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Abstract

The goal of this master's thesis was to develop well-defined model catalysts for selective
oxidation of NHj; into N», through the synthesis of solid solution PtxRh;x nanoparticles with
homogeneous element distribution, deposition of the nanoparticles on Al,O3 support, and
testing of the thermal stability of the produced solid solution Pto.soRho 50 nanoparticles by in situ

scanning transmission electron microscopy (STEM).

We started with concurrent trials to produce PtyRh;x by the heat-up method using an autoclave
and a reflux. Through the autoclave method, we produced monodispersed well-defined
nanoparticles of monometallic Pt using Pt(acac); as a precursor in toluene, and using the mixed
surfactants oleyl amine and trioctylphosphine. Although the developed procedure was
promising, the experimental work using the autoclave was halted, as we reached the goal of

synthesizing PtRhix using the heat-up method.

The heat-up method using a reflux was developed to produce solid solution PtiRhi
nanoparticles in ethylene glycol using polyvinylpyrrolidone (PVP) as a surfactant, despite
differences in the relative kinetics of Pt(acac), and Rh(acac)s precursors. A novel step was
introduced to account for the different reaction kinetics of the two metal precursors. For this
system, the kinetics of Rh(acac); was faster than that of Pt(acac),, but we identified a reaction
window where both precursors were reacting at the same time. By halting the synthesis before
the Rh(acac)s was depleted, it was demonstrated that solid solution PtyRh;_x nanoparticles with
homogeneous element distribution could be synthesized for 0 < x < 1. The result was verified
by energy-dispersive X-ray spectroscopy (EDS) elemental mapping, and the unit cell
dimensions were extracted from powder X-ray diffraction data. The stoichiometry of the
nanoparticles was verified by EDS, inductively coupled plasma - optical emission spectrometry

(ICP-OES) and Vegard's law considerations based on the nanoparticles' unit cell dimensions.

Procedures to obtain well-defined catalysts of Pt/Al,O3; and PtosRhos/Al2O3 with a targeted
metal loading of 0.5 weight % were developed using the concept of depositing as-synthesized
nanoparticles directly onto the AlOs support. Pt and solid solution Pto.sRho.s nanoparticles were
first synthesized by the heat-up method using a reflux. In order to ensure good dispersion of the

nanoparticles on the oxide material, a series of trial and error experiments were carried out
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varying the sonication method and the solvent used during the deposition step. Additionally,
the role of surfactant concentration during the nanoparticle synthesis step was investigated.
Scanning electron microscopy (SEM) imaging in low angle backscattered electron mode was
used to document that highly dispersed Pt and PtosoRhoso nanoparticles on Al,Os is only
achievable when using a higher surfactant concentration than previously reported (338 mM
versus 1 to 250 mM). The metal loading was tested by ICP-OES and we found that the metal
loading was 0.56 weight % for the Pt nanoparticles and 0.61 weight % for the solid solution

Pto.sRho.s nanoparticles.

The thermal stability of the solid solution PtyRhi_x nanoparticles, where x ranged from 0.40 +
0.03 to 0.52 + 0.03, was explored using in situ STEM in ultra-high vacuum (UHV) in the
temperature range from room temperature to 600 °C. Nanoparticles in the size range of 5.7 to
14 nm were measured. For the experiment, EDS maps and high-angle annular dark field images
of the nanoparticles were obtained at room temperature, at 300 and 600 °C, and at room
temperature again after exposure to heat (in total, 300 °C for one hour and 600 °C for 4.5 hours).
Data analysis was carried out in a manner that excluded beam damage. The results demonstrated
that the as-synthesized PtxRhix nanoparticles were in solid solution before heating, during the
in situ STEM measurements, and after the in situ STEM measurements. The results indicate
that the solid solution configuration was not altered by exposure to 300 °C for one hour and
600 °C for 4.5 hours in UHV, indicating that a solid solution can be the stable configuration in
the studied temperature interval at UHV. However, the potential influence of the surfactant on

the stability of the nanoparticles was not accounted for, and requires further investigations.
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Abbreviations

ccp: Cubic close-packed
CIF: Crystallographic information files
EDS: Energy-dispersive X-ray spectroscopy

HAADF: High-angle annular dark-field

ICP-MS: Inductively coupled plasma - mass spectroscopy

ICP-OES: Inductively coupled plasma - optical emission spectrometry

NP: Nanoparticle

OAm: Oleylamine

PVP: Polyvinylpyrrolidone

PXRD: Powder X-ray diffraction

SE: Secondary electron

SEM: Scanning electron microscopy

STEM: Scanning transmission electron microscopy
TOP: Trioctylphosphine

UHV: Ultra-high vacuum

UV-VIS: Ultraviolet—visible spectroscopy

XPS: X-ray photoelectron spectroscopy
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1 Introduction

1.1 Background

At least 60 % of commercialized chemicals are currently made using catalysts, and about 90 % of
chemical processes involve catalysis!. Industries are motivated to produce catalysts that use less
energy and have a higher selectivity for the desired product. Catalyst development involves the
synthesis, characterization, and investigation of model materials. The knowledge developed
through the systematic fundamental studies of model catalysts is translated into optimized
industrial catalysts. The model materials must be well defined regarding particle size, shape, and
composition. In addition, their performance and reaction mechanisms should preferably be

investigated using tools that facilitate studies under realistic process conditions.

1.2 Nanomaterials

From the stone— to the silicon age, functional materials have defined the epochs in human history.
Today, nanotechnology is steadily becoming omnipresent in our lives. Nanomaterials are present
in different sectors, from medicine, computing, data storage, catalysis, and energy harvesting to

sunscreen and cosmetics?. Perhaps we could now be in the dawn of the "nano—era"?.

Nanoscale materials are generally defined as materials between one to 100 nm in at least one
dimension. For perspective, 1 nm equals 10~ m, and the diameter of hydrogen- and gold atoms
are 25- and 160 A, respectively®. In addition, nanomaterials are classified according to their
dimensionality. Nanoparticles are zero-dimensional (0D), nanorods and nanowires are one-
dimensional (1D), and thin films are two-dimensional (2D) nanomaterials. Finally, bulk materials

are three-dimensional (3D).

Nanomaterials possess unique physical and chemical characteristics when compared to their bulk
counterpart. For example, nanomaterials have a lower melting point when compared to bulk.
Atoms at the surface of materials are less coordinated when compared to the sub-surface atoms.
When the particle becomes smaller, the percentage of atoms on the surface increase. For that
reason, nanoparticles have lower cohesive energy and thus require less thermal energy to undergo
surface-induced melting*. Gold, for example, has a bulk melting point of 1064 °C, but gold

nanoparticles in the range of 3 to 4 nm melt at room temperature’ (Figure 1.1).
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Figure 1.1: The nano-effect on the melting point of Au. A) Melting point of Au nanoparticles as a function
of the nanoparticle diameter; B) Melting point of Au nanoparticles as a function of the surface-to-bulk ratio.

Figure adapted from Rogers®.

Another size-dependent effect is the transition from ferri- and ferromagnetism to
superparamagnetism. Superparamagnetism arises when the nanoparticle becomes smaller than the
ferri— or ferro domain. When that happens, each nanoparticle has a single magnetic domain. The
effect usually arises in nanoparticles smaller than 3-50 nm, depending on the material. The
consequence of superparamagnetism is the loss of the hysteresis loop observed in magnetization
measurements as a function of the application of an external magnetic field (Figure 1.2).
Superparamagnetic nanoparticles are of technological relevance within biomedicine’ and data

storage®.

e !
Single domain Multidomain
- .

*® ™ = [

| /]
Super- I/ ] H
raramagncuq' Fcn’o;agnetic j

region [ region - A
|

\d

2-10 nm Particle Size

Figure 1.2: The effects of superparamagnetism. Left: Residual magnetism (Hc) as a function of particle
size; Right: Hysteresis loop during magnetization (M) as function of the external magnetic field (H). Figure

adapted from Kim”,
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The bandgap of semiconductor nanomaterials can be tuned by adjusting the nanoparticle size. In
single atoms, electrons are present in atomic orbitals. The atomic orbitals combine into molecular
orbitals with discrete energy levels in molecules. In larger atomic clusters to nanoparticles, the
discrete energy levels start to overlap until they are finally characterized as a continuous energy
level in bulk materials (Figure 1.3). Consequently, the bandgap of semiconductor nanomaterials
can be tuned by controlling the size, where smaller nanomaterials have a larger bandgap. Optical
effects, such as light emission, are also observed when the energy levels are discrete at the rim of
the valence- and conduction bands (quantum dots). Bandgap tuning is widely used in industrial

activities where semiconductors are central, such as electronics and optics.

Bulk Band Quantum
Structure Dots

Conduction
Band

Band
Gap

Energy

Valence
Band

Decreasing Size

Figure 1.3: Nanoparticle size as a function of the bandgap of a semiconductor. Note that the energy levels
in both the valence- and conduction band become discrete (in the figure called Quantum Dots. Figure

adapted from Sigma Aldrich'’.

Nanomaterials have a larger surface area when compared to bulk. As particles become small, a

higher fraction of atoms per mass of material is on the surface (Figure 1.4). The increase in surface
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area is especially beneficial for catalysis, as heterogeneously catalyzed reactions happen on the

surface of the materialll.
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Figure 1.4: Surface area atoms percentage of cuboctahedra platinum nanoparticles versus nanoparticle size.

Figure adapted from Xiong'?.

1.3 Catalytic oxidation of NH3

The products of the oxidation of ammonia could be either N>, NO, or N>O and H>O (Equations
1.1, 1.2, and 1.3).

4NH;(g) + 50,(g) = 4NO(g) + 6H,0(g) (1.1)
4NH;(g) + 40,(g) = 2N,0(g) + 6H,0(g) (1.2)
4NH;(g) + 302(g) = 2N,(g) + 6H,0(g) (1.3)

Ammonia oxidation is crucial for producing artificial fertilizers and for environmental

applications. High selectivity toward NO formation (Equation 1.1) is vital for fertilizer production.
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This is achievable over Pt-Rh wires woven into nets acting as catalysts operated at typically 900
°C and 2-13 bar of pressure, using 65/35 ratio of 0,/NH;'3. The NO is subsequently oxidized to
NO,, followed by a reaction with water to form HNOs!4.

For NO, abatement applications, intermediate-temperature oxidation of ammonia is essential in
order to obtain N> as the main product (Equation 1.2). Here, unreacted ammonia from the selective
catalytic reduction (SCR) unit, which uses NH3 to reduce NOy to Ny, is selectively oxidized to N»
(Equation 1.3). This reaction is frequently referred to as the ammonia "slip" oxidation and is
usually done at the 99/1 ratio of 0O,/NH;. The temperature range for this procedure is 200-500
°C. In addition, Pt-Rh nanoparticles supported on oxides have shown to be promising as catalysts
for this reaction!. The formation of N>O (Equation 1.2) is undesired for both the described

applications.

1.4 Background information on solid solution PtyRh;—x nanoparticle systems

The literature search for previous work on PtyRhi_x nanoparticles is limited to the synthesis using
the polyol synthesis method (Methods and Theory 2.4.1), which relies on using a polyalcohol
acting both as the solvent and reducing agent. In addition, we restrict the survey to synthesis that
used polyvinylpyrrolidone (PVP) as a surfactant. Table 1.1 presents relevant previous publications
on the synthesis of PtxRhix nanoparticles and Figure 1.5 shows nanoparticles from the syntheses
reported in Table 1.1. Syntheses of monometallic Rh nanoparticles are not reported as their

preparation was not attempted in this Master's thesis.
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Table 1.1: Summary of results from previous works to synthesize Pt and solid solution Pt;Rh;_x nanoparticles using the polyol route and PVP as
surfactant. An image from the nanoparticles produced by each group reported in Table 1.1 was selected and shown in Figure 1.5. PVP,
polyvinylpyrrolidone; NP, nanoparticle; UV-VIS, ultraviolet—visible spectroscopy; TEM, transmission electron microscopy; PXRD, powder X-ray
diffraction; XPS, X-ray photoelectron spectroscopy; EDS, energy-dispersive X-ray spectroscopy; ICP-MS, inductively coupled plasma - mass

spectroscopy; STEM, scanning transmission electron microscopy.

Mol ti i i
Precursors + | PtRhi_ Z(Pt + Rh) ¢ ;Ir/;a 10 Synthesis Synthf:s1s NP size Characterization
Reference Solvent <= [ ] Temperature | duration (nm) method
(mM) [Metal] (°C) (hours)
0.1 10/1 190 2 3.2
0.3 10/1 190 2 4.6
0.6 10/1 190 2 5.7
: 1.2 10/1 190 2 6.1
Hei et al.'®
(2012) H>PtCls 2:4 1071 190 2 64 UV-VIS
1 4.8 10/1 190 2 4.1
Ethylene glycol TEM
Figure 1.5 A 0.1 5/1 190 2 ~4.9
’ 0.1 10/1 190 2 ~4.8
0.1 15/1 190 2 ~5.0
0.1 20/1 190 2 ~15
0.1 40/1 190 2 ~25
17
LOI(’ZgOeltl‘;l' LP(C] 0.17 t0 0.5 UV-VIS
20 1 41.6 6/1 160 (10- 30 ~8 PXRD
Ethylene glycol min) TEM
Figure 1.5B
Papa et al.'®
TEM
(2011 HoPiCle 1 38 10/1 120 1 4.9 XPS
Ethylene glycol PXRD
Figure 1.5 C
Han et al."’
(2008)
H2PUCle I I 9/1 180 I 3.6 TEM
Figure 1.5 D Ethylene glycol
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Table 1.1 (Continuation): Summary of results from previous works to synthesize Pt and solid solution PtyRh;_« nanoparticles using the polyol route

and PVP as surfactant. An image from the nanoparticles produced by each group reported in Table 1.1 was selected and shown in Figure 1.5. PVP,

polyvinylpyrrolidone; NP, nanoparticle; UV-VIS, ultraviolet—visible spectroscopy; TEM, transmission electron microscopy; PXRD, powder X-ray

diffraction; XPS, X-ray photoelectron spectroscopy; EDS, energy-dispersive X-ray spectroscopy; ICP-MS, inductively coupled plasma - mass

spectroscopy; STEM, scanning transmission electron microscopy.

Song et al.*

TEM
(2005) HoPiCle 1 13 12/1 197 0.083 9.4+ 0.6 UV-VIS
Ethylene glycol (5 min)
. PXRD
Figure 1.5 E
Herricks et
al*' (2004) H>PtCls not
Ethylene glycol 1 10 2.6/1 160 specificd | 350 TEM
Figure 1.5 F
Koebel et 13 3.12+0.54
al?* (2008) H,PtCl 2.7 0.25 4.65 + 0.66
Ethylene glycol ! 53 o 120 (15 min) | 6.05+0.69 TEM
Figure 1.5 G 7.9 7.81+1.19
Safo et al.
(2019) 2.6 3/1 ~8.0
- 1;1;12016 ol 2.6 6/1 Not specified | ](5)'5151.”) 7.7 TEM
Figure 1.5 H ylene g1y 2.6 12/1 ~7.5
1 5 215 1 92+2.4
Park et al.?* Pi(acac) 0.8 2.5 220 1 93+12
(2008) Rh(ac ac )2 0.6 1.25 Lo/l 225 1 8.1+0.8 TEM
bt |05 1.25 225 1 8.5+0.9 XPS
Figure 1.51 | 7 ootanedio 0.4 1.25 225 2 92+1.1
0.2 1.25 225 1.5 9.5+ 1.8
Alayoglu et
al.?® (2008) Pt(acac), XPS
Rh(CO).Cl, 0.5 10 2.5/1 170 2 4.9 .
EDS line—scan
Ethylene glycol

Figure 1.5J
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Table 1.1 (Continuation): Summary of results from previous works to synthesize Pt and solid solution PtyRh;_« nanoparticles using the polyol route

and PVP as surfactant. An image from the nanoparticles produced by each group reported in Table 1.1 was selected and shown in Figure 1.5. PVP,

polyvinylpyrrolidone; NP, nanoparticle; UV-VIS, ultraviolet—visible spectroscopy; TEM, transmission electron microscopy; PXRD, powder X-ray

diffraction; XPS, X-ray photoelectron spectroscopy; EDS, energy-dispersive X-ray spectroscopy; ICP-MS, inductively coupled plasma - mass

spectroscopy; STEM, scanning transmission electron microscopy.

H,PtCle

Musselwhite Pi(acac) 1 10 230 1 6.5
et al®® (2013) Rh(acac)z 0.9 10 55/l 230 1 6.5 XPS
Tricth lerie 0.8 10 ' 230 1 6.5 EDS map
Figure 1.5 K Y 0.8 10 230 1 2.5
glycol
Park et al.’’ 0.5 0.625 220 2 6.8 +0.6
(2011) Il;tl(éczc))z 0.5 1.25 ot 220 2 57407 g
bt |05 5 220 2 85+ 1.1
Figure 1.5L | 7 outanedio 0.5 10 220 2 11.0+1.7
1 10 220 05t03 | 9.1to16.7
Mur® 2015) | Pt(acac)s 1 10 190 to 230 2 9.1t015.8 STEM
0.2 10 220 2 6.0+ 1.4
Rh(acac); 10/1 PXRD
Figure 1.5 M | 14-butanediol | O 10 220 05t3 | 60t074 ICP-MS
gure L. ’ 0.5 10 190 to 230 2 6.3t0 7.4
0.8 10 220 2 74+15
: 29
Bun((;l(l) le ;)a L Pt(acac)» 02t PXRD
Rh(acac)s ; 50 10 10/1 190 to 230 1to5 ~7 STEM
Figure 1.5 N 1,4-butanediol EDS
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Figure 1.5: Selected images from the nanoparticles produced by each group are reported in Table 1.1. A) Pt nanoparticles from Hei et al.', B) Pt

nanoparticles from Long et al.'’, C) Pt nanoparticles from Papa et al."® (2011), D) Pt nanoparticles from Han et al.'’, E) Pt nanoparticles from Song

1.20 1.22

et al.”’, F) Pt nanoparticles from Herricks et al.”', G) Pt nanoparticles from Koebel et al.*?, H) Pt nanoparticles from Safo et al.”*, I) Pt nanoparticles
from Park et al.**, J) Solid solution PtosRho s nanoparticles from Alayoglu et al.>, K) Solid solution PtosoRho 0 nanoparticles from Musselwhite et

al.?®, L) Solid solution PtosRho s from Park et al.?”, M) Pt nanoparticles from Muri*®*, N) Solid solution Pty sRhos nanoparticles from Bundli et al.*’
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The bulk Pt-Rh system

The end members in the Pt—Rh system, Pt and Rh, when in bulk, pack their atoms in cubic close
packing (ccp) crystal structures described in space group Fm-3m?°. In addition, according to
the binary Pt-Rh phase diagram (Figure 1.6), all compositions of PtyRhi x, where 0 <x < 1,
form a solid solution at temperatures above 760 °C. Table 1.2 reports previously measured a-
axis values for Pt, Rh, and Pt sRho 5 in bulk. Furthermore, the phase diagram predicts that below
760 °C, phase separation occurs, giving a Pt- and an Rh-rich phase, both crystallizing in a ccp

crystal structure.

On the other hand, the phase diagram for nanomaterials diverges from the bulk3!. In small
nanoparticles, the surface area dominates the total Gibbs energy of the system, resulting in a
shift in the solubility lines present in the bulk phase diagram?!. For example, nanoparticles in
the solid solution configuration of immiscible Pd and Ru*?, Ag and Rh*}, Au and Ru**, and Cu

and Ru*® have been previously synthesized.
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Figure 1.6: Binary phase diagram for the Pt—Rh system in bulk. Figure adapted from ASM

International®.
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Table 1.2: Reported a-axis values for Pt, Rh, and Pty sRho s in bulk.

Reference Pt (A) PtosRhos (A) Rh (A)

Nuding et al.* (1997) 3.8033
Arblaster *7 (1997) 3.8034 + 0.0002
Raub™® (1959) 3.858
Raub et al.” (1964) 3.864

Arblaster (1997)40 3.9236 + 0.0006
Gibaud et al.*! (2009) 3.9276

PtiRhi-x nanoparticles

Although the bulk phase diagram predicts phase segregation of Pt and Rh, nanoparticles having
the solid solution configuration have been obtained using the polyol method?*-22. On the other
hand, much of the early works report the atomic composition obtained from X-ray
photoelectron spectroscopy (XPS), giving thus little to no information on atomic distribution
within the nanoparticles. Energy-dispersive X-ray spectroscopy (EDS) line scans or EDS maps
are usually used to report the atomic distribution of bimetallic nanoparticles. Based on an EDS

line scan, Alayoglu et al.®

reported synthesizing solid solution PtosRho s nanoparticles (Figure
1.7 A). Bundli et al.?® used an EDS map to show that a thin shell of Pt forms on the solid
solution (PtosRhos) nanoparticles synthesized using the co-reduction route (Figure 1.7 B).
Musselwhite et al.2% reported a synthesis method that produced a solid solution Pt-Rh core with
an Rh enriched shell. For an overview of previously established PtiRhix solid solution

syntheses, see Table 1.1. Table 1.3 reports nanoscale a-axis values for Pt, Rh, and PtosRhos.

Table 1.3: Reported a-axis values for Pt, Rh, and Pty s0Rh¢ 5o on the nanoscale.

Reference Pt (A) Pto.so0Rho.s0 (A) Rh (A)
Kalyva et al.** (2017) 3.9171 £ 0.0001 3.8351 +0.0001
Song et al.** (2018) 3.8094 to 3.8133
Salgado et al.*® (2008) | 3.91211 to 3.92185
Muri?® (2015) 3.918 + 0.005 3.811 £ 0.005
Bundli et al.?’ (2019) 3.852 to 3.864!

! Variation due different synthesis parameters.
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Figure 1.7: Previously synthesized Pt;Rh;_x nanoparticles containing a solid solution Pt,Rh;« core and
a Pt enriched shell. A) EDS line—scan (right) of nanoparticle in bright-field image, images taken
from Alayoglu*’; B) EDS map of nanoparticle (right) with local composition from line-scan (left).

Images taken from Bundli®.
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1.5 In situ TEM experiment in monometallic Pt nanoparticles

To our knowledge, no previous in situ TEM/STEM measurements have been done in the
PtiRhi_« systems. However, a few in situ experiments in a vacuum were done. For example,
Wang et al.*® studied the shape transformation and surface melting of Pt nanoparticles as a

function of temperature, and Yu et al. the thermal wetting of Pt nanocrystals on SiO; surfaces.

Wang et al.*® used a colloidal synthesis to prepare Pt nanoparticles that averaged 8 nm in
diameter. They used the polymer polyacrylate as a surfactant. After the synthesis, they
deposited their sample in an amorphous carbon film supported by a copper grid for the in situ
TEM experiments. Afterward, they obtained TEM images of the nanoparticles at temperatures
ranging from 25 °C to 660 °C (Figure 1.8). They found that the surfactant was removed when
the specimen was at a temperature between 180 — 250 °C in a vacuum (Figure 1.8 A to C) and
that the particle shape does not change when the temperature is lower than 350 °C (Figure 1.8
A to D), that truncation starts to occur at temperatures between 350- to 450 °C (Figure 1.8 E),
and that the nanoparticles adopt a spherical-like shape at temperatures higher than 500 °C
(Figure 1.8 F to H).

b: =180 °C ! b d:T=330 °C

5% iatd
[
—_——

g:T=610 'C : h: T=660 °C

Figure 1.8: In situ TEM experiment using Pt nanoparticles. /n situ TEM image at A) 25 °C, B) 180 °C,
C) 270 °C, D) 330 °C, E) 405 °C, F) 545 °C, G) 610 °C, and H) 660 °C showing evaporation of the
surfactant (the nanoparticle indicated with a black arrow is magnified on images A and C), coalescing

and microscopic melting of an agglomeration of Pt nanoparticles. Images modified from Wang*’.

