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Abstract 

 

Electrochemical Materials for the Production and Storage of Renewable 

Energy 

 

Bryan Russell Wygant, Ph.D. 

The University of Texas at Austin, 2020 

 

Supervisor:  Charles Buddie Mullins 

 

The production of electricity from renewable sources, including solar power, is 

increasingly important as our society seeks to move to cleaner energy sources. 

Organolead halide perovskites, a class of thin film photovoltaic (PV) materials, are an 

exciting competitor to traditional Si devices, but suffer from poor material stability. 

Further, PV power is intermittent, creating a need for efficient energy storage during 

times when solar power is unavailable. H2 gas, produced via electrochemical water 

electrolysis, is a promising way to store this energy in chemical bonds but efficient 

electrocatalysts are required to drive the reaction. This need for electrocatalysts is 

particularly acute for the complementary oxygen evolution reaction (OER), the rate-

limiting half reaction of electrolysis. Here, we address both halves of the renewable 

energy problem above, production and storage, and study how the chemistry of PV and 

OER electrocatalyst materials impacts electrochemical performance and material 

stability. In regard to production, we studied the performance and stability of quasi-2D 

Ruddlesden-Popper phase (RPP) perovskites under humid conditions. We found that RPP 
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perovskites are more stable than typical 3D perovskites due to a unique moisture-driven 

disproportionation mechanism that passivates and protects the surface of the RPP 

perovskite. This process can also result in the formation of discrete RPP crystallites 

within the bulk of a perovskite film or device. We also found that changing the 

composition of the RPP perovskite enables control of the halide diffusion barrier, further 

impacting material stability. We next investigated energy storage, and studied how 

elemental composition affected the performance of two transition metal-based OER 

electrocatalyts. We found that for a Co-containing oxide perovskite, changes in the 

crystal structure of the catalyst from hexagonal to orthorhombic had little effect on OER 

performance, while adding small amounts of Fe improved catalytic behavior. Likewise, 

we found that the addition of Se to a nickel sulfoselenide material improved OER 

performance, even though the sulfoselenide material itself oxidizes during 

electrocatalysis to produce a catalytically-active nickel (oxy)hydroxide surface. 

Altogether, our work highlights the importance chemical composition when studying the 

material stability and electrochemical performance of both PV and electrocatalytic 

materials for renewable energy applications. 
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Chapter 1: Introduction to Renewable Energy Production and Storage 

1.1 OPENING REMARKS AND ORGANOLEAD HALIDE PEROVSKITES 

As our world moves further into the 21st century and seeks to wean itself from 

fossil fuels, it seems inevitable that renewable energy sources will become an 

increasingly important part of our energy portfolio. In 2019, renewable energy sources 

accounted for 231 GW of electricity generation in the US, and this is projected to grow to 

over 600 GW by 2050.1 Much of this capacity is expected to come in the form of wind 

and solar power, as both energy sources are widely available across the country. Solar 

power, in particular, is expected to grow significantly in the next 30 years, a reflection of 

increased interest and investment in photovoltaic technologies.2,3  

Currently, one of the most common means of capturing solar power and 

converting it into useable electricity is the Si photovoltaic (PV) module, used everywhere 

from the rooftops of homes to grid-scale solar energy farms. The popularity of Si PVs is 

due in large part to the high power conversion efficiency (PCE) of the technology,4 as 

well as recent developments in production capabilities in China and other countries. 

Between 2010 and 2020 the price of manufacturing a Si solar panel decreased 

significantly, to the extent that most of the cost of deploying Si PV is now due to the cost 

of installation rather than materials or fabrication.2,5 Unfortunately, while the solar panels 

themselves produce clean energy, our current means of producing them remain relatively 

dirty. The energy required to produce the raw Si necessary for solar panels in places like 

China frequently comes from coal, initially offsetting at least some of the benefits of 

producing electricity using solar power.6  

While Si is the most common material for PV power generation, a variety of next-

generation thin film PV materials are currently under development.7,8 Thin film PV 



 2 

devices rely on photoabsorbing layers that are typically less than 5 µm thick and can 

frequently be fabricated using solution-based methods, offering the potential for 

inexpensive wide-scale manufacturing of PV devices. Among the most exciting thin film 

PV materials are a family of semiconductors broadly known as organolead halide 

perovskites. Broadly speaking, the term “perovskite” refers to any material with an ABX3 

crystal structure (Figure 1.1), where “A” is a monovalent cation (frequently a short-chain 

alkylammonium species), “B” is a divalent cation (typically Pb or Sn), and “X” is a 

halide. The most common perovskite material is methylammonium lead triiodide 

(MAPI), and was first shown to be photoactive in 2009.9 Since then, perovskites have 

gone on to show record efficiencies approaching those of single crystalline Si devices.4 In 

part, this rapid increase in efficiency has been due to the relatively high chemical 

flexibility of the material, with the substitution of methylammonium for compounds like 

formamidinium and elements like Cs resulting in improvements to various chemical and 

optoelectronic properties.7  
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Figure 1.1 Model of the crystal structure of a cubic organolead halide perovskite. The A-

site (red) is a monovalent cation which is typically an alkylammonium 

species, the B-site (blue) is a divalent metal cation such as Pb
2+

, and the X-

site (green) is a halide species. 

In addition to the wide range of chemistries possible, perovskite materials are also 

exciting for the relative ease with which they can be produced. Thin films of the material 

can readily be created directly from solutions containing dissolved precursors, opening 

the door for the use of inexpensive printing technologies to create PV devices.10 

Additionally, perovskite thin films have been successfully deposited onto flexible 

substrates like poly(ethylene terephthalate),11 indicating that roll-to-roll processing of 

perovskite PV devices may be possible.10 As a result, organolead halide perovskites could 

potentially become the material of choice for use in portable, inexpensive solar power for 

a variety of applications. 

An unfortunate commonality in most perovskite materials, however, is their 

relatively low stability under many environmental conditions. Perovskites have been 

shown to degrade rapidly in the presence of humidity and under illumination,12,13 

although the use of protective encapsulation layers can address this instability.14 

Encapsulation does not address the underlying fundamental problems with the material, 

however, and may introduce other issues. For instance, it is readily apparent that 
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encapsulation will undoubtedly result in increased rigidity and weight for flexible 

perovskite PVs, and that the additional encapsulation material and processing will add 

additional manufacturing costs.5 As a result, there is a significant need for a means to 

chemically stabilize perovskite materials such that minimal encapsulation is necessary in 

applications such as these. 

One viable option is the use of Ruddlesden-Popper phase (RPP) perovskites in 

place of more traditional materials, as they have been found to be more stable under a 

variety of common conditions.15 RPP perovskites are quasi-2D perovskite materials with 

a chemical formula of A’2An-1BnX3n+1, where A’ is a typically an amphiphilic 

alkylammonium species with a long alkyl chain (such as n-butylammonium), and A, B, 

and X are similar species to those found in the previously-described perovskite materials. 

The A’ species are frequently referred to as “spacers”, segregating the ABX3 components 

of RPP perovskites into discrete 2D sheets of perovskite material separated from each 

other by bilayers of A’ species (Figure 1.2). These sheets are typically labeled by their 

thickness, best described by n, the number of adjacent PbI6
4- octahedra in a given sheet. 

The quasi-2D nature of these materials leads to exciting physical and chemical properties 

in these materials, including their increased stability, and we will explore them more 

deeply in the following chapters. 
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Figure 1.2 Model of the crystal structures of a series of quasi-2D organolead halide 

perovskites with different n-phases a cubic organolead halide perovskite 

with the generic formula A’2An-1BnX3n+1. Here, the A’-site is a long 

alkylammonium species, the A-site is a monovalent organic cation, the B-

site is a divalent metal cation, and the X-site is a halide species. 

1.2 TRANSITION METAL-BASED OXYGEN EVOLUTION REACTION ELECTROCATALYSTS 

Solar power, whether harnessed by Si or perovskite PVs unfortunately remains an 

intermittent energy source as does wind, the other major renewable energy source 

available today. In the long term, this poses a fundamental hurdle to any efforts to create 

an economy powered entirely by renewable energy sources, and will require the 

development and deployment technologies to store renewable energy for use during 

periods of low solar or wind power. Likewise, such storage will be needed in the short 

term to stabilize our current electricity grid as we introduce more renewable energy 

sources alongside more traditional energy sources. To illustrate this, Figure 1.3 shows 

the load on the electrical grid of municipality in California over the course of a day, 

supplied by traditional fossil fuel energy sources.16 As more solar power generation 

capability is added to the local electricity grid in the near future, the amount of electricity 
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fossil fuel-fired plants need to produce to meet demand decreases during daylight hours.  

Unfortunately, the highest load on the local grid comes around 5 pm, just as the sun is 

setting and solar electricity generation ceases. As can be seen in Figure 1.3, dealing with 

this additional demand requires power plants to rapidly ramp the generators to supply 

sufficient electricity. This process is highly inefficient, producing more CO2 emissions 

and costing the plant more money than if no renewable capability were present. Further, 

the problem will become more pronounced as additional solar power generation is added 

to the grid, further increasing the environmental and economic cost. 
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Figure 1.3 Actual and predicted electricity generation by fossil fuel-fired power plants 

for a municipality in California, showing the impact of adding increasing 

amounts or renewably-generated electricity to the grid. Because most 

renewable energy is available during the day rather than night, increased 

quantities of renewable-derived electricity will require more extreme 

production ramps (after 3 pm) from fossil fuel-fired plants to meet peak 

demand (around 8 pm). Image adapted from source 16. 
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This example clearly demonstrates our need for an efficient means of storing 

renewable energy and delivering it onto the grid reliably. By storing excess renewable 

energy produced during the day, it will be possible to flatten the production curve for 

fossil fuel plants before and after the evening peak, improving the efficiency of the power 

grid even as additional renewable energy is added to the grid. A number of storage 

solutions have been proposed, but one of the most exciting is the use of renewable energy 

to generate H2 gas that can then be stored and used as a chemical fuel. The simplest way 

to achieving this is to use electricity to perform water electrolysis, alternatively known as 

water splitting, which electrochemically splits two molecules of H2O into one molecule 

of O2 and two molecules of H2. Since the 1970s, research has shown that semiconducting 

metal oxides like TiO2 and BiVO4 can absorb sunlight to directly drive this reaction,17 but 

the process remains relatively inefficient. Instead, a more efficient way of performing this 

reaction is to use electricity from a renewable source to drive a device known as an 

electrolyzer.18 Powered directly by electricity, electrolyzers allow H2 to be generated by 

any energy source, including wind and solar power, making it more versatile than a 

purely photon-driven system. 

An electrolyzer consists of two electrodes submerged in an electrolyte solution, at 

which the cathodic hydrogen evolution reaction (HER) and anodic oxygen evolution 

reaction (OER) occur (Figure 1.4). The HER has a standard potential of 0.0 V vs. RHE 

and the OER has a standard potential of 1.23 V vs RHE, and thus the thermodynamic 

barrier to water splitting is only 1.23 V. Unfortunately, both reactions also exhibit kinetic 

barriers that increase the electrochemical potential needed; this extra potential, beyond 

that which is called for by thermodynamics, is commonly referred to as “overpotential.” 

Of the two reactions, the 4-electron OER exhibits a greater kinetic barrier that leads to 

higher overpotentials, and thus the OER is commonly regarded as the rate limiting step in 
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water electrolysis.19 As a result, it is here that we have focused our attention in the 

following chapters. 

 

Figure 1.4 Diagram of a typical water electrolyzer system. Electricity, here provided by 

intermittent renewable sources, powers the oxygen evolution reaction (OER) 

at the anode and the hydrogen evolution reaction, (HER) at the cathode. 

Both electrodes are submerged in an aqueous electrolyte solution, typically 

strongly acidic or basic. 

A common means of surmounting this barrier to efficient water splitting is the use 

of electrocatalysts capable of reducing the kinetic barrier for the OER, thus reducing the 

overpotential required to drive the reaction forward.20 To date, the most efficient of these 

materials are precious metals and their oxides, such as Ru, RuO2, Ir, and IrO2. 

Unfortunately, such materials are not abundant in the Earth’s crust and as a result are 

expensive,20 creating an additional hurdle to the widespread use of electrolyzers to 

produce H2. As a result, significant effort has been invested toward exploring a variety of 

more abundant materials as less expensive electrocatalyst alternatives. These materials 

are typically transition metal oxides and (oxy)hydroxides, with the most exciting and 
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efficient typically containing Fe, Co, or Ni, or some combination of the three metals.19 

Fe, in particular, is very earth-abundant, making it an ideal material for making 

inexpensive electrocatalysts. Due to the low electrical conductivity of many Fe 

compounds, it frequently is added to other Co- and Ni-based materials to improve the 

electrocatalytic performance of the resulting composite. Such additions reflect the 

importance of chemical composition on the electrocatalytic performance of many metal 

oxides for the OER. 

Recent work has also begun to explore a series of metal chalcogenides as 

potential replacements for more expensive precious metals electrocatalysts. Typically 

composed of one or two transition metals bound to sulfur, selenium, or tellurium, metal 

chalcogenides show excellent performance as OER electrocatalysts, comparable to more 

traditional metal oxides.19 Due in part to their performance, it was initially thought that 

these chalcogenide materials were themselves active OER catalysts. Recent results, 

however, have shown that these materials are in fact best thought of as “pre-catalysts” 

that undergo full or partial surface oxidation to yield truly catalytic metal (oxy)hydroxide 

materials.21 Work is ongoing to determine exactly why metal (oxy)hydroxides created 

using metal chalcogenide pre-catalysts show superior performance, as are efforts to 

further improve the electrocatalytic performance of these materials. One exciting new 

research direction is the synthesis of metal chalcogenides containing more than one 

chalcogenide species, i.e., both sulfur and selenium. Preliminary reports show that these 

materials exhibit increased OER performance compared to single chalcogenide materials, 

but further work is needed to explore the underlying causes more carefully. 
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1.3 OVERVIEW OF CHAPTERS 

In the following chapters, we will seek to shine light on both the increased 

stability of RPP perovskites for use in organolead halide PV technologies, and on the 

effect of elemental composition on both metal oxide and metal chalcogenide OER 

catalysts. Exploration and development of chemistries, materials, and technologies for 

both the generation of electricity from renewable energy sources and the efficient storage 

of that energy are vital if renewable energy is to one day seek to replace fossil fuels 

entirely. Below, we offer a brief outline of the following chapters before they are 

presented in more detail. 

In Chapter 1, we will provide additional information about different types of 

perovskite thin film PV devices and our motivation for studying these devices. After this 

introduction, Chapter 2 presents a detailed study of the differences in the degradation 

mechanisms of both traditional 3D organolead halide perovskites and quasi-2D RPP 

perovskites. We show that the RPP perovskites undergo a unique disproportionation-

based degradation pathway that increases material stability, and that this effect can be 

leveraged to increase the stability of traditional 3D perovskites. In Chapter 3, we extend 

this investigation of the RPP perovskites and explore physical changes that occur within 

the RPP thin film during moisture-driven degradation. We focus primarily on the 

formation of small crystallites at the film surface, and show that they are composed of 

low-n phases resulting from perovskite disproportionation. In Chapter 4, we conclude our 

investigation of RPP perovskites by exploring differences in stability between two 

closely related perovskites, in regards to both moisture-exposure and choice of metal 

electrode. We find that even small changes in composition can dramatically impact the 

manner in which RPP perovskites degrade, and provide data to explain the sources of 

these differences. 
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Chapter 6 provides another brief introduction to the need for inexpensive 

electrocatalysts for water electrolysis and provides additional context for the materials we 

chose to study. In Chapter 7, we present a study of the interplay between elemental 

composition, crystal structure, and OER performance in a transition metal oxide 

electrocatalyst. We find evidence that adding additional metal species to the 

electrocatalyst does impact the crystal structure of the final material, but that 

improvements to the electrocatalytic performance of the material are more closely linked 

to the choice of metal added than to the crystallographic differences. Finally, in Chapter 8 

we explore how the addition of a second chalcogenide species to a nickel chalcogenide 

impacts both oxidation of the material from pre-catalyst to catalyst, and the performance 

of this final catalyst. Our results show that the mixed-chalcogenide materials exhibit 

increased stability to oxidation which is linked to increased electrical conductivity, and 

that these effects in tandem increase the OER performance of the catalyst. 
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Chapter 2: Introduction to Perovskite Photovoltaics 

As discussed briefly in Chapter 1, organolead halide perovskites are among the 

most promising of the thin film photovoltaic (PV) materials currently studied. Their high 

absorption coefficients and relatively low band gaps enable films hundreds of nanometers 

thick to absorb most of the solar spectrum, while their solution-phase processing enables 

simple deposition of films onto a variety of substrates.1 The original solid state perovskite 

devices were fabricated using a modified form of the traditional dye-sensitized solar cell,2 

but recent years have seen the rise of planar n-i-p perovskite PV devices.3 An example of 

this type of device is provided in Figure 2.1a, and the notation refers to the relative 

orientation of the electron transport material (ETM) and hole transport material (HTM) 

relative to the perovskite and the transparent conductive metal oxide (TCO) contact in the 

device. The ETM is an n-type (n) semiconductor responsible for selectively conducting 

electrons out of the intrinsic (i) perovskite photoabsorber, while the HTM is a p-type (p) 

semiconductor which selectively transmits holes from the perovskite layer. In an n-i-p 

device, the ETM is first deposited on top of the TCO, followed by the perovskite and 

HTM layer, and finally a metal electrode (typically Au) is deposited on top of the HTM 

layer. The ETM and HTM help to separate the photogenerated electron-hole pairs in the 

perovskite, and inhibit recombination of the carriers before they are shuttled out of the 

device. 
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Figure 2.1 The architectures of typical (a) n-i-p and (b) p-i-n organolead halide 

perovskite devices. Both devices contain an intrinsic perovskite 

photoabsorbing layer, an n-type electron-selective electron transport 

material (ETM), and a p-type hole-selective hole transport material (HTM). 

In addition to the more typical n-i-p device, many researchers also fabricate and 

study inverted p-i-n perovskite PV devices (Figure 2.1b).3 These devices also rely on 

hole- and electron-selective materials to function, but the order of deposition is opposite 

relative to the n-i-p devices. Because the HTM is deposited first, this architecture allows 

materials such as PEDOT:PSS and NiO to be used in place of more complex materials 

like Spiro-OMeTAD (2,2',7,7'-tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9'-

spirobifluorene).2  Cast from a water-based solution, PEDOT:PSS cannot be used in 

traditional n-i-p architectures as they would damage the underlying perovskite layer 

during deposition; the p-i-n architecture allows for this problem to be circumvented, 

however. Following deposition and drying of the HTM layer, the perovskite can be safely 

deposited on top of the water-free material, followed by thermal evaporation of the ETM 

layer that is typically composed of C60 or a derivative to complete the p-i-n device.4 

While both n-i-p and p-i-n perovskite devices have shown promising 

performance, we have chosen to study the stability of p-i-n devices due to their suitability 

for fabrication on polymer substrates which could enable flexible PV devices. The use of 

minimal protective encapsulation will likely be necessary to maximize the flexibility and 

minimize the weight of such devices, and as such, increasing the intrinsic stability of the 
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perovskite material will be of paramount importance. The high stability of quasi-2D 

perovskites when exposed to moisture thus makes them an ideal candidate for use in 

flexible devices, but a better understanding of how they degrade in humid conditions will 

be key to further stabilizing these materials prior to commercialization. In the following 

chapters we will present the results of our research in this area, focusing on detailed 

studies of how an n-butylammonium-derived quasi-2D perovskite degrades in 

comparison to a more typical 3D perovskite (Chapters 3-4), before investigating how 

devices containing n-butylammonium perovskite differ from those fabricated using n-

hexylammonium (Chapter 5). 
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Chapter 3: Probing the Degradation Chemistry and Enhanced Stability 

of 2D Organolead Halide Perovskites1 

3.1 INTRODUCTION 

Organolead halide perovskites are among the most promising materials for next-

generation thin film solar devices, as first demonstrated by solid state methylammonium 

lead iodide (MAPI) devices.1 In recent years, the power conversion efficiency (PCE) of 

lab-scale perovskite devices has increased at a remarkable rate to levels that are 

comparable with more traditional Si and CdTe solar cells.2 While the future for 

perovskite solar cells is bright, most members of the organolead halide perovskite family 

suffer from severe sensitivity to both moisture and light.3–5 Additionally, these materials 

demonstrate significant electrochemical reactivity, both toward common solvents and 

electrolytes,6,7 as well as toward solid state redox reactions within the material itself and 

with the metal contacts present in full solar devices.8,9 While this instability toward 

external forces can be somewhat mitigated by the use of encapsulation similar to that 

used in commercial Si photovoltaic panels,10 such techniques would prove challenging to 

implement for perovskite devices on flexible substrates and may do little to address the 

electrochemical reactivity of perovskites, leading researchers to probe alternative 

methods of improving stability.11 Ultimately, the fundamental chemical instability of 

these materials must be addressed in order to maximize their viability as a photovoltaic 

material. 

Recent work within the field has focused on Ruddlesden-Popper (RP) phase 

quasi-2D perovskites, based on well-known oxide perovskites of a similar crystal 

                                                 
1 This work was previously published: Wygant, B.R., Ye, A.Z., Dolocan, A., Vu, Q., Abbot, D.M., 

Mullins, C.B. Probing the Degradation Chemistry and Enhanced Stability of 2D Organolead Halide 

Perovskites, J. Am. Chem. Soc., 2019, 141, 18170-18181. The author of the dissertation was responsible for 

the design, execution, and interpretation of all experiments. 
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structure.12 These materials possess a variety of interesting photophysical properties, and 

have been explored for use in both photovoltaics12,13 and light emitting diodes.14,15 

Organolead halide RP perovskites possess an A’2(An-1BnX3n+1) stoichiometry, with quasi-

2D layers of an ABX3 perovskite separated by a double layer of an amphiphilic A’ cation 

(Figure 3.1a). Here, n represents the number of adjacent PbI6
4- in each sheet of 

perovskite material, thus RP perovskite phases of different thickness can be labeled using 

their n-phase. Quantum confinement in the layers leads to an inverse proportionality 

between n and the corresponding electronic bandgap, ranging from 2.35 eV for n = 1 and 

1.91 eV for n = 4 to the band gap of 1.5 eV observed in MAPI, making them robust 

optoelectronically-tunable systems.16 

 

Figure 3.1: a) Crystal structure of an n = 4 nBA-MAPI perovskite (blue), with sheets 

composed of 3D MAPI perovskite (red) separated by A’ n-butylammonium 

ions. b) Graphical representation of proposed 2D/3D MAPI structure, where 

a thin layer of nBA-MAPI is coated on the surface of the 3D MAPI.  
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More interestingly, a member of this class of materials, n-butylammonium 

methylammonium lead iodide (nBA-MAPI), has been shown to be considerably more 

stable than traditional MAPI under exposure to both light and humidity, even when un-

encapsulated.17 Similarly superior stability has since been further observed, and while a 

variety of explanations for the superior stability of these materials have been proposed,18–

21  the exact mechanism responsible for the stability of these unique materials has not 

been well-identified. This uncertainty is due, in part, to the general research on bare 

perovskite films aimed at developing the proposed mechanisms; while such films present 

much simpler, more idealized samples, compatible with analytic techniques such as x-ray 

diffraction, and contact angle goniometry,22 full perovskite devices are significantly more 

complicated systems. Important chemical degradation processes could occur at any of the 

layers or interfaces within the device, buried beyond the reach of many analytical 

techniques. 

To bridge the gap between films and devices, we use time-of-flight secondary ion 

mass spectrometry (ToF-SIMS) depth profiling to identify, locate, and quantify relative 

amounts of various chemical species of interest, providing an unprecedented window into 

how such perovskite devices degrade.23–28 In combination with photoluminescence 

spectroscopy (PL), X-ray diffraction spectroscopy (XRD), and cyclic voltammetry we 

study the mechanism responsible for the improved moisture resistance of nBA-MAPI 

devices compared to traditional MAPI devices. Spectroscopic evidence suggests that 

nBA-MAPI undergoes disproportionation when exposed to humidity, resulting in the 

formation of new, more thermodynamically-stable nBA-MAPI phases at the film’s 

surface, slowing further degradation; this is further confirmed by ToF-SIMS depth 

profiling of full device stacks exposed to both H2O and D2O, showing the minimal 

interaction between the 2D perovskite and the hydration layer we find at the 
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C60/perovskite interface in full devices. Based upon our observations of surface-driven 

passivation in nBA-MAPI, we created and tested a 2D/3D hybrid perovskite device 

(Figure 3.1b) to show that even a thin layer of the nBA-MAPI on the surface is sufficient 

to significantly slow the reaction of MAPI films with the water in the hydration layer. 

Together, our results show that the disproportionation-driven degradation of nBA-MAPI 

is responsible for the superior stability of these materials in humid environments, and 

demonstrate that this feature of 2D organolead halide perovskites can be leveraged to 

improve the stability of existing 3D MAPI devices. 

3.2 EXPERIMENTAL 

3.2.1 Device and Film Fabrication 

MAPI and nBA-MAPI solar devices were constructed using the following 

protocols. 2x2 cm FTO substrates (TEC15, Hartford Glass) were first etched using a 2M 

HCl solution (Fisher Scientific, ACS Grade) and zinc powder (Alfa Aesar, 99.9%) to 

create a 3 mm wide area of glass along one edge. They were then washed in a 1% (m/m) 

Contrex AP solution using sonication for 15 minutes, before being lightly scrubbed and 

rinsed to remove grease and other debris. This was followed by 5 minutes of sonication in 

acetone, followed by 5 minutes of sonication in ethanol, and a final drying with 

compressed air. Once dry, the substrates were treated in UV/O3 (BioForce Nanosciences) 

for 25 minutes to create a hydrophilic surface. 

Following ozone treatment, the substrates were coated with PEDOT:PSS 

(Heraeus). A 1:2 dilution of the polymer in methanol (Fisher Scientific, ACS Grade) was 

used for spin coating. Two drops of the PEDOT:PSS solution were filtered through a 0.2 

micrometer PTFE filter onto the center of the substrate, which was then spun at 4000 rpm 
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for 40 s, using a 3 second ramp and deceleration. Following coating, the substrates were 

annealed at 150 °C for 10 minutes before being immediately brought into a glovebox. 

All perovskite thin film fabrication was performed in a N2 glovebox (VAC 

Atmospheres, O2/H2O <5 ppm), and all perovskite solution concentrations are listed 

versus total lead content. For MAPI, a 0.75M solution composed of PbI2 (TCI, 99.99%) 

and methylammonium iodide (GreatCell Solar) in a 3:1 solution of dimethylformamide 

(DMF, Acros Organics, Extra Dry) and dimethylsulfoxide (DMSO, Acros Organics, 

Extra Dry) was spin coated onto the prepared substrates using a common antisolvent 

method. The solution was prepared at least 30 minutes prior to film preparation, and 

stirred until all components were dissolved. Two drops of the solution were filtered 

through a 0.2 micrometer PTFE filter onto the substrate and carefully spread to evenly 

coat the surface. The substrate was then spun at 1000 rpm for 3 seconds, followed by 

6000 rpm for 30 seconds with immediate ramps between. At 9 seconds from the start of 

the process, 100 μL of chlorobenzene (Acros Organics, Extra Dry) was dispensed in one 

swift motion onto the center of the substrate to remove the primary solvent. Following 

spin coating, the substrate was heated at 80°C for approximately 30 seconds, before being 

heated at 110°C for 5 minutes. 

For n=1, 2, and 4 nBA-MAPI, a 0.5M solution of PbI2, methylammonium iodide, 

and n-butylammonium iodide (GreatCell Solar) in a solution of pure DMF was prepared 

at least 30 minutes prior to fabrication. An aliquot (typically <1 mL) was filtered through 

a 0.2 μm PTFE filter into a 2 mL glass vial, and placed on an 80°C hotplate for at least 5 

minutes. At the same time, the prepared substrates were placed on a 110°C hotplate to 

heat. After both the solution and the substrate were heated, the substrate was quickly 

placed onto the spincoater and 80 μL of the hot solution was dispensed onto the center of 

the substrate. The substrate was immediately accelerated to 5000 rpm for 20 seconds, and 
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within 5 seconds the substrate turned a dark brown color as the solvent evaporated and 

the perovskite crystallized. The finished film was then removed from the spincoater and 

allowed to continue cooling. 

To create the 2D/3D MAPI substrates, after spending 5 minutes on the 110 °C 

hotplate, a MAPI substrate was moved directly to the spin coater chuck and rotated at 

6000 rpm for 35 seconds. Immediately upon reaching 6000 rpm (< 2 s), 50 μL of a 

filtered 5 mM solution of n-butylammonium iodide (nBAI) in dry isopropanol (99%, 

Acros Organics) was dropped onto the substrate. After the substrate stopped spinning, it 

was then annealed at 110 °C for a further 10 minutes before being allowed to cool. 

Films with thicknesses of 40 nm of C60 (MER Corp., 99.9%) and 7 nm of 

bathocuproine (BCP, Sigma-Aldrich, 99.9%) were thermally evaporated using an AMOD 

thermal evaporator at a base pressure of approximately 8x10-7 torr. The first 10 nm of C60 

were deposited at a rate of 0.2 Å/s, while the remaining 30 nm were deposited at 1 Å/s; 

the 7 nm BCP film was deposited at 0.2 Å/s. Following deposition, the 

BCP/C60/Perovskite/PEDOT:PSS stack was scratched away with a razor blade from two 

sides of the device to expose the FTO beneath. A film with a thickness of 125 nm of gold 

was then deposited through a shadow mask via electron beam evaporation using a Cooke 

Evaporation System to create the top contacts (0.2 cm2), as well as gold contacts for the 

FTO bottom contact to reduce unnecessary series resistance. Similarly to the C60, the first 

10 nm were deposited at 0.2 Å/s and the remaining 115 nm were deposited at 1 Å/s. The 

finished devices were then stored in an Ar-filled MBraun glovebox (O2/H2O < 0.1 ppm) 

until testing. 
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3.2.2 Electrochemical Testing 

Device testing was performed using a xenon solar simulator (Oriel) with a 

1.5AM-G filter and a CHI 660D potentiostat, and power density was normalized to 1 sun 

using an optical power meter (Newport 1916-C) equipped with a thermopile sensor 

(Newport, 818P-020-12). Cyclic voltammograms were measured from 0.2 to -1.2 V at a 

sweep rate of 150 mV/s, under ambient air at room temperature. A 0.08 cm2 mask was 

used to specify the active surface area of each device. For stability testing, devices were 

stored in the dark in a sealed container under ambient air holding a saturated solution of 

KCl with a relative humidity of approximately 78%. For stability measurements, 14 

individual devices for each type of perovskite were tested, and the results at each time 

point averaged. 

3.2.3 Physical Characterization 

Devices analyzed via ToF-SIMS (ION-TOF) for H2O exposure were prepared as 

above, but were not tested to prevent exposure to the intense light. Instead, for each type 

of perovskite tested, a typical two-cell device was broken in half, and one half of each 

device was left inside the glovebox while the other half was exposed to the water for the 

requisite amount of time. After exposure was completed, the device was then brought 

into the glovebox and loaded with the unexposed half into an inert atmosphere transfer 

vessel to prevent exposure to the atmosphere while transferring to the ToF-SIMS 

instrument. The devices were then placed in high vacuum (~1x10-9 torr) for 2 weeks to 

remove any lightly adsorbed water inside the devices. For devices exposed to D2O, the 

devices were loaded into the antechamber of the ToF-SIMS instrument through the 

atmosphere as quickly as possible (<30 seconds of actual air exposure), then pumped 

down to high vacuum (<1x10-6 torr), transferred to the TOF-SIMS main chamber and 
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analyzed. After analysis, the devices were placed back in the antechamber and brought to 

low vacuum (1x10-3 torr) before being exposed to pure D2O vapor at a pressure of 

approximately 15 torr for 1 hour. Following this hour, the devices were pumped down 

again to high vacuum (<1x10-7 torr) for 2 weeks to remove any remaining lightly 

adsorbed D2O. 

ToF-SIMS depth profiling in negative polarity was performed using a Bi3
+ (30 

keV ion energy, 0.8 pA measured sample current) analysis beam to raster scan a 100x100 

μm2 area located within the boundaries of a larger crater (300x300 μm2) created using a 

Cs+ sputtering beam (500 eV ion energy, ~40 nA measured sample current). Similarly, 

positive ion mode analysis was conducted using an O2
+ sputtering beam (1 keV ion 

energy, ~41 nA measured sample current), instead of Cs+, while maintaining all other 

sputtering conditions. The pressure inside the analysis chamber was typically below 

1.5x10-9 torr during analysis. 

Photoluminescence was performed on a Horiba Jobin Yvon Fluorolog3 

spectrophotometer, using an excitation wavelength of 450 nm and a typical 90° detector 

geometry, with the film held at 45°. Excitation was performed on both the front (shining 

directly on the perovskite film) and the back (shining through the glass) of the films. X-

ray diffraction was performed on a Rigaku Ultima IV diffractometer in a thin film 

configuration using a Cu Kα X-ray source. Wide angle x-ray scattering was performed on 

a Xenocs Ganesha small angle scattering instrument fitted with a moveable Dectris 300k 

detector was used to record wide angle scattering data. The instrument is fitted with a 

microfocus Cu k-alpha source operated at 50kV and 0.6mA. A manufacturer supplied 

utility, SAXSGUI, was used to make the corrections and reduced the 2D detector data 

into intensity vs. scattering angle data. Data was collected from a 0.7 x 12 mm area, using 

a 1º tilt of the substrate. Scanning electron microscopy (SEM) was performed with an FEI 
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Quanta 650 ESEM, using an accelerating voltage of 15 kV at a vacuum of approximately 

5x10-6 torr. TEM cross sections (80 nm thick) were prepared on a FEI Scios DualBeam 

focused ion beam (FIB) SEM, and imaged on a FEI Talos F200X TEM at 200 kV 

accelerating voltage. Atomic force microscopy (AFM) was conducted on a Park NX10 

atomic force microscope in noncontact mode. The microscope is enclosed in a climate-

controlled box allowing a constant 78% RH to be maintained during analysis. 

3.3 RESULTS AND DISCUSSION 

To investigate what leads to the improved stability of nBA-MAPI devices we first 

fabricated a batch of planar perovskite devices, using either MAPI or nBA-MAPI, and 

tested their power conversion efficiency (PCE) using cyclic voltammetry over the course 

of 2 days under exposure to 78% relative humidity (RH). A detailed description of the 

devices is available in Appendix A, including average/champion device performance, 

normalized solar cell metrics, statistical distributions for important metrics, and typical 

JV plots including a hysteresis index value.29 (Table A1, Figure A.1-3). A p-i-n 

architecture using PEDOT:PSS as the hole transport material and C60 as the electron 

transport material was chosen due to its applicability toward devices fabricated on 

flexible substrates, which would be ideal platforms for solar cells fabricated using 

minimal encapsulation. In Figure 3.2, we present the normalized PCE of the devices as a 

function of exposure time; it is immediately apparent that the nBA-MAPI devices are 

more stable over the first 48 hours than the MAPI devices. This is in good agreement 

with previous reports on the relative stability of the two perovskite materials,19 and 

indeed, comparison between the devices in the present work and those of Tsai et al. 

shows that the degradation kinetics are very similar in both works and shows that similar 

reactions are likely taking place (Figure A.4). Our nBA-MAPI devices show less than 
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20% reduction in PCE over an 8-hour period while the MAPI devices show a roughly 

80% loss of efficiency over the same time period, demonstrating just how rapidly 

degradation typically sets in for unprotected perovskite devices. In light of this, we chose 

to compare devices after 8 hours (dashed line) in a humid environment, allowing us to 

examine working, but degraded, devices at the same level of exposure.  
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Figure 3.2: Normalized power conversion efficiency (PCE) of MAPI, nBA-MAPI, and 

2D/3D MAPI devices following exposure to 78% RH over the course of 48 

hours, showing the decrease in PCE for all devices as they degrade. 

3.3.1 X-ray Diffraction Spectroscopy 

To investigate any structural changes within the bulk of both perovskites after 

moisture damage, we performed XRD analysis on films of both materials before and after 

8 hours of humidity exposure. Out-of-plane XRD spectra of the MAPI and nBA-MAPI 

films in Figure A.5 show little change over the course of the experiment, with both 

materials showing peaks characteristic of either 3D or 2D perovskite, respectively.19 

Further characterization of the orientation of the nBA-MAPI sheets relative to the FTO 

substrate has also been included in Appendix A, and confirms that the 202 plane on nBA-

MAPI is parallel to the substrate (Figure A.6-A7). The out-of-plane XRD showed that 

despite the large differences in electrochemical stability, both materials appear to exhibit 

similar bulk crystallographic stability at 8 hours of exposure. This discrepancy made it 

clear that more sensitive analytical techniques than XRD were required to identify the 
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subtle physical changes the materials undergo during water exposure, and which might be 

correlated to the electrochemical evolution we observed. 

3.3.2 Photoluminescence Spectroscopy 

One such technique is PL spectroscopy, which has recently been used to identify 

the different n-phases present in nBA-MAPI films.30,31 Because of its relative surface 

sensitivity, PL allowed us to see any small changes at the top and bottom surfaces of our 

films corresponding to material degradation. Our results are presented in Figure 3.3, and 

show that even before they are exposed to humidity, MAPI and nBA-MAPI films exhibit 

distinct emission spectra. The MAPI film shows a single peak at 1.64 eV on both sides of 

the film, while the front and back of the nBA-MAPI film have dramatically distinct 

spectra. On the front, the nBA-MAPI film exhibits a single peak at 1.74 eV with a broad 

shoulder at higher energies; this slight blue-shift from the pure 3D perovskite is a result 

of the presence of a “bulk” n > 5 that predominates at the surface. Rather than a single 

peak, the back of the film shows a broad emission with peaks at 2.04, 1.94, and 1.89 eV 

(identified as the n = 3, 4, and 5 peaks of nBA-MAPI, respectively.)31–33  
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Figure 3.3: Fluorescence spectra for the front and back of a) MAPI and b) nBA-MAPI 

films, before and after exposure to 78% relative humidity for 8 hours. c) 

Normalized difference plot for the front-side spectra for both films. nBA-

MAPI shows the growth of n = 3 and ∞ peaks, as well as the loss of the n > 

5 peak, while little change visible in the MAPI spectra. 

This distribution of different n-phases with film depth in the nBA-MAPI sample 

was further corroborated using EDX mapping of C and Pb in a cross section of the device 

(Figure A.8a). Moving from the C60 interface at the top of the film toward the 
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PEDOT:PSS, there is an increase in the number of C counts and a concurrent decrease in 

the Pb counts, which qualitatively agrees with the stoichiometric differences between 

low- and high-n RP perovskites (Figure A.8b) and is similar to previous reports on 

similar RP perovskite films.15 While the EDX map is not sufficiently quantitative to 

definitively correlate a particular C/Pb count ratio to a particular stoichiometry, the 

overall trend in relative EDX intensity for both elements is suggestive of a layered 

perovskite structure. Thus, together, both the PL and EDX data confirm that, as-

synthesized, our nBA-MAPI films exhibit a layered structure in which low-n phases are 

found near the FTO while a “bulk” 2D phase is predominant near the surface of the film. 

