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The structure-property relationship is a foundational concept of materials science and engineering. Tuning the catalytic properties of materials by varying
their structural properties like stoichiometry and crystal facets have been integral to advances in electrocatalysis. Traditionally, these studies rely on ex situ,
bulk structural characterizations to describe catalytic properties. Catalysis, however, occurs on a dynamic catalytic surface sensitive to its local environment.
This dissertation uses in situ spectroscopy of metal oxide electrocatalysts to
better capture the intricacies of such catalyst structure-property relationships.
La2/3 S1/3 rMnO3 films are grown using molecular beam epitaxy for a controlled
study on the effects of surface and sub-surface structure of metal oxides on the
oxygen reduction reaction (ORR) catalysis. Ambient pressure X-ray photoelectron spectroscopy of the films shows that the surface and sub-surface structures
control the balance between electronic benefits vs. parasitic surface reactions
for the ORR. The phosphate network of of an amorphous cobalt oxide catalyst
deposited in phosphate (CoPi) is studied using home-built stimulated Raman
spectroscopy (SRS). In situ SRS reveals previously unreported phosphate motifs
in CoPi under oxygen evolution reaction conditions. Isotopic studies show that
the phosphate structure is intimately linked to the aqueous environment with
implications for the catalyst microstructure and deposition process. Extensions
of the dissertation on in situ spectroscopy of a quinone electrochemical system

is discussed in the end.
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CHAPTER 1
INTRODUCTION

1.1

Structure-property relationship in electrocatalysis

The structure-property relationship is a cornerstone in materials science and engineering. The statement can feel cliche, but a simple thought experiment justifies its implications. I tried to imagine a world where the structure-property relationship bears no significance. A world where the natural laws dictate that the
physical structure of materials have no consequences on the resultant properties
or phenomenon. A world where the contact between a solid and water have
no effects on how the two mix. A world where the physical proximity of two
charged particles tell us nothing about their attraction or repulsion. Structureproperty relationship is so ingrained into my perception of the world that trying
to describe a possible scenario without is a struggle. The interaction between
the keyboard and my fingers involve electrostatic interactions determined by
their physical proximity. If structure had no bearing on this interaction, what I
am really left with are more questions than anything else. Does my finger pass
through the keyboard by seemingly random chance? How should my skeletomuscular and nervous systems behave in this fictional world? What other parameter can drive material interaction and properties? Musing over such questions are entertaining, but in the end, it is a reminder of how foundational the
structure-property relationship. At almost every dimension, my understanding
of this world relies so heavily on my ability to work within a coordinate system
designed to describe a structure.
Electrocatalysis is no stranger to the power of the structure-property rela1

tionship. A catalyst manipulates the kinetics of a chemical reaction by tuning
the activation energy of the reaction. Control of kinetics in heterogeneous electrocatalysis is described by the Sabatier Principle. The principle states that heterogeneous catalysis can be understood in terms of optimizing the interaction
between the catalyst and the reactant. If the interaction is too strong, difficulty
in dissociating the reactant from the catalyst becomes limiting for the reaction.
If the interaction is too weak, difficulty in forming a bond between the reactant
and catalyst is limiting. The key is to get the interaction just right, primarily by
tuning the catalyst structure.
In this framework, structure is not confined to the physical arrangement
of atoms, ions, or molecules. Structure includes the chemical and electrical
characters that are associated with an arrangement. Stoichiometry, electronic
bands/orbitals, and defects are some of the important characters broadly discussed under structure. The understanding is that tuning such structural parameters is directly related to the catalyst-substrate interaction, the key catalytic
property.
Advances in heterogeneous electrocatalysis of the oxygen reduction and
evolution reactions (ORR and OER) are good demonstrations of this concept
at play [2]. Inefficiencies of the ORR and OER catalysis are a fundamental scientific challenge at the heart of an immediate technological question. The oxygen
half-reactions are critical to the operation of renewable energy technologies such
as fuell cells and electrolyzers. Efficient fuel cells and electrolyzers have the potential to create a closed, clean energy cycle based on hydrogen as presented in
Figure 1.1. Unfortunately, the kinetic inefficiencies of the oxygen half-reactions
remains a major challenge in these devices. The oxygen reduction reaction (and
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Figure 1.1: Schematic of the Hydrogen Energy Cycle.

the oxygen evolution reaction, which is ORR in reverse) requires the transfer of
four electrons.
O2 + 4 H+ + 4 e− −→2 H2 O
O2 + 2 H2 O + 4 e− −→4 OH−

(acidic)

(1.1)

(alkaline)

(1.2)

Multi-transfer of electrons is a major obstacle in designing catalysts for the
ORR (and OER). Catalysis of these reactions would require tuning the catalystreactant interaction for each electron transfer step to optimize each catalystadsorbate bond strength individually (Figure 1.2). This difficulty is alleviated
by the scaling relationship. Scaling relationship states that the binding energies of intermediate adsorbates in a catalytic reactions are linearly correlated to
each other [3]. Correlation between the adsorbate binding energies suggests that
there is in fact, only one variable to control for catalytic performance. The d-band
theory of metal heterogeneous catalysts for the ORR is a good demonstration of
the aforementioned principles at play. Alloying platinum, the prototypical ORR
catalyst, with different transition metal oxides tunes the electron filling of the
3

Figure 1.2: Theoretically proposed mechanism for the oxygen reduction
reaction in acidic conditions. The blue represents the catalyst,
which also serves as the electron source. Oxygen is represented
with the red circles and hydrogen with the yellow circles. Protons come from the acidic electrolyte. Dotted gray line indicates
adsorbate bond.
d-band of the catalyst. As the d-band is the metal band that bonds with oxygen
to form intermediate adsorbates, control over the d-band structure controls the
oxygen adsorbate binding strength, and in turn the catalytic activity towards
the ORR [4]. An analogous idea of tuning the metal electronic structure (eg band
filling in metal oxides) to control catalytic activity has been demonstrated in
perovskite metal oxide catalysts also [5].
Both the d-band theory and eg -filling theory are powerful theories that
directly tie catalytic structure with their catalytic property. These theories’
strength lies in their ability to describe catalysis, a surface reaction at the solidliquid interface, using ex situ and bulk characterizations of the catalyst structure.
As the field progresses, however, a need for more detailed theoretical frameworks has become evident. Detailed experiments show the importance of the
catalyst surface, which can be modified both ex situ and in situ beyond their
bulk structures to significant effect on their catalytic properties [6, 7, 8, 9].
Results of these studies are not surprising. A glance at a Pourbaix diagram
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suggests that many catalysts’ surface structure would change when in contact with an electrolyte under applied potential. The results however, do suggest that there still exist gaps with our current understanding of the catalyst
structure-property relationships. The question that needs to be answered next
is:
How does the in situ catalyst structure relate to its catalytic properties?
If we accept that the structure of the catalyst is fundamental towards describing its properties, and that the catalyst structure evolves during catalysis, establishing a true structure-property relationship necessitates better understanding
of the in situ catalyst structure. This dissertation seeks to fill in gaps about the
in situ catalyst structure using advanced spectroscopic techniques. These spectroscopic techniques not only provided the in situ structural measurements, but
also of features that have been difficult to analyze using traditional techniques.
Atomistic structure of metal oxide catalysts are then related to their catalytic
properties with an outlook towards capturing the full interfacial kinetics of the
catalytic process.

1.2

Organization of the Dissertation

Chapter 2 presents a summary of in situ spectroscopic techniques for electrochemistry with a special focus on Ambient Pressure X-ray Photoelectron Spectroscopy (APXPS) and Femtosecond Stimulated Raman Spectroscopy (FSRS) as
the two driving spectroscopic techniques of this dissertation.
Chapter 3 reveals the importance of atomically precise surface structure of
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metal oxide catalysts by studying heterostructure La2/3 Sr1/3 MnO3 (LSMO) catalyst for the oxygen reduction reaction (ORR) using APXPS.
Chapter 4 reveals the structure of the phosphate network structure of cobaltoxide in phosphate (CoPi) catalyst for the oxygen evolution reaction (OER) using stimulated Raman spectroscopy (SRS).
Chapter 5 concludes this dissertation and provides an outlook into the future
of in situ spectroscopic techniques in heterogeneous electrocatalysis.
Appendix A presents a lesson plan designed in accordance with the New
York State/National Learning Standards in Engineering Design for middle
school and high school students. The lesson plan provides first hand experience on the effects of scale in designing and evaluating engineering solutions
over five days.
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CHAPTER 2
SPECTROSCOPIC TECHNIQUES

2.1

Overview of in situ spectroscopy in electrochemistry

In situ spectroscopy of electrochemical systems is a growing field of study with
subfields that can be categorized based on the combination of spectroscopic
techniques with specific electrochemical systems. The works in this dissertation
can be classified under techniques used to study electrochemical systems at the
solid-water interface. Different techniques provide different strategies to overcome the signal contribution from the bulk aqueous electrolyte to selectively
probe the electrochemical system.
X-ray spectroscopy (absorption, scattering, etc.) is a popular choice as the
high-energy of the X-ray photons can penetrate through the aqueous environment [7, 10]. X-ray techniques are especially potent in revealing the structure of
the heavier metallic components of the catalyst in both crystalline, amorphous,
and complex systems [7, 10, 11, 12, 13, 9]. Surface sensitivity and material selectivity remain key challenges with X-ray techniques of active interest.
Vibrational spectroscopy (e.g. infrared (IR) spectroscopy and Raman spectroscopy) provides molecular structural information across a wide set of materials for in situ spectroscopy of electrochemical systems. Traditionally, absorption by the aqueous electrolyte has been a challenge for using IR spectroscopy.
Recent progress has demonstrated the ability to probe specific solid-water interface with IR using custom designed specroelectrochemical cells taking advantage of evanescent fields using attenuated total reflectance [14] or plasmon

7

induced surface signal enhancement [15]. While both methods present significant steps towards in situ vibrational spectroscopy, there are still challenges
associated with complex cell design, material selectivity, and signal bandwidth.
In theory, Raman spectroscopy presents several advantages over IR spectroscopy in the challenges aforementioned. Raman utilized a visible pump to
probe change in polarizability (vs. IR pump for change in dipole moment in IR
spectroscopy), which means that the technique is relatively insensitive to aqueous environments. Raman spectroscopy can also be collected in both transmission and reflection modes, allowing simplicity in cell design. However, Raman
spectroscopy traditionally relies on spontaneous Raman scattering which suffers from notoriously low signal generation rate. In typical systems, one Raman
scattered photon for every 1-to-100 million pump photons. Surface-enhanced
Raman spectroscopy (SERS) has been a popular adaptation to overcome the
low signal generation rate [16, 17, 18, 19]. Similar to surface-enhanced IR spectroscopy, SERS is also limited by the requirement that it’s electrode need simultaneously be plasmon active and electrochemically active.
This dissertation focuses on two spectroscopic techniques: Ambient Pressure X-ray Photoelectron Spectroscopy (APXPS) and Femtosecond Stimulated
Raman Spectroscopy (FSRS). Both techniques are presented as methods that
complement the shortcomings of existing in situ spectroscopic techniques as
explained previously. APXPS provides chemical and electronic structural information that allows the study of bond formation at the catalyst surface. FSRS
provides molecular vibrational information that allows the study of structural
changes of catalysts in aqueous environments. The following sections of this
chapter will provide a brief overview of the two techniques.
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2.2

Ambient Pressure X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) is a useful technique to measure the
chemical and electronic information of a given material. The kinetic energy of
the core electrons that escape the sample upon monochromatic X-ray irradiation is measured. The difference between the incident X-ray photon energy and
the measured kinetic energy of the escaping electrons, the binding energy of
the core electrons can be calculated. This binding energy can then be related directly to the electronic bands the core electrons originate from, providing a host
of elemental information. As the escaping electrons have a finite escape length
(determined by the incident X-ray energy and the sample material), XPS is also
a surface sensitive technique.
Traditional XPS does have an important experimental constraint: XPS measurements need to be made in ultrahigh vacuum (UHV) as the escaping core
electrons readily scatter against atmospheric gas molecules and lead to low
detection levels [20]. The UHV requirement has meant that despite its surface
sensitivity, XPS has not been favored to study surface bond formation at solidliquid and solid-gas interfaces.
Development of ambient pressure X-ray photoelectron spectroscopy
(APXPS) over the last few decades, however, has been slowly removing the constraint. Key to the measurement comes from the development of the differential
pumped collection chambers. Instead of a single measurement chamber as in a
conventional XPS system, an APXPS system employs a series of chambers connected with electron focusing lenses. Each chamber away from the sample is
pumped to a lower pressure than the one before to reduce the proportion of
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scattered electrons. By the final chamber with the electron detector, UHV can be
maintained [21].
APXPS opens exciting opportunities for measuring the chemical and electronic properties of solid surfaces at dynamic interfaces. Current systems have
been demonstrated ability to make XPS measurements of solid samples in near
ambient pressures of gases (∼ 1 Torr) or even more recently with a thin liquid
meniscus [22]. This dissertation focuses on using the APXPS to observe catalyst
surfaces interaction with gaseous oxygen.

