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Abstract 

In recent years, alternative energy resources have gathered tremendous attention due to an 

increase in energy demand and overcome the global effects of burning fossil fuels. Solar energy is 

an abundant and clean resource of energy and is one of the most promising alternatives to fossil 

fuels. This thesis investigates the various approaches to harvesting the solar energy and 

transforming it into electrical and chemical energy.  

The primary focus of this thesis is employing plasmonic metal nanoparticles as light 

harvesting elements in photovoltaic cells and photocatalytic materials. Triangular metal 

nanoparticles (Au, Ag) exhibit strong plasmonic effects due to the presence of sharp features, and 

their optical properties are tunable based on their size. By integrating Ag@SiO2 nanotriangles in 

dye-sensitized solar cells (DSSCs), ca. 30% enhancement in the power conversion efficiency 

(PCE) was achieved. However, the sharp features of Ag nanotriangles are not stable, and the Ag 

nanotriangles are oxidized at elevated temperatures. The changes in the morphology of these 

Ag@SiO2
 nanoparticles at different annealing temperatures and in different environments (dry air 

and N2) was studied by X-ray absorption spectroscopy (XAS). Upon annealing in air, the silver 

nanotriangles decomposed to small (~2 nm) Ag particles, whereas in a N2 atmosphere, they formed 

truncated triangles. To overcome this stability issue, Ag@SiO2 nanotriangles were replaced by 

Au@SiO2 nanotriangles. By integrating these nanomaterials in DSSCs, panchromatic light 

harvesting in the device was achieved. Plasmonic light harvesting was also explored as a route to 

promote Pd catalysis using AuPd nanotriangles. Upon light illumination, the energy from excited 

plasmons in Au is transferred to Pd, and this resulted in an enhancement in the rates of the 

reactions.  
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Recently, another new light harvesting material based on organic-inorganic hybrid 

perovskites (CH3NH3PbX3; X= Cl, I, Br) has been explored in solar cells. In perovskite solar cells, 

to determine the optimum conditions for efficient light harvesting and charge collection, the 

perovskite layer thickness and relative humidity (RH) in the atmosphere were investigated. Results 

showed ~ 300 nm thick perovskite layers and 40% atmospheric RH are the best conditions for 

achieving efficient devices.  
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CHAPTER 1  

Introduction 

1.0. Solar Energy 

Global energy consumption has been increasing steadily due to continuous population 

growth. If we continue consuming energy at the current rate, the energy requirement will increase 

tremendously in the immediate future. The US Energy Information Administration (EIA) projects 

that global energy consumption will increase by 48% from 2012 to 2040.1 The current energy 

resources that share a large part of world energy production are oil, coal, and natural gas. From the 

climate-model standpoint, if we remain using these fossil fuels as our major energy resources, 

there will be a further rise in global temperatures by 1.7 - 4.8 oC by the end of the  21st century due 

the emission of greenhouse gases.2 To prevent the detrimental effects of these gases and 

simultaneously fulfill future energy demands there is an urgent need for alternative green, 

renewable and sustainable energy resources.  

The current alternative renewable resources are wind, hydroelectric, geothermal and solar 

energy. However, they contribute only 19.2% to the overall global energy supply.3 Among these, 

solar energy is one of the most abundant and desirable alternative energy resources. In 2001, 

calculations demonstrated that the amount of solar energy received by the earth in one and a half 

hours could supply the overall global energy consumed in that year.4 However, the solar constant 

(solar power per area) is low (1.36 kW/m2);5 thus to meet the increasing demand for global energy 

large area photovoltaic cells are required. On the other hand, the growth of photovoltaics in the 

last decade is very promising; in 2001 the solar energy contribution to the global energy supply 
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was 0.1%, which increased to 1.8% in 2015 and is predicted to grow further to 16% by 2050.6 In 

addition to the generation of electricity, solar energy has been used in solar water heaters and to 

accelerate and drive chemical reactions. This thesis investigates several strategies of transforming 

solar energy efficiently into electrical and chemical energy. One of the approaches is employing 

plasmonic metal nanoparticles as energy transfer systems in solar cells and photocatalysis. In 

addition to this, several device engineering techniques are studied to improve the performance of 

perovskite solar cells.  

1.1. Plasmonic Nanoparticles 

Metal nanoparticles show unique optical properties when they interact with light. Due to 

the presence of continuous energy levels in their conduction band (CB), the free electrons in the 

CB oscillate in resonance with the incoming light. This phenomenon is called localized surface 

plasmon resonance (LSPR) (Figure 1.1).7 Several factors can determine the frequency of the 

plasmon oscillations, such as the effective mass of electrons in the metal, the size and shape of the 

nanoparticles, and the surrounding dielectric material.8-10 Among all metal nanoparticles, Au, Ag, 

and Cu are attractive due to the presence of their LSPR band in the visible region. However, Cu 

nanoparticles are less studied since they easily oxidize to Cu2O or CuO under atmospheric 

conditions, which results in a loss of their optical properties.11 Ag nanoparticles do oxidize to 

AgxOy under ambient atmosphere, but with a slower rate compared to the Cu. Other plasmonic 

metal nanoparticles such as Pd and Pt are also known, but they are less explored in light harvesting 

applications as their SPR band is typically in the UV-region. However, they are widely used as 

catalysts in heterogeneous reactions. Recently, Al has been found to have its plasmon band in the 

visible region.12, 13 Several other non-metal plasmonic nanoparticles including transition metal 

nitrides and Cu2S have been explored as alternatives to metal nanoparticles. 14-16  
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Figure 1.1. Schematic representation of localized surface plasmon resonance in metal nanoparticles. 

1.1.1. Properties of plasmonic nanoparticles 

In 1908, Gustave Mie discovered the origin of the red color in Au nanoparticles.17-20 To 

describe the optical properties of metal nanoparticles, Mie presented a solution of Maxwell’s 

equations.20 According to Mie theory, the extinction cross section of a spherical metal nanoparticle 

is a sum of absorption and scattering cross sections. It is proportional to r6, where r is the diameter 

of the particle. The extinction cross section in particles with size < 30 nm is dominated by the 

absorption cross section. With an increase in the size of the nanoparticle, light scattering becomes 

the dominating factor.20-22 When a metal nanoparticle interacts with photons, the free electrons in 

the CB oscillate in resonance with the incoming light (LSPR). Due to continuous displacement of 

negative charges (free electrons), a polarization takes place within the nanoparticle. This 

displacement is confined within the boundaries of the nanoparticle surface; hence, the polarization 

depends on the diameter of the nanoparticle. Small particles can accommodate only dipoles and 

show only a dipole plasmon mode. As the size of the particle increases, the particle can 

accommodate multiple plasmon modes including quadrupole or multipole plasmon modes. All the 

plasmon modes are present in the optical spectra. The intensity and width of the plasmon peaks 

vary depending on the geometry and dimension of the nanoparticle.10 
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Figure 1.2. Calculated (by Discrete Dipole Approximation) optical spectra for metal (Ag) nanoparticles of different 

shapes: (a) a sphere, (b) a cube, (c) a tetrahedron, (d) an octahedron, (e) a triangular plate. Here the spectral color 

represents extinction (black), absorption (red), and scattering spectra. Figure (f) represents the extinction spectra of 

nanobars with different aspect ratios; 2 (black), 3 (red), and 4 (blue). Figures are reprinted from Reference (18). 