We next used PL to study how this unique structure responded to moisture, and how this 

response differed from MAPI. 

Upon exposure to high humidity, both nBA-MAPI and MAPI films exhibit a 

significant decrease in front-side PL intensity, indicative of crystallographic damage (a 

decrease of in-plane long range order) from hydration. More interesting, however, is the 

growth of peaks in the front-side nBA-MAPI spectrum at energies above 1.75 eV, easily 

visible in the difference plot in Figure 3.3c. These peaks correspond with the n = 2-4 RP 

phases initially present on the back of the film, and their appearance in our films after 

moisture exposure is in agreement with a stabilizing disproportionation mechanism 

previously observed in oxide RP perovskites following high-temperature synthesis.34 

Adapting this mechanism to organolead halide perovskites, a nominally n = (x) nBA-

MAPI phase would degrade into one equivalent each of an n = (x-1) nBA-MAPI and a 

3D MAPI phase (Equation 3.1).  

 

Equation 3.1 
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Such a mechanism has previously been hypothesized by Stoumpos et al., to 

explain the appearance of an n = 3 nBA-MAPI phase in the synchrotron powder 

diffraction spectrum of an nBA-MAPI sample,32 but our results provide much clearer 

evidence of this process. Not only do we observe the growth of the n = 3 phase in the PL, 

the difference plot of nBA-MAPI also clearly shows growth near the n = ∞ MAPI peak at 

1.64 eV (Figure 3.3c), accounting for both disproportionation products.  Based on the 

spectrum collected from the back of the nBA-MAPI film, the minimal change to the n = 

3-5 peaks suggests that if disproportionation does occur, such low-n phases may be 

uniquely resistant to interaction with water. Supporting this observation, PL degradation 

experiments performed on nominally n = 1 and 2 nBA-MAPI films likewise showed 

considerable stability for these low-n phases (Figure A.9). While the n = 1 films showed 

no significant spectral changes, as would be expected for the end product of 

disproportionation, an n = 3 impurity peak on the surface of the n = 2 film was observed 

to decrease in relative intensity following exposure, similar to the way that the high-n 

peaks decreased in the n = 4 nBA-MAPI film shown above. While disproportionation is 

not the only possible reason for these changes, as differences in the stability of the 

individual phases could result in the selective degradation of one phase over another, this 

behavior is strongly suggestive of the process when considered in combination with 

recent theoretical calculations and other observations described below.  

The relative increase and decrease of PL signal from various n-phases in the 

films, and by extension the disproportionation mechanism, is supported by theoretical 

calculations performed on a similar perovskite, which substituted phenylethylammonium 

for n-butylammonium (PEA-MAPI). Quan et al. performed density functional theory 

calculations on a series of n-phases for this PEA-MAPI perovskite, and showed that as 

the value of n for a RP perovskite decreases, the formation energy of the phase increases, 
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indicating a more thermodynamically-stable material.21 Applied to our nBA-MAPI 

material, it is clear that the rate of perovskite degradation will slow as the surface begins 

to disproportionate and forms increasingly stable low-n phases. Potentially aiding this 

process, the new phases will be more stoichiometrically-rich in hydrophobic nBA, which 

has been shown to increase the hydrophobicity of the film and reduce interaction of the 

perovskite with water.18 The exact extent of this effect will be dependent upon the 

orientation of the crystals, however, and would be difficult to completely disentangle 

from the improved thermodynamic stability of these phases. A more thorough discussion 

of this effect is included in the SI. Through both enhanced thermodynamic stability, and 

possibly hydrophobicity, these phases will resist further hydration and limit additional 

damage to the nBA-MAPI film. In contrast, MAPI will not produce these protective 

layers, and will continue to degrade.  

AFM images of the nBA-MAPI film surface before and after degradation further 

support this disproportionation mechanism by showing that the changes occur on the 

microscopic scale in addition to the atomic scale (Figure A.10). As seen in Figure 

A.10a,b, following exposure to humidity the bare nBA-MAPI film appears to grow 0.1 – 

1 micron long, and roughly 100 nm thick, structures at the surface of the otherwise 

smooth film. These structures appear similar in morphology to previously-reported low-n 

quasi-2D perovskites crystallites grown on a PbI2 film from an nBA/MA solution.33 Here, 

the authors’ showed that the films exhibited a front-side spectrum that was enriched in 

low-n nBA-MAPI species, and confocal fluorescence microscopy conducted by Li et al. 

further correlated the structures to more intense areas of higher energy fluorescence.  

To further bolster the assignment of low-n phases to these new structures on the 

surface, we also conducted wide-angle X-ray scattering (WAXS) analysis of nBA-MAPI 

films before and after 8 hours of moisture exposure. The fresh film (Figure A.11a) shows 
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a Bragg diffraction spot pattern indicative of a well-ordered, perpendicularly-oriented 

nBA-MAPI, in excellent agreement with previously published results, and the spots have 

been indexed accordingly.19,35 Following exposure, the diffraction spot pattern remains, 

but an additional set of rings appear near qy = 0.6 Å, indicating the formation of 

disordered crystalline phases in the film (Figure A.11b); a 1D intensity plot vs two theta 

(Figure A.11c) shows the location of the rings more clearly. Comparing the peak 

positions to previously published powder diffraction results,16 we can index these peaks 

to the n = 4 (060) and n = 2 (020) reflections for the lower- and higher-two theta peaks, 

respectively. This result is in agreement with the appearance of both n-phases in the PL 

spectra in Figure 3.3a,c, and further supports these peak assignments. Given the clear 

formation of small, randomly-oriented platelet-like structures in the AFM image 

following exposure, we conclude that the ring patterns observed in Figure A.11b are the 

result of these new structures at the surface. 

Taken together with our PL and AFM data, the WAXS data appears to show that 

as the nBA-MAPI undergoes disproportionation, some of the low-n phases produced are 

segregated into small surface structures, while the rest likely thicken an already 

disordered layer of such phases on the surface of the film (Figure A.10c,d). It is 

reasonable that such structures could arise as new, crystallographically-distinct low-n 

phases are segregated from the higher-n phases still remaining in the film in order to 

minimize entropy in the system. More importantly, such structures would act like 

quantum wells for photogenerated charge carriers. Electrons produced in the low-n 

phases near the crystal surfaces would be prevented from undergoing the predicted 

charge transfer to the bulk n > 5 nBA-MAPI film below (Figure A.10e-g), a process 

which normally makes such phases spectrally invisible at steady state PL conditions.14,36 

A more detailed discussion on these structures is presented in the SI, but it is clear these 
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structures preserve the evidence for low-n perovskite generation at the surface via 

disproportionation, further strengthening the case for such a mechanism. 

Motivated by this evidence, as well as several reports of interface engineering in 

organolead halide perovskites,18,33,37,38 we also investigated the performance of a MAPI 

perovskite treated with a dilute nBAI solution to produce an artificial skin of nBA-MAPI 

on the surface. Such a skin might function in a similar manner to the low-n phases 

naturally produced by disproportionation, protecting the underlying bulk perovskite. In 

order to mitigate the effects of the poor carrier transport in low-n RP perovskites21 while 

preserving the protective qualities of the RP phase, we  optimized our treatment to create 

an extremely thin layer (approximately 2.5 nm, see section 3.5) of the 2D perovskite on 

the surface of the bulk MAPI, which will henceforth be labeled as 2D/3D MAPI.  

We used both XRD and PL spectroscopy to study the as-synthesized and 

degraded 2D/3D MAPI films and prove that we successfully created only a thin layer of 

nBA-MAPI. XRD (Figure A.5) shows no significant changes to the characteristic MAPI 

spectrum, with only a PbI2 impurity peak previously observed in n = 1 RP perovskite 

films, indicating the film has been treated.38 Likewise, the PL spectra of the treated films 

in Figure A.12a appear almost identical to those of a pure MAPI film (Figure 3.3a) 

showing a single MAPI PL peak. The only indication of the nBAI treatment is the 

presence of a weak, broad shoulder extending from the primary peak to roughly 2.1 eV, 

confirming the presence of a very thin film of n > 3 nBA-MAPI on the surface of the 

treated perovskite. The PL spectrum shows that the shoulder largely disappears after 8 

hours (Figure A.12b) potentially due to transformation of the nBA-MAPI into thin layers 

of n = 1, 2, and 3 perovskite whose PL is silenced by energy transfer to the underlying 

3D MAPI.14 Simultaneously, the PL intensity of the MAPI peak increases after 

degradation, possibly due to the production of the bulk MAPI as a product of surface 
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layer disproportionation, or due to improvements in the crystallinity of the underlying 

MAPI via passivation of defects.39 Electrochemically, the long-term stability of the 

2D/3D MAPI devices is almost identical to that of the nBA-MAPI devices (Figure 3), 

demonstrating the ability of even a thin layer of RP perovskite to improve resistance to 

humidity.   

3.3.3 ToF-SIMS Device Profiling 

The improved electrochemical stability of the 2D/3D MAPI devices shows that 

even small changes to the materials and interfaces in a full device can have dramatic 

effects on device performance. While it is relatively easy to probe the effects of such 

modifications in a bare film using bulk-sensitive techniques like XRD, studying these 

changes in a full device is complicated by the additional layers that compose a full 

perovskite solar cell. When using a surface sensitive technique such as PL, for example, 

the addition of hole- or electron-transport layers to the perovskite can substantially reduce 

PL intensity, dramatically affecting the measurement.40 Worse still, examining the 

chemical changes associated with degradation using a technique like X-ray photoelectron 

spectroscopy (XPS) is completely impossible in a full stack, a direct result of depth of the 

buried interfaces where this damage occurs. XPS has a shallow intrinsic depth of 

information (~10 nm),27,28 which is too small to reach the buried interfaces from the 

surface yet large enough to miss most of these interfaces when combined with depth 

profiling, making these interfaces effectively invisible. If depth profiling is used with 

XPS, it frequently results in the breakdown of molecules within the sample following 

sputtering with the ion beam, breaking chemical bonds and reducing XPS analysis to the 

detection of single elements rather than compounds. Thus, while chemical changes in the 

device caused by the hydration of the perovskite layer undoubtedly play a significant role 
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in how the electrochemical performance of the devices evolves with time, the nature of 

the device stack locks this valuable information away. Furthermore, as previously 

discussed, the fundamental differences between film and device samples make 

comparison and correlation of the two sample types difficult at best, and dubious at 

worst. In an effort to circumvent these limitations, and explore the chemistry of 

degradation in more detail, we employ a highly surface, depth, and elemental sensitive 

technique, TOF-SIMS, to study the chemical composition of our MAPI and nBA-MAPI 

devices as a function of depth, both in a pristine state and following moisture exposure.  

To begin our analysis, we first sputtered through our device stacks and generated 

full depth profiles of pristine MAPI, nBA-MAPI, and 2D/3D MAPI devices, all acquired 

in negative polarity (Figure 34). Specific secondary ion fragments of interest were 

selected to represent the device layers, such as Au4
- for Au in green, and 34S- for 

PEDOT:PSS in blue; these fragments were normalized to the maximum signal of each 

species, allowing us to build a full cross-sectional chemical profile of the device. For 

comparison, Figure 3.4a shows a cross-sectional TEM image of a full nBA-MAPI device 

stack with the various layers marked in the same colors as those used in the SIMS depth 

profiles in Figure 3.4b, demonstrating the ability of the ToF-SIMS to build an accurate 

picture of the various materials present.  
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Figure 3.4: a) Cross sectional TEM image of a typical nBA-MAPI device with layers 

labeled. b) Full negative-mode ToF-SIMS depth profiles for fresh MAPI 

(top), nBA-MAPI (middle) and 2D/3D MAPI (bottom) devices with 

characteristic species chosen to represent different layers and color-coded to 

the bar at top.  

The full depth profiles for the different perovskite devices show good agreement 

for all species, including a broad C2N
- feature, buried deeper than the narrow peak 

representing BCP at the Au/C60 interface, which extends through the bulk of the C60 layer 

in all three devices. This feature is likely due to various native contaminant species 

within the C60 layer, but near the C60/perovskite interface it could also contain smaller 

C2N
- peaks indicative of perovskite degradation products resulting from the breakdown 

or reaction of the methylammonium ion, methylamine gas, or other species released as 

perovskite degrades.5 In an attempt to mitigate the broadness of this feature and resolve 

any hidden peaks within it, we fabricated MAPI and nBA-MAPI devices with a much 

thicker, 200 nm-thick, C60 layer (Figure A.13). This thicker layer successfully resolved 
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the broad C2N
- feature into three separate C2N

- peaks, including one near the 

C60/perovskite interface that could be important for understanding device damage 

(Figure A.14), but did not significantly affect the rate of device degradation under humid 

environments (Figure A.13b). Therefore, we used these thicker-C60 devices to study the 

degradation chemistry of the nBA-MAPI and MAPI devices in greater detail, and then 

used what we learned to interpret the chemical results from the 50 nm C60 2D/3D MAPI 

devices. 

3.3.4 C60/Perovskite Interface Studies 

Based on the changes visible in the surface PL spectra and AFM images of the 

nBA-MAPI films, and the beneficial effects of the nBAI treatment on the 2D/3D MAPI 

devices, we focused primarily on the C60/perovskite interface in the depth profiles as 

opposed to the lower perovskite PEDOT:PSS interface. A brief discussion in the SI 

provides additional commentary on this point. At the surface interface, we examined 

secondary ions that were Pb-based, or which contained N- and H-containing moieties, all 

of which could be indicative of the products of MAPI hydrolysis.5 Of equal importance, 

we also studied the OH- depth profiles to determine if hydration occurs at this interface in 

full device stacks, and how this hydration changes with humidity exposure. Because the 

high vacuum conditions of the ToF-SIMS measurement should remove any adsorbed 

water species prior to analysis, without causing damage to the perovskite itself,41 we 

expect that all OH- observed in the films should be produced only by hydrated species in 

the film where water is chemically bound, such as MAPI hydrates.5 Figure 3.5a clearly 

shows the presence of an OH- peak near the MAPI interface, both before and after 

exposure to elevated humidity. This peak is present in all three perovskites studied 

(Figure A.15), leading us to conclude that this feature represents a hydration layer 
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(defined as the FWHM of the OH- peak at the C60/perovskite interface after exposure and 

demarcated in blue) common to all perovskite devices with broad implications in device 

degradation.  
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Figure 3.5: a) ToF-SIMS depth profile of OH
-
 before and after exposure to humidity.  

The peak at the hydration region in blue shifts slightly and decreases in 

intensity, indicating a loss of hydrated water b) proposed degradation 

scheme for MAPI with three separate hydration steps. Steps 2 and 3 produce 

liquid water, which could then be removed via vacuum, producing the 

decrease observed in a). 

To account for the formation of this hydration layer, we propose that, upon 

exposure, water from the environment migrates through the relatively porous C60 layer of 

a generic MAPI device until it reaches the less-permeable perovskite layer. The water 
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then collects at the interface and begins to interact with the perovskite, inducing 

degradation at the surface and creating the hydration layer we observe in the depth 

profiles. Given this proposed mechanism, one would expect that the area or intensity of 

the OH- peak would increase with exposure time as more hydrated species form in the 

region. Such an increase is observed in the nBA-MAPI and 2D/3D MAPI samples, but 

examination of the MAPI profile shows an anomalous decrease in peak intensity 

following exposure. This discrepancy can be explained by looking to the work of Leguy 

et al., who studied the hydration of MAPI and found it proceeds via a two-step process in 

which the first step is easily reversible while the second step is not.5 We summarize this 

process in Figure 3.5b, and note that the final degradation steps produce liquid water as a 

product. Under normal conditions, this water would be free to interact with the film and 

continue the hydration process, but under the high vacuum conditions of the ToF-SIMS 

analysis chamber this water would be removed as water vapor. This removal would 

appear as a decrease in the total quantity of MAPI hydrate present at the interface, in 

agreement with Figure 3.5a. Additionally, if the OH- peaks at the interface represent 

distinct hydrated species, then such a process could also explain the transformation of the 

double peak we observe prior to hydration to a single peak after 8 hours. Prior to 

exposure, the two peaks likely represent two discrete hydrate phases, while following 

exposure, it is reasonable that the di-hydrate perovskite would be more abundant, thus we 

observe only a single peak.  

3.3.5 Inorganic Profile Analysis 

With the identification of the hydration region in our perovskite devices, we were 

able to focus our interest at the interface more tightly and probe the inorganic and organic 

perovskite components in the area in more detail. Looking at the area around the 
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hydration regions in Figure 2.6a-c, we observe that the C9- (C60) profile does not change 

significantly following exposure for any of the devices, as would be expected given the 

chemically-inert nature of C60. On the other hand, the PbI2- profile, representative of the 

perovskite, does change at least slightly in all devices following moisture exposure, and 

this change is most apparent in the MAPI device profile.  

 

 

Figure 3.6: Negative-mode ToF-SIMS depth profiles of (a) MAPI, (b), nBA-MAPI, and 

(c) 2D/3D MAPI devices, before and after exposure to humidity, near the 

C
60

/perovskite interface; the blue box represents the hydration region in 

each device. The top profiles show the changes to the C
60

 (C
9

-
) and 

perovskite (PbI
2

-
) with exposure; nBA-MAPI and 2D/3D MAPI show little 

change, while MAPI shows the formation of a new peak in the hydration 

region. The bottom profiles show changes to N- and H-containing organic 

species (C
2
N

-
 and CH

2

-
, respectively). A clear peak in both ions is visible at 

7500 s, within the hydration region in (a), while neither nBA-MAPI nor 

2D/3D MAPI show any increase in these species. Such species are 

indicative of the formation of degraded hydrated MAPI species. 

Immediately evident in Figure 3.6a is the growth of a PbI2
- shoulder in the 

hydration region, which may be the product of perovskite degradation into a hydrated 
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form or non-perovskite PbI2, as previously explored in work by Kamat and others.5,22,42 

Additionally, the un-normalized PbI2
- profile (Figure A.15a) shows that the overall 

intensity of the peak decreases dramatically with exposure, further indicating significant 

damage to the perovskite with hydration. In contrast, neither the nBA-MAPI nor the 

2D/3D MAPI show the formation of a shoulder in the hydration region (Figure 3.6b,c), 

or a significant loss of peak intensity (Figure A.15b,c). Both devices do exhibit a slight 

increase in FWHM, which could be attributed to the formation of the low-n phases with 

degradation, and indeed, both materials display nearly the same degree of change in 

FWHM at the C60 interface. For the nBA-MAPI device, some of this broadening may be 

due to the formation of the small crystallites visible in the AFM of the bare film, but there 

is currently no evidence which can confirm or deny the existence of these structures in a 

full device. Regardless, these results lead us to conclude that the presence of the thin 

nBA-MAPI phases on the surface, whether natural or artificial, govern the rate of 

perovskite degradation in these materials.    

We previously confirmed the presence of these layers at the surface in both nBA-

MAPI and 2D/3D MAPI using PL, but ToF-SIMS can help further confirm this for the 

2D/3D MAPI. The analysis of positive secondary ion fragments from full devices 

(Figure A.16) shows that there is more than 4 times the C4NH12
+ present in the 2D/3D 

MAPI material than is present in the MAPI. Furthermore, the profile of this C4NH12
+ 

peak is asymmetric toward the C60/perovskite interface (Figure A.16b), in agreement 

with a top-down treatment of the film to produce the layer, and this asymmetry grows 

with exposure, indicating the formation of an nBA-rich phase at the interface over time. 

Finally, ToF-SIMS analysis of a bare 2D/3D MAPI film shows that there is a sharp peak 

in the C4NH12
+ species at the very surface of the film, and comparison to a cross sectional 

SEM image allows us to calculate that the 2D surface layer is roughly 2.5 nm thick, with 



 42 

some penetration of the nBA+ into the bulk of the film (Figure A.17). This penetration 

likely occurs along grain boundaries in the film, as has been previously reported.38  Taken 

together with the PL spectroscopy, this provides clear evidence for a surface-specific 

layer of nBA-MAPI in the 2D/3D MAPI which behaves chemically similar to pure nBA-

MAPI. 

3.3.6 Organic Profile Analysis 

From the degradation mechanism provided in Figure 3.5b, it is clear that 

perovskite hydration should also yield a variety of organic species with H- and N-

containing moieties resulting from the methylammonium iodide produced. Examining the 

ToF-SIMS depth profiles near the hydration region of our devices, we do in fact see such 

species are present in the exposed MAPI device. Using C2N
- (N-containing) and CH2

- (H-

containing) as representative examples for these moieties, Figure 3.6a shows a sharp 

peak in both species following degradation that corresponds directly to the location of the 

hydration layer in this device; this strongly suggests a direct relationship between 

hydration and the liberation of these organic species. Further strengthening this 

relationship is the location of the peak above that of the PbI2
- shoulder also produced by 

moisture exposure. The solvated organics should be more mobile than the insoluble 

inorganics, and would therefore migrate more readily to the C60 interface. Thus, as the 

hydration process proceeds, the C60/perovskite interface slowly degrades and device 

performance is lost through some combination of structural reorganization and increased 

charge transfer resistance, with the latter due to the formation of less conductive hydrated 

MAPI and PbI2 species.5 The end result is the eventual death of the solar device when the 

degradation layer becomes too thick, even though the bulk of the film may appear 

relatively undamaged using bulk techniques like XRD. In contrast, neither the nBA-
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MAPI nor the 2D/3D MAPI show any significant change to N- or H-containing species in 

the hydration region following exposure, indicating that neither perovskite interacted 

significantly with the moisture in the hydration layer. Given their electrochemical 

stability at the same exposure level, this is strong evidence of the direct correlation 

between chemical and electrochemical perovskite stability in these devices.  

3.3.7 Isotope Studies 

To further confirm that the disproportionation observed in the PL spectrum of the 

films and the minimal changes in the hydration region of the full devices do correspond 

to the decreased interaction between the nBA-MAPI and water, we performed isotopic 

studies with D2O vapor, using the ToF-SIMS to track the extent of water damage in the 

device. As described in the Experimental section, MAPI and nBA-MAPI devices were 

exposed to an environment nearly saturated with D2O vapor at room temperature for 1 

hour to simulate a longer exposure in a more moderately-humid environment. Then, 

without removing the devices from the ToF-SIMS instrument, they were analyzed using 

both positive and negative polarity ToF-SIMS depth profiling to better understand how 

water infiltrates these devices.  
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Figure 3.7: ToF-SIMS depth profiles of OH
-
 and OD

-
 before and after exposure to D

2
O 

vapor in (a) MAPI and (b) nBA-MAPI devices near the C
60

/Perovskite 

interface. MAPI (a) exhibits the formation of an OD
-
 hydration feature (blue 

box) after exposure, while nBA-MAPI (b) does not. The OD
-
 peak in (a) is 

due to the formation of hydrated species at the perovskite surface which 

have formed during reaction with the D
2
O vapor, remaining stable under 

vacuum. 

Similar to the devices exposed to normal humidity, these D2O-exposed devices 

show a clear hydration region at the C60/perovskite interface. Importantly, isotopic 

analysis of the depth profiles for OD- (the deuterated analogue of OH-) shows a peak 

concomitant with the OH- peak which confirms that the hydration layer is the result of 

water diffusion to the perovskite interface from the environment, rather than some 

intracellular source. In Figure 3.7a, there is a clear increase in both OH- and OD- in the 
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hydration region of the MAPI device, making it clear that not only has D2O diffused 

through the MAPI device to this interface, but that a significant portion of it has reacted 

with the perovskite during the exposure to form a deuterated-hydration layer. Because of 

the shorter exposure time, we do not expect to see the same water-loss from this region as 

in the devices exposed to normal humidity. We can also confirm that hydration has 

occurred by observing the growth of organic fragments in the hydration region, as were 

previously observed in H2O-exposed devices (Figure A.18a). While neither the OD- 

hydration layer nor the organic fragments are found in the nBA-MAPI device (Figure 

3.7b, A.18b), further evidence of its low reactivity, the organic components in the 

perovskite do offer another way to study how water interacts with the material. 

Amine groups, such as those present in both methylammonium and n-

butylammonium, can undergo proton exchange with water, producing deuterated-

derivatives of the molecules if exchanged with D2O. During this process, as shown by 

Zare and coworkers, the rate of H/D exchange slows considerably as the number of D in 

the amine group increases.43 Therefore, one can conclude that in order to observe 

heavily-deuterated amine moieties, the material must be exposed to a deuterium source 

for an extended period of time, allowing the slower exchange reactions to occur. This 

means that more highly deuterated methylammonium species (CNH4D2
+ and CNH3D3

+) 

will be formed from methylammonium which has been exposed to D2O vapor for longer, 

and so finding these species deeper in the film would indicate that D2O vapor penetrated 

the film more readily and had sufficient time to undergo H/D exchange. Organic species 

like these derivatives can be easily identified and tracked by switching the ToF-SIMS to 

positive polarity, and this allows us to study the extent of water interaction as a function 

of depth in both perovskites with high sensitivity. 
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To do so, we studied the depth profiles of a series of deuterated-

methylammonium derivatives, CNH6-xDx
+ (x ≤ 3), for both the MAPI and the nBA-MAPI 

devices (Figure 3.8a,b). As expected, the total intensity of each derivative decreases as 

the degree of deuteration increases due to slower reaction rates (Figure 3.8c), and the 

triply-deuterated methylammonium (D3) is the least prevalent derivative in both devices. 

It is also possible for n-butylammonium to undergo this exchange, and similar results are 

observed for this species as well (Figure A.19). Then, taking the peak of the PbI+ in both 

perovskites as the center of the film, we plotted the total yield of each derivative as a 

function of the distance of its peak center from that of the perovskite layer (Figure 3.8d). 

Doing so allows us to both quantify the extent of reaction in terms of both chemical 

interaction and total penetration. 
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Figure 3.8: Deuterated methylammonium derivatives (D = 1-3, i.e. D1 = CNH
5
D

+
) and 

PbI
+
 for (a) MAPI and (b) nBA-MAPI devices exposed to D

2
O vapor for 1 

hour. The total ion counts, and therefore abundance, of the derivatives 

decreases as the level of deuteration increases. c) Simple exchange pathway 

for the deuteration of methylammonium species; the rate of the H/D 

exchange reaction slows with the extent of deuteration, therefore high 

concentrations of D2 and D3 require longer exposure times. d) Total 

integrated yield of the deuterated methylammonium derivatives for both 

MAPI and nBA-MAPI devices, plotted as a function of the distance of each 

derivative’s peak from the PbI
+
 peak (t = 0). D

2
O penetrates the MAPI film 

more readily than the nBA-MAPI film resulting in more H/D exchange, as 

indicated by higher derivative yields at decreased distance from the center of 

the perovskite layer. The low degree of water penetration through the nBA-

MAPI film is further evidence of the material’s superior water stability. 
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It is immediately apparent from Figure 3.8d that the surfaces of both perovskites 

are interacting with the hydration layer we identified in our devices. Importantly, all three 

deuterated-derivatives show higher yields in MAPI than in nBA-MAPI, clear evidence of 

the higher water reactivity of the 3D perovskite, and both the D1 and D2 species are 

found significantly closer (4 and 1.5 times, respectively) to the center of the perovskite in 

the MAPI device than the nBA-MAPI device. While the D3 species in nBA-MAPI is 

located slightly closer to the film center than in MAPI, this is likely due to the 

methylammonium diffusion previously observed in Figure 3.6a creating a broader 

interface in the MAPI device than in the nBA-MAPI device. Taken together, the low 

degree of water penetration and decreased water reactivity provide further evidence of 

increased water resistance for quasi-2D perovskites, in good agreement with the 

disproportionation-based stabilization mechanism suggested previously. 

3.3.8 Mechanism of nBA-MAPI Degradation 

Together our electrochemical, spectroscopic, and ToF-SIMS results show that 

MAPI and nBA-MAPI do not share the same degradation pathway, but instead interact 

with humidity via two distinct mechanisms: a hydration-driven mechanism for MAPI and 

a disproportionation-driven mechanism for nBA-MAPI. It is this difference in the 

degradation mechanism that explains the improved stability of nBA-MAPI devices 

towards humidity. Previous reports indicate that the penetration of water into the MAPI 

film we observe would result in hydration damage and loss of conductivity within the 

perovskite layer itself, while the PbI2 or MAPI hydrates visible at the C60/perovskite 

interface would inhibit charge transfer to the C60 layer.5,22  Minimization of both effects 

due to nBA-MAPI disproportionation is therefore likely responsible for the improved 

stability of these devices. But, it is important to remember that the nBA-MAPI perovskite 
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is not static and that the disproportionation which stabilizes it can also explain its 

eventual failure. 

Based on the PL spectrum of our nBA-MAPI film, it is possible to create a 

simplified cross sectional cartoon of the nBA-MAPI device, as seen in Figure 3.9a, with 

a corresponding band structure based on previous reports.12 If disproportionation were to 

create perfectly conformal (n – 1) layers from the initial disordered surface, it would be 

expected that an upward shift in the conduction band of the lower-n phases at the surface 

of the film would quickly prevent electron transfer from the bulk to the C60 (Figure 

3.9b). This does not happen, however, and we hypothesize that this is due to the 

simultaneous production of one equivalent of MAPI with each (n – 1) phase. MAPI has a 

significantly lower conduction band position than the low-n nBA-MAPI phases, and 

would act as an intermediate through which photogenerated electrons could be 

transferred from the bulk perovskite to the C60. Given that this disproportionation process 

would likely proceed along grain boundaries, similar to water diffusion in MAPI,5 we 

would expect a mixed nBA-MAPI/MAPI layer at the film’s surface that would place the 

MAPI in contact with the bulk perovskite as well as the C60 (Figure 3.9c); a similar 

mechanism would likely occur in the 2D/3D MAPI cells. In any nBA-MAPI device, the 

degraded layer would gradually increase in thickness, eventually straining the ability of 

the MAPI to transfer charge from the bulk, reducing photon absorption, and resulting in 

the observed loss of cell performance. Additionally, the small crystals visible in the AFM 

image of the bare film will likely also form inside the device, embedded in the growing 

degradation layer but in most areas not significantly impacting charge transfer to the C60 

at the surface until they grow much larger. 
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Figure 3.9: a) Possible band schematic for a fresh nBA-MAPI device, shown below, as 

determined by PL spectroscopy. A thin disordered layer of various low-n 

species sits atop a mostly n > 5 layer near the film surface, closest to the C
60

, 

while high concentrations of the lower n phases rest atop the PEDOT:PSS 

layer; this allows for both hole and electron transport from the perovskite to 

the device. b) Proposed band schematic and device cross section assuming 

disproportionation creates conformal low-n layers from the C
60

 interface 

downward toward the bulk. These layers would inhibit electron transfer to 

the C
60

, and therefore is not expected to occur. c) Proposed band schematic 

and device cross section assuming disproportionation thickens the mixed 

layer of low-n and MAPI layers at the surface. The presence of the MAPI 

would allow electrons to be transferred from the bulk nBA-MAPI to the C
60

, 

even with the presence of the low-n nBA-MAPI. Some low-n structures may 

segregate from the film as degradation proceeds. 

Normalized Voc plots for both nBA-MAPI and 2D/3D MAPI in Figure A.1a 

support the proposed growth of a low-n degradation layer at the surface of these 

perovskites. Devices made using both materials show a 25% Voc increase after exposure 

to moisture, which can be explained by the accumulation of carriers in the various n-

a) 

b) 

c) 
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phases in Figure 3.9c prior to transfer to the interstitial MAPI.  Low carrier mobility has 

previously been observed in low-n perovskites, and accounts for the increased open 

circuit voltage of the devices following exposure.21 Additionally, inhomogeneous 

disproportionation of the perovskite surface into a mixture of n-phases would allow the 

device to function even if some areas underwent more extensive degradation.14 Further 

high resolution studies of the degraded surfaces will be necessary to determine the spatial 

and chemical distribution of different n-phases in this surface interface layer, and to 

explore the growth of segregated low-n crystals there.  

3.4 CONCLUSIONS 

Using a combination of electrochemistry, fluorescence spectroscopy, and 

secondary ion mass spectrometry we have carefully probed the stability and chemistry of 

traditional MAPI, quasi-2D nBA-MAPI, and composite 2D/3D MAPI perovskite solar 

devices. After just 8 hours of exposure to a high humidity environment, we found that the 

performance of the pure MAPI devices decreased significantly, while both the nBA-

MAPI and the 2D/3D MAPI devices exhibited stable performance over a much longer 

period of time. By analyzing both bare films and full devices, we discovered that the 

improved stability of the nBA-MAPI devices is a result of a unique disproportionation 

mechanism that produces a protective layer of quasi-2D nBA-MAPI at the surface of the 

film. This layer reduces the interaction of the bulk perovskite film with a newly-identified 

hydration layer located at the C60/perovskite interface of full perovskite devices, slowing 

the damaging hydration process and therefore extending device lifetime. Furthermore, the 

2D/3D MAPI devices confirmed that even a thin layer of nBA-MAPI on the surface of a 

perovskite will grant this protection to bulk 3D perovskites with minimal modifications. 
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In total, it is clear that the unique properties possessed by these quasi-2D materials make 

them an exciting material for use in stabilizing perovskite solar cells. 
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Chapter 4: Moisture-Driven Formation and Growth of Quasi-2D 

Organolead Halide Perovskite Crystallites 

4.1 INTRODUCTION 

In recent years, researchers have made a concerted effort to explore novel thin 

film photovoltaic (PV) materials to augment solar energy production. Of the materials 

studied, organolead halide perovskites have been among the most promising to date, 

currently showing lab-scale device efficiencies that are near that of polycrystalline Si 

devices.1 The term perovskite is generally used to refer to any crystalline material with a 

stoichiometric composition of ABX3, where A is typically an organic 1+ cation,  B is a 

metallic 2+ cation, and X is a halide. Perovskites demonstrate a remarkable tolerance 

toward crystalline disorder and chemical impurities, and can be synthesized using a 

variety of different precursors.2 Methylammonium lead triiodide (MAPI) is generally 

regarded as the archetypical perovskite material, but the most efficient devices to date are 

typically composed of complex mixtures of different organic and inorganic A-site cations 

including formamidinium,3 cesium,4 guanidinium,5 and rubidium,6 as well as mixtures of 

iodide and bromide.7 This flexibility allows for careful tuning and optimization of 

electronic properties like the band gap and the conductivity of the material.3 

A relatively recent innovation in the field has been the introduction of 

Ruddlesden-Popper phase organolead halide perovskites, with a generic stoichiometry of 

A’2An-1BnX3n+1. Here, the A’ species is typically an amphiphilic alkylammonium species, 

such as n-butylammonium (nBA), that causes the ABX3 crystal lattice to segregate into 

distinct quasi-2D sheets.8 These sheets are composed of PbI6
4- octahedra and an A-site 

cation (Figure 4.1), and can range from sheets one octahedron thick to potentially over 

7.9 Below, we will be using the term n-phase to refer to a material containing sheets of 
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perovskite composed of n adjacent octahedra. While the thin sheets of perovskite cause 

quantum confinement effects which lead to wider band gaps and less light absorption 

than more common 3D perovskites,10 researchers have shown that these materials are 

considerably more stable when exposed to humidity than the related 3D materials.11–14 

Thus, these quasi-2D perovskites represent an interesting path to creating perovskite 

devices that are more resistant to the effects of moisture. 

 

Figure 4.1 Crystal structures of Ruddlesden-Popper phase perovskites sharing a chemical 

formula of A’2An-1BnX3n+1, where n = 2, 3, and 4. Here, A’ is n-

butylammonium, A is methylammonium, B is Pb, and X is iodide. 

Work from our group and others has shown that this moisture resistance stems 

from a unique disproportionation-based degradation mechanism that helps to create a 



 59 

passivating layer of low-n (n=1-3) species at the surface of a higher-n (n=4+) material, 

inhibiting further degradation.11,15 Interestingly, we also observed the previously 

unreported formation of small crystallites at or near the surface of n-butylammonium 

methylammonium lead iodide (nBA-MAPI) films, which indirect measurements using 

wide-angle X-ray scattering (WAXS) suggested were composed of low-n perovskite.15 

While a thin, continuous, and conformal layer of such low-n perovskite is useful as a 

passivation layer to protect the perovskite from further damage,16 these crystals are 

relatively thick, discrete, and oriented perpendicular to the plane of the film. As such they 

may in fact be deleterious, inducing damage and strain in the surrounding film as they 

grow and cause undesired changes to the band structure of the perovskite film. Given that 

these crystals arose simply from the exposure of an nBA-MAPI film to a humid 

environment, and that such exposure may occur naturally during typical use of perovskite 

devices, it is important to definitively identify and carefully study these crystals so that 

we can develop techniques to inhibit their formation. 

To that end, we have used a suite of characterization techniques including X-ray 

diffraction spectroscopy (XRD), WAXS, atomic force microscopy (AFM), 

photoluminescence spectroscopy (PL), confocal fluorescence microscopy (CFM), and 

time-of-flight secondary ion mass spectrometry (ToF-SIMS) to study the formation and 

growth of these crystallites on the surface of an nBA-MAPI film. XRD and WAXS 

measurements confirm that the fresh films exhibit excellent crystallinity and orientation 

relative to the substrate, while also showing that a low-n polycrystalline material forms in 

these films after 48 hours of exposure to 78% relative humidity (RH). This corresponds 

to a similar increase in low-n and 3D-like species in the PL spectra, and a concurrent 

decrease in the n > 5 phase native to the film surface; together this is evidence of 

degradation by disproportionation. Likewise, AFM images of an nBA-MAPI film 
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exposed to humidity over 72 hours show the appearance and growth of platelet-like 

structures at the surface of the film, which CFM spectra confirm to be composed of low-n 

phases. Finally, we used a combination of ToF-SIMS and AFM to study the topography 

of the interiors of both bare nBA-MAPI films and model PV devices exposed to 

moisture, and discover evidence of these crystallites forming deep within the nBA-MAPI 

layer of each. Based on these results, we propose a mechanism to describe the crystal 

growth and perovskite disproportionation which occurs in these films. Altogether, we 

provide a holistic view of the composition and formation of these crystals that will serve 

as a foundation for future attempts to mitigate, or even encourage, similar growth in new 

perovskite materials. 

4.2 EXPERIMENTAL 

4.2.1 Film Fabrication and Moisture Exposure 

The nBA-MAPI films were fabricated using a hot casting method manner similar 

to our previous procedure.15 Briefly, solutions of n-butylammonium iodide (nBAI, 

GreatCell Solar), methylammonium iodide (MAI, GreatCell Solar), and PbI2 (99.99%, 

Alfa Aesar) in N,N-dimethylformamide (DMF, 99% ultra-dry, Acros Organics) were 

prepared in a N2-filled glovebox (VAC Atmospheres, H2O, O2 < 5 ppm) by stirring for at 

least 24 hours prior to film fabrication. The solutions were 0.5 M with respect to Pb2+ in 

solution, with a solution stoichiometry of (nBA)2(MA)3Pb4I13. Clean 2x2 cm2 F:SnO2 

(FTO) coated glass substrates (TEC15, Harford Glass) were washed in 1% (m/m) 

Contrex AP solution through sonication for 15 minutes, and then lightly scrubbed and 

rinsed to remove any grease or debris. This was followed by 5 minutes of sonication in 

acetone and then 5 minutes more in isopropanol, before being dried with compressed air. 

