sr doping
into Fe-O NPs with the Sr/Fe ratio of 0.078. After annealed at 700°C for 1 h in Oy, the
NPs are ferromagnetic with the H; of 4500 Oe and M of 50 emu/g (Figure 4-10),

indicating the formation of hexagonal SrFe.
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Figure 4-9. (A) TEM image of the as-synthesized Srqg73-Fe-O NPs. (B) EDX spectrum of the as-

synthesized NPs deposited on a Si substrate.
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Figure 4-10. Hysteresis loop of the Srqo7s-Fe-O NPs after annealing in O, at 700 °C for 1h.
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4.3.3. Self-assembly of the Ba-Fe-O Nanoparticles and Their Conversion into BaFe

Ferromagnetic Nanomagnets

The as-synthesized Ba-Fe-O NPs are well dispersed in hexane, allowing easy self-
assembly of these NPs into well-defined NP arrays. Using water-air interface self-
assembly method,™! we fabricated a monolayer assembly of the Baggs2-Fe-O NPs. The
morphology of the monolayer assembly is checked by TEM and SEM. Figure 4-11A
shows a TEM image of the monolayer assembly transferred onto a carbon coated Cu grid.
SEM image of the monolayer array transferred onto a Si substrate is also shown in
Figure 4-11B. Those NPs are densely packed in the monolayer assembly. We utilized the
same O, annealing treatment as described previous to convert the as-synthesized NPs into
hexagonal BaFe NPs. After O, annealing at 700 °C for 1h, the morphology of the
monolayer was well maintained, as shown in Figure 4-12. No obvious NP
sintering/aggregation in the monolayer array was observed. However, hysteresis loop of
the monolayer array after O, annealing (Figure 4-13) shows strong diamagnetic
background from the SiO, substrate. The magnetic signal from the monolayer BaFe NP
array is too weak to be detected. In order to increase the signal from the assembly, we

prepared a multilayer array of the Bag gs2-Fe-O NPs.
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Figure 4-12. SEM image of the monolayer assembly of Bag og,-Fe-O NPs after O, annealing.
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Figure 4-13. Hysteresis loop of annealed monolayer assembly of Bag gg2-Fe-O NPs.

Multilayer assembly of the Bagog.-Fe-O NPs was fabricated by drop-casting the NP
dispersion (0.5 mg/mL) directly on a Si substrate. Upon the evaporation of the solvent,
densely packed assembly was obtained, as indicated by the SEM image in Figure 4-14A.
SEM image of an edge of the assembled film created by physical scratching (Figure 4-
14B) shows multilayer packing. Different from the monolayer assembly that maintains
the morphology after O, annealing treatment, the multilayer assembly exhibits some NP
aggregation/sintering after the same treatment (Figure 4-14C). However, the grain size
of the NPs after annealing is still around 50 nm. Room temperature magnetic properties
of the annealed multilayer assembly were measured using VSM with the assembled film
perpendicular (out-of-plane) and parallel (in-plane) to the external field. Figure 4-14D is
the hysteresis loops of the annealed multilayer assembly. The in-plane loop shows the H
of 4100 Oe, which is much larger than that of the out-of-plane one (H; = 2050 Oe).
Moreover, the in-plane loop is squarer compared to the out-of-plane loop, suggesting the

easy axis of the magnetization lies in the plane of the film. Such assembly may be
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especially useful to fabricate 3D stacks of BaFe NPs as new nanostructured magnets for

energy product optimization.
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Figure 4-14. (A) SEM image of the multilayer assembly of Bageg,-Fe-O NPs. (B) SEM image of
the edge of the multilayer assembly with a physical scratch showing the multilayer packing. (C)
SEM image of the multilayer assembly after annealing in O, at 700 °C for 1h. (D) Hysteresis loop

of the annealing multilayer assembly.

4.4. Conclusion

In summary, we have reported a facile organic-phase synthesis of monodisperse Ba-
Fe-O NPs through thermal decomposition of Ba(stearate), and Fe(acac)s in 1-octadecene
with oleic acid and oleylamine as surfactants. The Ba/Fe composition is tuned from 0.04
to 0.095 by controlling the ratio of Ba(strearate),/Fe(acac); or by the volume of
oleylamine and 1-octadecene. The as-synthesized Ba-Fe-O NPs, especially the Bag ggo-Fe-

O NPs, can be easily converted into hexagonal BaFe by annealing in O, atmosphere at
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700 °C for 1 h, showing strong ferromagnetic properties with H. reaching 5260 Oe and
M; of 54 emu/g. More importantly, these monodisperse Ba-Fe-O NPs are well dispersed
in hexane and can be easily assembled into densely packed 2D arrays and further
converted into oriented BaFe magnets. Our reported synthetic method and self-assembly
approach can also be extended to Sr-Fe-O and ferromagnetic SrFe NPs, providing a
unique way of fabricating ferromagnetic ferrite arrays for magnetic energy and data

storage applications.
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Chapter 5. Stable Cobalt Nanoparticles and Their Monolayer
Array as an Efficient Electrocatalyst for Oxygen Evolution

Reaction

Reprinted with permission from J. Am. Chem. Soc. 2015, 137, 7071-7074. Copyright
2015 American Chemical Society.
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5.1. Introduction

Oxygen evolution reaction (OER) is commonly referred to as electrochemical
oxidation of “O®” to O,. It is an important half-cell reaction and is coupled with
hydrogen evolution reaction (HER) in a water-splitting cell for efficient proton reduction
and hydrogen (H,) generation.®] As a thermodynamically “up-hill” reaction that
involves multi-electron transfer, it requires the input of energy to drive its completion. In
order to lower the kinetic barrier, an efficient catalyst is needed to promote the 4-electron
oxidation process and make OER proceed at low overpotential. For this purpose,
nanostructured iridium (Ir) or ruthenium (Ru) has been chosen as the-state-of-the-art
OER catalysts.**® Recently, earth-abundant transition metal oxides/hydroxides,**!
especially Co-O-based complexes,”>?! thin films,®*%! nanoparticles (NPs),***% and
layered structure,l*>** are also explored as promising alternative catalysts for OER.
However, these oxides have generally low electron conductivities, limiting their potential

in electrocatalysis enhancemen.

One recent strategy applied to improve the OER catalytic activity of these oxides is
to couple them with a conductive support such as graphene,'*” carbon nanotubes,** 3
metallic Au,”® *1 or even Au NPs, as demonstrated in the core/shell Au/Co3O.
structure.®™ These studies indicate that catalytic activity may be further enhanced if the
catalyst can be made more electron-conductive. Studying the general designs of the
catalysts, we see that these conductive supports can only offer a partial solution to the
desired enhancement in catalysis, as the electron transfer required for the OER on the
catalytically active surface may only be possible at the catalyst-support interface, not

entirely on the catalyst surface. To further enhance the OER activity on the catalyst
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surface, the catalyst itself is better conductive to facilitate electron transfer for the
OER.'® This makes metallic Co NPs a promising catalyst choice. However, it is known
that metallic Co NPs are chemically unstable, subject to fast oxidation when exposed to
air or in an oxygenated solvent. It is therefore essential to stabilize metal Co NPs first
before they can be studied for the OER. In this chapter, we report that when synthesized
and treated properly, metallic Co NPs can be stabilized to serve as a new class of efficient
catalyst for OER in 0.1 M KOH. Moreover, using a water-air interface self-assembly
method, we prepared a well-defined monolayer array of Co NPs on the glassy carbon
(GC) plate. The uniform Co NP array allows the detailed evaluation of the Co NP
catalysis for OER. The monolayer catalyst shows about 15 times higher turnover
frequency (TOF) and mass activity than the Co NPs deposited on conventional carbon
support. The high activity and stability of the Co NPs make them among the best Co-
based OER catalysts ever reported, even superior to the commercial Ir-catalyst (~ 2 nm Ir

NPs on Vulcan carbon from Premetek Co.).

5.2. Experimental Section

Chemicals: Cobalt carbonyl (Co,(CO)s, stabilized with 1-5% hexane) was purchased
from Strem Chemicals. Dioctylamine (98%), oleic acid (90%), 1,2,34-
tetrahydronaphthalene (99%), and Nafion solution (5% in a mixture of lower aliphatic
alcohols and water) were purchased from Sigma-Aldrich. The commercial Ir catalyst (10%
mass loading on Vulcan carbon, particle diameter ~2 nm) was obtained from Premetek

Co.. All chemicals were used without further purification.
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Characterization: Transmission electron microscopy (TEM) images were collected
from a Philips CM20 with operating voltage of 200 kV. High-resolution TEM (HR-TEM)
images were obtained using a JEOL 2010 with an accelerating voltage of 200 kV. SEM
images of the monolayer assembly were acquired on a LEO 1530 microscope at an
operating voltage of 10 kV. X-ray diffraction (XRD) patterns of the NPs were collected
on a Bruker AXS D8-Advanced diffractometer with Cu Ko radiation (A = 1.5418 A).
Magnetic studies were performed on a Lakeshore 7404 high-sensitivity vibrating sample
magnetometer (VSM) with fields up to 1.5 T at room temperature. The actual mass
loading of Co on the carbon support was determined by elemental analysis using a
JY2000 Ultrace ICP Atomic Emission Spectrometer. Ex-situ soft X-ray absorption
spectroscopy (XAS) measurements on Co L-edge were done on Beamline 6.3.1.2
(ISAAC) at the Advanced Light Source, Lawrence Berkeley National Laboratory. All the
XAS measurements were recorded in the total-electron-yield detection mode to make

them sensitive to the surface of the NPs.

Synthesis of Co NPs: Uniform Co NPs were synthesized through thermal
decomposition of Co,(CO)s. Briefly, 18 mL of 1,2,3,4-tetrahydrophthalene was mixed
with 0.35 mL of oleic acid and 0.5 mL of dioctylamine and heated to 110 <€ for 0.5 h
under argon protection and then cooled down to room temperature. 0.54 g of Co,(CO)s
was quickly added into the above mixture, which was reheated to 100 €€ for 20 min
under argon flow. Then the solution was rapidly heated to 210 <€ at the heating rate of 15
°C/min under the blanket of argon and kept at this temperature for 30 min. After cooling
down to room temperature by removing the heating mantle, the obtained Co NPs were

precipitated with 60 mL of ethanol and collected by centrifugation (8500 rpm, 8 min).
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The Co NPs were washed again with hexane and ethanol and then dispersed in hexane for

further use.