2.3

Femtosecond Stimulated Raman Spectroscopy

Raman spectroscopy is a technique that provides vibrational information of a
given sample based on a change in polarizability of the bonds in the sample.
Figure 2.1 presents a graphical representation of the process. A (usually) visible laser beam (Raman pump) is irradiated onto the sample, which excites the
ground state electrons to a virtual state corresponding to the incident photon
energy. When the excited electrons relax back down from the virtual state, they
emit a photon with energy corresponding to their relaxation transition. Consider the case where the excited electron relaxes down to a vibrational state
instead of the ground state. In this case, the difference in energy between the incident photon and the emitted photon will be identical to the energy difference
between the vibrational state and ground state (Omega). This process is called
Stokes shift and are observed as scattered photons (Raman scattering). 1
1

anti-Stokes shift is also possible where an electron starts at the vibrational state, is excited
to a virtual state, and then relaxes down to the ground state.

10

Figure 2.1: Energy-level diagram of the transitions associated with spontaneous Raman spectroscopy.

Raman spectroscopy is commonly compared to infrared (IR) spectroscopy.
Both techniques provide vibrational information but do hold key differences
that complement each other. Raman spectroscopy is a measurement of the
change in polarizability whereas IR spectroscopy measures change in dipole
moment. As such, the two techniques have different selection rules. Most prominently, Raman is mostly invisible to water, whereas IR is typically very sensitive
to the OH vibrations in water. Additionally, Raman spectroscopy measures the
Raman scattered photons whereas IR spectroscopy measures absorption of the
incident beam. The difference contributes to main noise and background considerations of the two techniques. Unless measuring very small Stokes shifts,
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Raman spectroscopy is free of noise and background from the incident beam.
Spontaneous Raman spectroscopy (the conventional form of Raman spectroscopy), however, faces a fundamental challenge in the extremely low rate of
Raman scattering. One can expect about one Stokes shifted photon for every
million to 100 million incident Raman pump photons. Fluorescence of samples
from the visible Raman pump is also a common source of noise that drowns out
Raman signal. Stimulated Raman Spectroscopy (SRS) is one way to overcome
the common challenges of spontaneous Raman spectroscopy.
An energy-level diagram of SRS is presented in Figure 2.2. In contrast to
spontaneous Raman spectroscopy (Fig. 2.1), SRS uses two incident light sources.
The Raman pump is identical as before. An intense visible laser that excites the
ground state electrons into the virtual state. Instead of waiting for spontaneous
relaxation of the excited electrons, the excited electrons are stimulated to relax
down to the vibrational state in SRS. The stimulated relaxation is induced by
the Raman probe. When a Raman probe of the ‘’right’’ energy is coincident on
the sample with the Raman pump, stimulated emission of Stokes shifted photons occur. Raman probe energy is ‘’right’’ when the energy difference between
the Raman pump and the probe equals the energy difference between the vibrational and ground state. In practice, the Raman probe is often a broadband
beam to span a collection of vibrational state energies.
SRS addresses the above expressed concerns over spontaneous Raman spectroscopy. SRS boasts orders of magnitude improvement in signal-to-noise ratio (SNR) per acquisition time over spontaneous Raman spectroscopy (Figure
4.1). Improvement in the SNR can be primarily traced to two factors, both of
which are related to the stimulated process. There is an increase in the rate
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Figure 2.2: Energy-level diagram of the transitions associated with stimulated Raman spectroscopy.

of Stokes shifted photons generated. McCamant et al. have shown that under
standard experimental conditions, the differential Raman cross section for SRS
can be six to seven orders of magnitude greater than that of spontaneous Raman spectroscopy [23].2 SRS signal is also spatially coherent in comparison to
spontaneous Raman spectroscopy, where the signal is scattered in all directions.
Therefore, the collection efficiency of the SRS signal is not limited by the numerical aperture of the collection objective. SRS is also free from fluorescence
backgrounds [23].
Femtosecond stimulated Raman spectroscopy (FSRS) employs a third additional incident beam (actinic pump) on top of the SRS setup. By using femtosecond pulsed lasers to generate the actinic pump, Raman pump, and Raman
2

In practice, other nonlinear optical processes also occur in competition and the observed
improvement is a couple of orders of magnitude lower.
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probe, an ultrafast time-resolved Raman spectroscopy becomes possible.
More detailed discussion of SRS physics and experimental setup can be
found in literature [24, 25, 26, 27, 28, 23, 29, 30] and in chapter 4 of this dissertation.
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CHAPTER 3
ATOMICALLY PRECISE MANGANESE OXIDE CATALYST FOR THE
OXYGEN REDUCTION REACTION

This chapter studies La2/3 Sr1/3 MnO3 (LSMO) thin films using Ambient-pressure
X-ray photoelectron spectroscopy (APXPS). Atomic precision of MBE grown
films is utilized to independently study the effects of surface and sub-surface
structures while keeping bulk properties unchanged. APXPS results show the
dual effects of atomically precise control over catalyst surface and subsurface
layers in controlling their catalytic activity. A published version of this work
can be found at: Eom, C.J., et al., Nat. Comm. 2018, 9 (1), 4034.

3.1

Introduction

Understanding the structure-activity relationship of a catalyst at the atomic
level is a long-standing challenge in the pursuit of a rationally designed catalysts [6, 31, 32, 33, 34]. Traditionally, the relationship has been identified by
varying the bulk structure and/or composition and examining the impact on
the catalytic performance. While these efforts have resulted in design principles
and discoveries of new catalysts, options beyond bulk variable control have not
been fully explored. Rational design principles for the oxygen reduction reaction (ORR) catalysts are of particular interest for its technological implications
in oxygen-based energy devices [35, 32]. Advances in non-platinum catalysts,
including carbon based catalysts, and metal-oxide catalysts for alkaline conditions, further accentuate the need for full exploration of catalyst design beyond
bulk variable control [36, 37]. A common goal in moving past bulk variable con15

trol is independent control over the structure and composition in the surface
and sub-surface layers: the layers most sensitive to surface reactions. Control of
these parameters provide the allure of optimizing electronic structure and surface chemistry in separate but closely coupled atomic layers [38, 39]. Independent control of the surface and sub-surface structure and composition is nontrivial. The synthesis method requires the ability to prepare materials with atomic
precision to access non-equilibrium configurations. This chapter presents a realization of investigation into the effects of independent surface and subsurface
layer control in catalysts via advanced thin-film deposition.
Well-defined single-crystal studies have shown that the sub-surface atoms
play an important role on the catalytic performance just as the surface atoms
do[7, 40, 41, 42, 43, 44]. Core-shell structures synthesis via heat treatment induced surface segregation or post-synthetic deposition has been utilized to manipulate sub-surface atoms for catalytic performance [45, 46, 47]. These syntheses methods, however, are not amenable to systematic control of the surface
and sub-surface structure and composition. Lack of systematic control over the
phase space has made identifying the structure-activity relations from these experiments difficult. Control over the surface and sub-surface structure and composition is particularly challenging for oxide catalysts used in alkaline fuel cells
and metal-air batteries where complex quaternary phase diagrams and hightemperature treatment used for preparations often push the catalyst to favor
the equilibrium structure [5, 48, 8, 49, 50, 51, 52].
Layer-by-layer deposition of La2/3 Sr1/3 MnO3 (LSMO) thin films by molecular beam epitaxy (MBE) can address the above challenge. The technique provides atomic level control over the position of each AMnO3 layer (A = La or
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Sr). While maintaining the overall stoichiometry of (LaMnO3 )2n /(SrMnO3 )n layers, the surface and sub-surface compositions of the films were varied by tuning the deposition sequence. LSMO films deposited this way are expected to
share stoichiometry and electronic properties in bulk, but have different surface and sub-surface structures. Comparison of the in situ structures and the
oxygen reduction reaction (ORR) catalytic activity of different films will thus
illuminate the influence of surface and sub-surface structure independent of
bulk effects. A total of seven films of the same thickness are studied. An undoped LaMnO3 (LLL) film and La2/3 Sr1/3 MnO3 film (Alloy) where La & Sr form
a solid solution are used as references. Five different LSMO superlattice films
((LaMnO3 )2n /(SrMnO3 )n ) are studied:

• Three (LaMnO3 )2/ (SrMnO3 ) films (n=1) are studied by controlling the position of SrMnO3 layer at the surface, sub-surface, or sub-sub-surface.
• Two (LaMnO3 )4/ (SrMnO3 )2 films (n=2) are studied by controlling the position of the double SrMnO3 layers at the surface or sub-surface.

Superlattice films are referred to based on their repeat units with the
first letter referring to the A-site metal of the surface layer, e.g. SrMnO3 LaMnO3 -LaMnO3 as ”SLL”, LaMnO3 -SrMnO3 -LaMnO3 as ”LSL”, and LaMnO3 LaMnO3 -SrMnO3 as ”LLS” (Figure 3.2). Following the same notation, the two
(LaMnO3 )4/ (SrMnO3 )2 films studied are referred to as ”SSLLLL” and ”LLSSLL”
(Figure 3.3). The ”LLLLSS” film was not studied due to difficulties in film deposition.
Doping LaMnO3 with Sr (La1 – x Srx MnO3 ) is a well known method for tuning
the electronic structure of the Mn state. In the undoped state (LaMnO3 ), the
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manganese ions are Mn3+ (d4 ). Insertion of the divalent Sr ions from SrMnO3
causes a charge redistribution of the manganese from Mn3+ to Mn4+ (d3 ) [53, 54].
In the Mn3+ state, there are three electrons in the t2g band and one electron in
the eg band. In the Mn4+ state, there are three electrons in the t2g band and no
electrons in the eg band (Figure 3.1). It has been proposed that for lanthanum
manganates for ORR catalysis, the ideal occupancy of the eg band is slightly less
than 1 [5, 55]. The particular stoichiometry of La2/3 Sr1/3 MnO3 is investigated in
this chapter as it has previously been reported to provide the highest activity
for ORR [55].

3.2

Film Growth and Structure Characterization

20 nm thick Mn-terminated (LaMnO3 )2n /(SrMnO3 )n heterostructures were
grown by MBE on TiO2 -terminated (001) SrTiO3 single-crystal substrates by
Carolina Adamo based on previously reported methods [56]. The (001) facet
was chosen as the low-energy termination of the perovskite structure allows for
layer-by-layer growth. Structural integrity of the LSMO heterostructures were
characterized using four-circle X-ray diffraction (XRD), angle-resolved photoemission spectroscopy (ARPES), and transport measurements [57, 58]. These results show that the LaMnO3 and SrMnO3 layers are commensurate with the
substrate and the effects of interlayer strain are very small in the LSMO thin
films (n=1 and 2). X-ray analysis of the LSMO films show reflections from both
the perovskite structure and the superlattice (Figure 3.4 and Figure 3.5).
X-ray diffraction and reflectivity data show that all tested LSMO films have
identical bulk crystal structures. To verify independent control over surface and
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Figure 3.1: Schematic illustrations of the electron bands of the manganese
in a perovskite such as in LSMO.

19

Figure 3.2: Schematic illustrations of the (LaMnO3 )2 /(SrMnO3 ) heterostructures. Blue manganite octahedra are associated with
the Sr-O layer (yellow) and the green manganite octahedra are
associated with the La-O layer (maroon)

Figure 3.3: Schematic illustrations of the (LaMnO3 )4 /(SrMnO3 )2 heterostructures. Blue manganite octahedra are associated with
the Sr-O layer (yellow) and the green manganite octahedra are
associated with the La-O layer (maroon).
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Figure 3.4: X-ray diffraction patterns of (LaMnO3 )2/ (SrMnO3 ) films. Peaks
near 23◦ can be assigned to the (001) pseudo-cubic perovskite
structure and the substrate peak (003 and * respectively). Peaks
near 16◦ and 7◦ (arrows) are assigned to satellite reflections of
the superlattice (−1 and −2) from the La/Sr cation ordering in
the superlattice.

sub-surface layer structure in the same films, the intensity ratios between the
raw La 4d and Sr 3d peaks were measured using APXPS. At photon energies of
340 eV for La 4d and 385 eV for Sr 3d, measured APXPS spectra correspond to
probing depths of around one functional unit ( 1.1 nm) from the surface. Measurements were repeated in different pO2 to test for cation diffusion. APXPS
results show that among the n=1 films LLS has the highest La/Sr intensity ratio
near the surface, followed by LSL, and then SLL (Figure 3.6). These compositional ratios agree with our intended SrMnO3 placement and are unchanged
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Figure 3.5: A X-ray diffraction data of the (002) peak from the n=2 LSMO
films. Substrate SrTiO3 peaks are denoted with an asterisk (*).
B X-ray reflectivity data from the same superlattices; the peaks
denoted with an asterisk (*) are from the La/Sr cation ordering
in the superlattice.

under different pO2 . The consistent compositional ratios support our naming
nomenclature and our assignment of any observed difference in the ORR activity to the SrMnO3 placement within the heterostructures.