After drying, the substrates were brought into the glovebox. 
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Prior to film deposition, an aliquot (typically 300-800 µL) was filtered through a 

0.2 µm PTFE filter into a 2 mL glass vial and heated on a 75°C hotplate for at least 20 

minutes. Likewise, FTO substrates were allowed to heat on a 110°C hotplate for at least 

20 minutes to ensure thorough heating as part of the hot casting procedure. Following 

heating, the substrate was rapidly moved to the chuck of a spin coater, where 80 µL of 

the preheated solution was pipetted onto the center of the film. The substrate was then 

immediately ramped to 5000 rpm and held for 20 seconds. Within 5 seconds, the 

substrate turned a dark brown color as the perovskite film crystallized. After spin coating, 

the film was removed from the chuck and allowed to continue cooling. Films were 

typically prepared as close to the time of experimentation as possible, and stored out of 

direct light to inhibit photodegradation. To controllably degrade the films under humid 

conditions, they were placed in a sealed container containing a saturated solution of KCl 

in water, which kept the atmosphere inside the container at a relative humidity of 78%, 

for a pre-determined period of time. After degradation, the films were removed from the 

container and analyzed as quickly as possible. 

Model PV devices for ToF-SIMS/AFM analysis were prepared similarly to above, 

with several additions. After drying, the FTO substrates were treated with UV/O3 

(BioForce Nanosciences) for 25 minutes to create a hydrophilic surface, then a 

PEDOT:PSS (Heraeus) film was applied to the surface. A 1:2 dilution of the polymer in 

methanol (Fisher Scientific, ACS Grade) was used for spin coating. Two drops of the 

PEDOT:PSS solution were filtered through a 0.2 micrometer PTFE filter onto the center 

of the substrate, which was then spun at 4000 rpm for 40 s, using a 3 second ramp and 

deceleration. Following coating, the substrates were annealed at 150 °C for 10 minutes 

before being immediately brought into the glovebox. Perovskite film deposition onto 

these substrates was accomplished in a manner identical to the procedure listed above. 
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To complete the model devices, 40 nm of C60 (MER Corp., 99.9%) and 7 nm of 

bathocuproine (BCP, Sigma-Aldrich, 99.9%) were thermally evaporated using an AMOD 

thermal evaporator at a base pressure of approximately 8x10-7 torr. The first 10 nm of C60 

were deposited at a rate of 0.2 Å/s, while the remaining 30 nm were deposited at 1 Å/s; 

the 7 nm BCP film was deposited at 0.2 Å/s. Following deposition, thin strips of the 

BCP/C60/Perovskite/PEDOT:PSS stack was scratched away with a razor blade from two 

sides of the device to expose the FTO beneath. 125 nm of gold were then deposited 

through a shadow mask via electron beam evaporation using a Cooke Evaporation 

System to create the top contacts (0.2 cm2), as well as gold contacts for the FTO bottom 

contact to reduce unnecessary series resistance. Similar to C60, the first 10 nm of Au were 

deposited at 0.2 Å/s and the remaining 115 nm were deposited at 1 Å/s. The finished 

devices were then stored in an Ar-filled MBraun glovebox (O2/H2O < 0.1 ppm) until 

testing. 

4.2.2 Instrumental Characterization 

X-ray diffraction (XRD) was performed on a Rigaku Ultima IV diffractometer in 

a thin film configuration using a Cu Kα X-ray source. Atomic force microscopy (AFM) 

was conducted on a Park NX10 atomic force microscope in noncontact mode. This 

microscope is enclosed in a climate-controlled box allowing a constant RH to be 

maintained during analysis. The box was purged with ultra-high purity N2 gas for 1 hour 

prior to sample loading to reduce the humidity to <15% before the fresh films were 

analyzed, then the humidity was increased to 78% for film exposure. For the ToF-

SIMS/AFM measurements the AFM box was purged continuously with ultra-high purity 

N2 gas, which kept the RH level very low in order to minimize the reaction between 

residual water and the Cs-sputtered spots.  Photoluminescence spectroscopy (PL) was 
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performed on a Horiba Jobin Yvon Fluorolog3 spectrophotometer, using an excitation 

wavelength of 450 nm and a typical 90° detector geometry, with the film held at 45°. 

Excitation was performed on both the front (shining directly on the perovskite film) and 

the back (shining through the glass) of the films. Wide angle x-ray scattering (WAXS) 

was performed on a Xenocs Ganesha small angle scattering instrument fitted with a 

moveable Dectris 300k detector to record wide angle scattering data. The instrument is 

fitted with a microfocus Cu Kα source operated at 50kV and 0.6mA. A manufacturer 

supplied utility, SAXSGUI, was used to reduce 2D scattering intensity images into 

intensity vs. scattering angle plots. Data was collected from a 0.7 x 12 mm area, using a 

1º tilt of the substrate. Scanning electron microscopy (SEM) was performed with an FEI 

Quanta 650 ESEM, using an accelerating voltage of 15 kV at a vacuum of approximately 

5x10-6 torr.  

In preparation for confocal fluorescence microscopy (CFM) studies, the 

perovskite films were placed face-up on fresh piranha solution cleaned coverslips in a 

custom-machined sample holder that held them together with a secure contact.  The 

fluorescence microscopy was performed with a custom built microscope in a confocal 

scheme with 488 nm excitation and a 100x oil objective (Zeiss) in a Zeiss Axiovert 200 

inverted microscope.  Due to the highly emissive nature of the samples and the sensitivity 

of the detectors, the excitation power was too low to be measured.  The piezo stage was 

controlled through a home-written Labview program (National Instruments).  The 

emitted light was filtered through a 496 nm long pass filter and a 721 nm short pass filter 

and was directed onto either an APD (Perkin Elmer) or a spectrograph (Princeton 

Instruments, Acton SP-150) that was coupled with a liquid N2 cooled CCD detector for 

imaging and spectroscopy respectively.  Each crystallite had spectra taken at three 

positions, once on each end and once in the middle.  Each spot on a given crystal had 
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three consecutive spectra taken with 25 s integration times.  These three spectra were 

then averaged to increase the signal-to-noise ratio.   

Time-of-flight secondary ion mass spectrometry (ToF-SIMS) depth profiling in 

negative polarity was performed using a Bi3
+ (30 keV ion energy, 0.8 pA measured 

sample current) analysis beam to raster scan a 100x100 μm2 area located within the 

boundaries of a larger crater (300x300 μm2) created using a Cs+ sputtering beam (500 eV 

ion energy, ~40 nA measured sample current). The pressure inside the analysis chamber 

was typically below 1.5x10-9 torr during analysis. Both films and devices analyzed using 

ToF-SIMS were split in half inside the glovebox prior to analysis, with one half left 

inside the glovebox as a control and the other half exposed to humidity. After exposure, 

the device or film was brought back into the glovebox and loaded with the control into an 

inert atmosphere transfer vessel to limit exposure to the environment while transferring 

the devices to and from the ToF-SIMS instrument. Following sputtering, the samples 

were loaded back into the vessel and transferred back to a glovebox to prepare them for 

AFM analysis. The samples were transferred under inert atmosphere into the AFM box 

(<15% RH) and analyzed quickly to prevent any physical and chemical interactions of 

water or oxygen with residual Cs in the sputtered areas. 

4.3 RESULTS AND DISCUSSION 

4.3.1 XRD Analysis 

We used nBA-MAPI films with a nominal n=4 stoichiometry similar to those 

previously reported in literature13,15 to more closely investigate film degradation and 

crystal growth in humid environments, fabricated using a hot casting method previously 

shown to produce well-oriented nBA-MAPI films.13 Proper crystallographic orientation 

of the quasi-2D perovskite is important in devices made using these materials, as it 
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allows for charge conduction within the planes of the perovskite and thus improves 

device efficiency.17 The XRD spectrum of a freshly fabricated film (Figure B.1) shows 

only two sharp peaks near 2θ = 14.2° and 28.5° (Figure 4.2a), in agreement with 

previous reports on nominally n=4 nBA-MAPI films. Frequently, polycrystalline 2D 

organolead halide perovskite powders and un-oriented films show peaks in the region 

below 2θ = 10°,18 but our unexposed film shows no peaks here (Figure 4.2b), indicating 

a well-oriented film. WAXS measurements of the film prior to exposure (Figure B.2a) 

further confirm this, with the WAXS spectra exhibiting distinct Bragg diffraction spots 

which correspond to the primary crystallographic planes of an nBA-MAPI material 

oriented perpendicular to the substrate.13,14  
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Figure 4.2 a) Selected regions of the XRD spectrum of an nBA-MAPI film over 72 hours 

of exposure to 78%RH, showing a shift in the (111) and (202) peaks. b) 

Low two theta region of the nBA-MAPI film XRD spectrum over 72 hours 

of humidity exposure, showing the formation of n = 2 and 4 phases in the 

film. c) Radial integrations of the WAXS spectra of an nBA-MAPI film 

over 72 hours of exposure, showing variations in the peak intensity of the 

main peak, in addition to the formation of n= 2 and 4 peaks (inset). 

After confirming the crystallographic uniformity and orientation of the films, we 

repeated both the XRD and WAXS measurements after 6, 12, 24, 48, and 72 hours of 

exposure to a 78% RH environment to study what changes occur. Full XRD spectra of 

the films did not show significant changes to the relative intensity of the two primary 
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peaks (Figure B.1), only a slight 0.1 to 0.3° shift of the major peaks following exposure 

(Figure 4.2a). Such a shift could be due to an expansion of the perovskite unit cell due to 

humidity-induced hydration, but we believe it is more likely the result of a slight increase 

in the relative quantity of lower-n perovskite species, which exhibit (111) and (202) 

peaks at slightly smaller 2θ than our initial material.18 More interestingly, after 48 hours 

of exposure we observe the appearance of two peaks at 2θ = 8.2° and 9.7° and index 

these to the n = 4 phase; the two peaks grow stronger after 72 hours, and are joined by an 

additional n = 2 peak at 2θ = 8.65°.18 Likewise, the WAXS spectra for films exposed for 

48 and 72 hours shows the formation of two Debye-Scherrer diffraction rings at low q 

values (indicated by white arrows in Figure B.2e,f), and radial integration of the spectra 

confirms that these peaks correspond to the 2θ = 8.65° and 9.7° peaks visible in the XRD 

spectra (Figure B.2c).18  Such rings are typically indicative of un-oriented crystals in the 

film,19 and their appearance is suggestive of the formation of low-n crystals in the film as 

a result of moisture-driven disproportionation.15  

4.3.2 AFM Analysis of Film Surface 

To better study morphology and growth of the crystals indicated by the ring 

patterns in the WAXS spectra, we conducted AFM analysis of the nBA-MAPI film 

surface during different stages of moisture exposure. Using a microscope inside of a 

sealed container, we monitored the degradation of a film in situ over the course of 3 days. 

Initial AFM images of the surface show that the initial film surface is very smooth, with a 

root mean squared (RMS) roughness of only 5 nm (Figure 4.3a B.3a). However, after 6 

hours (Figure 4.3b) of exposure the film begins to show the formation of extended 

micron-long cracks (location I) and small pits (location II) which extend into the bulk of 

the film, as well as several nodules extending above the surface. AFM shows the cracks 
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extend roughly 10-40 nm into the film surface, but the sharp edges of the cracks and their 

relatively narrow width may prevent the AFM tip from accurately reading their true 

depth.  

 

Figure 4.3 AFM images of a single area of an nBA-MAPI film in non-contact mode after 

a) 0, b), 6, c) 12, d) 24, e) 48, and f) 72 hours of exposure to 78%RH. a) 

shows the film is initially smooth (RMS 5 nm) with only small ridges and 

valleys at the surface of the film, but upon extended exposure to humidity, 

cracks (location I) and holes (location II) begin to form, with elongated 

crystals forming later. Some grain boundaries also experience subsidence 

(location III) prior to crystal growth, and other areas exhibit crystal growth 

without apparent damage to the film previously (location IV). 

Time-lapse images of a single area of the film (Figures 4.3 and B.3) show that the 

density of the cracks at the surface continues to increase with exposure to moisture. 

Notably, between 12-24 hours we observe the formation of thin, elongated crystallites 

within the cracks themselves (Figure 4.3c, location I). On average, these crystallites 

appear to be roughly 2-3 µm long and approximately 100 nm wide. The crystallites 



 69 

exhibit flat faces perpendicular to their narrow edges, indicating the crystallites may be 

quasi-2D platelets which extend into the film rather than 1D rods laying within the cracks 

themselves. Similar micro-scale crystallites have previously been reported on perovskite 

films treated to create an artificial 2D perovskite layer, as well as in 2D films exposed to 

humidity for extended periods of time.15,20 Given their random orientation in the film, and 

that Ruddlesden-Popper phase organolead halide perovskites are well-known to adopt 

similar stacked platelet structures upon crystallization in solution,21 these crystallites 

seem to correspond to the low-n perovskite previously evidenced by the XRD and 

WAXS spectra.  

These crystallites continue to grow over the course of 72 hours of observation as 

new gaps and crystals also emerge, resulting in a rough surface covered in both features. 

(Figure 4.3f.) Because the measurements were made in situ, we can more closely study 

the process by which the crystals appear to grow and relate these observations to previous 

work in solution-based systems. As previously noted, the crystals appear to grow out of 

cracks in the perovskite that formed as the film was exposed to humidity. Interestingly 

most, if not all, of these cracks appear to form at the grain boundaries between the 

individual nBA-MAPI grains which compose the film. Over time, the crystals grow in 

thickness and appear to force these cracks wider, separating previously adjacent crystal 

grains on the surface (location I).  Given that these boundaries are likely the weakest 

points in the film and where it is most permeable to humidity these are unsurprising but 

important observations.  

We also observe evidence of apparent subsidence along grain boundaries in the 

film, most notably near the very center of Figure 4.3b,c (location III). Between 6 and 12 

hours, several grains on one side of a grain boundary dropped sharply downward into the 

film, and after 24 hours Figure 4.3d shows that a crystal formed at this location. This 



 70 

appears to be evidence of some form of dynamic process deeper in the film which 

directly impacts the stability of the surface and which is related to the appearance and 

growth of the crystals. In addition to the formation of the long, thin cracks, we also 

observed holes that appeared to be more or less round, with several examples visible in 

Figures 4.3 and B.3b. Crystals emerge from these holes after continued exposure to 

moisture, similar in appearance to those growing from the cracks but generally smaller 

and shorter overall (Figure 4.3d, location II). Similar short crystals appear to be able to 

form without the initial hole, as is visible in the bottom left corner of Figure 4.3f 

(location IV), suggesting that there may be at least two distinct crystal growth pathways 

available in these films. 

After first appearance, the crystals grew primarily in length rather than in 

thickness, likely along the plane of the quasi-2D sheets. This growth appears to be limited 

primarily by the presence of other crystals in the path of growth, based on observations of 

the crystals in Figure 4.3d. Almost all of the crystals also appear to increase in thickness 

and height with time, although at a much slower rate than that of growth along the long 

axis. Most of the crystals appear to initially measure approximately 90 nm wide, but grow 

to an average thickness of 150 nm after 72 hours. Additionally, many of the crystals 

appeared to grow and develop into two distinct, adjacent platelets as exposure continues, 

giving them a layered appearance that is not dissimilar to macroscopic images of 2D 

perovskites.11 From the images, it is not clear if the two crystals grow and develop 

separately, or if the second grows as part of the development of the first. Finally, with 

regard to vertical growth, we observe that the crystals initially appeared to be recessed 

into the film, and slowly grew toward the surface until they were either level with, or 

very slightly above, the average level of the film; this may indicate that their growth is 

limited by the availability of material from the bulk film surrounding them. Taken 
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together, these AFM results provide a detailed look at how the films physically change 

with exposure to moisture, as well as the types of structural evolutions that the nBA-

MAPI crystals undergo during formation and growth. Unfortunately, the AFM results are 

unable to differentiate between the different n-phases indicated in the XRD and WAXS 

results, preventing a definitive assignment of which n-phases compose these crystals. 

4.3.3 Bulk Photoluminescence Spectroscopy 

To further study which low-n phases form during moisture exposure and crystals 

growth, we also conducted PL analysis of the nBA-MAPI films during degradation. 

Previous reports using this technique have reported the presence of multiple n-phases 

from a nominally n = 4 film, the result of an inherent gradient in the n-phases comprising 

the film as a function of depth.22,23 Due to an increase in the thermodynamic stability of 

nBA-MAPI phases as n decreases, the hot cast nBA-MAPI solutions tend to form films 

that feature low-n phases at the FTO-interface and very high-n phases, similar to 3D 

MAPI, near the surface.23 Recently, Liu et al. provided a much clearer n-phase depth map 

of hot cast nBA-MAPI films and showed that for relatively thick (~ 1 µm) films, there are 

three distinct regions of n-phase composition within the film.24 The top third of their film 

is almost completely composed of a high-n (n > 5) species, while the bottom third is 

dominated by n = 3 and 4 species, with shoulders corresponding to n = 2 and 5. The 

middle portion appears to be a transition zone where the high- and low-n species are both 

present in various quantities.  

While we are unable to probe the center of our film directly, PL spectra taken 

from the front and back of our films (Figure 4.4a) show a similar peak distribution to 

those previously reported.15,24 The front-side spectrum shows a broad peak centered near 

715 nm with an asymmetric shoulder toward shorter wavelengths, and we note that the 
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peak is shifted to shorter wavelengths than the peak reported by Liu et al. We suggest 

that this may be due to the relative thinness of our films (~350 nm, Figure B.4) inhibiting 

the formation of a large nBA+ concentration gradient during fabrication, and thus creating 

a less 3D-like surface.23 The back-side spectra of our film shows a broad distribution of 

peaks ranging from 575 to 715 nm, previously identified as the n=2-5 peaks of nBA-

MAPI.18 
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Figure 4.4 a) PL spectra of the front (solid) and back (dashed) sides of an nBA-MAPI 

film, before and after 72 hours of exposure to 78%RH. After 72 hours, the 

intensity of both spectra decreases, and peaks between 575 and 650 nm 

appear on the front. b) Difference spectra of the normalized PL spectra from 

the front and back of a film after 72 hours of exposure, showing the 

formation of low-n and 3D like species and concurrent decrease of the n > 5 

peak due to disproportionation. c) Graphic representing the proposed n-

phase structure of the nBA-MAPI film. 
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After confirming the composition of the unexposed nBA-MAPI films, we 

exposed the material to a 78% RH environment over 72 hours in a similar manner to the 

film analyzed by XRD, and recorded PL spectra from both the front- and back-sides at 

various time points. Similar to our previous report,15 we observe the formation of low-n 

peaks at the surface of the film after just 6 hours of exposure, which become more 

distinct as additional time passes (Figure B.5a). Small changes are observed in the back-

side spectra (Figure B.5b), including a slight shift in the n=3 peak to longer wavelength, 

indicating crystallographic changes as the perovskite interacts with moisture. Likewise, 

the primary front-side peak shifts by 10 nm to 725 nm after 72 hours of exposure, a result 

of the formation of higher-n species during degradation and disproportionation of the 

perovskite under humid conditions. This is clearly evidenced by the difference plot of the 

front- and back-side spectra after 72 hours (Figure 4.4b) where, in addition to the 

aforementioned growth of the n=2-5 species, the front-side spectrum also shows clear 

growth of a peak near 740 nm assigned to a 3D-like perovskite in previous reports.24 This 

peak is visible in both front- and back-side spectra recorded at all exposure times (Figure 

B.5c,d), and is accompanied by a loss of the n > 5 peak. Taken together, the growth of 

low- and high-n species at the expense of the original nBA-MAPI material during 

exposure to moisture indicates the films are likely undergoing disproportionation as they 

degrade in humid environments.  

These observations agree well with similar changes in the XRD and WAXS 

spectra, and based on the polycrystalline nature of these newly-formed phases as 

determined by the ring patterns in the WAXS spectra, further confirm the crystals we 

observe growing in the AFM images are composed of these low-n phases. Like the film 

in which they are imbedded, the surfaces of these crystals are also likely to undergo 

disproportionation into progressively lower-n phases, resulting in a surface of n = 1-3 
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surrounding a core of n = 4 and larger phases.10,25 The local quantum well-like band 

structure resulting from this n-phase arrangement is expected to trap electrons 

photogenerated within the crystallites at the crystallite surfaces. This will prevent charge 

transfer from the crystallites to the n > 5 film surrounding them, and allow the n = 1-5 

phases in the crystallites to be visible in the PL spectra; a more detailed explanation is 

presented in our previous work.15 This hypothesis is supported by recent work showing 

similar low-n 2D surface features in Pb-Sn perovskite films visible with hyperspectral PL 

mapping.26 Unfortunately, while the strong correlation between the XRD, WAXS, AFM, 

and PL data allows us to infer the n-phases contained in the crystals, none of these 

techniques allow for direct identification, and a more precise technique is thus required to 

do so.  

4.3.4 Fluorescence Microscopy Analysis 

 Confocal fluorescence microscopy (CFM) is one such technique, and offers both 

the spatial and spectral resolution necessary to accurately probe and confirm the n-phase 

composition of the small crystallites in these films. CFM is regularly used to measure the 

fluorescence of both single molecules and molecular aggregates,27–29 and using this 

technique we can generate both total fluorescence images of the film surface and point 

fluorescence spectra from single diffraction-limited spots on the film. Together, these 

capabilities make it ideal for both imaging the crystals visible by AFM and identifying 

their composition. A point spectrum from an unexposed nBA-MAPI film shows a single 

intense fluorescence peak near 740 nm (Figure B.6), which is significantly red shifted 

from the primary peak in the bulk PL spectrum (Figure 4.4a). Similar in PL wavelength 

to the species observed by Liu et al., it is evidence of a thin surface layer of 3D-like 

perovskite.24 Due to the intensity of the peak, we used a 721 nm short pass filter for 
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further imaging and spectroscopy which allowed us to focus more closely on the region 

of the PL spectra occupied by low-n perovskite phases.  

 

 

Figure 4.5 a) CFM image of an nBA-MAPI film exposed to 78%RH for 24 hours, 

showing localized fluorescence below 740nm from crystal-like structures, 

such as the circled examples. b) Average background-corrected point 

fluorescence spectra from low-n nBA-MAPI crystals after moisture 

exposure for 72 hours, showing an increase in the intensity of n = 3-5 peaks 

with increasing exposure to humidity.  

Prior to moisture exposure, CFM images of the nBA-MAPI films with the short 

pass filter in place show no evidence of crystals at the surface (Figure B.7a), in 

agreement with AFM images. Following 12 hours of exposure, however, we begin to 
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observe elongated regions of fluorescence in the CFM images that increase in intensity 

and surface density over the course of 72 hours of exposure (Figure B.7b-e). 

Additionally, high resolution CFM imaging of a film exposed for 24 hours (Figure 4.5a) 

shows that the regions (such as the example circled in white) are roughly 1 µm long and 

100 nm wide, as well as dark areas that appear identical to the surface cracks visible in 

the AFM images. Taken together, the CFM images are strong evidence that these regions 

correspond to the crystals previously observed using AFM. 

After using CFM imaging to locate the low-n crystals, we used point spectra taken 

from the crystals and films at each exposure condition to study how the n-phase 

composition of the crystals changed with time. To do so, we measured point spectra from 

both off- and on-crystal sites and generated average spectra of each type of site (Figure 

B.8). This allowed us to create background-subtracted on-crystal spectra at each time 

point between 12 and 72 hours (Figure 4.5b). These spectra show that as exposure 

continues, the crystals exhibit progressively stronger signal for peaks corresponding to n 

= 3-5 phases, indicating an increase in the abundance of these phases as the crystals 

grow. We note that these CFM peaks exhibit a 10 nm red shift when compared to the 

bulk PL spectra (i.e., n = 3 at 610 nm in PL but 620 nm in CFM), which is evidence of 

crystal compression due to the surrounding film.30 In all, the phases and changes we 

observe in the CFM agree with the bulk PL measurements, and confirm that the low-n 

features we observe in the bulk spectra come from these smaller crystallites.  

In addition to measuring average spectra from multiple crystals, we also analyzed 

point spectra taken from three separate points on individual crystals (the middle and both 

ends) and compared them to determine the relative compositional homogeneity of 

individual crystals as a function of exposure time. Examples are provided in Figure B.9, 

and we find that the homogeneity of the crystals decreases significantly over time 
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(Figure B.9c), a reflection of the rough and uneven surface observed with AFM. As a 

result of this roughness, and the resolution of the microscope (~200 nm) due to the 

incident laser when compared to the crystal width, we are currently unable to provide a 

more quantitative analysis of the spatial composition of the crystallites. Despite this, our 

CFM images and spectra not only confirm that the crystals visible via AFM are 

composed of n = 3-5 nBA-MAPI phases, but also that no significant phase changes occur 

on the rest of the film surface during film degradation. This does not preclude the 

presence of other phases at the surface, either as a result of an initially disordered 

material25 or as a function of disproportionation,15 but it does indicate that if they exist 

they are likely transferring charge to other, higher-n phases and would not be expected to 

negatively impact charge conduction in a full device. 

4.3.5 ToF-SIMS/AFM 

As mentioned above, Liu et al. recently showed that the surface 3D-like 

perovskite phase in a hot cast nBA-MAPI thin film extended roughly a third of the way 

into the film before gradually giving way to low-n phases. Given that AFM images 

during moisture exposure appear to show cracks into the film forming prior to crystal 

growth, we used a combination of time-of-flight secondary ion mass spectrometry (ToF-

SIMS) and AFM to study the topography of the interior of our films before and after 

degradation, and determine if the crystals might form within the film rather than at the 

surface. Similar to previous reports on both 2D materials31 and organic solar cells,32 ToF-

SIMS allowed us to controllably sputter to the interior of the film before imaging and 

analyzing the topography of the freshly uncovered surface using AFM. 

Figure 4.6a shows the full depth profile of an nBA-MAPI film acquired in 

negative ion polarity, with PbI2
- representing the inorganic portion of the perovskite and 
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SnO- representing the FTO substrate. We next sputtered approximately 50% of the way 

through the film (approximately 175 nm), as indicated by the dashed line in Figure 4.6a, 

using the ToF-SIMS before removing the film from the instrument and subsequently 

analyzing the surface using AFM. The uniform ion sputtering from the ToF-SIMS 

preserves the ridge and valley pattern previously visible on the surface in Figure 4.3a, as 

well as some of the grain boundaries between individual nBA-MAPI crystallites (Figure 

4.6b). In addition, the exposed surface is uniformly covered in small nodules that are 

likely artifacts of ion sputtering. Figure 4.6c shows that after sputtering through a film 

exposed to moisture for 8 hours, several 1-2 µm-long cracks are visible in the newly-

exposed surface of the film (location II); these are similar in appearance to those visible 

in Figure 4.3c and indicate the cracks at the surface extend deeply into the film. 

Additionally, a few linear structures, likely the bases of the crystals seen at the surface of 

the film, were also visible near some of the cracks (location I). Their presence in the 

center of the film shows that the crystals visible at the surface also extend into the interior 

of the film, and may even originate there, while their proximity to the cracks further 

suggests a link between the two features. 
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Figure 4.6 Negative ion polarity ToF-SIMS depth profiles for a) a bare nBA-MAPI film 

and d) a model PV device. PbI2

-
 represents the inorganic portion of the 

perovskite, CN
-
 represents the organic portion of the perovskite, SnO

-
 

represents FTO, Au4

- 
represents the Au contact, C2N

-
 represents BCP, C9

-
 

represents the C60 layer, and 
34

S
-
 represents the PEDOT:PSS layer. A fresh 

film (b) and one exposed to 78% RH for 8 hours (c) were sputtered to the 

dashed line in a) and the surface was imaged by AFM, showing the presence 

of new crystals (I) and cracks (II) only in interior of the exposed sample. A 

fresh device (e) and one exposed to humidity for 24 hours (f), likewise 

showing the formation of crystals (III) inside the film. 

In light of these observations, as well as the importance of perovskite stability in 

photovoltaic devices, we next fabricated model device stacks and analyzed them using a 

similar ToF-SIMS/AFM experiment to investigate how the presence of C60 and Au 

overlayers might affect the formation of these crystallites. Selected ionic species in the 

ToF-SIMS depth profile of the device (Figure 4.6d) show the presence of the various 

components of the device: Au4
-
 for the Au contact, C2N

- for the bathocuproine, C9
- for the 
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C60 electron transport material, PbI2
- for the nBA-MAPI, 34S- for the PEDOT:PSS hole 

transport material, and SnO- for the FTO substrate. After sputtering to the center of the 

nBA-MAPI layer of a fresh device, also indicated by the dashed line in the depth profile, 

we observe a similar interior morphology to that of the fresh bare film (Figure 4.6e). 

Once again, the surface is relatively featureless and covered with small nodules, with no 

other extended structures visible. This is to be expected given the pristine nature of the 

device, and indicates that there are few differences that arise in the AFM image of the 

interior of the nBA-MAPI as a result of sputtering through the Au and C60 overlayers. 

Next, based on previous reports of 2D device stability,13,15 we exposed our 

devices to 24 hours of humidity exposure to induce a moderate degree of damage to the 

device before once again sputtering to the center of the nBA-MAPI layer and imaging it 

with AFM. Figure 4.6f shows a mostly level surface largely dominated by the small 

sputtering-induced nodules. Unlike the fresh sample, however, the interior of the 

degraded device does appear to show additional features. Near the center of Figure 4.6f 

(location III) is a roughly 1 µm-long, 100 nm-wide structure, with a second similar 

structure slightly below it. These distinct structures are similar in appearance to those 

observed in the interior of the degraded film (Figure 4.6c, location I), as well as the low-

n crystals visible at the surface in Figure 4.3. The surface density of these structures is 

much lower than was observed in even the 6-hour film in Figure 4.3b, likely a result of 

decreased water diffusion through the overlayers. Additionally, no clear cracks in the film 

are visible near them, which may be the result of increased film rigidity due to the 

presence of the C60 layer above.  

The increased strength and moisture protection offered by the overlayers seems to 

inhibit the growth of the low-n crystallites we observe in the bare films, but Figure 4.6f 

suggests that it does not halt the process completely. Indeed, identical devices have 
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shown a relatively gradual decrease in their power conversion efficiency (PCE) during 

the same time period, before exhibiting significant performance loss only 12 hours later. 

We hypothesize that this relatively rapid loss of PCE could be due to the delayed growth 

of low-n crystals within the nBA-MAPI layer causing chemical and structural damage 

like that observed at earlier times in bare films. Further work is necessary to fully explore 

this proposal, but the evidence of crystal growth within full devices we present here 

suggests quasi-2D crystal growth should be taken into account when developing devices 

based on Ruddlesden-Popper phase perovskites. 

4.3.6 Proposed Crystal Growth Mechanism 

Drawing upon the data presented above, we have developed a proposed process 

by which the crystallographic and morphologic changes we observe in our nBA-MAPI 

films occur (Figure 4.7). To begin, while the presence of Bragg spots in our WAXS data 

indicates that our films are well-oriented and crystalline, the breadth of the peaks, 

particularly the (-1 1 -1) peak, indicates a moderate degree of disorder in the films. Qiu et 

al. have reported similarly broad peaks in grazing-incidence WAXS (GIWAXS) spectra 

of Sn-based nBA-containing perovskites, which they attribute to formation of 

intermediate low-n 2D phases during film fabrication.33 While they are able to suppress 

the formation of these phases through addition of a second spacer species 

(phenylethylammonium), without this addition, the films show increased disorder in the 

orientation of the predominant perovskite phases. This has also been seen in some Pb-

based 2D perovskites.14 In addition to this crystallographic disorder, our films also 

contain a gradient n-phase composition from top to bottom, with n increasing with film 

thickness. Combined with the moisture-driven disproportionation, we believe these 

features explain the crystal formation and growth we observe. 
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Figure 4.7 Proposed growth mechanism for low-n nBA-MAPI crystallites. a) water 

diffuses through grain boundaries in the n > 5 surface, carrying solvated 

perovskite components to low-n nuclei buried in the bulk of the film. The 

nuclei begin to grow in height and length, causing the film above them to 

split (b) and allowing more water to diffuse into the film. As exposure 

continues (c), the crystals also begin to exhibit growth in thickness, as well 

as disproportionation. These processes continue (d), with crystals eventually 

ceasing vertical growth near the film surface but continuing to lengthen and 

widen as exposure continues. 

As water diffuses through the more permeable grain boundaries at the film 

surface, likely slowed by the hydrophobic nBA+ tails,16 it eventually penetrates through 

the high-n surface layer and into the mixed phase region below (Figure 4.7a). Based on 

the native disorder in the films, we propose the mixed region contains segregated areas of 

n = 3-5, either in the form of small discontinuities in the crystal lattice or as small grains 
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of low-n material within the bulk. Evidence of similar segregated phases has been 

observed in related systems,34 supporting this hypothesis. These crystallites would act as 

local low-n nucleation sites within the bulk of the film, where solvated perovskite 

compounds dissolved as the water diffused through the high-n layer above could 

recrystallize. DFT calculations have shown that the low-n phases are more stable, 

providing a thermodynamic driving force for this dissolution and recrystallization.35 

Further, given that the alkylammonium components are more likely to be solvated than 

the Pb-I lattice, this process may also explain the disproportionation observed previously, 

simultaneously creating new low-n species in the bulk and higher-n species at the surface, 

evidenced by the peak shift observed in Figure B.5a. Some of the solvated species may 

also recrystallize at the film surface, resulting in the passivation layer previously 

hypothesized to exist there.11,15 The lack of clear polycrystallinity in the WAXS is 

evidence that these nuclei are oriented such that the 2D sheets are perpendicular to the 

substrate. Thus, the crystals would exhibit preferential edge-on growth along the edge of 

the quasi-2D sheets,36 resulting in characteristic platelet-like crystals of Ruddlesden-

Popper materials.21 As they grow, the grain boundaries above will split open (Figure 

4.7b), creating the cracks we observe in AFM images (Figure 4.3).  

With cracks opening in the surface, the film becomes more permeable to 

moisture, accelerating vertical growth of nascent crystals at the bottom of the cracks. This 

growth would further split the cracks, exposing new high-n nBA-MAPI along the walls to 

moisture and inducing strain on the film. This strain may allow diffusion through 

previously unfavorable grain boundaries, allowing new nuclei to grow and opening more 

cracks (Figure 4.7c). The crystals would grow vertically until water is no longer able to 

efficiently diffuse solvated species to the leading crystal growth edge, explaining the 

limited vertical growth observed by AFM. In turn, this would encourage additional 
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growth on the flat faces and edges of the platelets, widening and lengthening the crystals 

and the cracks. Compression of the crystals’ lattices due to the surrounding film could 

cause a decrease in the perovskite band gap, explaining the red-shifted spectra in Figure 

B.8b. CFM spectra of the crystals themselves show they contain n = 3-5 phases. Higher n 

= 4 and 5 phases would be expected to disproportionate into lower-n phases with time as 

well, potentially indicated by the increased crystal point spectra heterogeneity indicated 

in Figure B.9c. 

This process of water diffusion to buried nuclei, followed by crystal growth and 

disproportionation would continue as long as the film was exposed to humidity (Figure 

4.7d), resulting in the dynamic surface covered in cracks and crystals we observe in our 

bare films. Such films represent a “best-case” scenario for degradation, however, as it 

allows for minimal protection of the films as they are exposed to water. Even still, the 

AFM image in Figure 4.6f indicates that despite the protective overlayers, the nBA-

MAPI layers of full devices appear to undergo a similar process, albeit more slowly. This 

slower rate may be due in part to the surface disproportionation previously described by 

our group in full devices,15 as the formation of a lower-n surface at the C60/nBA-MAPI 

interface would likely stabilize the surface and inhibit the diffusion of soluble nuclei in 

the bulk. Formation of this lower-n surface is evidenced by a widening of the PbI2
- peak 

in ToF-SIMS experiments after moisture exposure (Figure B.10), as it occurred primarily 

in the hydration region present at the C60/nBA-MAPI interface. A similar perovskite 

widening was previously observed in films that had suffered moisture damage.  

In light of this, the plateau in the loss of power conversion efficiency previously 

observed in nBA-MAPI devices may be the result of a two-step degradation process. In 

the first step, surface disproportionation occurs at the C60/nBA-MAPI interface, resulting 

in negligible loss of performance as a protective low-n layer forms that protects the bulk 
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of the film. Gradually, sufficient water diffuses through the film to induce nucleation of 

crystals within the bulk, causing both physical and chemical damage to the device. This 

culminates in a second, more severe loss of performance. Given that this process is 

proposed to be dependent upon the presence of nuclei within the bulk of the film, 

techniques which increase the homogeneity of similar films throughout their depth may 

be an effective way to prevent or inhibit the crystal growth. Recently, careful control of 

the substrate temperature during film fabrication24 and the addition of a second linker 

species33 have been shown to have some control over the distribution of phases in the 

film, making them promising avenues for future work. Experiments are currently 

underway to investigate this further, including the use of FIB milling to generate cross 

sections of devices at different levels of exposure, which can then be analyzed using 

TEM and other high-resolution techniques. 

4.4 CONCLUSIONS 

In the present work, we have used a series of spectroscopic and microscopy 

techniques to explore the composition, morphology, and growth of previously un-studied 

crystals forming in the surface of nBA-MAPI films. XRD and WAXS spectra of fresh 

samples confirm that the films are oriented largely perpendicular to the underlying 

substrate and are highly crystalline. After exposure to humidity, the films exhibit the 

growth of polycrystalline low-n phases over time, confirmed by AFM to be platelet-like 

structures buried in the film, roughly 2-3 µm in length and 100 nm in width. PL spectra 

taken at identical exposure times likewise show increases in low-n species, as well as the 

growth of 3D-like peaks in difference spectra; this is concurrent with a decrease in n>5 

2D species and indicative of perovskite disproportionation. CFM images and spectra 

confirm crystals visible in AFM images are composed of these newly-formed, low-n 
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phases, consistent with WAXS spectra. Using ToF-SIMS/AFM, we have shown crystal 

features visible at the film surface extend deep into the bulk, and that similar crystallites 

are also visible in AFM images taken from the interior of model nBA-MAPI perovskite 

devices. This suggests that a similar process of degradation also occurs in the active 

layers of full 2D organolead halide solar devices. Using our combined data, we propose a 

mechanism to explain the crystal growth during water exposure, which accounts for the 

developments we observe. Together, our results suggest future research should pursue 

thin film fabrication methods that limit heterogeneity within quasi-2D perovskite films. 