Synthesis of carbon supported Co (C-Co) NPs: To prepare C-Co NPs, 20 mg of Ketjen
carbon was dispersed in 10 mL of hexane under ultrasonication. 20 mg of Co NPs
dispersed in 5 mL of hexane was added to the carbon support dropwise under sonication.
After sonicating for 30 min, the C-Co NPs were collected by centrifugation and washed
with ethanol twice and then dried under ambient condition. The acurate NP/C mass ratio
is measured to be 42% by ICP-AES. The obtained C-Co NPs were annealed in Ar + 5%

H, at 600 °C for 1 h to obtaine metallic C-Co NPs.

To make C-CoO NPs, the as-synthesized C-Co NPs were annealed in O, at 150 °C for

12 h.

Monolayer Assembly of Co NPs: Large-area monolayer assembly of the 10 nm Co NPs
was fabricated through water-air interface self-assembly. Briefly, the NPs were dispersed
in a mixture of toluene and hexane (volume ratio of 1:2) at the concentration of 0.5
mg/mL. 150 uL of the dispersion was drop-cast onto the surface of deionized water in a
Teflon column, which was then slowly dried at room temperature. After complete
evaporation of organic solvent, the monolayer assembly of Co NPs floating on the water
surface was transferred onto Cu TEM grids and glassy carbon plate electrode for further

characterization.

Electrochemical Measurements: Electrochemical measurements were carried out on
an Autolab 302 potentiostat with glassy carbon rotating disk (5 mm in diameter) as a
working electrode, Ag/AgCl (4 M KCI) as a reference electrode, and platinum wire as a
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counter electrode. The reference was calibrated vs. reversible hydrogen electrode (RHE)
before the measurements and all potentials were converted to the RHE scale. The catalyst
was dispersed in a mixture containing water, isopropanol, and Nafion solution (5 wt%)
(v/iviv 4:1:0.05, catalyst concentration: 2 mg/mL) by 30 min of sonication to form a
homogeneous ink. Then 20 pL of catalyst ink was casted on the newly polished glassy
carbon electrode and dried at ambient condition (loading 0.2 mg/cm?). The catalyst was
first subject to cyclic voltammetry (CV) scans between 0 and 1 V at 100 mV/s in Na-
saturated 0.1 M KOH until a stable CV was obtained. Then OER polarization curves
were recorded by linear-sweep voltammetry (LSV) at a scan rate of 10 mV/s in O,-
saturated 0.1 M KOH with the GC-RDE rotating at 1600 rpm. Chronoamperometry data
were collected for the annealed Co NPs and commercial Ir NPs at an overpotential of 0.4

V.

5.3. Results and Discussion

5.3.1. Synthesis of Stable Co Nanoparticles

The Co NPs were synthesized through the thermal decomposition of cobalt carbonyl
[Co2(CO)g] in 1,2,3,4-tetrahydronaphthalene solution with oleic acid and dioctylamine as
surfactants, as described in the experimental section.**) Figure 5-1A shows a typical
transmission electron microscopy (TEM) image of the as-synthesized Co NPs that are
monodisperse with the diameter of 10 =1 nm. The as-synthesized Co NPs were then
loaded on Ketjen carbon (C) at an initial mass ratio of 1:1 through sonication of Co NP

dispersion and C support in hexane, denoted as C-Co NPs (Figure 5-1B). Inductively
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coupled plasma atomic emission spectroscopy (ICP-AES) analysis confirmed the mass

ratio of Co NPs in the C-Co catalyst was 42%.

(M) o ‘ o (B) g

©)

Figure 5-1. TEM images of (A) as-synthesized Co NPs. (B) The Co NPs loaded on C support (C-
Co NPs). (C) The C-Co NPs after reductive annealing at 600 °C for 1 h. (D) HR-TEM image of a
representative Co NP in (C).

As demonstrated previously,*®! the as-synthesized magnetic Co NPs are not stable
and subject to fast oxidation. To improve their stability, these C-Co NPs were annealed in
Ar + 5% H, at 600 °C for 1 h. This reductive annealing reduces the surface oxide to
metallic Co, increases the Co crystallinity, and removes the surfactants to activate the
catalyst for the subsequent electrochemical measurements. The TEM image of the
annealed C-Co NPs in Figure 5-1C shows that due to the C-support stabilization, the

annealing does not cause any sign of Co NP aggregation. High-resolution TEM (HR-
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TEM) image of a representative Co NP deposited on C in Figure 5-1D confirms that the
annealed Co NP is indeed well-crystallized with the lattice fringe spacing measured to be
2.1 A, which is close to the (111) inter-planar spacing of the face-centered-cubic (fcc) Co.
Due to the fast oxidation of the as-synthesized Co NPs, the C-Co NPs show no obvious
X- ray diffraction (XRD) peaks from Co NPs. In the contrary, XRD pattern of the
annealed C-Co NPs in Figure 5-2 displays clear diffraction peaks, which can be ascribed
to the (111) and (200) peaks of face-centered cubic Co. This result further reveals the

crystallinity of Co NPs significantly enhanced after reductive annealing.

(111)

ﬂ
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Figure 5-2. XRD patterns of the C-Co NPs before and after reductive annealing at 600 °C for 1 h.

Ex-situ X-ray absorption spectroscopy (XAS) was applied to study the chemical
states of the annealed Co NPs. The XAS measurements were performed in the total-
electron-yield detection mode to make them sensitive to the surface of the Co NPs. The

XAS spectrum of the Co L-edge of the annealed Co NPs in Figure 5-3 shows two peaks
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at 778.0 eV and 793.3 eV that match those for the metallic Co reference foil, indicating
that the surface of the annealed Co NPs is in metallic nature without obvious surface

oxidation.

Co L-edge

Co Foil Reference

Annealed Co NPs

Intensity (a.u.)

770 780 790 800 810
Energy (eV)

Figure 5-3. Ex-situ XAS spectra of Co L-edge of Co reference foil and the annealed C-Co NPs.

Chemical stability of the annealed C-Co NPs was monitored by the change of their
magnetic properties using a vibrating sample magnetometer. Figure 5-4A is room-
temperature magnetic hysteresis loops of the C-Co NPs before and after reductive
annealing in Ar + 5% H, at 600 °C for 1 h. The magnetic moments were normalized to
the mass of Co. Due to the surface oxidation, the initial Co NPs on the carbon support are
superparamagnetic with the magnetic saturation moment (Ms) of 52 emu/g. After the
reductive annealing, their Mg increases to 142 emu/g, which is close to the bulk value
(~162 emu/g), and the annealed NPs show weak ferromagnetism with a coercivity of 120

Oe. The Ms change of the Co NPs exposed to air was monitored, as shown in Figure 5-
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4B. The Ms of the as-synthesized Co NPs drops to 39 emu/g after 1 day and further
decreases to 28 emu/g after 30 days (46% loss). As a comparison, the annealed Co NPs
are much more stable with their Mg staying at 129 emu/g level even after 30 days,
indicating that annealing indeed helps to stabilize Co NPs against air oxidation. This
stability enhancement is even more significant than that for crystalline bcc-Fe NPs

reported previously.[*84]
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Figure 5-4. Room temperature hysteresis loops of the C-Co NPs before and after reductive
annealing. (F) The change of magnetic moment of the Co NPs versus the time of air exposure at

room temperature.

5.3.2. Oxygen Evolution Activity of the Cobalt Nanoparticles

The OER activity of the annealed Co NPs was evaluated in O,-saturated 0.1 M KOH
solution using a standard three-electrode system. The C-Co NP catalyst was cast onto the
glassy carbon (GC) working electrode. The OER polarization curves were recorded by
linear sweep voltammetry (LSV) at the scan rate of 10 mV/s and continuous rotating
speed of 1600 rpm. Figure 5-5 shows the polarization curves of the annealed C-Co
catalyst with three different mass loadings without iR-correction. Two anodic peaks are

observed at ca. 1.10 V and 1.46 V, respectively. The first peak is attributed to the
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electrochemical oxidation of Co" to Co'"" and the second one can be assigned to further
oxidation of Co"" to Co'v.[?® ® The overpotential at the current density of 10 mA/cm?,
which is normally used for evaluating the electrochemical activity of an OER catalyst,**
%9 decreased from 0.45 V to 0.39 V while increasing the catalyst loading from 0.05
mg/cm? to 0.2 mg/cm?. Further increasing the mass loading resulted in thicker catalyst
film, causing limited mass transport and detachment of catalyst from the electrode during
electrochemical measurement. Thus the optimal catalyst loading of 0.2 mg/cm? was

chosen for the further study.

251

. ——0.05 mg/cm?®
NE —— 0.1 mg/cm?®
o 201 —o2 mg/cm?
<éf

~ 15-

>

2

S 10-

[a)

g 5

5

@) 0-

1.0 1.2 14 16 1.8
Potential (V vs RHE)

Figure 5-5. Polarization curves of the annealed C-Co NPs on GC electrode at three different mass
loadings. The measurements were performed on GC electrode in 0.1 M KOH at the scan rate of

10 mV/s and rotating speed of 1600 rpm.
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Figure 5-6. TEM image of the commercial Ir catalyst with 10 wt% Ir on Vulcan carbon black.

To better evaluate the OER activity of the annealed C-Co NPs catalyst, the
commercial Ir catalyst (10 wt% Ir on Vulcan carbon black from Premetek Co.) was
chosen as a reference. Figure 5-6 is the TEM image of the commercial Ir catalyst. The
size of the Ir NPs is ~ 2 nm. The polarization curve of the commercial Ir catalyst with the
same mass loading of 0.2 mg/cm? is shown in Figure 5-7A. At a current density of 10
mA/cm?, the overpotential for the annealed Co NPs was ~10 mV lower than the
commercial C-Ir catalyst. We also tested the OER activity of the as-synthesized Co NPs.
The annealed Co NPs exhibited much higher current density at all potentials and much
smaller overpotential at the current density of 10 mA/cm? (0.39 V vs 0.43 V) than the as-
synthesized Co NPs. During electrochemical oxidation, the surface of the Co NPs was
oxidized to Co"' and Co".*®! The metallic core of the annealed Co NPs increased their
electrical conductivity and thus enhanced the catalytic activity. It is worth mentioning
that all the polarization curves shown here are without any iR-correction. If considering
the uncompensated resistance of the electrochemical cell, the overpotential for producing

a current density of 10 mA/cm? decreased to ~0.3 V after iR-correction (Figure 5-7B),
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which is comparable or even smaller than the values of some other non-precious catalysts

under similar experimental conditions, !4 1635421
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Figure 5-7. (A) Polarization curves of the annealed C-Co NPs, commercial C-Ir catalyst and as-
synthesized C-Co NPs on GC electrode in 0.1 M KOH with a mass loading of 0.2 mg/cm®. The
measurements were performed at the scan rate of 10 mV/s and rotating speed of 1600 rpm. All
polarization curves were collected without iR-correction. (B) Polarization curves of the annealed
C-Co NP catalyst with and without iR-correction. The black curve is without iR-correction and
the red curve is with 95% iR compensation. The uncompensated resistance R, of our

electrochemical cell was determined to be ~50 Q by the current interrupt method (i-interrupt).
The stability of the annealed C-Co NPs and commercial C-Ir NPs was tested by
using a chronoamperometric method at an overpotential of 0.4 V (Figure 5-8). After 1 h,
the current density for the annealed C-Co NPs dropped 13% while the value from the C-
Ir NPs decreased 45%. Even after 6 h test, the C-Co NPs still showed a slower rate of

activity decrease than the commercial C-Ir, indicating that the annealed Co NPs are much

more stable than the commercial Ir NPs.