Yu et al.*" used a colloidal synthesis to prepare Pt nanoparticles that averaged 9 nm in diameter.
After the synthesis, they deposited their sample in a copper grid with amorphous SiO> film.
They obtained in situ TEM images from temperatures ranging from 25- to 800 °C. Wetting was

measured by the nanoparticle's area change as a function of the temperature the image was
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obtained. They reported that Pt nanoparticles wet on the SiO; film at temperatures above 500
°C (Figure 1.9). The wetting occurs due to negative interface energy between Pt and SiO> that

favors the diffusion of Pt onto the SiO»'s surface.
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Figure 1.9: In situ TEM images of Pt nanoparticles recorded during the heating process. A) Mixed
tetrahedral and cubic nanoparticles; B) Cuboctahedral nanoparticles; C) Area in nm” as a function of
temperature in °C of sample (4) represented by squares and sample (B) represented by circles. Images

modified from Yu®’.

1.6 Ex situ TEM experiment in bimetallic Pt:Rh;_x solid solution nanoparticles

A few ex situ TEM experiments were done to study the stability of monometallic Pt*4°
and bimetallic Pt-Rh solid solution nanoparticles®®. The nanoparticles were synthesized and
deposited on a barium hexa-aluminate (BHA) support. The thermal stability of the nanoparticles
was tested by calcination in air at temperatures up to 850 °C using a furnace. The as-synthesized
and the calcinated samples were characterized by TEM, and the chemical composition was
investigated by EDS on single nanoparticles. The critical findings in those experiments were
that monometallic nanoparticles are unstable at 600 °C and sinter into larger structures*-°, but
solid solution Pty 2sRho 75 nanoparticles are stable at temperatures up to 600 °C° (Figure 1.10
A). In addition, at temperatures higher than 600 °C, Pt bleeds out of the solid solution
Pto.75Rho.2s nanoparticles®®. Consequently, monometallic Pt nanoparticles form on the BHA
support (Figure 1.10 B to G), and the stoichiometry of the Pto75Rho2s5 solid solution
nanoparticles changes to ~Pto.s7Rho 33 (Figure 1.10 H and I).

24



Coums s

Energy (keV)

2- 3 4 5 & 72
Energy (eaV)

323+029 217+0.26

Frequency (%)
-
0]
5
Frequency (%)
—y N N w
w o w o

3

wn

<25 25-2929-3131-3333-3535-37 37-4 >4 <16 16-19 19-21 21-23 23-25 25-27 >27
Pt/Rh (atomic ratio) Pt/Rh (atomic ratio)

Figure 1.10: Ex situ experiment measuring the stability of bimetallic Pt—Rh solid solution nanoparticles.
Pto.7sRho.25 calcined at A) 600 °C (EDS pattern on the inset), B) 700 °C; C) HRTEM image showing an
enlarged view of the two representative small and large particles indicated by the white circle in B); D)
The FFT pattern and E) EDS spectrum for the smaller particle; F) The FFT pattern and G) EDS spectrum
for the larger particle; The composition distribution after calcination at H) 600 °C and I) 700 °C of at

least 150 nanoparticles. Images modified from Cao’.
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1.7 Background information on in—situ TEM in bimetallic systems

Since no previous in situ TEM measurements have been done in the PtyRh;x systems, some

selected studies on other bimetallic systems are presented.

Xing et al>' studied the thermodynamic stability of Ag@NiPx core-shell nanoparticles by
heating experiments in UHV (Ultra-high vacuum) facilitated by in situ STEM. They obtained
high-angle annular dark-field (HAADF) images (Figure 1.11 — top row) and EDS maps (Figure
1.11 — bottom row) of the as-synthesized nanoparticles before heating and in situ at
temperatures up to 500 °C. They found that the Ag@NiPx core-shell nanoparticles are not stable
upon thermal treatment. Figure 1.11 shows that Ag migrates from the core to the surface when
heated to 250 °C, forming thus a subclustered segregated nanoparticle (Methods and Theory
2.5 — Figure 2.10). The new structure is stable to up to 450 °C, but when the temperature is
increased to 500 °C, Ag sublimates, leaving behind pure Ni;2Ps nanoparticles (Figure 1.11).

Amorphous NiP, Crystalline NiPx'
K

2 nm

3
o-‘.

5 nm

Time + Temperature

Figure 1.11: In situ STEM measurements of the effects of time and temperature on Ag@NiPx

core-shell nanoparticles. HAADF images on the top, EDS map images on the bottom. The first
image depicts the sample at room temperature; The following image depicts the sample in situ
at 250 °C; The last image depicts the sample in situ at 500 °C; Images taken from Huang>!. The
EDS signal for Ag is shown in red, Ni in green, and P in blue.
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Bonifacio ef al.>? studied the thermodynamic stability of Ni@Co core-shell nanoparticles by
heating experiments in UHV facilitated by in situ STEM. In their experiment, they measured
the nanoparticles' atomic distribution using EDS maps as-synthesized at room temperature and
then in situ at temperatures up to 600 °C. They found that Ni@Co core-shell nanoparticles are
stable at temperatures below 440 °C (Figure 1.12 A, B, and C). At temperatures above 440 °C,

the surface oxide is removed, and nickel starts to segregate from the core to the shell (Figure

1.12 D and E). When heated to 600 °C, the nanoparticle transforms into a solid solution (Figure
1.12 F).
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Figure 1.12: In situ STEM measurements of the effects of time and temperature on Ni@Co. A)
EDS map series recorded at room temperature and B) in situ at 280 °C, C) 320 °C, D) 440 °C,
E) 550 °C, F) 600 °C. A line scan was extracted from the marked particle and is shown to the
right of the EDS map. The EDS signal for Ni is shown in green, Co in red. Images taken from

Bonifacio’2
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1.8 Motivation

Within the NAFUMA research group, we have for several decades been working on developing
synthesis strategies and characterization protocols for producing well-defined model materials.
The model materials, with respect to morphology and shape, include surfaces, thin films,
nanoparticles, powders, as well as wires woven into nets with a diameter of ~ 100 - 200 pm.
The materials are often developed with the purpose of undertaking systematic single parameters
studies of various functional properties, including catalyst performance evaluations. With
respect to characterization and property studies, the NAFUMA research group is moving in the
direction of analyzing the functional properties at pressure, temperature, and gas atmosphere
conditions that are relevant for the functional property in question; for instance, through in situ
studies. When characterizing dynamic structural changes in realistic conditions, while
simultaneously measuring the performance of the material, we frequently use the term

operando.

The motivation behind this master's thesis is to improve our understanding of Pt-Rh metallic
nanoparticles. Our purpose is to utilize them in the production of supported model catalysts in
ammonia oxidation for NOx abatement (“NHj3 slip”). Ammonia oxidation for NHj slip, can
selectively handle oxidation of ppm levels of ammonia into N> at ambient pressure in the

temperature interval of 200-500 °C.

Therefore, a key goal of this master's thesis was to develop colloidal synthesis routes that can
provide well-defined PtiRh;-x nanoparticles, where parameters such as nanoparticle size,
elemental composition and element distribution is controlled, as these parameters are important
for designing well performing catalysts. The obtained nanoparticles were therefore
characterized with respect to phase content, particle size and, in particular, how the Pt-Rh

elements are distributed within the nanoparticles.

The second part the thesis focused on converting the as-synthesized Pt-Rh nanoparticles into
supported catalysts; metal-on-support catalysts. A key element of this work was to ensure that
the as-synthesized nanoparticles were successfully deposited onto the support material (Al2O3),

resulting in a catalyst with well dispersed Pt-Rh nanoparticles on Al>Os.

The third part of this thesis was dedicated to introductory in situ TEM experiments to unravel

information on whether the bimetallic PtRh;x nanoparticles were stable as a solid solution, or
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rather in a variant where the two elements were segregated. Effort was put into evaluations on

how to avoid beam damage due to electron dosing during the imaging.

For this thesis we used various techniques, such as autoclaves and Schlenk-lines for
nanoparticle synthesis, as well as furnace systems, in the preparation of the model catalysts.
Powder X-ray diffraction (PXRD) was used for phase identification and refinement of unit cell
dimensions of solid solution PtyRh;x nanoparticles. Scanning electron microscopy (SEM) was
used for nanoparticle size measurements and for evaluating whether the sample was suitable
for further analysis. Finally, TEM was used for analysis of particle size distributions, elemental

mapping of individual nanoparticles, as well as for the in situ variable temperature experiments.
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2 Methods and Theory

2.1 Preparation and mechanisms for the formation of nanoparticles

Nanoparticles can be prepared by the top-down and bottom-up approaches (Figure 2.1). In the

top-down methods, external forces break down bulk materials into smaller pieces by applying

mechanical force, chemical procedures, or by using other energy sources. The bottom-up

approach assembles individual building blocks, often the atoms, into more complex entities.

This work focuses on the bottom-up approach, using solution-phase chemical synthesis, as it

allows for control of morphology, atomic arrangement, and chemical composition. It can also

be optimized to produce nanoparticles with narrow size distribution'2.

o)
(oYore) H3C CHs
028 8o =0 0=
005000 HC  Rt2 CH-
080200 )=0 0=
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0500 HaC CHg
Bulk Crushing into smaller pieces Nanoparticles Nuclei Metal atoms Precursors
Top-down Bottom-up

Figure 2.1: Nanoparticle preparation approaches. Figure modified from Jia™.

The synthesis using the solution-phase chemical approach for monodispersed nanoparticles

requires command of the nucleation and growth steps. This subchapter discusses the theory

behind nucleation and growth in heterogeneous systems.
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2.1.1 Nucleation

Nucleation is the initial process in the formation of a crystal and it can occur in liquid, solid, or
gas phases. The nuclei consist of a few atoms, ions, or molecules of the growth species. This

master's thesis focuses on the nucleation of solid material from a liquid phase.

There are two types of nucleation processes: heterogeneous and homogeneous. Heterogeneous
nucleation occurs at a nucleation site on a solid interface. Homogeneous nucleation requires the
system to be in a supercritical state - such as supersaturation'?, leading to the spontaneous

formation of this foreign phase.

Homogeneous nucleation

According to thermodynamic considerations, the driving force for nucleation is the reduction
in Gibbs free energy from the solvated material to the material in a solid phase (Equation 2.1).
Equation 2.1 expresses the total free energy change (A &) as the sum of the free energy for the
formation of a new volume (A &) and the free energy for the formation of a new surface (y),

where r corresponds to the cluster radius.

AG = —Zmr3AG, + 4mrly 2.1)

Figure 2.2 shows a plot of the total free energy (A &) versus the cluster radius from Equation
2.1. The surface energy of Equation 2.1 is always a positive function of the radius squared,
while the bulk free energy is always a negative function of the radius cubed. The critical radius
(7¢) 1s the minimal size required for a cluster to be thermodynamically stable, which means that
for small clusters (» <r.), the cluster is likely to dissolve again. On the other hand, when > r..,
a nucleus forms and starts to grow. The sum of the volume and surface total free energy at the

critical radius provides the activation energy for nucleation (A &").
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Figure 2.2: Total free energy (AG) as a function of cluster radius. Figure modified from Polte™.

The rate of nucleation (J; Equation 2.2) is the quantification of how many nuclei (V) form per
unit volume and time (¢) is essential when considering the nucleation event®*. In Equation 2.2,
A 1is a pre-exponential factor that accounts for the collision frequency, y is the surface energy,
Vi is the molar volume of the nucleating material, K, is the Boltzmann constant, 7T is

temperature, and S is the degree of supersaturation.

312
Ji =d—N=Aexp (M (2.2)

dt 3k3T3(Ins)2

Heterogeneous nucleation

Heterogeneous nucleation is a process that occurs at specific nucleation sites on a solid interface
of a different material. The nucleation occurs at preferential sites of the surface of already
nucleated particles, air bubbles, the surface of the reactor, etc. This process lowers the activating
energy of the nucleation process. Heterogeneous nucleation is part of the nanoparticle growth
process. However, in the context of this work, it is only desired after burst nucleation occurs
(Methods and Theory 2.1.2 - The LaMer model). If heterogeneous nucleation occurs due to
impurities in the reactor, the result is uncontrolled nucleation that leads to the synthesis of

nanoparticles with a broad size distribution™.

32



2.1.2 The LaMer model

In 1950, LaMer et al. proposed the concept of the burst nucleation process (the formation of
many nuclei simultaneously, followed by growth with no generation of new nuclei)>®. Burst
nucleation allows the synthesis of nanoparticles of the same size and is usually referred to as

separating the nucleation and growth processes.

Figure 2.3 shows a LaMer plot where the three stages of nanoparticle formation are shown'%>4,

At the first stage, the concentration of monomer increases due to the decomposition of the
precursor in question, reaching the equilibrium concentration, Cs. At Cs, although possible,
homogeneous nucleation is not likely since the system needs to overcome the energy barrier for
nucleation A&". At the second stage, the solute concentration increases, reaching Cyin, the
minimum concentration required for precipitation. When Cyin is reached, A& is overcome, and
homogeneous nucleation occurs. The nucleation events cause the concentration of monomers
to decrease. When it is below Cj.in, no more homogeneous nucleation can occur, and the third
stage of nanoparticle growth process starts. The growth process continues until the solute

concentration reaches Cs, which is the concentration where the systems reach equilibrium.

Monomer Nucleation Growth
formation

Concentration of solute

-
¢
°a

Time

Figure 2.3: LaMer plot describing the monomer formation, nucleation, and growth stages of nanoparticle

synthesis. Figure modified from Polte™.
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2.1.3 Growth

The nanoparticle growth process in solution can be controlled by either diffusion or surface
processes. In diffusion-controlled processes, the monomers of the growth species are supplied
to the growth surface. In surface processes, the monomer forms by a chemical reaction on the
particle's surface. When only one nucleation event occurs, nanoparticles with narrow size
distribution form from diffusion-limited growth!?>>, The Reiss growth by diffusion model®’
predicts that in diffusional growth, small particles will grow faster than large particles. Small
nanoparticles grow faster than large ones because they have higher intrinsic surface activity and
lower coverage of ligand on the surface that affects the fraction and reactivity of the free surface
sites®®. The process leads to the narrowing of the size distribution of the system, called size

Sfocusing®*>>,

2.1.4 Ostwald ripening and coalescence

When the concentration of monomers in the solution approaches its equilibrium concentration
(Cs line from Figure 2.3), Ostwald ripening and coalescence can still lead to nanoparticle
growth (Figure 2.4). Oswald ripening happens when a solution has particles of different sizes,
where particle 1 >> particle 2. The smaller particle is less thermodynamic stable than the larger
one. Therefore, they dissolve. The dissolution of the smallest particles adds monomers to the
solution that gets deposited and stabilized onto the larger particle. In other words, the larger
particles grow at the expense of the smaller ones. The process only stops when the smaller

particles are entirely dissolved™.

Coalesce occurs when two particles meet, fuse, and form a larger particle. Here, a dynamic
exchange is not observed, as opposed to the Ostwald ripening®. The driving force behind the

process is a reduction in the surface area.
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Figure 2.4: Illustration of Ostwald ripening and coalescence processes of nanoparticle growth.

2.2 Nanoparticle stabilization in colloidal synthesis

Solution-phase synthesis of nanoparticles requires stabilizing agents, capping agents, or
surfactants. Uncoated nanoparticles have high surface energy when compared to their
corresponding bulk phase. When bare nanoparticles approach each other, van der Waals forces
or dipole-dipole interactions (in magnetic nanoparticles) may lead to reversible or irreversible
aggregation®*. The three types of nanoparticle stabilization in solution-phase synthesis are (i)

electrostatic, (ii) steric, and (iii) electrosteric stabilization.

(i) Electrostatic stabilization take place in aqueous systems where the nanoparticles may
become charged and hydrated. lons present in the solution get adsorbed to the particle's surface,
forming a charged layer while solvated counterions surround the particle. This phenomenon
gives rise to a charge-neutral electrical double layer with a higher repulsion force than the van
der Waals attractive force. Figure 2.5A shows a graphical representation of the interaction
potential energy of particles as a function their distance. The potential energy of the particles
(Figure 2.5A — solid line) is calculated by summing the van der Waals attractive forces and the
repulsive electrical forces (Figure 2.5A — dashed lines). The primary minimum corresponds to
the distance where the nanoparticles will undergo irreversible flocculation!2. The system will
not undergo irreversible flocculation unless the energy barrier is reached. At the secondary
minimum of the solid line in Figure 2.5A, the nanoparticles are in a reversible flocculated state!?.
Notably, the electrostatic stabilization is also a function of the concentration of ions in the

suspension and is only valid for diluted systems!?.
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(i1) Steric stabilization refers to the use of organic molecules or polymers (Figure 2.5B) to
compensate for the van der Waals attractive forces. These molecules have functional groups
that coordinate to the nanoparticle's surface. The functional group is bonded to a bulky carbon
chain that provides spatial isolation from nanoparticle to nanoparticle. Steric stabilization is
based on the entropic- and osmotic effects. The entropic effect is due to the reduction in entropy
of the molecule's chains in the interparticle region. When the particles are apart, the free energy
of the system decreases. The osmotic effect comes from the increase of the concentration of the
surfactant in the interparticle region'?®!, causing a flow of the dispersion medium from the areas
of low- to areas of high solute concentration. The process drives the nanoparticles away from
each other. In addition, the concentration of surfactant added is also a parameter for avoiding
aggregation of the nanoparticles®>%. The nanoparticles will aggregate through the bridging
flocculation process if the surfactant concentration is too low. If too much surfactant is used,
the nanoparticles could aggregate due to depletion flocculation®?%3, Steric stabilization is not

dependent on the concentration nor the presence of electrolytes in the solution®!.
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Figure 2.5: Nanoparticle stabilization in colloidal synthesis. A) Electrostatic and B) steric stabilization

of nanoparticles in solution-phase systems. Figure modified from Xiong'.
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2.3 The hot-injection-, heat-up by reflux-, and hydrothermal/solvothermal
synthesis methods

The hot-injection method (Figure 2.6A) exploits the burst nucleation concept. A concentrated
precursor solution gets injected into a pre-heated solvent containing a stabilizing agent. The
injection leads to supersaturation, thus to burst-nucleation. The stabilizing agent binds to the
nanoparticle surface, preventing agglomeration and controlling their growth. The nanoparticles
synthesized by hot-injection usually show a narrow size distribution (~ 10 % in diameter

variation for spherical nanoparticles)>%6465,

The heat-up method was developed as a scalable alternative to the hot-injection method. In the
heat-up method (Figure 2.6B), the precursors and stabilizing agents are dissolved and mixed at
a temperature where the reagents are stable. The reaction mixture is then heated to the
temperature where nucleation and growth occurs®#®. The mechanisms for the nucleation and

growth of nanoparticles are similar to that in the hot-injection method®.

In the hydrothermal and solvothermal methods, the reaction that produces the nanoparticles is
performed in a sealed container (Figure 2.6C). Therefore, the solvents can be heated to a
temperature above their boiling points, thus increasing to the autogenous pressure in the
container. This is exemplified for some commonly used solvents in Figure 2.7. The increase in
pressure can boost the solubility and reactivity of the precursors'?. In addition, the size of the
nanoparticles can be controlled by choice of solvent, pressure, reaction temperature, time,
heating rate, and amount of surfactant. When applying the hydrothermal/solvothermal methods,
one has to avoid overcoming the temperature- and pressure limit of the system. Furthermore,
the expansion coefficient of the solvent has to be considered in order to decide on the degree of
filling of the autoclave (Figure 2.8). If either the pressure limit is exceeded or the solvent
expands over the physical limits of the autoclave, the system could leak or even explode. In
syntheses where a rapid heating rate is critical, microwave-assisted solvothermal methods can
be used. When polar solvents are used with the aid of a microwave assistant reactor, the system
can be heated to the desired temperature in a shorter time®’. The solvothermal approach allows
the synthesis of different types of materials: metallic, metal-oxides, chalcogenides

nanoparticles, and nanostructures®s,
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Figure 2.6: Graphical representation of nanoparticle synthesis. A) The hot-injection method; B) The

heat-up method; C) The hydrothermal/solvothermal method. Figure modified from Jensen®.
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Figure 2.7: Graph showing the effect of pressure as a function of temperature for common solvents
used for nanoparticle synthesis. The graph was prepared using the Clausius-Clapeyron equation’® and

the AHy,p, was taken from Rumble™.
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Figure 2.8: Schematic drawing of the development of liquid and gas phases in the autoclave as a function
of temperature. At high temperature, the liquid phase reached the physical limit of the autoclave, causing

the system to leak.
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2.4 Synthesis using the solution-phase route for metallic nanoparticles

Metallic nanoparticles can be made through the solution phases by exploiting the chemical

reduction- or thermal decomposition methods.

Chemical reduction (Equation 2.3) is a traditional method for synthesizing metallic
nanoparticles. For chemical reduction to occur using the solution-phase method, at least four
essential components must be present in the solution; the solvent, the metal precursor, the
reducing agent, and the stabilizing agent. When chemical reduction is used, the size of the
nanoparticles can be controlled by the concentration of stabilizing agents, reduction agents, and

metal precursors, together with the solvent, reaction temperature, and time>?.

nM?* + 2ne~ + stabilizing agent - M° nanoparticle (2.3)

Thermal decomposition is also a method used in solution-phase routes for metallic
nanoparticles. It has similar prerequisites as the chemical reduction route, but a reducing agent
is not required. In this case, the metal is not oxidized but complexed by a chelating agent. The
nanoparticles are produced by the thermal decomposition of the chelating agent in a solution.
Thermal decomposition allows for mild reaction conditions, liberating free metal atoms in
solution”. The method produces nanoparticles with a narrow size distribution as the mild

reaction conditions facilitate control of the nucleation step.

The solvent: The solvent is the medium that facilitates the reaction in a chemical system.
Switching solvents, for example, could alter the solubility of the precursors and stabilizing
agents. That would alter the produced nanoparticle size and size distribution”®. Furthermore,
the concentration of precursors and stabilizing agents in the solvent may be used to tune the

size and morphology of the nanoparticles’.

The precursor: The precursor is a compound used to produce the nanoparticles through a

chemical reaction. In the context of metal nanoparticles, the precursor is the source of the metal
in question. There are different precursors of the same metal, and the choice of precursor affects
the system's reactivity. It is shown that precursors with relative intermediate reactivity give a

better yield and produce nanoparticles with a narrower size distribution®®.
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The reducing agent: The reducing agent donates electrons to the metal ion, leading to the

formation of metal atoms from which the metallic nanoparticles will form. In some syntheses,
reduction agents such as NaBH4, H», CO», amides, and amines are added to the solution. The
surfactant, the solvent, or a combination of the surfactant and the solvent, could act as a
reduction agent in other syntheses. Polyalcohols are examples of solvents that also act as a

reducing agent.

The stabilizing agent: The stabilizing agent is used to prevent aggregation of the metal

nanoparticles. Stabilizing agents are surfactants or polymers that deposit on the nanoparticles'
surface. They are molecules that contain at least one hydrophobic chain and one hydrophilic
group. The concentration, size of hydrophobic chain, type of hydrophilic group, and attachment

preferences to certain crystal planes can determine the particle size and morphology!2.

2.4.1 The polyol method

The polyol method is a synthesis method exploiting the chemical reduction route’”. The method
uses a polyalcohol, a molecule that contains at least two alcohol groups (-OH), as both solvent
and reducing agent (Figure 2.9). First, the polyol dissolves one or more metal precursors, then
the polyol acts as a reducing agent’®, transforming the ions from the precursor into metal. A
stabilizing agent is usually added to the solution to avoid aggregation and control the growth of
the nanoparticles. The polyol route is an extensively used approach for synthesizing
nanoparticles that vary in size and morphology’>. Their solubility is comparable to water for
many polar precursors. They can have relatively high boiling points, allowing for synthesis at

up to 320 °C using atmospheric pressure.

OH O
T :
+ 4H* + 4e

OH O

Figure 2.9: Example of an oxidation reaction of the polyalcohol 2,3-butanediol into 2,3-

butanedione.
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2.5 Bimetallic nanoparticles

Bimetallic nanoparticles are classified into mixed alloyed, core-shell segregated, and subcluster
segregated nanoparticles (Figure 2.10). Mixed alloy nanoparticles can be in solid solution or
intermetallic configurations; core-shell nanoparticles (A@B) have a core of one metal (A)
clustered by a shell of another (B). Subcluster segregated nanoparticles are made of A and B

subclusters that may share an interface.

Core-shell

Solid solution or Intermetallic
random alloy compound or
ordered alloy

Subcluster segregated

Figure 2.10: Main configuration of bimetallic nanoparticles. Figure modified from Ferrando’”.