3.3

3.3.1

Oxygen Reduction Reaction Activity Comparison

Electrochemical Preparation and Characterization

Electrochemical measurements were conducted in a standard three-electrode
cell (Pine) using a potentiostat (Bio-Logic). The reference electrode was a
Ag/AgCl redox couple in a saturated KCl solution, calibrated to the H2 /H+
redox. The ohmic resistance correction used the high frequency real-axis inter-

22

Figure 3.6: Ambient pressure X-ray photoelectron spectroscopy measurement of the La/Sr intensity ratio of the (LaMnO3 )2 /(SrMnO3 )
heterostructures as a function of pO2 .

cept of the impedance measurement. Front electrical contacts were made using
gallium-indium eutectic (Sigma-Aldrich, 99.99%) and silver paint (Ted Pella,
Leitsilber 200). The contact and the sides and back of the substrate were all
covered with epoxy (Omegabond 101) to ensure electrochemical insulation of
these regions [55]. All samples were front contacted to avoid passing the current
through the film-substrate interface. The ORR measurements were conducted in
O2 -saturated (Airgas, ultrahigh-grade purity) 0.1M KOH, prepared from MilliQ water (18.2 Ωcm, Millipore) with KOH pellets (Sigma- Aldrich, 99.99%) at a
rate of 10 mV/s. The ORR curves were obtained by subtracting the ORR current measured in O2 vs. background current measured in Ar (Airgas, ultrahighgrade purity) in 0.1M KOH. The ORR activity is from the third cycle, where
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the subsequent scan did not vary by more than 5% of the previous scan. The
error bars represent the standard deviations for at least three independent measurements. The [Fe(CN)6 ]3+/4+ measurements were conducted in Ar-saturated
0.1M KOH solution with 5mM K4 Fe(CN)6 ·3 H2 O (Alfa Aesar, 98.5–102.0%) and
K3 Fe(CN)6 (Alfa Aesar, 99%) at a rate of 10 mV/s.

3.3.2

Electrochemical Analysis of LSMO

The ORR activity of the LSMO films show that the surface and sub-surface
placement plays an important role on the films’ catalytic activity. Figure 3.7A
shows the ORR activity on (LaMnO3 )2 /(SrMnO3 ) heterostructures in a Tafel
plot. All (LaMnO3 )2 /(SrMnO3 ) heterostructures share the same Tafel slope, suggesting a similar reaction pathway for the studied composition (overall reaction is O2 + 2 H2 O + 4 e– → 4 OH– ) [50]. A diffusion correction was not applied
since the analysis focuses on a current range much smaller than the mass transport limit [59]. For a visual comparison, Figure 3.7B shows the ORR current
at 0.8 V vs. reversible hydrogen electrode (RHE). LSL, where the Sr layer resides in the sub-surface layer, is the most active, followed by SLL, LLS, and
then LLL. The low activity of LLS suggests that Sr layer most efficiently benefits the ORR when it is placed within 2 unit cells from the surface Mn (< 1
nm). The main benefit Sr provides for the ORR is by tuning the Mn’s d-electron
configuration in the eg symmetry [5]. LLS’s low activity indicates that this electronic effect of Mn d-electron configuration modification by Sr is localized to
∼2 unit cells. This hypothesis is consistent with the observation that the ORR
kinetics on (LaMnO3 )2 /(SrMnO3 ) is more active than (LaMnO3 )4 /(SrMnO3 )2
(Figure 3.8 and Figure 3.9); both LLSSLL and SSLLLL reveal that larger su-
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perlattice spacing impedes Sr from benefiting the topmost Mn layer for ORR.
This interpretation of our results agrees with previous ARPES experiments [57]
and first-principle calculations [60, 61]. ARPES showed reduced electronic hopping integrals when the spacing between the LaMnO3 and SrMnO3 layers increases. First-principle calculations showed that the charge transfer effects of
the (LaMnO3 )2 /(SrMnO3 ) interfaces are confined to ∼2 unit cells. Comparing
the electrochemical behavior of (LaMnO3 )2n /(SrMnO3 )n (n = 1, 2) to that of a random alloy (‘Alloy’) further reveal the effects of sub-surface engineering (Figure
3.9). The Alloy film, which should structurally represent a random mixture of
the three (LaMnO3 )2 /(SrMnO3 ) films, performs close to the average of the three
films, markedly poorer than LSL (Figure 3.10). Comparison of different LSMO
films and literature from the electronic structure community [60, 61] confirms
a key structure-property relationship: activity of the topmost catalytic layer is
most directly affected by manipulating the sub-surface layer chemistry and that
the effect gradually decreases as the manipulated layer is further away from
the surface. In the LSMO films for the ORR catalysis, the manipulated layer of
interest is the La-Sr interface as determined by Sr layer placement.
Electrochemical measurements show that near-surface La-Sr interface is beneficial for the LSMO ORR catalysis. Figure 3.7 shows however, that there is a
break in trend in going from LSL (Sr in the sub-surface) to SLL (Sr in the surface). LSL is a more active ORR catalyst than SLL despite both films having
La-Sr interface an identical distance away from the surface. A possible cause for
the change in ORR activity trend could be a difference in the charge-transfer
capability between the two films. Stoerzinger et al. have shown that the chargetransfer capability in La1 – x Srx MnO3 for the ORR is linearly correlated to the
[Fe(CN)6 ]3 – /4 – outer sphere redox reaction. Furthermore they showed that the
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Figure 3.7: The ORR activities of (LaMnO3 )2 /(SrMnO3 ). A Tafel plot of the
ORR activities of (LaMnO3 )2 /(SrMnO3 ) in O2 -saturated 0.1 M
KOH. Error bars represent standard deviations of three independent measurements using three pieces of films deposited
under the same condition. B Comparison of the ORR activities
of (LaMnO3 )2 /(SrMnO3 ) at 0.8 VRHE .

charge-transfer capability of La1 – x Srx MnO3 depends on x, the Sr content. Their
results suggested that in addition to tuning the eg occupancy, Sr addition benefits the ORR activity of LaMnO3 by also providing carriers to increase conductivity for the ORR [59]. Interestingly, there is no observable difference in the chargetransfer capabilities between LLS, LSL and SLL, for the same [Fe(CN)6 ]3 – /4 –
outer sphere redox reaction (Figure 3.11). Therefore, the availability of transferrable electrons does not explain the ORR difference between SLL, LSL and
LLS (Figure 3.7 and Figure 3.8) The observation that (LaMnO3 )2 /(SrMnO3 ) is
not limited by the availability of transferrable electrons is consistent with the
transport measurements, which showed that (LaMnO3 )2 /(SrMnO3 ) is metallic
[58, 62, 63].
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Figure 3.8: The ORR on (LaMnO3 )2 /(SrMnO3 ) heterostructures measured
using cyclic voltammetry at 10 mV/s rate in O2 -saturated 0.1 M
KOH. LSL is the most ORR active, followed by SLL, LLS, and
then LLL.

3.4

Ambient Pressure X-ray Photoelectron Spectroscopy of
LSMO thin films

Neither bulk structural and electrochemical measurements provide evidence to
explain the decrease in ORR activity from LSL to SLL. APXPS was used to probe
the surface chemical and electronic structures of the thin films to provide an
explanation.
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Figure 3.9: ORR results of the n=1 LSMO heterostructures compared with
La and Sr in a solid solution (‘Alloy’), and LSL. A Cyclic
voltammetry of (LaMnO3 )4 /(SrMnO3 )2 in O2 -saturated 0.1 M
KOH. B Tafel plot of (LaMnO3 )4 /(SrMnO3 )2 obtained from the
cyclic voltammetry results in A after a capacitance correction.
Error bars represent the standard deviation of three measurements from three pieces of films deposited at the same condition.

3.4.1

Experimental preparation and setup of APXPS on LSMO

To establish the connection between the surface and sub-surface customisation
and electronic structure, APXPS [21] is used to monitor the surface chemistry
of the heterostructures. APXPS measurements were collected at Beamline 9.3.2
at the Advanced Light Source (ALS) of the Lawrence Berkeley National Laboratory (LBNL) [64]. After loading, all samples were heated to and held at 200◦ C
at 1 mTorr pO2 for 30 min to remove surface adsorbed organics, which were
monitored via the C 1s spectra. Excitation energy is tuned such that the kinetic
energy of the escaping electron is uniformly 250 eV for all elemental peaks. This
kinetic energy corresponds to a probing depth of around one functional unit
(∼1.1 nm). The following elemental peaks were measured (at the specified excitation energies): O 1s (780 eV), Sr 3d (385 eV), and La 4d (340 eV). During the
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Figure 3.10: The ORR activities of (LaMnO3 )2 /(SrMnO3 ) heterostructures
and mathematical average of the three heterostructures (black
line) compared with La and Sr solid solution (’Alloy’, purple
diamond).

core peak measurements, valence spectra were simultaneously collected. La 4d
XPS peaks were calibrated to the leading edge of the La 4d peaks to be at 100 eV
as La peaks are qualitatively unaffected by changes in pO2 (Figure 3.12). Other
peaks were calibrated with respect to the La 4d peaks of the same sample and
pressure by aligning the O 2p edge of the valence band spectra (7–8 eV) to the
calibrated valence band spectra of the La 4d peaks with an error of ± 0.1 eV.
We use a Shirley background correction. We also collected Mn L-edge and O
K-edge X-ray absorption spectra in a partial-electron-yield mode in the same
conditions as APXPS. All spectra were normalized to the background absorption below and above the absorption edge.
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Figure 3.11: Outer-sphere redox [Fe(CN)6 ]3 – /4 – reaction of the n=1 LSMO
heterostructures. A Cyclic voltammetry of the [Fe(CN)6 ]3 – /4 –
redox reaction. B A comparison between the peak current positions of the [Fe(CN)6 ]3 – /4 – redox reaction and the ORR activity (defined to be the potential where the ORR current density
is 25 µA). Horizontal error bars represent the standard deviation of three measurements from three pieces. Vertical error
bars are calculated from the peak width at 90% from maximum current potential.

Figure 3.12: Ambient pressure x-ray photoelectron spectra of La 4d at different pO2 . In all samples tested La 4d show negligible change
as a function of pO2 .
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3.4.2

APXPS Reveals Role of the Surface and Sub-surface in the
LSMO ORR Catalysis

Surface electronic structure of LSMO films were studied using APXPS. Figure
3.13 shows the valence band spectra at low-energy (340 eV, inelastic mean free
path, IMFP, ∼0.6 nm) and high-energy (780 eV, IMFP, ∼1.3 nm) excitations in
both vacuum (pO2 ¡ 10−9 Torr) and near-ambient pressure (pO2 ∼ 10−1 Torr). The
valence spectra of La1 – x Srx MnO3 is principally assigned to a combination of the
O 2p (∼6 eV) and Mn 3d states (∼2 eV) [65, 66, 67, 68]. As we move from deeper
probing depth (∼1.3 nm) to shallower probing depth (∼0.6 nm), the valence
spectra undergo a spectral-weight transfer from the high-energy edge to about
2 eV from the Fermi level. This change is attributed to the surface localization,
which reduces the bandwidth and produces a localized, narrow Mn 3d state at
the surface. Valence band measurements have two implications. First, the use of
a molecular orbital model is a reasonable approximation for the oxide surfaces
given the localized nature of the Mn d-state. Second, even with synchrotron
APXPS, the difference in the valence band spectra between the superlattices are
not resolvable.
The core spectra provide insight into the surface chemistry difference
between the LSMO films, especially between LSL and SLL. Backgroundsubtracted spectra show that La 4d peaks are insensitive of the SrMnO3 placement and the pO2 level (Figure 3.12). This observation indicates that La is mostly
a spectator and does not interact with atmospheric oxygen. We similarly observe
that Sr 3d peaks in LSL and LLS do not change with pO2 , which is consistent
with the idea that the sub-surface and sub-sub-surface Sr cannot “see” atmospheric oxygen (Figure 3.14). However, for SLL, APXPS reveals that Sr can react
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Figure 3.13: Valence spectra of (LaMnO3 )2 /(SrMnO3 ) at different excitation energies and pO2 .