113



100 4

[0}
o
1

Annealed C-Co NPs

Percentage (%)
D
o

IN
o
L

Commercial C-Ir NPs

0 1 2 3 4 5 6
Time (hr)

Figure 5-8. Chronoamperometric curves of the annealed C-Co NPs and commercial C-Ir catalyst
on GC electrode at an overpotential of 0.4 V (1.63 V vs RHE) in 0.1 M KOH.

The NPs in the catalysts were further characterized after the stability test, as shown
in the TEM images in Figure 5-9. The C-Ir NPs are aggregates/sintered while the C-NPs
stay well dispersed on the carbon support, but have a core/shell structure due to surface
oxidation of Co, which explains their slow activity drop over time. We should note that

the oxidized Co can be readily reduced back to Co by the same reductive annealing

described above and the C-Co catalyst can be re-generated and re-used for the OER.

Figure 5-9. TEM images of (A) C-Ir NPs and (B) annealed C-Co NPs after stability test.
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5.3.3. Metallic Core Effect on the Catalytic Activity

To confirm that the metallic core is indeed an important factor to enhance Co NP
catalysis for the OER, we performed controlled oxidation of the Co NPs and studied the
OER catalysis of the C-Co/CoO and C-CoO. After treating the annealed Co NPs in O, at
100 °C for 30 min, the morphology of the NPs was well maintained without any
noticeable change (Figure 5-10A). HR-TEM image of a single NP in Figure 5-10B
shows metallic Co core with amorphous oxide shell (thickness of ~1.5 nm). The catalyst
after this O, treatment was denoted as C-Co/CoO NPs. XAS spectrum in total-electron-
yield mode of the C-Co/CoO in Figure 5-11 displays peak shift compared to metallic Co
reference foil, further confirming the oxide formation.® When oxidized in O, at 150 °C
for 12 h, the Co NPs were converted to hollow CoO NPs, as shown in Figure 5-10C.
HR-TEM image of a representative CoO NP in Figure 5-10D shows the interfringe

distance of 2.5 A corresponding to the lattice spacing of (111) planes of the fcc-CoO.

Figure 5-10. TEM image of C-Co/CoQO NPs. (B) HR-TEM image of a Co/CoQ core/shell NP on
carbon support. (C) TEM image of C-CoO NPs. (D) HR-TEM images of a CoO NP on carbon

support.
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Figure 5-11. Ex-situ soft X-ray absorption spectra of Co L-edge of the Co reference foil and
Co/CoO NPs by oxidizing the Co NPs in O, at 100 °C for 30 min. The measurement was
performed in the total-electron-yield mode to make it sensitive to the surface of NPs.

The polarization curve of the C-Co/CoO NPs in Figure 5-12A exhibits an increase
of the overpotential compared to the annealed C-Co NPs (0.43 V vs. 0.39 V at the current
density of 10 mA/cm?). For the CoO NPs, their overpotential is at 0.46 V, which is
similar to recently reported CoxO, NP catalysts.*" *I The OER data from the Co,
Co/Co0O and CoO NPs are summarized in Figure 5-12B. These results indicate that the
metallic Co plays an important role in enhancing the OER activity. The formation of the
thick CoO shell significantly degrades the catalytic performance due to the decrease in

electron conductivity.
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Figure 5-12. (A) Polarization curves of the annealed C-Co NPs, C-Co/CoO NPs and C-CoO NPs
deposited on GC electrode in 0.1 M KOH at a mass loading of 0.2 mg/cm?® without iR-correction.
(B) Comparison of the overpotential for different catalysts at the current density of 10 mA/cm?.

5.3.4. Monolayer Assembly of the Co NPs and Their OER Catalytic Activity

Previous studies have indicated that decreasing the thickness of the catalysts can
increase the number of active sites and catalyst’s TOF.!8 28] Very recently, self-
assembled monolayer or multilayer NP catalysts have been developed for enhanced
activity.®?5¥ To better evaluate the OER catalysis of the annealed Co NPs, we assembled
the Co NPs into a monolayer array through a water-air interface self-assembly
approach.®>™ A monolayer array with the size of 0.6 cm 0.7 cm was transferred onto a
GC plate that would be used as a working electrode. This way, all Co NPs can be
exposed to the reactants. Scanning electron microscopy (SEM) image of a representative
area of the monolayer catalyst on the GC plate is shown in Figure 5-13. The assembly
pattern is further confirmed by the TEM image of the monolayer array transferred on a
carbon-coated copper grid (Figure 5-14). From the SEM and TEM images of the Co NP

array, we estimate the Co NP packing density of ca. 4000 NPs/um?. The monolayer Co
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NP array on GC plate was pre-annealed at 600°C as described and was used as a working

electrode (Note: no NP aggregation was observed after the annealing treatment).

Figure 5-13. SEM images of the monolayer assembly of Co NPs on GC plate electrode. The inset
is the SEM image of the assembly at higher magnification after reductive annealing.

Figure 5-14. TEM image of the Co monolayer array.
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After the reductive annealing, the Co NP monolayer catalyst was tested. Without Co
NPs, the bare GC plate is not active for OER; in contrast the Co monolayer catalyst
shows high OER activity (Figure 5-15). The TOFs were calculated by assuming that
each 10 nm Co NP has the fcc-structure and all the surface Co atoms are catalytically
active (see the Appendix for detailed calculation). Figure 5-16A shows the TOFs at an
overpotential of 0.4 V for the Co monolayer catalyst and the C-Co catalyst with different
mass loadings. For the catalyst with a mass loading of 84 pgc./cm? (C-Co catalyst at the
loading of 0.2 mg/cm? with 42 wt% Co), the TOF is 0.14 s™. However, by decreasing the
thickness of the catalyst to the monolayer level (1.1 pgco/cm?), the TOF increases by
about 15 times to 2.13 s™. This TOF enhancement is in good agreement with previous
reports about the thickness effect on the TOFs.[*® %! Moreover, the mass activity of the
monolayer catalyst was also calculated (Figure 5-16B). Compared to the C-Co NP
catalyst at a mass loading of 84 pgco/cm? the monolayer catalyst exhibits a dramatic
enhancement in mass activity by 15 times from 126 A/g to 1949 A/g. This value is also
much higher than that of the C-Ir catalyst (500 A/g). These results further suggest that
stabilized metallic Co NPs are promising catalyst for OER with catalyst efficiency

superior to the Ir catalyst.
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Figure 5-15. Polarization curves of the bare GC plate and the annealed Co NP monolayer catalyst
on the GC plate at the scan rate of 10 mV/s in 0.1 M KOH.
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Figure 5-16. (A) TOFs and (B) mass activity of the annealed Co NP catalysts of different catalyst

loadings at an overpotential of 0.4 V.

5.4. Conclusion

In summary, highly stable metallic Co NPs have been synthesized through a post

reductive annealing process. These metallic Co NPs are more active and durable for OER

than the commercial Ir catalyst. The high catalytic efficiency can be ascribed to better

electron-conductivity of the metallic core. To better evaluate the intrinsic activity of the

12

0



metallic Co NPs, a monolayer array of Co NPs has been fabricated through Co NP self-
assembly at water-air interface. The monolayer NP catalyst exhibits 15 times higher TOF
and mass activity than the Co NPs deposited on conventional carbon support. With better
activity and stability than the commercial Ir catalyst, these metallic Co NPs should serve

as a promising noble-metal-free catalyst for efficient OER in alkaline media.
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APPENDIX: Calculation of the Turnover Frequency and Mass Activity

The TOF value is calculated as following:

TOF =23
4AnF

Here, j is the measured current density (mA/cm?), S is the surface area of the GC
electrode (0.196 cm? for the GC disk electrode and 0.42 cm? for the GC plate electrode
for the monolayer measurement), n is the moles of active materials deposited on the

electrode, F is the Faraday constant (96485 C/mol).

We assume that all the surface metal atoms are involved in the electrocatalysis. The
surface atom percentage of the face-centered cubic (fcc) Co NPs is determined using
previously reported model for fcc NPs (Owens, F. J.; Poole, C. P., The Physics and
Chemistry of Nanosolids. Wiley, 2008): The diameter of a fcc metallic NPs is illustrated

in this equation:

_(@n,—Da

==z

Here n, is the layers of atoms, a is the unit constant of fcc-Co (a = 3.5447 A). The

size of our fcc-Co NPs is 10 nm, so n, is calculated to be n, = 21.

Total metal atoms (N) of a 10 nm NP:

1
N = §(10no3 —15n,% + 11n, — 3) = 28741

Surface metal atoms (Nsurr) 0f @ 20 nm NP:
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Ngurs = 10m,% — 201, + 12 = 4002

Percentage of atoms on the surface of 10 nm Co NPs:

4002

0/ — 0
28741><100/o 14 %

TOF and mass activity of the annealed C-Co NPs at the mass loading of 0.2 mg/cm?:
At the overpotential of 0.4 V, j = 10.63 mA/cm?
m(Co) = 0.2 mg/cm? x0.196 cm? x0.42 = 1.65 x10° g
Moles of surface active Co atoms:

1.65 x 10~° .
n(Co) = —Zg933 mol X 14 % = 3.92 x 1078 mol

rop__ 1063x019%6mA .,
T 1x392x108x96485C %

10.63 x 0.196 mA

— -1
Tesx105g — 12044g

Mass activity =

TOF and mass activity of the monolayer of Co NPs:

The mass of each NP can be calculated:

28741

m (NP) = e 105

X 58.933 g = 2.81 x 10~ 18g
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The monolayer assembly has a packing density of 4000 NPs/um? (4 <10 NPs/cm?),
the area of the monolayer catalyst is 0.42 cm?, and thus the total mass of Co in the

monolayer is estimated to be:

M=042x4x1011x281x1018g=472x107g

Co mass loading in the monolayer catalyst:

472 %1077 g,
0.42 cm?