In thermodynamically stable systems, six factors influence the degree of segregation or mixing

and atomic ordering in bimetallic nanoparticles’’:

i.  The relative strength of bonds: Mixing is observed when A-B bonds are stronger than
A-A and B-B. The element with the strongest homonuclear bonding in core-shells tends
to be at the core.

ii.  Surface energies of the metals: The metal with the lowest surface energy tends to
segregate to the nanoparticle's surface.
iii.  The relative atomic diameter: Smaller elements tend to segregate to the nanoparticle's

core€.
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iv.  Charge transfer: Electron transfer between the metals A and B favors elemental mixing
in the nanoparticle.

v.  Type of stabilizing ligand: The metal that makes the strongest bond to the functional
groups of the surfactant tends to be on the surface of the nanoparticle.

vi.  Magnetic or electronic effects: The electronic shell structure or electron spin
interactions stabilized nanoparticles with specific sizes, compositions, and mixing
patterns.

vii.  Certain systems are at a kinetically stable configuration upon synthesis, but once enough
energy is added to overcome the kinetic barrier, a phase transition occurs, leading to the

formation of the thermodynamically stable phase’!-%7879,

2.6 Solution phase co-reduction route for the synthesis of bimetallic
nanoparticles

Bimetallic nanoparticles can also be produced using the solution phase by exploiting the
chemical reduction or the thermal decomposition methods (Methods and Theory 2.4). However,
the presence of a second component increases the complexity of the synthesis. In bimetallic
nanoparticle synthesis, the relative reaction kinetics of the precursor is a critical parameter as it

dictates the final configuration of the nanoparticle®.

Co-reduction refers to the simultaneous or successive reduction of precursors that contain two
different metals®®®!. In this case, the redox potential of the metals determines the structure of
the nanoparticles. When there is a significant difference in redox potential, AE® > 0.20 V®2,
segregated nanoparticles form. When the difference is small, solid solution nanoparticles are

synthesized.

In conditions where there is a significant difference in reduction potentials between the metal
precursors, the slowest reacting metal will deposit on the surface of the faster-reacting metal.
Sub-cluster segregation occurs when the second metal favors deposition on a specific facet of

the first metal.

Variation of the molar ratio of the metal precursors is one strategy to synchronize the reduction
rates of metal ions with a significant gap in reduction potential®®3!, Reducing agents, film
flexibility, and surfactants also influence the nanoparticles' final configuration. A synthesis
expected to give an A@B core-shell configuration could make a B@A by using a surfactant

that binds strongly to the metal B.
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2.7 Metal-on-support catalyst preparation

Metal nanoparticles are usually supported on high surface area materials when used as catalysts.
There are several reasons for this. If not supported, the particles could sinter or be transported
away from the reactor in the gas stream during the catalytic process. Therefore, the catalyst has
two components: 1) the metallic nanoparticles, and 2) the support material. Materials such as
AL O3, TiO, SiO2, Nb2Os, and CeO, are commonly used as support due to their high surface
area relative to their weight®®. It is crucial to maximize the surface area of a catalyzer because

catalytic processes happen on the surface of the material.

2.7.1 Wet impregnation and direct colloidal deposition of nanoparticles onto a porous
support

Two common methods for deposition of nanoparticles onto support are the wet impregnation-
and the direct colloidal deposition methods®*. In the wet impregnation method (Figure 2.11A),
the support is submerged in a solution containing metal precursors for the nanoparticles. The
solvent is evaporated, leaving the precursor salt deposited within the pores of the support.
Finally, the support is calcinated in a reducing atmosphere, often containing H>%, reducing the
metal ions, thus forming nanoparticles. The metal loading can be adjusted by the amount of

support used for deposition.

In the direct colloidal deposition method, the support is submerged in the media where the
catalyst is suspended. The nanoparticles in the suspension get adsorbed into the support (Figure
2.11B). Colloidal deposition is a direct and easy method to employ. In addition, it allows for
the tailoring of the nanoparticle size and composition prior to support deposition. It allows
utilizing a wide range of supports — such as carbon- and oxide materials. Moreover, like in the
wet-impregnation method, the metal loading can be adjusted by the amount of support used for

the deposition.
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A) Wet impregnation method B) Direct deposition
Mesoporous material Mesoporous material

SEEgaRl

Metal precursors Suspension of nanoparticles

Figure 2.11: Common methods for deposition of nanoparticles onto support. A) Wet impregnation

method; B) Direct colloidal deposition method. Figure modified from Linares®.

2.7.2 Surfactant removal for catalyst activation by thermal oxidation or reduction
treatment processes

Catalytic processes take place on the surface of the materials. Some nanoparticle syntheses
involve the use of surfactants. Surfactants cover the nanoparticles' surface, which prevents the
reactants from reaching the catalysts' active sites during the catalytic process. Therefore, the

surfactant needs to be removed prior to application.

Most surfactants are either organic compounds or polymers. Thermal treatment under oxidation
conditions will, therefore, convert the surfactants into CO, and H,O%#8, In order to prevent
unwanted structural changes such as sintering of the metallic nanoparticles, the treatment
temperature must be chosen with caution?®. At the same time, coke may be generated if the
surfactant is not completely oxidized, which may have a negative effect on the system's catalytic

properties®. In addition, heat treatment under oxidative atmospheres may cause the metal
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nanoparticle to oxidize. To avoid oxidation of the nanoparticles, heat treatment under non-
oxidative conditions is commonly employed®. In addition, sequential oxidation-reduction

92,93

cycles®!, or the combination of oxidizing and reducing gases®>“?, are also effective strategies to

prevent oxidation of the nanoparticles.

2.8 Characterization methods

2.8.1 The scanning electron microscope

The SEM is an instrument that examines microscopic structures by scanning the surface of a
material with a focused electron beam. The SEM allows the detection of a range of different
signals. The electron beam is generated by an electron gun and focused by a series of
electromagnetic lenses (condenser- and objective lenses). In addition, the system employs
electromagnetic coils that are used to steer the probe over a line and then direct the probe to the

line that follows the scanned area. For a representation of the SEM column, see Figure 2.12A.

The electron beam forms the signals that create the image of the sample. Once the electron
beam hits the sample, the electrons interact with the sample within an interaction zone.
Consequently, various signals are created (Figure 2.12B). These signals can then be detected
by different detectors. This section introduces the detectors for secondary electrons (SE),

backscattered electrons (BSE), and transmitted electrons.

Electron gun Electron
) (| A) probe B
Specimen surface
1st Condenser ﬁ & 9
. l«—— Spray aperture —
pray ap et Secondary electrons
/ / Scan coils
2nd Condenser
~ 50-300 nm
7 Magnification Scan Backscattered electrons
control generator

Objective lens Final lens aperture 1

vara Display /
Detector Ampt—~{ | screen
o

vacuum ————— Transmitted electrons
‘ pumps

Characteristic X-rays

Specimen

7 l
T

Figure 2.12: The Scanning Electron Microscope (SEM). A) Representation of the internal structure of
the SEM; B) Interaction zone of electrons and signals created by the electron beam. Figure modified

from Leng”.
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Secondary electrons: An SE is generated by inelastic interaction events®® (Figure 2.13A). The

electrons used for imaging originate from within 5 to 50 nm below the sample surface. The
electrons can also be generated deeper in the sample, but because of their relatively low energy
(50 eV), they are absorbed by the sample and never reach the detector’®. Thus, SE imaging is

surface sensitive, reflecting the sample's topography.

Backscattered electrons: Backscattered electrons are generated by elastic interaction events

between the electron beam and the nuclei of the atoms in the specimen® (Figure 2.13B). They
possess relatively high energy, keeping ~ 60-80 % of the incoming energy from the electron
beam. The backscattered electrons come from a depth of 50 to 300 nm. The backscattered
electron detector is especially useful when the specimen contains materials made of light (e.g.
as in AlbOs) and relatively heavy elements (e.g. Rh and Pt). Heavier elements spread more
electrons than the lighter ones because their nuclei are more positively charged. For that reason,
images formed using backscattered electrons are sensitive to the atomic number Z contrast,

light atoms appear darker than heavy atoms in the images.

Electron beam

Electron beam

/Electron beam

Figure 2.13: Formation of secondary- and backscattered electrons. A) Secondary electrons; B)

Backscattered electrons. Figure modified from Leng and Jensen®**.

Transmitted electrons: Some scanning electron microscopes are also equipped with transmitted

electron detectors. The formation, detection, and image information are similar to the bright-
field scanning transmission microscopy (STEM; Methods and Theory 2.8.2). A key difference
is that the bright-field-STEM from an SEM has lower spatial resolution compared to TEM.
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2.8.2 The transmission electron microscope

Many of the principles for TEM are similar to that of SEM. Some key differences are that the
TEM uses transmitted electrons (Figure 2.14B) to generate images. The TEM has higher
magnification capabilities and better spatial resolution thanks to its relatively high acceleration
voltage, 60 to 1000 kV, when compared to the SEM (1-30 kV)*. For TEM studies, the sample
must be electron transparent, which means less than 100 nm thick. The generated image is a 2-

D projection of a 3-D object®.

Modern TEMs have two modes of operation for imaging; 1- conventional TEM and 2- scanning
transmission electron microscopy (STEM). Additionally, the TEM has two main modes of
operation for detecting the chemical composition, EDS and electron energy loss spectroscopy
(EELS). This master's thesis used the STEM mode for imaging and EDS for characterizing the

chemical composition of the samples.

Scanning transmission electron microscopy

In STEM, like in SEM, a finely focused electron beam is steered by electromagnetic scan coils.
It directs the electron beam over a line on the sample, and once it finishes scanning that line, it
directs the probe over the following line until it finishes scanning a pre-determined rectangle.
The transmitted electrons are then detected as a function of the position of the sample in the x-

y plane.

The two image detectors used for this master's thesis were the bright-field- and the high angular
annular dark field (HAADF) detectors (Figure 2.14A). The bright-field-STEM images are
formed from the coherently scattered beams. The primary forms of contrast are the mass
thickness contrast, the phase contrast, and the atomic number Z contrast®. In this master's

thesis, we used bright-field-STEM images to prepare histograms.

The HAADF-STEM is a dark field technique that uses incoherent electron scattering to form
images. The image is formed by the electron beams scattering at a high angle (~ 70 to > 200
mrad)”. The image intensity is formed by the individual contribution of each atom and by the
thickness of the sample®. HAADF-STEM images are useful for characterizing bimetallic
nanoparticles with a large difference in Z, such as Rh (Z = 45) and Pt (Z = 78). The atomic Z
contrast is proportional to Z2. Yet, the difference in sample thickness is small throughout the
nanoparticle. For that reason, the primary source of contrast will be the atomic number Z

contrast.
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Figure 2.14: The scanning transmission electron microscope. A) Position of EDS-, bright-field-, and

HAADF detectors in a TEM column; B) The principle behind the characteristic X-ray emissions

detected by the EDS technique. Figure modified from Leng and Jensen®”**.

Energy-dispersive X-ray spectroscopy

EDS is an element detection system with a typical energy resolution of 150-200 eV that can
detect elements of atomic number Z > 8%, The technique is relatively easy and fast to use, as

the detector collects all of the characteristic X-ray signals of the sample simultaneously.

When the incident electron beam hits the sample, atoms within the sample get ionized by the
ejection of an electron from the atom's inner scale. The vacancy left by the ejected electron can
be filled by an electron of a higher energy level. When the atom returns to its ground state,
characteristic X-rays are emitted for each type of transition. Each element and each transition

emits a characteristic X-ray. The process is depicted in Figure 2.14B.

A STEM-EDS map can be prepared using the STEM operational mode with an EDS detector.
The map is obtained by scanning a selected area within the sample, pixel by pixel, several times.
The EDS signal is collected with the atom's position from each scan. The image of the sample
containing the elemental distribution is obtained by plotting the position as a function of the

type of signal obtained on a x-y plane.
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Sometimes the number of counts obtained during the measurements may not be sufficient for
quantification of results. In that case, pre-filtering can be applied in order to improve the quality

of the data. In addition, pre-filtering can ameliorate the quality of the elemental maps.

Beam damage

Beam damage occurs due to the inelastic collisions of the electron beam onto the sample. It
may affect the structure, the chemistry, or both the structure and the chemistry of the material.
Beam damage is a function of the electron dose or the charge density (C m™) that the sample
is irradiated with®. The electron dose is a function of the exposure time of the sample, the

magnification, and the beam current”®.

In metallic nanoparticles, the primary source of damage is knock-on damage®. This process
occurs because the electron beam can displace atoms out of their atomic site, creating a vacancy
and an interstitial, also called a Frankel pair. Vacancies caused by displacement damage are
critical during in situ experiments of bimetallic nanoparticles. They can speed up diffusional
transformations by enhancing the diffusion processes in systems where atomic diffusion
occurs”. Beam damage may be identified by recording images of the same area before and after
a measurement and then by comparing the contrast of the material under the same imaging

conditions.

In situ TEM

One of the exciting developments within the TEM field is its application for in situ
measurements. In routine TEM measurements, the sample is observed in UHV. In contrast, in
situ experiments enable imaging of a sample while applying external stimuli, such as

temperature and gas atmosphere®.

Figure 2.15A illustrates the Protochips® in situ TEM solution. The system is an add-on to the
TEM column. The Protochips® Fusion consists of a computer system, electronic controllers,
and a TEM sampler holder (Figure 2.15B) that allows in sifu measurement in UHV at
temperatures up to 1000 °C. The Protochips® Atmosphere system consists of a computer
system, electronic controllers, a gas mixing apparatus, and a TEM sampler holder (Figure
2.15C). The atmosphere system supports in situ measurements at temperatures up to 1000 °C

and gas pressures up to 1 ATM.
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In situ TEM is a powerful tool for studying bimetallic nanoparticles in conditions similar to
where they are employed®’. For instance, as-synthesized bimetallic nanoparticles might not be
thermodynamically stable at the temperature and atmospheric conditions in which they are

intended as catalysts (Methods and Theory 2.5 and 2.6).

Figure 2.15: In situ STEM equipment. A) Illustration of a TEM column equipped with a Protochips®

Atmosphere for in situ measurements in up to 1 ATM and temperatures up to 1000 °C; B) Illustration
of the TEM holder for the Protochips® Atmosphere system; C) Illustration of the TEM holder for the
Protochips® Fusion system, that enable TEM measurements at temperatures up to 1000 °C in UHV.

Images modified from Protoships’.

Operando TEM

Operando TEM uses the same equipment as in situ TEM (Protochips® Atmosphere system),
but while characterizing dynamic structural changes in realistic conditions, for instance, it
simultaneously measures the catalytic activity and selectivity. In operando experiments of a
model catalyst, the exhaust outlet of the Atmosphere TEM holder is connected to a mass

spectrometer.

2.8.3 Powder X-ray diffraction

PXRD is used to determine how the atoms of crystalline materials are arranged. The technique
is based on the constructive interference of monochromatic waves when diffracting on a
periodic structure (Figure 2.16). For constructive interference to occur, at least two incident
beams with wavelength A are reflected at a crystal structure: the first at the surface, the second

after traveling a distance d (PQ). Constructive interference occurs when the waves' incidence-
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and scattering angles () are the same, and the path difference (SQ + QT) of the incident waves
A is a integer n (Equation 2.4).

n\ = 2dsin6 (2.4)

) Diffracted
beam

2/

1
Incident
beam
2

O @O @@ OO

Figure 2.16: Representation of the diffraction of a monochromatic beam by a crystal structure. A and B
represent the crystal planes, A the wavelength, PQ = d the distance between the crystal planes, SQ + QT
the path difference of the incident waves A. Constructive interference occurs when SQ + QT is an integer

value n of A (Equation 2.4). Images taken from Leng™.

The powder X-ray diffractogram provides information about phases present in the sample and
nanoparticle size. It enables calculation of the unit cell size of the material. In addition, the
method is used to refine or determine new crystal structures. The information may be extracted
using direct- or refinement methods. This master's thesis uses the Rietveld method” to refine a
known model structure against the diffractogram of the nanoparticles. The goal of the
refinement is to extract precise unit cell size parameters. The refinement compares a
theoretically generated diffractogram with the obtained diffractogram and minimizes the
differences in between them by using the expression in Equation 2.5, where yi“ is the
calculated profile at point i, yi°** is the observed data at point i, ¢ is the scale factor (y<¢/c=cy°"),

and W; is the statistical weight.

obs _ 1 _calc z
M=%W (}’i i ) (2.5)
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The quality of the Rietveld refinement is evaluated by the weighted profile residual factor (R;
Equation 2.6), and by analyzing the difference plot, which demonstrates the difference between
the observed- and calculated data. A low R, value indicates that there was a good fit. However,
the Rwp factor can omit parts of the diffractogram. Visual inspection of the difference plot is,

therefore, important for determining the quality of the refinement.

YW iobs_l icalcz
pr:j Gl ) WYY (2.6)

2
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Vegard's law

In bimetallic alloys in the solid solution configuration, PXRD can be used to determine the
chemical composition of the sample!®. According to Vegard's law, the lattice parameters of a
solid solution bimetallic alloy is approximately the weighted mean of the two metals (Equation
2.7). In Equation 2.7, a4, is the lattice parameter of the solid solution alloy, a; and a, are the
lattice parameters of metals 1 and 2, respectively; and x is the mole fraction of the metal 2 in
the sample. Vegard’s law is only applicable if the end members have the same crystal structure
type. Furthermore, the prerequisites for the formation of a solid solution alloy according to the
Hume-Rothery rules are: the metals need to have the same crystal structure, the difference in
atomic radius should not be larger than 15 %, and the difference in electronegativity cannot be
too large!®!. Complete solubility usually occurs when the solute and the solvent have the same
valency.

x =22 (2.7)

az—a;
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3

Experimental

3.1 Chemicals

Table 3.1 presents a list of the chemicals and reagents used to synthesize nanoparticles and for

the washing-and redispersion procedures.

Table 3.1: List of chemicals and reagents used in this master’s thesis. CAS, Chemical Abstracts Service.

Chemical name CAS Abbreviation Chemical Molar mass | Supplier Purity
number formula [g/mol] [%]
Platinum(T) 15170-57-7 | Pt(acac) PY(CsH02) 393.29 Sigma 97
acetylacetonate cachr SRR ) Aldrich
Rhodium(I1I) Sigma
acetylacetonate 14284-92-5 Rh(acac); Rh(CsH702)s 400.23 Aldrich 97
Palladium(II) Sigma
acetylacetonate 14024-61-4 Pd(acac): Pd(CsH702)2 304.64 Aldrich 99
. . 111.14? Sigma
Polyvinylpyrrolidone 9003-39-8 PVP (CsHoNO)n (10 000 Aldrich -
Oleylami 112-90-3 OA CisHaN 267.49 Sigma 70
eylamine -90- m 18H37 . Aldrich
Sigma
Hexane 110-54-3 - CeHia 86.18 Aldrich 95
Sigma
Toluene 108-88-3 - C7Hs 92.14 Aldrich 99.8
Trioctylphosphi 4731-53-7 TOP Ca4Hs1P 370.64 Sigma 90
rioctylphosphine -53- 24Hs1 . Aldrich
Formaldehyde Sigma
solution* 50-00-0 i CH:0 30.03 Aldrich i
HO(CH2)20 Sigma
Ethylene glycol 107-21-1 EG H 62.07 Aldrich 99.8
. HO(CH2)4O Sigma
1,4-Butanediol 110-63-4 1,4-BD H 90.12 Aldrich 99
Argon - - Ar 39.95 Praxair 99.999
Acetone 67-64-1 - CH3;COCHs 58.08 VWR -
Methanol 67-56-1 Met-OH CH;0H 32.04 VWR -
Ethanol 64-17-5 Et-OH CH;CH:0H 46.07 VWR -
Boehmite 1318-23-6 - AlIOOH 59.99 Sasol -
Synthetic air - - - - Praxair 99.999
Isopropanol 67-63-0 - (CHs).CHOH 60.1 VWR -
2 Monomer

3 Average mol. weight
437 wt. % in water, containing 15 % methanol as stabilizer to prevent polymerization.
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3.2 Autoclave method

For the synthesis, a volumetric pipette, a scale, a magnetic stir bar, a Radleys Carousel Tech
hot plate, a Termaks TS 8056 oven, a 25 mL autoclave Teflon® insert, and a steel autoclave
body were used. The synthesis was prepared by dissolving 0.040 mmol of metal precursor
(M(acac)x) at room temperature under stirring in a Teflon® insert containing 5 mL toluene. The
surfactants, a range of 0.004 to 0.04 mL oleylamine or a mixture of 0.02 oleylamine and 0.010
to 0.018 mL trioctylphosphine, were added to the insert. The solution was then stirred for 10
minutes. Afterward, 0.025 mL formaldehyde solution was added to the Teflon® insert and
stirred for 10 minutes at room temperature. The insert was added to the autoclave, and the
system was sealed. The autoclave was added to the oven and heated to the target temperature
of 100 to 130 °C. The oven stayed at the target temperature for 8 hours, and then it cooled down
to room temperature with no external input. For an image of the equipment used for the

autoclave synthesis, see Figure 3.1.

Termaks TS 8056 B)
Phmaks

Figure 3.1: Equipment used for autoclave method. A) Steel autoclave (top) and Teflon® body (bottom);
B) Termaks TS 8056 oven'®.

For washing the nanoparticles, 15 mL VWR 12.5K max polypropylene centrifuge tubes were
used. The nanoparticles were washed by transferring 2.5 mL of the prepared nanoparticle
suspension into a centrifuge tube with 7.5 mL of ethanol. The tube was vigorously shaken for
a few seconds, followed by centrifugation at 9500 rpm for 5 minutes. After centrifugation, the

supernatant was discarded. The second step was to add 0.5 mL of hexane to the centrifuge tube,
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followed by 5 mL of ethanol. The centrifuge tube was vigorously shaken for a few seconds,
sonicated for one minute, and centrifuged at 9500 rpm for 5 minutes. After centrifugation, the
supernatant was discarded, and the second step was repeated. The nanoparticles were

redispersed in 10 mL hexane and prepared for microscopy.

The sample was prepared for high-resolution SEM microscopy using Micro to Nano EMR
Holey Carbon support film on copper 300 square mesh, model 22-1MHC30-25 to support the
sample, and glass Pasteur pipettes. One drop of the solution containing the nanoparticles was
deposited on the support using a Pasteur pipette. The support was inserted into a container with
an inlet- and outlet gas valve. The container was then sealed from the atmosphere. Hexane was
evaporated by Ar flow in the sealed container overnight. The next day, the gas valves of the

container were closed, and the sample was kept in an Ar atmosphere until it was measured.

3.3 Heat-up using the reflux method

For the heat-up experiments, a Radleys Carousel Tech hot plate equipped with a Pt1000 external
temperature sensor, a laboratory scissor jack, 50 mL three-neck round flask, a condenser, a
Brooks 1355/D2A3A1CS5E020 gas meter, a gas valve connected to the flask, a K-type
thermocouple with a custom-made glass liner, a magnetic stir bar, a bubbler filled with silicon

oil, a Fluke 54 II B thermometer, Schlenk lines, and aluminum foil were used.

All syntheses were performed in two steps. The first step consisted in dissolving all of the
reagents in the solvent being used. The surfactants and precursors were added to the three-neck
round flask. Afterward, the thermocouple and the gas line were connected to the round flask.
The Ar flow was turned on, and it measured 20 mm on the gas meter. The surfactant and
precursors were then dissolved at their target temperature. The process is detailed for each

synthesis in Experimental 3.3.2 to 3.3.5.

The nanoparticles were synthesized during the second step. First, we joined the three-neck
round flask to a condenser. Next, the pre-heated hotplate was lifted using a laboratory scissors
jack until the round flask was in contact with the hotplate surfaces. Aluminum foil was then
wrapped around the round flask. The solution was stirred at 1400 rpm during the first and
second steps of the syntheses. Figure 3.2 shows how the equipment was arranged at the end of

the second step.
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Figure 3.2: Equipment set-up for the syntheses using the heat-up method.