We expect this to prevent creation of the low-n nuclei in the bulk that allow for crystal 

growth and thus film damage, which in turn should lead to improved device lifetimes. 
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Chapter 5: The Effects of Alkylammonium Choice on the 

Stability and Performance of Quasi-2D Organolead Halide 

Perovskites 

5.1 INTRODUCTION 

In the years following the publication of the first reports of high efficiency 

organolead halide perovskite photovoltaic (PV) devices,1 the field has seen significant 

advances in performance and stability.2,3 Most devices are based on the archetypal 3D 

perovskite methylammonium lead triiodide (MAPI),4 and the chemical flexibility of the 

material has been leveraged to introduce a range of small components and influence 

various physical parameters of the resulting perovskite.5–7 The chemical flexibility of the 

material can be stretched further, however, and bulky alkylammonium molecules have 

also been introduced into the material to yield a series of layered quasi-2D materials. The 

most commonly reported of these materials are the Ruddlesden-Popper phase (RPP) 

perovskites, and they have shown a variety of interesting chemical and optoelectronic 

properties linked to their unique quasi-2D structure.8–13 

RPP perovskites are composed of quasi-2D layers of organolead halide perovskite 

material separated by layers of alkylammonium “spacer” molecules, and possess a 

generic stoichiometry of A’2An-1BnX3n+1 (A’ = alkylammonium spacer, A = monovalent 

cation such as methylammonium, B = divalent metal cation such as Pb2+, and X = halide). 

The thickness of the perovskite sheets is frequently referred to as the n-phase of the 

material, where n indicates the number of adjacent PbI6
4- octahedra in a given sheet. 

Figure 5.1 provides example structures of n = 4 RPP perovskites composed of n-

butylammonium and n-hexylammonium MAPI (butyl-MAPI and hexyl-MAPI, 

respectively).14,15 A common property among many of the RPP perovskites reported to 
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date is a higher degree of chemical stability compared to similar 3D perovskites, showing 

increased stability toward heat,16 humidity,10,17 and light.3,15,17 Because of this stability, 

these materials are at the forefront of research in efforts to improve the long term stability 

of perovskite devices in future commercial applications.18 However, more work remains 

before this goal can be realized. For example, relatively little has been done to understand 

the effect of the linker molecule on the physical and chemical properties of RPP 

perovskites in solar devices. Studies have reported that both bulky spacers like 

phenylethylammonium or octylammonium and smaller spacers like n-butylammonium 

can improve the moisture stability of the RPP perovskite10,19; yet there are only few 

comparisons between molecules of more similar length. Those that do have noted 

differences arising from slight increases in alkylammonium chain length, thus demanding 

further investigation.15 Additionally, it has been suggested that RPP perovskites may be 

more compatible with Ag electrodes than typical 3D perovskites, but as with the effects 

of chain length, few studies have explored this topic.20 The use of less expensive Ag 

electrodes in place of commonly used Au electrodes would be an important step in 

reducing module costs of future commercial perovskite solar cells. As such, this 

increased resistance to Ag electrode damage is another interesting topic for study. 

 



 94 

 

Figure 5.1 Crystal structures of a) n = 4 butyl-MAPI and b) n = 4 hexyl-MAPI, showing 

the layered quasi-2D structure of the materials. Dimensionally-confined 

layers of MAPI material (brown) are separated by a bi-layer of 

alkylammonium species (A’), either n-butylammonium (A’1, red) or n-

hexylammonium (A’2, blue). 

Here, we study the relative stability and performance of nominally n = 5 butyl- 

and hexyl-MAPI RPP perovskites under humid conditions, and directly compare the 

impact of Ag and Au electrodes on device performance. We refer to the composition as 

nominal due to previous work that has shown that RPP perovskite films frequently 

possess a n-phase gradient across the thickness of the film.21 Device performance testing 

shows that devices with Ag electrodes initially out-perform the Au devices, but that their 

performance decays much faster when the devices are exposed to 78% RH. In all cases, 

however, the hexyl-MAPI devices show improved performance and stability when 

compared to the butyl-MAPI devices, despite the mere two-carbon difference in the 

length of the alkylammonium chain. Using X-ray diffraction (XRD) and 

photoluminescence (PL) spectroscopy, we study how the two perovskites change during 

moisture exposure, and find that both exhibit disproportionation of the initial n-phases 

into lower-n materials, stabilizing the material and resulting in a lower rate of degradation 
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than 3D materials.22 Time-of-flight secondary ion mass spectrometry (ToF-SIMS) depth 

profiling provides chemical evidence of this passivation layer at the surface of the buried 

perovskite layer in full devices, and also indicate that hexyl-MAPI exhibits a lower 

degree of iodine leaching than butyl-MAPI; this may explain why hexyl-MAPI devices 

made using Ag electrodes out-perform similar butyl-MAPI devices. We explore this 

effect more closely using UV-Vis spectroscopy to measure the activation energy of halide 

mobility in n = 1 and 2 films of both butyl- and hexyl-MAPI material, and find that n = 2 

hexyl-MAPI shows a higher barrier to solid state halide migration than n = 2 butyl-

MAPI. The n = 2 phase of both materials is visible in the XRD and PL spectroscopy of n 

= 5 films, suggesting that this difference in halide mobility may partially explain the 

stability trends of the Ag devices. Importantly, both RPP perovskites show a higher 

barrier to halide mobility than previously reported 3D perovskites,23 indicating that the 

relative halide mobility of an organolead halide perovskite may have a significant impact 

on its stability when used in concert with an Ag electrode. 

5.2 EXPERIMENTAL 

5.2.1 Film Fabrication 

Perovskite precursor solutions were prepared by dissolving PbI2 (99.99%, TCI), 

methylammonium iodide (MAI, GreatCell Solar), n-butylammonium iodide (nBAI, 

GreatCell Solar), and n-hexylammonium iodide (nHAI) in N,N-dimethylformamide 

(DMF, Ultra Dry, Acros Organics) with stirring. The total Pb2+ concentration of each 

solution was 0.5M and the other salts were added in the appropriate stoichiometric ratios 

to create n = 1, 2, and 5 solutions with a nominal composition of (nXA)2MAn-1PbnI3n+1 (X 

= H or B). 2x2 cm TEC15 FTO substrates (Hartford Glass) were washed by sonication in 

a 1% (m/m) Contrex AP solution for 15 minutes before being scrubbed lightly and rinsed 
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thoroughly with ultra-pure (18 MΩ) water. Following rinsing, the substrates were then 

sonicated for 5 minutes each in acetone and ethanol before being dried using compressed 

air.  

All perovskite film synthesis was performed in a glovebox (N2 atmosphere, 

H2O/O2 < 5 ppm, VAC Atmospheres). Prior to film fabrication, an aliquot of precursor 

solution (typically <1 mL) was filtered using a 0.2 µm PTFE syringe filter and transferred 

to a 2 mL bottle before being placed on a 75°C hot plate to heat for at least 15 minutes. 

Likewise, FTO substrates were placed on a calibrated 110°C hot plate prior to film 

fabrication. After heating, a substrate was quickly placed on the chuck of a spin coater, 

and an 80 µL aliquot of the perovskite precursor solution was quickly deposited on the 

surface. Immediately after adding the solution, the substrate was accelerated to 5000 rpm 

and held at this speed for 20 seconds. Within several seconds, the film turned a dark 

brown color as the DMF evaporated and the perovskite thin film formed. After spinning 

ceased, the substrate was removed from the spin coater and allowed to finish cooling. 

5.2.2 Device Fabrication 

To fabricate photovoltaic devices, a 3 mm strip of FTO was etched from each 

substrate using 2M HCl (ACS Grade, Fisher Scientific) and Zn powder (99.9%, Alfa 

Aesar) using a piece of tape as a mask. The substrate was then cleaned as described 

above, and following drying it was treated for 25 minutes under UV/O3 (BioForce 

Nanosciences) to create a hydrophilic surface. Following substrate cleaning, a 1:2 

solution of PEDOT:PSS (Heraeus) in methanol was prepared by sonication. Each 

substrate was then placed on the chuck of a spin coater in air, and 2 drops of the 

PEDOT:PSS solution was added to the surface after being passed through a 0.2 µm PTFE 

syringe filter. The substrate was then ramped up to 4000 rpm in 3 seconds and held there 
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for 40 seconds before being ramped down in 3 seconds. The substrate was then placed on 

a calibrated 150°C hotplate for 10 minutes before being brought into the glovebox. The 

perovskite layer was then deposited using the above method. An AMOD thermal 

evaporator (base pressure 8x10-7 torr) was used to create sequential films of C60 (30 nm) 

and (bathocuproine (BCP, 99.9%, SigmaAldrich) on the surface of the perovskite layer. 

The first 10 nm of the C60 layer was deposited at a rate of 0.2 Å/s to ensure even 

coverage, while the next 20 nm were deposited at a rate of 1 Å/s; the BCP was deposited 

at a constant rate of 0.2 Å/s. 1.5x1.5 cm shadow masks were used to control the 

deposition onto the surface. Following deposition, roughly 2 mm x 1 cm strips of 

BCP/C60/perovskite/PEDOT:PSS were removed from the sides perpendicular to the 

etched side to expose the FTO beneath. Following this, 125 nm of Ag or Au (99.99%, 

Kurt J. Lesker) were then deposited on the devices through a patterned shadow mask. Ag 

was deposited using the AMOD thermal evaporator, while Au was deposited via electron 

beam evaporation using a Cooke Evaporation System. Similar to the C60 film, the first 10 

nm of both metals were deposited at 0.2 Å/s and the last 110 nm were deposited at 1 Å/s. 

The finished devices were stored in an Ar-filled glovebox (H2O/O2 < 0.1 ppm, MBraun) 

until testing. To create devices for spectroscopic analysis, the original 1.5x1.5 cm shadow 

mask was used. 

5.2.3 Device Testing 

Device testing was performed using a xenon solar simulator (Oriel) with a 

1.5AM-G filter and a CHI 660D potentiostat, and power density was normalized to 1 sun 

using an optical power meter (Newport 1916-C) equipped with a thermopile sensor 

(Newport, 818P-020-12). Cyclic voltammograms were measured from 0.2 to -1.2 V at a 

sweep rate of 150 mV/s, under ambient air at room temperature. A 0.08 cm2 mask was 
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used to specify the active surface area of each device. For stability testing, devices were 

stored in the dark in a sealed container under ambient air holding a saturated solution of 

KCl with a relative humidity of approximately 78%. For stability measurements, 14 

individual devices for each type of perovskite were tested, and the results at each time 

point averaged. An identical moisture exposure procedure was used for devices analyzed 

spectroscopically, but no electrochemical testing was used. After moisture exposure and 

before spectroscopic analysis, the Ag or Au electrode was removed using a piece of tape. 

Devices analyzed via ToF-SIMS (ION-TOF) for H2O exposure were prepared as 

above, but were not electrochemically tested to prevent exposure to the intense light. 

Instead, for each type of perovskite tested, a typical two-cell device was broken in half, 

and one half of each device was left inside the glovebox while the other half was exposed 

to the water for the requisite amount of time. After exposure was completed, the device 

was then brought into the glovebox and loaded with the unexposed half into an inert 

atmosphere transfer vessel to prevent exposure to the atmosphere while transferring to the 

ToF-SIMS instrument. The devices were then placed in high vacuum (~1x10-9 torr) for 2 

weeks to remove any lightly adsorbed water inside the devices. 

ToF-SIMS depth profiling in negative polarity was performed using a Bi3
+ (30 

keV ion energy, 0.8 pA measured sample current) analysis beam raster scanning a 

100x100 μm2 area located within the boundaries of a larger crater (300x300 μm2) created 

using a Cs+ sputtering beam (500 eV ion energy, ~40 nA measured sample current). The 

pressure inside the analysis chamber was typically below 1.5x10-9 torr during analysis. 

Photoluminescence was performed on a Horiba Jobin Yvon Fluorolog3 

spectrophotometer, using an excitation wavelength of 450 nm and a typical 90° detector 

geometry, with the film held at 45°. Excitation was performed on both the front (shining 

directly on the perovskite film) and the back (shining through the glass) of the films. X-
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ray diffraction was performed on a Rigaku Ultima IV diffractometer in a thin film 

configuration using a Cu Kα X-ray source. Scanning electron microscopy (SEM) was 

performed with an FEI Quanta 650 ESEM, using an accelerating voltage of 15 kV at a 

vacuum of approximately 5x10-6 torr.  

A UV-Vis spectrometer (Hewlett-Packard 8453A) was used to monitor halide 

migration between bromide and iodide films. Films of n = 1 and 2 nXA-MAPI and nXA-

MAPBr (X = B or H) were placed face-to-face inside the N2 glovebox and held together 

using small binder clips on two sides; n = 1 films were placed together and n = 2 films 

were placed together, exclusively. The paired films were then brought into the open air 

and a UV-Vis spectra recorded through the stack, with the light passing through the Br-

film first. After a baseline spectrum was recorded, each pair of films was placed I-film 

down on a calibrated hot plate to induce halide migration. Temperatures of 60, 76.2, 90.1, 

109.5, and 123.8 °C were measured using a thermocouple. With the exception of the first 

data points at 2 and 10 minutes of heating, the films were typically allowed to heat for at 

least 10 minutes between spectra acquisition. 

5.3 RESULTS AND DISCUSSION 

5.3.1 Electrochemical Testing and Stability 

To determine the effect of perovskite composition on the initial performance and 

long-term stability of photovoltaic devices made using both butyl- and hexyl-MAPI, we 

performed cyclic voltametric analysis of planar p-i-n devices fabricated with both Ag and 

Au electrodes. For brevity, we will frequently refer to the devices using a “metal-spacer” 

nomenclature, such that an Au-butyl device refers to an n = 5 butyl-MAPI device with an 

Au electrode. We find that, initially, the Ag devices generally perform better than the Au 

devices while the hexyl-MAPI devices out-perform the butyl-MAPI (Figure C.1); this 
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yielded an average PCE order of Ag-hexyl > Au-hexyl > Ag-butyl > Au-butyl. In 

general, the bulk of the difference in the PCEs of the devices appears to come from 

differences in devices Jsc (Figure C.1b). As the butyl-MAPI and hexyl-MAPI films are 

both of similar thickness (Figure C.2), these differences are likely due to increased 

carrier recombination in the butyl-MAPI devices.  

After measuring the initial performance, we exposed the devices to 78% RH at 

room temperature without additional encapsulation to better study how moisture affected 

the performance of the two RPP materials. Figure 5.2 shows that the PCE of all of the 

devices normalized to maximum performance begins to degrade within the first 3 hours 

of exposure, but that the decay is more marked in both the Ag- and Au-butyl devices. 

Indeed, the Ag-butyl devices fail completely by 12 hours of exposure and the Au-butyl 

devices show a roughly 50% decrease in performance; the latter case appears to be faster 

than the degradation observed in similar n = 4 materials17,22 and may indicate that a 

nominal n = 5 film composition is less intrinsically stable. The relative lack of device 

stability in the Ag-butyl samples is expected, based on previous reports of the 

incompatibility of Ag contacts and perovskite absorber layers.20,24,25 Normalized solar 

cell metrics (Figure C.3) show that much of the early decay is due primarily to losses of 

Voc, with a gradual decrease in fill factor (FF) playing an increasingly large role as the 

experiment progresses. The Au-butyl devices eventually show complete loss of 

performance after 6 days, and in the days preceding this a clear decrease in Jsc is also 

observed. In contrast to the butyl-MAPI devices, both of the hexyl-MAPI devices possess 

at least 70% of their initial performance after 12 hours of exposure (Figure 5.2). The Ag-

hexyl cells show continued degradation, and eventually failed completely after about 6 

days. In contrast, the Au-hexyl devices demonstrate remarkable stability and maintained 

approximately 40% of their initial PCE from over the course of 40 days. During this time, 
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both the Voc and FF gradually decreased while the Jsc appeared to improve slightly 

(Figure C.3). We tentatively attribute this increase to the passivation of defects within 

the material through RPP perovskite disproportionation, improving carrier extraction 

from the bulk of the film.  
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Figure 5.2 Normalized PCE of butyl- and hexyl-MAPI devices fabricated using both Ag, 

and Au electrodes, exposed to 78%RH. All devices except for the Au-hexyl 

devices showed complete degradation within two weeks. The inset shows 

the rate of PCE loss over the first two days. 

Previous work on a range of RPP perovskites has shown that they possess greater 

stability in humid environments than typical 3D perovskites, both chemically and 

electrochemically.7,10,17,22,26 This increased stability has been attributed to the 

hydrophobicity of the alkylammonium spacer molecules, suggested to inhibit moisture 

ingress,10 as well as increased thermodynamic stability of the RPP phase, which arises 

from the presence of the hydrophobic chains in the crystal structure.19 The latter property 

has also been shown to lead to a disproportionation-based degradation mechanism in n-

butylammonium perovskites exposed to humidity, leading to the formation of a 
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passivating low-n surface layer which slows the rate of degradation.22,26 Such a process 

may explain the increased longevity of the Au devices studied here, providing both a 

means of passivation and reduction in the number of recombination centers.7 It is 

reasonable to predict that hexyl-MAPI materials may behave similarly to butyl-MAPI 

under humid conditions, and indeed Spanopoulos et al. have shown the RPP perovskites 

made with closely related spacers possess similar stability under dark, humid 

conditions.15 However, these observations provide little explanation for the relative 

differences in stability for hexyl- and butyl-MAPI when using Ag contacts; therefore, 

additional crystallographic, spectroscopic, and chemical characterization is needed to 

explore this difference more closely.  

5.3.2 XRD Analysis 

To better understand how the crystallography of the various perovskites changes 

in response to moisture exposure and in the presence of Ag and Au contacts, we analyzed 

the XRD spectra of bare films and Ag/Au devices exposed to 78%RH for 48 hours 

(Figures C.4-6). Due to the relatively high degree of decay evidenced by both the Au- 

and Ag-butyl devices at 8 hours of exposure, we chose to use this time point throughout 

the remaining work to highlight the differences in our various samples; data from later 

time points is available in the Supporting Information. As seen in Figure 5.3, all of the 

as-synthesized perovskites showed two strong XRD peaks at approximately 14.2 and 

24.8°, corresponding to the (111) and (202) planes of the material, respectively.15,17 After 

8 hours, there were no visible changes to the spectra of any hexyl-MAPI samples, while 

the bare butyl-MAPI film and Ag-butyl device both showed the formation of peaks below 

11° which can be attributed to low-n phases of the RPP perovskites (Figure 5.2a). The 
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presence of low-n peaks prior to moisture exposure may be due to the crystallization of a 

range of n-phase materials during film fabrication, as explored in previous works.8,27  

 

Figure 5.3 XRD spectra of bare films and Ag/Au-perovskite devices for a) butyl-MAPI 

and b) hexyl-MAPI samples before and after 8 hours of exposure to 

78%RH. All materials show similar spectra before exposure, but the butyl-

MAPI film and Ag-butyl device both show the formation of low-n phases 

after exposure. 

Closer inspection of the region below 2θ = 12° shows that both the bare as-

synthesized hexyl- and butyl-MAPI films exhibited low-n peaks (Figure C.4b,d), while 

both the Au and Ag devices showed very weak peaks in this region (Figures C.5,6). 

These peaks correspond to n = 2-4 phases in both materials,14 and did not change over 48 

hours of exposure in the Au devices. In contrast, we observed the growth of these peaks 

in both the bare butyl-MAPI film and in the Ag-Butyl device over the course of the 

experiment (Figures C.4d and C.5d), coinciding with a significant decrease in the 
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intensity of the primary (111) and (202) peaks. While the low-n phases formed in both 

processes are almost identical based on peak position, the rate of degradation appears 

much higher in the case of the Ag-butyl devices than the bare film. Of note, no crystalline 

PbI2 was observed to form in any case, as frequently occurs in 3D MAPI, showing that 

the addition of the alkylammonium spacers does fundamentally affect the degradation 

mechanism of the RPP materials. 

The apparent relationship between the enhanced degradation rate of the Ag-butyl 

device and the Ag contact is expected, as Ag electrodes are well-known to be generally 

incompatible with perovskite PV devices. Under even ambient conditions, diffusion of 

iodine throughout the cell results in the formation of resistive AgI species near the 

electrode.24 The formation of this material leads to chemical damage to both the 

perovskite layer and the Ag contact of the device, and increases the resistivity of the 

device.20,24 To explain our XRD results, we postulate that as I- diffuses through the C60 

layer of the device it reacts at the Ag electrode to form amorphous AgI and decreases the 

local concentration of I-. This process results in an I- concentration gradient across the C60 

layer, increasing the rate of I- leaching from the butyl-MAPI and speeding the 

degradation process relative to the bare film. Within this framework, it appears that the 

hexyl-MAPI material must be less likely to leach I-, either due to a lack of perovskite 

disproportionation/degradation or a higher intrinsic stability; both effects may be due to 

the extra length of the n-hexylammonium spacer. Previous work from Chen et al. showed 

that RPP perovskites made with phenylethylammonium, a larger alkylammonium 

species, also showed a significant increased resistance to decomposition in the presence 

of an Ag electrode.20 Their work was performed using an n = 1 species, however, and 

may not be directly applicable to our larger-n materials. Thus, to explore what effect n-
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phase composition may have on degradation, we used a more phase-sensitive technique 

than XRD to study the composition of our materials. 

5.3.3 PL Analysis 

One promising technique for identifying and studying which n-phases are present 

in our films is PL spectroscopy, which can be used in both bare films and perovskite 

devices. Due to the effects of quantum confinement of electrons within the individual 

RPP sheets, the band gap of each n-phase becomes wider as n decreases, resulting in a 

red shift of the PL emission.12 As a result, each n-phase has a distinct PL emission peak 

that can be identified and studied by measuring the PL spectrum of a given RPP film. 

Additionally, by monitoring each spectrum over 48 hours of exposure, we can explore 

how the composition of the film changes as degradation occurs, and attempt to compare 

this to the XRD results above. Figure 5.4a shows the normalized PL spectra of our films 

and devices before and after 8 hours of exposure; spectra from 0 hours to 48 hours are 

presented in Figures C.7-9.  
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Figure 5.4 Normalized PL spectra (a) of bare butyl- and hexyl-MAPI films and Ag/Au 

devices of each material, before and after exposure to 78%RH for 8 hours. 

The butyl-MAPI film and Ag-butyl device both show the formation of low-n 

species below the n > 5 peak at 715 nm following exposure, while the 

Ag/Au-hexyl devices both show an apparent loss of signal in these regions 

following exposure. ToF-SIMS depth profiles of the C60/perovskite interface 

of (b) Ag-butyl, (c) Ag-hexyl, (d) Au-butyl, and (e) Au-hexyl devices. The 

top portion of b-e shows the C60 (C9

-
) and inorganic portions of the 

perovskites (PbI2

-
) before and after 8 hours of exposure, while the bottom 

portion shows the organic portion (CH2

-
) of the perovskite. In all cases, 

expansion of the perovskite is observed in the hydration region of the device 

(blue box), indicating perovskite degradation. 
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In general, the spectra of the as-synthesized butyl-MAPI films were dominated by 

a single peak near 715 nm, while the predominant peak of the hexyl-MAPI samples 

appeared at 730 nm. Both values are larger than would be expected for a n = 5 film, and 

thus we assign the peak to an n > 5 phase distinct from a typical 3D perovskite. This 

unique phase is the result of a built-in n-phase gradient in the films formed during 

fabrication.28 As a result, while the nominal composition of each film should be n = 5, the 

upper third of the film is instead likely composed of this n > 5 phase and the lower two 

thirds composed of mixtures of lower-n phases.21 However, the 15 nm difference between 

the emission of the two materials indicates that the hexyl-MAPI material has a narrower 

band gap than the butyl-MAPI material, likely resulting in increased photon absorption 

and at least a portion of the improved PV performance of the material. After 8 hours of 

exposure to humidity there was no change in the hexyl-MAPI spectra, in good agreement 

with the previous XRD results. We did, however, observe an increase in the peaks 

corresponding to n = 2, 3, 4, and 5 phases in the butyl-MAPI film, and a red shift in the 

primary PL peak to 725 nm. This agrees with the previously-reported disproportionation-

driven degradation mechanism observed in these materials, as well as the formation of 

low-n species in the XRD at similar exposure levels (Figure 5.3a).22,26 Over the course of 

48 hours, the relative intensity of the low-n peaks in the butyl-MAPI film continued to 

increase, but no further spectral changes were observed in the hexyl-MAPI film (Figure 

C.7). This again shows the increased stability of the hexyl-MAPI material toward water-

driven degradation. 

Prior to exposure, all of the butyl-MAPI devices showed the same primary peaks 

as the bare films and showed no distinct low-n peaks before exposure to humidity 

(Figure 5.4a, top).  After 8 hours, both Ag- and Au-butyl devices showed a red-shift of 

the n > 5 peak like that observed in the bare film. In the Ag-butyl film this shift is 
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accompanied by the appearance of low-n species, while in the Au-butyl film no low-n 

peak formation is observed. These results appear to match with the PCE and XRD results 

that showed the increased stability of Au-butyl over Ag-butyl. In contrast to the small 

changes observed in the butyl-MAPI devices, the as-synthesized Ag-hexyl and Au-hexyl 

devices both showed what appeared to be significant n = 2-5 peaks prior to exposure 

(Figure 5.4a). After 8 hours, these peaks decreased significantly relative to the n > 5 

peak, which narrowed relative to the fresh device. (Figure C.8,9).  

Closer inspection of the un-normalized spectra, however, (Figure C.10) showed 

that these changes were artifacts of normalization, rather than true changes to the phases 

present in the material. Due to the presence of the C60 overlayer on top of the perovskite 

film, we observed significant quenching of the PL emission due to charge transfer from 

the perovskite to the C60 in the dry devices.29 After moisture exposure, the intensity of the 

primary n > 5 peak of both hexyl-MAPI devices increased significantly due to less 

quenching via charge transfer, while the low-n peaks did not change. This resulted in the 

apparent disparity between the normalized spectra in Figure 5.4a. Instead of a decrease 

in low-n material with exposure, the hexyl-MAPI spectra in Figure C.10 show that the 

intensity of the n = 2-5 phases is similar in all dry films, in agreement with the presence 

of low-n peaks in the XRD spectra of the films prior to exposure (Figures C.5,6). Based 

on previous reports, we hypothesize that the increase in the n > 5 peaks is due to the 

formation of a low-n passivation layer at the surface of the hexyl-MAPI films inhibited 

quenching of the PL signal by the C60. Similar increases in PL intensity are also observed 

in the Ag/Au-butyl devices (Figure C.10), the result of similar processes occurring at the 

surface of these films as well. While such a passivation layer obviously inhibits charge 

transfer within the device, it may also act to inhibit further moisture-driven damage of the 
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film, and thus likely plays a significant role in the improved stability of the RPP 

perovskites. 

This stability was borne out by PL spectra over 48 hours of degradation (Figures 

C.7-9), which generally showed changes similar to those observed in the XRD spectra 

over the same time period (Figures C.4-6). One exception was the Ag-butyl sample, 

which appeared to show only a slight increase in low-n phases in the PL up to 12 hours, 

despite significant formation of low-n species observed in the XRD. This deviation in the 

results from the two techniques is likely due to the inhomogeneous degradation of the 

material under the Ag electrode, which results in extensive damage to some areas of the 

film and relatively little damage to others (Figure C.11). We also note that damage only 

occurs to the butyl-MAPI perovskite under the Ag electrode, directly implicating the 

metal contact in the degradation process. After 12 hours of exposure, the Ag-butyl device 

showed a complete loss of PL emission from 600-800 nm, and showed only a single 

broad peak centered near 515 nm (Figure C.8b). This peak represents the n = 1 phase22 

and indicates that this n-phase is likely the final product of butyl-MAPI degradation. In 

contrast, the Ag-hexyl and both Au devices showed almost no change in PL over the 

same time period, in good agreement with our previous results on the relative stability of 

these materials. 

From PL analysis of the films, we were able to determine that surface passivation 

of both the hexyl- and butyl-MAPI films occurs with moisture exposure, likely due to the 

formation of a low-n surface layer following disproportionation of the initial n > 5 

material into lower-n species. In the butyl-MAPI samples this manifested itself as the 

clear formation of higher intensity low-n peaks, which may be due in part to the 

formation of discrete crystallites of low-n material within the film with degradation.22 

The hexyl-MAPI films did not appear to show a similar increase in the intensity of these 
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peaks, possibly precluding similar growth in this material. Instead, the presence of low-n 

peaks in the as-synthesized spectra likely indicates that some quantity of these low-n 

phases already exists near the surface of the freshly-cast films, and by extension, the 

presence of an already-formed passivation layer following synthesis. Recent work from 

Kanatzidis and coworkers has shown that the n-hexylammonium-based RPP perovskites 

possess valence and conduction band energies capable of enabling the transfer of 

photogenerated electrons from low-n phases to higher-n phases.15 In the absence of low-n 

crystallites like those found in butyl-MAPI which could act as local quantum wells and 

increase the signal of low-n species, the surface passivation layer of a hexyl-MAPI film 

would be expected to discharge photogenerated carriers into the n > 5 phase, reducing PL 

from the low-n species formed. Unfortunately, this process prevents us from using PL to 

determine if the hexyl-MAPI materials are degrading into lower-n phases during moisture 

exposure, limiting our ability to compare them to the butyl-MAPI devices. To circumvent 

this problem, we turned to a more direct chemical analysis of the devices to study how 

degradation differs between them. 

5.3.4 ToF-SIMS Analysis 

As the contact metal used to fabricate the device clearly impacted stability, it was 

important to study full device stacks as opposed to bare films; this required a chemical 

analysis technique which could access the perovskite through the metal and C60 layers 

above it. The depth of the buried perovskite films (~150 nm) compared to the penetration 

depth of X-ray photoelectron spectroscopy precluded the use of XPS to study the 

chemical changes occurring with moisture exposure in our devices. Instead, we used 

time-of-flight secondary ion mass spectrometry (ToF-SIMS) depth profiling to both 

access and study the perovskite layer before and after 8 hours of exposure to 78% RH. 
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This technique has been shown to be both chemically and spatially sensitive enough to 

accurately study the chemistry of buried interfaces in devices and materials such as 

these.30 

Figures 5.4b-e show the C60/perovskite interface of our various devices before 

and after the devices were subjected to 8 hours of exposure to 78%RH, the same level of 

degradation experienced by the cells studied by PL in Figure 5.4a. A blue bar in each 

graph represents the hydration layer which forms as water from the atmosphere diffuses 

to the relatively impermeable perovskite layer and becomes trapped at the interface with 

the C60, as determined using the OH- depth profiles of exposed devices (Figure C.12); it 

is in this region previous work has shown chemical changes typically occur in perovskite 

devices.22 Studying the C60 and inorganic portion of the perovskite (represented by the 

C9
- and PbI2

- secondary ions, respectively) for each device we find that the C60/perovskite 

interface region appeared to expand after exposure to humidity, as indicated by the 

leftward shift of both the C9
- and PbI2

- species after 8 hours. We attribute this shift to a 

slight expansion of the perovskite layer with the formation of the low-n surface layer, and 

appears to be most pronounced in the Au devices.   

In addition to the inorganic species which compose the perovskite, we also 

studied organic ions that are likely more diagnostic for changes in the relative n-phase. 

Here, we have used the CH2
- secondary ion as a proxy for the MA, nBA, and nHA 

species in the perovskite. Based on the stoichiometry of the RPP phases (A’2An-1BnX3n+1) 

we expect that a decrease in n will result in an increase in the intensity of this ion, 

indicative of a higher number of organic species per inorganic component in the 

perovskite. As seen in the bottom halves of Figures 5.4b-e many of the perovskite 

devices do show changes in the CH2
- profile after humidity exposure, and we use the Ag-

butyl device (Figure 5.4b) as a clear example. Prior to exposure, we observed two peaks 
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in the profile. The smaller peak near 1500 s is from alkylammonium species in the 

perovskite while the larger peak to the right is largely from the organic PEDOT:PSS layer 

(Figure C.13). After 8 hours of exposure to 78%RH, we observed a clear shift of the 

CH2
- profile toward the hydration region and a concurrent increase in the total intensity of 

the left alkylammonium peak; this is consistent with the similar leftward shift in the PbI2
- 

profile. Together, this indicates the expansion of the perovskite and the formation of low-

n species at the C60/perovskite interface, consistent with the surface passivation and low-

n formation evidenced in the 8 hour PL spectrum of the Ag-butyl device in Figure 5.4a. 

The Ag-hexyl and Au-hexyl CH2
- profiles show similar changes, reinforcing our 

hypothesis that this low-n formation is a conserved degradation mechanism between 

different types of perovskite within the larger RPP family.  

The Au-butyl device did not show a significant increase in the CH2
- after 

exposure, but due to the relatively high PL signal of the fresh device (Figure C.10e) 

compared to the PL from the fresh Ag-butyl device, we believe that this may indicate that 

some degree of low-n growth has already occurred due to sample heating during Au 

deposition. Previous reports have shown that both 3D and RPP perovskites are 

susceptible to thermal damage,16 and we observed a similar increase in the PL signal of 

the dry Au-hexyl when compared to the Ag-hexyl (Figure C.10d,f). This may indicate 

that a similar thermal decomposition process is at work in both materials, but the clear 

change in the CH2
- profile and small degree of increased PL intensity shows that hexyl-

MAPI is more resistant to this heating than butyl-MAPI. This thermal degradation may 

also explain why the Ag devices tended to show better initial performance than the Au 

devices (Figure C.1), a result of increased recombination at the C60/perovskite interface 

and decreased Jsc. 
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Building on this analysis, we next explored how I- migration to the Au or Ag 

electrode differed between devices with humidity exposure. We began by studying the 

quantity of AgI- and AuI-, which are the most likely ionic species to represent AgI and 

AuI, present in the devices. While differences in ionization probability between the two 

MI- (M = Au or Ag) species prevented direct comparison, the relative yield of each 

species before and after water exposure could be compared between similar devices to act 

as a proxy for total species abundance in each device. The total yield of MI-, measured 

from the surface of the metal contact to the metal/BCP/C60 interface, was collected for all 

four device types, before and after 8 hours of moisture exposure, and reported in Figure 

5.5a. The butyl-MAPI devices consistently showed higher MI- yields than hexyl-MAPI 

devices, and thus we conclude that a higher abundance of the species are present in the 

butyl-MAPI devices. Given that the amount of Au or Ag in the electrode is expected to 

be identical in each device, regardless of perovskite type, our results show that the butyl-

MAPI films exhibit a higher degree of I- leaching than similar hexyl-MAPI films before 

and after moisture exposure.  
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Figure 5.5 a) Yield of Ag/AuI
-
 species from the metal contact and metal/C60 interface for 

all butyl- and hexyl-MAPI devices, before (solid) and after (solid + dashed) 

8 hours of exposure to 78%RH. b) I
-
 depth profiles for Ag-hexyl/butyl 

devices before and after moisture exposure. The interface I
-
 peak decreases 

after exposure as more I
-
 migrates into the metal contact. c) I

-
 depth profiles 

for Au-hexyl/butyl devices before and after moisture exposure. The 

interface I
-
 peak increases following exposure as more I

-
 diffuses to the Au 

electrode and accumulates. 

This is further supported by I- depth profiles for all devices measured in the same 

region of the devices (Figure 5.5b,c). All of the Ag-perovskite device profiles showed a 

clear peak at the metal/C60 interface due to a build-up of iodine prior to moisture 

exposure, and this peak decreased in intensity in both devices following exposure. Taken 
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with a concurrent increase in I- signal within the Ag electrode itself, these changes 

indicated the diffusion of I-  into the Ag contact and the subsequent formation of AgI 

within the electrode itself. The consumption of iodide to form AgI likely created an I- 

gradient across the C60 layer, driving further iodide leaching from the perovskite in 

accordance with Le Chatelier’s principle, and indicated by pictures of the damage which 

occurred to the Ag-butyl device during exposure (Figure C.11). In contrast, a similar I- 

peak in the Au devices (Figure 5.5c) increased following exposure, evidence of I- 

migration to the electrode but a low rate of reaction between the iodide and the metallic 

gold. This low rate of reaction at the Au/C60 interface decreased the driving force for 

iodide migration through the C60, and therefore decreased the driving force for iodide 

leaching from the perovskite relative to Ag devices; this, in addition to the previously 

reported detrimental effects of AgI formation,24 may partially explain the increased 

stability of the Au perovskite devices. Importantly, and similar to the MI- results, the 

intensity of the I- signal was always higher in butyl-MAPI devices than in hexyl-MAPI 

devices. Given that we would expect similar rates of AgI or AuI formation in both butyl- 

and hexyl-MAPI devices, and thus similar driving forces for I- migration across the C60 

layer, the lower I- signal in the M/C60 interfaces of the hexyl-MAPI devices suggests the 

perovskite leaches I- less readily than butyl-MAPI and is more chemically stable. 

Together with the ToF-SIMS depth profiles at the C60/perovskite interface, these 

results indicate that while both of the RPP perovskites studied here undergo a surface 

transformation in the presence of moisture, the hexyl-MAPI appears to be more 

chemically stable and less likely to leach iodide during the process. Based on our present 

results and previous work on perovskite solar cells, this stability has clear benefits for 

devices fabricated using Ag electrodes, and is clearly important in Au devices as well. 

Importantly, and regardless of metal choice, if one considers that I- leaching is a likely 



 116 

indicator of perovskite damage,20 it follows that a low rate of I- loss from the perovskite 

is a sign of increased environmental stability. As a result, studying halide movement 

within butyl- and hexyl-MAPI may provide additional insight into their relative stability. 

While the ToF-SIMS experiments reported here are well-controlled and expected to give 

accurate results for the relative differences in I- leaching from hexyl- and butyl-MAPI 

films, it is difficult to make more precise quantitative measurements using the technique. 

5.3.5 UV-Vis Halide Mobility Analysis 

Work by Kamat and coworkers on MAPI and MAPBr thin films showed that it is 

possible to monitor solid state I- and Br- diffusion between and within perovskite thin 

films using UV-Vis spectroscopy, and calculated an activation energy for halide ion 

movement within the material.23 By binding a pure MAPbI (iodo) film and a pure 

MAPBr (bromo) film together face-to-face and heating the resulting iodo/bromo pair, 

they were able to induce halide migration between the films, ultimately resulting in two 

films with a 1:1 I/Br composition. Inspired by this, we performed similar measurements 

on hexyl- and butyl-MAPI materials to study the relative ease of I- mobility in each 

material. Due to the lack of a clearly trackable peak from the n = 5 phase of the butyl-

MAPI material (Figure C.14), we chose to conduct measurements on n = 1 and 2 phases 

of the two RPP perovskites. The UV-Vis spectra of both iodo and bromo n = 1 and 2 RPP 

perovskites materials showed clear excitonic features for each phase, regardless of the 

spacer molecule (Figure C.15). For n = 1 films we monitored the absorbance of the iodo 

peak near 510 nm, while for the n = 2 films we monitored the iodo peak near 575 nm.  
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Figure 5.6a shows the UV-Vis spectra for a hexyl-iodo/bromo pair held at 100°C 

over the course of 3 hours. Over time, the peak signal decreased as the I/Br composition 

of the film changed. By tracking the rate at which the absorbance of the pure iodo peak 

decreased, we were able to determine a rate constant for halide migration by fitting the 

data to a first order exponential decay.23 Figures C.16-19a,b show the raw spectral data 

for the n = 1 and 2 iodo/bromo pairs and the resulting fitted decay curves. We then used 

rate constants from the fitted curves to generate Arrhenius plots for each RPP material 

and determine the activation energy for ion mobility in the n = 1 and 2 hexyl- and butyl-

MAPI RPP perovskites. For the n = 2 phase, we found that hexyl-MAPI showed a 14 

kJ/mol larger activation energy for halide mobility than butyl-MAPI (Figure 5.6b), and 

thus a lower ion mobility within the material. Given that a lower barrier to ion mobility 

within a material increases the rate at which the ion leaches from the material,20 the 

difference in these values agrees with the differences in the MI- ion yields and I- peak 

intensities measured using ToF-SIMS. 
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Figure 5.6 a) UV-Vis spectra of paired n = 2 iodo/bromo hexyl-MAPI films held at 

100°C for 3 hours. As iodide and bromide species exchange, the n = 1 iodo 

peak at 575 nm decreased. b) Activation energies for halide mobility in n = 

2 butyl- and hexyl-MAPI perovskite determined by UV-Vis spectroscopy. 