Copyright (2009) Annual Reviews.  

In an anisotropic nanoparticle, the surface plasmons are unevenly distributed throughout 

the particle.23, 24 Due to the anisotropy, the particle displays additional plasmon modes along with 

the dipole and quadrupole modes; hence, often the anisotropic nanoparticles exhibit a broad SPR.24 

The plasmon modes are dependent on the shape and aspect ratio of the nanoparticle (Figure 1.2). 

For example, Au nanorods exhibit two different types of plasmon oscillations: one is the 

longitudinal mode, and the other is transverse mode (Figure 1.2f).25, 26 The longitudinal mode (low 

energy/high wavelength) corresponds to the plasmonic oscillations along the length of the nanorod. 

The transverse mode (high energy/low wavelength) corresponds to the plasmonic oscillations 

perpendicular to the length.25 In the case of nanotriangles, due to their plate like structure, the 

plasmon oscillations are distributed both within the plane and out of the plane. Based on the aspect 
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ratios they exhibit in-plane dipole and in-plane quadrupole, out-of-plane dipole and out-of-plane 

quadrupole modes. However, the main plasmon peak of nanotriangles always arises from the in-

plane dipole oscillations; the intense peak at ~800 nm in Figure 1.2e is due to these in-plane dipole 

oscillations. The other modes do appear in the absorption spectrum, but with a lower intensity. All 

these plasmon modes are distinguishable depending on the aspect ratio of the nanoparticle. In a 

similar way, several other shapes (nanocubes, nanowires, and nanotetrahedra) show multiple 

plasmon modes, as well as tunable optical properties.10, 27 Along with the shape and size, the 

dielectric medium around the nanoparticles can also influence the optical properties of the 

plasmonic nanoparticle.18, 28 The dipoles/quadrupoles generated in the nanoparticle induce a 

polarization in the surrounding dielectric medium.10, 29 The induced opposite poles in the 

surrounding medium then affect the frequency of plasmon oscillations, which leads to a shift in 

the plasmon band. The magnitude of the shift depends on the polarizability (dielectric constant) of 

the surrounding material. 

 

Figure 1.3. Schematic representation of surface plasmon decay pathways; (a) radiative decays in the form of local 

electric field, (b) showing hot electrons excited above the Fermi level and (c) hot electron transfer mechanism at 

metal/semiconductor interface. Reprinted from Reference (30). Copyright (2014) Nature Publishing Group.  

The energy accumulated by absorption of light by the surface plasmons is dissipated 

through various radiative and non-radiative relaxation pathways (Figure 1.3a).30 As a consequence 

of the radiative relaxation process, the energy is released either in the form of near-fields or far-
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fields by electron-photon scattering.31 Electron-photon scattering causes re-emission of the energy 

in the form of photons (i.e., light scattering), and it depends on the shape and size of the particle 

(Figure 1.2).10 The near-fields are the local electric fields generated around the metal nanoparticles. 

Due to the oscillation of free electrons (negative charges), dipoles are generated in the 

nanoparticles. These dipoles lead to the development of intense electric fields around the 

nanoparticle. This local field concentrates the incoming light in the nanoscale domains around of 

the nanoparticle; this phenomenon is called the near-field effect. Non-radiative plasmon decay 

occurs via generation of hot electrons in the metal nanoparticle; the term “hot electrons” implies 

that the electrons are not in thermal equilibrium with the metal.30, 32 The energy of the hot electrons 

depends on the power of the incoming light source; the energy can go high enough to overcome 

the Schottky barrier present at metal/semiconductor interfaces (Figure 1.3b and c).30, 33 In some 

cases, these electrons are ejected (photoemission) from the nanoparticle; however, this requires a 

high power (GW) light source.34, 35 Such high energy could be attributed to the multiphoton 

absorption by the CB electrons. Some of the energy of the hot electrons is immediately 

redistributed among the many low energy electrons in the nanoparticles through electron-electron 

scattering.36 Some of these hot electrons relax by releasing energy in the form of heat; this is called 

electron-phonon scattering. The local heat generated on the surface of the nanoparticle is estimated 

to increase the temperature to 500 oC in the vicinity of a spherical Au nanoparticle;22 this heat was 

found to be sufficient enough to weld two nanoparticles together.37, 38 All of these excitation and 

relaxation pathways in the metal nanoparticles lead to their exceptional optical and electronic 

properties. 
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1.1.2. Synthesis 

The amplitude and frequency of surface plasmon oscillations are determined by the shape 

and size of the nanoparticle. Particularly, various shapes of Au and Ag nanoparticles have drawn 

attention because of their tunable SPR bands in the visible region. Therefore, different shapes of 

nanoparticles, such as nanorods, triangular nanoprisms, nanostars, nanocubes, and nanowires have 

been synthesized.39-48 There are many methods available for the synthesis of these shapes; these 

methods include wet chemical synthesis,18 lithography,49, 50 and laser ablation techniques.51 Wet 

chemical synthesis is one of the most common approaches, where the size and morphology of the 

nanoparticles are controlled by varying the reaction conditions such as solvent, stabilizing agent 

and temperature.18 The wet chemical synthesis can be a single-step or a two-step synthesis; the 

famous single step method used for synthesizing Au nanoparticles is the Turkevich/Ferns 

method.52  In this method, spherical Au nanoparticles are synthesized by using citrate as both the 

reducing and stabilizing agent in one step. For synthesizing different shapes and sizes of 

nanoparticles, stabilizing agents play a critical role. Common stabilizing agents include 

polyvinylpyrrolidone (PVP), trisodium citrate (TSC), cetyltrimethylammonium chloride (CTAC), 

and cetyltrimethylammonium bromide (CTAB). They selectively bind to a specific crystal plane 

and allow the growth of the particle in the other planes. For example, PVP binds to (100) planes 

and allows growth in the [110] and [111] directions.42 By using PVP as the stabilizing agent, Xia 

and coworkers introduced a shape-selective synthesis of Ag nanocubes.46 Here, ethylene glycol 

was used as a reducing agent (polyol synthesis). After this report, the polyol method using PVP as 

the stabilizing agent was explored to synthesize various shapes (nanobars, nanobipyramids, and 

nanocubes) of Ag and Pd nanoparticles.18 In a similar way, other stabilizing agents such as CTAB 