3.3.1 Relative reaction kinetics of Pt- and Rh precursors

In the first step of the syntheses, 2 mmol of PVP was dissolved by stirring in 20 mL ethylene
glycol at 150 °C for 15 minutes. The temperature was then lowered to 120 °C and either 0.1
mmol Pt(acac)z, 0.1 mmol Rh(acac); or 0.1 mmol Pt(acac)> + 0.1 mmol Rh(acac); was added

to the round flask. The solution was stirred until the precursors were dissolved.

For the second step, an aliquot (circa 0.5 mL) was taken before starting the reduction of the
metal precursors. Then the round flask was transferred to a hotplate pre-heated to 218 °C. As
soon as the transfer process was completed, a timer was started. An aliquot of the syntheses
was taken every two minutes for 8§ minutes. Then an aliquot was taken every five minutes for
120 minutes. After the syntheses, an image of the aliquots (0-, 2-, 4-, ... 128 minutes) was

obtained for the relative kinetics determination.

57



3.3.2 Two-hour synthesis using Pt(acac)2 and Rh(acac)s in ethylene glycol (Synthesis 9)

In the first step of the synthesis, 2 mmol of PVP was dissolved in 20 mL ethylene glycol at 150
°C for 15 minutes. The temperature was then lowered to 120 °C, and 0.3 mmol Pt(acac), + 0.1
mmol Rh(acac)s was added to the round flask. The solution was stirred until the precursors were
dissolved. For the second step, the round flask was transferred to a hotplate pre-heated to 218
°C. Once the temperature of the solution had reached 195 °C, a timer was started. The synthesis

was quenched by transferring the round flask to a hotplate at room temperature.

3.3.3 Syntheses of solid solution PtyRh1_x nanoparticles (Syntheses 10, 11, and 12)

In the first step of the syntheses, 2 mmol of PVP was dissolved in 20 mL ethylene glycol at 150
°C for 15 minutes. The temperature was then lowered to 120 °C, and the metal precursors were
added to the round flask (see Results 4.1.2.3 — Table 4.4). The solution was stirred until the
precursors were dissolved. For the second step, the round flask was transferred to a hotplate
pre-heated to 218 °C. Once the temperature of the solution had reached 195 °C, a timer was
started. The synthesis was quenched after 15 minutes by transferring the round flask to an ice

water bath.

3.3.4 Syntheses for development of Pt nanoparticles supported on Al;03 catalyzers
(Syntheses 13 to 17)

In the first step of the syntheses, 0.75 to 20.25 mmol of PVP was dissolved in 20 to 60 mL 1,4-
butanediol at 150 °C for 15 minutes. The temperature was then lowered to 120 °C, and 0.075
mmol Pt(acac), was added to the round flask. The solution was stirred until the precursors were
dissolved. For the second step, the round flask was moved to a hotplate pre-heated to 240 °C to
raise the solution's temperature quickly. After transferring the flask, the hotplate temperature
was lowered to 230 °C, so the solution's temperature stabilized at ~220 °C. Once the solution's
temperature reached 220 °C, a timer was started. After two hours, the synthesis was stopped by

transferring the reactor to a "cold" hotplate.

3.3.5 Synthesis for development of PtyRhi1_x nanoparticles supported on Al>03 catalyzers
(Synthesis 18)

In the first step of the syntheses, 20.25 mmol of PVP was dissolved in 60 mL ethylene glycol
at 150 °C for 15 minutes. The temperature was then lowered to 120 °C, and 0.15 mmol Pt(acac)>

+ 0.05 mmol Rh(acac); was added to the round flask. The solution was stirred until the
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precursors were dissolved. For the second step, the round flask was transferred to a hotplate
pre-heated to 230 °C. Once the temperature of the solution had reached 195 °C, a timer was
started. The synthesis was quenched after 15 minutes by transferring the round flask to an ice

water bath.

3.3.6 Procedures for washing, redispersion, and microscopy sample preparation

For washing the nanoparticles, 15 mL VWR 12.5K max polypropylene centrifuge tubes were
used. The nanoparticles were washed by transferring 3 mL of the prepared nanoparticle
suspension into a centrifuge tube with 12 mL of acetone. The tube was vigorously shaken for a
few seconds, followed by centrifugation at 4500 rpm for 3 minutes. After centrifugation, the
supernatant was discarded. The second step was to add 10 mL acetone. The centrifuge tube was
vigorously shaken for a few seconds, sonicated for one minute, and centrifuged at 4500 rpm for
3 minutes. After centrifugation, the supernatant was discarded, and the second step was
repeated. The nanoparticles were redispersed in 20 mL methanol and prepared for microscopy

or Al,Os3 support deposition.

The samples were prepared for microscopy using the Micro to Nano EMR Holey Carbon
support film on copper 300 square mesh, model 22-1MHC30-25. The in situ STEM
measurements used the Fusion Thermal E-chip SiN thermal (serial number E-FHDC-VO). One
drop of the solution containing the nanoparticles was deposited on the support using a Pasteur
pipette. The support was inserted into a container with an inlet- and outlet gas valve. The
container was then sealed from the atmosphere. The solvent used to redisperse the nanoparticles
was evaporated by Ar flow in the sealed container overnight. The next day, the gas valves of

the container were closed, and the sample was kept in an Ar atmosphere until it was measured.

3.4 Preparation of Pt and Pto.s0Rho.50 supported on Al>03
3.4.1 Calcination of boehmite

As received, boehmite was added to an alumina crucible and heated using a heat rate of 5 °C
min~! to 900 °C using a Carbolite Gero AAF 1100 oven. The sample was kept at 900 °C for 10

hours and cooled down to room temperature with no external input.
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3.4.2 Deposition of Pt and solid solution PtosoRho.s0 on Al203 support aiming for 0.5 weight
percent metal load

To prepare a catalyst composed of 0.5 weight percent metal load, we estimated that 70 % of Pt
for the monometallic catalyst and 35 % of Rh for the solid solution Pto.soRho.s0o were converted

from precursor to metal. For details on the calculations, see Appendix Table A.1.

The as-synthesized and washed nanoparticles were redispersed in 30 mL methanol and
sonicated for a few seconds. For the Ptos0Rho 50, 1.06 g, and for the monometallic Pt, 2.03 g of
AlO3 was used. The ALO3 was then added to a beaker with a magnetic stir bar and 70 mL
methanol. The solution containing Al>O3 was stirred with the help of a magnetic stir bar and a
hotplate at 250 rpm. Then, the nanoparticles were added dropwise to the Al>O3 solution. After
the nanoparticles were mixed with Al>Os, one drop of the resulting suspension was deposited
on a Micro to Nano EMR Holey Carbon support film on copper 300 square mesh, model 22-
IMHC30-25 for SEM imaging.

The beaker containing the catalyst was then added to a container with gas valves, and the
container was sealed from the atmosphere. The methanol was dried overnight under Ar flow.
Once the solvent had evaporated, the gas valves were closed, and the sample was stored in Ar

atmosphere until they were calcinated.

3.4.3 Calcination of the catalyst

The Pt/Al,O3 and the PtosoRhos50/Al2O3 catalysts were crushed into a fine powder using a
mortar and pestle. Then, ~2 g of catalyst was added to a glass oven tube, and the tube was
connected to a synthetic air gas line. The Brooks 1355/D2A3A1C5E020 gas meter was set to
20mm for the gas flow. The glass oven tube was inserted into a Eurotherm 2408 oven and
heated to 400 °C with a heating rate of 5°C min~!. After reaching 400 °C, the oven stayed at
the target temperature for 8 hours. The programmed cooled-down temperature was 10 °C min™".
After cooling down, the sample was prepared for microscopy by suspending 0.1 g in 1 mL
methanol. For SEM imaging, one drop of the methanol solution was deposited onto a Micro to

Nano EMR Holey Carbon support film on copper 300 square mesh, model 22-1MHC30-25.

3.5 Powder XRD measurements

PXRD patterns were recorded for the free-standing PtxRh;_x and the boehmite sample before-

and after calcination. The instrument used was a Bruker D8 Discover diffractometer with
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Bragg-Brentano geometry. The system used Cu Ko, (A= 1.5406 A) X-ray radiation, a LynxEye

detector, and a single crystal (Ge(111)) monochromator.

The X-ray diffractogram for nanoparticles was obtained by a series of two measurements. The
first was optimized for the nanoparticles with a step size of 0.100 °. The second was optimized
for the Si NIST standard, with a step size of 0.016 °. The scan range was from 30 to 90 26° for
both measurements. The X-ray diffractogram for the alumina sample was measured at a step-

size of 0.100 °, with the scan range from 10 to 90 26°.

Structural analysis with Rietveld refinement (Methods and Theory 2.8.3) was performed using
the software TOPAS!®. The crystallographic information files (CIF) were obtained from the

Inorganic Crystal Structure Database!%*

. The height displacement, background, a-axis, and
zero-point error were refined. The height displacement and zero-point error parameters were
kept constant, reflecting the values measured from the Si standard from the National Institute
of Standards and Technology. The uncertainty was calculated using the least square approach.
Phase identification was performed using the software DIFRAC.SUITE EVA!® version 5.2.0.3

and the powder diffraction files (PDF) 4+, 2021'% database.

3.6 Electron microscopy

3.6.1 Transmission electron microscopy

The TEM microscope used was a Monochromated Titan 60-300kV with Super-X EDS and GIF
Quantum ER 965 spectrometer, probe corrected to 0.8 A spatial resolution. The microscope
was operated at 300 kV and 100 picoamperes beam current in bright-field-STEM, HAADF-
STEM, and STEM-EDS maps. For the in situ measurements, the beam current was reduced to

50 picoamperes.

The measurements used a Micro to Nano EMR Holey Carbon support film on copper 300
square mesh, model 22-1MHC30-25, supported by a FEI double tilt holder. The samples were
supported for in situ measurements using a Protochips® Fusion holder and the Fusion Thermal
E-chip SiN thermal, serial number E-FHDC-VO. The Fusion Thermal E-chip was plasma

cleaned unshielded for 5 minutes using a Fischione Plasma Cleaner before sample deposition.

The obtained TEM data were treated using Velox® version 3.3.1.19-397c043e56. When the
data of the STEM-EDS-map was diffuse, the Velox's® recommended filter was applied. The

kernel size used was recommended by the software (Figure 3.3).
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A Spectrum Image Quantification

Experiment conditions
Accelerating voltage
Specimen tilt

Counts

Number of counts is too low for quantification.
Pre-filtering may improve results.

Recommended: at least Spx average filter.

Pre-filtering

Figure 3.3: Applying the prefilter with the kernel recommended by Velox®. The image was taken from
Velox® manual'”’.

Accounting for beam damage during in situ experiments

To account for enhanced diffusion processes due to knock-on damage, at least 100 STEM-EDS
frames were obtained with the HAADF-STEM of the first and the HAADF-STEM of the last
EDS map. The first- and last 50 STEM-EDS frames were superimposed and placed side by side
with the first- and last HAADF-STEM image, respectively, for direct comparison.

3.6.2 Scanning electron microscopy

A Hitachi SU8230 Ultra High-Resolution Cold FE-SEM was used to obtain high-resolution
SEM images. The samples were supported by a Micro to Nano EMR Holey Carbon support
film on copper 300 square mesh, model 22-1MHC30-25. The samples were measured at 25 kV
using either the STEM-, the SE- or the LABE detector. When the sample contained carbon

contamination during the measurements, it was plasma cleaned for 10 seconds at 15 watts.
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3.6.3 Preparation of histograms from electron microscopy images

The software ImagelJ version 2.3.0/1.53q was used to measure the nanoparticles' size. Firstly,
the software was calibrated by measuring the scalebar of the microscopy image and obtaining
a pixel nm™! ratio. Then, each nanoparticle was measured from the direction it appeared to be
most prominent in size. The nanoparticles that overlapped with others or were not in their
entirety within the image were not measured. For an example of how the nanoparticles were

measured, see Figure 3.4.

The histograms were prepared by counting 250 nanoparticles. The measured values were
transferred to Origin 2020 (64 bit) SR1, and the histogram was prepared using the plot-
statistical-histogram function. The number of beams used in the histogram figures was
recommended by Origin. The size of the nanoparticles was reported using D = +o, where D

corresponds to the average size of the nanoparticles, and +o is the standard deviation.

Figure 3.4: Example of how nanoparticles size was measured using the ImagelJ software.
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4 Results

4.1 Synthesis of solid solution PtyRhi x nanoparticles

Two strategies for producing bimetallic nanoparticles of PtxRhi« in the solid solution
configurations were attempted in parallel: the autoclave method (Experimental 3.2) and heat-
up using the reflux method (Experimental 3.3). The results of the two methods are described

below, of which the reflux method was selected for further experimental work (Figure 4.1).

4.1

Synthesis of solid solution Pt,Rh,_,
nanoparticles

411 4.1.2

Autoclave method Reflux method

4.2 l

Development of well-defined
PUA|203 and
Pty so0Rho so/Al,0; catalysts

4.3 l

Screening of the solid solution
Pty 50Rhg 50 nanoparticles'
thermal stability by in-situ

STEM

Figure 4.1: Overview of the experimental workflow.

4.1.1 Synthesis of solid solution PtyRh1 x nanoparticles through the autoclave method

4.1.1.1 Benchmarking a Pd nanoparticle synthesis using the autoclave method

To establish a procedure to make bimetallic nanoparticles of PtyRh;x in the solid solution
configuration, a published synthesis for Pd nanoparticles by Niu et al.”* was used as a starting
point. The synthesis route was chosen for its simplicity and because the chemistry of Pd is

similar to Pt.

In Synthesis 1, 12.2 mg (0.040 mmol) of Pd(acac), and 0.020 mL (0.061 mmol) of oleylamine

were dissolved and stirred for 10 minutes in 5 mL toluene. Afterward, 0.025 mL of

64



formaldehyde solution was added to the system under stirring and further stirred for 10 minutes
at room temperature. The next step was to heat up the solution to 100 °C in an autoclave for 8
hours and then slowly cool it down to room temperature (Table 4.1). After the synthesis, the
nanoparticles were prepared for high-resolution SEM imaging (See the procedures outlined in
Experimental 3.2 for the autoclave synthesis and SEM sample preparation for experimental

details).

Figure 4.2A provides an overview of the nanoparticles obtained in Synthesis 1 using the SEM
in bright-field STEM mode. The imaging shows that the synthesis produced agglomerated
nanoparticles. Investigation of the surface of the agglomerates using the SE mode (Figure 4.2B)
shows that the product was polydispersed concerning size and morphology. As the synthesis
was performed with Teflon® inserts previously used in other syntheses, contamination within
the pores of the insert possibly acted as nucleation sites. If more than one nucleation event

occurs, the supersaturation and nucleation followed by nanoparticle growth predicted by

136 )108

LaMer's model>® are no longer applicable (Methods and Theory 2.1.2)'°°. The nanoparticles
from Synthesis 1 were likely formed by multiple nucleation events, causing some nanoparticles

to be relatively large and others small (Methods and Theory 2.1.1).

Synthesis 2 used identical conditions to Synthesis 1 (Table 4.1) but with new Teflon® inserts.
After the synthesis, the nanoparticles were prepared for high-resolution SEM imaging. When
visualized using the bright-field STEM mode, the products of Synthesis 2 were still
agglomerated (Figure 4.2C). The surfaces of the agglomerates were then investigated using the
SE mode, revealing nanoparticles that appear to have narrow size distribution, thus solving the
issue of heterogeneous nucleation (Figure 4.2D). However, the synthesis described by Niu et
al. produced non-agglomerated icosahedra nanoparticles’, while Synthesis 2 produced
agglomerated nanoparticles containing various polygons. Synthesis 2 was therefore further
modified in order to solve the agglomeration issue, and the products of the syntheses to follow

are no longer expected to be similar to Niu et al.”.
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Figure 4.2: Synthesis of Pd nanoparticles through the autoclave method. A) High-resolution SEM image

in bright-field STEM mode of products from Synthesis 1; B) High-resolution SEM image in SE mode
of products from Synthesis 1; C) High-resolution SEM image in bright-field STEM mode of products
from Synthesis 2; D) High-resolution SEM image in SE mode of products from Synthesis 2.

Nanoparticle agglomeration could occur due to either lack of, or excess of surfactant®® (Methods
and Theory 2.2). For that reason, Synthesis 3 and Synthesis 4 were performed using different
amounts of oleylamine to test how surfactant concentration affects the nanoparticles' dispersion.
The concentration of oleylamine was reduced by a factor of 5 (0.004 mL — 0.012 mmol used)
in Synthesis 3 and increased by a factor of 2 (0.04 mL — 0.12 mmol used) in Synthesis 4 when
compared to Synthesis 2 (0.020 mL — 0.061 mmol).

In Synthesis 3, the color change from light to dark indicated that a reaction occurred upon
heating the solution to 100 °C (Figure 4.3A), whereas in Synthesis 4, the solution retained its
original bright yellow color after heating to 100 °C (Figure 4.3B). We, therefore, concluded
that no reaction happened in Synthesis 4 at 100 °C. Synthesis 3 was further prepared for high-
resolution SEM imaging, and Synthesis 4 was discarded. We believe that Synthesis 4 failed due
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to the complexation of Pd(IT) by oleylamine!®?, stabilizing the metal species against reduction

by formaldehyde.

Figure 4.3: Color of Pd nanoparticles solution after completed synthesis. A) Synthesis 3; B) Synthesis
4.

Figure 4.4 shows images of the products of Synthesis 3 in bright-field STEM mode (A) and in
SE mode of the surface (B). They demonstrate that the sample was composed of agglomerates
(Figure 4.4A) formed of round structures of around 100 nm in size, interconnected by a neck
in three dimensions (Figure 4.4B). When comparing the products of Synthesis 2 (Figure 4.3D)
with the products of Synthesis 3 (Figure 4.4B), it can be noted that Synthesis 2 created
agglomerated nanoparticles. In contrast, Synthesis 3 appeared to have formed nanoparticles that

agglomerated and fused due to a lack of surfactant (Methods and Theory 2.2).

In a literature search for synthesis alternatives at the University of Oslo library catalog, using
the search engine Oria and the keywords "monodisperse Pd nanoparticles synthesis
oleylamine", an article was identified entitled "Synthesis of nearly monodisperse Pd (Pd)
nanoparticles by using oleylamine and trioctylphosphine mixed ligands" by Yang et al.!'?, The
authors demonstrate that when oleylamine participates in the reduction of Pd ion to metal,
aggregated Pd nanoparticles form'!°, Yang et al. solved the agglomeration issue by using two
surfactants for their synthesis: oleylamine and trioctylphosphine!!°. It was found that adding a
molar ratio of either 0.6- or 1 trioctylphosphine to 1 Pd(acac). leads to the formation of non-
agglomerated, near monodispersed Pd nanoparticles'!'?. For that reason, Syntheses 5 and 6 were
performed using the same conditions as Synthesis 2, while adding a 1 to 1 molar ratio of
trioctylphosphine to Pd(acac), in Synthesis 5, and a 0.6 to 1 molar ratio of trioctylphosphine to
Pd(acac), in Synthesis 6 (Table 4.1).
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Figure 4.4C and D show images in bright-field STEM mode from the products of Syntheses 5
and 6, respectively. While Synthesis 5 produced fibrillar agglomerates (Figure 4.4C), Synthesis
6 produced non-agglomerated, monodisperse nanoparticles (Figure 4.4D). The average size of
the nanoparticles was 2.3 + 0.6 nm in Synthesis 5 (Figure 4.4E) and 3.2 £+ 0.5 nm in Synthesis
6 (Figure 4.4F). Synthesis 5, containing a higher concentration of trioctylphosphine, produced

smaller nanoparticles than Synthesis 6, confirming the trend observed by Yang et al.!!°,

Another observation was that the products of Synthesis 5 appeared to have agglomerated due
to excess surfactant. When surfactants are used in excess, van der Waals attractive forces may
become dominant among the nanoparticles, resulting in agglomeration®®. In Synthesis 6, the
concentration of trioctylphosphine was reduced by 55 %, resulting in dispersed nanoparticles.
No further efforts were made to tune nanoparticle size for this synthesis, as Pd was only used
to benchmark a synthesis for Pt. At this point, the synthesis for Pd was considered benchmarked.

The next step was to transfer the new standardized procedure to produce Pt nanoparticles.
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Figure 4.4: Synthesis of Pd nanoparticles through the autoclave method using two surfactants. A) High-

resolution SEM image in bright-field STEM mode of the products from Synthesis 3; B) High-resolution

SEM image in SE mode of the products from Synthesis 3; High-resolution SEM image in bright-field

STEM mode of the products from C) Synthesis 5 and D) Synthesis 6; Histogram of the products of E)

Synthesis 5 and F) Synthesis 6, prepared by counting 250 nanoparticles.
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4.1.1.2 Adapting the Pd nanoparticle synthesis to produce Pt nanoparticles

For the first synthesis using Pt, Synthesis 7, the same parameters used for Synthesis 6 were
used, but the Pd(acac), precursor was substituted by the same molar amount of Pt(acac), (Table
4.1). The first trial did not yield any product at the end of Synthesis 7, as the solution had not
changed colors. Synthesis 8 was then attempted using the same parameters as Synthesis 7 but
raising the temperature from 100 °C to 130 °C (Table 4.1). When the system had cooled to
room temperature, Synthesis 8 was prepared for and studied using high-resolution SEM

imaging.

Figure 4.5 shows an image in the bright-field STEM mode of the products from Synthesis 8§,
depicting successfully synthesized Pt nanoparticles. The average size based on 250 Pt
nanoparticles was 2.5 + 0.3 nm (Figure 4.5 — insert). Thus, Synthesis 8 successfully produced

dispersed Pt nanoparticles with narrow size distribution (12 %).

No further experiments were performed using the autoclave method, as solid solution
nanoparticles of PtyRh;_x was achieved using the heat-up method (Results 4.1.2). However,
there were several remaining steps. Products from Synthesis 8 would need to be characterized
using PXRD to confirm that Pt nanoparticles were synthesized. In addition, the nanoparticles
were smaller than the target of 6- to 12 nm. Thus, a strategy to increase the size of the
nanoparticles would need to be implemented. More importantly, Rh would need to be

incorporated, and the system adapted to create a PtyRh;_x solid solution.
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Figure 4.5: Synthesis of Pd nanoparticles through the autoclave method. High-resolution SEM image in
bright-field STEM mode of the products from Synthesis 8; The insert shows a histogram of products
from Synthesis 8.
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Table 4.1: Syntheses parameters for benchmarking the synthesis route published by Niu et al.”* and Yang et al.''’. TOP, trioctylphosphine. OAm,

oleylamine.
Synthesis conditions to produce Pd nanoparticles
Synthesis | Pd(acac); Toluene OAm TOP Formaldehyde
mg mL mL mL mL Temperature Comments
mmol mmol mmol °C
Reproduced procedure
12.2 0.020 from Niu et al.”*
1 0.040 > 0.061 i 0.025 100 Produced agglomerated
ill-defined nanoparticles.
Used new Teflon® insert.
12.2 0.020 Produced agglomerated
2 0.040 3 0.061 - 0.025 100 well-defined
nanoparticles.
12.2 0.0040 )
3 0.040 5 0.012 - 0.025 100 Produced bulk material.
12.2 0.040 )
4 0.040 5 0.12 - 0.025 100 No reaction happened.
The nanoparticles were
12.2 0.020 0.018
5 0.040 5 0.061 0.040 0.025 100 agglomerated due6;[0
excess surfactant®”.
12.2 0.020 0.010 The synthesis was
6 0.040 : 0.061 0.023 0.025 100 successful.
Synthesis conditions to produce Pt nanoparticles
Pt(acac): Toluene OAm TOP Formaldehyde
Synthesis mg mL mL mL mL Temperature Comments
mmol mmol mmol °C
15.8 0.020 0.010 )
7 0.040 5 0.061 0.023 0.025 100 No reaction occurred.
15.8 0.020 0.010 The synthesis was
8 0.040 : 0.061 0.023 0.025 130 successful.
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4.1.2 Solid solution PtyRhi_x nanoparticles through heat-up using the reflux method

4.1.2.1 Relative reaction kinetics of Pt- and Rh precursors

As a first step to synthesizing PtyRhi_x nanoparticles using the reflux method, we examined the
relative reaction kinetics of the Pt(acac), and Rh(acac); metal precursors for nanoparticle
formation. Three different solutions were prepared containing a) 0.1 mmol Pt(acac), and 2 mmol
PVP in 20 mL ethylene glycol, b) 0.1 mmol Rh(acac); and 2 mmol PVP in ethylene glycol, and c)
0.1 mmol Pt(acac),, 0.1 mmol Rh(acac)3, and 2 mmol PVP in ethylene glycol. First, the precursors
were dissolved at 120 °C. The reaction was initiated by quickly heating the solution to 195 °C. An
aliquot was taken every two minutes for eight minutes, and then every five minutes. All three
solutions were allowed to react for 128 minutes (Experimental 3.3.1). In this experiment, the
solution's color change from bright yellow to dark brown is interpreted as the amount of precursor

reduced to Pt or Rh metal, respectively?®->.