with oxygen to form Sr-oxide-like species (Figure 3.15. This Sr-oxide-like surface
Sr component (∼135 eV) grows systematically with pO2 (Figure 3.16 and Figure
3.14 and Table 3.1). Surface segregation of Sr-oxide like species have been observed for La1 – x Srx MnO3 powders, pellets, and films [69, 70, 71]. Similarly, the
top SrO layer within the superlattice could segregate past the top MnO2 layer to
form Sr-oxide species on the surface of SLL. These observations suggest that exposure to atmospheric oxygen prompts the formation of surface Sr-oxides that
block the oxygen access to the surface Mn, which would impede the ORR catalysis. In this picture, LSL is more active than SLL because SrMnO3 resides in the
sub-surface layer. Even though LSL and SLL surfaces nominally share the same
local electronic structure, LSL surface is more accessible due to the absence of
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Figure 3.14: APXPS spectra of Sr 3d peaks and their compositional fits in
(LaMnO3 )2 /(SrMnO3 ) at different pO2 . Surface components
are in orange and bulk components are in blue. 5/2 and 3/2
refer to the spin orbit peaks of the Sr 3d state.

blocking Sr-oxides on its surface.
Surface site availability for oxygen adsorption has been shown to play a
critical role in the ORR on Pt. Stamenkovic et al. have suggested that the surface site availability enhances the ORR activity on Pt3 Ni(111) [7]. An analogous phenomenon is proposed for the LSL heterostructure. Although Sr in
La2/3 Sr1/3 MnO3 modifies the eg occupation of the Mn to increase the ORR activity (compared to LaMnO3 ), Sr can simultaneously reduce the surface site avail-
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Band Name

Position (eV)

FWHM (eV)

Area

LLS Sr 3d L 5/2 10-9 Torr
LLS Sr 3d L 3/2 10-9 Torr
LLS Sr 3d S 5/2 10-9 Torr
LLS Sr 3d S 3/2 10-9 Torr
LSL Sr 3d L 5/2 10-9 Torr
LSL Sr 3d L 3/2 10-9 Torr
LSL Sr 3d S 5/2 10-9 Torr
LSL Sr 3d S 3/2 10-9 Torr
SLL Sr 3d L 5/2 10-9 Torr
SLL Sr 3d L 3/2 10-9 Torr
SLL Sr 3d S 5/2 10-9 Torr
SLL Sr 3d S 3/2 10-9 Torr
LLS Sr 3d L 5/2 10-6 Torr
LLS Sr 3d L 3/2 10-6 Torr
LLS Sr 3d S 5/2 10-6 Torr
LLS Sr 3d S 3/2 10-6 Torr
LSL Sr 3d L 5/2 10-6 Torr
LSL Sr 3d L 3/2 10-6 Torr
LSL Sr 3d S 5/2 10-6 Torr
LSL Sr 3d S 3/2 10-6 Torr
SLL Sr 3d L 5/2 10-6 Torr
SLL Sr 3d L 3/2 10-6 Torr
SLL Sr 3d S 5/2 10-6 Torr
SLL Sr 3d S 3/2 10-6 Torr
LLS Sr 3d L 5/2 10-1 Torr
LLS Sr 3d L 3/2 10-1 Torr
LLS Sr 3d S 5/2 10-1 Torr
LLS Sr 3d S 3/2 10-1 Torr
LSL Sr 3d L 5/2 10-1 Torr
LSL Sr 3d L 3/2 10-1 Torr
LSL Sr 3d S 5/2 10-1 Torr
LSL Sr 3d S 3/2 10-1 Torr
SLL Sr 3d L 5/2 10-1 Torr
SLL Sr 3d L 3/2 10-1 Torr
SLL Sr 3d S 5/2 10-1 Torr
SLL Sr 3d S 3/2 10-1 Torr

132.5
134.2
133.3
135.0
132.9
134.7
133.8
135.5
132.9
134.6
133.8
135.5
132.6
134.4
133.4
135.1
132.9
134.6
133.7
133.5
132.7
134.5
133.4
135.2
132.5
134.3
133.4
135.1
132.8
134.6
133.5
135.3
132.6
134.4
133.3
135.0

0.9
0.9
1.2
1.2
0.9
0.9
1.4
1.4
1.2
1.2
1.1
1.1
0.9
0.9
1.2
1.2
0.9
0.9
1.4
1.4
1.0
1.0
1.3
1.3
0.9
0.9
1.1
1.1
0.9
0.9
1.5
1.5
0.9
1.0
1.4
1.4

266371
177580
83262
55508
471838
314559
179982
119994
1266752
844501
414106
276071
225612
150408
70498
46999
377936
251957
162043
108029
775850
517234
685953
457302
180366
120244
45759
30506
302810
201874
157984
105323
575833
383889
670577
442816

Table 3.1: List of fit parameters
(LaMnO3 )2 /(SrMnO3 )
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Figure 3.15: Schematic of proposed mechanism of surface oxygen interaction. LaMnO3 -SrMnO3 -LaMnO3 (LSL) interacts with oxygen by adsorbing oxygen atoms without significantly changing surface structure. SrMnO3 -LaMnO3 -LaMnO3 (SLL) interaction with oxygen involves migration of the A-site Sr atoms
to the surface to form Sr-O like bonds
ability by forming a surface Sr-oxide group that restricts the oxygen access to
the active Mn sites. Strmcnik et al. have previously suggested that the surface
oxide species could reduce the surface site availability by interacting with the
ions in the electrochemical double layer [72]. This scenario is also possible in
LSMO superlattices.
Sr in La2/3 Sr1/3 MnO3 shows a double edged effect where Sr can promote
ORR by modifying the Mn electronic structure, but suppress the surface site
availability when placed too close to the surface. The double-edged effect may
explain why increasing the Mn valence state by oxygen overstoichiometry (e.g.
LaMnO3 ) results in a more active catalyst than by aliovalent substitutions (e.g.
La1 – x Cax MnO3 ), despite both leading to Mn catalysts with nearly the same Mn
oxidation state and crystal structure [5]. We emphasize, however, that this is unlikely the only effect. As recently highlighted, Mn perovskite oxides are more
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Figure 3.16: Background-subtracted Sr 3d APXPS spectra and compositional fits of A LLS, B LSL, and B SLL at pO2 at 10`1 Torr.
Orange doublet corresponds to the surface Sr component,
whereas the blue doublet corresponds to the lattice Sr component within the bulk film. D The change in surface Sr component concentration (10−1 – 10`9 Torr pO2 ) grows systematically
with pO2 for SLL, whereas remain constant for LSL and LLS.
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active when synthesized using a co-precipitation method [5, 55, 73]. Defects
and surface segregation likely play a critical role also. Finally, we note that we
were unable to resolve major differences between the superlattices in either the
valence-band spectra, O 1s (K-edge), or Mn 2p (L-edge) X-ray absorption (Figure 3.17 and Figure 3.18), which likely points to the need for higher resolution,
higher efficiency X-ray techniques, especially new detector technologies that can
resolve local electronic structure in the near-surface layer. Previous X-ray studies on La1 – x Srx MnO3 have shown only subtle changes in valence band for 0.3 ≤
x ≤ 0.6 despite observable differences in electronic properties [65, 74].

3.5

Conclusion and Outlook

Our investigation of the surface and sub-surface customisation of LaSrMnO3 reveals that ORR is most active when SrMnO3 resides in the sub-surface vs. when
it resides in the surface, the sub-sub-surface, or randomly distributed. APXPS
reveals that this observation stems from the double-edged effect of Sr: modifying the electronic structure of the Mn sites is beneficial to the ORR, but forming
non-catalytic Sr oxides that reduce the surface site availability is detrimental.
Analysis of the valence band and elemental peak spectra in the presence of oxygen reveals that Sr modifies the electronic structure but also reacts to form a
detrimental oxide species when present in the surface layer. Sr position in LSMO
demonstrates the Goldilocks effect where moving the Sr closer to the surface
allows the surface Mn atoms to more efficiently catalyze ORR, but Sr at the surface poisons the catalyst and reduces functionality. As a result, the catalyst is
most active when the surface and sub-surface layer are LaMnO3 and SrMnO3 ,
respectively. This work points to opportunities for advancement in both fun37

Figure 3.17: O K-edge X-ray Absorption Spectroscopy of the n=1 LSMO
heterostructures and La2/3 Sr1/3 MnO3 Alloy. A O K-edge X-ray
absorption spectra at 10−9 Torr pO2 and B at 10−1 Torr pO2 . O
K-edge X-ray absorption spectra were collected in a partialelectron-yield mode in the same conditions as APXPS.
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Figure 3.18: Mn L-edge X-ray Absorption spectroscopy of the n=1 LSMO
heterostructures and La2/3 Sr1/3 MnO3 Alloy. A Mn L-edge Xray absorption spectra at 10−9 Torr pO2 and B at 10−1 Torr
pO2 . Mn L-edge X-ray absorption spectra were collected in a
partial-electron-yield mode in the same conditions as APXPS.
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damental analysis and catalyst design. Finer resolution spectroscopy methods
is an essential future step to reveal the nature of surface bonding in transitionmetal oxides designed with customized surface and sub-surface. ORR catalyst
design by customizing surface and sub-surface stoichiometry, orientation and
structure independently and rationally with atomic-layer precision can lead to
the discovery of new catalysts with functionalities superior to ones accessed
through traditional bulk-composition control.
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CHAPTER 4
AMORPHOUS COBALT OXIDE DEPOSITED IN PHOSPHATE FOR THE
OXYGEN EVOLUTION REACTION

This chapter studies amorphous cobalt oxide in phosphate (CoPi) using stimulated Raman spectroscopy (SRS). SRS allows in situ measurements of amorphous low-atomic-number species (i.e. phosphates) that are traditionally difficult to assess using X-ray techniques. CoPi Raman spectra show unexpected
phosphate structures that provide insight into the electrodeposition of the catalyst.

4.1

Introduction

A central tenet in catalysis science is the principle of structure-activity relations—the idea that catalytic functionality is intimately tied to structure
[75, 47, 76, 77, 22]. Identifying the structure-activity connection in amorphous
oxides remains challenging. Diagnostic tools that can reveal in situ structural
information of an amorphous structure are underdeveloped in comparison to
those for crystalline oxides. For an amorphous oxide catalyst operating in an
aqueous environment, most of our understandings have come from high energy X-ray techniques which can penetrate through the aqueous environment
[13, 12, 11]. While the X-ray methods are exceptional at revealing structural information of the heavier elements, gleaning information of the lighter atomic
groups has not been straightforward. Thus, the development of a structural
probe that can serve as a companion to the X-ray is essential to the pursuit of
the structure-activity relations in amorphous oxides.
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Vibrational spectroscopy offers a unique window into the structure of lowatomic-number species in materials [78, 79, 80, 81, 82]; however, many vibrational probes have practical limitations that restrict their applications as an in
situ diagnostic tool for aqueous electrochemistry. These limitations include the
absorptive nature of the aqueous environment which restricts the usable optical
frequencies. Raman spectroscopy utilizes favorable frequencies for the aqueous environment, but the low efficiency of inelastic scattering that underlies the
Raman excitation presents a problem. Surface enhanced Raman spectroscopy
(SERS), first recognized on silver electrodes, is a popular technique to overcome
this challenge [83, 84, 85]. Several groups have inserted roughened metal surfaces underneath an amorphous-oxide-catalyst film to enable SERS on electrochemical systems [16, 17, 18, 19]. SERS does have its challenges. Namely, the
inclusion of the roughened metal surfaces can alter the nature of the catalytic
surface and the spectroscopic selection rules, thereby complicating the analysis.
Stimulated Raman spectroscopy (SRS) is an attractive alternative in situ spectroscopic tool for studying amorphous metal oxide catalysts in aqueous conditions, such as during the oxygen evolution reaction (OER). The SRS method
takes advantage of its superior Raman-signal generation over the conventional
spontaneous Raman spectroscopy. Superior signal-to-noise ratio (SNR) from an
increased rate of Stokes photon generation inherent to the stimulated-emission
nature of SRS is well documented (Figure 4.1) [27, 24, 86, 30, 28, 23, 87]. SNR
in Figure 4.1 was calculated as the ratio between the maximum Raman gain of
the ∼990 cm−1 peak over the standard deviation of the background region (1100
to 1200 cm−1 ). Note that the acquisition time for the conventional Raman spectra is about three orders of magnitude longer than the acquisition time for SRS
(60 s vs. 10 ms). As demonstrated, SRS has the potential to address the biggest
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Figure 4.1: Signal-to-noise ratio (SNR) comparison between conventional
Raman spectroscopy (spontaneous Raman) vs. stimulated Raman spectroscopy (SRS) of comparable pump energy by A SNR
analysis of ∼990 cm−1 peak of KH2 PO4 as a function of solution concentration. The lines are guides for the eye, not a fit. B
Scaled Raman spectra 1 M KH2 PO4 solution from the two techniques.