and CTAC have also been shown to bind to (100) planes; however, unlike PVP, they have higher 
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binding affinity to these planes, which could be advantageous in achieving monodisperse 

nanoparticles.53 By using CTAB as the shape-directing agent, Murphy and coworkers developed 

a seed-mediated wet chemical synthesis for different shapes of Au nanoparticles.43, 54 Here, 

ascorbic acid was used as a reducing agent; the relative concentrations of CTAB and ascorbic acid 

determine the final shape of the nanoparticle.43 Apart from modifying stabilizing agents, 

anisotropic nanoparticles can also be synthesized by plasmonic excitation. Mirkin and Schatz 

devised a photo-driven synthesis of Ag nanoprisms by exciting surface plasmons using a 

monochromatic light source.55 Here, in the first step the Ag nanoparticles dissociate into small Ag 

nanoprisms upon illumination, which then grow to nanoprisms depending on the wavelength of 

the incoming light. However, this method was useful for synthesizing only triangular 

nanoparticles. Duyne and coworkers pioneered another technique called nanosphere lithography 

for patterning nanotriangles and nanorods on a glass substrate.56 All of the above methods are used 

for making monometallic nanoparticles. To synthesize bimetallic nanoparticles, either the two 

metal precursors are simultaneously reduced or one metal salt is reduced on already synthesized 

metal nanoparticle from the other metal salt.57  

Regardless of the synthetic method, the growth of metal nanoparticles to any shape begins 

from the nucleation process. The nuclei formed in this step grow to form seeds (small 

nanoparticles); these seeds then grow further to form nanocrystals. Evolution of the final shape 

and size of the metal nanocrystals is governed by crystal twinning in the seeds (Figure 1.4). The 

seeds can be single crystals, singly twinned crystals or multiply twinned crystals. The crystal 

twinning depends on the reaction conditions employed during the formation of the seeds.18, 58, 59 

Nanocubes, nano-octahedra and nanobars originate from a single crystal seed. If the seed contains 

singular twinning then it produces a pyramidal shape. If it contains multiply twinned planes, then 
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it results in a hexagonal nanorod.18 For nanotriangles, the seed contains stacking faults parallel to 

the (111) planes as shown in the Figure 1.4.60 However, stabilizing agents also play a key role in 

the growth of a seed to a specific shape. 

 

Figure 1.4. Schematic illustration of nucleation and growth pathways to different shapes of metal nanoparticles. Here, 

green, orange and purple represent (100), (111) and (110) facets, respectively. Reprinted from Reference (18). 

Copyright (2009) Annual Reviews.  

In this thesis, Au and Ag nanotriangles (also referred to nanoprisms) are used as light 

harvesting materials in DSSCs and photocatalysis. In this paragraph different methods that are 

reported for the synthesis of nanotriangles are discussed. The nanotriangles are plate-like 

structures, containing three sharp edges. They adopt a face centered cubic structures enclosed by 

(111) planes on the basal facets and (110) or (100) planes on the sides. There are numerous reports 

on the synthesis of Ag and Au nanoprisms, which are largely based on photo-driven and wet 
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chemical synthetic methods.55, 60-63 In photo-driven syntheses, the nanotriangles are grown by 

selectively exciting the plasmon modes using a monochromatic light source. Chen and coworkers 

devised a photo-induced approach to synthesize Au nanotriangles by irradiating HAuCl4 salt in 

the presence of polyvinyl alcohol (PVA).64 Here, PVA acts as a stabilizing agent. However, this 

method produced Au nanoparticles of various shapes. Recently, Wei and co-workers demonstrated 

that the concentrations of stabilizing agents (PVA, PVP, or citrate) and the wavelength of the 

incoming light source play a critical role in achieving monodisperse Au nanotriangles.63, 65 Mirkin 

and co-workers used this photo-driven approach for synthesising Ag nanotriangles using trisodium 

citrate as a reducing agent.55 Here, monodisperse Ag nanotriangles were achieved when  

monochromatic light was used, and also the edge length was controlled by the illumination time.55  

In the case of wet chemical synthesis, there are two-different approaches to synthesize Ag 

or Au nanotriangles. One is seed-mediated synthesis (two-step), and the other is one step 

synthesis.18 The most common stabilizing agents explored in these methods are poly(sodium 

styrenesulphonate) (PSSS), PVP, CTAB, CTAC, and TSC. Aherne et al. devised a simple seed-

mediated method for producing silver nanoprisms with tunable edge lengths and sizes.60 This 

method involves a synthesis of a separate solution of Ag seeds using PSSS as a stabilizer. These 

seeds were then mixed with another (growth) solution, where the actual growth of nanotriangles 

takes place. In this method, the edge length of the nanotriangles was easily tunable by varying the 

relative volumes of seed and growth solutions;60 but the downside of this method is that it produces 

polydisperse nanotriangles. Mirkin and coworkers reported a three step seed-mediated synthesis 

of Au nanotriangles using CTAB as the stabilizing agent.66 This method produces uniform sizes 

of the nanotriangles, however, along with the nanotriangles a significant population of spherical 
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nanoparticles was observed. In addition to this, nanotriangles with edge lengths below 100 nm 

could not be prepared by this method. 

To synthesize monodisperse triangular Ag nanoparticles, Zhang et al. adopted a one-step 

method using PVP and TSC as the stabilizing and reducing agents, respectively.67 Here, they used 

hydrogen peroxide as an oxidative etchant; it plays a critical role in the formation of planar twinned 

seeds, which yield monodisperse triangular nanoparticles. However, this method can only produce 

one size of nanotriangle; the edge lengths are not tunable. Chen et al. reported a seedless procedure 

for the synthesis of highly monodisperse Au nanotriangles. They used an oxidative etching method 

using ascorbic acid and sodium iodide in the presence of CTAC as the stabilizing agent. By this 

process, Au nanotriangles with tunable edge lengths were prepared.68  

1.1.3. Applications 

Due to their unique tunable optical properties, plasmonic nanoparticles have been explored 

in a wide range of applications such as in biomedical fields,19, 69-72 photovoltaic (PV) cells and 

photocatalysis.32 In the biomedical field, they have been employed in both diagnosis and 

therapeutic applications.73 Due to their strong light scattering cross section, they are used to 

provide high contrast images in various microscopy techniques such as dark-field imaging of 

cancer cells using a confocal microscope,70-72 and surface enhanced Raman spectroscopy. 69 The 

optical properties of these materials are highly sensitive to the surrounding dielectric medium, 

which make them promising materials for biosensors74 and biomarkers.75, 76 The local heat 

generated on the surface has been useful for destroying malignant tumors and cancer cells, which 

is widely known as photodynamic therapy.77, 78 This thesis investigates applications of plasmonic 

nanoparticles in photovoltaic cells and photocatalysis which are discussed in Sections 1.2.2.2 and 

1.3.2, respectively.  
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1.2. Photovoltaic Cells  

1.2.1. Overview 

The phenomenon of converting light into electricity is called the photovoltaic effect; it was 

first discovered by Alexander Becquerel in 1839.79, 80  A large area photovoltaic cell using selenium 

was prepared in 1894; it produced a ca. 1% efficiency.81 In the 1950s, the field of photovoltaics 

(PVs) was revolutionized by the development of silicon-based solar cells, and in the early 90s 

Green et al. report the highest efficiency of ~20% in these silicon solar cells, which was a recordat 

that time.82 In the last few decades, several different types of solar cells have been developed, 

which are categorized into different generations in the following section.  