The dashed line represents the previously reported activation energy of a 3D 

perovskite. (ref. 23) 

Interestingly, the n = 1 butyl-MAPI showed a much larger activation energy than 

the comparable hexyl-MAPI film (Figure C.20), indicative of much slower ion migration 

within the butyl-MAPI material. We propose that this change from the n = 2 phase results 

may be due to differences in crystal packing of the hexyl- and butyl-MAPI materials,31 

but more detailed crystallographic study will be needed to determine the exact cause. The 

n = 1 phase was previously shown to be the final product of butyl-MAPI degradation 

0

10

20

30

40

50

60

70

80

90

A
c
ti
v
a
ti
o
n

 E
n

e
rg

y
 (

k
J
/m

o
l)

MAPb(Br,I)3

n
 =

 2
 B

u
ty

l

n
 =

 2
 H

e
x
y
l

60  4 kJ/mol

74  6 kJ/mol

500 550 600 650
0.0

0.5

1.0

1.5

A
b

s
 (

a
u

)

Wavelength (nm)

 0 min

 10 min

 30 min

 90 min

 180 min

a) 

b) 



 119 

(Figure C.8), and thus the larger activation energy for this phase of the perovskite is 

reasonable. However, given the rapid onset of degradation we observe it appears that the 

formation of the n = 1 phase may not be contributing to the stabilization of the film as a 

whole. As a result, we propose that the degradation of the n = 2 phase may play a more 

significant role in determining the rate of degradation, and consider the n = 2 results to be 

of more importance to the current work.   

Regardless of phase, all of the RPP materials showed a larger activation energy 

than that measured by Kamat and coworkers for a more typical 3D perovskite material 

(50.68 kJ/mol, dashed line in Figure 5.6b).23 A similar difference in halide mobility 

between 3D and quasi-2D perovskites was also reported by Chen et al. in 

phenylethylammonium-based RPP perovskites, which theoretical calculations showed 

was the result of an increased barrier to iodide diffusion along the plane of an n = 1 sheet 

and a preferential sequestration of iodine vacancies at the apical position of the PbI6
4- 

octahedra.20 Our results indicate that n = 1 and 2 n-hexylammonium and n-

butylammonium RPP perovskites may exhibit similar barriers to halide mobility, 

evidence that these barriers to halide diffusion are conserved between different RPP 

compositions and n-phases. As a result, these materials may be useful in creating non-

equilibrium chemical gradients in perovskite devices32 in addition to increasing the 

performance and stability of single composition materials. More broadly, our results and 

those of Chen et al. suggest that control of halide mobility and the reduction of halide 

leaching in perovskite devices are important factors to consider when designing stable 

perovskite devices, whether they be 2D or 3D, and that RPP perovskite materials may 

provide a means to mitigate the detrimental effects of both factors while providing other 

benefits. 
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5.4 CONCLUSIONS 

Through the use of a variety of analytical techniques we have been able to explore 

the differences in device performance and stability between n-butylammonium and n-

hexylammonium RPP perovskites, and show that both are affected by the choice of Ag or 

Au as an electrode material. Device performance measurements show that the average 

PCE of Ag devices is initially superior to those of Au devices, but rapidly degrades under 

exposure to 78% RH. Au-butyl devices retain a small degree of functionality over the 

course of a week, while the Au-hexyl devices maintain just under 50% of their initial 

performance for over a month. Both XRD and PL spectra recorded over 48 hours of 

humidity exposure show that the butyl-MAPI materials tend to form n = 2-4 phases as 

they degrade and that this formation is influenced by the metal electrode in full device 

stacks. In contrast, the PL spectra of the hexyl-MAPI devices have peaks indicating the 

presence of low-n phases prior to degradation, but these peaks change little with exposure 

(Figure C.10). Despite the apparent stability of the hexyl-MAPI devices, all RPP 

perovskite devices showed an increase in the n > 5 PL signal at 8 hours of exposure, 

attributable to the formation of a low-n passivation layer. ToF-SIMS profiles of the 

C60/perovskite interface in these devices supports this interpretation, and provides 

chemical evidence of changes to the perovskite layer under humidity, including iodide 

migration. Halide mobility activation energies calculated for the n =2 phases of both 

materials using UV-Vis spectroscopy indicate that butyl-MAPI has a lower barrier to 

iodide mobility within the material, corresponding to the higher degree of I- leaching in 

ToF-SIMS measurements. Importantly, the activation energies of all RPP perovskites 

studied were higher than that previously measured for 3D perovskites, in agreement with 

previous work. Given that halide diffusion within, and subsequent leaching from, 

perovskites has been found to be linked to poor device stability, the high activation 
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barrier to such diffusion observed in RPP perovskites indicates that they may be more 

resistant to such processes and able to improve device stability.  Together, our results 

show that (i) choice of alkylammonium spacer can have a significant impact on the 

performance and stability of a perovskite device, (ii) suggest that RPP perovskites may 

one day enable the use of more inexpensive contacts like Ag or Cu for perovskite solar 

devices, and (iii) provide a means for controlling halide mobility in perovskite materials. 
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Chapter 6: Introduction to Transition Metal-based Oxygen Evolution 

Reaction Electrocatalysts 

While photovoltaic technologies like perovskite solar cells represent a promising 

means of producing electricity from the sun, the intermittent nature of sunlight means that 

efficient energy storage will also necessary if it is to replace electricity produced from 

fossil fuels. As introduced in Chapter 1, one of the most exciting ways of storing 

intermittent renewable energy is in the form of H2 generated by the electrolysis of water.1 

H2 can be produced using electrolyzers powered by solar power and stored for later use 

and providing an energy source when solar power is less abundant or unavailable. 

Currently, one of the largest hurdles to the wide-scale development of water splitting 

technologies is the cost of the materials needed to create the efficient electrocatalysts 

required to overcome kinetic barriers in both the hydrogen evolution reaction (HER) and 

the oxygen evolution reaction (OER).2 For example, while a cell voltage of only 1.23 V 

should be needed to drive the OER, the kinetic barrier to reaction means that 

overpotentials of hundreds more millivolts are typically required to achieve reasonable 

rates of reaction. By reducing the kinetic barriers to the reactions, electrocatalysts reduce 

the amount of overpotential required and thus make the overall process more efficient. 

Unfortunately, many of the benchmark electrocatalyst materials for the HER and the 

OER are precious metals like Pt, Ir, and Ru, as well as their oxides.3 This has spurred 

significant research in alternative electrocatalyst materials made using more earth-

abundant metals for both reactions,4,5 but special attention has been paid to the more 

kinetically-challenging 4-electron OER, which represents the rate-limiting step in total 

water splitting. 
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In recent years, the premier OER electrocatalyst materials have been metal oxides 

and (oxy)hydroxides containing some combination of Fe, Co, and Ni.4,6,7 NiFe 

(oxy)hydroxides frequently show overpotentials as low as 200 mV, and operate for 

relatively long times.4 Researchers have also shown that metal oxides such as the oxide 

perovskite (BaSr)CoFeO3 have also shown excellent performance for the OER,7 and as 

oxides are very stable under common alkaline electrolytes. More recently, researchers 

have begun to investigate a new family of metal chalcogenide materials, composed of 

transition metals and sulfur, selenium, and tellurium, which have shown excellent 

performance as OER electrocatalysts.8,9 Although the chalcogenide materials are 

sometime considered to be the active electrocatalytic species,9 recent research suggests 

that under reaction conditions the materials are themselves oxidized to produce a metal 

(oxy)hydroxide species which is the true electrocatalyst.10 This indicates that the 

chalcogenides may be best thought of as “pre-catalysts”, which oxidize in situ to yield the 

truly catalytic species.8 Ambiguity remains, however, as to how extensive the oxidation is 

(Figure 6.1) and what role, if any, the composition of the chalcogenide pre-catalyst plays 

in the final performance of the true catalyst. 
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Figure 6.1 Diagram of the possible chemical compositions of metal chalcogenide 

electrocatalysts post-electrocatalysis. Starting with an unoxidized 

chalcogenide (red), the material can (1) remain unoxidized, (2) develop an 

oxidized shell surrounding an oxidized core, or (3) become completely 

oxidized. 

In the following chapters, we will seek to better understand the relationship 

between the elemental composition of OER electrocatalyst materials, the various material 

properties of the resulting electrocatalysts (including crystal structure, morphology, and 

stability), and the electrocatalytic performance of both metal oxide and chalcogenide 

electrocatalysts. Compositional changes can range from the selection of metals used to 

create a metal oxide electrocatalyst to the relative ratio of two chalcogenide elements in a 

metal chalcogenide, but both can have significant impacts on the electrocatalytic 

performance. To better understand the effects of composition on both metal oxide 

electrocatalysts, we first present a study of the impact of Fe- and Sc-incorporation in a 

common metal oxide OER catalyst, and show that metal choice rather than crystal 

structure has a more significant impact on electrocatalytic performance (Chapter 7). We 

then show that, with regards to metal chalcogenide electrocatalysts, the relative quantity 

of Se incorporated into a nickel sulfide material directly impacts both the conductivity of 
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the resulting electrocatalyst and the overpotential required to drive the OER (Chapter 8). 

Together, these studies demonstrate the importance of chemical composition when 

developing and optimizing materials for use as OER electrocatalysts. 
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Chapter 7: Structural and Catalytic Effects of Iron- and Scandium-

Doping on a Strontium Cobalt Oxide Electrocatalyst for Water 

Oxidation2   

7.1 INTRODUCTION 

The generation of hydrogen gas through the electrocatalytic splitting of water 

(2H2O  2H2 + O2) is an attractive means of storing electricity generated from 

intermittent power sources, such as solar and wind energy, in the form of a chemical fuel. 

Electrocatalytic water splitting is composed of two half-reactions: the hydrogen evolution 

reaction (HER), 2H+
 + 2e-  H2, and the oxygen evolution reaction (OER), 4OH-  O2 + 

2H2O + 4e-
 . Of these two reactions the OER, which is a four-electron transfer reaction, is 

the rate limiting step in the overall scheme and requires much higher overpotentials to 

drive the reaction to completion. As a result, considerable research has been conducted 

on synthesizing catalyst materials to perform the reaction at minimal overpotentials in an 

effort to increase the total efficiency of the water splitting reaction.1–8 

Currently, the best-performing catalysts for the OER are noble metal 

nanoparticles and oxides, including iridium and ruthenium.1,3,8–10  Unfortunately, these 

noble metals are expensive and found in relatively low abundance in the earth’s crust, 

making their widespread adoption for electrocatalysis unfeasible. As a result, many 

research groups have instead focused on developing catalysts composed of the much 

more abundant transition metals of the first row (Mn, Fe, Co, etc.) as alternatives to the 

classical noble metal catalysts, including but not limited to: amorphous metal-anion films 

                                                 
2 This work was previously published: Wygant, B.R., Jarvis, K., Chemelewski, W., Mabayoje, O., Celio, 

H., Mullins, C.B. Structural and Catalytic Effects of Iron- and Scandium-Doping on a Strontium Cobalt 

Oxide Electrocatalyst for Water Oxidation, ACS Catal., 2016, 6, 1122-1133. The author of the dissertation 

was responsible for the development, execution, and interpretation of XRD, XPS, SEM, and 

electrochemical experiments. 
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such as CoPi and CoBi,
4,11–13 metal (oxy)hydroxide films such as Ni-OOH and Fe-

OOH,5,14–16 and various metal oxide nanoparticles such as Co3O4 and NiCo2O4.
6,17–19  

Theoretical calculations have proven to be invaluable to the discovery, design, 

and analysis of catalytic systems in recent years. In 2011, Man et al. published a 

theoretical and experimental study of a class of metal oxides known as perovskites.20 This 

family of metal oxide has the chemical formula ABO3, where the A-site is typically a 

divalent (2+) alkaline earth metal cation, and the B-site is a tetravalent (4+) transition 

metal cation (Figure 7.1). Perovskites have long been known to be effective 

electrocatalysts for the OER,21,22 and in their work Man et al. provided theoretical 

evidence that a perovskite’s OER performance is related to the Gibbs free energy of O*
 

and OH* binding to the surface of the oxide. Applying their calculations to a wide range 

of perovskite compositions, the researchers found that the perovskite SrCoO3-δ (SCO) 

was predicted to be among the most active catalysts in the family studied.  
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Figure 7.1. The cubic unit cell of SrCoO3-δ. The green sphere represents Sr2+, the blue 

spheres Co3, 4+, and the red spheres represent O2-. 

Sintered pellets of SCO have been previously explored as OER catalysts,23 and in 

recent years lanthanum-doped SCO has shown promise as a membrane for solid oxide 

fuel cells24 (SOFCs) and oxygen reduction reaction (ORR) catalysts.25 As an OER 

catalyst, however, the experimental results from testing failed to match those that theory 

predicted. Man et al. attribute this discrepancy to difficulties in obtaining a SCO sample 

with classical cubic perovskite-type structure. When synthesized, SCO tends to form as 

trigonal Sr6Co5O15, but can also be synthesized as orthorhombic SrCoO2.5.
26,27 All three 

polymorphs tend to be oxygen deficient, as indicated by the 3-δ in the chemical formula, 

where δ represents the degree of oxygen non-stoichiometry. This nonstoichiometry is 

related to the relatively large ionization energy required to create Co(IV) in the lattice, 

resulting in a preference for Co(III) atoms which are charge balanced by disordered 

oxygen vacancies.28 

In the SOFC field, several B-site dopants, including iron and scandium, have been 

shown to stabilize cubic SCO materials while also improving the oxygen permeability 
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and performance of the material.25–27,29,30 Similarly, the doping of SCO with barium and 

iron has yielded a Ba0.5Sr0.5Co0.8Fe0.2O3 catalyst that shows excellent OER performance.7 

In both cases, doping the base SCO with additional metals produces a more cubic 

material with improved performance, but it is unclear as to what degree both the dopant 

and the structure play in the observed improvements. In this study, we hope to clarify the 

relationship between dopant metal, crystal structure, and OER performance in cubic, 

iron- and scandium-doped SCO electrocatalysts. 

7.2 EXPERIMENTAL 

7.2.1 Materials 

All materials were of the indicated grade, and were used without further 

purification. Cobalt nitrate hexahydrate (Co(NO3)2·6 H2O, 98%) was purchased from 

Acros Organics. Strontium nitrate (Sr(NO3)2, 99%) and scandium nitrate hydrate 

(Sc(NO3)2·X H2O, 99.999%)were purchased from Alfa Aesar. Iron nitrate nonohydrate 

(Fe(NO3)2·9 H2O, 99.9%) and citric acid monohydrate (C6H8O7·H2O, 98%) were 

purchased from Sigma Aldrich. Ethylene glycol (C2H6O2, certified) and potassium 

hydroxide (KOH, certified ACS pellets were purchased from Fisher Scientific. All water 

was purified by an 18 MΩ water filtration system.  

7.2.2 Materials Synthesis 

SCO catalyst powders were synthesized using a polymerized complex reaction of 

metal nitrates, citric acid, and ethylene glycol.31,32 In a typical synthesis, 2.5 mmol 

Sr(NO3)2 and 2.5 mmol Co(NO3)2·6 H2O were dissolved in 20 mL of DI water with 

stirring before adding 15 mmol citric acid to the solution. For doped SCO samples, the 

doping concentration was taken as the mole percent of cobalt nitrate, e.g. 10%Fe would 
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require 0.25 mmol Fe(NO3)2 ·9 H2O and 2.25 mmol Co(NO3)2·6 H2O. After the addition 

of the citric acid, the resulting solution was allowed to stir magnetically for 30 minutes in 

a 70°C water bath to encourage the complexation of the metal ions by citric acid. 

Following complexation, 13.4 mmol of ethylene glycol was added and the resulting 

solution was left in the 70°C water bath to stir for an additional 1.5 hours. During this 

time, the citric acid and ethylene glycol underwent a polyesterification reaction and 

formed a thick resin. 

After 1.5 hours, the solution was removed from the water bath, placed in a muffle 

furnace and heated to 90°C for 2 hours (2°C/min), followed by 200°C for 2 hours 

(2°C/min). The product, a light foam-like substance, was removed from the reaction 

vessel and ground in a porcelain mortar and pestle until a homogenous light brown 

powder was obtained. This powder was subsequently annealed at 450°C for 4.5 hours 

(5°C/min) in a porcelain crucible to yield a black powder composed of Co3O4, SrCO3, 

and unreacted carbon (Figure D.1), which was then ground until smooth (approximately 

5 minutes) using a small agate mortar and pestle. Once ground, the precursor was then 

annealed once more at 800°C for 10 hours (5°C/min) and allowed to cool naturally. The 

product of this annealing is a lightly sintered black pellet which crumbles easily under 

pressure, and was once more ground until smooth using an agate mortar and pestle 

(approximately 20 minutes). This fine black powder was annealed for the final time at 

1000°C for 12 hours and allowed to cool naturally. After cooling, a lightly sintered pellet, 

ranging in color from grey to black, was collected and ground until smooth 

(approximately 30 minutes) to produce the final SCO catalyst powder. 
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7.2.3 Electrode Preparation 

A thin dispersion of the SCO catalyst on fluorine-doped tin oxide (FTO) coated-

glass served as the working electrode in all electrochemical experiments. To deposit the 

catalyst, a 1 mg-per-mL suspension of SCO catalyst in a solution of 75% ethylene glycol 

and 25% ethanol was prepared via sonication for 30 minutes prior to casting. 1.5 x 1.5 cm 

squares of FTO-coated glass were used as the substrate, and were prepared by sonicating 

in an ethanol/detergent mixture to remove any oils and other materials on the surface. 

After rinsing with ethanol and drying, a thin film of nitrocellulose and ethyl acetate 

(approximately 3x4 mm) was applied to one corner as a mask to ensure clear electrical 

contact with the electrode. 

To cast the dispersion, 100 μL of the sonicated catalyst ink was dispensed via 

autopipette onto a prepared FTO substrate which had been allowed to heat for 10 minutes 

on a hot plate at 300°C. After the solvent in this aliquot evaporated, four more 100 μL 

aliquots were added in a similar manner. Following the fifth addition, the substrate was 

removed from the hotplate and allowed to cool to room temperature. Once cool, the mask 

was removed using acetone, and a piece of 3M 470 electroplating tape was used to mask 

off a 0.2 cm2 working area along one edge of the substrate. 

7.2.4 Material Characterization 

Powder x-ray diffraction (XRD) patterns were acquired using a Spider (Rigaku) 

diffractometer with a Cu Kα radiation source. Scanning electron microscopy (SEM) 

images were collected using a FEI Quanta 650 SEM using a 15 kV accelerating voltage. 

X-ray photoelectron spectroscopy (XPS) spectra were collected with a Kratos Axis Ultra 

photoelectron spectrometer using a non-monochromated Mg Kα excitation source for the 

doped SCO samples, and a monochromated Al Kα excitation source for undoped 
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samples. The use of the non-monochromated Mg source was required to shift the position 

of the Co LMM Auger peak away from the region associated with the iron 2p peaks. This 

resulted in total full width, half max (FWHM) broadening of approximately 1.0 eV for all 

recorded spectra. High resolution transmission electron microscopy (HRTEM), selected-

area electron diffraction (SAED), nanobeam-electron diffraction (NBED), and energy 

dispersive X-ray spectroscopy (EDXS) were all done on a JEOL 2010F with a ultra-high 

resolution pole piece. The EDXS was done on an Oxford X-MaxN 80TLE solid state 

detector. 

7.2.5 Electrochemical Characterization 

All electrochemical characterization experiments were performed using a 

CHI660D potentiostat. All OER activity and stability experiments were performed in 

approximately 40 mL of 0.1M KOH using a 50 mL beaker. A platinum wire was used as 

the counter electrode and Ag/AgCl in 1M KCl was used as the reference electrode.  

In a typical OER activity experiment, three successive cyclic voltammograms 

(CV) of a SCO catalyst were recorded from 0.2 to 0.9 V vs Ag/AgCl at a scan rate of 5 

mV/s. During testing, the solution was magnetically stirred at 300 rpm to prevent 

accumulation of bubbles on the surface, and the working area of the electrode was gently 

purged of bubbles using a pipette following each experiment. Prior to the experiment, the 

IR drop from the solution was measured using the potentiostat software.33 The CV was 

then recorded without correction, and the final anodic sweep segment was manually 

corrected for 100% of the measured resistance following the experiment to give a single 

linear sweep voltammogram (LSV).  

In a typical stability experiment, a current density of 10 mA/cm2 was applied to a 

SCO catalyst. The potential of the cell was then monitored over the course of 2 hours. 
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The electrolyte was stirred to prevent accumulation of oxygen bubbles on the electrode 

surface. 

7.3. RESULTS AND DISCUSSION 

7.3.1 XRD Analysis 

Study of the various doped materials using XRD shows a clear change in the 

oxide crystal structure, induced by the introduction of iron and scandium into the pure 

strontium cobalt oxide. The spectra of the undoped SCO (UnSCO), as seen in Figure 7.2, 

can be indexed to the trigonal perovskite polymorph Sr6Co5O15. Several peaks are also 

indicative of a Co3O4 impurity phase, which has previously been observed to accompany 

this crystal structure.26 In the iron-doped SCO samples, incorporation of 1% iron was 

insufficient to induce a change from the trigonal polymorph. Upon incorporation of 5% 

iron, however, the SCO adopted an orthorhombic crystal structure, which can be most 

clearly seen in the loss of the peak at approximately two theta equal 28 degrees. Finally, 

after incorporation of 10% iron, the SCO adopts the typical cubic structure associated 

with perovskite materials. We note, however, the presence of a peak near 23 degrees two 

theta in the 10%Fe-SCO that is indexed to the orthorhombic phase. This may indicate 

that while primarily cubic, the sample does retain a small amount of orthorhombic 

structure. 
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Figure 7.2. a) XRD spectra for iron-doped SCO samples. Increasing levels of iron doping 

cause the crystal structure to shift from the trigonal polymorph (UnSCO, 

1%Fe-SCO) to the orthorhombic (5%Fe-SCO), and finally to the cubic 

polymorph (10%Fe-SCO). b) XRD spectra for the scandium-doped SCO 

samples. A similar pattern to the iron-samples is visible, where higher 

doping levels adopt the cubic crystal structure (5%, 10%Sc-SCO) while the 

lowest doping level (1%Sc-SCO) exhibits a mixture of trigonal and 

orthorhombic structure. Peaks marked “*” can be indexed to an impurity 

Co3O4 phase (PDF#00-043-1003).  

In the case of the scandium-doped SCO, 1% scandium incorporation was 

sufficient only to induce a partial change to the crystal structure, and both the trigonal and 

orthorhombic polymorphs are clearly visible in the spectrum seen in Figure 7.2b. The 

doping of the SCO with 5% and 10% scandium results in the formation of the classical 

cubic perovskite phase. Of note is a slight upward shift in the location of the peak near 

two theta equal 32 degrees in the 10% scandium material versus the 5% scandium 
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material. As a result, the 10%Sc-SCO can be most closely indexed to a severely oxygen-

deficient reference SrCoO2.29 (PDF#00-039-1083). It is also important to note that there 

are no clear peaks assignable to either Fe2O3 or Sc2O3 in the XRD spectra for any sample. 

We can therefore conclude that all dopants have been fully integrated into the SCO lattice 

rather than segregating out to form a separate oxide phase. 

Most clearly exemplified in the iron-doped SCO, but seen also in the scandium-

doped samples, there is a clear progression from the trigonal to the orthorhombic to the 

cubic polymorph as the amount of dopant in the crystal lattice increases. This trend is 

dependent upon the final 1000°C annealing to form the final perovskite, however. 

As seen in Figure D.1b, even at 10% iron concentration, the cubic perovskite will 

not form unless the sample has been annealed above 850°C. Prior to this, the sample will 

remain in the trigonal or orthorhombic polymorphs. A previous study using a similar 

lanthanum-doped SCO for solid oxide fuel cells (SOFCs) showed that when annealed to 

high temperature, the trigonal SCO will adopt the cubic structure upon cooling, if 

doped.29 Furthermore, a separate study showed that depending upon the identity of the 

dopant used, this cubic structure may not be stable when the oxide is subjected to 

elevated temperatures below 900°C and can revert back to the trigonal phase if left for 

extended periods of time.30 Images of the various SCO crystal structures are shown in 

Figure 7.3.  
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Figure 7.3. a) Representation of orthorhombic SrCoO2.5, containing an ordered oxygen 

vacancy and significantly disordered CoO6 octahedra in the crystal lattice. 

The green sphere represents Sr2+, the blue spheres Co3/4+, and the red 

spheres O2-. b) Representation of cubic SrCoO3, containing ordered, corner-

sharing CoO6 octahedra arranged around a central Sr2+. c) Representation of 

trigonal Sr6Co5O15, containing face-sharing CoO6 octahedra arranged in 

columns surrounded by alternating layers of Sr2+ ions arranged in a trigonal 

pattern. Sufficient loss or gain of oxygen can cause transitions between the 

cubic and orthorhombic polymorphs, while transitions between the trigonal 

and cubic phases are related to changes in temperature, with the cubic 

structure being favored above ~900°C. 
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Given this information, there appears to be a critical temperature around 900°C, 

above which the cubic structure is thermodynamically stable and below which the 

trigonal polymorph is favored instead. Through doping, it is possible to stabilize the high-

temperature lattice such that the cubic crystal structure remains once the oxide has cooled 

to room temperature. Therefore, the dopant must induce a distortion in the lattice that is 

capable of providing this stabilization. One possible source of this distortion could be 

alterations to the ionic radii of the component atoms, resulting in an alteration of the 

material’s tolerance factor. 

First formulated by Goldschmidt,34 the tolerance factor provides a metric to 

describe the geometrical structure of a perovskite based upon the relative sizes of its 

components. It can be calculated using Equation 7.1, in which t is the tolerance factor, 

RSr is the ionic radius of strontium, RO is the ionic radius of oxygen, RB is the average 

ionic radius of the B-site cation (Co/Fe/Sc). 

 

Equation 7.1.  

 

Typically cited values of t are as follows: t < 0.9 for orthorhombic materials, t = 

0.9-1.0 for cubic materials, and t > 1.0 for trigonal materials. This value varies with 

differences in sizes between the A- and B-site cations, and breaks from unity when there 

is too great a discrepancy between the two. In the case of scandium doping, the larger 

ionic radius of the Sc(III) (0.745 Å vs. 0.61 Å for Co(III)35) is able to increase the 

average B-site radius sufficiently to cause a decrease in the tolerance factor, as seen in 

Table D.1 of Appendix D. This correlation between scandium and the decreasing 

tolerance factor suggests that it is the larger ionic radius of scandium over cobalt that 

leads to stabilization of the cubic SCO, with 5% marking the minimum value for 
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substitution. Iron follows a similar trend, ending at t=1.0 for the 10% composition. 

Despite the ionic radius of Fe(IV) being only slightly greater than that of Co(III), it 

appears the radius is sufficiently large to stabilize the cubic structure.  

Additionally, the 1%Sc-SCO and 5%Fe-SCO samples, which appear to have 

similar crystal lattices by XRD, also share a tolerance factor of t=1.001. While 

orthorhombic polymorphs are typically found to have tolerance factors below 0.9, it is 

possible that oxygen non-stoichiometry in the lattice could stabilize the crystal phase, as 

previous studies have shown that oxygenation of SrCoO2.5 to SrCoO3 results in a shift 

between the orthorhombic and cubic phases.27 The tolerance factors shown in the Table 

D.1 are calculated using the most common oxidation states and ionic radius associated 

with the component elements.35 The true crystal lattice is assumed to be much more 

nuanced than the simple averages we show here, with partial oxidation states and oxygen 

vacancies expected to be common. Therefore the numbers calculated from the tolerance 

factor are to be taken as a qualitative guide to changes in crystal structure, rather than as 

definitive proof. 

An alternative explanation for the iron-doped material involves the relative 

increase in electrostatic repulsion between Co(III) and Fe(IV). As noted previously,30,36 

B-site cations in the trigonal polymorph create columns of face-sharing octahedra, where 

the cations themselves are only separated by 2.41 Å. Shielding by the triad of oxygen 

atoms separating them, as well as an increased covalency in the Co-O bond may account 

for a stabilizing effect that ordinarily allows the Co(III) to remain in close proximity. It is 

possible that moderate doping of Fe(IV) may lead to enough repulsive force between the 

two cations to overcome the stabilizing influences and form the more sterically stable 

cubic polymorph. 



 143 

7.3.2 XPS Analysis 

Analysis by XPS provides the doping levels of pristine SCO powder samples 

prior to electrochemical testing, as well as valuable information about the oxidation states 

and chemical environments of the various components of the oxide at the surface. As can 

be seen in Table D.2, doping of the SCO with iron and scandium was successfully 

achieved, and the measured values differed only slightly from the intended doping 

concentrations. The iron spectra Figure D.8 are too weak for extensive peak fitting, but 

the location of the primary peak at approximately 712 eV is higher than typical for iron 

(III), and indicates that some or most of the iron is in the 4+ oxidation state.37 This is 

supported by previous work on a similar perovskite.28 The spectra for scandium Figure 

D.9 were equally weak, but agree well with literature values for Sc(III),38 indicating that 

scandium remains in the 3+ oxidation state, as would be expected given its chemical 

nature.  

Representative samples of the strontium, cobalt, oxygen, and carbon peaks are 

presented in Figure 7.4 for the 10%Fe-SCO samples, and full spectra for the other 

samples are available in Appendix D. The cobalt 2p 3/2 peak in Figure 7.4c shows the 

primary peak at approximately 781 eV, and is in good agreement with the literature for 

Co(III).39 This is further corroborated by the lack of satellite peaks that would indicate a 

Co(II) oxidation state. We were able to fit the Co 2p peak using a minimum of 3 peaks, as 

seen in Figure 7.4c. However, given the complicated deconvolutions of the 2p XPS 

peaks of transition metals such as cobalt and iron, we were unable to assign distinct 

chemical states to these peaks, or definitively show the existence of the Co(IV) that might 

be expected in a stoichiometric perovskite. The presence of shake-up peaks in the region 

broadens the signal, making definitive assignment of oxidation states dubious.40  To 

provide additional evidence of potential Co(III) and Co(IV) without the complications of 
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these peaks, we also studied the Co 3p region (Figure D.9). The undoped sample shows a 

peak near 61 eV, which agrees well with previous literature for Co(II).41 As both Fe- and 

Sc-doping increase, the binding energy of the Co 3p peak gradually increases to 

approximately 62.8 eV. This is inconsistent with literature values for Co3O4,
42 and 

therefore we interpret this to indicate significant quantities of Co(III) and potentially 

Co(IV) in these SCO samples.  

 

Figure 7.4. XPS spectra and fitted peaks for the 10%Fe-SCO sample. a) Spectra of the 

carbon 1s peak. b) Spectra of the strontium 3d 5/2 and 3/2 peaks. c) Spectra 

of the cobalt 2p 3/2 peak. d) Spectra of the oxygen 1s peak. 

The strontium 3d peak in Figure 7.4b can be de-convoluted into two pairs of 

peaks relating to the 5/2 and 3/2 peaks for two distinct strontium species; we will 

reference the binding energy of the 5/2 peak for species identification. The peak at 

approximately 133.3 eV can be assigned to a layer of SrO on the surface of the particles, 
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while the peaks near 134 eV are assignable to SrCO3 adsorbed to the surface.43 This 

SrCO3 impurity layer on the surface is confirmed by additional carbonate peaks in both 

the carbon  and oxygen spectra in Figure 7.4a and 7.4d, and has been previously 

observed on the surface of strontium and strontium-containing oxides.44,45 The impurity is 

common to alkaline earth metal-containing compounds due to their high reactivity with 

CO2 and H2O in the air.44 The relative intensities of these two species are linked, and we 

note that as the signal for the SrCO3 increases, that of the SrO decreases. This would 

seem to indicate an increase in the thickness of the carbonate impurity, masking the oxide 

signal. 

We also observe that as the doping level increases, the ratio of strontium-to-cobalt 

of the surface of the samples increases significantly.  Given a stoichiometrically balanced 

SCO sample, the ratio of strontium to cobalt at the surface should be approximately 1:1. 

By comparing the relative areas under the XPS peaks for the two species, we were able to 

calculate the average atomic percent of each element at the sample surface. These results 

have been tabulated in Table 7.1. The undoped SCO sample shows an approximately 2:1 

ratio of strontium to cobalt on the surface, ~80% more strontium than would be expected 

based upon stoichiometry alone, even if the trigonal Sr6Co5O15 polymorph is taken into 

account. This discrepancy is further magnified with increased doping, culminating in a 

ratio of roughly 3 strontium atoms for every one B-site cation (cobalt, iron, or scandium) 

on the sample surface.  
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Table 7.1: The ratio of the atomic percent of Sr and B-site cation (Co, Fe, Sc) present on 

the SCO surface. 

Previous studies have observed similar segregation in related Sr-containing 

perovskites,24,45–47 and have largely assigned this increase to the formation of SrO in 

interstitial layers and on the surface of the oxide. This process is driven by a mixture of 

kinetic and mechanical stressors within the lattice that cause the strontium to segregate 

out of the lattice and onto the surface. A study on a related Fe-doped SrTiO3 also found 

that higher iron doping led to more segregation, and attributed this to lattice strain caused 

by size mismatch with the iron.47 As larger B-site ions insert into the lattice, they cause 

the lattice to distort and apply stress on the lattice components. The large strontium atom 

is forced out of the cubic lattice to the surface in order to accommodate the strain. Both 

iron and scandium dopants would likely cause similar strains on the SCO lattice, and 

therefore we conclude that a similar effect is driving the strontium segregation in our own 
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samples, resulting in a Sr-rich layer near the surface of the oxide particles, composed of a 

carbonate layer which lies atop the segregated SrO.  

The O 1s spectra of the SCO samples Figure 7.4d appears as a broad, asymmetric 

peak, which differs considerably from the typically sharp peaks seen in other metal 

oxides. Fitting yields three peaks at 529.5, 531.3, and 532.8 eV, which we assign, based 

on a previous study,43 to SrO, (Co,Fe,Sc)-O, and SrCO3, respectively.  The average areas 

of the SrO and carbonate peaks correlate well with peaks for the same species in the Sr 

3d spectra, supporting these assignments. Previously, van der Heide had tentatively 

assigned the peak near 531 eV to a B-site cation bound to an oxygen species at the 

surface.43  Given similar binding energies for Co hydroxides and oxyhydroxides,39 we 

likewise make this assignment. While we note that there is a near 1:1 ratio between the 

hydroxide and carbonate O 1s peaks for the doped samples, the lack of electrochemical 

variation despite differences in the spectra of the Sc-doped samples (Figures D.2-D.7) 

leads us to conclude this does not play a significant role in catalysis. 

The carbon peak in Figure 7.4a shows two species of carbon on the surface of the 

SCO samples. The first, designated 285 and 286.2 eV, correspond to adventitious carbon 

on the oxide surface.43 The second peak near 290 eV belongs to the SrCO3 on the surface. 

We note that there is a trend for the carbonate binding energy of the more highly doped 

samples to shift towards greater energies. This trend is conserved across carbonate peaks 

for the Sr 3d and O 1s peaks, as well, and correlates to increased binding energies of the 

Co 3p peaks of these samples. We speculate that electrostatic interactions occurring at the 

interface of the bulk particle and the carbonate impurity results in a transfer of electron 

density from the carbonate to the higher oxidation state Co, resulting in the observed 

binding energy shifts. As these trends are conserved across several samples, we conclude 
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that if the presence or chemical environment of the carbonate does impact catalytic 

performance, it should be conserved across both Fe- and Sc-doped samples. 

7.3.3 SEM Analysis 

Scanning electron microscopy of the SCO catalyst dispersions provides important 

information about the morphology of the SCO catalyst powder and the microstructure of 

the working electrodes. Figure D.11 shows representative samples of SEM images for 

the UnSCO and 10%Fe-SCO catalysts. Similar images for the additional five doping 

levels can be found in Appendix D. The active electrodes are composed of dispersed 

microparticles of SCO distributed atop the conductive FTO surface. These particles range 

from 0.5 to 20 μm in size, with the average size approximately 5 μm. They are relatively 

evenly distributed on the FTO surface, with larger particles located 20 μm away from 

others of similar sizes. As seen in Figure D.11c-d, the larger particles tend to have rough 

surfaces with smaller particles adhered to the surface. The particles appear to lack any 

visible mesoporosity that could be indicative of high surface area. Attempts at Brunauer-

Emmet-Teller (BET) determination of surface area through nitrogen physisorption 

experiments failed due to the low surface area (below 5 m2/g) exhibited by these SCO 

powders (data not included).  

Closer examination of the microparticles reveals that they appear to be composed 

of a collection of sintered nanoparticles. These nanoparticles are similar to those 

observed during the original synthesis,31 and the sintering is a result of the prolonged 

annealing of the powders at high temperatures. The result is a catalyst powder with a 

much lower surface area than would be expected to be produced by the original synthetic 

technique. A reduction in annealing time or temperature would likely reduce the degree 

of sintering observed, but would also prevent formation of the cubic polymorph in the 
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doped samples. In order to maintain consistency across all doping levels, annealing 

conditions were standardized to allow all materials to come to full completion of reaction 

for accurate comparison. Qualitatively, all dispersions appear to be of similar topography, 

with similar distributions of particles sizes, morphologies, and spacing (Figures D.12-

D.18). Therefore we conclude that any differences in catalytic performance should not be 

directly related to the morphology of the catalysts, but is instead related to the 

composition and crystal structure of the different SCO samples. 