Mass loading = = 1.12 ugc,/cm?

Moles of surface active Co atoms in the monolayer catalyst:

472 x 1077 .
n(Co) = Wmol X 14% =1.12 x 1072 mol

The current density is 2.19 mA/cm? at the overpotential of 0.4 V, so the TOF for the

monolayer catalyst is:

oF 2.19 X 0.42 mA gt
T 4x112x10°x96485¢C °°

" oL 219X 042mA
ass ac lVly— 472x10—7g = g
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Chapter 6. New Approach to Fully-Ordered fct-FePt

Nanoparticles for Much Enhanced Electrocatalysis in Acid

Reprinted with permission from Nano Lett. 2015, 15, 2468—2473. Copyright 2015

American Chemical Society.
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6.1. Introduction

Developing highly efficient catalysts for oxygen reduction reaction (ORR) and
hydrogen evolution reaction (HER) in acid media is crucial for promoting
electrochemical energy conversion in fuel cells and for facile production of clean fuel,
hydrogen, via water splitting. Nanostructured platinum (Pt), especially Pt nanoparticles
(NPs), have been selected either as a model system for understanding electrochemical
reduction mechanism or as a practical catalyst to achieve high-enough energy conversion
efficiency in electrochemical devices. Recent studies have been focusing heavily on Pt-
based alloy NPs, hoping to further enhance Pt catalysis and to lower Pt loadings. As a
result, these alloy NPs can now be synthesized with the desired dimension controls and
their catalytic activities are tuned not only by NP sizes/compositions/shapes,™® but also
by the core/shell structure in which Pt alloys serve as a shell.**® Alternatively, a Pt-
catalyst can be embedded in an ionic liquid medium to improve its ORR catalysis.™ *®
Despite this progress, there is still no definite answer on what form of the catalyst can

yield maximal activity with much improved durability in the acidic electrochemical

reduction conditions.

In the efforts of searching for the most active form of Pt, a new strategy of controlling
Pt alloy structure attracts much attention. For example, the FePt alloy NPs prepared for
ORR studies often have a solid solution structure in which Fe and Pt occupy randomly
the face-centered cubic (fcc) lattice. For notation convenience, these NPs are referred to
as fcc-FePt NPs. With the proper composition control, the fcc structure can be converted
to chemically ordered face-centered tetragonal (fct) structure. Earlier studies have

indicated that the fct-FePt is not only magnetically hard,'*” but also chemically robust
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against Fe leaching in acid!® and catalytically more active for ORR than the fcc-FePt.[*®
I This structure-induced catalytic enhancement is also observed in CoPt?®” and cupt!?!!
NP systems. In general, high temperature annealing (>500<C) is required to convert the
fcc structure to the fct one, which causes NP to aggregate/sinter.?2%*l Although NPs
coated with a layer of robust oxide (such as MgO™ 24 and Si0,%>®!) or supported on
carbon can be stabilized against aggregation/sintering, the protection also limits atom
mobility within the NP structure, making it more difficult for structure transformation
from fcc to fct. As a result, partially ordered fct-FePt NPs are often obtained and
studied,™ 2"} compromising the benefit of fct-structure effect on ORR. In this chapter, we
report a new strategy to improve fcc-fct transition and demonstrate that the increase in
fct-ordering in the FePt structure is indeed an effective way of enhancing NP catalytic
efficiency for electrochemical reduction reactions - the fully ordered fct-FePt NPs serve

as a robust catalyst for both ORR and HER.

The new strategy applied to the synthesis of FePt NPs with increased Fe, Pt ordering
is illustrated in Figure 6-1. In this new synthesis, the dumbbell-like fcc-FePt-Fe;O4 NPs
were firstly prepared by controlled decomposition of iron pentacarbonyl (Fe(CO)s) and
reduction of platinum acetylacetonate (Pt(acac),) at temperatures 220<C and 300<C. Here,
220<C heating was used to form Pt-rich fcc-FePt NPs and 300 <C was for more Fe growth
on the fcc-FePt. Upon air oxidation, dumbbell fcc-FePt-Fe;O, NPs were obtained. In the
process, the amount of Fe(CO)s was optimized so that the Fe/Pt composition in the as-
synthesized dumbbell fcc-FePt-Fe;O, NPs was at 52/48, as analyzed by inductively
coupled plasma-atomic emission spectroscopy (ICP-AES), to facilitate fcc-fct

transition.l'”? The dumbbell NPs were then coated with MgO through thermal
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decomposition of magnesium (1) acetylacetonate in the presence of 1,2-tetradecanediol,
oleic acid and oleylamine in benzyl ether at 300<C. The fcc-FePt-Fe;04/MgO NPs were
then annealed at 700<C under Ar + 5% H, to reduce Fe;O, into Fe (to create O-vacancies)
and to promote Fe, Pt diffusion into fully-ordered fct-structure within the MgO enclosure.
The MgO coating was removed by diluted nitric acid washing and the fct-FePt NPs were

dispersed in ethanol and deposited on Ketjen carbon for further studies.

tadk
o ee .o.
’\QQ°C- ....
&= » s v Ar+H, ‘\’_-:"\,:;v:/“ ’

9 ‘ ‘ :':}ﬁ" ‘ Partially ordered fct-FePt

PP S )0”"%,, eee
Fe,O, FePt ‘. ‘.‘.
11y

Fully ordered fct-FePt

Figure 6-1. Schematic illustration of the formation of fct-FePt NPs via reductive annealing of the
dumbbell FePt-Fe;0, NPs embedded in MgO matrix.

6.2. Experimental Section

Chemicals and Materials: Pt(acac), (98%), Mg(acac), (anhydrous, 98%) (acac =
aceylacetonate) were purchased from Strem Chemicals. Oleylamine (70%), oleic acid
(90%), 1-octadecene (90%), benzyle ether (98%), Fe(CO)s, 1,2-tetradecanediol (90%)
and Nafion (5% in a mixture of lower aliphatic alcohols and water) were purchased from
Sigma-Aldrich. All chemicals were used without further purification. The commercial Pt
catalyst (20% mass loading on carbon, Pt particle diameter at 2.5-3.5 nm) was obtained

from Fuel Cell Store.
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Characterization: X-ray diffraction (XRD) patterns of the NPs were collected on a
Bruker AXS D8-Advanced diffractometer with Cu Ko radiation (A = 1.5418 A).
Transmission electron microscopy (TEM) images were acquired from a Philips CM20
operating at 200 kV. High-resolution TEM (HR-TEM) images were recorded using a
JEOL 2010 with an accelerating voltage of 200 kV. TEM and HR-TEM samples were
prepared by depositing a single drop of diluted NPs dispersion on amorphous carbon-
coated copper grids. Scanning transmission electron microscopy (STEM) analyses were
carried out on a Hitachi HD2700C (200 kV) with a probe aberration corrector, at the
Center for Functional Nanomaterials, Brookhaven National Lab. The electron energy loss
spectroscopy (EELS) line-scan was obtained by a high-resolution Gatan-Enfina ER with
a probe size of 1.3 A. A power law function was used for EELS background subtraction.
Magnetic studies were performed on a Quantum Design Superconducting Quantum
Interface Device (SQUID) with a field up to 70 kOe. The inductively coupled plasma-
atomic emission spectroscopy (ICP-AES) measurements were carried on a JY2000
Ultrace ICP atomic emission spectrometer equipped with a JY AS 421 autosampler and

2400g/mm holographic grating.

Synthesis of dumbbell fcc-FePt-Fe3O4 NPs: In a four-neck flask, a mixture of 0.1g
Pt(acac),, 0.7 mL oleylamine, 0.65 mL oleic acid and 5 mL 1-octadecene was stirred and
degassed at 120<C under an Ar atmosphere for 30 min. Under a blanket of Ar, Fe(CO)s
(0.05 mL) was injected into the mixture solution. Subsequently, the temperature was
raised to 220<C at a rate of 5C/min and kept at this temperature for 30 min. Then the
mixture was heated to 300 <C at a rate of 10<C/min and maintained at this temperature for

10 min before cooled down to room temperature. The product was precipitated by 2-
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propanol and collected by centrifugation (8500 rpm, 8 min). The product was redispersed
in hexane and separated by adding ethanol and centrifugation (8500 rpm, 8 min). The

final product was dispersed in hexane for further use.

Synthesis of FePt-Fe304/MgO and fct-FePt/MgO NPs: A mixture of 0.4 g Mg(acac)s,
0.42 g 1,2-tetradecanediol, 0.9 mL oleylamine, 0.6 mL oleic acid was dissolved in 18 mL
benzyl ether under vigorously stirring and degassed at 120<C. 60 mg of the as-
synthesized fcc-FePt-Fe3O4 NPs dispersed in 5 mL of hexane was added into the flask.
The mixture was kept degassed for 20 min to remove hexane. Then under the blanket of
A, the solution was heated up to 300<C and maintained at this temperature for 60 min
before cooled down to room temperature. The product was precipitated with ethanol,
centrifuged (8500 rpm, 8 min) and dried. After annealing at 700<C under Ar + 5%H, fct-

FePt/MgO NPs were obtained.

Synthesis of carbon supported fct-FePt (C-fct-FePt) NPs: To prepare C-fct-FePt NPs,
20 mg of fct-FePt/MgO was dispersed in 20 mL ethanol under ultrasonication, and 0.6
mL of concentrated HNO3; was then added dropwise into the dispersion. The solution was
sonicated for 5 min and 10 mg Ketjen carbon power was added. The mixture was kept
sonicated for 1 h. Then the C-fct-FePt NPs were separated by centrifugation and washed

with ethanol and DI water. The NP/C weight ratio is ~1/2 measured by ICP-AES.