First generation solar cells: These are traditional solar cells based on crystalline silicon. 

Monocrystalline and polycrystalline silicon solar cells fall into this category. The best-reported 

efficiencies for monocrystalline and polycrystalline solar cells are 27.1% and 21.3%, 

respectively.83 The band gap of silicon is 1.1 eV, and the maximum efficiency these silicon solar 

cells can reach is 32% (the Shockley-Queisser limit). Monocrystalline silicon solar cells are 

expensive compared to polycrystalline silicon solar cells; their cost is associated with the 

production of pure single crystals of silicon. About 80% of the current commercial market is 

occupied by crystalline silicon solar cells.84 

Second generation solar cells: These are thin film solar cells, which consist of an active layer that 

is a few micrometers thick. Amorphous silicon, copper indium gallium selenide (CIGS) and 

cadmium telluride (CdTe) are widely known active layers in these solar cells. The highest 

efficiency reported for amorphous silicon solar cells was ca. 13.6%,85, 86 and they can be 

manufactured at low cost compared to crystalline silicon. Although they are cheap, their stability 

is a major issue; they degrade upon long-term exposure to light.87 CIGS and CdTe solar cells have 
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shown promising efficiencies of ca. 22 % in recent years,83, 88 but the toxicity of Cd is a problem 

for CdTe solar cells.  

Third generation solar cells: Third-generation solar cells are designed to overcome the 

disadvantages of first and second generation solar cells. The most common third generation solar 

cells are multi-junction (tandem) solar cells; they have the potential to overcome the Shockley-

Queisser limit by harvesting different regions of light with different semiconductors. Further, 

many other emerging solar cells are included in this generation; these are nanostructured dye-

sensitized, and quantum dot solar cells, organic small molecule and polymer solar cells and 

perovskite solar cells. Nanostructured solar cells are already showing promising performances, 

with the best reported efficiencies being 13 -14 % 89, 90 and 10 - 11% 91, 92 for dye-sensitized, and 

quantum dot sensitized solar cells, respectively. Moreover, the performance of organic solar cells 

is growing steadily; the highest efficiencies reported to date are ca. 9% for small organic molecules 

and ca. 11% for polymer-based solar cells.93, 94 Recently, new solid state perovskite-based solar 

cells have been introduced in the PV field, with remarkable progress in a short period of time, and 

a highest reported efficiency of 22%.88 Perovskite solar cells are promising, cheap, alternatives to 

crystalline silicon solar cells. Most of these emerging solar cells have an additional advantage in 

that they can be fabricated on flexible substrates.  

1.2.1.2. Solar Cell Characterization 

Characteristics of Current-Voltage (I-V) Curves 

Upon shining light on a solar cell, an electron-hole pair (exciton) is generated in its active 

layer (light absorber). The electrons move in one direction, and the holes move in the other 

direction when there is an external bias applied. This results in a generation of current from the 

device, which is called the photocurrent (IL). The device also produces some current in the absence 
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of light, just by an external voltage; this is called the dark current (ID). In this case, the device acts 

as a diode and the output current depends on the applied voltage. The dark current always acts in 

the opposite direction to the light current. The I-V (current-voltage) curve of a solar cell is given 

in Figure 1.5a, and its characteristic equation can be written in terms of IL and ID as shown in Eq. 

(1.1).  

 𝐼(𝑉)  =  𝐼𝐿 − 𝐼𝐷 (𝑉) (1.1) 

Assuming the solar cell acts as an ideal diode in the absence of light, then the dark current equation 

can be written as Eq.1.2. By placing this in Eq. 1.1, we will get Eq. 1.3:    

 

 

𝐼𝐷  =  𝐼𝑜 [𝑒𝑥𝑝 (
𝑞𝑉

𝑘𝐵𝑇
) − 1] (1.2) 

 

 

𝐼 = 𝐼𝐿 − 𝐼𝑜 [𝑒𝑥𝑝 (
𝑞𝑉

𝑘𝐵𝑇
) − 1] (1.3) 

where I0 is a constant, q is the elementary charge, kB is the Boltzmann constant, and T is the 

temperature.  

The device also contains parasitic resistances, which are called the series (Rs) and shunt 

(Rsh) resistance. These two resistances arise from interfacial contacts, poor charge transporting 

materials, and current leakage through pinholes present in either the active layer or the electron or 

hole transport layers. A simple circuit diagram of a solar cell after including the two resistance 

terms is shown in Figure 1.5b. The resulting mathematical expression after considering Rs and Rsh 

is given in Eq. 1.4. Here, an extra term ‘m’ is included in the equation. It is an ideality factor and 

determines the non-ideal behavior of the device. Generally, the value lies between 1 and 2. 

 𝐼 = 𝐼𝐿 − 𝐼0 [𝑒𝑥𝑝 𝑞 (
𝑉 + 𝐼𝑅𝑠

𝑚𝑘𝐵𝑇
) − 1] − 

𝑉 + 𝐼𝑅𝑠

𝑅𝑠ℎ
 (1.4) 
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From this equation (Eq. 1.4), all the characteristics of a solar cell are derived. These characteristics 

are shown in Figure 1.5a and discussed in the following section.  

 

Figure 1.5. (a) A typical current-voltage (I-V) curve for a solar cell (b) the equivalent circuit diagram of a typical 

solar cell; here, IL is photocurrent, Rs is series resistance, Rsh is shunt resistance and V is voltage.  

Short-Circuit Current (Isc): The dark current ID always acts against the light current IL. The 

maximum photocurrent is generated only when there is no external bias is applied to the device. 

Under this condition, the contribution of the dark current is zero, and the current obtained from the 

device is only due to the photocurrent. This current is called the short-circuit current, and the 

equation for Isc is shown as Eq. 1.5. Several factors can influence the short-circuit current, such as 

carrier generation and carrier mobility in the sensitizer, film morphology, and device architecture.   