7.3.4 TEM Analysis 

Further investigation of untested SCO powder samples using transmission 

electron microscopy provides a more detailed view of the crystal structures near the 

surface of the catalyst. Figure D.11 shows representative samples of selected area 

electron diffraction (SAED) patterns from, UnSCO, 5%Fe-SCO, 10%Fe-SCO and 

10%Sc-SCO catalysts, chosen to investigate each of the crystal patterns identified via 

XRD. The patterns indicate that the undoped sample is much more polycrystalline in 

nature than the doped samples, likely an artifact of the initial synthesis conditions. From 

this, we gather the trigonal phase is may be more resistive to sintering than the cubic 

perovskite material. The SAED rings for the undoped sample can be indexed to the 

trigonal Sr6Co5O15 (Figure D.12), while all of the doped samples show the orthorhombic 

SrCoO2.5 phase. However, due to the large area collected for SAED (> 10 µm), HRTEM 

and nanobeam-electron diffraction (NBED) are needed to determine the phases present 

on the nanoscale near the catalytic surface. 

HRTEM images show that there are two phases present in all of the doped SCO, 

an orthorhombic phase and a cubic phase (Figure 7.5). While the cubic phase is found at 

the surface of the crystalline area for all of the compositions, it is restricted to a thin layer 
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on the surface of the 5%Fe-SCO sample.  Given that this would indicate the extent of 

cubic structure on the surface is related to doping concentration, and that no evidence of 

the phase is visible in the SAED, we conclude there is likely little to no cubic perovskite 

present in the undoped sample. Contrast variations, due to thickness changes in the 

sample, prohibit the determination of structure by the HRTEM imaging alone, however. 

Furthermore, the SrCoO3 phase and the SrCoO2.5 phase both look similar when viewed 

down the [100] direction, as seen for 5%Fe-SCO, and can only be differentiated by a 

decrease from a 90° angle between the <001> planes of the cubic phase, to an 

approximately 88° angle between the [011] and [01 ] planes of the orthorhombic phase. 

Therefore, to support and confirm the HRTEM data, we also collected nanobeam-

electron diffraction (NBED) patterns, which, due to symmetry, should shows different 

patterns for SrCoO3 and the SrCoO2.5 even when viewed down the [100] direction.  
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a) b) c) 

d) e) f) 

g) h) i) 

 

Figure 7.5. HRTEM images (a,d,g) and nanobeam-diffraction (NBED) patterns from the 

surface (b,e,h) and non-surface (c,f,i) of 5%Fe-SCO (a-c), 10%Fe-SCO (d-

f), and 10%Sc-SCO (g-i). Inset FFTs of the images show the orthorhombic 

(top-left corners) and cubic (bottom-right corners) phases. There was not 

enough of the cubic phase in the 5% Fe-SCO to get a reliable FFT. The 

surface NBED patterns are indexed as the SrCoO3 phase and the bulk 

NBED patterns are indexed as the orthorhombic SrCoO2.5 phase. The beam 

directions are all indicated in the lower right corner. 
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Using NBED, all three doped compositions have the cubic phases at the surface, 

confirming the HRTEM results. Again, there is a much smaller amount present in 5%Fe-

SCO, as indicated by the weak spots (Figure 7.6). Although the XRD spectra indicated a 

larger percentage of the cubic phase present in both the 10%Fe-SCO and 10%Sc-SCO, 

the orthorhombic phase also appears in these compositions, as indicated by NBED. This 

confirms our observations of orthorhombic peaks in XRD spectra of these samples. 

While we cannot determine the percentage of each phase due to the overlap of the cubic 

spots with orthorhombic spots in electron diffraction, we can say that the surface is cubic 

and at least some of the bulk is orthorhombic. In all samples, there is an amorphous layer 

surrounding the particle, about 5 – 20 nm thick (Figure 7.6), containing small crystals. In 

all but the 10%Fe-SCO, the lattice spacings were unique enough to identify these crystals 

as SrCO3.
48 While the particles in the 10%Fe-SCO sample may be SrCO3, the lattice 

spacings could also match the SrCoO3 phase or the SrCoO2.5 phase. Therefore, we cannot 

conclude if the amorphous layer for 10%Fe-SCO contains the SrCO3 phase via HRTEM 

alone. 
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Figure 7.6. HRTEM images of particle surfaces of (a) UnSCO, (b) 5% Fe-SCO, (c) 10% 

Fe-SCO, and (d) 10% Sc-SCO showing nanoparticles embedded in an 

amorphous layer. The particles in the UnSCO, 5% Fe-SCO, and 10% Sc-

SCO samples are indexed as orthorhombic SrCO3 (Pmcn)48 viewed down 

[112̅], [1̅10], and [1̅01]. Not enough planes are present in the particle from 

the 10% Fe-SCO sample to reliably determine the phase. The planes present 

could match (111) SrCO3 and (211) SrCoO2.5 

Coupled with the previously discussed XPS results, however, we are confident 

that the SrCO3 impurity layer seen via XPS correlates to the amorphous layer imaged 

here.  Energy dispersive X-ray spectroscopy (EDXS) indicates that the undoped and 

5%Fe-SCO are relatively Co-rich on the surface, while the 10%Fe-SCO and 10%Sc-SCO 

possess both Co-rich areas and Sr-rich areas on the surface (Figure D.13). Upon zooming 

in, however, we see that even the Co-rich surface actually has a 0.5-20 nm thick Sr-rich 

region (Figure 7.7), which is the same thickness as the amorphous layer with small 

crystallites. This roughly correlates to thickness of the XPS measurements, and 

corroborates the Sr-segregation we observe in the spectra.  
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Figure 7.7. Electron dispersive X-ray spectroscopy maps of a) 5%Fe-SCO, b) 10%Fe-

SCO, and c) 10%Sc-SCO. Cobalt is blue, strontium is red and the dopant 

(Fe or Sc) is green. The inset tables show the atomic percents taken for the 

average spectrum from the indicated area  

While the amorphous layer appears to cover the majority of the particles, the 

EDXS and XPS measurements show that there are areas where the underlying perovskite 

is near, or at, the surface, and that at least some cobalt does persist in the top nanometers 

of the catalyst. This amorphous layer may partially explain the deviation between 

previous theoretical and experimental OER results for this material. If this layer does 

prevent 100% of the catalyst surface area from being OER-active, it is very likely that 

theoretical calculations would outstrip experimental results. Further work to remove this 
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layer prior to OER testing will be needed to fully characterize the performance of SCO 

without complication from the amorphous layer.  Our data suggests, however, that the 

degree of particle coverage by the amorphous layer is similar across the samples in this 

study (Figure D.13), and that as a result, the trends we observe are independent of the 

amorphous layer. We conclude that here are likely still areas of active perovskite catalyst 

accessible on each particle, displaying the cubic structure. It is in these areas we believe 

that OER catalysis occurs.  

7.3.5 Cyclic Voltammetric Testing 

Cyclic voltammetry of the seven SCO samples provided quantitative analysis of 

OER performance for each doping level; the results can be seen in Figure 7.8. The 

intercept of the LSVs with the dotted line marks the value of η10, the overpotential 

required to reach a current density of 10 mA/cm2.  With an η10 value of 450 mV for the 

UnSCO and 410 mV for the 10%Fe-SCO sample, the iron-doped SCO catalysts show a 

clear decrease in overpotential with increasing iron, up to 10% iron (Figure D.18). In 

contrast, the scandium-doped SCO catalysts show no significant change in overpotential 

with relation to the doping concentration. Both dopant metals, however, are shown to 

have considerable impact upon the crystal structure of the oxide depending upon the 

dopant concentration, ultimately resulting in the formation of a cubic layer at the surface 

of the doped particles. From this data, we conclude that it is the dopant species and not 

the crystal structure of the SCO that is responsible for the observed improvement in OER 

performance, as the 10%Sc-SCO and undoped samples possess different surface phases, 

yet possess the same OER activity.  
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Figure 7.8. a) LSVs of iron-doped SCO samples and b) LSVs of scandium-doped SCO 

samples measured in 0.1M KOH at 5 mV/s. The dotted line marks the 

intercept with a current density of 10 mA/cm2
. Data was collected from the 

third anodic sweep segment. 

This is in contrast to the assessment by Man et al., who hypothesized that the 

difference between the theoretically predicted performance and the experimental 

observations lies in the inability to create a SrCoO3-δ with a “perovskite-type structure.”20 

Were structure the primary cause of this discrepancy, one would expect to see the η10 of 

both the 10%Fe-SCO and 10%Sc-SCO samples significantly differ from the undoped 

case due to their cubic perovskite structures. We do concede that our samples likely have 
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a considerable degree of oxygen non-stoichiometry, but are confident that our arguments 

concerning the crystal structure are separate from those related to the degree of oxygen 

vacancy. In fact, previous research on a manganese-based perovskite showed that 

reductive annealing in hydrogen resulted in a significant improvement in OER 

performance.49 The authors concluded that removal of an oxygen from the octahedron 

resulted in both molecular-level porosity and improved OH- binding to the oxide, both of 

which led to a decreased overpotential for the OER. Therefore, we do not believe that 

that these oxygen vacancies would have a detrimental effect on our SCO samples.  Our 

results indicate that the presence, or lack, of a cubic crystal structure is not the single 

factor which determines OER performance in SCO electrocatalysts.   

We also note that our SCO catalysts possess much lower mass activities than 

similar perovskites that have been studied in recent years.50 In their study, Hardin et al.50 

synthesized nanoparticulate perovskite catalysts which were then supported on a N-doped 

carbon support. Because of the drop casting technique used to create our electrodes, we 

were unable to likewise support our SCO catalysts on conductive carbon to improve 

conductivity. Attempts to add carbon to the catalyst ink resulted in poorly adhered films 

which detached from the FTO substrate during testing, and carbon supports were not 

further studied. As seen in Table D.4, our SCO catalyst possess OER mass activities an 

order of magnitude lower than those of similar catalysts (~6.5 mA/g at 1.56 V vs RHE). 

We attribute this reduction in activity to the smaller surface areas of our catalyst particles 

as compared to those of the more active catalysts due to their nanostructuring and carbon 

support. Support for this conclusion can be found in a comparison of our microparticle 

catalysts with sintered pellet catalysts from Bockris et al, possessing considerably lower 

surface area than the catalysts we report here.22 The current density of the most active 

catalyst from this study (LaNiO3) is an order of magnitude lower than those of our 
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UnSCO catalyst at 0.3V vs. RHE, and four orders of magnitude lower than those of our 

10%Fe-SCO catalyst. Therefore, an improved synthesis method that allows for the 

preservation of the initial SCO nanoparticles after annealing would likely further improve 

our SCO catalysts, as well as selection of a suitable conductive support.  

The highly redox-active nature of iron may be the cause of the improvement seen 

in our doped samples. Iron is vitally important in many enzymes and proteins for oxygen 

binding and electron transfer, due to the ease with which it can change oxidation state, a 

necessary component of electrocatalysis. Even small amounts of iron, such as that found 

at the impurity level in KOH have been found to have beneficial effects on the OER 

performance of metal oxide OER catalysts.51 It would not be surprising, then, for the 

presence of iron in the SCO to synergistically improve its catalytic ability beyond that of 

the undoped material, as this has been observed to improve cobalt-based systems in 

amorphous cobalt (oxy)hydroxide thin films used as cocatalysts in photoelectrochemical 

(PEC) water splitting cells.52 This explanation would also help explain why the scandium 

does not appear to improve the SCO OER catalysis. Scandium typically remains in a 

static 3+ oxidation state, giving it a stable noble gas electron configuration. It is therefore 

extremely unlikely for scandium to lose an electron to adopt the 4+ state, and would also 

be unlikely to accept an electron. This leads to a highly redox-inactive metal ion which 

would be unlikely to take part in the chemistry of the OER. From the XRD, TEM, and 

cyclic voltammetry results, we can conclude that while both scandium and iron possess 

an ionic radius sufficiently large to stabilize the cubic SCO crystal structure at the 

surface, the electronic flexibility of the iron atoms in the crystal lattice allows for 

improved catalytic performance over the static scandium-doped materials. 
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7.3.6 Stability Testing 

In order to determine the stability of the SCO samples under oxidative conditions, 

a current density of 10 mA/cm2 was applied to each film for a total of two hours while 

monitoring the overpotential required to perform the OER. The results of this experiment 

can be seen in Figure 7.9. We further characterize catalyst stability by using the percent 

difference between the final recorded overpotential and the overpotential at 10 minutes as 

a measure. This allows sufficient time for the samples to reach a steady state current after 

a break-in period. 

 

Figure 7.9. Overpotential-vs.-time plots for the a) iron-doped and b) scandium-doped 

SCO samples over the course of two hours, recorded at a current density of 

10 mA/cm2
.  
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The iron-doped materials show a considerable decrease in percent difference as 

the doping level increases, culminating in the 10%Fe-SCO sample which shows a small 

degree of improvement after 2 hours. Higher doping levels also result in a more abrupt 

onset of steady state current, as can be seen by the steeper onset slopes in the UnSCO and 

1%Fe-SCO samples in Figure 7.9a. In addition, the 1%Fe-SCO sample appears to be 

considerably less stable than the undoped sample. This would appear to indicate that the 

presence of dopant in a trigonal SCO lattice results in less chemical stability, even as it 

helps improve OER performance. As observed in the cyclic voltammetry experiments, 

the scandium samples exhibit a much narrower range of overpotentials over the course of 

two hours, as well as much broader and slower onset curves than the iron-doped 

materials. In contrast to the iron-containing samples, there appears to not be as strong a 

correlation between dopant levels and stability for the scandium-substituted SCO. While 

doping with scandium does result in a roughly 50% reduced percent difference between 

the initial and final currents for all samples, there is not a strong correlation between the 

doping levels and the observed stability. All of the scandium-doped samples show a 

roughly 2.5% decrease in performance over two hours, regardless of doping 

concentration.  

From the observed differences between the two sample sets, it appears that while 

OER performance is dependent upon the choice of metal dopant, the stability of the 

material under oxidative conditions is dependent upon the crystal structure. The cubic 

perovskites (10% iron, 5 and 10% scandium) show similar improvements in stability over 

the trigonal undoped base material, as do the orthorhombic perovskites (5% iron, 1% 

scandium). The thin layer of cubic SCO at the surface of each particle may help to 

prevent degradation during testing. This trend is most clearly seen in the iron-doped 

materials, where the marked improvement is clearly visible due to the wider range of 
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overpotentials. Thus, while the cubic crystal structure is not necessary for the 

improvement of OER performance in SCO, it is important for the synthesis of a catalyst 

capable of remaining stable over extended periods of time. 

7.4. Conclusions 

In this work, we demonstrate the effects of iron and scandium doping on the 

crystal structure and catalytic performance of SCO electrocatalysts for water oxidation. 

As the amount of either dopant in the SCO increases, the material experiences a shift 

from a trigonal polymorph to the classical cubic perovskite structure. OER testing shows 

that despite similar changes to the crystal structures of both doped catalysts, only the 

iron-doped SCO shows improvement with increasing dopant levels. Therefore, we 

conclude that the crystal structure of cobalt-based perovskite polymorphs has little impact 

on the OER performance of the catalyst. Rather, it is the choice of an appropriate 

catalytically-active metal such as iron that improves electrocatalytic water oxidation in 

SCO. Crystal structure does, however, appear to impact catalytic stability, as observed in 

the increased stability of cubic versus trigonal SCO under oxidative conditions. In 

conclusion, the incorporation of moderate amounts of iron into the SCO lattice results in 

the formation of an active, stable cubic perovskite OER catalyst with an η10 value of 410 

mV and moderate stability over extended periods of operation in alkaline media. 
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Chapter 8: Effect of Selenium Content on Nickel Sulfoselenide-

Derived Nickel (Oxy)hydroxide Electrocatalysts for Water 

Oxidation3 

8.1 INTRODUCTION  

As the development and implementation of renewable solar and wind power 

continues to increase, so too does the need for an efficient means of storing this 

intermittent energy to allow for efficient incorporation into existing power grids.1 Much 

of the recent research on energy storage techniques has focused on technologies like 

batteries or chemical fuels, and among the most promising of these is the generation of 

hydrogen fuel via the electrolysis of water.2 When produced using a clean source of 

electricity, the only products of the process are H2 and O2 gas, which can recombine to 

produce water and electricity when the fuel is later consumed in a fuel cell or through 

combustion. Although promising, this technology faces several hurdles to wide-scale 

implementation, and one of the largest is a need for affordable electrocatalysts to drive 

the water splitting reactions. 

Both halves of the water splitting process require electrocatalysts to reduce the 

kinetic barriers to electrochemical reaction, but electrocatalysts for the oxygen evolution 

reaction (OER) are arguably of greater interest, as the OER is the current rate-limiting 

step for total water electrolysis. The standard benchmark electrocatalysts for the OER are 

typically costly IrO2 and RuO2,
3 and thus research in the field has been focused on 

replacing these precious metal catalysts with more earth-abundant materials like Fe-, Co-, 

                                                 
3 This work was previously published: Wygant, B.R., Poterek, A.H., Burrow, J.N., Mullins, C.B. Effect of 

Selenium Content on Nickel Sulfoselenide-Derived Nickel (Oxy)hydroxide Electrocatalysts for Water 

Oxidation, ACS Appl. Mater. Interfaces, 2020, https://doi.org/10.1021/acsami.0c00425. The author of the 

dissertation was responsible for the development, execution, and interpretation of XRD, XPS, SEM, and 

electrochemical experiments. 
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and Ni-based (oxy)hydroxide materials.4–6 Building on this body of work, a number of  

promising metal chalcogenide OER catalysts have recently been reported, as well.5,7–9 In 

an effort to further improve the catalytic performance of both (oxy)hydroxides and 

chalcogenides, researchers have modified the compositions of these materials to leverage 

the synergistic effects of different transition metals, like Fe and Co, and impact the 

chemical and electrochemical properties of the catalysts.6,8,10–12 Recent work has shown 

that many of these chalcogenide materials may act as pre-catalysts for the true metal 

(oxy)hydroxide OER active sites, and that the properties of the initial chalcogenide may 

have a direct impact on the final catalyst that forms.13,14 As such, researchers have 

recently begun to systematically incorporate multiple chalcogens into these materials to 

investigate the resulting effect on OER performance.15,16 These works suggest that the 

incorporation of multiple chalcogens can induce a number of beneficial effects, such as 

the creation of OER-active crystal lattice defects and improvements in charge conduction, 

but further work is needed to explore this topic in greater detail.  

Toward this end, we have used hydrothermal synthesis to create a series of nickel 

sulfoselenide materials, and have investigated their use as OER electrocatalysts. Using a 

variety of analytical techniques, including X-ray diffraction (XRD), X-ray photoelectron 

spectroscopy (XPS), scanning and transmission electron microscopy (SEM and TEM), 

total reflectance X-ray fluorescence spectroscopy (TXRF), electrochemical impedance 

spectroscopy (EIS), and cyclic voltammetry (CV), we have explored the chemical 

properties of the materials prior to electrocatalysis to determine what effect the S/Se ratio 

has on the physical, chemical, and electrocatalytic properties of the materials. We also 

explored the relative stability of the materials, and determined that these nickel 

sulfoselenides are best classified as pre-catalysts that yield an active nickel 

(oxy)hydroxide OER electrocatalyst. Importantly, we find that the incorporation of Se 
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into Ni3S2 appears to improve the electrical conductivity and oxidative stability of the 

metal sulfide, and that the degree of surface oxidation prior to OER correlates well with 

catalytic performance. Based on our findings, we suggest that metal mixed-chalcogenides 

like the nickel sulfoselenides represent a promising family of pre-catalysts suitable for 

use OER electrocatalysis applications. These results open the door for further work in the 

field of mixed-chalcogenide electrocatalysts for a variety of reactions, and the 

development of advanced catalysts and pre-catalysts which may improve the affordability 

of industrial-scale, renewably-powered water splitting. 

8.2 EXPERIMENTAL  

8.2.1 NiSxSey Electrocatalyst Synthesis 

All of the NiSxSey electrocatalysts were synthesized using the hydrothermal 

synthesis detailed here. 0.5 mmol of Ni(SO)4*6H2O (Acros Organics, 99%) were added 

to 50 mL of ultrapure water (18 MΩ), and magnetically stirred for 10 minutes, at which 

point 5 mmol of the chalcogen precursor was added and the resulting solution stirred for 

a further 10 minutes. Here, thiourea (Acros Organics, 99.9%) was used as the S source, 

and SeO2 (Alfa Aesar, 99%) was used as a Se source; in all but the pure NiS100, the total 

molar chalcogen content was equivalent to the Ni content, and by changing the 

thiourea/SeO2 ratio we controlled the S/Se ratio of the final product. Thus, for a 25% Se-

NiSxSey sample, 0.5 mmol of Ni sulfate was combined with 0.375 mmol thiourea and 

0.125 mmol selenium oxide. In the case of the pure Ni3S2, a 3:2 ratio of Ni 

sulfate/thiourea was used, as a 1:1 ratio produced an uneven mix of Ni3S2 and NiS2, 

rather than NiS. 

After mixing of the chalcogen precursors was completed, 10 mL (55x molar 

equivalents) of hydrazine hydrate solution (Millipore-Sigma, 99%) was added dropwise 
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to the solution over approximately 5 minutes, and the resulting solution stirred for an 

additional 10 minutes. In the hydrothermal synthesis, the hydrazine acts as a thermally-

activated reducing agent to produce H2S and H2Se, which can in turn produce the Ni 

chalcogenides. After mixing, the resulting solution was transferred to a Teflon 

hydrothermal reactor vessel (100 mL) and sealed in a hydrothermal autoclave. The vessel 

was heated in a muffle furnace at 5 ºC/min to 180 ºC and held for 20 hours before being 

allowed to cool to room temperature naturally, typically about 6 hours. Following 

cooling, the resulting metal chalcogenide powder was washed in water and centrifuged 

twice, followed by one more wash in ethanol to remove any unreacted precursors, then 

dried in a vacuum oven overnight at 80 ºC. These dried powders where then collected and 

used as-synthesized in further characterizations. Of note, this synthesis was relatively 

robust, and showed similar products, crystallography and morphology, when scaled up to 

3-times the Ni/chalcogen concentration while maintaining the total water and hydrazine 

hydrate volume. 

8.2.2 Electrocatalyst Ink and Electrode Preparation 

In a typical electrode fabrication, 0.5 mg of catalyst powder was suspended in 

0.125 mL (4:1 g/mL) of a 4% Nafion (Millipore-Sigma)/isopropanol solution by 

sonication for 10 minutes. Following suspension, the 12 μL of ink was deposited onto a 

0.2 cm2 glassy carbon rotating disk electrode (RDE, Gamry) in 3 μL aliquots, each 

followed by drying, to produce a total loading of 0.24 mg/cm2. Once dried, the electrode 

was used for electrochemical testing. 
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8.2.3 Electrochemical Testing 

To determine overall electrocatalyst performance, we performed cyclic 

voltammetry (CV) in approximately 40 mL of 1 M KOH solution (Fisher, ACS Certified) 

using a CHI 660D potentiostats (CH Instruments, Austin, TX). The NiSxSey/glassy 

carbon RDE was used as the working electrode, a Pt wire was used as the counter 

electrode, and an Ag/AgCl reference electrode in saturated KCl solution (CH 

Instruments, Austin, TX) was used as the reference. In a typical experiment, three 

consecutive CV sweeps were made from 0.2-0.8 V vs Ag/AgCl (sat’d KCl) with 100% iR 

compensation at a scan rate of 20 mV/s. For each material, testing was performed in 

triplicate fashion; three separate electrodes were prepared, and 3 CVs were run on each 

prepared electrode. The third scan of all three of the electrodes was then employed to 

generate an average curve from which the overpotential at 10 mA/cm2 (η10) was 

measured. Electrochemical impedance spectroscopy (EIS) was performed on selected 

NiSxSey samples at an alternating potential of 1.52 V vs. RHE with an amplitude of +/- 5 

mV between 100 kHz and 0.1 Hz. After the initial EIS spectra was measured, all samples 

underwent chronopotentiometric testing at 10 mA/cm2 for 10 minutes, and the EIS 

spectra was measured again. For long-term testing of the electrodes, 

chronopotentiometric experiments were performed by measuring the potential required to 

produce 10 mA/cm2 of current as a function of time; the potential was later corrected 

using the measured resistance of the electrode prior to testing. During long-term testing, 

the RDE was rotated at approximately 300 rpm and slow stream of Ar gas was impinged 

on the surface to dislodge any O2 bubbles generated during the experiment.  

For rotating ring-disk electrode (RRDE) analysis of Faradaic efficiency, a glassy 

carbon disk electrode loaded with 0.24 mg/cm2 of NiSxSey catalyst was used as the 

working electrode, and a Pt ring electrode was used to reduce the O2 generated at the disk 
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to H2O2 via a 2-electron process; a Ag/AgCl (sat’d KCl) reference electrode and Pt wire 

counter electrode completed the electrochemical cell, and a CHI 700E bipotentiostat (CH 

Instruments, Austin, TX) was used to perform the analysis. An Ar-sparged 0.1M KOH 

solution was used as the electrolyte for all experiments. All of the experiments were 

background corrected by measuring the ring current at 0.435 V vs RHE and holding the 

disk at the open-circuit potential over 2 minutes while rotating at 1600 rpm; the average 

ring current of the last 60 second of the experiment was then subtracted from subsequent 

ring current measurements. For Faradaic efficiency measurements, the NiSxSey 

electrocatalyst was held at 1, 2, and 4 mA/cm2 for 2 minutes with a rotation rate of 1600 

rpm, while the ring was held at 0.435 V vs RHE. The average ring and disk currents from 

the last 60 seconds of the measurement were used to solve for equation 1, where ε is the 

Faradaic efficiency, ir is the ring current, id is the disk current, and N is the collection 

efficiency of the ring (measured as 0.39 in this system). Tests for each electrocatalyst 

were performed in triplicate, and the average values reported. 

Equation 8.1:  

8.2.4 Physical Characterization 

Powder X-ray diffraction (XRD) was performed using a Spider (Rigaku) 

diffractometer with a Cu Kα radiation source. Scanning electron microscopy (SEM) 

images were collected using an FEI Quanta 650 ESEM using a 20 kV accelerating 

voltage. X-ray photoelectron spectroscopy analysis was performed using a Kratos Axis 

Ultra photoelectron spectrometer using a monochromated Al Kα excitation source with 

spectra corrected to the adventitious C 1s peak at 284.8 eV. High resolution transmission 

electron microscopy (HRTEM) and energy dispersive X-ray spectroscopy (EDX) 

mapping using scanning-transmission electron microscopy (STEM) were all performed 
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on a JEOL 2010F transmission electron microscope with an ultra-high resolution pole 

piece. The EDX mapping was conducted using an Oxford X-MaxN 80TLE solid state 

detector. Brunauer-Emmett-Teller (BET) surface area measurements were made using Kr 

adsorption in a bath of liquid nitrogen at 77K with a Quantachrome AutoSorb iQ 

volumetric gas adsorption analyzer (Anton Paar). Due to the low amount of metal 

chalcogenide produced during our synthesis and the inherently low surface area of the 

materials (<50 m2/g), Kr was used as the adsorbate gas for all catalysts.  All samples were 

degassed at 120°C under vacuum prior to weighing to remove surface adsorbed species.  

Multi-point BET analysis was performed using Anton Paar’s ASiQ WinTM software with 

a specified P0 value of 2.63 Torr. ASiQ WinTM’s “Micropore BET Assistant” was 

employed for optimal point selection for fitting to the BET equation to determine Kr-

accessible surface areas. Total reflection X-ray fluorescence (TXRF) quantification of 

dissolved S, Se, and Ni in electrolyte solution was measured using a S2 Picofox 

spectrometer (Bruker Nano GmbH) with a Mo K excitation source. 0.995 mL of 

electrolyte solution was mixed with 5.0 µL of a Y solution, (TraceCERT, 1000 mg/L in 

nitric acid, Sigma Aldrich) to act as an internal standard. 10 µL of the resulting solution 

was dropped on to a quartz disk and dried at 70°C for 15 minutes, and the TXRF spectra 

was acquired over 300 s; three replicates were performed for each NiSxSey catalyst 

studied. External calibration for quantification was performed using a commercial 

standard (TraceCERT Periodic Mix Table 1, SigmaAldrich). The background 

concentrations of each analyte in a sample of KOH electrolyte prior to testing was also 

measured, and the quantities measured in the tested samples were background corrected 

to these values.  
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8.3 RESULTS AND DISCUSSION 

8.3.1 X-ray Diffraction Spectroscopy and Scanning Electron Microscopy 

To determine what effect chalcogen-substitution has on the hydrothermal 

synthesis of our nickel sulfoselenide electrocatalysts, we used powder X-ray diffraction 

(XRD) to analyze differences in the crystal structures of a series of materials, ranging 

from pure nickel sulfide and nickel selenide compounds to a range of S/Se ratios. For 

simplicity, the composites will be named according to a standard formula NiSxSey, where 

“x” equals the percentage of S relative to Ni, and “y” represents the percentage of Se. 

Therefore, a composite with 90% S and 10% Se would be referred to as NiS90Se10. The 

results, presented in Figure 8.1, show that these materials undergo a variety of changes 

as the S/Se ratio decreases from 9:1 to 1:1. By XRD, the Se-free material, NiS100, is 

composed of a primary Ni3S2 phase and a minor NiS impurity phase, and both phases 

have been shown to be effective electrocatalysts with comparable OER overpotentials in 

previous studies.17–20 With the incorporation of 10%Se, we observe the formation of a 

discrete NiSe peak near 33º two theta, indicating that the Ni3S2 does not accommodate all 

of the Se in the crystal lattice, and resulting in the formation of an Ni3S2/NiSe composite. 

At 25%Se incorporation, the Ni3S2 and NiSe phases become equally intense, and by 

50%Se incorporation, the Ni3S2 becomes the impurity phase in a primarily NiSe 

composite. As a comparison to the Se-incorporated Ni3S2 composites, we also report a 

pure NiSe100 sample, which is composed primarily of NiSe, with a small Ni3Se2 impurity. 
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Figure 8.1: a) XRD spectra of a series of nickel sulfoselenide composite materials. The 

primary Ni
3
S

2
 phase is gradually replaced by NiSe as more Se is added to 

the composite. b) The Ni
3
S

2
 (010) peak shows a gradual shift to lower two 

theta with increasing Se-content as more Se is incorporated into the lattice; 

(c) a similar effect occurs in the NiSe (101) peak, where increasing S-

content causes a shift to higher two theta. SEM images of the NiS
100

 (d) and 

NiSe
100

 (e) shows both composites consist of agglomerated particles 

between 0.5 and 1 µm in diameter. 

 The formation of the NiSe impurity at an S/Se ratio of 9:1 indicates that much of 

the Se is likely segregated into a distinct NiSe phase during synthesis, and suggests that 

the incorporation of the much larger Se anion into the Ni3S2 lattice is not favorable.21 

Despite this, the XRD spectra show that some of the Se does become incorporated into 
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the Ni3S2 phase. As seen in Figure 8.1b, there is a slight shift in the position of the Ni3S2 

(010) peak at 21.7º to smaller two theta with increasing Se concentration, indicative of 

the incorporation of the larger anion into the crystal lattice. Likewise, a small quantity of 

S becomes incorporated into the selenide phase, and the NiSe100 (101) peak in at 32.9º 

(Figure 8.1c) exhibits a relatively large half degree shift to larger two theta as the 

composition becomes more S-rich.15 The magnitude of this shift, as well as the 

prominence of the NiSe product over Ni3S2 at low S/Se ratios, indicates that the smaller 

S2- anion may be relatively easy to incorporate into the NiSe lattice, although the extent 

of that substitution is not further studied here. 

The XRD spectra reveal that the final product of the hydrothermal synthesis is a 

Se-doped Ni3S2 and S-doped NiSe composite material, where the relative quantity of 

each component depends on the S/Se ratio. Previous studies of pure nickel sulfide and 

nickel selenide electrocatalysts have shown that both have good OER performance, with 

similar overpotentials when tested on high-surface area Ni foam electrodes.17,22 

Importantly, however, the electrocatalysts presented in these two studies had dramatically 

different morphologies; the NiSe exhibited a nanowire morphology, while the Ni3S2 

exhibited nanosheet morphology. Because significant differences in morphology and size 

can impact the comparison of electrocatalytic performance,14 we used SEM to study the 

morphology of our mixed NiSxSey samples more closely and ensure that our synthetic 

procedure produced comparable products. As can be seen in Figure 8.1d,e, the materials 

are all composed primarily of roughly spherical particles, with diameters ranging from 

approximately 500 nm for the NiS100 material, to approximately 1 µm for the NiSe100. 

Generally, it appears that the Ni3S2-rich composites exhibit smaller particles than the 

NiSe-rich composites, but in all cases the particles appear to exhibit a degree of surface 

roughness (Figure E.1,2). The effect of any apparent roughness on the overall catalyst 
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surface area is small, however, as the Brunauer-Emmett-Teller (BET) surface areas of the 

composites measured using Kr adsorption measurements are all below 20 m2/g (Figure 

E.3). After comparing the SEM images, BET surface area measurements, and XRD 

spectra for all of the composites, we note a slight relationship between chalcogenide 

composition, morphology, and surface area. Low Se concentration (0 and 10% Se) leads 

to smaller Ni3S2 particles with larger surface areas, while increased Se-content (50 and 

100%Se) appears to induce a transformation to the larger NiSe microspheres visible in 

the SEM in Figures E.2d,e. As evidenced by the XRD spectrum in Figure 8.1, NiS75Se25 

appears to represent a transition between these two products, possessing both Ni3S2 and 

NiSe phases in abundance but generally possessing a more Ni3S2-like morphology; this 

combination appears to result in a material which breaks the trend in the relationship 

between BET surface area and Se-content. SEM images in Figures E.1c, E.2c show that 

the small Ni3S2-like particles present in the NiS75Se25 sample agglomerate more than the 

other composites, while there are also more micrometer-scale spherical NiSe particles 

visible as well. Together, both features may help to explain the anomalously-low BET 

surface area of the NiS75Se25 sample. 

8.3.2 Electrochemical Characterization 

Next, we used cyclic voltammetry to investigate the effects of these 

aforementioned differences in physiochemical properties on performance of the 

composites for the OER in alkaline solution. Using Nafion as a binder, we loaded the 

catalysts at 0.24 mg/cm2 on a glassy carbon electrode for testing in a 1M KOH solution. 

As seen in Figure 8.2a, OER performance improves as Se is incorporated into the Ni3S2 

composite. The overpotentials at 10 mA/cm2 (η10) of both the NiS90Se10 and the NiS75Se25 

samples are approximately 40 mV lower than that of the Se-free NiS100 sample. However, 
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further increasing the amount of Se to a 1:1 S/Se ratio results in an increase in 

overpotential to 412 mV, larger even than that of the pure NiSe100 (η10 = 386 mV). A 

similar trend is likewise observed in measurements of mass activity for the catalysts at 

300 mV and 400 mV of overpotential (Figure E.4), where the NiS90Se10 and NiS75Se25 

samples showed notably better performance than the other composites tested. The 

measured η10 for all composites suggest that while pure Ni3S2 is a better catalyst for the 

OER than NiSe, the addition of moderate amounts of Se produces doped Ni3S2-ySey 

catalysts with notably improved OER performance and stability, indicated by the low η10 

and the minimal change in overpotential over time in Figure 8.2b. 
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Figure 8.2: a) Averaged CVs of the NiSSe composites measured in 1M KOH. The 

addition of 10-25%Se significantly reduces the overpotential when 

compared to the pure sulfide or selenide, as well as the 50/50 mixture. b) 

Chronoamperomogram of the NiS
100

 and NiS
90

Se
10

 composites at 10 

mA/cm
2
 over 10 hours of continuous use, showing the superior stability of 

the Se-incorporated material. All experiments were performed versus a Pt 

counter electrode with an Ag/AgCl(sat’d KCl) reference electrode. 

The increase in overpotential with testing time for the NiS100 sample may be due 

in part to oxidation of the metal chalcogenide surfaces with OER electrocatalysis. 
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Previous studies have shown that metal chalcogenides tend to exhibit oxidation under 

OER reaction conditions and that the factors that govern the extent of oxidation for 

different materials are relatively poorly understood at present.14 To explore if self-

oxidative side reactions may occur at the catalyst surface during the OER, we used a 

rotating ring-disk electrode (RRDE) to calculate the Faradaic efficiency of the NiS100, 

NiS90Se10, and NiSe100 composites.23 Figure E.5 shows that over a range of applied j, the 

NiS90Se10 and NiSe100 electrocatalysts showed higher Faradaic efficiency than the NiS100 

sample, which indicates that the presence of Se reduces Faradaic side reactions during 

OER. We note that errors on the order of +/- 10% are not uncommon with this 

technique,23 and we believe that the greater than 100% efficiency observed for NiSe100 at 

higher applied current densities (106% at 4 mA/cm2) is likely due to a systematic error 

present in our testing apparatus. As such systematic error is expected to be present in 

measurements for all three composites, we can make qualitative, if not quantitative, 

comparisons of the composites’ Faradaic efficiencies. Total reflectance X-ray 

fluorescence (TXRF) analysis of the electrolytes used to test these composites for 6 hours 

at 10 mA/cm2 appears to support these results as well. Analysis of three representative 

samples (NiS100, NiS90Se10, and NiSe100), showed less dissolved Ni in solution for the Se-

containing electrocatalysts after testing (Figure E.6) than for the pure sulfide; as Ni is 

expected to be the binding site for OER catalysis, this helps explain the stability of our 

NiS90Se10 electrocatalyst. Sulfur was not observed in any samples, possibly due to in situ 

reduction at the counter electrode or to other systematic losses, and Se was observed in 

all samples, likely due to a small degree of surface contamination from the hydrothermal 

synthesis. We note that the significant quantity of Se detected in the electrolyte after 

testing the NiSe100 sample may suggest chemical etching by KOH rather than 

electrochemical oxidative degradation, given the high measured Faradaic efficiency of 
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NiSe100. Regardless, the decrease in the concentration of Ni in the electrolyte with 

increased Se content indicates that the addition of even small amounts of Se to the 

NiSxSey composite can increase (electro)chemical stability, as previously observed when 

comparing the long-term testing in Figure 8.2b.  

Notably, the addition of large amounts of S to a NiSe electrocatalyst actually 

decreased OER performance relative to an S-free material, despite the increased stability 

of Se-containing electrocatalysts at low Se concentrations. This result is significant 

because previous work on materials with a nominal NiSe crystal structure doped with S 

showed increased performance as the S/Se ratio decreased.15 Another study on an Se-

doped NiS2 material for the OER in neutral electrolyte showed that a 1:1 S/Se ratio was 

optimal, in marked contrast to the relatively poor performance of our NiS50Se50 sample.24 

Given that the materials in those previous studies were primarily NiSe and NiS2, while 

the predominant crystal structure in our most efficient composites is Ni3S2, it appears that 

the effects of S- or Se-doping may differ noticeably between metal chalcogenides with 

different crystal structures. These differences may be due in part to the ease of defect 

formation in a given crystal structure upon heteroanion incorporation. Wang et al. 

previously showed that NiCoSe nanocrystals doped with S possessed more lattice defects 

than un-doped nanocrystals, which acted as nucleation sites for formation of the active 

NiCo(OH)2 phase during catalysis.15 We postulate that the Se-incorporation evidenced in 

the XRD spectra may likewise induce defects in the Ni3S2 lattice, and may similarly help 

to form an active (oxy)hydroxide OER catalyst species. At moderate Se levels of 10% 

and 25%, Se incorporation appears to improve performance of predominantly Ni3S2 

materials. However, above this observed threshold, increasing the Se ratio results instead 

in the formation of NiSe as the dominant crystalline product with residual S acting as the 

dopant.  While NiSe-phase nanocrystals of a material with the same S/Se ratio were 
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shown to be efficient for OER,15 we observe that the production of defects might not have 

as significant of an effect in our micron-sized particles.  