Synthesis of fcc-FePt NPs and C-fcc-FePt catalyst: In a four-neck flask, a mixture of
0.1 g Pt(acac),, 0.7 mL oleylamine, 0.65 mL oleic acid, and 5 mL 1-octadecene, was
stirred and degassed at 120 <C under an Ar atmosphere for 30 min. Under a blanket of Ar,

0.09 mL Fe(CO)s was injected into the mixture solution. Subsequently, the temperature
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was raised to 220<C at a rate of about 5<C/min and kept at this temperature for 1 h before
it was cooled to room temperature. The product was precipitated by 2-propanol and
collected by centrifugation (8500 rpm, 8 min). The product was redispersed in hexane
and separated by adding ethanol and centrifugation (8500 rpm, 8 min). The final product
was dispersed in hexane for further use. ICP-AES measurement confirmed the molar
ratio of Fe/Pt to be 50/50. To load the NPs on carbon, the as-synthesized fcc-FePt NPs
and Ketjen-300J carbon at a weight ratio of 1:2 were mixed in 20 mL of hexane and 10
mL of isopropanol and sonicated for 1 h. The product was separated by centrifugation.
The C-fcc-FePt were dried under ambient conditions and annealed at 400<C for 1 hin a

gas flow of Ar + 5% H, to remove the surfactant.

Electrochemical Measurements: Electrochemical measurements were performed on
an Autolab 302 potentiostat with glassy carbon rotating disk (5 mm in diameter) as a
working electrode, Ag/AgCl (4 M KCI) as a reference electrode, and platinum wire as a
counter electrode. The potential difference between Ag/AgCl and RHE was measured in
H, saturated 0.1 M HCIO, electrolyte and the value is 0.260 +=0.001 V. All potentials
were later converted to the RHE scale. All catalysts were dispersed in a mixture
containing water, isopropanol, and Nafion (5%) (v/v/v 4:1:0.05) to form a 2 mg/mL ink.
20 pL of catalyst ink was casted on the newly polished glassy carbon electrode and dried
at ambient condition. The Pt loadings of fully-ordered fct-FePt, partially-ordered fct-FePt,
fcc-FePt and commercial Pt were calculated to be 45.5, 47.1, 37.6 and 40 ugptlcmz,
respectively. The catalysts were first subject to cyclic voltammetry (CV) scans between
0.05 and 1.3V at 100 mV/s in N-saturated 0.1 M HCIO, until a stable CV was obtained.

The electrochemically active surface area (ECASA) was calculated by measuring the
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charge collected in the hydrogen adsorption/desorption regions after double-layer
correction, assuming a value of 210 mC/cm? for the adsorption of a hydrogen monolayer
on polycrystalline Pt. ORR polarization curves were recorded by linear-sweep
voltammetry (LSV) at a scan rate of 10 mV/s in O,-saturated 0.1 M HCIO,4 with the GC-
RDE rotating at 1600 rpm. The kinetic current was calculated from the ORR polarization
curve according to the Koutecky—Levich equation. Accelerated durability tests (ADT) of
the catalysts for ORR were conducted by cycling the potential between 0.6 and 1.0 V at
100 mV/s. To evaluate the production of H,O, of fct-FePt during the ORR, rotating
ring/disk electrode (RRDE) experiments were carried out with the ring potential setting to
1.2 V. The four-electron selectivity of catalysts was evaluated based on the H,0, yield,
calculated from the following equation:

I, /N

H.0. (%) = 200x —®R/ N
:0:(%) (I IN)+1,

Here, Ip and Ig are the disk and ring currents, respectively, and N is the ring collection

efficiency (~37%) provided by the manufacturer based on the geometry of the electrodes.

HER polarization curves were recorded by LSV at a scan rate of 2 mV/s in O,-
saturated 0.5 M H,SO, without electrode rotation. Durability of catalysts for HER was

conducted by cycling the potential between -0.3 and 0.9 V at 100 mV/s.

MEA Preparation and Fuel Cell Testing: The membrane electrode assemblies
(MEASs) were fabricated using Nafion® 212 membrane in an acid form and catalyst inks.
20% C-Pt (E-TEK) and fully-ordered fct-FePt NPs were used as cathode catalysts. Anode

catalysts of all the studied cells were 20% C-Pt. The inks were prepared by ultrasonically

137



mixing appropriate amounts of catalyst powders with de-ionized water (Millipore, 18
MQ cm) and 5% Nafion® suspension (lon Power, Inc.) for 90 seconds. Subsequently, the
inks were brush-painted onto the membrane at 75<C and dried for 30 min. The catalyst
loadings were 0.2 mge/cm? for all the catalysts tested. The active cell area was 5 cm?. H.-
air fuel cell testing was carried out in a single cell using a commercial fuel cell test
system (Fuel Cell Technologies Inc.). The MEA was sandwiched between two graphite
plates with single-serpentine flow channels machined in them. The cell was operated at
80<C. Pure hydrogen and air, humidified at 85<C, were supplied to the anode and cathode
at a flow rate of 200 and 500 standard cubic centimeters per minute (sccm), respectively.

Both electrodes were maintained at the same absolute pressure of 2.8 bar.

6.3. Results and Discussion

6.3.1. Synthesis of Fully Ordered fct-FePt Nanoparticles

Uniform dumbbell FePt-FesO, NPs were synthesized. TEM image of the as-
synthesized dumbbell FePt-Fe;04 NPs is shown in Figure 6-2A, which have an average
size of 8.0 (=0.6)-3.9 (= 0.3) nm. HR-TEM image of a typical NP in Figure 6-2B
exhibits a lattice fringe spacing at 0.19 nm in the black FePt NP and at 0.30 nm in the
grey FesO4 NP, corresponding to the lattice planes of fcc-FePt (200) and fcc-FesOq4 (220),
respectively. X-ray diffraction (XRD) patterns of the as-synthesized FePt-Fe;O, NPs
powder were collected, as shown in Figure 6-3. The as-synthesized FePt-Fe;O4 shows

typical fcc diffraction pattern of the FePt NPs and Fe3O4 NPs.
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Figure 6-2. (A) TEM image and (B) HR-TEM image of the as-synthesized dumbbell fcc-FePt-
FezO4 NPs.
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Figure 6-3. XRD pattern of the as-synthesized dumbbell fcc-FePt-Fe;O, NPs. Due to the small
size of Fe30,, the diffraction peaks of Fe;O, are much weaker compared to the strong diffraction
peaks of fcc-FePt. * denotes the weak diffraction peaks of Fe;0,.

In order to prevent the aggregation/sintering of those NPs during heating treatment
for the phase conversion, MgO shell was uniformly coated on each NP. TEM image of

the fcc-FePt-Fe3O4/MgO NPs (Figure 6-4A) shows that all NPs are covered by the MgO

shell. Thanks to this protection, the FePt NPs show no aggregation/sintering after
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annealing at 700 °C for 1h and 6 h (Figure 6-4B and Figure 6-4C). The average size of
the annealed FePt NPs after removing the MgO matrix by acid wash was measured to be
8.8 0.5 nm. Figure 6-4D shows the HR-TEM image of a typical annealed FePt NP after
acid wash, with the lattice spacing of 0.24 nm, corresponding to (111) plane of fct-FePt.

The detailed structure analysis will be discussed later.

(A)

(D)

Figure 6-4. TEM images of (A) fcc-FePt-FesO,/MgO NPs. (B) the obtained fct-FePt NPs
(thermal annealing at 700C under Ar + 5% H, for 1 h and acid wash to remove MgO) deposited
on Ketjen carbon support. (C) the obtained fct-FePt (thermal annealing at 700<C under Ar + 5%
H, for 6 h and acid wash to remove MgO) deposited on Ketjen carbon support. (D) HR-TEM
image of a typical fct-FePt NP.
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X-ray diffraction (XRD) patterns of the fct-FePt NPs were collected to characterize
structure transition from fcc to fct upon thermal annealing. Figure 6-5 shows the XRD
patterns of the fct-FePt NPs after removing the MgO coating. After annealing in Ar + 5%
H, at 700°C for 1 h, the FePt NPs show the (001)/(110) peaks that are associated with the
fct structure. The Fe, Pt ordering in the fct-structure is further improved by increasing the

annealing time to 6 h, as indicated by much more visible (001)/(110) peaks.

(111)

(001)

(002) 220
(201) (112) (

fct-FePt (fully ordered)

Intensity (a.u.)

fct-FePt (partically ordered)

20 ' 30 40 50 60 ' 70
20 (degree)

Figure 6-5. XRD patterns of the fct-FePt NPs after different annealing time. The pattern in red
represents the fct-FePt NPs after annealing at 700 °C for 1 h and the pattern in blue represents the
fct-FePt NIPs after annealing at 700 °C for 6 h.

This fcc-fct structure transition is further supported by magnetic measurements.
Different from the fcc-FePt NPs that are superparamagnetic at room temperature, the fct-
FePt, due to the strong d electron interaction between Fe and Pt in the chemically ordered
fct structure,!?®?! are strongly ferromagnetic (Figure 6-6). Magnetically, a sub-10 nm

fct-FePt with coercivitiy reaching 20 kOe (or 2 T) is considered to have good chemical
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ordering.®” The 1 h annealed FePt NPs show a two-phase hysteresis behavior with the
coercivity at 14 kOe. The soft behavior comes most likely from the existing Fe phase.
These FePt NPs are denoted as “partially-ordered” fct-FePt NPs. As a comparison, the 6
h annealed FePt NPs have a single-phase loop and their coercivity reaches 33 kOe (or 3.3
T). This is a very large magnetic coercivity value for the sub-10 nm NPs,[242¢ 31-32
further confirming that the long time annealing does result in much higher degree of

chemical ordering within the FePt structure. These FePt NPs are denoted as “fully-

ordered” fct-FePt.

— fcc-FePt
1.0 —— fct-FePt
(partially ordered)

= fct-FePt
0.5+ (fully ordered)
w )
= 00
=
-0.5 1
I’
-1.01

—90'—6'0'—?:0' 0 '310'6'0'90
Field (kOe)

Figure 6-6. Hysteresis loops of the fcc-FePt, fully- and partially-ordered fct-FePt NPs.

The high degree of fct-ordering between Fe and Pt in FePt tends to stabilize Fe in
FePt against Fe leaching in an acid solution. For example, when suspended in a 0.5 M
nitric acid for 1 h, the fully-ordered fct-FePt NPs showed a very small Fe/Pt composition

change from 52/48 to 50/50, but the partially ordered fct-FePt NPs had their Fe/Pt
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composition decreased to 41/59. Clearly the Fe layer sandwiched by two Pt layers in the

fct-FePt is greatly stabilized by strong d-orbital interactions between Fe and Pt.