Figure 4.6 depicts the color change (bright yellow to dark brown) of the solutions versus time for
Rh(acac)s (A), Pt(acac)> (B) and Rh(acac)s + Pt(acac), (C). Figure 4.6A shows that the Rh-solution
started turning brown after 4 minutes, and after the 23-minute mark, the solution is dark brown. In
Figure 4.6B, the Pt-solution starts turning brown at the 6-minute mark, and the solution is dark
brown after 113 minutes. Interestingly, the solution containing both Pt and Rh (Figure 4.6C) starts
turning brown at the 4-minute mark, and after 23 minutes, the solution turned dark brown. This

pattern is near identical to the Rh-solution (Figure 4.6A).

As the color of the solution containing Rh(acac); darkens faster than the one containing Pt(acac)s,
it can be concluded that the Rh precursor has a higher kinetic rate constant toward the formation
of nanoparticles than the Pt precursor in ethylene glycol. This result agrees with the findings of

Bundli et al. for the PtyRh; solid solution nanoparticles synthesized in 1,4-butanediol?’.

Figure 4.6 shows the estimated reaction windows for Rh(acac)s in red and Pt(acac); in green. The
reaction windows of Rh(acac)s and Pt(acac), were superimposed in Figure 4.6C, and the area
where the two reactants overlap is shown in blue. From Figure 4.6C, it can be hypothesized that if
equimolar amounts of Pt(acac), and Rh(acac)s; were to react in ethylene glycol for 128 minutes,
solid solution core — Pt-enriched shell nanoparticles should form. If so, the configuration of the

nanoparticles would be equivalent to those produced by Bundli et al. in 1,4-butanediol®.
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Figure 4.6: Relative reaction kinetics of Pt- and Rh precursors measured through color change. A) 0.1

mmol Rh(acac); and 2 mmol PVP in ethylene glycol; B) 0.1 mmol Pt(acac), and 2 mmol PVP in ethylene
glycol; C) 0.1 mmol Pt(acac),+ 0.1 mmol Rh(acac); and 2 mmol PVP in ethylene glycol. The reaction

window for Rh is shown in red, for Pt in green, and for Pt and Rh are reacting simultaneously in blue.

4.1.2.2 Nanoparticles produced by a two-hour heat-up synthesis using Pt(acac); and Rh(acac)s
in ethylene glycol

Synthesis 9 was performed to test the premise that if Pt(acac), and Rh(acac); are allowed to react
in ethylene glycol for two hours, a PtyRh; x core and a Pt-enriched shell would form (see Table
4.4 for details). Synthesis 9 follows the procedure outlined by Bundli et al.?’, using 0.3 mmol
Pt(acac)>, 0.1 mmol Rh(acac);, and 2 mmol PVP in 20 mL ethylene glycol. The reactants were
dissolved at 120 °C, and the synthesis was initiated by quickly heating the solution to 195 °C. The
total reaction time was two hours after the solution reached the target temperature (Experimental
3.3.2). Afterward, the obtained suspension was cooled down to room temperature, and the particles
were washed and prepared for STEM measurements as outlined in Experimental (3.3.6). A large
amount of Pt(acac), compared to Rh(acac); was used in this synthesis to easily identify the
formation of the eventual Pt-enriched shell, if formed. If both reactants' reduction kinetics were
equivalent, the resultant product would have been a nanoparticle having the solid solution

configuration of Pto.7sRho 2s.
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In order to examine the stoichiometry of the products from Synthesis 9, an area containing over
1000 nanoparticles was measured using EDS. The measured sample contained 71 + 2 % Pt and 29
+2 % Rh. The atomic error is reported as shown by Velox® (Experimental 3.6). The measurements

correspond with the molar concentration of Pt and Rh added before the synthesis.

The next step was to analyze the homogeneity in element distribution of single particles from
Synthesis 9 using EDS atomic-scale resolution elemental mapping (EDS map). Representative
nanoparticles are depicted in Figure 4.7, where the signal for Rh is shown in red and Pt in green.
As expected, the Rh signal was intense at the center and diffuse at the edges of the nanoparticle
(Figure 4.7A). Conversely, the Pt signal was evenly distributed throughout the same nanoparticle
(Figure 4.7B).

When examining a nanoparticle with signals from Pt and Rh superimposed, the signals of Rh and
Pt appear to be evenly intense in the center, but at the edges, the Rh signal intensity wanes off
compared to that of Pt (4.7C). In contrast, the Pt signal appears more intense toward the edges of
the nanoparticles. Figure 4.7D plots a line scan, showing the signal for Pt and Rh for each position
of the arrow in Figure 4.7C. The signal was normalized to 1 to allow the intensity of the two lines
to be directly comparable. The blue box indicates the area where Pt and Rh have comparable
intensities. Outside of this area, the Pt signal is higher than that of Rh, confirming the hypothesis

in Results 4.1.2.1 that Pt-enriched shell nanoparticles would form in a two-hour synthesis.

To conclude, Synthesis 9 produced nanoparticles with a solid solution Pt,Rh;_x core with a Pt-
enriched shell. This synthesis approach and results are similar to Bundli et al., where the same

strategy was applied using 1,4-butanediol as a solvent®°.
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Figure 4.7: EDS map image of nanoparticles from Synthesis 9. A) Atomic distribution of Rh throughout
the nanoparticle; B) Atomic distribution of Pt throughout the same nanoparticle shown in A); C) Atomic
distribution of Pt and Rh throughout the nanoparticle with an arrow indicating the position and direction of
the line scan; D) Line scan of the signal intensity of Pt and Rh for each position of the arrow from C). The
perimeter of the blue box demarcates the area where the signal for Pt and Rh appear equivalent. The signal

for Rh is shown in red and for Pt in green.
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4.1.2.3 Quenching the synthesis for homogeneous element distribution in solid solution Pt:Rhix
nanoparticles

As the synthesis described in Results 4.1.2.2 produced a solid solution of PtyRhi_« core and a Pt-
enriched shell (Figure 4.7), we sought to revise the synthesis further to achieve PtiRhi_«
nanoparticles with homogeneous element distribution. By revisiting Figure 4.6, it can be noted that
Rh starts reacting a little earlier than Pt. However, Figure 4.6C indicates that between 6- and 23
minutes of synthesis time, both Pt(acac), and Rh(acac)s react simultaneously. The formation of a
solid solution core in Synthesis 9 (Figure 4.7D) also strengthens the notion that initially, the two
metal precursors are reacting simultaneously. Thus, as a next logical step, we wished to perform a
synthesis with similar conditions as Synthesis 9, but where the reaction is quenched before all
Pt(acac): is consumed. For this purpose, the 15-minute mark was chosen because the color for the
solution containing Rh(acac)s; had just turned dark while most of the Pt precursor was still
unreacted (Figure 4.6A, B). For that reason, we hypothesized that if the synthesis is quenched at

the 15-minute mark, a Pt-enriched shell will not form.

For Synthesis 10, 0.1 mmol Rh(acac)s, 0.1 mmol Pt(acac),, and 2 mmol PVP were dissolved in
ethylene glycol at 120 °C (see Table 4.4 for details). The mixture was allowed to react for 15
minutes after the reactor reached 195 °C. The synthesis was then quenched by transferring the
reactor to an ice bath. The product of Synthesis 10 was then washed and prepared for STEM,
following the procedure outlined in Experimental (3.3.3 and 3.3.6).

In order to check the stoichiometry of the products from Synthesis 10, an area containing over
1000 nanoparticles was examined by EDS to obtain the average composition of the nanoparticles.
Afterward, five single nanoparticles were measured by EDS (Table 4.2). The average composition
of the nanoparticles was 24 =2 % Pt and 76 + 2 % Rh. The five individual nanoparticles displayed
a representative composition, with error margins overlapping with the larger sample. Notably, the
EDS measurements of neither the sample of > 1000 nanoparticles nor the five single nanoparticles

agreed with the synthesis' nominal composition of 50 atomic % Pt and 50 atomic % Rh.
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Table 4.2: EDS elemental composition of an area containing > 1000 nanoparticles and five single
nanoparticles from Synthesis 10. Nominal composition for the synthesis: 50 atomic % Pt and 50 atomic %

Rh. Nominal composition refers to the amount of precursor used in the synthesis. NP, nanoparticle.

Synthesis 10 Area with > 1000 NP 1 NP 2 NP 3 NP 4 NP S
NPs

Pt (atomic %) 24 +£2 21+3 | 20+£3 | 21+3 | 25+3 | 20+3

Rh (atomic %) 76 +2 79+10 | 80+8 | 79+8 | 75+£8 | 808

The homogeneity in element distribution of single particles from Synthesis 10 was analyzed by an
EDS map. Representative nanoparticles are depicted in Figure 4.8, where the signal for Rh is
shown in red and Pt in green. Figure 4.8A shows that the Rh signal is more intense at the center of
the nanoparticle, while the signal decreases steadily from the center toward the edges.
Interestingly, the Pt signal for the same nanoparticle follows the pattern of Rh, with a more intense
signal at the center and decreasing intensity toward the edges (Figure 4.8B). However, the overall
intensity of the signal appears lower for Pt than for Rh throughout the nanoparticle (Figure 4.8A,
B).

This is further investigated by superimposing the signal from Pt and Rh on a different nanoparticle
(Figure 4.8C), showing that both appear to be evenly distributed, and there is no clear Pt
enrichment at the edges. By plotting a line scan, showing the signal for Pt and Rh for each position
of the arrow in Figure 4.8C, we see that there are a few areas where the nanoparticle is enriched in
either Rh or Pt (Figure 4.8D), an expected outcome in solid solution alloys (Methods and Theory
2.5 — Figure 2.10). Moreover, the distribution of Pt and Rh appears to be uniform throughout the

nanoparticle (Figure 4.8D), indicating that a solid solution system has been achieved.
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Figure 4.8: EDS map image of nanoparticles from Synthesis 10. A) Atomic distribution of Rh throughout
the nanoparticle; B) Atomic distribution of Pt throughout the same nanoparticle shown in A); C) Atomic
distribution of Pt and Rh throughout the nanoparticle with an arrow indicating the position and direction of
the line scan; D) Line scan of the signal intensity of Pt and Rh for each position of the arrow from C). The

signal for Rh is shown in red and for Pt in green.
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Figure 4.9 shows a bright-field STEM image of the nanoparticles produced by Synthesis 10 (A),
and a histogram of 250 nanoparticles from Synthesis 10 (B). The nanoparticles from Synthesis 10
appeared visually to have a broad size distribution (Figure 4.9A). This was confirmed upon

measurement, with an average nanoparticle size of 8.4 + 2.3 nm (Figure 4.9B).

To conclude, Synthesis 10 successfully produced homogeneous solid solution nanoparticles with
a composition that approaches Pto25Rho 75 (Figure 4.8 and Table 4.2). Yet, in order to study the
activity and product selectivity as a function of nanoparticle stoichiometry, we needed to develop

other compositions of solid solution PtxRh;_x.

D=84+4+23nm B)

y .
t
3.;0

.
Frequency (a.u.)

2 4 6 8 10 12 14 16
Nanoparticle size (nm)

Figure 4.9: Size average and distribution for nanoparticles from Synthesis 10. A) Bright-field STEM image

used for preparing histogram; B) Histogram showing the nanoparticles' size distribution.

U1 Collision

To produce PtxRhi x nanoparticles with x > 0.25 we tried exploiting collision theory
theory states that reaction rates depend on the frequency of collisions from the reacting species.
The frequency of collision can be increased by increasing the concentration of the reacting species.
To test this theory in our system, Syntheses 11 and 12 were performed using the same experimental
parameters as Synthesis 10 (Table 4.4). However, in Synthesis 11, the amount of Pt(acac)2 was
increased by three-fold, and in Synthesis 12 by nine-fold. The products of the syntheses were

prepared for STEM studies.
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The first measurement was a composition analysis using EDS of an area containing over 1000
nanoparticles to obtain an average, followed by the measurement of five single nanoparticles.
Table 4.3 is an overview of the stoichiometry of the products from Syntheses 11 and 12. The
average composition for Synthesis 11 was 48 £ 3 % Pt and 52 + 3 % Rh. For Synthesis 12, the
average composition was 72 = 13 % Pt and 28 + 4 % Rh. The five individual nanoparticles for
each synthesis appeared to display a representative composition, with error margins mostly
overlapping with the larger samples (Table 4.3). However, again, the observed composition of the
nanoparticles from both syntheses diverges from the nominal 75 atomic % Pt and 25 atomic % Rh

for Synthesis 11 and 90 atomic % Pt and 10 atomic % Rh for Synthesis 12.

Table 4.3: EDS elemental composition of an area containing > 1000 nanoparticles and five single
nanoparticles from Synthesis 11 and Synthesis 12. Nominal composition for the synthesis: 75 atomic % Pt
and 25 atomic % Rh in Synthesis 11; 90 atomic % Pt and 10 atomic % Rh in Synthesis 12. Nominal

composition refers to the amount of precursor used in the synthesis. NP, nanoparticle.

Synthesis 11 Area with > 1000 NP 1 NP 2 NP3 NP 4 NP5
Pt (atomic %) 41;133 49+8 | 45+3 | 46+3 | 45+3 | 48+8
Rh (atomic %) 52+3 51+7 | 55+3 | 54+3 | 55+3 | 52+7

Synthesis 12
Pt (atomic %) 72 + 13 69+13 | 72+14 | 73+£14 | 75+£2 | 80+2
Rh (atomic %) 28 +4 31£5 | 28+4 | 27+4 | 25+2 | 20+2

Next, we sought to analyze the homogeneity in element distribution of single particles from
Syntheses 11 and 12 using an EDS map. Representative nanoparticles for Synthesis 11 are depicted
in Figure 4.10 (A-C) and for Synthesis 12 (E-G), where the signal for Rh is shown in red and Pt in
green. Figures 4.10A and E show that the Rh signal is most intense at the center and steadily
decreases from the center toward the edges of the nanoparticles. Figure 4.10B and F depict the
same nanoparticle, demonstrating that the signal for Pt follows the same pattern as that of Rh, with

a more intense signal at the center and decreasing toward the edges. While for Figures 4.10A and
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B, the signal for Pt and Rh appear to have comparable absolute intensities, the signal for Pt is more

intense than that of Rh for E and F.

When superimposing the signal from Pt and Rh, the distribution of Pt and Rh appears to be uniform
throughout the nanoparticle, and there is no clear Pt enrichment at the edges (Figure 4.10C, G).
This is confirmed using a line scan displaying the signal for Pt and Rh for each position of the
arrow in Figures C and G (Figure 4.10D, H). The line scan indicates a few areas where the system
is rich in either Rh or Pt through the nanoparticle, an expected outcome in solid solution alloys
(Methods and Theory 2.5 — Figure 2.10). Yet, the distribution of Pt and Rh appears homogeneous

throughout the nanoparticle, indicating that a solid solution system has been achieved.
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Figure 4.10: EDS map image of nanoparticles from Syntheses 11 and 12. Synthesis 11: A-D. A) Atomic
distribution of Rh throughout the nanoparticle; B) Atomic distribution of Pt throughout the same
nanoparticle shown in A); C) Atomic distribution of Pt and Rh throughout the nanoparticle with an arrow
indicating the position and direction of the line scan; D) Line scan of the signal intensity of Pt and Rh for

each position of the arrow from C). The signal for Rh is shown in red and for Pt in green.
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Figure 4.10 (Continuation): EDS map image of nanoparticles from Syntheses 11 and 12. Synthesis 12: E-
H. E) Atomic distribution of Rh throughout the nanoparticle; F) Atomic distribution of Pt throughout the
same nanoparticle shown in E); G) Atomic distribution of Pt and Rh throughout the nanoparticle with an
arrow indicating the position and direction of the line scan; D) Line scan of the signal intensity of Pt and

Rh for each position of the arrow from G). The signal for Rh is shown in red and for Pt in green.

Figure 4.11 shows bright-field STEM images of the nanoparticles from Syntheses 11 (A) and 12
(B), as well as histograms of 250 nanoparticles from Syntheses 11 (B) and 12 (D). The average

size of the nanoparticles was 7.1 + 1.8 nm for Synthesis 11, and 6.9 + 1.5 nm for Synthesis 12.
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Figure 4.11: Size average and distribution for nanoparticles from Syntheses 11 and 12. A) Bright-
field STEM image of nanoparticles from Synthesis 11 used for preparing histogram; B) Histogram
showing the nanoparticles' size distribution from Synthesis 11; C) bright-field STEM image of
nanoparticles from Synthesis 12 used for preparing histogram; D) Histogram showing the

nanoparticles' size distribution from Synthesis 12.

To conclude, Syntheses 10-12 successfully produced PtiRhi—x nanoparticles in solid solution
configuration (Figure 4.8 and Figure 4.10). Quenching the reaction before the slower reacting
Pt(acac)> was fully consumed avoided the formation of a Pt-enriched shell. Since the kinetics for

the reduction of Pt(acac): to Pt® is slower than that of Rh(acac)s to Rh?, the relative composition
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of Pt and Rh in the nanoparticles could be tuned by adjusting the ratio of the Pt(acac), to Rh(acac);
precursors used for each synthesis. In Synthesis 10, equimolar amounts of Pt(acac), and Rh(acac);
were used, resulting in nanoparticles with a configuration that approaches Pto.25Rho.75s (Table 4.2).
In Syntheses 11 and 12, the concentration of Rh(acac)s was kept constant, while the concentration
of Pt(acac), was increased by three- and nine-fold, respectively. As a result, nanoparticles with
solid solution configurations approaching PtosoRhoso were produced by Synthesis 11, and

Pto.7sRho25 by Synthesis 12 (Table 4.3).

Yet, the EDS MAP is a technique that characterizes only a fraction of the population of
nanoparticles produced. Therefore, we wanted to examine the products of Syntheses 10, 11, and
12 by inductively coupled plasma-optical emission spectrometry (ICP-OES) for composition
analysis, which analyzes the entire sample. In addition, we wanted to examine the solid solution
status by PXRD and extrapolate the composition of the nanoparticles using variations in unit cell
dimensions extracted by PXRD and by the application of Vegard's law (Methods and Theory
2.8.3).
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Table 4.4: Summary of syntheses for preparation of solid solution Pt;Rh;_« nanoparticles. PVP, polyvinylpyrrolidone; EG, ethylene glycol. Nominal
composition refers to the amount of precursor used in the synthesis.

Pt(acac): | Rh(acac)s PVP
. mg mg EG n(PVP) Temp | Duration | Nominal Measured Solid
Synthesis mg o . cps .oe .
mmol mmol mL | n(precursors) C minutes | composition | composition | solution
mmol
mM mM
117 40
9 0.30 0.10 222 20 5 195 120 Pto.75Rho 25 Pto.75Rho 25 No
2.0
15 5
39 40
10 0.10 0.10 2223 20 10 195 15 PtosoRhoso | PtoasRhors |  Yes
5 5 )
117 40
1 0.30 010 | 2?2 | 20 5 195 15 Pto7sRhoss | PtossRhoso |  Yes
2.0
15 5
351 40
12 0.90 010 | 22 | 20 2 195 15 PtosoRhoto | PtorsRhozs |  Yes
A5 5 2.0
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4.1.2.4 Inductively coupled plasma - optical emission spectrometry analysis and powder X-ray
diffraction of the solid solution nanoparticles

To measure the average stoichiometry of the produced PtiRhix nanoparticles, in a way that was
representative of the whole sample, an ICP-OES measurement was performed. The nominal and
measured Pt/Rh ratio in nanoparticles obtained by Syntheses 10, 11, and 12 are presented in Table
4.5. The ICP-OES data indicates that only a fraction of the added Pt precursor reacted during the

syntheses, as the nominal composition is higher than the measured composition.

Table 4.5: Nominal and measured composition of the solid solution nanoparticles measured by ICP-OES

for Syntheses 10, 11, and 12. Nominal composition refers to the amount of precursor used in the synthesis.

Svnthesis Nominal composition Pt/Rh Measured composition Pt/Rh

y (atomic %) (atomic %)
10 50 266 £ 0.1
50 73.4+0.1

1 75 522405
25 478+0.5

1 90 746 £ 0.4
10 254+ 0.4

In order to further verify that the produced nanoparticles from syntheses 10, 11, and 12 were in
the solid solution configuration, PXRD data were collected by following the procedure outlined in
Experimental (3.5). The PXRD for the products of the three syntheses is reported in Figure 4.12,
depicting diffraction patterns with broad Bragg reflections that correspond to a single ccp phase.
As mentioned in Introduction (1.4), both Pt and Rh have ccp-type crystal structures. Therefore, a
single ccp phase indicates the atomic mixing of Pt and Rh. In addition, a shift from higher to lower
20 values of the Bragg reflections occurs from Synthesis 10 to Synthesis 11 and from Synthesis
11 to Synthesis 12, an expected result as Pt has a larger atomic radius that leads to a larger unit

cell than Rh (Introduction 1.4 — Table 1.2 and 1.3).
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Synthesis 10 (Nominally 50% Pt — 50% Rh)

Synthesis 11 (Nominally 75% Pt — 25% Rh)

Synthesis 12 (Nominally 90% Pt — 10% Rh)
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Figure 4.12: Powder X-ray diffraction patterns of the product from Synthesis 10 in (nominal composition:

50 % Pt and 50% Rh; black line), Synthesis 11 (nominal composition: 75 % Pt and 25% Rh; red line), and

Synthesis 12 (nominal composition: 90 % Pt and 10% Rh; blue line). The peaks signalized with a (*)

correspond to Bragg reflections from the National Institute of Standards and Technology Si standard.

Rietveld refinements of the PXRD diffractograms presented in Figure 4.12 were performed as
described in the Experimental (3.5) to calculate the nanoparticles' a-axis dimension. For detailed
Rietveld refinement results, refer to Appendix — Figure A.2. The a-axis of the products was 3.8467
+ 0.0009 A for Synthesis 10, 3.8691 + 0.0002 A for Synthesis 11, and 3.8962 + 0.0002 A for
Synthesis 12 (Table 4.6). The margin of error was based on theoretical calculations performed
using TOPAS!%, We observed an expansion in the unit cell dimension with increasing Pt precursor

in the synthesis (Table 4.4). Using the refined a-axis values and the a-axes measured for pure Rh
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and Pt nanoparticles produced using a similar technique, the ratio of Pt to Rh from each synthesis
was estimated by applying Vegard's law (Methods and Theory 2.8.3). The products of Synthesis
10 were estimated at 25.95 + 0.02 % Pt — 74.05 + 0.02 % Rh; Synthesis 11 at 47.70 £ 0.01 % Pt —
52.30 £ 0.01 % Rh; and of Synthesis 12 at 74.00 = 0.01 % Pt — 26.00 + 0.01 % Rh (Table 4.6).
The uncertainty was calculated using the uncertainty from the a-axis extracted by PXRD from

Syntheses 10 to 12.

In Figure 4.13, the refined a-axis values of the different nanoparticle compositions were plotted
against the composition of the nanoparticles obtained by ICP-OES. For monometallic Pt and Rh
nanoparticles, the a-axis reported were measured from nanoparticles prepared by similar syntheses
procedures!!?. A linear fit for the plot was then obtained, yielding the equation y = —0.103x +
3.922, and the R? value of the linear regression was estimated at 0.998. The high R? is a strong
indication that the unit cell dimensions of the nanoparticles follow Vegard's law (Methods and
Theory 2.8.3). From the equation of the line, the obtained a-axis by Rietveld refinement was used
to calculate the percentage of Rh relative to Pt in the nanoparticles. The products of Synthesis 10
contained 26.9 % Pt and 73.1 % Rh, Synthesis 11 contained 48.7 % Pt and 51.3 % Rh, and
Synthesis 12 contained 75.0 % Pt and 25.0 Rh (Table 4.6).
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Table 4.6: Unit cell a-axis dimension obtained by Rietveld refinements, nanoparticle composition estimated

by Vegard's law, nanoparticle composition from the equation of the line (Figure 4.13), and nominal

composition for Syntheses 10, 11, and 12. Nominal composition refers to the amount of precursor used in

the synthesis.