shortcoming of spontaneous Raman spectroscopy—the low efficiency of the signal generation. In situ SRS is applied to examine amorphous cobalt oxides deposited in phosphate electrolyte (CoPi) to reveal the behavior of the phosphate
groups within the catalyst during the OER. At the time of writing, this is the
first application of SRS study the OER electrocatalysts in situ.
CoPi catalysts are among the most active catalysts for the OER at neutral pH [88]. Thus far, the structural and mechanistic analyses of CoPi have
focused on the cobalt-oxide motif and their self-assembly within the context
of the cobalt valence and their short-range bonding using X-ray spectroscopy
[11, 89, 90, 91, 92]. In comparison, very little is known about the phosphates
inside CoPi and how they facilitate the catalyst formation. Reports show that
the anion facilitates the cobalt-oxide motif inside the CoPi catalyst, serving as a
‘surfactant’ that stabilizes the cobalt-oxide nanoclusters [92]. SRS results show
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that these ‘surfactant’ phosphates are likely the orthophosphates (PO4 3– ) and
their network. Difference between the SRS spectra for the CoPi electrodeposited
in regular ( 16O) and 18O-labeled water suggests that the phosphate networks inside the CoPi catalyst form as a result of the competition between the water vs.
phosphate reactivity during the catalyst formation. This competition can result
in the formation of pyrophosphate (P2 O7 4 – ), analogous to the structural motif
within phosphate glasses [93, 94, 79, 95, 96]. In situ SRS spectra demonstrate the
subtle role of the anions on the formation of the amorphous oxide catalyst and
supports the view that phosphates are not an innocent and spectating buffer
during the CoPi formation.

4.2

In situ Electrochemical Stimulated Raman Spectroscopy
Setup

4.2.1

Stimulated Raman Spectroscopy Setup

The SRS system was built based on the protocol reported by McCamant et al.
[23, 29]. A general schematic of the optical setup used is presented in Figure
4.2 The primary photon source is a regeneratively amplified Ti:Sapphire laser
(Spectra-Physics, Spitfire Ace). The laser outputs 5 mJ pulses compressed to
100 fs at a 500 Hz repetition rate with the spectrum centered at 800 nm with
a full width at half-maximum (FWHM) of 10 nm. About 50% of the output was
immediately directed to an optical parametric amplifier (OPA, Spectra-Physics,
TOPAS Prime) to generate the Raman pump beam. The OPA outputs a pulsed
beam at a repetition rate of 500 Hz with the spectra center at 635 nm with a
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FWHM of 12 nm. This output is further spectrally narrowed using a double
grating filter [29]. The repetition of the Raman pump is decreased to 250 Hz
using an optical chopper. After the chopper, the Raman pump was aligned to
overlap with the Raman probe. Raman pump energy incident on the sample is
about 1 µJ/pulse with a focused spot diameter that is about 100 µm in diameter
as checked by a charge coupled device camera (Thorlabs).
The Raman probe was generated via a supercontinuum generation in a 3 mm
sapphire plate and subsequently compressed using a fused silica prism compressor. The spatially overlapped Raman pump and probe are focused using
a 100 mm focusing lens on the sample, and recollimated to the collection optics, which includes a long-pass filter (Thorlabs, cut-off @650 nm), spectrometer (Princeton Instruments, SP-2500), and camera (Princeton Instruments, PIXIS
400). The camera is synced to the laser pulses by an external trigger to match
each frame with the laser pulse. Alternating probe beams with pump overlap
(Pump ON) and without pump overlap (Pump OFF) are summed up and normalized to provide the stimulated Raman gain (SRG):
SRG =

(Probe)Pump ON
(Probe)Pump OFF

(4.1)

Before each SRS experiment, the setup is calibrated using cyclohexane (SigmaAldrich, for HPLC ≥ 99.7%) in a 10 mm glass cuvette. Excitation wavelength
was calibrated using cyclohexane by matching the highest intensity Raman
peak to 800 cm−1 . The system was optimized by ensuring that the 800 cm−1
peak of cyclohexane has SRG over 20%. The CoPi SRS spectra at each potential is the average of 30,000 frames of pulses. Pump shifted SRS spectra for each
potential are taken in succession of each other by shifting the slit in the grating
filter (Figure 4.2).
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Figure 4.2: Schematic of the optical setup used for SRS.

4.2.2

Spectroelectrochemical SRS Setup

Figure 4.3 shows a schematic of the in situ SRS electrochemical setup. The spectroelectrochemical cell is shown in Figure 4.3A. Figure 4.4 shows a picture of
the custom built spectroelectrochemical cell used. The cell consists of four major
components: two symmetric Teflon jackets with quartz windows, rubber gasket
placed between the Teflon jackets, and a Teflon electrode holder that simultaneously works as the top cover for the entire cell. The cell assembly was compressed by tightening the nuts and bolts to ensure that the cell was leak-free.
The electrochemical cell cavity with the assembly has a dimension of 3.5 cm x
0.5 cm x 4 cm (length x width x height). The quartz windows have a dimension
of 1.1 cm x 2.5 cm (length x height). The Teflon top cover has holes to secure
in place the working electrode, reference electrode, counter electrode, and a gas
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tube. The working electrode is secured using a compression pipe fitting, using a piece of rubber to tight-fit the Ti wire contact on the working electrode.
The working electrode is the CoPi catalyst electrodeposited on indium tin oxide
(ITO) coated glass in either regular

16

O or

18

O-labeled water containing phos-

phate buffer. Saturated Ag/AgCl is the reference electrode, which is calibrated
to the reversible hydrogen electrode (RHE), and Pt wire is the counter electrode.
The entire cell is mounted on an aluminum block, milled to provide a tight fit to
the cell and covered with black tape for eye safety.
We overlap a spectrally narrowed 633 nm beam (Raman pump) and a broadband pulse, spanning 650 to 800 nm (Raman probe) in a near-collinear geometry on the CoPi film for SRS (Figure 4.3A). The spatial and temporal overlap
of the Raman pump and probe for SRS were calibrated using cyclohexane. Focus on the surface of the CoPi film was optimized based on the Raman signal
from the ITO-coated glass as the spectroelectrochemical cell is translated in the
beam direction (Figure 4.5). The probe signal was collected and recorded using
a CCD spectrometer (Figure 4.3B). Alternation of the Pump ON and Pump OFF
collection is controlled via an optical chopper (Figure 4.3C). The camera was
synchronized using an external trigger to record a single pulse per frame. ITO
calibration, CoPi deposition, and in situ CoPi SRS were conducted continuously
in a single setup to minimize perturbations to the setup alignment.
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Figure 4.3: A schematic of the in situ electrochemical SRS experiment. A A
thin electrochemical cell using a transparent optical window is
encased in a Teflon jacket. The electrodes are held in place by
a custom fit Teflon holder which simultaneously acts as a top
cover (not shown, see Figure 4.4). B Raman pump and probe
beams are overlapped in a near-collinear geometry. The overlap is adjusted to maximize the signal from the CoPi film. The
angle between the pump and probe beam is exaggerated in this
figure. C Raman pump and probe pulse trains are represented
as a function of time. A chopper (not shown) is applied to
the pump beam to obtain pump-probe overlap on every other
probe pulse.

4.3

Shift Excitation Raman Difference Spectroscopy and SRS
Reconstruction

To improve the signal-to-noise ratio (SNR), we apply shift excitation Raman difference spectroscopy (SERDS) to isolate the SRS signal from other third-order
processes. This well-known noise reduction strategy relies on the realization
that when the wavelength of the Raman pump is shifted, the Raman peaks are
also shifted by the same energy difference. In this work, we shift the wave48

Figure 4.4: A picture of the custom made spectroelectrochemical cell for in
situ electrochemical SRS.
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Figure 4.5: SRS of ITO on glass slide in water in the in situ SRS cell. The cell
is translated in the beam propagation direction with the ITO
on glass slide oriented normal to the beam. As the cell is translated, SRS signal from the quartz window (broad ∼800 cm-1) to
water (∼1600 cm−1 ) to the glass substrate (silicate, ∼1200 cm−1 )
is observed.
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lengths of the Raman pump by half of the FWHM of the calibration Raman
peaks from cyclohexane such that the difference of the spectra (i.e. SRS(λpump ) –
SRS(λpump + ∆λ)) resemble the derivatives of the SRS signals (Figure 4.7 and
Figure 4.6). Experimentally, the pump shift was achieved by translating the
slit in the grating filter (Figure 4.2). We analyze these derivative-like features
to glean the SRS information while the wavelength-independent background
signals cancel out.
Figure 4.7A shows how we use SERDS to analyze the SRS spectra of CoPi
(@0.92 VRHE ). The plot shows one SRS spectra, collected at one pump wavelength (λpump ) and the other at a shifted pump wavelength (λpump + ∆λ, vertically offset for clarity). SERDS signal is derived from the sub-traction of the first
spectrum (λpump ) from the second (λpump + ∆λ), resulting in the spectrum with
derivative-like features (bottom gray line in Figure 4.7A). As shown in Figure
4.7A, the SERDS signal has a noticeably flatter background compared to SRS,
which can be further corrected by a polynomial fit (4th order correction used) to
produce N data points DN. To reconstruct SRS from the SERDS, we use two independent analyses such that the retrieved SRS signals can be cross-referenced
to ensure validity [97, 98].

4.3.1

Fourier Transform Method

Fourier Transform Method (FTM) uses a cumulative sum of the difference spectrum to reconstruct SRS [97]:
R(n) = R(n − δ) + DN (n)
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(4.2)

where R(n) is the value of the reconstructed spectrum at the nth pixel, DN(n) is
the value of the difference spectrum at the nth data pixel, and δ is the difference
(in pixels) between the two pumps. Equation 4.2 serves as a facile way of numerically integrating the signal but introduces a repetitive noise at integer multiple
frequencies of 1δ . Integration of the data is avoided as any nonflat background
in the difference data will be greatly amplified with integration. Noise in R(n)
from the cumulative sum is filtered by taking the fast Fourier transform (FFT),
which results in a frequency spectrum in the inverse pixel space. The periodic
noise is reduced in the inverse pixel space by a repeating notch filter (a product
of hyperbolic tangents) centered around 1δ . The two controllable parameters for
the notch filter: width and sharpness are optimized through a home-coded interactive graphical user interface. Parameters are optimized balancing between
minimizing the repetitive features from the summation while not flattening out
the background completely. It is possible to apply additional signal filters while
in the inverse pixel space, such as a low pass filter. After applying appropriate
filters, an inverse fast Fourier transform (IFFT) was used to reconstruct a spectrum in the pixel space. The IFFT signal can retain some background structure,
which was addressed by a moving median filter. A moving median filter can
more efficiently handle anomalous noise such as short spikes than a moving
mean filter. The edges of the moving median filter are handled by adding zero
values on both edges. Window sizes of the moving median filter are visually optimized by balancing the flatness of the background with minimal distortion of
height of known Raman peaks. The signal after the moving median filter is then
translated from pixel space into Raman shift according to camera calibration
data (Figure 4.6).
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Figure 4.6: Left: two spectra of same cyclohexane collected at slightly offset pump wavelengths. Center: Difference of the two spectra after linear scaling. Right: Reconstructed spectra using FTM with
flatter background.