As a control for catalytic evaluation, 8 £0.5 nm fcc-FePt NPs were also synthesized
according to the methods in the experimental section. Figure 6-5 shows the TEM images
of the as-synthesized fcc-FePt NPs and the NPs loaded on Ketjen carbon (denoted as C-

fcc-FePt NPs).
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Figure 6-7. TEM images of 8 £0.5 nm fcc-FePt NPs and C-fcc-FePt catalyst.

6.3.2. ORR Catalysis of the Fully Ordered fct-FePt Nanoparticles

To evaluate the fct-FePt NP catalysis for ORR, the carbon-supported catalyst was
suspended in deionized water + isopropanol + 5% Nafion and deposited on glassy carbon
rotating disk electrode (GC-RDE). The commercial Pt and the fcc-FePt NPs were also
prepared and studied similarly as the controls. The electrode was subject to 200 cycles of
potential scans between 0.05 and 1.3 V (vs. RHE) in the N,-saturated 0.1 M HCIO, to
obtain a stable current-potential curve. The electrochemically active surface area
(ECASA) of the catalysts was calculated by integrating the hydrogen underpotential

desorption (Hypa) peaks of their cyclic voltammograms (CVs) (Figure 6-8)
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Figure 6-8. CVs of the commercial Pt, fcc-FePt, partially ordered fct-FePt and fully ordered fct-
FePt NPs in N,-saturated 0.1 M HCIO, with a scan rate of 50 mV/s.

ORR measurements were performed in O,-saturated 0.1 M HCIO, solution at room
temperature. Figure 6-9A shows the ORR polarization curves for the fully- and partially-
ordered fct-FePt NPs, fcc-FePt NPs, and commercial Pt. The polarization curves display
the diffusion-limiting current region from ca. 0.3 to 0.8 V and the mixed kinetic-diffusion
control region between ca. 0.8 and 1.0 V. The activity, as measured by the ORR onset
and half-wave potentials (Ey2) in the RDE polarization plots, increases in the following
order: commercial Pt < fcc-FePt < partially-ordered fct-FePt < fully-ordered fct-FePt.
The Ej/, of the ORR on the commercial Pt is 0.883 V. Upon the Pt alloying with Fe to
form fcc-FePt NPs, the E;;, value is positively shifted to 0.890 V, which is consistent
with the Fe enhancement effect on Pt.lY) After fcc-fct transition, Ey’s of the partially-
ordered fct-FePt and the fully-ordered fct-FePt NPs are further improved to 0.927 V and
0.958 V, respectively. This 0.958 V is the most positive value obtained on ORR catalysis

by the fct-MPt NPs tested in the similar conditions,™* 2>?1 demonstrating the dramatic
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catalytic enhancement effect of the fully ordered fct-structure on ORR. Figure 6-9B is
the Tafel plots of the catalysts studied. All catalysts exhibit slopes of ca. -120 mV/dec at
high overpotentials and ca. -60 mV/dec at low overpotentials, suggesting that the ORR
rate-determining steps involve the migration of reaction intermediates and charge transfer,
respectively.** The kinetic current density (ji) was calculated from the ORR polarization
curve according to the Koutecky-Levich equation (Experimental Section) and was further
used to obtain mass activity (Pt utilization) and specific activity (intrinsic activity of Pt),
as shown in Figure 6-9C and 6-9D. The specific and mass activities of the fully-ordered
fct-FePt NPs reach 3.16 mA/cm? and 0.69 A/mgp; respectively at 0.9 V, which are larger
than those from the commercial Pt we tested in this work (0.28 mA/cm? and 0.13 A/mgey)

and from other fct-MPt NPs reported previously.!*® 2021
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Figure 6-9. (A) ORR polarization curves of C-Pt, C-fcc-FePt, partially- and fully-ordered C-fct-
FePt NPs in 0.1 M HCIO, (rotating speed: 1600 rpm, scan rate: 10 mV/s). (B) Tafel plots for the
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ORR on different catalysts. (C) The specific activities of different catalysts at 0.9 V. (D) The
mass activities of different catalysts at 0.9 V.

The H,0, content in ORR catalyzed by the fully-ordered fct-FePt was measured (by
rotating ring/disk electrode) to be ~1% (Figure 6-10), further attesting the high

selectivity of these FePt NPs on catalyzing ORR via a four-electron process.

20
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Figure 6-10. H,O, yield of fully-ordered fct-FePt NPs during ORR in 0.1 M HCIO,.

The fully-ordered fct-FePt NPs also showed remarkable durability in the ORR test
condition. Accelerated durability tests (ADT) of the catalysts were conducted by cycling
the potential between 0.6 and 1.0 V in an O,-saturated 0.1 M HCIO, at room temperature,
which is close to the typical potential range at fuel cell cathodes. For the Pt and fcc-FePt
catalysts, 5000 cycles caused E;/, a negative shift of ~60 mV (Figure 6-11A) and ~80
mV (Figure 6-11B), respectively. The stability of the partially-ordered fct-FePt was

much improved, showing only slight performance loss after 10000 cycles (Figure 6-11C).
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The fully-ordered fct-FePt NPs were the most durable catalyst, showing no obvious
performance loss (Figure 6-11D). TEM image of the fully ordered fct-FePt NPs after
stability test indicates no obvious NP morphology changes (Figure 6-12). ICP analysis of
the NP catalysts after the stability test showed very small Fe/Pt composition decrease
from 50/50 to 47/53 after 20000 potential cycles. As a comparison, for the partially-
ordered fct-FePt NPs reported previously, their Fe/Pt composition decreases from 50/50

to 26/74 after only 300 potential cycles.?”

(A) 1 (B) 1
— = Comm Pt (initial) —— fee-FePt (initial)
S 0- - Comm Pt (after 5000 cycles) {E 0- After 5000 cycles
o
< 9
-14 < -1
£ E
= -2
[ 2 -2
g 3 2
2 3 31
c —
O -4 <
e O 44
3 s :
O 5
0.2 0.4 0.6 0.8 1.0 0.2 0.4 0.6 0.8 1.0
Potential vs. RHE (V) Potential vs. RHE (V)
() 1 (D) 1
Partially ordered fct-FePt (initial) fct-FePt (initial)
& 04 = After 10000 cycles & 04 — fct-FePt (after 10000 cycles)
g g —— fct-FePt (after 20000 cycles)
< 14 < -1
E E
> 27 > 27
= =
5 3 5 31
© o
T -4 T -4
g o
3 57 3 o
-6 T T T T -6 T T T T
0.2 0.4 0.6 0.8 1.0 0.2 0.4 0.6 0.8 1.0
Potential vs. RHE (V) Potential vs. RHE (V)

Figure 6-11. ORR polarization curves of (A) commercial Pt catalyst, (B) fcc-FePt NPs, (C)
partially ordered fct-FePt NPs and (D) fully ordered fct-FePt NPs before and after stability test.

The potential scans were performed between 0.6 and 1.0 V.
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Figure 6-12. TEM image of the fully ordered fct-FePt NPs after the stability test.

The fully-ordered fct-FePt NP catalyst performed equally well in the Hj-air proton
exchange membrane fuel cell (PEMFC) cathode under typical operating conditions."
The open circuit voltage (OCV) for the commercial Pt (0.959 V) is ca. 30 mV lower than
that of the fct-FePt catalyst (0.989 V) at the same Pt loading (Figure 6-13). The fct-FePt
shows ~48% improved performance in the kinetically limited region than the Pt catalyst
(0.378 Alcm? vs. 0.256 A/cm? at 0.8 V). The maximum power density measured from the
fct-FePt-based cells was 0.70 W/cm?, higher than that from the Pt-based one (0.63
W/cm?). These preliminary data indicate that the fully ordered fct-FePt is a new class of
Pt-based catalyst with much desired activity and durability for practical applications in

PEMFC.
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Figure 6-13. H,-air fuel cell polarization plots recorded with various cathode catalysts. Anode:
0.2 mge/cm? 20% C-Pt, 200 sccem H,, backpressure 2.8 bar; cathode: 0.2 mged/cm? 20% C-Pt or
fully-ordered C-fct-FePt NPs, 500 sccm air, backpressure 2.8 bar; membrane: 2>qNafion® 212;

cell temperature: 80<€.

6.3.3. Structure Analysis of the Fully Ordered fct-FePt Nanoparticles

To get more insights of the intermetallic fct-FePt NPs and further confirm the
stability enhancement caused by the unique ordered structure, we characterized the fully-
ordered fct-FePt NPs after 20000 potential cycles by aberration-corrected high-angle
annular dark field scanning transmission electron microscopy (HAADF-STEM) and
STEM-electron energy loss spectroscopy (STEM-EELS). Figure 6-14A clearly shows
the Fe/Pt ordering in the fct-FePt NP by the high (Pt) and low (Fe) Z contrasts. The
alternating intensity profile shown in the HAADF-STEM image (Figure 6-14B) further

confirms the Fe/Pt ordering within the fct-FePt NP.
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Intersity @uw)

Figure 6-14. (A) HAADF-STEM image of a representative fully-ordered fct-FePt NP after 20000
potential cycles. The arrow indicates the line scan position. An atomic model of the ordered
structure is show at the inset. (B) Corresponding HAADF line profile across the line scan position
shown in (A).

At the NP surface, a thin Pt layer of ~0.6 nm (ca. 2-4 atomic layers) is shown in the
STEM-EELS line scans and 2D elemental mapping image (Figure 6-15), but overall, the

NP is dominated by the layered Fe/Pt structure, proving that the fully ordered fct-FePt

NPs are stable in the ORR condition.
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Figure 6-15. (A) and (C) HAADF-STEM image of a representative fully-ordered fct-FePt NP
after 20000 potential cycles. (B) STEM-EELS line scan crossing the fct-FePt NP shown in (A).
(D) 2D EELS elemental mapping of the fct-FePt NP shown in (C).

6.3.4. HER Catalysis of the Fully Ordered fct-FePt Nanoparticles

The excellent ORR performance of the fully-ordered fct-FePt NPs motivated us to
study their catalysis for other electrochemical reduction reactions. Here we chose to study
HER, an important half-reaction in the electrochemical water splitting for hydrogen
generation.!® Although Pt has been the state-of-the-art catalyst used to catalyze HER,?!
it is still subject to acid etching and activity degradation. Figure 6-16 lists HER

performance of the commercial Pt, fcc-FePt and fully-ordered fct-FePt in 0.5 M H,SO,,
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showing the activity increase in the order of Pt < fcc-FePt < fct-FePt. The fct-FePt NPs
even exhibit higher activity than other Pt-based catalysts reported.” *! The catalyst
durability was assessed by applying 10000 potential sweeps between -0.3 and 0.9 V
(Figure 6-16B). For the Pt catalyst, the potential cycling causes the obvious potential
shift (~7 mV at 10 mA/cm?). For the fct-FePt NPs, two polarization curves obtained
before and after the cycling test nearly overlap. The tests prove that the fully ordered fct-
FePt NPs are a class of new catalyst with efficiency much superior to any other Pt-based

catalysts ever developed for HER.
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Figure 6-16. (A) HER polarization curves obtained with different catalysts as indicated. (B) HER
activity of the commercial C-Pt and fully ordered C-fct-FePt before and after 10000 potential
cycling.