Composition from

. Unit cell a-axis Composition from | the equation of the Nom“.n}l
Synthesis . . ; . . composition
dimension from Vegard's law line (Figure 4.13) Pt/Rh
Rietveld refinement | Pt/Rh (atomic %) Pt/Rh .
: o (atomic %)
(atomic %)
10 3.8467 4 0.0009 A 25.95 £ 0.02 26.9 50
' ' 74.05 + 0.02 73.1 50
47.70 + 0.01 48.7 75
11 3.8691+ 0.0002 A —_——— — —
52.30 £ 0.01 51.3 25
74.00 £ 0.01 75.0 90
12 3.8962 + 0.0002 A —_—— — —
26.00 £ 0.01 25.0 10
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Figure 4.13: Refined a-axis values of the X-ray diffraction data of the various nanoparticle compositions
(Table 4.6) plotted against the mole fraction of Rh (normalized to Pt and Rh), obtained from ICP-OES
analysis. Green, monometallic Pt and Rh nanoparticles synthesized by similar methods; black,
Nanoparticles from Synthesis 10 (nominal composition: 50 % Pt and 50% Rh); red, nanoparticles for
synthesis 11 (nominal composition: 75 % Pt and 25% Rh; red line); blue, nanoparticles from synthesis 12

(nominal composition: 90 % Pt and 10% Rh; blue line).

4.1.3 Summary and concluding remarks

Results 4.1.2.3 presents a synthesis design for producing nanoparticles in the solid solution
configuration. The design considers that Rh(acac); reacts faster than Pt(acac),. When both
reactants are allowed to react for two hours, a solid-solution core and a Pt-enriched shell form
(Figure 4.7). When the reactants are quenched after 15 minutes, solid solution nanoparticles

without a shell are produced (Figures 4.8 and 4.10). In addition, the composition of the
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nanoparticles can be controlled by adjusting the ratio of Pt to Rh precursors. When the ratio of 50
% Pt(acac), — 50 % Rh(acac)s, 75 % Pt(acac), — 25 % Rh(acac)s, and 90 % Pt(acac), — 10 %
Rh(acac)s, are used, nanoparticles with a composition that approaches Pto2sRho.7s, Pto.soRho 50, and
Pto.7sRho.25s were produced, respectively (Table 4.7). The composition of the nanoparticles obtained
by EDS, ICP-OES, and Vegard's law are comparable (Table 4.7). The nominal mol fraction of Rh
was plotted against the mol fraction of Rh in the produced nanoparticles from Syntheses 10, 11,
and 12, where the end-points "0" represents a synthesis with only Pt(acac), and "1" a synthesis
with only Rh(acac)s. An exponential regression produced the curve y = 1.112(1 — e=2299%)
with an estimated R? of 0.999 (Figure 4.14). From the equation of the curve, one can estimate the
ratio of precursors needed in order to obtain a nanoparticle's desired outcome. In summary,
quenching the reaction before the slower precursor is completely consumed produces

homogeneous nanoparticles in the solid solution configuration and the nanoparticle composition

can be tuned by varying the ratio of precursors in the synthesis.

10F @ End-points T
* L@ Synthesis 10
o @® Synthesis 11
E S @® Synthesis 12 |
= L .
X006} d
S
C
Soa4} i
(&)
o
50.2F -
=

0.0F R2=0.999 -

0.0 0.2 0.4 0.6 0.8 10

Mol fraction of Rh(acac), relative to Pt (acac),

Figure 4.14: Exponential regression of the nominal mol fraction of Rh(acac)s used for syntheses versus mol

fraction of Rh in the nanoparticle. The equation of the curve isy = 1.112(1 — e~229%),
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Table 4.7: Summary of results listing the average EDS, ICP-OES, Vegard's law, equation of the line composition, average size, and unit cell
dimensions from Rietveld refinement of the produced nanoparticles. Nominal composition refers to the amount of precursor used in the synthesis.

EDS, energy-dispersive X-ray spectroscopy; ICP-OES, inductively coupled plasma - optical emission spectrometry; NP, nanoparticles.

Equation of the

Nominal EDS ICP-OES Vegard's law line from the plot Th .

Synthesis composition (Pt/Rh in (Pt/Rh in (Pt/Rh in in Figure 4.13 | . ¢ ;‘:ﬁraﬁ; di A-axis
(Pt/Rh in atomic %) atomic %) atomic %) atomic %) (Pt/Rh in atomic stze ol the NS mension

%)
0 0/ 2442 266+01 | 229>1002 269 oy | 384672
50 76+ 2 734+01 | /4051002 73.1 AEL 0.0009 A
" 75/ :2 f 2 522405 | 47.70 + 0.01 48.7 ol ilgam | 38691
25 - 478+ 05 | 52.30+0.01 513 S 0.0002 A
+

. %0 7228_—+ 143 746+ 0.4 | 74.00 + 0.01 75.0 o4 lsmn | 38962+
10 - 2544+ 04 26.00 £ 0.01 25.0 ' ' 0.0002 A
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4.2 Development of well-defined Pt/Al203 and PtosoRho.s0/Al203 catalysts
4.2.1 Preparation of Al>03 as support for colloidally synthesized nanoparticles

The dynamics between reactants, intermediate species, and product(s) in catalyzed chemical
reactions can only be understood through well-defined model catalyst systems. Thus, we sought
to develop metal-on-support catalysts by first synthesizing free-standing metallic nanoparticles
and subsequently depositing them onto Al,O;3 support, following the concept outlined in Methods
and Theory 2.7.

The first step for preparing the support component of the catalyst was to calcinate alumina
(boehmite) powder at 900 °C for 10 hours (Experimental 3.4.1), as performed by Muri?®. After
calcination, a powder X-ray diffractogram of the product was collected according to the procedure

in Experimental 3.5.

Figure 4.15 reports the obtained PXRD of the boehmite before and after calcination. By inspecting
the obtained PXRD in the EVA software in combination with a database'%®, it was established that
the starting material contained boehmite (COD 9012275), whereas, in the calcined sample, a
mixture of the crystalline phases of y- (COD 2015530), n-Al2O3 (COD 2107301), and the 8-Al>O;
(COD 2107302) were detected. The y- and n-Al,O3 phases were detected as they have nearly
identical peak positions. On the other hand, when boehmite is calcinated at 900 °C, a mixture of

113

gamma v- and 6-crystalline phases of Al2O3 form''". In contrast, the formation of n-Al2O3 can be

113

ruled out as it comes from the calcination of bayerite' '°. Therefore, it can be concluded that the

calcinated powder contained y- and 6-Al>Os.
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Figure 4.15: Powder XRD diffraction patterns before and after the boehmite Al,Os; powder calcination at
900 °C for 12 hours. Triangle is the signal for boehmite, circle for 0-, square for y-, and cross for n-Al,Os.
The n-ALOs phase was detected as it has nearly identical peak positions to y- Al,Os, but its presence in the

sample has been ruled out.

4.2.2 Benchmarking the deposition of Pt nanoparticles on Al,03 support

In order to prepare the well-defined catalyst systems, Pt nanoparticles were synthesized by
following a procedure developed by Muri?®. In Synthesis 13, 0.75 mmol of PVP and 0.075 mmol
of Pt(acac), were dissolved in 20 mL 1,4-butanediol. The synthesis was initiated by raising the
temperature of the solution to 220 °C. The synthesis duration was two hours. For more details

regarding the synthesis, see Experimental 3.3.4 and Table 4.9.
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Synthesis 13 was washed to separate the nanoparticles from 1,4-butanediol by following the
procedure described in Experimental 3.3.6. The nanoparticles were then redispersed in 30 mL
methanol. Aiming for 0.5 weight % Pt/Al2O; and assuming 70% Pt yield as achieved by Eirini et
al.''% 2.03 g of AlOs support was dispersed in 70 mL methanol in a beaker under magnetic
stirring. Then, the methanol solution containing the Pt nanoparticles was transferred dropwise into
the beaker containing the AbO3 support under stirring. Upon completion, a sample for high-
resolution SEM imaging was collected. For a detailed description of the deposition, see

Experimental 3.4.2.

Figure 4.16 presents representative high-resolution SEM images using low angle backscattered
electron mode of Pt nanoparticles from Synthesis 13 deposited on Al,Os; support. As a note,
backscattered electron imaging makes heavier elements appear brighter as they scatter more
electrons than light atoms (Methods and Theory 2.8.1). Figure 4.16A shows an overview of the
sample, revealing bright clusters in the alumina matrix indicated by red arrows. Upon

magnification, the clusters appear to be composed of agglomerated nanoparticles (Figure 4.16B).

Thus, the production of the catalyst systems was halted for troubleshooting.

Figure 4.16: High-resolution SEM images using low angle backscattered electron mode for imaging the Pt
nanoparticles deposited on Al>O; for Synthesis 13. A) Overview of the sample, red arrows indicating bright

clusters; B) Magnified image of one cluster from A).

4.2.3 Defining optimal deposition conditions for well-dispersed Pt nanoparticles on Al203

As the procedure produced agglomerated nanoparticles on the support®®, the focus turned to

developing a new approach for producing well-dispersed Pt and solid solution PtosoRhoso
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nanoparticles supported onto AlOs. The solid-solution nanoparticles were included in the
development program as a change in the metal composition and solvent may alter the chemistry
of the particle's surface. Furthermore, we sought to develop a method that could be applied to any

composition of bimetallic Pt-Rh nanoparticles.

We had two hypotheses for the agglomeration of the nanoparticles: 1) The nanoparticles
agglomerated during the washing-, redispersion-, and deposition procedure. 2) The nanoparticles

agglomerated during synthesis.

4.2.3.1 Testing hypothesis 1: "The nanoparticles agglomerate during the washing-,
redispersion-, and deposition procedure,"” using replicates of Synthesis 13

In order to test the first hypothesis, certain variables were tested, such as the sonication method,
the addition of extra surfactant during redispersion, sonication time, and solvents. Other variables,
such as solvent volume and the amount of Al,O3, were kept constant. Table 4.8 describes the
parameters used for deposition of the nanoparticles after the washing procedure. After deposition,
the Pt on AlbO; was prepared for high-resolution SEM following the procedure outlined in
Experimental 3.4.2. Figure 4.17 presents high-resolution SEM images using low angle
backscattered electron mode of Pt nanoparticles deposited on AlO; for each trial parameter

described in Table 4.8.

In Experiment 1, we sought to test whether sonication would help the redispersion of the
nanoparticles (Table 4.8). The products of Synthesis 13 were sonicated for 1 hour, and the Al,O3
powder was sonicated for 30 minutes. The nanoparticles were added to the AlO3; suspension
dropwise under constant stirring. A sample of the catalyst was then prepared for high-resolution
SEM. Figure 4.17A shows that the produced Pt nanoparticles were agglomerated in micrometer-

sized clumps.

We concluded that a possible reason for the agglomeration was insufficient strength from the
sonication bath to redisperse the nanoparticles after being flocculated during the washing
procedure. Therefore, experiment 2 used the same parameters as Experiment 1, except that the
sonication bath was substituted with a sonication probe at max strength for five minutes for both
nanoparticles and Al,O3 (Table 4.8). The nanoparticles were added to the Al,O3 suspension under

sonication. The sonication probe has higher power than the sonication bath, as the source of the
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ultrasonic waves is in direct contact with the methanol solution containing the nanoparticles.
However, upon high-resolution SEM imaging, the deposited nanoparticles were still agglomerated

in micrometer-sized clumps (Figure 4.17B).

We concluded that a possible reason for the persistent agglomeration is that the surfactant may be
washing out from the nanoparticles' surface during the washing procedure. To address this issue,
Experiment 3 used the same parameters as Experiment 2, but 84 mg PVP, the same amount of
PVP used for Synthesis 13 (Table 4.9), was added to the suspension of nanoparticles before
sonication (Table 4.8). However, the deposited nanoparticles were still agglomerated in

micrometer-sized clumps upon high-resolution SEM imaging (Figure 4.17C).

We then sought to examine whether the agglomeration was due to insufficient sonication time to
break the nanoparticles loose. Thus, for Experiment 4, the same parameters as Experiment 3 were
used, but the sonication time for the nanoparticle suspension was increased from 5- to 30 minutes
(Table 4.8). Figure 4.17D shows that the deposited nanoparticles were still agglomerated in
micrometer size clumps upon high-resolution SEM imaging, but the aggregates appeared smaller

than in Figure 4.17A-C.

As a consequence, we decided to further increase the sonication time. For Experiment 5, the same
parameters as Experiment 4 were used, but the sonication time for the nanoparticle suspension was
increased from 30 minutes to 120 minutes (Table 4.8). However, the deposited nanoparticles were
still agglomerated in micrometer size clumps upon high-resolution SEM imaging (Figure 4.17E).
In fact, the increase in sonication time from 30 to 120 minutes appeared to have no effect on

agglomeration.

As a last attempt at testing hypothesis 1, we sought to use a different solvent in order to examine
whether methanol was causing the nanoparticles to agglomerate. For Experiment 6, the same
parameters as Experiment 4 were used, but isopropanol was used as a solvent for redispersion of
the nanoparticles (Table 4.8). As is shown in Figure 4.17F, the nanoparticles remained
agglomerated upon high-resolution SEM imaging. After testing key variables from the washing,
redispersion, and deposition procedure, the nanoparticles were still agglomerated. For that reason,
we moved on to testing the hypothesis that the nanoparticles were agglomerating during the

synthesis.

99



Table 4.8: Redispersion and deposition parameters tested to obtain well-dispersed Pt nanoparticles on ALOs using the products of Synthesis 13°.

NP, nanoparticles; RPM, rotations per minute.

Experiment Deposition conditions a) Sonication method Mixing Result
b) Sonication time for nanoparticles | conditions
¢) Sonication time for Al,O;
_ _ _ a) Sonication bath o .
Nanoparticles: redispersed in 30 mL methanol ) Under stirring | Figure 4.17A
1 . . b) 60 min at max strength
AL Os: dispersed in 70 mL methanol . at 250 RPM Agglomerated NPs.
¢) 30 min at max strength
a) Sonication probe
i ) Under Figure 4.17B
2 Same as Experiment 1 b) 5 min at max strength o
) sonication Agglomerated NPs.
¢) 5 min at max strength
Nanoparticles: redispersed in 30 mL methanol )
Same as Figure 4.17C
3 containing 0.75 mmol PVP Same as Experiment 2 .
. Experiment 2 | Agglomerated NPs.
AlOs: Same as Experiment 1
. a) and c¢) same as Experiment 2 Same as Figure 4.17D
4 Same as Experiment 1 . .
b) 30 min at max strength Experiment 2 | Agglomerated NPs.
. a) and c¢) same as Experiment 2 Same as Figure 4.17E
5 Same as Experiment 1 _ _
b) 120 min at max strength Experiment 2 | Agglomerated NPs.
Nanoparticles: redispersed in 30 mL isopropanol ) Same as Figure 4.17F
6 ) ) ) Same as Experiment 4 .
AlL>0Os: dispersed in 70 mL isopropanol Experiment 2 | Agglomerated NPs.

3 Experiments 1-6 use replicates of Synthesis 13, outlined in Table 4.9. The variables modified were type of sonication, sonication time and type of solvent used to test whether the listed parameters

would affect the dispersion of the nanoparticles.
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Figure 4.17 High-resolution SEM images using low angle backscattered electron mode of Pt nanoparticles
deposited on Al,Os to test whether the nanoparticles agglomerated during the washing-, redispersion-, and
deposition procedure. A) Experiment 1; B) Experiment 2; C) Experiment 3; D) Experiment 4; E)

Experiment 5; F) Experiment 6.
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4.2.3.2 Testing hypothesis 2: "The nanoparticles agglomerate during the synthesis"

Experiments 1-6 did not resolve the agglomeration issue (Table 4.8). Therefore, we carried out an
experiment to follow the products of a replicate of Synthesis 13 as a function of reaction time
(Table 4.9). For the experiment, an aliquot of the products from Synthesis 13 was removed every

five minutes from 0 to 55 minutes. The aliquots were then directly deposited on a TEM grid.

The results from the SEM imaging taken in bright-field STEM mode are presented in Figure 4.18.
Before Synthesis 13 started (at 0 minutes), no particles were present in the TEM grid. During the
first 15 minutes of the synthesis, we observed no agglomeration. Then, from 20 to 25 minutes, we
began to observe some agglomerates and dispersed nanoparticles, and after 25 min, there was

widespread agglomeration of the nanoparticles (Figure 4.18).

Notably, the agglomeration process occurred in parallel with nanoparticle growth, which increases
the total surface area of metal in solution. Thus, we believed that the agglomeration could have
occurred due to low steric hindrance because of insufficient surfactant (PVP) in the solution to

adequately cover the surface of the nanoparticles (Methods and Theory 2.2).
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Figure 4.18: High-resolution SEM images in bright-field STEM mode of the products of a replicate of

Synthesis 13 with 5-minute intervals.
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500 nm

Figure 4.18 (Continuation): High-resolution SEM images in bright-field STEM mode of the products of a

replicate of Synthesis 13 with 5-minute intervals.

In order to test whether the nanoparticles were aggregating due to lack of surfactant (PVP), we
performed Synthesis 14 with three-fold, and Synthesis 15 with nine-fold, the original amount of
PVP (Table 4.9). After the syntheses, the nanoparticles were imaged using high-resolution SEM
(Figure 4.19A, B).
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Upon SEM imaging analysis in the bright-field STEM mode, Synthesis 14 appeared to produce a
few non-agglomerated nanoparticles with small, scattered agglomerates in between (Figure
4.19A). However, Synthesis 15 did not produce any agglomerates (Figure 4.19B). Thus, we
concluded that the nanoparticles were agglomerating during synthesis due to low steric hindrance

(Methods and Theory 2.2), and that hypothesis 2 was correct.

Before continuing with the production of the catalysts, it was essential to test whether the critical
parameter for producing non-agglomerated Pt nanoparticles is the PVP/metal ratio or the molar
concentration of PVP in 1,4-butanediol solution. We, therefore, performed Syntheses 16 and 17
(Table 4.9). In Synthesis 16, the amount of Pt(acac), and PVP were the same as in Synthesis 15,
keeping the same n(PVP)/n(precursor) ratio, while the volume of 1,4-butanediol was increased
three-fold. For Synthesis 17, the amount of Pt(acac), and the PVP concentration in the solution
were kept the same as in Synthesis 15 by increasing the volume of 1,4-butanediol together with
the amount of PVP by three-fold (Table 4.9). After the syntheses, the nanoparticles were studied
using high-resolution SEM (Figure 4.19C, D).

Figure 4.19C is an image in the bright-field STEM mode of the products of Synthesis 16,
displaying agglomerated nanoparticles. Synthesis 17, however, did not produce any agglomerates
(Figure 4.19D), thus demonstrating that the molar concentration of PVP in 1,4-butanediol is the
crucial parameter for producing non-agglomerated nanoparticles. If the solution contains 338 mM

PVP (Table 4.9), the nanoparticles will not agglomerate.
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Figure 4.19: High-resolution SEM images in the bright-field STEM mode of products from Syntheses 14-
17. A) Synthesis 14; B) Synthesis 15; C) Synthesis 16; D) Synthesis 17.

4.2.4 Preparation of well-defined Pt and PtosoRho.so catalysts

Next, we sought to test whether the new synthesis strategy could be applied to the Pty so0Rho 50 solid
solution nanoparticles. The synthesis is performed in a different solvent, ethylene glycol, so there's
a change in the chemical environment. In addition, the change in the metal composition could alter

the chemistry of the nanoparticle's surface.

It must be noted that Synthesis 18 parameters are different from Synthesis 11 from Results 4.1.2.
For Synthesis 18, the amount of PVP was adjusted to 338 mM to produce non-agglomerated
nanoparticles, and the concentration of Pt(acac), and Rh(acac)s; was reduced when compared to
Synthesis 11 (Results 4.1.2 — Table 4.4). The concentration of metal was reduced to produce
nanoparticles having a narrower size distribution by avoiding multiple nucleation events during
the synthesis (Methods and Theory 2.1.2 and 2.1.3). After the synthesis, the nanoparticles were

washed as described in Experimental 3.3.6 and redispersed in 30 mL methanol. A sample was then
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taken for high-resolution SEM imaging, and Synthesis 18 was taken for EDS map studies in a

transmission electron microscope.

In order to produce the catalysts, the pure Pt nanoparticles were prepared using the parameters
outlined for Synthesis 15 and the solid solution nanoparticles as outlined for Synthesis 18 (Table
4.9). Aiming for 0.5 weight % metal/Al2O3 and assuming 70 % Pt yield as achieved by Eirini et
al.''% 2.03 g of Al,O3 was used for depositing the products of Synthesis 15. For Synthesis 18, the
synthesis was quenched after 15 minutes to avoid the formation of a Pt-rich shell. Because the
reaction time was relatively short, 35 % Rh reduction and an equimolar amount of Pt were
assumed, and 1.06 g of AbO3 was used to deposit the nanoparticles. The particles were deposited
to AlbOs3 using the procedure described in Results 4.2.2. The system was then calcinated at 400 °C
for 8 hours under synthetic airflow, and then a sample was taken for high-resolution SEM
microscopy. Figure 4.20 contains high-resolution SEM images using the bright-field STEM mode
of the Pt nanoparticles from Synthesis 15 (A) and the solid solution Pty s0Rho .50 nanoparticles from
Synthesis 18 (B). Neither synthesis produced agglomerated nanoparticles. The nanoparticles from
Synthesis 18 were in a solid solution, despite the modifications in the synthesis method (Figure

A.1 - Appendix), containing 51 + 3 atomic % Pt and 49 + 3 atomic % Rh as measured by EDS.

To explore the dispersion of the nanoparticles after deposition onto Al>O3, the synthesized products
were analyzed using high-resolution SEM images on low angle backscattered electron mode. After
calcination at 400 °C, neither Pt nanoparticles (Figure 4.20C), nor the solid solution Pto.s0Rho.s0
nanoparticles (Figure 4.20D), displayed agglomerated or sintered nanoparticles. Next, we
measured nanoparticle size and found that the average size was 7.5 + 0.8 nm for the Pt
nanoparticles (Figure 4.20E), and 7.4 £ 1.6 nm the solid solution Pt s0Rho 50 nanoparticles (Figure
4.20F). Thus, the average size was similar, but the solid solution Pt s0Rho.s0 nanoparticles had a
broader size distribution. Lastly, the metal loading of the catalysts was analyzed using ICP-OES,
as metal loading is an important indicator of catalyst activity. We found that the metal loading was
0.56 % for the Pt nanoparticles and 0.61 % for the solid solution Pty s0Rho 50. The obtained metal
loading was 11% higher for the Pt nanoparticles than that obtained by Muri (ref) and 18% higher
than estimated for the solid solution PtosoRhoso (Table A.1 — Appendix). However, as the
measurement was only performed once, we don't know if the metal loading results are

reproducible.
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Figure 4.20: Qualitative and quantitative analyses of Syntheses 15 and 18. High-resolution SEM images in
the bright-field STEM mode of A) Pt nanoparticles and B) solid solution Pt soRho 50 nanoparticles; High-
resolution SEM picture on low angle backscattered electron mode of calcinated C) Pt nanoparticles
deposited on Al,Os; and D) solid solution PtgsoRho.so nanoparticles deposited on AlOsz; Size and size

distribution of E) Pt nanoparticles and F) solid solution Pty s0Rho 5o nanoparticles.
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Table 4.9 Synthesis parameters for developing non-agglomerated Pt nanoparticles (Syntheses 13-17). Syntheses 15 and 18 were used for producing

the Pt and solid solution Pt so0Rho 5o nanoparticles supported on Al,Os, respectively. PVP, polyvinylpyrrolidone).