 𝐼(𝑉) = 𝐼𝐿 − 𝐼𝐷 (𝑉)  

 𝐼𝑠𝑐 = 𝐼𝐿 (1.5) 

Open-Circuit Voltage (VOC): At a particular applied voltage, the device generates the same amount 

of dark current (ID) as that of light current (IL). Since ID and IL act in the opposite direction, the 

resulting net current from the device is zero. This applied voltage is called the open circuit voltage; 

the equation is shown as Eq. 1.6. 
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𝑉𝑜𝑐 =

𝑚𝑘𝐵𝑇

𝑞
ln (

𝐼𝑠𝑐

𝐼𝑜
+ 1) (1.6) 

Fill Factor (FF): The fill factor is a measure of the quality of a solar cell. It is the ratio of the 

maximum power to the product of Isc and Voc. The maximum power point is shown in Figure 1.5a. 

The fill factor measures the ‘squareness’ of the I-V curve as shown in Figure 1.5a. It is always less 

than one (or 100%). The corresponding equation for the FF is given in Eq. 1.7.  

 
𝐹𝐹 =

𝐼𝑚𝑎𝑥𝑉𝑚𝑎𝑥

𝐼𝑠𝑐𝑉𝑜𝑐
 (1.7) 

Power Conversion Efficiency (PCE): The PCE is the ratio of the maximum output power to the 

input power; it is denoted by ƞ. It determines the overall performance of the device. When the 

input power is taken as one sun (100 mW/cm2), the PCE is written as Eq. 1.8. 

 ƞ =
𝑃𝑚𝑎𝑥  

𝑃𝑖𝑛
  

 
 

ƞ =
𝐽𝑚𝑎𝑥 × 𝑉𝑚𝑎𝑥 

100 𝑚W/cm2
  

 

 

 ƞ =
𝐽𝑠𝑐𝑉𝑜𝑐 × 𝐹𝐹 

100 𝑚W/cm2
 (1.8) 

Here, Jsc
 is the short-circuit current density, and Jmax is maximum current density. The current 

density  is defined as the current per unit area.  

Series (Rs) and Shunt Resistance (Rsh): As discussed earlier, the device contains two parasitic 

resistances: the series and the shunt resistance. The series resistance arises from bulk resistance 

(within the semiconductor or the active layer), and interfacial resistance (resistance to charge 

injection). The major contributions to the shunt resistance are impurities or pinholes in the active 

layer; they create a current leakage in the device. 
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Incident Photon to Current-conversion Efficiency (IPCE): 

IPCE is defined as the probability of one electron will be generated from a solar cell per 

incident photon as a function of wavelength. It provides information on the fraction of photons 

that are utilized by the device at a given wavelength.  It depends on the extinction coefficient of 

the active material at that wavelength, charge transport within the active layer and interfacial 

charge transport. By integrating the IPCE spectrum, we can determine the short-circuit current 

density (Jsc) of the device. The mathematical relation between Jsc and IPCE is shown in equation 

(1.10). 

 
𝐼𝑃𝐶𝐸 % =

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠, 𝑛 

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑝ℎ𝑜𝑡𝑜𝑛𝑠, 𝑁 
 

(1.9) 

 
𝐽𝑠𝑐 = 𝑞 ∫  𝛷(𝜆) × 𝐼𝑃𝐶𝐸 (𝜆) × 𝑑𝜆 (1.10) 

   

here, q is an elementary charge, Φ(λ) is the AM 1.5G (Air Mass 1.5 Global Spectrum) incident 

photon flux at a wavelength λ,  

𝛷(𝜆) =
# 𝑜𝑓 𝑝ℎ𝑜𝑡𝑜𝑛𝑠

sec  × 𝑐𝑚2
 

1.2.2. Dye-sensitized solar cells 

1.2.2.1. Overview  

The foundation of dye-sensitized solar cells came from the concept of sensitization in early 

photography.95 Hauffe et al. and Gerischer took these principles to design photoelectrochemical 

cells.96, 97 Dye-sensitized solar cells are regenerative photoelectrochemical cells, where ideally no 

net chemical changes in the cell components occur during solar energy conversion. DSSCs were 

extensively studied in the 1990s,98 but the efficiencies could not reach more than 1% due to poor 
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dye-sensitization on the smooth surface of the bulk metal oxide.99 Here, the metal oxide is a 

semiconductor, and it transports the electrons that are injected from the dye to the electrode through 

its conduction band. In the late 1990s, O’Regan and Grätzel published a seminal work on replacing 

the smooth metal oxide electrode with a mesoscopic metal oxide (TiO2).
100 The mesoscopic 

electrode was made by depositing a thin layer of 25 nm TiO2 nanoparticles; the resulting layer 

contained mesoscopic (2-50 nm diameter) pores arising from the voids between the nanoparticles. 

The dye was infiltrated through these pores and coated the nanoparticles, this eventually resulted 

in a large surface area of the metal oxide sensitized by the dye. This novel approach produced a 

promising efficiency of 7.9%. After this study, many different dyes were explored in DSSCs. 

During the 1990s and early 2000s, inorganic complexes based on ruthenium were reported as high 

performing dyes in DSSCs. Some of the champion ruthenium-based dyes are N3, N719, N712 and 

N749 (also known as black dye) and their structures are shown in Figure 1.6. These dyes allowed 

for efficiencies of 10 -11% in DSSCs.101-104  The best efficiencies were achieved only when 

iodide/triiodide solutions (I2 and KI dissolved in acetonitrile) was used as the redox couple.105 In 

2011, Grätzel and coworkers set a new record efficiency of 12.3% by using a Zn-porphyrin based 

donor-π-acceptor dye with a Co2+/Co3+ redox couple.106 In the past, this redox couple suffered 

from fast recombination rates by interacting with the dye molecule.105 To minimize this, they 

introduced insulating groups on the dye molecule.106 In 2014, by modifying the donor-π-acceptor 

dye, the efficiency was further improved to 13%.90  
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Figure 1.6. The structures of some of the champion Ru dyes, here TBA is the tetrabutylammonium ion.  

1.2.2.2. Working principle of DSSC 

A diagram of a traditional DSSC or Grätzel Cell is depicted in Figure 1.7a and the 

corresponding energy level (Jablonski) diagram with characteristic timescales of various processes 

is shown in Figure 1.7b.107, 108 The key components of a DSSC are a dye (sensitizer), a mesoporous 

semiconducting metal oxide (electron transport layer), a redox couple (for the dye regeneration) 

and two metal electrodes (where the charge is collected). In Figure 1.7b, the kinetics are based on 

the iodide/triiodide redox couple. The generation of photocurrent from the device occurs in several 

steps. 