6.4. Conclusion

In summary, in this chapter we report a new approach to monodisperse fully-ordered
fct-FePt NPs via controlled annealing of MgO-coated dumbbell fcc-FePt-Fe;O4 NPs. In
the synthesis, MgO functions as a protecting layer to prevent NPs from sintering in the

high temperature annealing condition, Fe;O,4 helps to create defects upon Fe3;O,4 reduction
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to Fe, and the dumbbell structure ensures the easy Fe/Pt diffusion to form fully ordered
fct-structure. The fully-ordered fct-FePt NPs are characterized by their much enhanced
ferromagnetism (room temperature coercivity reaching 33 kOe) and robust chemical
stability against Fe etching in the strong acid solution. Compared with other fct-
structured alloy NPs in the similar test conditions, the fully-ordered fct-FePt NPs show
the highest activity and longest durability in catalyzing ORR in 0.1 M HCIO4 and HER in
0.5 M H,SO, without obvious Fe loss and NP degradation. The synthetic strategy
demonstrated here is not limited to FePt, but can be extended to other Pt alloy NPs, such
as CoPt NPs, and non-Pt alloy NPs, such as FePd and CuAu NPs, providing a versatile
approach to fct-alloy NPs with much enhanced catalytic stability and activity for

important energy conversion applications.
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Chapter 7. Synthesis of FeAu Nanoparticles and Their

Controlled Fe Release
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7.1. Introduction

Metal nanoparticles (NPs) have attracted tremendous scientific and technologic
attentions due to their great potentials for optical, electronic, catalytic and biomedical
applications.** Significant advancements have been achieved on the synthesis of metal
NPs with controlled size, morphology, composition and structure.* ! Among the family
of metal NPs, Au NPs are of great importance due to their unique optical and catalytic
properties.”! Multicomponent complex Au-based NPs, such as core/shell NPs, dumbbell
NPs or alloy NPs,™! have been reported for superior or multi functionality. For
example, dumbbell Au-Fe;O, NPs have been synthesized and demonstrated as dual-
functional probes for both magnetic and optical imaging of cancer cells.”” Core/shell
Au/FePt; NPs are more active and durable for oxygen reduction reaction in fuel cells due
to the synergistic effect between the core Au NPs and the multimetallic shell.”?* Their
properties can be further controlled by alloying Au with other elements. Taking the
optical properties into consideration, the plasmonic absorption of AuAg alloy NPs are
tunable by changing the composition of Au and Ag.*” %2 Additionally, AuAg alloy NPs
show much enhanced catalytic activity for CO oxidation compared to Au NPs.™*"]
Alloying with Ni, their catalytic activity for hydrogen evolution reaction is significantly

improved compared to pure Au NPs.[*! These results demonstrate various controls of the

properties of Au-based NPs.

Metal NPs have great potentials in biomedicine not only for diagnostic but also for
therapeutic applications.”*?! Recently face centered cubic (fcc) FePt NPs were reported
to be a new type of agent for cancer therapy.?® They allow the controlled release of Fe,

which reacts with H,O, and generates reactive oxygen species (ROS) in cells, leading to
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the fast oxidation of cell membrane and causing cell death. However, there is one issue
regarding the potential toxicity of the Pt in the alloy FePt NPs. Unlike Pt, Au NPs are
well recognized to be biocompatible and have been extensively studied for their optical
properties in bio-imaging.[?”?% Inspired by these, it is desirable to use FeAu alloy NPs as
therapeutic agent for cancer therapy. Compared with the fcc-FePt NPs, FeAu alloy NPs
have several advantages: 1) the biocompatibility of the FeAu NPs; 2) the optical
properties from the plasmonic Au which make them suitable for optical diagnostics; 3)
the controlled Fe release from FeAu NPs which acts as the therapeutic agent for
therapeutic application. However, so far as we know, FeAu NPs were mainly synthesized
through inert gas condensation in a vacuum system,*** which are not suitable for
biomedical applications. Solution phase synthesis of FeAu NPs with small size
distribution is still challenging.*? In this chapter, I will introduce the synthesis of
uniform FeAu NPs through the simultaneous decomposition of Fe(CO)s and reduction of
Au(I1l) acetate in the presence of oleic acid and oleylamine. The composition of FeAu is
tunable by changing the amount of Fe(CO)s. Through the ligand exchange with
dimercaptosuccinic acid (DMSA), the oleic acid/oleylamine covered hydrophobic FeAu
NPs can be transferred in hydrophilic water solution. These FeAu NPs are capable of
releasing Fe in low pH (4.8) environment while remaining stable in neutral pH (7.0)
environment. Our preliminary experiments on the controlled Fe release from FeAu NPs
and their unique optical properties demonstrate their potential therapeutic and diagnostic

applications in biomedicine.

160



7.2. Experimental Section

Chemicals: Gold (I1l) acetate (99.9 %) was purchased from Alfa Aesar. Iron
pentacarbonyl  (99.99%), oleic acid (90%), oleylamine (70%), 1,2,3,4-
tetrahydronaphthalene (99%), 1,2-tetradecanediol (90%), meso-2,3-Dimercaptosuccinic
acid (DMSA, 98%), tert-butylamine-borane complex, and 3,3',5,5'-Tetramethylbenzidine
dihydrochloride hydrate (TMB-2HCI-xH,0, 97%) were purchased from Sigma Aldrich.
Gold(I1l) chloride hydrate was purchased from Strem Chemicals. Dimethy sulfoxide
(DMSO, 99.9%) and dichloromethane (99.9%) were purchased from Macron Chemicals.

All chemicals were used as obtained without further purification.

Characterization: Transmission electron microscopy (TEM) images were obtained
from a Philips CM20 operating at 200 kV. High-resolution TEM (HR-TEM) images were
recorded using a JEOL 2010 with an accelerating voltage of 200 kV. TEM and HR-TEM
samples were prepared by depositing a single drop of diluted NPs dispersion on
amorphous carbon-coated copper grids. X-ray diffraction (XRD) patterns of the NPs were
collected on a Bruker AXS D8-Advanced diffractometer with Cu Ka radiation (A =
1.5418 A). Magnetic properties were studied on a Lakeshore 7404 high-sensitivity
vibrating sample magnetometer (VSM) with fields up to 1.5 T at room temperature. The
inductively coupled plasma-atomic emission spectroscopy (ICP-AES) analysis was
measured on a JY2000 Ultrace ICP atomic emission spectrometer equipped with a JY AS
421 autosampler and 2400g/mm holographic grating. UV-vis absorption of the NPs was
measured with a Perkin Elmer Lambda 35 spectrometer in the wavelength range of 400

nm to 1000 nm.
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Synthesis of FeAu NPs: In a typical synthesis of 4 nm FeAu NPs, 0.1 mmol of
Au(O,CCHpgs)3 (37.4 mg) and 0.2 mmol of 1,2-tetradecanediol (57 mg) were dissolved in
the mixture of 0.06 mL of oleic acid, 0.06 mL of oleylamine and 5 mL of 1,2,3,4-
tetrahydronaphthalene at 40 °C for 0.5 h under a gentle flow of Ar gas. Then the mixture
was heated up to 60 °C under the blanket of Ar gas. 0.02 mL of Fe(CO)s was added to the
flask, after which the mixture was heated to 200 °C at the temperature increasing rate of
10 °C/min. The reaction was kept for 1 h and then the heating mantle was removed to let
it cool down to room temperature. The product was precipitated by ethanol and collected
by centrifugation (8500 rpm, 6 min). The product was redispersed in hexane and
separated again by adding ethanol and centrifugation (8500 rpm, 8 min). The final

product was dispersed in hexane for further use.

Synthesis of 4 nm Au NPs: In a typical synthesis, 0.2 g of HAuCl, was disolved in 10
mL of oleylamine and 10 mL of 1,2,3,4-tetrahydronaphthalene (Tetralin) under gentle Ar
flow at 10 °C for 15 min. Then the reducing agent of tert-butylamine-borane complex (90
mg) dissolving in oleylamine (1 mL) and tetraline (1 mL) was injected into the mixture.
The color changed into deep purple immediately. The mixture was kept at 10 °C for 1 h.
Then aceton (30 mL) was added to precipitate the NPs, followed by centrifugation (8500
rpm, 8 min). The collected NPs were redispersed in hexane and purified again with

ethanol. Then the obtained NPs were dispersed in hexane for further use.

Ligand Exchange of the FeAu NPs: 10 mg of the as-synthesized FeAu NPs was
dispersed in 1 mL of CH,Cl,. 20 mg of DMSA was dissolved in the mixture of 0.2 mL of
DMSO and 2 mL of CH,Cl,. The DMSA solution was added to the FeAu NP dispersion

and the mixture was shaken for 2 h under ambient temperature. Then the NPs were
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precipitated by adding 10 mL of hexane, followed by centrifugation (2000 rpm, 2 min).
The obtained DMSA-FeAu NPs were re-dispersed in 10 mL of de-ionized (DI) water and
purified using a dialysis tube (12,000 MW, Spectrum Laboratories, Inc.) in DI-H,O bath
for 24 h to remove the extra small ligands (oleic acid, oleylamine, DMSA, etc.) The final
product, DMSA-FeAu NPs in DI- H,O, was filtered through a 0.22 um Millex@GP filter
(Millipore Corp.). The NP concentration was determined by ICP-AES analysis. DMSA-

Au NPs were obtained following the similar procedure.

Fe Release from FeAu NPs: 4ml of the aqueous solution of the DMSA-FeAu NPs
were dispersed in dialysis tubing ( 12,000 MW, Spectrum Laboratories, Inc.) that was
further immersed into a 80 mL PBS (pH = 7.4 or 4.8) bath at 37 °C. A portion (3 mL) of

the PBS solution was sampled, and the concentration of Fe was analyzed with ICP-AES.