Synthesis | Pt(acac); | Rh(acac); PVP Solvent [PVP] Temp | Duration Metal
(Pt+ Rh) -
(mg) (mg) (mg) (mL) n(PVP) (mM) (°C) | (hours) loading
(mmol) | (mmol) | (mmol) n(precursors) (mM) (weight %)°
29.4 84 1,4-butanediol
7 _ s
13 0.075 0.75 20 10 38 3.75 220 2 N/A
294 252 1,4-butanediol
14 0.075 - 295 20 30 113 3.75 220 2 N/A
29.4 756 1,4-butanediol
15 0.075 - 6.75 20 90 338 3.75 220 2 N/A
29.4 756 1,4-butanediol
16 0.075 - 6.75 60 90 113 1.25 220 2 N/A
294 2268 1,4-butanediol
17 0.075 - 2025 60 270 338 1.25 220 2 0.56
59 20 2268 ethylene glycol
18 0.15 0.05 2025 60 101 338 3.33 195 2 0.61

¢ Measured by inductively coupled plasma atomic emission spectroscopy

7 After the first synthesis (Results 4.2.2), six replicates of Synthesis 13 were prepared for testing whether the nanoparticles were agglomerating due the washing-,
redispersion- and deposition procedure (Table 4.8). A seventh replicate was prepared to study the products of the reaction as a function of time (Results 4.2.2).
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4.3 Measuring the thermal stability of the solid solution PtosoRho.so
nanoparticles by in situ scanning transmission electron microscopy

The phase diagram for the Pt and Rh system (Introduction 1.3 and Figure 1.6) predicts that when
in bulk, an alloy that contains 50 atomic % Pt and 50 atomic % Rh exist in two segregated phases
up to 760 °C3°. However, in this thesis we report the synthesis of Pt;_xRhx solid solution
nanoparticles (Results 4.1.2). Based on this finding, we sought to find the thermodynamically
stable configuration of the as-synthesized Pt\Rhi_x (x = 0.5) nanoparticles as function of
temperature in UHV. We limit the temperature variations to the range from 25 to 600 °C, as these
nanoparticles are intended to be used as catalysts in the selective catalytic oxidation of ammonia

to nitrogen gas (Introduction 1.3)'°.

To study whether and how these solid solution nanoparticles change as a function of temperature
and time in a vacuum, a pre-screening was done by in situ STEM using the Protochips® Fusion
system (Experimental 3.6.1). In the context of this experiment, in situ refers to measurements done
while the sample is at the target temperature. When interpreting the data performed in situ at high
temperatures, it is important to take the beam effects into account (Methods and Theory 2.8.2). For
that reason, we firstly studied the beam effect as a function of the temperature (Results 4.3.1) and
then the temperature effect on the element distribution dynamics of the nanoparticles (Results
4.3.2). The nanoparticles were synthesized by replicating Synthesis 11 (Table 4.4 — Results
4.1.2.3). After the synthesis, the sample was pre-evaluated by SEM. The nanoparticles had the
expected morphology and size distribution (confirmed by STEM, Figure 4.23 (/eft)). The sample
was prepared for in situ STEM by drop casting a colloidal dispersion of the sample in methanol
onto the fusion heating chip (Experimental 3.3.6). Before the measurements, no attempts were
made to remove PVP from the nanoparticles' surface. It has been previously established that
surfactants are removed from the nanoparticle's surface at high temperature in situ TEM
experiments in UHV#. Thus, it was assumed that PVP would not change the experiment's

outcome.
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4.3.1 The role of the electron dosage as a function of temperature in the solid solution
Pto.soRho.s0 nanoparticles

The electron beam may damage the sample when bimetallic nanoparticles are studied in situ at
high temperatures using electron microscopes (Methods and Theory 2.8.2). The beam effect might
also be a function of temperature itself>>. For that reason, the effect of beam exposure must be
decoupled from the temperature effect in the dynamics of element distribution. We, therefore,
established a protocol for the in situ STEM experiment for interpreting dynamics in the element
distribution as a function of time, temperature, and beam exposure. The beam dosage is measured
qualitatively, where a small beam dosage is defined as the first-, and a large beam dosage as the
last 50 EDS frames. The effect of beam exposure is shown by superimposing the images of the
first- and last 50 EDS maps frames. The HAADF image of the first- and last EDS frame was also
obtained to support the EDS map. Importantly, the contrast in HAADF images is sensitive to the

atomic number, causing heavier elements to appear brighter (Methods and Theory 2.8.2)

The experiment measured the nanoparticles' atomic distribution at room temperature to establish
a baseline. The temperature was instantly raised to 600 °C, and the atomic distribution of the
nanoparticles was measured in situ. Finally, the sample was cooled down to 300 °C, and the atomic
distribution of the nanoparticles was measured in situ. The nanoparticles had not been exposed to

the electron beam prior to measurement.

Figure 4.21 shows representative nanoparticles from at least ten different measurements at A) 25
°C before heating, B) 90 minutes at 600 °C, C) 210 minutes at 600 °C, D) 30 minutes at 300 °C,
and E) 60 min at 300 °C. The signal for Rh is presented in red and for Pt in green. The top left
images of Figure 4.21A-E display the first 50 superimposed EDS map frames, which show that
the signal for Pt and Rh are well distributed within the nanoparticles. The top right images display
the HAADF image of the first EDS map frame and support the EDS result, showing a gradual

contrast transition from the edges (less bright) to the center (brightest) of the nanoparticles.

The bottom left images display the /ast 50 superimposed EDS map frames, and the bottom right
images display the HAADF image of the /ast EDS frame. For the nanoparticles in Figure 4.21A,
D, and E, the signal for Pt and Rh appear evenly distributed as a solid solution in the nanoparticles.
Moreover, the HAADF image of the /ast EDS frame shows a smooth transition of contrast from

the edges to the center of the nanoparticles. In contrast, the EDS map indicates that the signal for
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Pt and Rh is segregated in disparate areas for the nanoparticles in Figure 4.21B and C. This is
confirmed by the HAADF images of the /ast EDS frame, as the signal for Pt is predominant in the
bright areas of the EDS map.

We also measured the nanoparticles' size and composition (atomic %; Figure 4.21). In images
containing more than one nanoparticle, the reported data is from the nanoparticle with an arrow
crossing its perimeter. The size of the nanoparticles was measured based on the HAADF image
and the composition reported from the first and last 50 frames were within the margins of error.
Notably, the nanoparticles measured in situ at both 300- and 600 °C increased in size (Figure

421B, C, D).

To conclude, we found that beam damage of the sample occurs at 300 °C, resulting in nanoparticle
growth, and at 600 °C resulting in both nanoparticle growth and element segregation. The first 50
frames of all nanoparticles measured in situ STEM, independent of exposure time to the target
temperature, have the same configuration as the baseline. The goal of the in situ STEM
experiments is to extract information about the temperature dependence on elemental distribution
dynamics without influence from the electron beam. We found that a suitable method for analyzing
the data is to use only the first 50 frames of the HAADF and EDS map images during the in situ
STEM experiments at 300 and 600 °C. If executed accordingly, the measurements will not show

changes in the sample caused by beam damage.
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A) 25 °C before heating up B) 90 minutes at 600 °C C) 210 minutes at 600 °C
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Figure 4.21: Effect of electron dosage as a function of temperature in representative nanoparticles from Synthesis 11. A) 25 °C; B) 90 minutes at
600°C; C) 210 minutes at 600°C; D) 30 minutes at 300 °C; E) 60 minutes at 300 °C. Top left: EDS map of the first 50 frames; Top right: HAADF
image of the first EDS map frame; Bottom left: EDS map of the last 50 frames; HAADF image of the last EDS map frame. The signal for Rh is shown
in red and for Pt in green. The reported size and atomic fraction are for nanoparticles with a green arrow. The size was measured in the direction of

the arrow. The measurements were performed by in situ STEM at the target temperature.
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4.3.2 Screening the thermodynamic stability of the solid solution PtosoRho.50 nanoparticles
as a function of size and temperature

Next, we wanted to explore if the PtosoRhoso. nanoparticles change from solid solution to
segregated nanoparticles as a function of thermal energy and nanoparticle size in a vacuum. Three
representative nanoparticles, ranging from 5 nm to 14 nm, were reported for each target
temperature. The nanoparticles had never been exposed to the electron beam before the
measurement. Figure 4.22 is a graphical representation of the in situ STEM experimental
procedure. Each time the temperature was changed, an unexposed hole in the Fusion Thermal E-
Chip window was used (Figure 4.22 — far right insert). The EDS maps, followed by the HAADF
image of three representative nanoparticles of different sizes, were obtained at each target
temperature. The nanoparticle diameter was measured in the direction it appeared to be largest.
For the nanoparticles measured at 25 °C, at least 100 EDS frames were superimposed to create the
nanoparticles' EDS maps. For the measurements in situ at 300 and 600 °C, only the first 50 EDS
frames were used. The HAADF image of the first frame was used as a support for the EDS map.

* The dimension of the lines are for illustration purposes.
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Figure 4.22: Graphical representation for the in situ STEM measurements of the solid solution Pto.s0Rho.s0

nanoparticles. The insert shows a graphical representation of the Fusion Thermal E-chip window layout.

The nanoparticle size and element distribution were analyzed at 25 °C before starting the in situ
STEM measurements to check the status of the as-synthesized sample and create a baseline of the
atomic distribution in the nanoparticles (Figure 4.22). Figure 4.23 (left) shows a HAADF image

with an overview of the sample before heating. The sample contained well-defined nanoparticles.
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The insert displays a histogram of 250 nanoparticles. The average size of the as-synthesized
nanoparticles was 6.3 £ 1.2 nm. The size of the replicate of synthesis 11 was similar with
overlapping margins of error with Synthesis 11 in Results 4.1.2.3 (7.1 £ 1.8 nm). Figure 4.23
(right) shows the EDS map followed by the HAADF image of Nanoparticles 1, 2, and 3. All three
nanoparticles were in a solid solution configuration based on the evenly distributed EDS signal for
Pt and Rh. The smooth change of contrast from the border to the center of the nanoparticles in the

HAADF image support the finding.

D=63£12nm Particle size / EDS-STEM map HAADF-STEM
composition (first EDS frame)

F Nanoparticle 1:
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1 dO nm

Figure 4.23: Screening of products from Synthesis 11 before heating. Left: HAADF image with an overview
of products from Synthesis 11 before heating. The insert shows the nanoparticle size distribution. Right:
Particle size/composition, EDS map and HAADF images of three representative nanoparticles of different

sizes at 25 °C before heating. The signal for Rh is shown in red and for Pt in green.

The sample was instantly heated to 600 °C for a total of 4.5 hours (Figure 4.22), and after 1.5 hours
of dwell time to allow the system to reach equilibrium, it was characterized in situ to explore how
the sample changed due to temperature and time. Figure 4.24 (left) shows a HAADF image with
an overview of the sample measured in situ at 600 °C after 1.5 hours of heat exposure,
demonstrating that most nanoparticles sintered into structures of ~100 nm. Yet, the single (non-
sintered) nanoparticles left in the sample were good candidates for in situ STEM measurements,

and the experiment proceeded. The EDS map of Nanoparticles 4, 5, and 6 shows that they remained
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in a solid configuration after heating (Figure 4.24 — right). The smooth change of contrast from
the border to the center of the nanoparticles in the HAADF image support the finding. The EDS
map of Nanoparticle 4 has a poor signal-to-noise ratio and gives a false impression of elemental
segregation, but if the elements were segregated, the HAADF image would have shown an abrupt

shift in contrast within the perimeter of the nanoparticles (see Figure 4.21B, C).

Particle size / EDS-STEM map HAADF-STEM
composition (first 50 frames) (first EDS frame)
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Figure 4.24: Screening of products from Synthesis 11 by in situ STEM at 600 °C. Left: HAADF image with
an overview of products from Synthesis 11 measured in situ after 90 minutes at 600 °C; Right: Particle
size/composition, EDS map and HAADF images of three representative nanoparticles of different sizes

measured at 600 °C. The EDS signal for Rh is shown in red and for Pt in Green.

In all, the system was exposed to 600 °C for 4.5 hours. The sample was then cooled to 300 °C
(3.34 °C min™! — 1.5 hours) and characterized in situ (Figure 4.22). The cooling was done gradually
to allow the system to reach equilibrium. The EDS maps show that Nanoparticles 7, 8 and 9 were
in a solid solution configuration (Figure 4.25A). The smooth change of contrast from the border
to the center of the nanoparticles in the HAADF image support the finding (Figure 4.25A). The
system remained at 300 °C for one hour (Figure 4.22).

Finally, the sample was cooled to 25 °C (3.06 °C min™! - 1.5 hours) and characterized (Figure
4.22). The EDS maps of Nanoparticles 10, 11, and 12 show that they were in a solid solution
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configuration (Figure 4.25B). The smooth change of contrast from the border to the center of the

nanoparticles in the HAADF image support the finding (Figure 4.25B).

A) 300 °C B) 25 °C after heat exposure

Particle size / EDS-STEM map HAADF-STEM Particle size / EDS-STEM map HAADF-STEM
composition (first 50 frames) (first EDS frame) composition (first EDS frame)

Nanoparticle 7:
7.6 nm

43 +3 %Pt

57 +3 % Rh

Nanoparticle 8:
9.7 nm

43+2 %Pt
57+2 %Rh

Nanoparticle 9:
11 nm

40+3 %Pt

60 +3 % Rh

Figure 4.25: Screening of products from Synthesis 11 during and after exposure to heat. Particle
size/composition, EDS map and HAADF images of three representative nanoparticles of different sizes
measured A) 300 °C and B) 25 °C, after exposure to heat. The EDS signal for Rh is shown in red and for

Pt in Green.

To conclude, that solid solution PtyRhi_x nanoparticles, where x ranged from 0.40 = 0.03 to 0.52
+ 0.03 within the size range of 5.7 to 14 nm were in a solid solution before they were heated
(Figure 4.23 right) during the in situ STEM measurements (Figures 4.24 right and 4.25A), and
after the in situ measurements (Figure 4.25B). As a result, it can be assumed that the solid
solution configuration did not change by exposure to 600 °C for 4.5 hours, and 300 °C for one
hour in a vacuum. To the best of our knowledge, there are no in situ STEM experiments reported
in the literature to contextualize our findings. For a global discussion considering the bulk phase

diagram and other similar systems, see Discussion 5.3.
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5 Discussion

At least 60 % of chemicals produced today are synthesized through catalytic processes, and about
90 % of chemical processes are performed using a catalyst!. Accordingly, there is a need to study
and develop catalysts that are energy efficient and have a high selectivity for the desired product.
Catalyst development requires the production of well-defined model catalysts. The goal of this
master's thesis was to develop well-defined model catalysts through synthesis of Ptx<Rh;x solid
solution nanoparticles and deposition of the nanoparticles on Al,O3 support. In addition, the
thermal stability of the produced solid solution PtosoRhoso nanoparticles was tested by in situ

STEM.

5.1 Synthesis of solid solution PtiRh;x nanoparticles

Several research groups have employed the heat-up method to produce solid solution PtyRhi_«
nanoparticles using different precursors and solvents 1924262942 Nevertheless, because the Pt and
Rh precursors tend to have different reduction rates due to their reaction kinetics*?, the produced
nanoparticles contained either an Rh enriched?s- or a Pt enriched®® shell depending on the
combination of precursors used. In this master's thesis, concurrent trials for preparing shell-free
solid solution PtxRhi_x were performed through the heat-up method using the autoclave- and the
reflux approaches. The autoclave technique was used with the aim of tuning the reaction kinetics
of Pt and Rh precursors by applying pressure. The reflux route was used in order to quench the

reaction before the formation of a shell.

Synthesis of solid solution PtxRh;-x nanoparticles through the autoclave method

The autoclave method successfully synthesized monodispersed Pd and Pt nanoparticles. We
concluded the synthesis strategy to be reproducible, the nanoparticles were non-agglomerated and
had a narrow size distribution (Results 4.1.1.1 — Figure 4.4 and Results 4.1.1.2 — Figure 4.5).
However, the method still needs size optimization and the addition of Rh precursor to attempt
alloying by simultaneous reduction. The autoclave trial was discontinued as the goal of producing

shell-free solid solution PtxRhi_x nanoparticles had been achieved through the reflux method.
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Synthesis of solid solution PtxRh1—x nanoparticles through the reflux method

The starting point for synthesizing shell-free solid solution PtxRhi_x were the procedures developed
by Muri?® and modified by Bundli** and Bundli ef a/.?°. Bundli*? studied the synthesis of PtyRh; «
nanoparticles using both 1,4-butanediol and ethylene glycol. For this master's thesis, we chose
ethylene glycol as solvent for synthesizing shell-free solid solution PtxRh;_x nanoparticles because

it does not have the same toxicity effects as 1,4-butanediol.

In order to achieve the solid solution nanoparticles, the first step was to perform a qualitative study
of the relative kinetics of Pt(acac)., Rh(acac)s, and an equimolar mixture of the two precursors. In
the master's thesis, the formation of metallic nanoparticles is interpreted as the solution's color
change from yellow to dark brown (Results 4.1.2.1 — Figure 4.6). Figure 4.18 in the Results 4.2.3
supports the postulation, as it shows that before the synthesis started, no nanoparticles were present
in the solution and after the synthesis started, the nanoparticles nucleated and grew as a function
of time. Nanoparticle growth can thus be interpreted as the transformation of Pt*>* into Pt’. The
reason for only using qualitative outcome measures was that a comprehensive analysis of the

reaction kinetics of these precursors would be an extensive study in itself.

The kinetics experiment indicated that the synthesis could be broken down into two reaction
windows: The Pt and Rh precursor react simultaneously in the first, forming a solid solution. The
second window starts when the faster reacting Rh precursor is depleted, causing the formation of
the Pt-rich shell. In this new strategy, the synthesis was stopped before the end of the first reaction

1'29

window. As a result, the shell formation observed by Bundli et al.~”, replicated in Synthesis 9

(Results 4.1.2.2 — Figure 4.7), was avoided (Results 4.1.2.3 — Figures 4.8 and 4.10).

Because the relative reaction kinetics of Rh is faster than Pt, when equimolar amounts of precursors
were used, the nanoparticles contained ~75 % Rh (Figure 5.1). We found, however, that the
stoichiometry of the PtxRhi_x could be controlled by exploiting collision theory. According to
collision theory, the reaction rate depends on the frequency of collisions from the reacting
specimen. One way of increasing the collision frequency is by increasing the concentration of
reactants. For that reason, the ratio of Pt- relative to Rh precursor was increased to tune the final

concentration of the nanoparticles. The stoichiometry of the nanoparticle can thus be controlled by
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applying the equation of the curve from Figure 4.14, and we document that the entire solid solution

range can be obtained (PtxRhi—x, 0 <x < 1). For details, see Results 4.1.2.6.

The compositions of the nanoparticles from Syntheses 10 to 12 (Results 4.1.2.4 — Table 4.7) were
determined by EDS, ICP-OES and calculated using variations in unit cell dimensions extracted by
PXRD and application of Vegard's law. The percentage of Rh detected by each analytical method
was within the margin of error (Figure 5.1). Notably, both EDS and ICP-OES give the gross
composition of the nanoparticles, whereas Vegard's law adds the information that the elements are
distributed throughout the particle as a solid solution. In addition, the EDS atomic-scale resolution

elemental mapping (Results 4.1.2.3 — Figures 4.8 and 4.10) support the results from PXRD.

Both Syntheses 11 and 18 contained the nominal composition of 75 % Pt and 25 % Rh, but the
metal precursor concentration of Synthesis 18 was six-fold lower (Results 4.2.4 — Table 4.9), and
the concentration of PVP was three-fold higher than in Synthesis 11 (Results 4.1.2.3 — Table 4.4).
In Syntheses 11 and 18, the detected percentage of Rh in the nanoparticles was ~50 %. As a
consequence, it can be deduced that the critical parameter for tuning the stoichiometry of the

nanoparticle is the Pt- to Rh precursor ratio.

The nanoparticles from Syntheses 10, 11, and 12 had a size distribution slightly wider than the one
reported by Bundli ef al.?®. For instance, while Synthesis 11 produced solid solution Pty soRho.so
nanoparticles averaging 7.1 + 1.8 nm (insert in Figure 5.1) the synthesis for solid solution
Pto.s0Rho so nanoparticles reported by Bundli et al.?® produced nanoparticles averaging 6.9 + 0.7
nm. A possible reason for the discrepancy is a high precursor concentration in Syntheses 10, 11,
and 12. If the precursor concentration is too high, the system might supersaturate with new
nucleation events for too long (Methods and Theory 2.1.2). In addition, because the synthesis time
is relatively short, there was not enough time for size focusing to occur (Methods and Theory
2.1.3). In contrast, the synthesis reported by Bundli ef al.?® was performed over two hours. A
possible remedy for the wide size distribution is to lower the concentration of metal precursors in

the solution. By doing so, the period where the system is supersaturated could be shortened.

Another interesting observation is that the nanoparticles' average size and size distribution from
Syntheses 11 and 18 are virtually the same, even though Synthesis 18 had a lower concentration

of precursor than Synthesis 11 (Figure 5.1). The kinetics of particle formation is also a function of
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PVP concentration, which can act as a reduction agent''>. Thus, even though the concentration of
precursors was lower, the higher PVP concentration could have led the system's overall reactivity
to remain similar. Moreover, Hei ef al.'® (Introduction 1.4 — Table 1.1) reported that increasing the
PVP-to-metal ratio in solution leads to an increase in the average size of the nanoparticles.
Synthesis 11 had a 10 to 1 PVP-to-metal ratio, and Synthesis 18 had a 101 to 1 PVP-to-metal ratio.
Therefore, the nanoparticle size stayed the same even though the precursor concentration was

reduced. The observed result is in-line with the results reported by Hei et al.'S.

[ | synthesis 10 (Nominally 50% Pt — 50% Rh) 12
—~10
I:l Synthesis 11 (Nominally 75% Pt — 25% Rh) g 8 %]
100 I:l Synthesis 12 (Nominally 90% Pt — 10% Rh) E; 6 H‘] [}] E}I
90 I:l Synthesis 18 (Nominally 75% Pt — 25% Rh) a4
& 6 times less metal precursor concentration and 3 times z 2
P higher concentration of PVP when compared to Synthesis 11.
o 80 _ 0
e i3
£ 70
©
2 60
w0
T
o 50 it 1
£
© 40
S
S 30 T
ik
5
g 20
-
e 10
0
EDS ICP-OES Vegard’s Law

Composition analysis method

Figure 5.1: Nanoparticle composition using different analytical methods. Measured percentage of Rh for
Syntheses 10 (orange), 11 (green), 12 (purple), and 18(yellow). The insert shows the average nanoparticle
size for each synthesis. For details about Syntheses 10 to 13, see Table 4.4 in Results 4.1.2.3; for Synthesis
18, see Table 4.9 in Results 4.2.4.
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Quenching the reaction before all precursor is consumed makes the synthesis strategy expensive
as the slower reacting noble metal precursor is not consumed. Nevertheless, the strategy is
suitable/acceptable for preparing model catalysts, as they are only produced in small quantities.
Yet, if the non-used precursors could be recycled, the strategy could be employed for large-scale

production of solid solution nanoparticles.

To our knowledge, quenching the synthesis before the slow reactant is consumed is a novel
synthesis strategy. By applying this method, shell-free solid solution PtxRhi x nanoparticles could
be produced by the heat-up method. The strategy appears promising for preparing bimetallic solid
solution nanoparticles of various metals. The only requirement is a reaction window overlap of the
metal precursors. The experimental method sets the stage for future in-situ and operando
measurements using the temperatures and atmospheric conditions in which ammonia oxidation

and for measurements of other chemical reactions that such nanoparticles could serve as catalysts.

5.2 Development of well-defined Pt/Al203 and Pto.soRho.50/Al203 catalysts

Two commonly used methods to prepare model catalysts are wet impregnation and direct colloidal
deposition (Methods and Theory 2.7.1). The wet impregnation method is easy to implement, but
control over nanoparticle size and size distribution is elusive. For this master's thesis, the colloidal
deposition method was chosen for producing the Pt and solid solution Ptos0Rhos0 nanoparticles
supported on Al,O3. The goal was to produce well-defined nanoparticles in terms of their size, size
distribution, and alloying. The nanoparticles would then be deposited to AlOs; support and
calcinated for activation of the catalyst. For the latter step, the dispersion of the nanoparticles on

the support was a point of focus.