To more closely probe the fundamental differences in the intrinsic OER 

performance of these materials, we calculated the BET-derived current density 

(mA/cm2
BET) by dividing the observed current densities (mA/cm2

RDE) by the 0.24 

mg/cm2
RDE loading and each electrocatalyst’s BET specific surface area (SABET, cm2/g) as 

determined by Kr adsorption (Figure E.5).  These re-normalized performance curves are 

shown in Figure E.6, and both the gravimetric and BET-derived results are summarized 

in Table 8.1. After accounting for differences in SABET, the NiS50Se50 sample still shows 

the worst OER performance of all of the composites, while in contrast to the analysis 

based on RDE surface area, the NiS75Se25 catalyst shows higher geometric activity than 

the NiS90Se10 composite; this is in agreement with previous reports on low S/Se 

materials,15 as well as the mass activity measurements of the composites at higher 

overpotentials (Figure E.4). Further, the pure NiSe100 material shows a lower SABET-

scaled overpotential than the pure NiS100 material, as previously observed by Nath and 

coworkers.7 Thus, our composites appear to show that, while the intrinsic performance of 

Se-rich nickel chalcogenides is superior to a point, the gravimetric performance of such 

composites is inhibited by their lower surface areas, which is likely caused by the 

formation of larger NiSe microspheres.  
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Table 8.1 Gravimetric overpotential, BET-derived overpotential, and BET surface areas 

of NiSxSey composites 

Several factors may explain the improved intrinsic activity observed in the Se-

containing composites. As previously mentioned, it may be due in part to the presence of 

lattice defects in the Ni3S2 material induced by the substitution of Se for S, as evidenced 

in Figure 8.1b. Alternatively, metal selenides are known to be more electronically 

conductive than metal sulfides, and thus the inclusion of Se may improve the 

conductivity of the resulting composite. Higher electrical conductivity and faster electron 

transfer within the catalyst might reduce resistive losses and improve catalyst 

performance. To determine if differences in electrical conductivity may be playing a role 

in the performance difference, we studied the electrochemical impedance spectroscopy 

(EIS) spectra of characteristic NiSxSey electrocatalysts and related this to the previously-

measured OER performance. Nyquist plots of the catalysts in Figure E.8 show that the 

pristine, untested NiS100 electrocatalyst has a significantly larger semicircle than either 

the NiS90Se10 or NiSe100 materials. This indicates that the inclusion of just 10% Se into 

the Ni3S2 material significantly improved the conductivity of the material, making it 

greater even that of a pure nickel selenide and likely contributing to the enhanced 

electrocatalytic performance observed in Figure 8.2a. Because subsequent surface 

oxidation may decrease electrocatalyst conductivity and impact measured performance, 

we also recorded the EIS spectra of the samples after 10 minutes of testing at 10 mA/cm2. 
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For all materials, the semicircles in the Nyquist plots increased in diameter after testing 

(Figure E.8), an indication of reduced conductivity that can be attributed to the surface 

oxidation suggested by the measurements of Faradaic efficiency. Among the three 

samples, NiS90Se10 showed a much smaller loss of conductivity than either the NiS100 or 

NiSe100, in good agreement with the low η10 and high stability of the material. In contrast, 

both the pure sulfide and selenide materials show much larger semicircles that are 

indicative of lower conductivities. The NiSe100 in particular shows a very large decrease 

in conductivity after testing that ultimately results in poorer conductivity than the NiS100 

sample; this agrees well with the relatively poor electrocatalytic performance previously 

demonstrated. In addition to the lower surface area of the catalyst, this evidence of 

decreased conductivity may explain its relatively low performance when compared to 

pure sulfur and 10% Se materials. Together, our EIS results suggest that conductivity, in 

addition to catalyst surface area, plays a significant role in OER electrocatalysis, and that 

the inclusion of small quantities of Se into Ni3S2 significantly improves the conductivity 

of the resulting material. 

8.3.3 X-ray Photoelectron Spectroscopy 

We next analyzed the chemical composition of the as-synthesized materials with 

X-ray photoelectron spectroscopy (XPS) and energy-dispersive X-ray spectroscopy 

(EDX) to more-fully explore the improved performance of the NiSxSey electrocatalysts. 

Using XPS deconvolution and EDX quantification, we calculated the S/Se ratios of our 

catalysts (Figure E.9a) and found that the relative amount of each chalcogen agrees well 

with the theoretical values for the desired compositions. While the NiS90Se10 (S/Se theo. 

= 9.0) material shows a relatively low S/Se ratio of approximately 5.3 from XPS, this 

may be due to surface oxidation of the materials following synthesis. Such surface 
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oxidation is supported by the much higher S/Se value of 7.5 obtained via EDX (which 

has a much larger probe depth and is not as sensitive to surface oxidation). Indeed, closer 

analysis of the O 1s spectra for all materials (Figure E.9b) shows a significant hydroxide 

peak near 531 eV, which likewise indicates that the surface has oxidized even before 

testing. Notably, as the S/Se ratio decreases, so does the quantity of oxidized material at 

the composite surface, as can be seen in both the chalcogen (S 2s/Se 3s) and oxygen (O 

1s) spectra for the NiS100, NiS90Se10, and NiSe100 materials in Figures 8.3b,c and for all 

other samples in Figure E.9b,c. In all cases, the S 2s and Se 3s spectra contain both a 

primary metal sulfide/selenide peak (226.2 eV for S and 228.9 eV for Se) and an 

accompanying oxidized S or Se peak approximately 3 – 3.5 eV higher. All Se-containing 

composites show less oxidation than the pure NiS100 sample, and within the Se-

containing samples, NiS90Se10 and NiS75Se25 show the smallest quantity of oxidized 

material (Figure E.9d).  Similarly, as the S/Se ratio decreases, the Ni/Ni-X peak in the Ni 

2p 3/2 spectra becomes more pronounced and shifts from 853.1 eV for NiS100 to a value 

of approximately 852.3 eV for NiSe100 (Figure 8.3a), as indicated by the dashed line. 

Combined, analysis of these spectra suggest the presence of a more metallic and less-

oxidized surface for Se-containing composites. Differences in the Ni spectra of nickel 

sulfide, selenide, and telluride materials have been previously regarded as an indicator of 

the improved resistance to oxidation exhibited by the Se and Te materials.7,25 Thus, an 

increase in metallic character with increasing Se-incorporation for 10% and 25% 

composites not only agrees with the increasing quantity of NiSe visible in the XRD 

spectra, but may also indicate that the composite material is more resistant to oxidation 

than the pure Ni3S2 electrocatalyst. 
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Figure 8.3: a) Ni 2p 3/2 XPS spectra of all NiSSe composites, showing a gradual shift to 

lower binding energies with increasing Se-content, indicating a more 

metallic character b) XPS spectra of the S 2s and Se 3s regions for the 

NiS
100

, NiS
90

Se
10

, and NiSe
100

 samples. The addition of Se results in a 

decreased quantity of oxidized chalcogen at the surface. c) O 1s XPS spectra 

for the NiS
100

, NiS
90

Se
10

, and NiSe
100 

composites, showing the contributions 

from surface hydroxides (red), oxides (green), and adsorbed water (purple). 

The addition of Se reduces the quantity of NiO
x
 species at the surface. d) Se 

3d spectra for the NiS
50

Se
50

 composite, showing contributions from single 

and dichalcogenide bonds, as well as oxidized selenium species. 
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In agreement with the higher oxidation resistance of Se species, closer inspection 

of the Se 3d region for all composites (Figure 8.3d, E.9d) shows only a small degree of 

oxidized Se is present, and that the predominant Se species present is typically assigned 

to nickel selenide compounds, with a 3d 5/2 peak at approximately 53 eV.26 As 

previously noted by Cui and coworkers on Co chalcogenide OER catalysts, selenides and 

tellurides tend to be more resistant to oxidation than corresponding sulfides.27 Theoretical 

evidence of this can be observed when comparing Pourbaix diagrams for pure sulfide, 

selenide, and telluride materials (Figure E.10).28–30 In general, both Ni3Se2 and Ni3Te2 

appear to be more stable than Ni3S2 across a wide range of pH and potential, although we 

do note that they are all expected to oxidize under OER conditions. Regardless, this data 

suggests that these materials possess a greater intrinsic stability, possibly due to the more 

metallic character of the material indicated by the Ni 2p region. In addition to the primary 

metal selenide peak, fitting of the spectrum reveals a second doublet of Se 3d peaks, 

however, with the 5/2 peak located at approximately 54.5 eV. This peak is more reduced 

than that of elemental Se,31  and therefore may instead be evidence of the surface 

presence of cubic NiSe2, which exhibits a Se-Se bond.32 Previous work has shown that 

the S 2p spectra of S-rich molybdenum sulfides likewise exhibits both a lower binding 

energy (BE) peak, representative of direct Mo-S-Mo bonds, and a higher BE peak, 

representative of Mo-S-S-Mo bonds.33 The existence of NiSe2 agrees well with the 

observed XPS spectra, and we can infer from the lack of associated peaks in XRD that 

this phase is likely in low abundance and may in fact only exist at the surface. Typically, 

the NiSe2 phase accounted for approximately 20-25% of the total selenide species at the 

surface for all the Se-containing materials. As there does not appear to be any correlation 

between the presence of NiSe2 and improved OER performance, we do not think it plays 

a significant role in the observed differences in η10. 



 188 

Instead, OER performance is more closely related to the percentage of oxidized 

chalcogen present at the material surface prior to testing. By quantifying the amount of 

oxidized S and Se species in Figure E.9b, and then comparing this percentage to the η10 

for each sample, we find similar changes in both the overpotential and the extent of 

surface oxidation as level of Se incorporation changes (Figure E.11). Both the Ni3S2-rich 

and the NiSe-rich composites show a clear decrease in η10 with decreasing S-O and Se-O 

species, and given that a material’s surface species either contribute directly to the OER 

catalytic processes or indirectly influence the formation of other active sites and the 

overall electrical conductivity of the material, small changes in initial surface chemistry 

of an electrocatalyst can have significant impact on its OER performance. Previous work 

on a series of Ni-Se compounds showed that a previously-oxidized NiO catalyst 

performed worse than a fresh NiSe catalyst which was oxidized during testing, 34 and 

other studies have shown that the type of oxidized surface species can play a large role in 

catalytic performance. For example, our group has previously shown that nickel sulfide 

catalysts fully oxidized to an amorphous hydroxide exhibited better OER performance 

than initially oxidized materials,35 and Cui and coworkers showed similar results on a 

series of Co-based chalcogenides.36 Thus, we hypothesize that, in agreement with prior 

studies demonstrating the stability of Se-compounds towards oxidation,25  the 

introduction of Se into the Ni3S2 lattice mitigates oxidation of the surface prior to testing 

and may induce lattice strain (evidenced in Figure 8.1b) which creates more active sites 

for the OER. While S-incorporation into NiSe particles may also induce this 

defect/nucleation site effect, the presence of an excess of S (with its inherently lower 

resistance to oxidation) may result in more adverse surface oxidation on these composites 

even prior to catalysis. Further, our particles are much larger than those of Wang et al.,15 
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and thus lattice defects may have less of an overall effect on the OER than surface 

oxidation for the larger NiS50Se50 particles. 

8.3.4 Transmission Electron Microscopy 

To study this oxidation behavior with much higher resolution, we used high-

resolution transmission electron microscopy (HRTEM) and EDX mapping to examine 

catalyst oxidation before and after OER testing. To prepare materials for this comparison, 

chronopotentiometric stability experiments were performed on both composites, with the 

results reported in Figure 8.2b. Electrode stability was tested at a current density of 10 

mA/cm2, and initially both the NiS100 and NiS90Se10 composites exhibited similar 

overpotentials near 375 mV. As the experiment progressed, however, the overpotential 

for the NiS100 sample increased by approximately 20% over 10 hours, while the NiS90Se10 

electrocatalyst did not exhibit any notable increase. The samples were run until failure, 

and the NiS100 sample failed after approximately 11 hours, while the NiS90Se10 sample 

failed after approximately 22 hours (Figure E.12). This result agrees with our hypothesis 

regarding the stabilizing effect of the incorporated Se and is comparable to previously 

reported stabilities from Zeng et al. in neutral electrolyte.24 Following testing, the 

electrocatalysts were removed from the GC electrode via sonication and studied using 

HRTEM. 

HRTEM analysis of the NiS100 material prior to testing shows that the micron-

scale particles observed in the SEM images (Figure E.1a) are agglomerates of crystalline 

particles roughly 50 nm in diameter (Figure E.13), with additional crystalline particles 

less than 10 nm in diameter (Figure E.14). Fast Fourier transform (FFT) analysis of the 

HRTEM images shows that the crystalline interior of the particles is composed of a 

mixture of NiS and Ni3S2 (Figure E.14), in agreement with the XRD spectrum. Of note, 
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the HRTEM shows the presence of a sub-10 nm layer of mostly amorphous material 

surrounding the particle, which EDX mapping confirms to be O-rich (Figure E.14b). 

This O-rich region also corresponds to the NiO species found in HRTEM, which 

indicates that the NiS100 catalyst exhibits both crystalline and amorphous oxide formation 

prior to OER testing; such oxidation corresponds to the hydroxide and oxide peaks 

observed in the O 1s XPS spectrum of the material. In contrast, HRTEM images of the 

as-synthesized NiS90Se10 (Figure E.15a) show a much thinner amorphous layer on the 

imaged particles (Figure E.15c). Lattice measurements show that these particles are 

composed primarily of NiS, Ni3S2, and NiSe phases, with evidence of NiOOH in the 

particle at spot 1, without any clear indication of NiO; this is in agreement with the 

previously-discussed XPS results (Figure 8.2b). Similarly, the lower degree of oxidation 

visible in the EDX map of the composite (Figure E.15b) indicates a diffuse amount of O 

in the material that, while most visible at the edges of the particles, is not as concentrated 

as in the NiS100 composite. Overall, this data supports our hypothesis regarding the 

increased resistance to oxidation exhibited by the NiSxSey composite materials. 

After stability testing, both NiS100 and NiS90Se10 materials showed the formation 

of a clearly oxidized shell of material surrounding an un-oxidized core (Figure 8.4b,d), 

while also maintaining a homogeneous distribution of Ni, S, and Se in the un-oxidized 

regions (Figures E.16,17). Such behavior has been previously observed in other Ni 

sulfide-based electrocatalysts, with both amorphous and crystalline metal 

(oxy)hydroxides observed as surface products.35,37 While the oxidized layer in the tested 

NiS100 sample shows particles with clearly visible crystal lattices (Figure 8.4c), the 

surface of the tested NiS90Se10 sample appears to be much more disordered (Figure 8.4e). 

Similarly, the thickness of the resulting oxide layer appears to differ with Se-

incorporation. From EDX mapping, the depth of the oxidized layer on the NiS100 sample 
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appears to have doubled with OER testing, from ~10 nm to approximately 20 nm over 10 

hours of testing. The NiS90Se10 sample also experiences growth, but only from 1-2 nm to 

10 nm and over a much longer exposure of roughly 20 hours. Comparing the two 

samples, the slower rate of oxidation exhibited by the NiS90Se10 sample appears to be 

further evidence of the stabilizing effect of Se-incorporation.   
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Figure 8.4: TEM image of post-OER NiS100 (a) with accompanying EDX mapping (b) 

showing the formation of an oxidized shell approximately 20 nm thick 

surrounding an un-oxidized interior. HRTEM shows that the oxidized region 

appears relatively crystalline, and composed of NiO, while the interior is 

composed of Ni3S2. EDX mapping of the NiS90Se10 material (d, scale bar 

10 nm) shows a similarly oxidized surface, that is much thinner (10 nm) 

with HRTEM and FFT (e) likewise corresponding to NiO at the surface and 

Ni3S2 in the bulk. This oxide appears less particulate than then NiS100 

material, however. 

 

a) 

b) 

c) 

d) e) 

Ni + O 

Ni + O 
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The formation of an apparent core-shell particle after OER testing is interesting, 

as there is significant evidence to suggest that metal chalcogenides, and sulfides in 

particular, are inherently unstable under alkaline OER reaction conditions.5,27,35 

Frequently, post-OER analysis shows that these materials are completely oxidized after 

testing,35 although it appears as though the deliberate incorporation of metals like Fe or 

Co may inhibit this;6 we believe that the Se in our materials may be inducing a similar 

effect. Additionally, many previous reports on nickel sulfides explored NiS and NiS2 

compounds rather than the Ni3S2 material present here. Work from Nath and coworkers 

has shown that both Ni3Te2 and Ni3Se2 possess superior oxidative stability when 

compared to other telluride and selenide phases,7,25 thus, it is possible that Ni3S2 may 

likewise possess increased stability toward surface oxidation as compared to NiS or NiS2 

even before the addition of Se. Therefore, we suggest the minimal oxidation of NiS90Se10 

observed after long-term testing is a result of enhanced oxidative resistance due to both 

Se-incorporation and this Ni3S2 phase. Regarding performance and stability, Se-

incorporation likely induces the formation of a more defective, active amorphous 

oxidized layer at the surface and increases the conductivity of the material as compared to 

an Se-free material. The increased conductivity of the material may also help explain the 

improved stability of the NiS90Se10 material. Due to the increased conductivity and OER 

performance of the electrocatalyst, less internal resistive loss occurs and lower 

overpotentials are required to drive the OER forward, reducing the likelihood of parasitic 

side reactions like self-oxidation. Our measurements of Faradaic efficiency (Figure E.5) 

show that NiS100 shows reduced efficiency for the OER at higher applied current 

densities (and larger overpotentials) when compared to the NiS90Se10, providing support 

for this hypothesis. In this way, the Se-incorporation would increase the stability of the 

material by increasing conductivity, and thereby indirectly mitigate undesired reactions. 
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Combined with the likely-higher intrinsic stability of the Ni3S2 phase and the lattice 

defects in the particles, this could explain why NiS90Se10 shows the best performance of 

all materials studied here, as it combines proper crystal phase, active lattice defects, and 

increased conductivity to improve electrocatalytic performance and minimize damage to 

the catalyst. 

8.4 CONCLUSIONS 

In summary, we have used a scalable hydrothermal synthesis to create series of 

nickel sulfoselenide materials for use as OER electrocatalysts in alkaline solution. 

Through this method, we created composites consisting primarily of Se-modified Ni3S2 

from precursor mixtures with low Se concentrations, while a S-modified NiSe phase 

became more abundant with increasing precursor Se concentration. The predominant 

products and the relative extents of Se- or S-incorporation were monitored by XRD, 

while interrogation by XPS and EDX confirmed that the desired overall S/Se ratio was 

achieved. SEM and HRTEM measurements revealed that the synthesized materials were 

micron-sized clusters of smaller nanocrystals, and Kr surface adsorption analysis 

determined that all of the materials possessed similar BET surface areas (< 20 m2/g). 

Surface chemistry analysis with XPS suggested that Se addition appeared to reduce the 

extent of oxidation in the composites, resulting in more hydroxide than oxide species on 

the surface. OER overpotential measurements showed that Se-modified Ni3S2 possessed 

superior catalytic ability and stability when compared to the other composites, with 

NiS90Se10 having an η10 of 318 mV and stable performance over 20 hours. Improvement 

in electrocatalytic performance was correlated to a decrease in the amount of oxidized S 

or Se (determined via XPS) decreased, leading us to conclude that Se-incorporation may 

promote the formation of lattice defects that lead to fewer, but more active initial 
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(oxy)hydroxide species, which in turn act as the true OER electrocatalyst material. 

Further, EIS spectra shows that Se-incorporation leads to a more conductive material, and 

this increase in conductivity may also improve electrocatalytic performance and stability 

by reducing the overpotential needed to perform OER and thus reduce undesired side 

reactions like self-oxidation, as supported by Faradaic efficiency measurements. This is 

further supported by HRTEM and EDX analyses, which show clear differences in the 

type and extent of oxidized products that form on NiS100 and NiS90Se10 electrocatalysts 

before and after long-term OER testing, indicating a lower extent of oxidation in Se-

containing Ni3S2 materials. Together, our results suggest that mixed chalcogenides 

represent an exciting new class of OER pre-catalysts where differences in chalcogen 

composition can impact the physicochemical and electrochemical properties of both the 

as-synthesized metal chalcogenide and the final electrocatalytically-active metal 

(oxy)hydroxide. Further exploration of these exciting materials to better understand their 

structure-property-performance relationships should allow for rational engineering of 

efficient earth-abundant Ni electrocatalysts with enhanced performance and stability. 

With lower associated material and operating costs, widespread implementation of 

renewably-powered water electrolysis technologies could become a viable solution for 

sustainable hydrogen production for carbon-free fuels and industrial feedstocks. 
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Chapter 9: Conclusions and Future Work 

9.1 CONCLUSIONS OF PRESENTED WORK 

Renewable energy sources like solar power offer the potential for abundant, 

inexpensive energy, but improvements in our understanding of the materials that make 

harnessing and storing this energy possible are essential to making this potential reality. 

Through our work presented here, we have explored both halves of the problem and 

offered insight into how the underlying chemistry of materials used in photovoltaic 

devices and as electrocatalysts for the oxygen evolution reaction (OER) impacts 

electrochemical performance and material stability. Regarding photovoltaics, in Chapters 

2 and 3 we conducted an in-depth analysis of the moisture-induced degradation chemistry 

of the quasi-2D Ruddlesden-Popper phase (RPP) perovskite n-butylammonium 

methylammonium lead iodide (nBA-MAPI) using a combination of analytical techniques 

such as time-of-flight secondary ion mass spectrometry (ToF-SIMS) and confocal 

fluorescence microscopy (CFM). We showed that the quasi-2D perovskite is more stable 

than the related 3D methylammonium lead triiodide (MAPI), due to the formation of a 

passivating layer of more thermodynamically-stable low-n RPP perovskite at the surface 

of the RPP film. This layer forms through a unique disproportionation process and 

reduces the interaction of the bulk film with moisture, reducing the rate at which the 

material degrades. This process cannot occur in the 3D material, thus the chemical 

composition of nBA-MAPI explains the greater stability of quasi-2D perovskites. 

Additionally, we showed that the formation of this passivation layer is accompanied by 

the growth of small crystallites of the same low-n RPP material, both at the surface and 

within the interior of the RPP film. Using atomic force microscopy and CFM, we probe 

the growth and development of these crystallites, and propose a mechanism to explain 
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their growth which is linked to the disproportionation previously observed. These results 

indicate that disproportionation of RPP perovskites, while beneficial, must be carefully 

controlled to limit undesired physical changes. 

In Chapter 4, we expand our investigation of RPP perovskites to include an n-

hexylammonium-based material (hexyl-MAPI) and compare its performance and stability 

to that of the previously studied n-butylammonium-based perovskite (here referred to as 

butyl-MAPI rather than nBA-MAPI) to better understand how the chemical composition 

of RPP perovskites affects their degradation chemistry under humid conditions. Using 

both photoluminescence (PL) spectroscopy and ToF-SIMS, we found that the hexyl-

MAPI is more stable than butyl-MAPI when comparing devices made with both Ag and 

Au contacts, correlating to less disproportionation of the hexyl-MAPI during moisture 

exposure. Further, we show that the halide mobility of the stable n = 2 RPP perovskite 

phase in hexyl-MAPI is lower than that of the same phase in butyl-MAPI. This result has 

significant implications for device stability, as together with ToF-SIMS measurements, it 

indicates that the rate of iodide leaching from the perovskite is directly related to the 

overall stability of the material. This result helps explain the increased stability of the 

hexyl-MAPI devices, and further shows the importance of chemical composition when 

fabricating new perovskite PV materials. 

Following our investigation of organolead halide perovskite stability we next 

explored how chemical composition affects the transition metal oxides and chalcogenides 

used as electrocatalysts for the OER in total water electrolysis. In Chapter 5, we found 

that the addition of both Sc and Fe to a strontium cobalt oxide (SCO) perovskite forces 

the lattice to adopt a more tetragonal crystal structure, and in doing so showed the crystal 

structure of the material does not determine its OER performance. Instead, the choice of 

metal added has a much larger impact, with Fe significantly reducing the OER 
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overpotential of an Fe-SCO catalyst compared to either Sc-SCO or undoped SCO. Based 

on electrochemical measurements and characterization using X-ray photoelectron 

spectroscopy (XPS) and transmission electron microscopy (TEM), we concluded that the 

presence of redox-active Fe improves the OER performance of SCO by buffering the 

overall oxidation state of the oxide material during OER. 

Building on this evidence of the importance of chemical composition in OER 

electrocatalyst materials, in Chapter 6 we choose to explore how altering the relative ratio 

of two anionic species affects the performance of a nickel sulfoselenide catalyst. X-ray 

diffraction spectroscopy shows that during hydrothermal synthesis, some Se is 

incorporated into the crystal lattice of the nickel sulfide materials, in addition to the 

concurrent synthesis of a S-incorporated nickel selenide phase. Electrochemical tests 

show that the Se-incorporated nickel sulfides have improved OER performance and 

lower electrical resistance due to the Se-addition. Further study using TEM and energy 

dispersive X-ray spectroscopy shows that while both the pure sulfide and composite 

sulfoselenide materials undergo oxidation during OER, the sulfoselenide materials are 

more resistant to this oxidation and therefore more stable. Importantly, however, we 

found that the resulting nickel (oxy)hydroxide at the surface of both materials is the true 

electrocatalyst species, while the initial metal chalcogenides are best thought of pre-

catalysts.  

9.2 FUTURE DIRECTIONS 

The results of our work suggest that additional research in the following areas 

may help improve the performance of both organolead halide perovskites and transition 

metal-based OER electrocatalysts. For the quasi-2D perovskites, the formation of the 

small crystallites we observed is likely a result of the inhomogeneous composition of 
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RPP thin films as a function of depth, creating films with a n-phase gradient and low-n 

nuclei deep in the film bulk. Thus, homogenization of these films may inhibit the 

formation of these crystallites following exposure to moisture, increasing the mechanical 

and chemical stability of the films. Alteration of the hot casting method used to create the 

RPP perovskite thin films may offer one means to control film composition, as may 

changing the chemical composition of the material. Our work on hexyl- and butyl-MAPI 

shows that even a simple change in composition can dramatically affect the chemical 

stability of the final RPP perovskite, and investigation of new alkylammonium species 

beyond n-butylammonium and n-hexylammonium may allow for even more dramatic 

changes in stability. Likewise, mixing of different alkylammonium species in a single 

material may also induce significant changes to material stability. This could be achieved 

by mixing multiple alkylammonium species into a single precursor solution, such as a 

50/50 hexyl/butyl-MAPI, or by replicating the synthesis of the 2D/3D MAPI in Chapter 2 

using an RPP perovskite thin film rather than the 3D MAPI previously investigated. The 

result would be a composite quasi-2D perovskite, with a surface passivation layer 

composed of one alkylammonium species and a bulk composed of another, likely 

possessing unique chemical properties. 

In the field of OER electrocatalysts, much work remains to be done if we are to 

understand the transformation of a metal chalcogenide pre-catalyst into a metal 

(oxy)hydroxide electrocatalyst. The role that the initial chalcogenide composition plays 

on the rate of self-oxidation is still not well understood, and carefully controlled in situ 

studies using techniques like Raman spectroscopy and even ambient pressure XPS may 

offer details into how the process proceeds. Likewise, how chalcogenide composition 

affects the properties of the final (oxy)hydroxide is poorly understood as well, and 

surface sensitive techniques like XPS, TEM, and ToF-SIMS may be useful in probing for 
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the presence of chalcogenide species left within the (oxy)hydroxide layer, in addition to 

other chemical differences that may impact performance. Building on these more 

fundamental studies, our work with nickel sulfoselenide materials shows that metal 

mixed chalcogenide materials represent an exciting new class of OER pre-catalyst, where 

the relative ratio of the different chalcogenide species can make a significant impact on 

chemical properties and electrochemical performance in the resulting electrocatalyst. The 

similar chemistry of the Group 16 elements (O, S, Se, Te) suggests that a wide variety of 

mixed chalcogenide materials are possible, opening the door to the tuning of chemical 

composition and the rational design of improved metal chalcogenide pre-catalysts for the 

OER. Hydrothermal synthesis offers a simple, broadly applicable method for 

synthesizing these materials, as described in Chapter 6, but other techniques like 

mechanochemical synthesis and electrodeposition may also be useful in creating these 

materials. 

In all, the future of renewable energy production and storage is bright, and many 

paths exist to further improve the materials that currently make these processes possible 

and to discover new materials for future applications. Through careful control of 

chemical composition, we believe it is possible to understand, and therefore exercise 

control over, the underlying processes that impact the performance and stability of both 

photovoltaic and electrocatalytic materials, thus enabling advances to a variety of 

electrochemical materials for renewable energy applications. 
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Appendix A: Supporting Information for Chapter 3 

A.1 SUPPLEMENTAL DISCUSSIONS 

A.1.1 Hydrophobicity of quasi-2D perovskite materials 

Density functional theory (DFT) studies have shown that the enhanced van der 

Waals interactions of the longer alkyl chain on the A’ linker molecule (n-

butylammonium, or nBA, here and phenylethylammonium in previous work) help to 

stabilize quasi-2D perovskite phases with lower n.1 This increases the desorption energy 

of the molecule relative to methylammonium (MA), and acts to stabilize the otherwise 

unprotected PbI2 surface. While not directly cited in this work, it is also reasonable that 

the relative hydrophobicity of the A’ alkyl chain, which is related to the relative strength 

of the van der Waals interactions, will also decrease the interaction of water at the 

exposed surface. A stable, low-n nBA-MAPI phase would have a proportionally higher 

quantity of hydrophobic nBA relative to a higher-n phase, potentially making the effect 

more pronounced. In 2D/3D MAPI systems treated with both butylammonium and 

octylammonium, such an increase in hydrophobicity with the presence of long alkyl 

chains has previously been observed.2 The authors observed an increasing contact angle 

as the length of the alkyl chain on the alkylammonium cation increased (methyl to butyl 

to octyl), and this was positively correlated with increased stability in both XRD 

measurements and device performance. Other works have also mentioned the increased 

hydrophobicity of these molecules, but usually only note in passing that it protects the 

interior of the perovskite from water diffusion by inhibiting the migration of water into 

the film interior.3–5 

Thus, while the effect of hydrophobicity is undoubtedly important, it is difficult to 

fully disentangle from the increased thermodynamic stability of the alkyl chain-rich low-
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n phases. Furthermore, hydrophobicity will almost certainly be directly impacted by the 

crystallographic orientation of the quasi-2D perovskites in the films and their 

predominant surface; this can be demonstrated in two distinct cases. In Case I, hot casting 

of the quasi-2D perovskites films has been shown by us and others5 to create films where 

the perovskite sheets are stacked orthogonally to the substrate; each sheet is expected to 

terminate in a methylammonium-terminated edge and possess long planes of A’ 

perpendicular to the substrate (Figure A.6b). Conversely, the theoretical calculations by 

Quan et al. were performed on surfaces that would be terminated almost exclusively in 

A’ linker molecules, and thus such crystals would be oriented parallel to the substrate 

(Case II). An example of this can be found in a work studying the thermal stability of 

such perovskites treated to create a 2D/3D structure similar to the system that we present; 

the authors propose that the crystals grains will be coated in a uniform layer of the linker 

molecule.6  

Assuming idealized surfaces for Case I and II on a pure 2D perovskite, and 

ignoring low-n phase stability and our proposed disproportionation momentarily, 

diffusion of water into the films would almost certainly occur at very different rates. In 

Case I, water would diffuse more slowly along, or completely fail to penetrate into, the 

long planes of nBA molecules perpendicular to the substrate, as has been previously 

suggested.4,5 Unfortunately, it seems equally probable that water would then simply 

penetrate into the depth of the film through the relatively unprotected methylammonium-

terminated sheet edges, offsetting this advantage. Case II would prevent this attack from 

the top edge almost entirely, offering a hydrophobic surface with which water would be 

unlikely to interact strongly. Extrapolating from Case I, moisture related damage would 

then need to travel laterally from the edge of the film to the center, and thus the apparent 

rate of degradation would be much slower when compared to Case I, as the distance from 
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edge-to-center is much larger than from surface-to-center. The trade-off, however, is that 

this surface coating of nBA would be expected slow charge transfer out of the perovskite, 

and indeed, may explain some of the slow carrier mobility measured in such films.5,7 

Work on nanoparticle-based systems has shown that charge transfer will still occur, but 

would likely be slower than in Case I.8 In summary, in Case I water diffusion would be 

inhibited in the lateral plane of the perovskite, but unimpeded in the vertical direction; in 

Case II, diffusion of moisture would be limited in the vertical plane, but unhindered in 

the lateral plane of the film. 

Finally, with these two examples in hand, we can attempt to apply these principles 

to our particular 2D and 2D/3D systems and predict what effect hydrophobicity may 

have. Starting with the 2D/3D system, based on the ToF-SIMS profile in Figure A.17c 

and previous work on similar systems,6 there is a sub-10 nm layer of nBA-MAPI at the 

surface of the film, oriented as in Case II, and a thin surface coating of nBA on some 

portion of the 3D MAPI grain boundaries throughout the film depth. Together, this would 

inhibit water diffusion through the cell both laterally and vertically. For the 2D film, 

XRD evidence suggests that the dominant orientation for the film must be similar to that 

in Case I, and that while water diffusion through the film would be lower than in pure 3D 

MAPI, it will still suffer from attacks to the vertical sheet edges. We postulate that a thin 

layer of nBA could substitute for the MAPI on the extreme outer edge of the perovskite 

sheet, increasing stability as in Case II, but there is no way to determine this definitively. 

Instead, in such a case, it is very likely that the increased thermodynamic stability is 

imparting the increased resistance to moisture. 
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A.1.2 Spectroscopic and physical effects of nBA-MAPI disproportionation 

PL spectroscopy has been used to probe the existence and relative location of 

various n-phases within quasi-2D perovskite thin films,7,9–12 but care must be taken to 

account for the electronic band structure of these materials. Due to the effects of quantum 

confinement on the perovskite chromophore, adjacent (n) and (n-1) perovskites will form 

type II heterojunctions, leading to rapid energy transfer from low- to high-n species.7,9,10 

Steady-state PL experiments show that the front of hot-cast perovskite films, such as 

those used in this study, have a predominately high-n character, and a back with 

predominately low-n character; this allows electrons and holes to be separated within the 

film under illumination.10 Transient absorption (TA) and time-resolved PL of the films 

show that the typical steady-state spectra hide the presence of low-n species at or near the 

surface, however.7,9 Sargent and coworkers have shown that the PL spectra of these films 

at sufficiently short time scales (>5 ns) show the presence of n = 2, 3, and 4 species, but 

that due to the type II band alignment of the perovskites, photogenerated carriers 

produced in the low-n layers are rapidly shuttled to the bulk 2D perovskite phase. There, 

they eventually undergo radiative recombination via PL and produce the characteristic 

steady-state spectrum with a single peak near 1.75 eV. Thus, in order to observe an 

increase in PL for n = 3 and other intermediate n phases that we see in our degraded 

nBA-MAPI film (Figure 2.3c), something must be inhibiting the migration of carriers in 

our film.  

To investigate if film topography could have an effect on this inhibition, we 

probed the surface of the nBA-MAPI film using atomic force microscopy (AFM) before 

and after exposure. For the fresh film, we observe a relatively flat surface (RMS 23.9 nm) 

composed of flat crystal grains ranging from 100 nm to 1 μm in diameter (Figure A.11a). 

Based upon the work of Yuan et al. it is likely that these grains may consist of a variety 
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of different n-phases, or may themselves each be a separate phase,9 but together they 

represent a disordered layer with an inhomogeneous energy surface (Figure A.11c,e). 

After 8 hours of exposure to humidity, the surface looks remarkably similar on the whole, 

but now also features distinct crystal-like structures which appear to be growing normal 

to the surface (Figure A.11b). This orientation and their small size may explain why they 

are not clearly indicated by the XRD in Figure A.5. While many are visible at the site of 

grain boundaries, there are a number of crystals that appear to have grown from within 

the center of the larger perovskite grains. The crystals have an average thickness of 110 

nm, range in length from 100 nm to almost a micron, and generally project slightly from 

the surface of the film (>20 nm). Regarding the identity of these new structures, bulk 

quasi-2D perovskite single crystals are known to crystalize as large flat plates,13 but more 

importantly, the morphology of these new structures is very similar to that observed by Li 

et al. when they grew low-n perovskite crystals on the surface of a PbI2 film.12 In 

agreement with this, the WAXS spectra of an nBA-MAPI film (Figure A.12b,c) exposed 

to moisture for 8 hours shows the formation of clear rings near qy = 0.6 Å, which we can 

index to the n = 4 (060) and n = 2 (020) reflections.13  The appearance of these rings in 

the WAXS coincides with the formation of the randomly oriented platelet-structures in 

the AFM, making it very likely that these structures are composed of low-n nBA-MAPI 

phases. Based on these results, we hypothesize that as the nBA-MAPI degrades, the 

surface undergoes some degree of structural reorganization to reduce entropy in the film 

and produces discreet structures composed of low-n nBA-MAPI perovskite phases. 