7.3. Results and Discussion

7.3.1. Synthesis of FeAu Nanoparticles

The FeAu NPs were synthesized through the thermal decomposition of Fe(CO)s and
the reduction of Au(O,CCHj3);. Fe and Au composition in the NPs was analyzed by
inductively coupled plasma—atomic emission spectroscopy (ICP—AES). The Fe(CO)s not
only acts as the source of Fe, but the CO generated from the decomposition of Fe(CO)s
also acts as the reducing agent for the reduction of Au(O,CCHzs)s. Keeping the amount of
Au(O,CCHg3)3 (0.1 mmol, 37.4 mg) unchanged, 0.006 mL of Fe(CO)s resulted in ~ 10 nm
FeAu NPs, as shown in Figure 7-1A. ICP-AES analysis showed the molar ratio of Fe/Au

to be 20/80. Increasing the amount of Fe(CO)s to 0.012 mL led to the formation of

163



smaller sized FeAu NPs (~7 nm, Figure 7-1B) , with the composition of FesgAug,. This is
because more reducing gas CO was formed, facilitating the reduction of Au(O,CCHj3);
and the nucleating and growth process. Reacting 0.02 mL of Fe(CO)s with Au(O,CCHj3)s
generated even small FeAu NPs with the size of ~ 4 nm and composition of FesgAus;, as
shown in Figure 7-1C. HR-TEM image in Figure 7-1D of the 4 nm FeAu NPs indicates
that most of the obtained NPs are polycrystalline. The inter-fringe distance was measured
to be 2.28 A, smaller than the (111) lattice spacing of pure Au (2.35 A). This is consistent
with the Fe alloying within Au NPs. XRD pattern of the 4 nm FeAu NPs is shown in
Figure 7-2. It adopts the typical fcc structure of Au, but with the peaks of (111) slightly

shifting to right, further confirming the formation of FeAu alloy NPs.
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Figure 7-1. TEM images of the as-synthesized (A) Fe;Augy NPs. (B) FessAug, NPs. (C) FegAus;
NPs. (D) HR-TEM image of the FesAus; NPs
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Figure 7-2. XRD pattern of the as-synthesized 4 nm Fe4Aus; NPs. Standard peaks of the fcc-Au

are listed.

7.3.2. Optical and Magnetic Properties of the FeAu Nanoparticles

To better study the optical properties of the FeAu alloy NPs, 4 nm Au NPs were
synthesized as a control. Figure 7-3A is the TEM image of the 4 nm Au synthesized
according to our previous reported method.*¥! UV-vis spectrum of the 4 nm Au NPs in
hexane dispersion exhibits characteristic plasmonic absorption at ~515 nm. Different
from the pure Au NPs, the surface plasmon absorption of FeAu NPs shows obvious red
shift to 555 nm, as shown in Figure 7-3B. This is probably due to the surface electron

density change caused by the alloying Fe atoms.
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Figure 7-3. (A) TEM image of 4 nm Au NPs. (B) UV-vis spectra of the Au and FeAu NPs

dispersed in hexane.

Magnetic properties of the FeAu NPs were also studied. Figure 7-4A is the room-
temperature hysteresis loop of the as-synthesized 4 nm FeAu NPs. They are paramagnetic.
Similar to fct-FePt NPs,® 3% FeAu NPs have been reported to have the ordered L1,
structure with ferromagnetic properties.?°*"  The as-synthesized FeAu NPs are solid
solution with Fe and Au randomly occupied in the crystal units. In order to convert the
fcc-FeAu into ordered L1, structure, different annealing was applied. Figure 7-4B shows
the hysteresis loops of the NPs after annealing at different temperatures in Ar + 5% H,
gas. After annealing at 400 °C for 1 h, weak ferromagnetic property with the coercivity

(Hc) of 390 Oe was observed in the annealed NPs. The saturation moment (Ms) of the
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annealed NPs also increased to 21.0 emu/g. Annealing at 500 °C resulted in increased H,
of 450 Oe and M of 30.8 emu/g. However, further increasing the annealing temperature
caused the decrease of H.. For example, after annealing at 700 °C for 1 h, the sample
showed almost superparamagnetic behavior with the H; of just 50 Oe. This is probably
due to the domain size increase caused by the very high temperature annealing, resulting
in a decrease of the coercivity. The magnetic properties of the annealed FeAu NPs are

summarized in Table 7-1.

(A)
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Figure 7-4. (A) Hysteresis loop of the as-synthesized 4 nm FeAu NPs. (B) hysteresis loops of the

FeAu NPs after annealing at different temperatures in Ar + 5% H, for 1 h.
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Table 7-1. Magnetic properties of the annealed FeAu NPs.

Saturation Moment (emu/g)

Coercivity (Oe) 390 450 145 50

The structure of the FeAu NPs after annealing was characterized by the XRD
patterns in Figure 7-5. Different from the fcc structure of the as-synthesized FeAu NPs,
the XRD patterns of FeAu NPs after the annealing display obvious peak right shifts,
which can be ascribed to the structure change in the annealed FeAu NPs. As the
annealing temperature increased, the width of the diffraction peaks shrunk, indicating the
increase of grain size in the annealed NPs. These results are consistent with the

observation of the magnetic properties after different annealing treatment.

—— 400 °C 1H
——500°C 1H
——600°C 1H
—— 700°C 1H
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Figure 7-5. XRD patterns of the FeAu NPs after annealing at different temperatures.
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7.3.3. Ligand Exchange of Hydrophobic FeAu Nanoparticles

The 4 nm FeAu NPs were chosen for the Fe release experiment. However, the as-
synthesized FeAu NPs covered by hydrophobic oleic acid/oleylamine ligands need to be
first transferred into hydrophilic media. Ligand exchange was utilized to achieve this goal.
Meso-2,3-dimercaptosuccinic acid (DMSA), a biocompatible ligand, was used for the
ligand exchange.*®! Figure 7-6 illustrates the surface modification of the as-synthesized
FeAu NPs. The detailed process can be found in the experimental section. After ligand
exchange and purification, the MDSA-FeAu NPs were dispersed into DI-H,O. UV-vis
spectrum of the DMSA-FeAu NPs in DI-H,O (Figure 7-7) shows the absorption at 535

nm, blue shift compared to the FeAu NPs in hexane with the absorption at 555 nm. This

[371

is due to the solvent effect on the surface plasmon resonance of the FeAu NPs.

%

~~ o oleic acid/oleylamine

Figure 7-6. Ligand exchange of the as-synthesized FeAu NPs with DMSA.
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Figure 7-7. UV-vis absorption of the DMSA-FeAu NPs in DI-H,0.

7.3.4. Fe Release from DMSA-FeAu Nanoparticles

Fe (I1) reacting with H,O; is known as Fenton’s reaction, which generates reactive
oxygen species (ROS) such as *OH. The ROS can oxidize various organic molecules
including cell membranes. Compared to normal cells, cancer cells have the
overproduction of H,O,. The controlled buildup of Fe in tumor cells can increase the
production of ROS, causing cellular damage and cell death. Here, we propose using
FeAu NPs as therapeutic agents. In order to test the Fe release from the FeAu NPs, the

surface of FeAu NPs was modified with DMSA.

The pH-dependent Fe release from DMSA-FeAu NPs was analyzed in phosphate-
buffered saline (PBS) with pH 7.4 and pH 4.8. Fe and Au released from the NPs into the
PBS buffer solution were measured by analyzing the buffer solution at different time
intervals with ICP-AES. The etching results are shown in Figure 7-8. At pH = 7.4, the
DMSA-FeAu NPs had no measurable Fe release in the buffer solution outside the dialysis
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tubing within 23 h. However, at pH = 4.8, there was 10% Fe released after 1 h and 22%
Fe released after 23 h. Au concentration in the buffer solution was also analyzed. During
the experiments, no free Au ion was detected from the DMSA-FeAu NPs, indicating the

efficient Fe release under low pH conditions found in the cellular lysosome (pH = 4.8).

25 —a— FeAu in pH=4.8 PBS
T —e— FeAu in pH=7.4 PBS
=~ 20
E’\., )
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0 5 10 15 20 25
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Figure 7-8. Fe release from DMSA-FeAu NPs in PBS solution under different pH conditions.

In order to further confirm the released Fe catalytic activity towards the
decomposition of H,O, to ROS, 3,3',5,5'-tetramethylbenzidine (TMB) was used as the
indicator, which can be colorimetrically monitored through the oxidization by the ROS
into its one-electron oxidation product.*Y} The PBS buffer solution (pH = 4.8) with the
0.1 mM H;0; and 1 mM TMB was made. 4 puga, of DMSA-FeAu NPs was added to 1.5
mL of the PBS solution. As a control, 4 ug of DMSA-Au NPs was used and added to
another 1.5 mL of PBS. The color change of the TMB was monitored. As shown in
Figure 7-9, the solution in the presence of FeAu NPs showed much deeper color change

compared to that with Au NPs even after 15 min, indicating the faster generation of ROS.
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The deeper color change can be ascribed to the released Fe from FeAu, which promotes
the decomposition of H,O, into ROS. The blue-colored one-electron oxidation product of
TMB was further monitored with UV-vis spectrometry. Figure 7-10 is the UV-vis
spectra of the solution after 60 min. Two absorption peaks at 369 and 650 nm were
observed for the oxidation product of TMB. The peak intensity of the solution with FeAu
NPs was much stronger than the solution with the same amount of Au NPs, further

demonstrating the fast ROS formation by FeAu NPs.

15 min 25 min 60 min
m m - m W 3
Au FeAu Au FeAu Au FeA
p——= Ny —_— 2 N
— M, e —— — !9,

a——’ Ne—s

Figure 7-9. Photo image of the PBS solutions (pH = 4.8) with Au and FeAu NPs after different

intervals.
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Figure 7-10. UV-vis spectra of the PBS solution with the Au and FeAu NPs after 60 min.
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7.4. Conclusion

In summary, we have reported the solution-phase synthesis of uniform FeAu alloy
NPs through the simultaneous decomposition of Fe(CO)s and reduction of Au(O,CCHjs)s.
The composition of Fe and Au in the alloy NPs can be tuned by the amount of Fe(CO)s.
The FeAu NPs show strong surface plasmonic absorption at 555 nm. After surface
modification, the DMSA-coated FeAu NPs can release Fe under low pH conditions found
in the cellular lysosome (pH = 4.8) and the released Fe can catalytically decompose H,0,
into reactive oxygen species. With proper surface functionalization, those DMSA-FeAu
NPs should serve as an optical probe for cancer detection and therapeutic agent for cancer

therapy.
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