4.3.2

Two Point Maximum Entropy Method

Two Point Maximum Entropy Method (TPMEM) uses a fit function that balances the regression overfitting with information entropy [98, 99, 100]. In this
work, we use a set of Gaussians, which are optimized by simultaneously minimizing error while maximizing information entropy. Formally, this approach
minimizes the function −S + Λχ2 where S is the informational entropy of the fit,
χ2 is the error of the fit, and Λ is the Lagrange multiplier. Heuristically, TPMEM
creates the best fit using the least number of parameters; however, a good initial
guess is necessary to keep the computing time reasonable.The fit is evaluated on
two criteria: the error of the fit as represented by a chi square value (χ2 ) and the
number of parameters used for the fit represented as information entropy. The
best fit from the least amount of a priori information is evaluated by minimizing
the figure of merit, F:
F = −S + Λχ2
2

χ =

N
X
(DN (n) − x(n))2

σ2

n=1
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(4.3)
(4.4)

Figure 4.7: SERDS of a CoPi film at 0.92 VRHE . A The SRS spectra measured at two pump wavelengths (gray circles) and the SERDS
spectrum (gray line). The SRS spectra are reconstructed from
the derivative-like features in the SERDS signal (red fit) after
a baseline correction (blue). B The two reconstruction methods
used to retrieve the SRS spectra are shown. Both the FTM (top,
blue) and TPMEM (bottom, red) reconstructions produce SRS
spectra consistent with one another.

where x(n) is the nth value of the fit and σ 2 is the noise variance of the original
data. S is the two-point entropy
S=

N
−1
X

p log q + q log p

(4.5)

n=1

where p and q are probabilities for the nth and n+1th values of the fit defined by:
p=

x(n)
x(n) + x(n + 1)

(4.6)

q=

x(n + 1)
x(n) + x(n + 1)

(4.7)
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FTM and TPMEM are both used to complement each other in the SERDS
data analysis. FTM is computationally cheaper and preserves the qualitative
features of the original SRS spectrum. However, this method is prone to a nonflat background due to the artifacts from the Fourier filters, which can be mistaken for a Raman feature. In addition, FTM can distort the peak height, which
makes quantification difficult. TPMEM is more computationally expensive and
requires a priori knowledge of the system to guide the fitting procedure. The
advantage of TPMEM is in its ability to quantify the goodness of fit based on
the simultaneous minimization of the fit’s error and a priori information used
to create the fit. In this work, the TPMEM script takes the simplest algorithm
to find the best set of Gaussian fits. We take the figure of merit, F, of the initial
guess, then each variable of each Gaussian (area, position, and standard deviation) is incremented by 0.5 % (to positive and negative 5%), a new F for the incremented fit is recalculated, and the fit with smaller F is retained. This process
is reiterated until all possible fits have been checked to identify the parameters
with the lowest F. Given the strengths and weaknesses of each method, we elect
to start the analysis by using FTM to identify all possible Raman features including ones that may be false positives. Then, we apply TPMEM using peaks
identified from FTM as an initial guess. The informational entropy constraint
allows us to retrieve the SRS signal using a minimal number of components to
avoid over-fitting. In the remainder of this paper, we present the SRS spectra using this analysis, which represents the final stage of our reconstruction. Spectra
retrieved from the FTM of the CoPi film are shown in Figure 4.8.
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Figure 4.8: Fourier Transform Method reconstruction of the CoPi film
grown in 16O water.
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4.4

Electrochemical Preparation and Deposition of CoPi

CoPi films were prepared onto ITO slides in a method adapted from Kanan and
Nocera [88]. CoPi was deposited by holding the potential at 1.72 VRHE for 5.5
to 6 hours in 0.1 M potassium phosphate buffer with 0.5 mM Co(NO3 )2 . The
total charge transferred was about 3.5 C/cm2 and the sample showed a yellowgreenish transparent film. Scanning electron microscopy (SEM) confirmed the
presence of a film of 1 µm thick on the ITO slide (not shown). Deposited CoPi
films were tested with cyclic voltammetry (CV) from 0.62 to 1.82 VRHE at 100
mV/s. Formation of gas bubbles on the catalyst surface was observed starting at
1.72 VRHE . The CVs of the ITO in the absence of Co2+ and with 0.5 mM Co2+ , both
before and after deposition are shown in Figure 4.10. CVs conducted before and
after the SRS measurements showed no significant change in the electrochemical response. During the SRS measurements, chronoamperometry (CA) was applied at the set potentials for 70 s. BioLogic (SP-300) and Pine (WaveDriver 200)
potentiostat were used for all electrochemical tests. All samples were tested in
16

O water unless otherwise noted.
All CoPi samples were electrochemically tested before growth and after all

testing to ensure that their electrochemical behaviors were consistent with literature [88]. Figure 4.10 shows a representative cyclic voltammogram (CV) of a
CoPi film used in this work. CV’s were collected in the in situ cell described
in the previous section under 0.1 M pH 7 potassium phosphate buffer with
Co(NO3 )2 as the cobalt ion (Co2+ ) source. Without any Co2+ , there is no appreciable current response (blue in Figure 4.10). When Co2+ was added, an oxidation
current can be seen at higher potentials (green in Figure 4.10), indicative of the
oxygen evolution reaction (OER) catalysis. Current response at higher potential
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also coincides with CoPi electrodeposition [88]. Under these conditions however, there is not an appreciable amount of CoPi deposition. Thus, the system
is held at 1.72 VRHE for 5.5 to 6 hours to deposit films that can be detected (0.5 1 µm). The CV of the fully grown film, shown in orange in Figure 4.10, shows
greater OER catalytic activity and a larger reduction peak than the freshly depositing CoPi (green).

4.5

Phosphate Vibrations Inside CoPi Catalyst

Figure 4.9 shows the SRS spectra of CoPi reconstructed using TPMEM from 0.92
to 1.62 VRHE . Figure 4.9A shows the CoPi film deposited and measured in regular
water ( 16O water), while Figure 4.9B shows the CoPi deposited and measured
in

18

O-labeled water. From the CV of the CoPi film (Figure 4.10), the potential

window selected in this study spans the potential region where the OER does
not yet start to the potential where CoPi is actively catalyzing the OER. Specifically, the current response at 0.92 VRHE is primarily the charging/discharging
of the double layer (i.e. OER-free), while much of the response above 1.52 VRHE
corresponds to the potential region where the CoPi is active for OER. We were
not able to conduct SRS measurements at potentials above 1.62 VRHE due to the
disruptive formation of the O2 bubbles.
The studied frequency range (800 – 1200 cm−1 ) corresponds to the characteristic vibrational frequencies of phosphate species. We observe four vibrational
peaks. The peak at ∼950 cm−1 displays a potential-dependent shift in position, implying the Stark effect—an interaction between the electric field and the
dipole of the vibrating mode. When considering that the screening length at the
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Figure 4.9: TPMEM reconstructed SRS spectra of CoPi films grown and
tested in A 16O water and B 18O-labeled water at different applied potentials. Four SRS peaks were identified in both films.
Note the movement of the peak positions at 950 cm−1 in response to the applied potential.

studied electrolyte concentration (0.1 M) is on the order of a nanometer, these
vibrational features likely correspond to the surface species of the CoPi catalyst.
We note that we cannot rule out the possibility that the other three peaks (∼880,
∼990, and ∼1080 cm−1 in

16

O water, and ∼880, ∼990, and ∼1100 cm−1 in

18

O

water) may also exhibit the Stark effect but the shift may be smaller than the
resolution limit of our experiment.
We now discuss the assignment of the SRS peaks, starting with the CoPi deposited and tested in 16O water (Figure 4.11A). Raman peaks at ∼880, ∼990, and
∼1080 cm−1 are consistent with our measurement of the phosphate buffer electrolyte solution (Figure 4.12). Consistent with literature reports, we assign the
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Figure 4.10: Cyclic voltammogram of CoPi at different deposition conditions (scan rate: 100mV/s).

∼880 and ∼1080 cm−1 vibration to the symmetric stretching mode of P(OH)2 (i.e.
νs -P(OH)2 ) and PO2 (i.e. νs -PO2 ) units of H2 PO4 – and the ∼990 cm−1 vibration
is assigned to the stretching mode of PO3 (ν1 -PO3 ) of HPO4 2 – (Figure 4.1) [1]. At
the pH of the studied electrolyte, the H2 PO4 – /HPO4 2 – equilibrium is expected.
The three phosphate peaks of CoPi (∼880, ∼990, and ∼1080 cm−1 ) are consistent
with this equilibrium and are found in the electrolyte solution (Figures 4.1 and
4.12).
Interestingly, the use of

18

O-labeled H2 O (Figure 4.9B) affects the Raman

peaks of these phosphates. When the CoPi film is deposited and tested in

18

O-

labeled water, changes in the relative vibration intensity: a reduction of ∼880
cm−1 and an increase of ∼1080 cm−1 features were observed. This observation
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Figure 4.11: Assignment of the four Raman peaks in CoPi and the corresponding phosphate species. A-B Comparison between the
SRS spectra of CoPi grown and tested in 16O vs. 18O-labeled
water at 0.92 VRHE . C The phosphate anions that contribute to
the Raman modes measured in the CoPi SRS spectra.

suggests that the observed SRS signals are not from the free electrolyte (as the
signals would have been identical regardless of the isotope of water). Instead,
the observed SRS signals must originate from the phosphate species residing
within the CoPi, and the observed 18O effect reflect changes within the internal
structure of the CoPi catalyst
We now discuss the unassigned peak of the CoPi at the 950 cm−1 , which
shows up in both

16

O and

18

O experiments. Prior Raman studies of phosphate

glasses, phosphate solutions, phosphate-based paint, and battery electrodes
have also assigned this peak to the vibration from the orthophosphate groups
(PO4 3 – ) [93, 79, 101, 102, 103, 104]. This is a striking observation since orthophos-
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Figure 4.12: Scaled SRS spectra of pH7 0.1M potassium phosphate buffer
electrolyte at two different pump wavelengths (dark and
light gray). Fourier Transform and TPMEM reconstructed SRS
spectra from the SRS data show Raman peaks at ∼880, ∼990,
and ∼1080 cm−1 in agreement with literature reports [1].
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phates do not form until very basic pH, which is far from the condition of our
experiment. A sustained OER operation (and the electrodeposition) drives the
pH in the acidic direction (H2 O −−→ O2 + 4 H+ + 4 e – ). Thus, a local pH change
due to diffusion limitations cannot be used to explain the presence of the orthophosphate. Based on this analysis, we propose that the surface chemistry
of the cobalt-oxide nanoclusters supports the formation of the orthophosphate.
One possibility is that the local environment provides the electrostatic field to
deprotonate the trapped HPO4 2 – to create a PO4 3 – network that surrounds the
surface of the cobalt-oxide nanoclusters.
Within this hypothesis, the potential dependent shift of the orthophosphates
can be further discussed. The initial blueshift of the Raman peak (∼950 cm−1 )
from 0.92 to 1.22 VRHE suggests that orthophosphate units are sensitive to the
electrostatic field possibly due to their proximity to the cobalt-oxide nanoclusters. As the potential is increased above 1.22 VRHE , the orthophosphate peak
red-shifts back. Redshift at high potentials can be explained with the onset of
the OER activity in CoPi (Figure 4.10). This red shift may be a result of structural changes in the active cobalt-oxide during OER catalysis. For instance, in
situ XAS suggests cobalt-oxide of CoPi undergoes an oxidation state change at
high enough potentials [90, 105]. Precise mechanistic understanding of the potential dependent shift would require additional studies in the future involving
multiple in situ structural measurements.
16

O- 18O substitution provides further insights on the phosphate network

formed in the CoPi. Two changes are evident upon the isotopic substitution.
First is the shift of the highest wavenumber peak from ∼1080 to ∼1100 cm−1 .
This blue-shift cannot be explained by a simple substitution of 16O in the phos-
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phate buffer by

18

O. Substitution to a heavier oxygen would result in a red-

shift due to the change in the effective mass, which does not explain our observation. It should further be noted that the isotopic oxygen substitution of
phosphates with water also occurs over a substantially longer timescale than
the timescale of our experiment (6 hours) in the absence of enzyme catalysis
[106, 107, 108, 109]. We thus rule out the idea of the oxygen exchange between
the 18O-labeled water and the phosphate species.
The SRS results suggests that the phosphate network within the CoPi film
grown in 18O-labeled water is structurally different than the CoPi grown in 16O
water and these differences are mediated by the water in the system. Literature
reports that the ∼1080 cm−1 peak can be assigned to the µs -PO2 vibration of
the polymerized pyrophosphate units (P2 O7 4 – ) inside the phosphate networks
of phosphate glasses [93, 94, 79, 96]. The exact position of the peak varies depending on the degree of polymerization in the phosphate network. The shift of
the ∼1080 cm−1 to ∼1100 cm−1 suggests an increased degree of phosphate polymerization towards the pyrophosphate structures. Graphical representations of
the phosphate anion structures assigned to the Raman peaks are presented in
Figure 4.11C.
Increased polymerization towards pyrophosphates in 18O water is consistent
with the second change in the SRS spectra: relative intensity changes of ∼880
cm−1 and ∼1080 cm−1 peaks. The reduction of the ∼880 cm−1 peak (νs -P(OH)2 )
corresponds to the consumption of H2 PO4 – by a polymerization reaction to produce pyrophosphate units. Given the role of water on the reaction, the following
scheme for the CoPi formation is proposed:
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Co2+ −→ Co3+ + e−
2Co3+ + 3H2 O −→ Co2 O3 + 6H+
4−
+
2Co3+ + 6H2 PO−
4 −→ Co2 O3 + 3P2 O7 + 12H