 

Figure 1.7. (a) A schematic of DSSCs showing the key components and (b) the charge transfer and recombination 

kinetics. Figure (a) Reprinted from Reference (107) and figure (b) is reprinted from (108). Copyright (2005, 2010) 

American Chemical Society.   
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Step 1: In this step, the dye absorbs a photon and undergoes excitation. An electron-hole pair 

(exciton) is generated as a result of this excitation. The lifetime of this excited state is critical for 

achieving high performance. The excited state lifetimes of the most common Ru-based dyes are 

on the order of tens of nanoseconds.108     

 Step 2: After the dye excitation, the electrons are injected into the CB of the semiconducting metal 

oxide (e.g., TiO2, ZnO) as shown in Figure 1.7b. There is always a competition between the charge 

injection process and dye relaxation (via recombination). However, in most of the Ru-based dyes, 

the electron transfer to the metal oxide (on the order of ps) is relatively fast compared to the dye 

relaxation (on the order of ns).108 To achieve an efficient electron transfer from the dye to the 

semiconductor, the dye must be adsorbed on the surface of the semiconductor. Often the dyes are 

functionalized with -COOH groups, since these groups have a tendency to bind with the 

semiconductor oxide surface.   

Step 3: After charge injection, the electrons are transported through the mesoscopic structure of 

the semiconductor until they reach the electrode. To achieve efficient charge transport, the 

semiconductor nanoparticles in the mesoporous layer are often sintered by annealing at elevated 

temperatures. The charge transport in the semiconductor is a relatively very slow process. Here, 

the loss of photocurrent is mainly due to recombination of the electrons with either the oxidized 

dye or the iodide electrolyte. 

Step 4 & 5: In these steps, the oxidized dye is regenerated by taking an electron from the iodide in 

the electrolyte. After regeneration, the redox couple returns to its original state (I⁻) as I3
- is reduced 

back to I- at the Pt electrode.   

 

 



 
 

21 
 

1.2.2.3. Plasmon-enhanced DSSCs 

The solar energy that reaches the Earth is spread over a wide wavelength range (Figure 

1.8). Harvesting a broad region of this light is essential for achieving high-performance solar cells. 

In DSSCs, the dye plays a key role; it must have a large extinction coefficient over a broad region. 

The performance of DSSCs is often limited by the narrow region of light absorption of the dye. 

Several efforts have been dedicated to the synthesis of panchromatic dyes, which include 

introducing another chromophore on existing dyes, and by making donor-acceptor conjugated 

molecules.109-111 Further, to harvest light in multiple regions of the visible spectrum, co-sensitizers 

such as quantum dots have been used along with existing dyes.112, 113 However, the problem with 

multiple sensitizers is there is often a competition between the sensitizers to adsorb on the surface 

of the semiconductor. Another promising approach is employing plasmonic nanoparticles to 

improve light harvesting in DSSCs. The plasmonic nanoparticles have unique optical properties 

(cf. Section 1.2.2), which are easily tunable based on the particle size and morphology. They can 

act as nanoscale antennas by concentrating the incoming light into small domains. They can be 

integrated in the mesoscopic layer or the iodide electrolyte. In both cases, they enhance the 

performance of DSSCs.32  

 

Figure 1.8. Standard AM 1.5G (Air mass) solar spectrum 
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Energy transfer processes:  

Atwater and Polman reviewed plasmonic light trapping mechanisms in silicon solar cells; 

the two major mechanisms are shown in Figure 1.9.114 As discussed earlier (cf. Section 1.1.1), the 

excited plasmons release the trapped light energy via radiative and non-radiative pathways. The 

radiative energy can be in the form of either far-fields (light scattering) or near-fields (local electric 

field). These two effects contribute to produce an overall enhancement of light harvesting 

efficiency (LHE) in the device. Upon shining light on this plasmonic device, the integrated 

plasmonic nanoparticles scatter the light (far-field effect) in all directions. This leads to an increase 

in the path length of light within the device. As a result, the active material (dye or Si) gets multiple 

chances to absorb the light, which ultimately improves the overall light harvesting in the device. 

Here, the energy of the scattered light must still fall within the absorption spectrum of the active 

material. In addition to the light scattering effect, the local electric field generated on the surface 

of the nanoparticle can enhance the charge carrier separation in the surrounding medium.22, 32, 115 

This ultimately results in an enhancement of the overall photocurrent in the device.  

 

Figure 1.9. Plasmonic effects using spherical nanoparticles in silicon solar cells; (a) plasmonic light scattering effect 

and (b) plasmonic near-field enhancement. Here, the orange layer is n-type silicon, and blue layer is p-type silicon. 

Reprinted from Reference (114). Copyright (2010) Nature Publishing Group.   

Non-radiative relaxation results in either the generation of hot electrons or plasmon 

resonance energy transfer (PRET) to the surrounding medium. Kamat and coworkers observed 

plasmonic hot electron transfer from Au to TiO2 in DSSCs; such hot electrons altered the Fermi 

energy level in TiO2, resulting in a significant change in the Voc.
116 The other mechanism is PRET; 
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while this mechanism was observed in single molecule fluorescence enhancement (energy transfer 

from an Au nanoparticle to a fluorophore), 117 it is poorly understood how much it might contribute 

to DSSCs. All these radiative and non-radiative energy transfer processes are highly dependent on 

the size, morphology, and composition of the plasmonic nanoparticles.  

Effect of Size, Shape, and Morphology:  

According to Mie theory, the extinction cross section of a spherical metal nanoparticle is 

proportional to r6, where ‘r’ is the diameter of the nanoparticle. Thus the size of the metal 

nanoparticle plays a significant role in plasmonic enhancement effects. If the size is less than 30 

nm, absorption dominates over light scattering. Ultra-small metal nanoparticles (often called 

clusters, which have sizes of ca. 1 nm) do not show any light scattering effects, as they do not 

support LSPR modes but rather have discrete HOMO-LUMO transitions. Thus, they can be 

directly used as light absorbers in solar cells. Chen et al. achieved a ca. 2% efficiency power 

conversion by using Au25 clusters (~1 nm) as active materials.118 With an increase in size, 

plasmonic nanoparticles tend to exhibit surface plasmon oscillations. As a result of this, they show 

light scattering and absorption effects (cf. Section 1.2.2). Au nanoparticles of ~5 nm in size have 

been shown to transfer plasmonic hot electrons from Au to TiO2; this resulted in a slight increase 

in the photocurrent current from the device.116 Further, by employing different sizes of Au 

nanoparticles between 5-100 nm in DSSCs, an increase in PCE was observed.119, 120 In both reports, 

the enhancement in PCE was due to an increase in Jsc and Voc; these changes were dependent on 

the size of the nanoparticles. Particles that were 5-50 nm in size showed enhancements in both Jsc 

and Voc, whereas the sizes between 80-100 nm only led to an increase in Jsc. 