The Pt nanoparticles were synthesized and deposited on Al,O3 support using the method reported
by Muri?® (Results 4.2.3 — Synthesis 13). Yet, after synthesis and deposition of the Pt nanoparticles,
we noticed that the nanoparticles were agglomerated onto the support (Results 4.2.2 — Figure 4.16).
As a consequence, the agglomerated nanoparticles would sinter during the calcination, and the
system would no longer remain well-defined. We, therefore, needed to design a protocol to

produce non-agglomerated Pt nanoparticles on Al>Os.

Our first hypothesis was that the agglomeration occurred during the washing-, redispersion-, and

deposition procedures, as the nanoparticles are introduced to chemical environments that promote
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flocculation and redispersion during these procedures. We believed that the nanoparticles may
have been flocculating but not dispersing again. A range of strategies, such as changes in the
sonication method, the addition of PVP during redispersion, and the use different solvents for
redispersion failed to produce non-agglomerated Pt nanoparticles deposited on Al,O; (Results

4.2.3 — Table 4.8 and Figure 4.17).

Our second hypothesis was that the nanoparticles were synthesized as agglomerates. Figure 4.18
in Results 4.2.3 contains SEM images depicting the morphology of the nanoparticles as a function
of time during the synthesis. We observed that the nanoparticles were not agglomerated during the
first 15 minutes. However, 20 minutes into the experiment, loose and agglomerated nanoparticles
began to appear, and after 30 minutes, the system was composed primarily of agglomerates. The

conclusion was that the Pt nanoparticles were agglomerating during synthesis.

The synthesis of non-agglomerated Pt nanoparticles require coating by capping agents. When non-
coated Pt nanoparticles approach each other, van der Waals forces may lead to irreversible
aggregation (Methods and Theory 2.2). Another critical parameter for producing dispersed
nanoparticles is the concentration of surfactant used in the synthesis. When too little- or too much
surfactant is used, the nanoparticles agglomerate by bridging or depleting flocculation®,
respectively. Figure 4.18 in Results 4.2.3 shows that the Pt nanoparticles were not agglomerated
during the first 15 minutes of Synthesis 13. As the nanoparticles continued to grow, the amount of
PVP in the system appeared insufficient to cover the nanoparticles' surface adequately, and
therefore agglomeration started to occur. For that reason, we believed that the nanoparticles were

agglomerating due lack of surfactant in the solution.

Results 4.2.4 shows that the critical parameter for producing dispersed nanoparticles was the molar
concentration of PVP in 1,4-butanediol solution. Agglomerated nanoparticles were produced when
the PVP concentration was lower than 338 mM. The new concentration of PVP could also be
applied to the synthesis of the solid solution Ptos0Rho 50 nanoparticles in ethylene glycol (Results
4.2.4 — Synthesis 18). To our knowledge, it is the first systematic study of the role of PVP in the
dispersion of Pt and PtosoRho.s0. The obtained results are in line with Li et al. who reported an

optimal concentration of PVP in solution to produce dispersed nanoparticles of BaTiO3%.
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The amount of PVP used for synthesizing Pt and Pt-Rh alloys is commonly reported in the
literature as the PVP-to-metal ratio in the synthesis!®-20-222427-29 Hei et al. systematically studied
how the concentration of PVP-to-metal ratio influences the nanoparticle size '°. However, only Papa
et al. used a molar concentration of PVP (380 mM; Table 5.1) equivalent to what we used for preparing
non-agglomerated nanoparticles (338 mM; Table 5.1) and were successfully able to produce non-
agglomerated nanoparticles'® (Introduction 1.3 — Figure 1.5C). The other syntheses referred to in
Introduction 1.3 display agglomerated nanoparticles (Figures 1.5A, B, D-N). Moreover, all of the
reported syntheses used a PVP-to-metal ratio between 2.5 to 1 and 12 to 1 (Table 5.1). In contrast, we

successfully produced nanoparticles using the PVP-to-metal ratio up to 270 to 1.

The concentration of 338 mM PVP successfully produced dispersed Pt and solid solution
Pto.s0Rho.s0 nanoparticles on support using the procedure reported by Muri?®. The surfactant was
removed to activate the catalyst by calcinating the nanoparticles at 400 °C under synthetic airflow.
Even if the monometallic Pt nanoparticles were to oxidize, they could easily be reduced again by
calcination in a hydrogen gas atmosphere!!®. Zacharki et al. demonstrated that Ni nanoparticles
supported on AlbO; oxidize and suffer severe reconstruction during calcination in synthetic gas,
but get readily reduced if calcinated in a hydrogen gas atmosphere!'6. However, if the nanoparticles
were composed of alloys, for instance PtxRh;_x, the two elements would respond differently to the
oxidation/reduction cycle used!!®. In another study of nanoparticles of Pt and Rh, Tomoya et al.
demonstrated that heating solid solutions Pt23Rhi3 nanoparticles in an atmosphere containing
oxygen gas created a Rh,O3 shell on the nanoparticle!!”. After the oxidation step, they heated the

same particles in hydrogen gas, resulting in a nanoparticle with an Rh-rich shell'!”.

In conclusion, we have successfully produced well-defined Pt/Al,O3; and PtosoRho.s50/Al203
nanoparticle catalysts. Now, the catalytic activity of Pt can be measured and directly compared to
the catalytic activity of the solid solution PtosoRhoso nanoparticles. Lastly, the method for
synthesizing well-dispersed nanoparticles developed in Results 4.2.3 should apply to all polyol
synthesis for Pt, Rh, PtyRhi_«, as well as the core-shell Pt@Rh and Rh@Pt configurations used at
the NAFUMA research group.
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Table 5.1: PVP-to-metal ratio and molar concentration of PVP in solution for previously reported

syntheses of Pt or PtyRh;_, solid solution nanoparticles and some selected syntheses from this master's

thesis. The syntheses with agglomerated nanoparticles are shown in red, and dispersed nanoparticles in

green. PVP, polyvinylpyrrolidone.

Hei et Long et Papa et Song et | Herricks
Authors , Han et al."” Koebel et
al.'® al."’ al."® al® et al.”! al**
[PVP] 5/1 to
—_— 6/1 10/1 9/1 12/1 2.6/1 9/1
[Metal] | 40/1
[PVP] 12.7 to
1 to 48 250 380 9 156 26
(mM) 71.1
Safo et Park et | Alayoglu | Musselwhite | Park et Bundli et
Authors Muri*®
al”? al* et al.” et al.* al”’ al”
[PVP] 3/1to
—_— 10/1 2.5/1 2.5/1 10/1 10/1 10/1
[Metal] | 12/
[PVP] 7.8 to 12.5to 6.25 to
25 25 100 100
(mM) 31.2 50 100
This Synthesis | Synthesis | Synthesis Synthesis | Synthesis | Synthesis
Synthesis 15
thesis 12 13 14 16 17 18
[PVP]
—_— 2 10 30 90 90 270 101
[Metal]
[PVP]
100 38 113 338 113 338 338
(mM)
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5.3 Screening of the thermal stability of solid solution Pto50Rho 50 nanoparticles’
by in situ scanning transmission electron microscopy

Evaluation of the stable configuration of the PtyRh;-x nanoparticles

In Results 4.3 we measured the thermal stability at 300 and 600 °C of solid solution PtyRhi
nanoparticles, where x ranged from 0.40 + 0.03 to 0.52 + 0.03, by in situ STEM in UHV. In the
experiment, EDS near atomic scale resolution elemental mapping and HAADF images were
extracted from nanoparticles within the size of 5.7 to 14 nm before they were heated, in situ at 300
and 600 °C, and after heat exposure. From the results, we concluded that all of the measured
nanoparticles were in a solid solution before they were heated (Results 4.3.2 — Figure 4.23), during
the in situ STEM measurements (Results 4.3.2 — Figures 4.24 and 4.25A), and after the in situ
measurements (Results 4.3.2 — Figure 4.25B). This contradicts the predicted miscibility dome in
the bulk binary phase diagram for Pt and Rh, which predicts that PtRh;x with x ranging from
0.40 = 0.03 and 0.52 £ 0.03 only exist as solid solution at temperatures above ~760 °C
(Introduction 1.3 — Figure 1.6). To our knowledge, it is the first time the thermodynamic stability
of solid solution PtyRh; x nanoparticles has been explored by in situ STEM in UHV. As will be
discussed, our observations are insufficient to fully draw conclusions regarding their
thermodynamic stability, but we believe it is a good starting point for more thorough

investigations.

In order to evaluate the thermal stability of nanoparticles using in situ STEM, beam damages need
to be considered. In Results 4.3.1, we evaluated how the in situ STEM experiments had to be
carried out not to create artifacts related to beam damage. By solely using the 50 first frames in
each EDS map, the effect of the electron dose was suppressed and did not affect the results with
respect to element distribution. Notably, it is also documented that the thermal heating associated
with such experiments are in the range of 1 °C?°. Therefore, an important conclusion is that our

thermal stability evaluations were not influenced by beam damage.

The bulk Pt-Rh binary phase diagram published by ASM international®® is based on theoretical
calculations proposed by Raub*® (Introduction 1.3 — Figure 1.6). Several other studies have also
produced results that conflict with their Pt-Rh binary phase diagram predictions. Interestingly,

Steiner et al. used neutron scattering to study the ordering in the bulk Pto.47Rh¢ 53 alloy and found
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that it formed a solid solution!!®

. The study was a result of a long discussion on the topic of whether
the Pt-Rh alloys formed ordered alloys or solid solutions (disordered alloys)!'®!2!, In addition,
Maisel ef al. used simulations to conclude that there is no miscibility gap in the bulk Pt-Rh binary
phase diagram!22. Although the existence of the miscibility gap is debated, the bulk phase diagram
in Figure 1.6 is still largely acknowledged!'??, and it is used as basis for this master's thesis.
Additionally, we are aware that the phase diagram only describes the situation in bulk, and not

necessarily represents the situation at the nanoscale.

It has previously been reported that the phase diagrams of nanoalloys can diverge from their bulk
counterpart®'. In bulk, the surface and interfacial contribution to the total Gibbs energy is so small
that they are usually neglected®!. On the other hand, as nanoalloys get smaller, the contributions
from surface- and interfacial energies becomes significant to the total Gibbs energy of the system?!.
That may result in a shift in the equilibrium solubility lines from the original bulk phase diagram.
This shift leads to changes in the phase stability of the material when it enters the nano-regime>!.
For instance, the miscibility dome shown in the bulk binary Pt-Rh phase diagram could be
suppressed to much lower temperatures. This implies that, if the in situ STEM findings of the
PtiRh;-x nanoparticles reflect their thermodynamic equilibrium, an alloy with x ranging from 0.40
+ 0.03 to 0.52 + 0.03 Pt-Rh will form a solid solution in the temperature interval from room

temperature to 600 °C, and particle sizes in the range from 5.7 to 14 nm in UHV.

An unanswered question is whether the experiment was performed using conditions that allowed
the system to reach equilibrium. If not, one could foresee a scenario where the stable configuration
was a segregated particle with respect to composition. For that to happen, a phase transformation
would need to occur, and kinetics would need to be overcome to obtain segregation!?. The solid
solution nanoparticles of PtyRh;_x, where x ranged from 0.40 + 0.03 to 0.52 + 0.03, and size ranged
from 5.7 to 14 nm, were exposed to 600 °C for 4.5 hours, cooled down to 300 °C at the rate of
3.34 °C min™! (1.5 hours), exposed to 300 °C for one hour, and cooled down to 25 °C at the rate
of 3.06 °C min! (1.5 hour). If the bulk phase diagram for PtyRh;y is valid at the nanoscale, one
possible explanation for the lack of nanoparticle segregation could be that the system was not
exposed to the target temperature for long enough to overcome the kinetics and reach the stable

configuration.
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In 2019, Kumar et al. published a Pt-Rh diffusion coefficient in bulk at 1000 °C;

DRh—Pt(100) — 18 n_mz’ DRh-PE(110) — g n_mz’ DRh-Pt(111) — 1g an’
S

N N

and

2
DPE-RR(100,110111) = 0 16 %, showing that there is diffusion at high temperatures!?*. In

addition, it has been previously reported that materials at the nanoscale have enhanced diffusion
effects relative to their bulk counterparts'?®. The diffusion of Cu in Au nanocrystals ensemble with

an average size of 10 nm at room temperature is higher by at least nine orders of magnitude when

compared to their bulk counterpart126. Au in semiconductor Ag,S nanocrystal ensemble '~ and Ag

in Au nanocrystal ensemble '~ have diffusion coefficients up to 16 orders of magnitude higher than
their bulk counterpart. All these factors indicate that the solid solution PtyRhi—x nanoparticles,
where x ranged from 0.40 + 0.03 to 0.52 + 0.03, and size ranged from 5.7 to 14 nm, should have
had sufficient time to reach equilibrium within the timeframe of the experiment. In addition, it can
be noted that in the areas where there was nanoparticle agglomeration, the sample had sintered
after being exposed to 600 °C for 4.5 hours (Results 4.3.2 — Figure 4.24 leff). Sintering is an
indication that there was mobility in the system, and that the solid solution could be the
thermodynamic stable configuration of the nanoparticle size regime measured at the actual

conditions (UHV, temperatures up to 600 °C).

For the measurements at 300 °C we expected mobility to be lower than at 600 °C. Consequently,
one hour at 300 °C might not have been sufficient for the system to reach equilibrium, i.e., it is
still an open question if the kinetics has been to slow or if we have identified the stable

configuration of the alloy.

Notably, we may have insufficiently considered the fact that the nanoparticles were coated with
PVP. Before the in situ STEM measurements in UHV, no attempts were made to remove the PVP
capping from the nanoparticles. Wang et al. reported that the surfactant polyacrylate could sublime
during in situ TEM experiments in UHV at the temperature range of 180-250 °C*. The conditions
of in situ STEM and in situ TEM are nearly identical, the main difference being how the beam
illuminates the sample®> (Methods and Theory 2.8.2). To our knowledge, no such observations
have been reported for PVP at the same conditions. In addition, PVP gets converted into a thin
layer of amorphous carbon when calcinated in H> and Oz atmospheres at temperatures between

300-350 °C!'?. Carbon impurities on the surface of the nanoparticles can complicate data analysis.
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For instance, it has been previously reported that carbon depresses the melting point of rhodium
by 11.9% and platinum by 1.6 %'3°. For that reason, a procedure to remove PVP prior to such
measurements needs to be considered and developed, and new in situ STEM experiments where
PVP is removed from the nanoparticles should be used to draw conclusions on what may be the

stable configuration of the PtxRhi_x nanoparticles. This is a fruitful topic for further work.

The importance of in situ STEM experiments

Although ex situ STEM experiments provide an idea of the bimetallic nanoparticles overall
stability>’, it comes short of showing their morphology and elemental distribution within the
nanoparticles' at the temperature range of interest. A first step to observe the nanoparticles at
realistic conditions is to heat them in UHV to the target temperature, and follow their
morphological changes and possible elemental re-arrangement during the heat treatment. The
experiment undertaken in this work is of such a character, and we have preliminarily concluded

that PtxRhi_x nanoparticles are stable as solid solution up to 600 °C.

The consequence of these results is that if the nanoparticles were synthesized in a core-shell
configuration rather than a solid-solution, an elemental re-arrangement would take place upon
heating if we assume that a solid solution is the stable configuration. However, in order to know
the stable configuration of the nanoparticle in the conditions in which they are used, for instance
within catalysts, the effect the gas atmosphere has on the nanoparticles also needs to be accounted

for.

To the best of our knowledge, in situ ambient pressure STEM studies are still to be conducted for
PtiRhi_x nanoparticles. However, we are aware of one in situ Bragg coherent diffraction imaging
experiment on a solid solution Pty3Rhi;3 nanoparticle larger than 200 nm. Tomoya et al.!'’
performed their study by exposing one nanoparticle to 2.7-5 % Oz in He and 3.8 % H> in He at 550
and 700 °C. They observed the growth of a layer of RhoO3 on the nanoparticles during the O:
atmosphere measurements. When exposed to temperature and H, atmospheres, Rh got reduced to

metal, leaving a Rh shell on the alloy'!’

. This experiment demonstrates that temperature alone is
not the only factor influencing the elemental distribution of the nanoparticle, but the choice of gas

atmosphere can lead to segregation of solid solution systems into core-shell structures. Such in
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situ experiments are indispensable in order to correlate the performance of the catalyst to the

chemical composition of the nanoparticle surface, where the catalysis reaction takes place.

In conclusion, in situ STEM experiments are crucial because they stretch the measurements toward
realistic operational process conditions. By doing so, they provide direct input on the materials'
characteristics in the conditions in which they are used. The use of in sifu techniques and well-
defined model catalysts, prepared by careful deposition routes as described in this work, is crucial

for development of optimal catalysts with high activity and selectivity to the targeted product.
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6 Conclusions

The main focus of this master's thesis was the synthesis and characterization of solid solution

PtRh;_x nanoparticles, their deposition onto Al>O3 support to prepare well-defined model catalysts

for the selective oxidation of NH3 into N2, and testing of the thermal stability of the solid solution

nanoparticles PtosRho s as a function of temperature at UHV by means of in situ STEM.

Taken together, in this master's thesis, we have:

Developed an autoclave synthesis route for Pt, that appears promising for preparing

nanoparticle alloys.

Synthesized solid solution PtyRhi_y, where x = 0.25, 0.50. and 0.75, introducing the novel step
of having information on the metal precursors' relative reaction kinetics, and halting the
synthesis at a point where the faster reacting metal precursor is not fully consumed. Formation
of true solid solution nanoparticles, using this approach, is documented by combining STEM-

EDS, XRD and unit cell determinations with ICP-OES elemental analysis.

Prepared well-defined Pt/Al,O3 and solid solution PtosoRho.s0/Al2O3; model catalysts with
highly dispersed nanoparticles, documented by SEM using the low angle backscattered
electron mode. Successful preparation only became possible after correcting the existing
preparation protocols to use significantly higher surfactant concentrations during the
nanoparticle synthesis step. ICP-OES confirmed metal loading of the catalysts to be close to

the targeted value of 0.5 weight % (Pt: 0.56 weight %; Pto.soRho s0: 0.61 weight %).

Carried out the first in situ STEM study at UHV and shown that the solid solution elemental
distribution of the as-synthesized PtxRhix, where x ranged from 0.40 + 0.03 to 0.52 + 0.03,
and nanoparticle size ranged from 5.7 to 14 nm, did not change after a 4.5 hour exposure to
600 °C and one hour exposure to 300 °C in UHV. The results indicate that the nanoparticles
are stable in the solid solution configuration, without displaying element segregation. The
experiments were not hampered by beam damage effects. The influence of the surfactant on
the stability of the nanoparticles is currently not accounted for and requires further

investigations.
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7 Perspectives

In this master's thesis we developed model catalysts of monometallic Pt nanoparticles and solid
solution PtyRh;_x nanoparticles deposited on Al>O;. The nanoparticles were monodispersed with
similar average sizes, were not agglomerated, and did not sinter during calcination for removal of
PVP. Therefore, they are apt for being tested for the selectivity toward N> in the ammonia oxidation
reaction as model catalysts. The catalytic activity of Pt can be measured and directly compared to

the catalytic activity of the solid solution Pto.so0Rho.s0 nanoparticles.

We have also developed an autoclave synthesis for Pt nanoparticles, with the aim of developing
PtRh;x solid solution nanoparticles. The synthesis was halted because the goal of synthesizing
solid solution PtyRhi x nanoparticles with homogeneous elemental distribution had been achieved
using the reflux approach. Thus, synthesis of nanoparticles using an autoclave remains largely
unexplored in the NAFUMA research group. We aim to pursue this method further by developing
a procedure to attain control of nanoparticle size and morphology, then adding a step to introduce
Rh to promote alloying. Such work would be valuable to the group by making a new synthesis

method available.

The in situ experiments showed that solid solution PtxRhix nanoparticles, where x ranged from
0.40 +0.03 to 0.52 + 0.03, and nanoparticle sizes in the ranged from 5.7 to 14 nm, maintained their
solid solution configuration when heated to 300 and 600 °C. The results are in conflict with the
bulk Pt-Rh binary phase diagram published by ASM international, which predicts that the system
should exist as a Pt- and a Rh-rich phase. However, the fact that PVP had not been removed from
the surface prior to the measurement prevents us from fully concluding whether the nanoparticles
tested were in a thermodynamically stable configuration. Further experiments are, therefore,
needed to evaluate the influence of PVP on the stability of the nanoparticles. By performing in situ
XPS heating studies in UHV, we could learn whether PVP is fully removed, or alternatively,
whether it decomposes into carbon biproducts on the surface of the nanoparticles at 300 and 600
°C. In addition, we need to develop a procedure to fully remove PVP in UHV. This could also be
performed by in situ XPS analysis. The in situ XPS analysis would additionally provide data on
the chemical state of the PtxRhix nanoparticles, thus allowing us to investigate whether the alloy

would remain in solid solution configuration when PVP is fully removed from the nanoparticles'
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surface. Preferably, the same nanoparticles should be used for both the PVP removal experiment
by in-situ XPS and for the in situ STEM studies. That way, the data measured by in situ STEM

could be directly correlated to nanoparticles without PVP on their surface.

Key information regarding the thermodynamic stable configuration of Pt-Rh nanoparticles could
also be obtained by in situ STEM studies of phase segregated Pt@Rh, and Rh@Pt core-shell
nanoparticles. The study could be performed by obtaining an EDS map of a segregated Pt@Rh
core shell nanoparticle before it was heated, and then obtain an EDS map of the same nanoparticle
after 1.5 hours at 600 °C. That way, the element distribution change within the nanoparticle would
be directly correlated to the effect of the exposure to 600 °C. In addition, if there is elemental
diffusion in the system, and solid solution is the thermodynamically stable configuration of Pt-Rh
nanoparticles, the segregated Pt@Rh core-shell configuration will undergo a phase transformation
to solid solution when exposed to 600 °C as a function of time. This phase transformation could
also be determined by EDS maps concurrently with HAADF images of the nanoparticles.
However, procedures to produce segregated Pt@Rh, and Rh@Pt core-shell nanoparticles that are
between 5.7 to 14 nm in size and contain between 40 + 3 % and 52 + 3 % Pt relative to Rh need to

be established for the experiments to be performed.
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9 Appendix

Table A.1 Raw data and calculation for the amount of Al>O; to be used to prepare 0.5 % weight percent Pt

(Synthesis 15) and solid solution Pty s0Rhos0 (Synthesis 18) supported on AL Os.

Relevant molar mass for calculations

Pt(acac), [g/mol] 393.29
Rh(acac); [g/mol] 400.23
Pt [g/mol] 195.08
Rh [g/mol] 102.91
Estimation for the mass of Al,O; Pt NPs PtosRhos NPs
Mass of Pt(acac); [g] 0.0294 0.0594
Mass of Rh(acac)s [g] 0 0.0204
Mass of Pt [g] 0.01458301 0.029463632
Mass of Rh [g] 0 0.005245394
moles Pt(acac), [mol] 0.00007 0.000151
millimoles Pt(acac), [mmol] 0.07 0.1510
moles Rh(acac); [mol] 0 0.000051
millimoles Rh(acac)s [mmol] 0.000 0.051

Assume 70 % vyield

Assume 35 % yield of Rh

n(Rh) = n(Pt)

Moles of Rh [mol] 0 1.78397E-05
Moles of Pt [mol] 5.23278E-05 1.78397E-05

Total mass of Rh recovered [g] 0 0.001835888
Total mass of Pt recovered [g] 0.010208107 0.003480177

Total mass of metal recovered [g]

Want 0.5 wt.% metal on Al,O3

0.010208107

0.005316065

0.50%

0.50%

Mass of Al,O; to be used [g]

2.03

1.06
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Figure A.1 STEM-EDS elemental map image of a representative nanoparticle from Synthesis 18. The EDS

signal for Rh is shown in red and for Pt in green.
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Figure A.2: Rietveld refinement raw data for the powder X-ray diffraction patterns of the product from A) Synthesis 10; B) Synthesis 11; C)
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Synthesis 12. The black line shows the experimental data, the blue line the calculated theoretical diffractogram and the red line the difference plot
between the calculated and the theoretical diffractogram
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