(4.8)
(4.9)
(4.10)

In this picture, the electrogeneration of high-valence cobalt (Reaction [1])
seeds the CoPi formation. These high-valence cobalt (for example: Co3+ ) ions
can react with water to form cobalt-oxide nanoclusters (represented as Co2 O3 in
Reaction [2], where the Co:O ratio can be adjusted for other oxide stoichiometries as necessary). In 18O water, the oxygen exchange between the high-valence
Co and water slows down as a result of kinetic isotope effect. Consequently,
the reaction between the high-valence cobalt ions and H2 PO4 – (Reaction [3])
becomes more competitive, resulting in the loss of the ∼880 cm−1 and gain in
the ∼1080-1100 cm−1 peak intensity. The proposed CoPi formation scheme also
works for the electrogeneration of Co4+ by adjusting the reaction stoichiometry. The extent of the (de)protonation of the pyrophosphate can depend on the
degree of polymerization, where hydrogen bonding can exist between the different phosphate units [94, 110].
The observation of the phosphate network has important implications towards the proton transport in the CoPi. Studies have suggested that the proton transport within the CoPi occurs via the diffusion of the electrolyte within
the catalyst’s structure [111, 112]. In situ SRS results of CoPi suggest that the
trapped phosphate species may facilitate these ionic diffusion in form of a hydrogen bond stabilized phosphate network. Room-temperature proton conductivity of phosphate glasses via hydrogen bonds has been previously reported
[113]. In these glasses, protons hop between weakly bridged hydrogen bonds
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as the phosphate units actively depolymerize [110, 114]. In these phosphate
glasses, water serves as an important depolymerization agent [93, 101]. This
possible parallel between the phosphate glasses and the CoPi, which is a hydrated film with orthophosphate units supporting the phosphate network, may
explain how the amorphous oxide can be electrochemically active in the inside.
The hypothesis is that the hydrogen-bond-stabilized phosphate network of the
CoPi serves as the proton transport pathway in this amorphous oxide catalyst.
SRS shows a possible connection between the CoPi catalyst and what has been
observed in the phosphate glass community. Knowledge from the glass community should be applied to advance our understanding of amorphous metal
oxide catalysts in the future.

4.6

Conclusion and Outlook

In situ electrochemical SRS is demonstrated for its capability to study the phosphates inside the CoPi catalyst. A total of four Raman peaks were observed
between 800 - 1200 cm−1 . SRS spectra are used to decipher the structure of the
phosphate groups inside the CoPi. A mixture of H2 PO4 – , HPO4 2 – , and PO4 3 –
are identified. Based on the vibrational frequency shifts with the electrochemical potential (the Stark effect), a microstructure in which orthophosphate species
(PO4 3 – ) surrounds the cobalt-oxide nanoclusters (active structural units of the
CoPi) is proposed. 18 O labeling of water during the CoPi electrodeposition significantly alters the phosphate vibrations even though the phosphates were not
isotopically labelled. Based on this observation, CoPi catalyst formation via electrogeneration of high-valence Co ions, which react with water in the 16 O-water
environment and phosphate species in the 18 O is postulated. A rich role of the
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anion groups in supporting an amorphous oxide catalyst is demonstrated and
highlights SRS as an in situ tool for deciphering the structure of the lighter
groups inside an electrocatalyst.
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CHAPTER 5
CONCLUSIONS AND OUTLOOK

This dissertation demonstrates in situ spectroscopy of heterogeneous metal oxide catalysis. The goal was to provide more detailed measurements of catalyst
structures in its operating environment. In order to achieve this goal, two separate spectroscopic techniques were used. Ambient pressure X-ray photoelectron
spectroscopy (APXPS) was used to investigate chemical and electronic structure
of La2/3 Sr1/3 MnO3 thin film catalyst for the oxygen reduction reaction. Femtosecond stimulated Raman spectroscopy (FSRS) was used to investigate the
vibrational structure of cobalt oxide deposited in phosphate (CoPi) catalysts for
the oxygen evolution reaction. Both studies also pushed the catalyst structureproperty relationship towards investigation of structural features beyond what
has traditionally been accessible.
Surface vs. bulk structures of La2/3 Sr1/3 MnO3 thin film catalysts in an oxygen
environment was investigated using APXPS. Molecular beam epitaxy grown superlattice films of LSMO provided systematic investigation of films with varied
surface and sub-surface layers while maintaining identical bulk structure. Electrochemical measurements for the ORR catalysis reveals that the surface and
sub-surface structures do have a significant impact despite no differences in
electronic structure measured from APXPS. Surface sensitive surface chemistry
measurements from APXPS provides an answer. It is revealed that although
SrMnO3 at the surface and sub-surface provide similar electronic benefits for
ORR, SrMnO3 at the surface is prone to parasitic Sr-O forming reactions when
exposed to oxygen. Formation of the Sr-O layers reduces the number of active
sites and hence the overall activity as a catalyst.
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FSRS investigation of CoPi demonstrated the structure of low-atomic-group
species in catalysts and their role in the OER catalyst formation process. Upon
investigation, FSRS revealed a phosphate network structure made of orthophosphate (PO4 3 – ) units analogous to those found in phosphate glasses. Isotopic substitution to

18

O-labelled water electrolyte indicate that the phosphate network

polymerized towards pyrophosphates (P2 O7 4 – ). The Raman assignments, along
with a shift in the Raman peak position of the orthophosphates with applied
potential provide insight into the microstructure and formation process of the
catalyst. CoPi electrodeposition starts with creating high-valence state cobalt
ions which are then oxidized by water and phosphates. In 18O water, oxidation
by water slows down due to the kinetic isotope effect, driving the reaction towards phosphates, which polymerizes them into pyrophosphates. FSRS reveals
that the phosphates play an active role in the microstructure of the catalyst.
In situ measurements of metal oxide structures have revealed the importance
of atomic level structure of catalysts. To establish a complete structure-property
relationship, however, more needs to be done. One of the gaps that can be filled
is establishing a relationship between the in situ structure of electrocatalysts
with their kinetics. The goal of catalysis is overcoming sluggish kinetic barriers, and thus an understanding of how catalyst structure influences the rate of
chemical reactions is hugely beneficial. To understand the effects of structure
on the kinetics of catalysis, a time-resolved study of a model electrochemical
system can be considered.
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5.1

Outlook: In Situ Time-resolved Stimulated Raman Spectroscopy of Quinone Electrochemistry

To demonstrate time-resolved spectroscopy of electrochemical reactions, the 2,6dihydranthraquinone (DHAQ) redox system will be investigated. DHAQ redox
is a water soluble quinone with a controlled redox behavior that is being investigated for use in alkalie flow batteries [115]. Note that DHAQ redox is a model
system. This reaction is not catalyzed nor uses metal oxide electrodes, but will
serve well as a demonstration of the technique to measure structural changes associated with charge transfer in heterogeneous catalysis at relevant time scales.
FSRS will be used to take advantage of its high sen sitivity to structural changes
in quinones, as well as its ability to be synced with electronic pumps across
various time scales. Figure 5.3 shows steady state SRS measurements of DHAQ
(Figure 5.1) and its reduced form (re-DHAQ, Figure 5.2) in an electrochemical cell demonstrating the feasability of this project. The Raman spectra show
that DHAQ does not go through any changes between OCV to -500 mV (vs.
Ag/AgCl), but is reduced at -1200 mV (vs. Ag/AgCl) with noticeable spectral
changes in the 1200 - 1600 cm−1 region. Changes in Raman spectra likely reflect
changes in the C-C aromatic ring structure during the redox of DHAQ.
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Figure 5.1: 2,6-dihydranthraquinone (DHAQ) observed at OCV and -500
mV (vs. Ag/AgCl).

Figure 5.2: Reduced 2,6-dihydranthraquinone (re-DHAQ) observed at 1200 mV (vs. Ag/AgCl).
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Figure 5.3: Steady state SRS spectra of DHAQ at open circuit potential
(OCV), -500 mV (vs. Ag/AgCl), and -1200 mV (vs. Ag/AgCl).

72

APPENDIX A
EDUCATIONAL MATERIAL

A useful skill in understanding modern sciences and engineering is the ability to
conceptualize and navigate vast differences in scales. Spectroscopic studies presented in this dissertation study material properties across large length scales
and utilize vast sample numbers at scale to improve experimental design. In
order to teach the effects of change in scale on experimental design and quantifying error in data, a 5-day lesson was designed with the help of Matthew Hin.
The following lesson plan meets the following New York State/National
Learning Standards: HS-ETS1-1, HS-ETS1-2, HS-ETS1-4; MS-ETS1-1, MS-ETS12, MS-ETS1-3, MS-ETS1-4 The lesson focuses on students developing the following behavioral objectives.

• Students will be able to analyze a phenomenon in reference to the appropriate frame of reference that properly describes the underlying assumptions and constraints present in the phenomenon.
• Students will be able to explain the possible fallacies that arise from applying inappropriate scales to frame a question.
• Students will be able to identify and apply appropriate scales to explain
and/or solve different parts of a larger phenomenon.
• Students will be able to demonstrate and explain the extreme effects of
scale using a computer.
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A.1

Day 1: “Consulting Firm Style” questionnaire competition

Learning Objective:
• Familiarize students with thinking in scales vastly beyond what they encounter in everyday life.
• Students can communicate their thought process for arriving at a certain
conclusion
• Students demonstrate their understanding of order of magnitude by explaining the error in their conclusion vs the answer.

Pre-class activity:

1. Have the students watch the “Ultrafast Spectroscopy PechaKucha” before
Day 1.
2. After watching the PechaKucha, the students write a paragraph on the
challenges of scale in this particular project and in what other phenomenon issues of scale might be encountered.

Student Background Information: N/A
Instructor Background Information:

1. Familiarize the students to be able to relate to large and small scales, especially through the process of approximating problems of scale.
2. Once the students start developing a method for approximating the
answer to these problems, now they are ready to think about error/uncertainties.
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3. There are two main types of error in this exercise.
(a) Differences between the students’ answers; the answers depend upon
the approximations each person makes.
(b) Difference between the student’s answers to the instructor’s researched answer.
(c) The instructor’s answer will usually also be approximations, so be
prepared to discuss the limits of the answers.
4. In discussing the “validity” of the answer, order of magnitude will be a
useful measure of a correctness for this activity.

Main Activity: “Consulting Firm Style” Questionnaire Competition
Instructions:

1. Divide students into teams of 3 ∼ 4 students.
2. Each team gets 15 note cards. Have the students choose a team name and
write their team name on a single side of the note cards.
3. Have a big score board for each team. Team names go on the horizontal
axis, questions go on the vertical axis.
4. Prepare 10 ∼ 15 “consulting firm style” questions.
5. Give class a single question at a time with 1 minute to discuss and write
the answer on their note card – after the minute, each team will hand in
their note cards. 1
6. Once all the note cards are in for each question, write down the answers
on the scoreboard.
1

students are NOT allowed to search for answers online

75

7. After ∼ 10 questions (depending on time), go back and discuss some of the
students’ answers as a class – for each question, pick a couple of responses
and have the team explain how they arrived at their answers.
• What kind of assumptions did they make?
• What kind of numbers did they have to guess?
• How far from the real answers do they think their answers are?
• Is there a way to check if their answers ”make sense” without knowing the real answer?
8. After each discussion, reveal the real answer with a brief explanation.