Morphology is another important factor that governs the optical properties of plasmonic 

nanoparticles. Many reports on plasmonic DSSCs have used spherical nanoparticles with core-
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shell morphologies, where the core is the metal and the shell is a metal oxide.121-126 For example, 

Jeong et al. integrated Ag@TiO2 core@shell nanoparticles in DSSCs and achieved ca. 25% 

enhancement of the overall performance.126 Here, the metal oxide shell protects the nanoparticles 

from the corrosive action of the iodide electrolyte.125, 124 However, the thickness of the TiO2 shell 

plays a critical role in the plasmonic enhancement. Thicker shells attenuate the local electric fields 

generated on the surface of the plasmonic nanoparticles,127 resulting in a reduction in the overall 

plasmonic enhancement. Plasmonic near-fields generated on the surface are available only a small 

away distance from the surface. Standridge et al. found that a ~ 7 nm thick TiO2 shell is the 

optimum thickness for preventing near-field attenuation while simultaneously protecting the 

nanoparticle.128 However, the semiconductor metal oxide (TiO2) shell leads to interference with 

charge transport in the mesoscopic TiO2 layer. To prevent this interference, Snaith and coworkers 

replaced the TiO2 shells with insulating SiO2 shells on Au nanoparticles.123 In a similar way, 

various shapes of plasmonic nanoparticles have been employed in DSSCs; these shapes include, 

nanorods,129, 130 nanocubes,131 nanoprisms,127, 132 nanostars,133 nanowires,134, 135 and other complex 

morphologies.136 The advantage of using anisotropic nanoparticles is they have broad plasmon 

bands which are tunable in the desired region. For example, harvesting light in the near-IR region 

is very challenging in DSSCs, since most dyes absorb weakly in this region. In addition to the 

tunable properties, anisotropic nanoparticles exhibit intense local electric fields compared to 

spherical nanoparticles. By integrating Au@Ag2S nanorods in DSSCs, Chen et al. 130 achieved a 

ca. 10 % enhancement in the IPCE in the 600-720 nm region. Dong et al.129 and Zaric et al.,131 

observed enhanced IPCE in the red region using Ag@Au nanorods and Au nanocubes, 

respectively. In a similar way, a plasmonic enhancement in light harvesting has also been explored 

in other solar cells, such as organic photovoltaic cells,137 quantum-dot-sensitized solar cells,138 and 
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perovskite solar cells.139 However, in perovskite solar cells, no notable plasmonic enhancement 

was observed. The lead halide perovskite that is used in perovskite solar cells itself is a strong light 

absorber over a broad region. Therefore, to improve the device efficiency, other approaches such 

as controlling the perovskite layer thickness and improving perovskite crystal growth and 

connectivity are investigated in this thesis. Perovskite solar cells are discussed in more detail in 

the following Section. 

1.2.3. Perovskite solar cells 

1.2.3.1. Overview  

Organic-inorganic lead halide perovskites are excellent semiconductor materials for solar 

cells. Miyasaka and co-workers pioneered these perovskite solar cells in 2009; they achieved an 

efficiency of 3.2% by using an architecture similar to DSSCs (cf. Section 1.2.2.2).140 Further, by 

replacing the liquid iodide redox couple with a solid-state hole-transport material, Snaith and co-

workers produced a high performing perovskite solar cell with an efficiency of ca. 12%. In the last 

few years, there have been numerous articles and reviews published on perovskite solar cells.141-

151 The best efficiency so far reported for perovskite solar cells is 22.1%, which makes these solar 

cells potential candidates for commercialization.88 Besides the high performance, the cost 

associated with these solar cells is orders of magnitude cheaper than crystalline silicon solar cells. 

Here, the perovskite is an organic-inorganic hybrid halide, and it adopts the crystal structure of a 

natural mineral, CaTiO3. The chemical formula of this perovskite is ABX3, and in lead halide 

perovskites, A is a monovalent organic or inorganic cation such as methylammonium (MA, 

CH3NH3
+), formamidinium (FA, CH(NH2)2

+) or Cs+, B is a divalent metal (Pb2+, Sn2+) and X is a 

halide (Cl⁻, Br⁻, I⁻) ion.  
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The optoelectronic properties of these hybrid perovskites were extensively studied in the 

early 1990s by Mitzi and co-workers.73 However, no solar cell was fabricated using perovskite 

materials at that time. All these optoelectronic properties depend on the identity of A, B, and X. 

The valence band is derived from the orbitals of the halide ions (X), and the conduction band is 

derived from the orbitals of the divalent metal (B).  The major role of the monovalent cation (A) 

is to stabilize the perovskite crystal structure.141 Among all lead halide perovskites, 

methylammonium lead iodide (CH3NH3PbI3) is the most studied perovskite in solar cells. 

CH3NH3PbI3 is a direct bandgap semiconductor with a reported band gap of 1.50 - 1.61 eV.141 The 

absorption coefficient of CH3NH3PbI3 is 1.5 × 104 cm-1 at 550 nm; this value was estimated using 

a mesoscopic TiO2 architecture. The band gap of this CH3NH3PbI3 perovskite changes when the 

I⁻ is replaced by other halide ions. For example, Seok and co-workers observed a change in the 

band gap from 1.6 - 2.2 eV by varying the ratios of I⁻/Br⁻ in MAPbI3-xBrx.
142 Among the devices 

they made, the best efficiency was observed for MAPbI2Br perovskites. The band gap is also 

tunable based on the identity of the monovalent cation (A in ABX3). Although the orbitals 

associated with these cations do not contribute to either the VB or CB, changing this cation 

influences the Pb-I bond angles resulting in an overall change in the perovskite crystal structure,  

which eventually alters the band gap of the perovskite. Grätzel and co-workers observed a 

narrowing of the band gap to 1.4 eV by replacing MA with FA;143 the MA0.4FA0.6PbI3 perovskite 

produced a high-performing device.   

In addition to having tunable optical properties, these perovskites have excellent electronic 

properties such as low exciton binding energies,144, 145 large dielectric constants,146 high charge 

carrier mobilities, and slow carrier recombination kinetics.147, 148 The carrier diffusion lengths in 

mixed halide (MAPbIxCl3-x) perovskites were reported to be in the micrometer range.148 A 
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millimeter length single perovskite crystal exhibits even longer carrier diffusion lengths; which 

are in the order of hundreds of micrometers.149 Due to these promising properties, this class of 

perovskite materials shows significant efficiencies even on insulating Al2O3 scaffolds.150  

1.2.3.2. Architectures of perovskite solar cells  

The architecture of a perovskite solar cell greatly affects the performance of the device. It 

governs the growth of the perovskite crystallites, the rate of charge carrier extraction and hence 

the efficiency of the device. Along with the performance, the stability of the perovskite also 

depends on the device architecture. Perovskite solar cells can be constructed in two major 

architectures, (1) mesoscopic, and (2) planar heterojunction as shown in Figure 1.10. The device 

can also be fabricated in two different ways, one with the electron transport layer below the 

perovskite layer and the other with the electron transport layer above the perovskite layer. These 

two configurations are denoted as (i) n-i-p and (ii) p-i-n, where the n-type contact layer is the 

electron transport layer (ETL), i- is the active (perovskite) layer and the p-type contact layer is the 

hole transport layer (HTL) as shown in Figure 1.10.151 

       

Figure 1.10. Various architectures of perovskite solar cells; mesoscopic solar cells (a) Al2O3 scaffold, (b) TiO2 

mesoscopic layer and planar heterojunction solar cells; (c) n-i-p type and (d) p-i-n type architectures. Here, FTO is 

fluorine doped tin oxide and ITO is indium doped tin oxide Reprinted from Reference (151). Copyright (2015) Royal 

Society of Chemistry.   