Concurrently, some areas of the initial disordered layer are preserved, possibly growing 

in thickness as degradation slowly proceeds toward the interior of the film (Figure 

A.11d). We propose this degraded surface layer likely acts as a protective coating which 

slows this degradation of the bulk perovskite film, however, in agreement with our 
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electrochemical results. Together, these structural and crystallographic changes are 

consistent with the enhanced stability of low-n perovskite phases first reported by Sargent 

and coworkers.1  

These discreet low-n structures may also help explain the increased PL intensity 

for low-n species that we observe in our steady state experiments. As these structures 

form and likely degrade from the outside in, they would naturally create structures with a 

low-n surface surrounding a higher-n interior. Based on reported band positions and 

relative band structures for these quasi-2D perovskites, this could give rise to one of two 

distinct quantum well-like band structures within these platelets.14,15 In the first case, 

given the band structure first reported by Cao et al. for n-butylammonium-based quasi-

2D perovskites,14 the various adjacent n-phases would form a series of type II 

heterojunctions. As can be seen in Figure A.11f, carriers photogenerated inside the 

structure would tend to flow downhill to the high-n phases at the core (here composed 

largely of n = 3 and 4) and become trapped, eventually recombining and emitting PL at 

the wavelengths we observe in Figure 2.3b. Additionally, 3D MAPI produced as a 

byproduct of degradation at the outside of these structures could likewise collect 

electrons from neighboring phases, producing the increase in 3D MAPI PL that we 

observe. Meanwhile, holes would migrate to the low-n edges of the structures and 

become caught in shallow trap states.7 Once trapped, they would eventually recombine by 

largely non-radiative trap-assisted processes, as previously observed for most trapped 

carriers in organolead halide perovskites.16 Transfer of electrons to high-n phases and 

holes to low-n phases has been observed in several studies using ultrafast transient 

absorption spectroscopy,7,9,12,17–20 and such transfer agrees well with the relative band 

alignments these groups propose using ultraviolet photoelectron spectroscopy (UPS). 
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In the second case, recent work from Kahn et al. has suggested that when an n and 

n+1 phase are adjacent to each other, a type I heterojunction forms instead of the 

previously proposed type II heterojunction.15 From density functional theory (DFT), they 

find that these perovskites possess a low density of states near the valence band 

maximum that makes accurate determination of the exact position of the valence band 

maximum and conduction band minimum difficult using UPS alone.15,21 Further, they 

show that the two band edges are composed primarily of Pb and I states, indicating that 

neither the butylammonium spacers nor the methylammonium inside the perovskite 

lattice will have a significant impact on the electronic structure near the band edges.15,21,22 

Together, this suggests altogether different band structure will form within the platelets at 

the surface, presented here in Figure A.11g. In this configuration, electrons will still 

collect in the interior of the crystals, as in the previous case, but holes will no longer 

collect at the outer edges of the platelet. Instead, the holes will also transfer to the higher-

n phases within of the interior along with the electrons. This would provide a ready 

source of both electrons and holes for radiative recombination, and agrees with the 

increased PL we observe for our films. While more investigation is needed to definitively 

determine whether a type I or type II heterojunction is formed in these quasi-2D 

materials, it seems probable that either band alignment would result in the electronic 

isolation of n = 2, 3, and 4 phases produced by degradation within the surface crystallites. 

This isolation prevents the extraction of photogenerated-charges into the high-n phases of 

the bulk and allows us to observe the formation of these phases via degradation in the PL 

spectra of our films. 
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A.1.3 Water diffusion and damage at the perovskite/PEDOT:PSS interface 

There are two interfaces at which the perovskite absorber layer can interact with 

the outside environment: the top where it contacts C60, and the bottom where it contacts 

PEDOT:PSS. Either interface could be damaged by water which has diffused there, and 

must be considered when assessing stability. Regarding the top (C60/perovskite) interface, 

the largest chemical changes visible in the ToF-SIMS profiles occur at this interface. As 

seen in Figure 2.6a,c, MAPI shows clear formation of new inorganic (PbI2
-) and organic 

(C2N
-) and CH2

-) peaks here, and both the nBA-MAPI and 2D/3D MAPI show more 

notable peak broadening at this interface when compared to the back interface 

(perovskite/PEDOT). Further, when comparing the relative stabilities of the MAPI and 

2D/3D MAPI devices, it is apparent that the surface treatment appears to have 

significantly improved the stability of this 3D perovskite. While the depth profile in 

Figure A.17a does show some degree of penetration into the film by the nBA+ along 

grain boundaries, the primary peak is still at the surface of the film, and thus the 

protection likely comes strongly from there. Finally, in the PL spectra of the nBA-MAPI 

film (Figure 2.3b), the most significant changes occur in the front-side spectra rather 

than the back. Thus, the experimental results strongly suggest that the top interface is of 

significant importance when studying degradation in these devices, and it is for this 

reason that we chose to focus much of our analysis on this interface. 

Regarding the bottom interface with the PEDOT:PSS layer, it is both possible and 

probable that some degree of damage does occur here, but evidence for the extent of this 

damage is not as clear as for the top. ToF-SIMS depth profiles in Figure 2.6 show slight 

variations in some of the organic species at the back interface, but the changes are not as 

significant as those at the top. Further, as mentioned above, all changes to the inorganic 

species appear to occur at the upper surface, with little to no change occurring near the 
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PEDOT. This observation may be due, in part, the relative amount of water which is 

traveling to each interface during exposure, which is related to both the type and quantity 

of material through which the water must diffuse. While diffusion through the C60 is 

expected to be slow due to the hydrophobicity of the molecule, the diffusion path itself is 

extremely short (~50-200 nm). Conversely, water has been calculated to have a relatively 

high diffusion constant of 5x10-6 cm2/s in PEDOT:PSS23 but must diffuse across 

approximately 0.75 - 1 cm to reach the active device area from the unprotected outer edge 

of the substrate. Thus, new water arriving at the interface would take on the order of 20 

hours to travel the 1 cm distance from the substrate edge to the device area in the center. 

This is significantly slower than the rate of degradation exhibited by the 3D MAPI film, 

and is thus unlikely to be the source of degradation in this film, or by extension the other 

films. 

Finally, we also note that, as previously discussed, the 3D MAPI and 2D/3D 

MAPI films differ only in the nBA surface treatment and yet exhibit very different 

electrochemical degradation rates. As the two films are thus expected to have very similar 

perovskite/PEDOT:PSS interfaces, this clearly suggests that this interface cannot be the 

dominant source of water-based degradation, and supports analysis of the top interface 

with C60. Further studies on alternative hole transport materials, such as P3HT and NiO 

would be interesting, and may provide a more nuanced view of the choice of substrate on 

the moisture stability of both 2D and 3D perovskites. 
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A.2 TABLES 

 

Table A.1: Performance metrics from electrochemical tests of MAPI, nBA-MAPI, and 

2D/3D MAPI devices. Average values from a single batch of devices are 

reported with a standard deviation, while champion device values are 

included in parentheses.  
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A.3 FIGURES 

 

 

Figure A.1 Normalized (a) open-circuit potential, (b) short-circuit current, and (c) fill 

factor values for MAPI, nBA-MAPI, and 2D/3D MAPI devices exposed to 

78% relative humidity over time. For all three metrics, the 2D-containing 

perovskites show slower degradation. 
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Figure A.2 Cyclic voltammograms of characteristic perovskite devices before exposure 

to humidity showing the performance of the three types of perovskite 

material. A hysteresis index (HI) at 80% of the maximum V
oc

 for each cell 

is provided, demonstrating the low degree of hysteresis between the forward 

and reverse scans. 
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Figure A.3 Statistical distributions for the a) V
oc

, b) J
sc

, c) PCE, and d) FF at t = 0 hrs for 

all cells tested. Two partially shorted devices are responsible for the outlier 

values in the FF and PCE of the 2D/3D devices, which would otherwise 

distribution similar to those for MAPI and nBA-MAPI. 
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Figure A.4 Normalized PCE values for MAPI and nBA-MAPI devices exposed to a 

humid environment as reported by Tsai et al. (ref. 5), compared to similar 

devices reported in the current work. Within error, the devices presented 

here show similar degradation kinetics and trends to those reported 

previously, indicating the degradation process is similar in both. 
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Figure A.5 XRD spectra for (a) MAPI, (b) nBA-MAPI, and (c) 2D/3D MAPI films 

before and after exposure to 78%RH for 8 hours. Little crystallographic 

change is observed for any of the films tested. 
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Figure A.6 a) XRD spectra for a fresh nBA-MAPI film, with the 111 and 202 peaks 

labeled. b) graphic of an nBA-MAPI film with an orientation normal to the 

FTO substrate, as would be expected from a hot-cast film. Both the 111 and 

202 planes have a significant horizontal component. Pole figure 

measurements for the 111 (c) and 202 (d) peaks, with a sharp central peak 

demonstrating the good agreement with the orientation of image b).  
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Figure A.7 In-plane (y-axis) and grazing incidence (x-axis) X-ray diffraction spectra 

from a fresh nBA-MAPI film. The lack of the 202 peak on the y-axis 

indicates a well-ordered film. 
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Figure A.8 a) Cross-sectional HAADF (left) image of a nBA-MAPI device, with the 

perovskite in the center of the cross section. Accompanying EDX elemental 

maps of C (blue) and Pb (orange), showing a gradient in both elements as a 

function of depth. b) Theoretical C/Pb elemental ratio based on the 

stoichiometric ratios of both elements in various n-phases of the nBA-MAPI 

perovskite, showing that the ratio would increase as n decreases.  
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Figure A.9 Normalized fluorescence spectra for the front and back of nominally a) n = 1 

and b) n = 2 films, before and after exposure to 78% relative humidity for 8 

hours. c) Normalized difference plot for the front-side spectra for both films. 

After exposure, the n = 1 film shows a slight shift toward lower emission 

energies, while the n = 2 film shows both the loss of n = 1 and 3 from the 

surface, as well as a general peak narrowing for the n = 2 peak. 
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Figure A.10 AFM images of an nBA-MAPI film a) before and b) after 8 hours of 

exposure to a 78%RH environment. For reference, the blue star indicates the 

same location in each image. New elongated structures are observed to form 

on the surface of the film, and are likely discreet crystals of low-n 

perovskite. c) Schematic of the cross section of the fresh nBA-MAPI film, 

showing a disordered surface layer composed of various low-n phases atop a 

bulk of high-n nBA-MAPI. d) Schematic of the cross section of the same 

film following moisture exposure, showing an increase in the thickness of 

the disordered surface, as well as the formation of the localized structures 

observed in b). e) Simplified energy diagram for c), showing electron 

transfer both from the low-n phases of the surface to the bulk, and from the 

bulk to 3D MAPI within the disordered surface (1).  f) Simplified energy 

diagram showing the preferential motion of electrons (2) and holes (3) 

generated within the type II heterojunction well structure, as well as possible 

charge transfer from the surface to the bulk (4). Generally, however, 

photogenerated electrons will be trapped in the interior, unable to escape (5). 

g) Simplified energy diagram for a type I heterojunction well, with similar 

electron transfer to the type II well. Here, hole transfer also flows to the 

higher-n interior (6), where radiative recombination could occur. 
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Figure A.11 Wide angle x-ray scattering spectra for a) fresh and b) 8 hour-exposed nBA-

MAPI films on FTO. Bragg diffraction spots for a well-oriented perovskite 

lattice have been assigned based on previous reports. Following exposure, 

two diffraction rings (marked with white arrows) appear, indicative of the 

formation of randomly-oriented low-n perovskites in the film. c) intensity 

plot vs two theta generated from the WAXS spectra, clearly showing the 

formation of the two peaks near 8-9º two theta which can be indexed to n = 

2,4 phases. The small feature near 6º is an instrumental artifact, and is 

independent of the film. 

2 4 6 8 10 12 14 16 18 20

0.01

0.1

1

In
te

n
s
it
y
 (

a
u

)

Two Theta (deg)

 nBA-MAPI, Dry

 nBA-MAPI, 8 hrs
c) 



 226 

 

Figure A.12 a) Fluorescence spectra for the front and back of a bare 2D/3D MAPI film, 

before and after exposure to 78% relative humidity for 8 hours. The primary 

peak is at 1.65 eV, and a broad shoulder near 1.8 eV indicates the presence 

of nBA-MAPI phases. b) Normalized difference plot for the front of a 

2D/3D MAPI film, showing the loss of the shoulder near 1.8 eV following 

exposure. 
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Figure A.13 a) cross sectional SEM image of a 200 nm C
60

 MAPI device, with the C
60

 

layer outlined in red. b) Normalized PCE for two batches of our typical 50 

nm C
60

 MAPI devices (red) and the 200 nm C
60

 device (black).  
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Figure A.14 Full negative-mode ToF-SIMS depth profiles for fresh 200 nm C
60

 MAPI 

(top) and nBA-MAPI (bottom) with characteristic species chosen to 

represent different materials. 
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Figure A.15 Negative-mode ToF-SIMS depth profiles of (a) MAPI, (b), nBA-MAPI, and 

(c) 2D/3D MAPI devices, before and after exposure to humidity, near the 

C
60

/perovskite interface; the blue box represents the hydration region in 

each device. The top profiles show the changes to the perovskite (PbI
2

-
) with 

exposure; nBA-MAPI and 2D/3D MAPI show little change, while MAPI 

shows the formation of a new peak in the hydration region and a significant 

decrease in intensity due to hydration damage. The bottom profiles show 

changes to the hydrated species (OH
-
) before and after exposure to 

humidity. The FWHM of the OH- peak after exposure is used to determine 

the hydration region (blue). nBA-MAPI (b) and 2D/3D MAPI (c) show only 

a slight increase in OH
-
, while MAPI shows a large decrease, indicating loss 

of hydrated species with exposure. 
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Figure A.16 Positive-mode ToF-SIMS depth profiles for the C
4
NH

12

+
 species 

representing n-butylammonium in (a) MAPI and (b) 2D/3D MAPI devices. 

The larger signal and dynamic nature of the signal with humidity in b) 

indicates that the signal is likely a product of n-butylammonium; the peak 

near 1750 s after exposure agrees with the formation of an nBA-MAPI layer 

following hydration. 
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Figure A.17 a) Positive mode ToF-SIMS depth profiles for C
4
NH

12

+

 
(representing n-

butylammonium), PbI
+
 (representing 3D MAPI), and SnO

+
 (representing 

FTO) for a bare 2D/3D MAPI film, showing a sharp n-butylammonium 

peak at the surface of the film that tapers off into the film. b) Corresponding 

cross sectional SEM image of a 2D/3D MAPI film on FTO. The blue lines 

represent the nBA-MAPI at the film surface and the coating on the grain 

boundaries of the 3D MAPI crystals (red). c) Depth profile of the first 10 

seconds (~13 nm) of the 2D/3D MAPI film, showing a nBA-MAPI film 

thickness of roughly 2.5 nm. d) Full cross sectional SEM image of the 

2D/3D MAPI film. 
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Figure A.18 ToF-SIMS depth profiles of N- and H-containing (C
2
N

-
 and CH

2

-
, 

respectively) organic species in (a) MAPI and (b) nBA-MAPI devices 

following exposure to D
2
O vapor near the C

60
/Perovskite interface; the blue 

box represents the hydration region. The MAPI sample shows clear 

formation of a peak in both species inside the hydration region, in agreement 

with the formation of degraded hydrated-MAPI species at the interface. 
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Figure A.19 a) Deuterated n-butylammonium derivatives (D = 1-3, i.e. D1 = C
4
NH

11
D

+
) 

and PbI
+
 for an nBA-MAPI device exposed to D

2
O vapor for 1 hour. The 

total ion counts, and therefore abundance, of the derivatives decreases as the 

level of deuteration increases. b) Total integrated yield of the deuterated n-

butylammonium derivatives as a function of distance of each derivative’s 

peak from the PbI
+
 peak (t = 0). The relatively large distance from the center 

of the perovskite layer indicates a low degree of water penetration into the 

material. 
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Appendix B: Supporting Information for Chapter 4 
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Figure B.1 XRD spectra of an nBA-MAPI film over 72 hours of moisture exposure at 

78%RH. 
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Figure B.2 WAXS spectra of nBA-MAPI films at a) 0 hours, b) 6 hours, c) 12 hours, d) 

24 hours, e) 48 hours, and f) 72 hours of exposure to 78%RH. All samples 

show well-oriented crystal structures, as indicated by the clear spots for the 

(0 0 -2), (-1 5 -2), and (-1 1 -1) reflections. Spectra after 48 hours of 

exposure (e and f) show the formation of rings at low-q (indicated by white 

arrows), indicating the formation of un-oriented low-n perovskite phases 

after sufficient exposure. 
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Figure B.3 AFM images of a single area of an nBA-MAPI film acquired in situ over a) 0 

hours, b) 6 hours, c) 12 hours, d) 24 hours, e) 48 hours, and f) 72 hours of 

exposure to 78%RH. Cracks initially form in the surface of the film after 

just 6 hours of exposure (b), and grow over time. Crystalline structures also 

appear between b) and c), and likewise continue to grow, covering the 

surface after 72 hours (f). 
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Figure B.4 Cross-sectional SEM image of a typical nBA-MAPI film showing an average 

thickness of roughly 350 nm. 
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Figure B.5 PL spectra taken from the front (a) and back (b) of an nBA-MAPI film over 

the course of 72 hours of exposure to 78%RH. New peaks in the 575 to 650 

nm range, corresponding to n = 2-5 phases, appear on the front side (a) after 

exposure, and the primary peak at 715 nm shifts to 725 nm. Similar, but 

smaller spectral changes are observed in b). Normalized PL difference plots 

from the front (c) and back (d) of the same film, showing the formation of 

low-n species and a 3D-like species concurrent with the loss of the n > 5 

species with exposure. 
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Figure B.6 Point fluorescence spectrum from an nBA-MAPI film showing a strong peak 

near 750 nm.  



 243 

 

Figure B.7 CFM images of a nBA-MAPI films at a) 0 hours, b) 12 hours, c) 24 hours, d) 

48 hours, and e) 72 hours of exposure to 78%RH with a 740 nm short-pass 

filter. After 12 hours (b) fluorescence from elongated structures on the film 

is observed, and the size and surface density of these structures increases 

with exposure. The red crosshairs and numbers are artifacts from the 

imaging software. 
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Figure B.8 Average normalized point fluorescence spectra from CFM of areas off- (a) 

and on-crystal (b) taken from nBA-MAPI films exposed to 78%RH over 72 

hours. In a) only the shoulder of the large peak at 750 nm can be observed 

for all samples. In b), there is a clear increase in peaks at 620, 660, and 680 

nm with exposure time, corresponding to formation of n= 3, 4, and 5 peaks, 

respectively. 
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Figure B.9 Point fluorescence spectra taken from three different locations of the same 

nBA-MAPI crystal using CFM at a) 12 hours and b) 72 hours of exposure to 

78%RH, demonstrating differences in crystal homogeneity. The inset image 

in each provides an example of the locations sampled for each spectrum. 

Scale bar equal to 1 µm. c) Plot showing the prevalence of different levels 

of crystal homogeneity in nBA-MAPI crystals over 72 hours of exposure. 

Over time, the overall homogeneity of the crystals decreases as spectra from 

different locations of the crystals begin to show varying quantities of 

different n-phases. 
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Figure B.10 ToF-SIMS depth profile of various species from fresh (solid line) and 

exposed (dashed line) model PV devices. Exposed devices were left exposed 

to 78%RH for 24 hours prior to analysis. After exposure, the perovskite 

layer (PbI2

-
) shows an increase in width at the C60 interface, largely 

corresponding the hydration layer that has built up here (blue shaded region) 

and indicating moisture-related changes in the material. 
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Appendix C: Supporting Information for Chapter 5 

Figure C.1 Average (a) Voc, (b) Jsc, (c) PCE, and (d) FF of all butyl- and hexyl-MAPI 

devices with both Ag and Au contacts. 
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Figure C.2 Cross sectional SEM image of (a) butyl-MAPI and (b) hexyl-MAPI films. 
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Figure C.3 Normalized (a) Voc, (b) Jsc, (c) PCE, and (d) FF of butyl- and hexyl-MAPI 

devices fabricated using Au and Ag contacts exposed to 78%RH. 
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Figure C.4 Full XRD spectra of (a) hexyl-MAPI and (c) butyl-MAPI films exposed to 

78%RH over 48 hours. Low-angle XRD spectra of (b) hexyl-MAPI and (d) 

butyl-MAPI films exposed to humidity. As exposure time progresses, the 

butyl-MAPI films exhibit the growth of low-n peaks below 2θ = 12°, while 

hexyl-MAPI does not. 
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Figure C.5 Full XRD spectra of (a) Ag-hexyl and (c) Ag-butyl devices exposed to 

78%RH over 48 hours. Low-angle XRD spectra of (b) Ag-hexyl and (d) Ag-

butyl devices exposed to humidity. As exposure time progresses, the Ag-

butyl devices exhibit the growth of low-n peaks below 2θ = 12° and the near 

complete loss of the original diffraction peaks, while hexyl-MAPI does not. 

Weak low-n peaks are visible in (b), likely indicating the formation of some 

low-n species during fabrication. 
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Figure C.6 Full XRD spectra of (a) Au-hexyl and (c) Au-butyl devices exposed to 

78%RH over 48 hours. Low-angle XRD spectra of (b) Au-hexyl and (d) Au-

butyl devices exposed to humidity. Both hexyl- and butyl-MAPI show low-n 

peaks below 2θ = 12° formed during fabrication, but these peaks do not 

grow with exposure time. 

5 10 15 20 25 30

N
o

rm
. 

In
te

n
s
it
y
 (

a
.u

.)

Two Theta (deg.)

48 hrs

24 hrs

12 hrs

4 hrs

0 hrs

5 10 15 20 25 30

N
o

rm
. 

In
te

n
s
it
y
 (

a
.u

.)

Two Theta (deg.)

48 hrs

24 hrs

12 hrs

4 hrs

0 hrs

3 4 5 6 7 8 9 10 11

N
o

rm
. 

In
te

n
s
it
y
 (

a
.u

.)

Two Theta (deg.)

48 hrs

24 hrs

12 hrs

4 hrs

0 hrs

3 4 5 6 7 8 9 10 11

N
o

rm
. 

In
te

n
s
it
y
 (

a
.u

.)

Two Theta (deg.)

48 hrs

24 hrs

12 hrs

4 hrs

0 hrs

a) b) 

c) d) 



 253 

 

Figure C.7 Normalized PL spectra of (a) hexyl-MAPI and (b) butyl-MAPI films over 48 

hours of exposure to 78% RH. Both the hexyl- and butyl-MAPI films shows 

a slight (~10 nm) red-shift of the primary peak, but the butyl-MAPI film 

also shows clear formation of low-n peaks from 700 – 600 nm.  
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Figure C.8 Normalized PL spectra of (a) Ag-hexyl and (b) Ag-butyl devices over 48 

hours of exposure to 78% RH. Both the hexyl- and butyl-MAPI devices 

shows a slight (~10 nm) red-shift of the primary peak, but the butyl-MAPI 

film also shows clear formation of low-n peaks from 700 – 550 nm up to 12 

hours. Afterwards, the film shows only a broad emission below 550 nm. The 

hexyl-MAPI film showed a decrease in the relative intensity of low-n peaks 

with exposure with time. 
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Figure C.9 Normalized PL spectra of (a) Au-hexyl and (b) Au-butyl devices over 48 

hours of exposure to 78% RH. Both the hexyl- and butyl-MAPI devices 

shows a slight (~10 nm) red-shift of the primary peak, but the hexyl-MAPI 

device shows a decrease in the relative intensity of the low-n peaks from 

700 – 550 nm. In contrast, the butyl-MAPI device shows almost no change. 
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Figure C.10 PL spectra of a (a) butyl-MAPI film, (b) hexyl-MAPI film, (c) Ag-butyl 

device, (d) Ag-hexyl device, (e) Au-butyl device, and (f) Au-hexyl device 

before and after exposure to 78% RH for 8 hours. The hexyl-MAPI film 

shows a slight increase in the n > 5 peak with exposure, likely due to 

passivation of the surface, while the butyl-MAPI film shows a decrease in 

the primary n > 5 peak and an increase in the low-n peaks below 700 nm, 

likely due to disproportionation of the perovskite. All of the devices show an 

increase in PL intensity with moisture exposure, indicating decreased 

quenching of carriers by the C60 due to the formation of a low-n passivation 

layer at the surface of the film. Low-n features are observed prior to 

degradation in (d) and (f), but do not appear to grow larger following 

degradation. 
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Figure C.11 Photographs of the backs of (a) Au-butyl, (b) Au-hexyl, (c) Ag-butyl, and 

(d) Ag-hexyl devices over the course of 12 hours of exposure to 78% RH. 

Both (a) and (b) show little change to the devices over the time period, while 

(d) shows the formation of a thin strip of yellow material around the outer 

edges of the Ag contacts only. (c) shows the formation of a large quantity of 

yellow material around the outer edges of the contacts, as well as some areas 

in the interior after just 3 hours. The degradation continues over the next 9 

hours, until almost the entire device is yellow. Of interest, the yellow 

material only forms in areas directly under or adjacent to the Ag electrode. 

The scale bar indicates 0.5 cm. 
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Figure C.12 OH
-
 depth profiles of (a) Ag-butyl, (b) Au-butyl, (c) Ag-hexyl, and (d) Au-

hexyl devices before and after 8 hours of exposure to 78% RH. The 

hydration region for each device is defined as the FWHM of the OH
-
 peak at 

the C60/perovskite interface following exposure. 
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Figure C.13 CH2

-
 and 

34
S

-
 depth profiles for (a) Ag-butyl, (b) Au-butyl, (c) Ag-hexyl, 

and (d) Au-hexyl devices before and after moisture exposure. The colored 

bars on top of each profile show the relative location of the peaks within the 

larger device. In all cases, there is a CH2

-
 peak on the bottom (rightward) 

side of the perovskite layer that corresponds with the organics in the 

PEDOT (indicated by the 
34

S
-
 species). 
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Figure C.14 UV-Vis spectra of n = 5 films of butyl-MAPI (red), butyl-MAPBr (blue), 

and a paired butyl iodo/bromo set (purple). The iodo n = 5 band gap (arrow 

in inset) is poorly defined in the paired sample, as is the n = 1 feature. 
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Figure C.15 UV-Vis spectra of n = 2 (top) and 1 (bottom) films of (a) butyl-MAPI and 

(b) hexyl-MAPI. The spectra include single iodo (red) and bromo (blue) 

materials, as well as a paired set of iodo/bromo films (purple). 
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Figure C.16 a) UV-Vis spectra of n = 2 hexyl-MAPI iodo/bromo pairs held at several 

temperatures over time. b) Decay in the intensity of the iodo UV-Vis peak 

near 575 nm in (a) measured over time; each point corresponds to a 

spectrum in (a). The data is fit to first order decay (line). c) Arrhenius plot 

derived from decay constants calculated using the data in (b), providing the 

activation energy of halide migration in the material. 
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Figure C.17 a) UV-Vis spectra of n = 2 butyl-MAPI iodo/bromo pairs held at several 

temperatures over time. b) Decay in the intensity of the iodo UV-Vis peak 

near 575 nm in (a) measured over time; each point corresponds to a 

spectrum in (a). The data is fit to first order decay (line). c) Arrhenius plot 

derived from decay constants calculated using the data in (b), providing the 

activation energy of halide migration in the material. 
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Figure C.18 a) UV-Vis spectra of n = 1 hexyl-MAPI iodo/bromo pairs held at several 

temperatures over time. b) Decay in the intensity of the iodo UV-Vis peak 

near 510 nm in (a) measured over time; each point corresponds to a 

spectrum in (a). The data is fit to first order decay (line). c) Arrhenius plot 

derived from decay constants calculated using the data in (b), providing the 

activation energy of halide migration in the material. 
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Figure C.19 a) UV-Vis spectra of n = 1 butyl-MAPI iodo/bromo pairs held at several 

temperatures over time. b) Decay in the intensity of the iodo UV-Vis peak 

near 510 nm in (a) measured over time; each point corresponds to a 

spectrum in (a). The data is fit to first order decay (line). c) Arrhenius plot 

derived from decay constants calculated using the data in (b), providing the 

activation energy of halide migration in the material. 
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Figure C.20 Activation energies for halide mobility in n = 1 butyl- and hexyl-MAPI 

perovskite determined by UV-Vis spectroscopy. The dashed line represents 

the previously reported activation energy of a 3D perovskite.  
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Appendix D: Supporting Information for Chapter 7 

D.1 TABLES 

 

 

Table D.1 Tolerance values for the seven selected SCO samples examined in this study.  

t shows a transition to unity with increasing concentrations of both Fe and 

Sc dopants. 

 

Table D.2 Atomic percentage of Fe and Sc dopants as measured using XPS, and the 

binding energy of the 2p 3/2 peaks both elements. 
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Table D.3 FWHM and Co 2p 3/2 binding energies for the Fe-SCO samples. As iron 

concentration increases, the FWHM of the peak increases as well. 

 

Table D.4 OER mass activities of several perovskites. LaNiO3, LaNi0.75Fe0.25O3, 

LaCoO3, and LaMnO3 are all supported on N-doped carbon on a glassy 

carbon rotating disk electrode. 
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D.2 FIGURES 

 

Figure D.1. XRD spectra of a) SCO precursor annealed for 4.5 hours at 450°C, b) SCO 

precursor annealed at 850°C for 2 and 8 hours 
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Figure D.2. XPS spectra and fitted peaks for the 1%Fe-SCO sample. a) Spectra of the 

carbon 1s peak. b) Spectra of the strontium 3d 5/2 and 3/2 peaks. c) Spectra 

of the cobalt 2p peak. d) Spectra of the oxygen 1s peak. 
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Figure D.3. XPS spectra and fitted peaks for the 5%Fe-SCO sample. a) Spectra of the 

carbon 1s peak. b) Spectra of the strontium 3d 5/2 and 3/2 peaks. c) Spectra 

of the cobalt 2p peak. d) Spectra of the oxygen 1s peak. 
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Figure D.4. XPS spectra and fitted peaks for the 1%Sc-SCO sample. a) Spectra of the 

carbon 1s peak. b) Spectra of the strontium 3d 5/2 and 3/2 peaks. c) Spectra 

of the cobalt 2p peak. d) Spectra of the oxygen 1s peak. 
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Figure D.5. XPS spectra and fitted peaks for the 5%Sc-SCO sample. a) Spectra of the 

carbon 1s peak. b) Spectra of the strontium 3d 5/2 and 3/2 peaks. c) Spectra 

of the cobalt 2p peak. d) Spectra of the oxygen 1s peak. 
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Figure D.6. XPS spectra and fitted peaks for the 10%Sc-SCO sample. a) Spectra of the 

carbon 1s peak. b) Spectra of the strontium 3d 5/2 and 3/2 peaks. c) Spectra 

of the cobalt 2p peak. d) Spectra of the oxygen 1s peak. 
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Figure D.7. XPS spectra and fitted peaks for the UnSCO sample. a) Spectra of the carbon 

1s peak. b) Spectra of the strontium 3d 5/2 and 3/2 peaks. c) Spectra of the 

cobalt 2p peak. d) Spectra of the oxygen 1s peak. 
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Figure D.8. XPS spectra and fitted peaks for the Fe 2p 3/2 peaks of the Fe-SCO samples. 

a) 1%Fe-SCO b) 5%Fe-SCO c) 10%Fe-SCO 
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Figure D.9. XPS spectra and fitted peaks for the Sc 2p 3/2 peaks of the Sc-SCO samples. 

a) 1%Sc-SCO b) 5%Sc-SCO c) 10%Sc-SCO 
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Figure D.10. XPS spectra of the Co 3p region in all SCO samples. The dashed line lies 

on 61.0 eV, the dotted line lies on 62.8 eV 
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Figure D.11. Selected area electron diffraction patterns of a) undoped-SCO, b) 5%Fe-

SCO, c) 10%Fe-SCO), and d) 10% Sc-SCO showing the polycrystalline 

nature of the undoped material. The other diffraction patterns have been 

indexed as orthorhombic SrCoO2.5 
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Figure D.12. Radial distribution plot of the SAED in Figure D.X1 for undoped-SCO 

integrated over 360° indexed as trigonal Sr6Co5O15.  

012 -222 -123 -231 030 024 -240 -243 -3 60 
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Figure D.13. Electron dispersive X-ray spectroscopy maps of a) UnSCO, b) 5%Fe-SCO, 

c) 10%Fe-SCO, and d) 10% Sc-SCO. Cobalt is blue, strontium is red, and 

the dopant (Fe or Sc) is green 
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Figure D.14. SEM images of a) 10%Fe-SCO and b) undoped SCO microparticle catalyst 

on conductive FTO substrate. Surface morphology for the c) 10%Fe-SCO 

and d) undoped SCO microparticles both appear rough, and composed of 

sintered microparticles. 

 

Figure D.15. SEM images of UnSCO Electrode 
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Figure D.16. SEM images of 1%Fe-SCO Electrode 

 

Figure D.17. SEM images of 5%Fe-SCO Electrode 
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Figure D.18. SEM images of 10%Fe-SCO Electrode 

 

Figure D.19. SEM images of 1%Sc-SCO Electrode 
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Figure D.20. SEM images of 5%Sc-SCO Electrode 

 

Figure D.21. SEM images of 10%Sc-SCO Electrode 
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Figure D.22. Plot of measured overpotential at 10 mA/cm2 versus [Fe] in several Fe-

doped SCO electrodes 



 286 

 

Appendix E: Supporting Information for Chapter 8 

E.1 FIGURES 

 

 

Figure E.1: Higher-magnification SEM images of a) NiS
100

, b) NiS
10

Se
10

, c) NiS
75

Se
25

, 

d) NiS
50

Se
50

, and e) NiSe
100

 NiSSe composite materials. All materials show 

primarily spherical particle-like morphologies, with particle size tending to 

increase as Se-content increases, ultimately resulting in roughly 1 micron-

diameter microspheres of NiSe material for the NiSe
100

 composite. 

a) b) c) 

d) e) 
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Figure E.2: Lower-magnification SEM images of a) NiS
100

, b) NiS
10

Se
10

, c) NiS
75

Se
25

, 

d) NiS
50

Se
50

, and e) NiSe
100

 NiSSe composite materials. S-rich composites 

tend to show larger polydispersity in particle size, frequently forming 

micron-scale agglomerates from much smaller particles. The Se-rich 

materials tend to be composed of much more uniform particles. 

a) b

) 

c) 

d

) 

e) 
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Figure E.3:  a) Krypton uptakes at 77K over the classical BET relative pressure range 

and b) the resulting multi-point BET plot for extraction of surface area from 

adsorption analysis by linear regression (solid lines), with all samples 

showing excellent fits (r > 0.9998). 
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Figure E.4: Mass activity of NiS
x
Se

y
 composites measured at 300 mV and 400 mV of 

overpotential. A total catalyst mass of 48 µg was used for all measurements. 
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Figure E.5: RRDE-derived Faradaic efficiency of NiS
100

, NiS
90

Se
10

, and NiSe
100

 

electrocatalysts over a range of applied current densities. All measurements 

were performed in Ar-sparged 0.1M KOH solution at a rotation rate of 1600 

rpm. The Pt ring electrode was held at 0.435V vs. RHE while the glassy 

carbon disk was held at 1.0, 2.0, and 4.0 mA/cm
2
.  
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Figure E.6: Dissolved Ni and Se content of 1 M KOH electrolyte solution for after 6 

hours of OER electrocatalysis at 10 mA/cm
2
 using NiS100, NiS90Se10, and 

NiSe100. The addition of Se to the composite correlates to reduced Ni 

dissolution with OER testing.  
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Figure E.7: CVs of the NiSSe composites performed in 1M KOH solution, with OER-

derived current normalized by BET surface areas to better determine the 

intrinsic performance of each material. Here, the NiS
75

Se
25

 composite shows 

superior performance. All measurements were made vs a Pt counter 

electrode using an Ag/AgCl(sat’d KCl) reference electrode, using a 20 mV/s 

sweep rate. 
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Figure E.8: Full (a) and low-Ohm region (b) EIS spectra of NiS
100

, NiS
90

Se
10

, and 

NiSe
100

 electrocatalysts before (fresh) and after electrochemical surface 

oxidation (ox.), recorded from 0.1Hz to 100kHz at 1.52V vs. RHE. Se-

containing samples show the lowest R
CT

 prior to oxidation, while the 

NiS
90

Se
10

 sample shows the lowest R
CT

 after testing at 10 mA/cm
2
 for 30 

minutes, indicating increased resistance to oxidation compared to pure S and 

Se materials. Samples were tested in a 1M KOH solution with a Pt wire 

counter electrode and an Ag/AgCl (sat’d KCl) reference electrode. 
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Figure E.9: a) Relative ratio of S/Se calculated from the fitted peaks in (b) and  from 

EDX measurements made during SEM, indicating generally good agreement 

between the theoretical quantity of each species and the measured quantity. 

The NiS
90

Se
10

 S/Se ratio from XPS may be skewed due to preferential 

oxidation of S at the surface, as indicated by the higher value when 

measured using EDX. b) S 2s and Se 3s region for all NiSSe composites, 

showing fitted peaks for Ni-S, Ni-Se, and oxidized chalcogen species. c) O 

1s region for all NiSSe composites, showing the surface oxygen species are 

primarily OH
-
, with small quantities of NiO

x
 present at high Se-contents, as 

well as several adsorbed water peaks. d) Se 3d spectra for all NiSSe 

composites, showing peak fits for the monoselenide (green), di-selenide 

(blue), and oxidized selenium (purple) species.  
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Figure E.10: Pourbaix diagrams and Gibbs free energy overlays for a) Ni
3
S

2,
 b) Ni

3
Se

2
, 

and c) Ni
3
Te

2
. The nickel selenide and telluride materials are generally 

stable across a wider range of pH and potential than the sulfide material, 

indicative of their superior stability and the empirically observed resistivity 

to oxidation. Diagrams are produced using the Materials Project (ref. 1-3). 

a) 

b) 

c) 
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Figure E.11: Comparison of the observed overpotential at 10 mA/cm
2
 for each 

composite (red) with the percentage of oxidized S or Se (blue).  This shows 

that as the Se content increases in S-rich materials, the amount of oxidized 

chalcogen and the overpotential both decrease in a similar fashion. 
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Figure E.12: Chronoamperogram of the NiS100 and NiS90Se10 composites at 10 mA/cm
2
 

until material failure, as indicated by the sharp increase in overpotential, 

showing the superior stability of the Se-incorporated material. The 

experiments was performed versus a Pt counter electrode with an 

Ag/AgCl(sat’d KCl) reference electrode, with N2 sparging to remove 

accumulated bubbles. 



 295 

 

 

Figure E.13: TEM images of a) NiS
100

 and b)NiS90Se10 as-synthesized, showing that 

both materials appear to be agglomerates composed of smaller 

nanoparticles.  
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Figure E.14: a) HRTEM image of as-synthesized NiS
100

 and b) an EDX map of Ni and 

O from the same region demonstrating the large degree of oxidation natively 

present at the surface of this material. FFT from the oxidized surface shows 

d-spacing corresponding to NiO (c), while FFT from the interior of the 

particle corresponds to NiS and Ni
3
S

2 
(d,e). 



 297 

 

Figure E.15: a) HRTEM image of as-synthesized NiS
90

Se
10

 and b) an EDX map of Ni 

and O from the region within the white box, demonstrating a small degree of 

oxidation is natively present on the surface of the material. FFT from Spot 1 

shows d-spacings corresponding to NiSe, NiS, and some NiOOH, while FFT 

from Spot 2 shows primarily metal chalcogenide character. Lattice fringes 

from the area inside the black box (c) can be indexed to Ni
3
S

2
 and NiS, in 

agreement with the FFT. There appears to be relatively little amorphous 

oxide/hydroxide on this sample, and the metal chalcogenide lattice extends 

to the surface of the particle. 
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Figure E.16: a) HAADF image of the NiS
100

 composite after OER testing, with 

corresponding EDX maps for b) Ni, c) O, and d) S. There is a roughly 20 

nm-thick layer of O-rich material surrounding the NiS
100

 material, and both 

Ni and S are evenly distributed in the interior. 
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Figure E.17: a) HAADF image of the NiS
90

Se
10

 composite after OER testing, with 

corresponding EDX maps for b) Ni, c) O, d) S, and e) Se. There is a roughly 

10 nm-thick layer of O-rich material surrounding the NiS
90

Se
10

 material, and 

what appears to be multiple planes of material, as evidenced by multiple O-

rich edges. Ni, S, and Se appear to be evenly mixed in the particle. 
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