Examples of “Consulting Firm Style” Questions:
Q1: How many liters(gallons) of water is present in the school pool?
Possible answer: A swimming pool lane is either 25 m or 50 m long, 2.5
m wide, and 2 ∼ 3 m deep. Assuming a 6-lane swimming pool, the volume
of water in the swimming pool can be calculated as: 6 x 25 m x 2.5 m x 2 m
(750 m3 = 750,000 L) minimum to 6 x 50 m x 2.5 m x 3 m (2250 m3 = 2,250,000
L) maximum. Students are expected to guess the width and depth of the pool
based on their experiences in the swimming pool.
Q2: How many track lengths does it take to go from Ithaca to Syracuse (or any
other two local cities/landmarks)?
Possible answer: Ithaca to Syracuse takes about an hour on the freeway,
which means that the cities are probably around 60 miles apart (56.3 mi according to google maps). A typical track is 400 m long. Considering that a mile
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is about 1600 m, Ithaca to Syracuse is 60 mi * 1600 m/mi / 400 m = 240. The
distance between Ithaca to Syracuse is about 240 tracks connected end to end.
Q3: How many liters(gallons) of water is present in the ocean?
Possible answer: Radius of Earth is about 6000 km, average depth of the
ocean is about 3.5 km, and about 70 percent of the Earth’s surface is the ocean.
→ 4 x π x (6000 km)2 x 3.5 km x 0.7 ∼ 1.2 x 109 km3 ∼ 1.2 x 1021 L of water. 2 3
Q4: How far does light travel in 1 fs? 1 ns? 1 ms? (in length units)
Answer: light travels about a foot (∼ 30 cm) in 1 ns, so light travels about 190
miles(∼ 300 km) in 1 ms, ∼ 0.3 micrometers in 1 fs (10−15 s). 4 5
Q5: If we rescale the solar system so that the Sun and Pluto are 1.2 km away
from each other, how far is the nearest star, Alpha Centauri?
Possible Answer: Thank you Sagan Planet Walk! The star would be 7,630 km
away, the distance from Ithaca Commons to the ‘Imiloa Astronomy Center at
the University of Hawaii.
Post-class Activity:
2

Students would have to guess the radius of Earth or some other method to estimate the surface area of the Earth, how much of it is the ocean, and the depth of water as well as converting
between volume of water in units of distance to units of volume
3
Scientific estimates are around ∼ 1.36 x 109 km3 , this estimate is made by approximating the
surface area of oceans around the world from satellite images, multiplied by the average depth
of oceans (∼ 3.6 km)
4
This can be a good question to discuss the merits of SI units for scale conversion measurements. Compare the length scale of the light travelled to real-life objects. Find a city that is 190
miles away, 0.3 micrometers is approximately the 1/100th thickness of a printer paper. 1 ms is
about the shortest speed the human eye and brain system can detect.
5
The actual thickness of printer paper are about 70 ∼ 80 microns, depending on the paper
type. If a sensitive enough micrometer is available, the thickness of paper in the class can also
be measured to demonstrate the difference.
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1. If any of the prepared questions do not get covered in class, give them out
to students to investigate on their own.
2. Students need to choose a single phenomenon that deals with similar
types of scale. Can either be practical phenomena of scale or a thought experiment. Students should write down the phenomenon and the specific
quantity in which scale is important.

A.2

Day 2: Error and scales of Error

Learning Objectives

• Students will experience how issues of scale can affect measurement of
data.
• Students will be able to critique design of a study for different sources of
error.

Student Background Information: N/A
Instructor Background Information:

• Students have a conceptual exposure to issues arising with scale from Day
1, now they will have a hands-on experience with issues arising from scale.
• Prepare enough and diverse set of length measuring instruments of
widely different measuring accuracy (e.g. yard stick, regular ruler, random stick, a student’s foot, etc.).
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• Prepare a set of objects to be measured using the above instruments. Ideally, there should be at least one object easy to measure for each instrument, and at least one too large, and at least one too small (e.g. length of
classroom, height of a locker, width of a door, width of a pencil tip, etc.). 6
7

Main Activity: Measurements at different scales
Instructions

• Students should break into small groups (2 to 4) depending on the class
size and the number of measuring instruments prepared.
• Each group is given a single measurement instruments, and all groups are
given the list of lengths to be measured, provide students 15 to 20 minutes
to measure the length of all the objects using their instruments.
• Groups should keep record of which measurement instruments they used
and what their measurements are for each measurement.
• Once all the groups have finished all the measurements, create a table on
a blackboard to compare the measurements with the entire class.
• After all the student measurements are recorded, share the instructor’s
benchmark measurements for comparison.
• Conduct two sets of think-pair-share (TPS) discussing their thoughts now
that they have seen everyone’s measurements.
6

The instructor should have a benchmark measurement for the objects to be measured ahead
of time for reference
7
Leave the identity of one or two objects a bit vague, so that students will have to decide on
exactly what is to be measured. (e.g. “measure a blue object”, do not specify which pencil to be
measured, etc.)
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1. The first TPS should be within their own groups. Individual students
will write down their observations, talk to one group member, and
then share to the entire group.
2. Once the group has heard from all members, the second should be
intragroup TPS. Groups can pair up and discuss their findings, then
share it with the class.

Activity Discussion Points:

• The main purpose of the activity is for the students to notice the spread in
their measurements and think about why their measurements are not all
identical.
• Guide the students’ attention to the fact that certain measurements and
specific measuring instruments fit well with each other; in this case, generally determined by the size of their sample and measuring instruments
– lead to a discussion of choosing what makes an instrument more appropriate for a certain measurement, but maybe not for others. Can take the
discussion beyond measurement of length to time, weight, etc.
• A part of the discussion should be spent upon the fact that some objects
were vague and up for interpretation on part of the students. This is a good
chance to talk about the importance of designing a well defined problem.
• Finish with a discussion of, “what is the correct measurement?” The goal
is to have the students introduced to the idea that uncertainty and error
in measurements are an unavoidable part of science and that uncertainty
and error are controlled by a number of variables, scale being an important
one.
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Post-class Activity:

1. Students should write about possible sources of error in their phenomenon
from the previous day’s post-class activity. How will the sources of error
change as their phenomenon is scaled? (it may not), and what could be
possible ways to mitigate/control/minimize errors in their phenomenon?
2. Students research the relationship between wing geometry and flight pattern in airplanes. The research should be enough for a 5 ∼ 10 minute inclass discussion at the beginning of the next class. They need to be able to
share what they learned were the variables for flight and other things they
found to be of interest.

Possible Extension Activity:
Incorporate “obscure units” (units that are neither a part of the modern metric or the imperial system) into the discussion. E.g. horsepower, fortnight, furlong, stone, parsec, etc. Students need to research and present what each unit
measures (pressure, time, weight, and length), how a unit converts to a more
conventional unit system, and the historical background about the “obscure
unit” system.

A.3

Day 3: Designing an experiment with scale pt.1

Learning Objectives:
Students will conduct an experiment, and critique issues arising from scale
Student Background Information:
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Students should be familiar with the idea that the geometry of the wings
effect flight distance
Instructor Background Information:

1. Prepare enough sheets of 4 different sizes of paper (e.g. A3, A4, ½ A4, ¼
A4) so each student can build at least one airplane from each size.
2. The goal is to have at least one size should be too small and one size too
large for the paper airplane to fly properly.
3. Become familiar with how the wingspan affect flight in terms of lift and
drag. NASA wing geometry definition page and Wikipedia aeronautics
aspect ratio pages are good places to start.
4. Each student will choose a singular style of folding a paper airplane.
5. Secure a hallway or other long corridor to fly the paper airplane. Mark the
floors with equidistant stripes (with paper or tape), to make flight length
measurements easier and ensure all planes are flown from the same location.
6. Students should have rulers to measure the dimension of their airplanes.

Main Activity: Paper Airplane Flight Investigation 1:
Instructions:

1. Instructor distributes the different sizes of paper to students.
2. Instructor introduce the paper airplane folding style that the class will.
use. Demonstrate with the A4 (or equivalent size) paper; have the students
follow along with the instructor.
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3. After the first airplane is built, have the students measure dimensions of
their own airplanes and record them. Important dimensions are the length
and width of the wing.
4. Students should test fly their airplanes, measure and record their airplanes. Make sure each airplane gets more than one flight (so each student
should have multiple flight measurements for their airplane).
5. Move through steps 2-4 for the other sizes of paper airplanes, once the
students seem proficient in folding the airplane, the instructor does not
have to demonstrate. Focus should be in making sure each student gets
multiple flights per airplane and records their measurements.
6. Once everyone has built, flown, and recorded their airplanes, proceed to
discussion

Activity Discussion Points:

• The very large plane and very small plane should have performed differently from what is expected from the aspect ratio consideration, discuss
why this prediction was not valid in the extreme regimes.
• Focus should be put on the fact that all models have certain assumptions
about them, and as the scale of the problem changes, some of these assumptions no longer become valid or applicable. In this case, the role of
air currents or rigidity of the wing are some examples of such assumptions.
• Discuss the spread of data in the student’s own data (from multiple flights
of the same airplane) and the spread of data between students’ data sets
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(same designs but different fliers). Discussion should focus on the implications of spread of data set, reminiscent of the discussion from Day 2. Why
are the measurements spread out? What does that mean about the validity
of the data?
• Discuss how the experiment can be improved. Scientifically, what does it
mean to “improve” the experiment?
1. Focus on reducing the spread of measurements
2. Focus on having enough samples to measure the effect of aspect ratio
on flight distance

Post-class Activity:

1. Students should write up about how the multiple sources of error in this
experiment: spread of data, samples that break underlying assumptions,
etc. can lead to misguided conclusions. The write up should discuss draw
links between how each error, if unaddressed can lead to which specific
misguided conclusion.
2. Students should hand in a copy of their measurements to the instructor.

A.4

Day 4: Designing an experiment with scale pt.2

Learning Objectives:
Students will communicate the effects of the changed experimental design
in terms of qualifying the error in their conclusion.
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Student Background Information:
Students should bring an instrument to plot their data as a scatter plot (Excel,
graphing calculator, etc.) and be proficient enough to make a plot of their data.
Instructor Background Information:

• Prepare additional sizes of paper (around A4 or ½ A4), for the students to
immediately pick up as they come into class.
• Start building a master data set of all the measurements taken in the class
comparing wingspan to flight distance (preferably on Microsoft Excel, or
equivalent spreadsheet software).

Main Activity: Paper Airplane Flight Investigation 2
Instructions:

1. Students will repeat the experiment from Day 3, but with closer sized airplanes.
2. Make sure the students again take multiple flights and record their data
AND share their measurements with the instructor.
3. Students should create a scatter plot of their individual data on their plotting devices.
4. Once the instructor has the class aggregate data, share the class-aggregate
scatter plot with the students.
5. Students should discuss the possible conclusions from the two sets of data.

Activity Discussion Points:
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• What is the relationship between wingspan and flight distance according
to your data? According to the class-aggregate data? How does it compare
to what one would expect from the mathematical relationship between the
variables?
• How do the conclusions from Day 4’s data compare to the conclusions
drawn from Day 3’s data. Which conclusions have changed? Which conclusions have not changed?
• How has the error in our conclusions changed with the newly designed
experiment?

Post-class Activity:N/A

A.5

Day 5: Data Modelling and Fitting

Learning Objectives:

• Students will learn to quantify the error in their experiments (HS)
• Students will demonstrate their ability to optimize a mathematical model
for their experiment based on quantified error (HS)
• Students will learn to identify the different sources of error in their experiments (HS/MS)

Pre-class activity:

• Students should calculate the root mean square error of a horizontal fit to
their own data (HS)
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• Propose a different fitting function that would reduce the root mean
square (HS)
• Students need to read about the different sources of errors: systematic errors, random errors, and blunders (HS/MS)

Student Background Information:

• Students should be familiar with the mechanics of calculating root mean
square error (HS)
• Students should be ready to identify different sources of error in their experiments (HS/MS)

Instructor Background Information:
Instructor should be ready to present a best linear fit of the class-aggregate
data and the root mean square error of the said fit (HS)
Main Activity: Modelling and Fitting
Instructions and Discussion Points (HS):

1. Discuss the physical meaning behind a horizontal fit and root mean square
error.
• A horizontal fit is a mathematical model that proposes that the flight
distance does not change as a function of wingspan.
• Root mean square error measures how far from the predicted model
the actual data point lies. In other words, it is a quantitative measure
of comparing error of data to a mathematical model.
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2. What does it mean to have a good mathematical model? A good mathematical model must simultaneously satisfy at least two criteria.
• The mathematical model must have a physical meaning that makes
sense.
• The quantified error needs to be minimized.
3. Using Excel (or equivalent software), the instructor should present the best
linear fit to the class-aggregate data and the associated root mean square
error of the fit.
4. Compare the physical meaning and root mean square error of this “best”
fit to that of the horizontal fit.
5. Students should learn how to create linear fits using a plotting/spreadsheet software to model and calculate the root mean square
error of their own data.
6. Students should be encouraged to compare their results to the results from
the class-aggregate data to understand the role of sample size on data
modelling.

Instructions and Discussion Points (HS/MS):

1. Discuss the definitions and applications of the types of error and how they
can manifest in this project.
• Sources of systematic error may include the simplicity of the theoretical model used or in the measurement technique of the wingspan –
these in theory can be eliminated by careful design and execution
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• Sources of random error may include the change in throwing technique or inability to control for drafts in the hall way during flight –
these in theory can be minimized through statistical techniques, most
notably large sample sizes
• Blunders include outright mistakes.
2. Students and instructor should look at their data set from previous
days and try to identify trends that do not align with the expectations/predictions made from the theoretical model being used.
3. Discuss and try to identify if any of the differences between theory and
experimentation can be explained using the different types of errors discussed previously during class. This discussion should be done in a thinkpair-share format where each student investigates their own data, pairs
with another student to discuss their insights, and then the entire class
can agglomerate the information.
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