Mesoscopic perovskite solar cells: In mesoscopic perovskite solar cells, the n-type contact layer 

consists of a mesoporous thin film.  This film is made by depositing a thin layer of metal oxide 



 
 

28 
 

nanoparticles. Upon annealing this layer at elevated temperatures, the film produces mesoscopic 

pores from the void spaces between the particles. The perovskite precursors are infiltrated into the 

pores, and the crystallites are grown. The first report of perovskite solar cells used this mesoscopic 

architecture.140 The common configuration of mesoscopic perovskite solar cells is FTO/compact-

TiO2/mesoscopic-layer/perovskite/HTL/electrode; here, FTO is fluorine doped tin oxide; it is a 

transparent conductive oxide. The mesoscopic layer is composed of either a semiconducting or an 

insulating metal oxide. Snaith and co-workers produced a ca. 12% efficient device by using an 

Al2O3 (insulating) scaffold and ca. 9% efficient device using a TiO2 scaffold.150 The thickness of 

this mesoporous layer is critical; thinner layers accommodate less perovskite, resulting in a 

reduction of light absorption, while thicker layers suffer from insufficient pore filling.152, 153 

However, the pore filling also depends on the perovskite deposition method. Grätzel and co-

workers used a two-step sequential deposition technique to achieve efficient pore filling.154 Here, 

they reported an efficiency of ca. 15% using a TiO2 mesoscopic scaffold. Later, several other metal 

oxide nanoparticles such as ZrO2 and SiO2 were used in this mesoscopic layer.155, 156 Recently, 

Seok and co-workers produced an efficiency of 20.1% using the mesoscopic architecture with 

mixed (MA and FA) perovskites as the light absorbing material.157   

Planar heterojunction (PHJ) solar cells: In planar heterojunction solar cells, the junction at the 

ETL/perovskite and perovskite/HTL interface is planar. Here, the perovskite layer is sandwiched 

between the flat ETL and HTL. Due to the low exciton binding energy and excellent charge carrier 

diffusion lengths in these perovskite materials, the charge carriers are easily transported within the 

perovskite until they reach the planar interfaces. However, uniform surface coverage and a smooth 

perovskite layer are essential for efficient charge transport within the perovskite as well as 

transport across the interface. Unlike mesoscopic architectures, some of the planar films are 
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fabricated at room temperature. Due to this low temperature processing, PHJ cells can be made on 

flexible plastic substrates. There are two configurations of PHJ solar cells; one is with the electron 

transport layer below the perovskite layer (regular: n-i-p), and the other is with the electron 

transport above the perovskite layer (inverted: p-i-n). 

 In regular PHJ solar cells, thin films of TiO2 or ZnO nanoparticles are generally used as 

electron transport layers. By using planar TiO2 films, Snaith and co-workers achieved a PCE of 

ca. 15% when the perovskite was deposited by a physical vapor deposition method.158 However, 

the compact TiO2 layer used here still required high-temperature annealing. Yella et al. used 

relatively low temperature processed rutile TiO2 as an electron transport layer and achieved a high 

Voc of 1.11 V, which ultimately resulted in an efficiency of about 13%.159 From our group, Liu et 

al. employed a room temperature-processed planar ZnO nanoparticle layer and achieved an 

efficiency of ca. 16%.160 The device also showed a promising efficiency of 10.2% on flexible 

substrates. In a similar way, other electron transport layers such as SnO2 nanoparticles and CdSe 

nanoparticles have also been explored in this regular PHJ configuration.161, 162   

In the inverted architecture, the electron transport layer is located above the perovskite 

layer. The most widely studied inverted configuration is 

ITO/PEDOT:PSS/perovskite/PCBM/electrode. Here, ITO (indium doped tin oxide) is a 

transparent conductive oxide, PEDOT:PSS (poly(3,4-ethylenedioxythiophene) polystyrene 

sulfonate) is the hole transport layer, and the PCBM (phenyl-C61-butyric acid methyl ester) is the 

electron transport layer. In early work, this configuration produced very poor performing devices 

with a maximum efficiency of 3.9%.163 The low efficiencies were attributed to poor film 

morphology. By employing a mixed halide perovskite (MAPbIxCl(3-x)), the efficiency was 

improved to ca. 11%.164, 165 However, the perovskite domain size and the layer coverage still 
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limited the performance of the device. By employing solvent annealing, Huang and co-workers 

improved the perovskite crystallite size and the film coverage on the PEDOT:PSS layer. This 

ultimately resulted in an overall enhancement of the device performance, with a peak efficiency 

of ca. 15%.166 Further, You et al. studied moisture-assisted crystallite growth; they produced a 

device with 17.1% efficiency.167 By casting the perovskite on a hot substrate, Nie et al. produced 

millimeter scale perovskite crystals and the device made from these crystals produced a high 

efficiency of ca. 18%. Along with PEDOT:PSS, there have been many other hole transport layers 

studied in this inverted configuration, such as graphene oxide (GO), spiro-OMETAD (2,2′,7,7′-

tetrakis-(N,N-di-p-methoxyphenylamine)-9,9′-bifluorene), NiOx, V2O5  and CuSCN.151, 168  

Recently, by using NiOx as a p-type contact layer, Yang and his co-workers produced a device 

with ca. 16% efficiency in a perovskite solar cell. They further improved the moisture stability of 

the device by depositing a ZnO n-type contact layer on top of the perovskite layer.169  

1.2.3.3. Perovskite deposition techniques and the film morphology 

 Regardless of the architecture, the performance of perovskite solar cells is influenced by 

the perovskite crystallinity, grain size, film morphology, and surface coverage. All these factors 

are dependent on the deposition techniques used and the atmospheric conditions (e.g., relative 

humidity, ambient air or N2 atmosphere).170 The deposition techniques are classified into two 

major categories: (1) one-step deposition, (2) two-step deposition (sequential deposition) (Figure 

1.11). 

One-step deposition technique:  The one-step deposition technique is a single step process, 

in which the perovskite precursors are co-deposited on the desired substrate. The precursors are 

typically the organic (MA or FA) halide and the inorganic metal (Pb or Sn) halide.  In this method, 

the formation of the perovskite crystallites occurs in two consecutive stages; one is solvent  
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Figure 1.11. The top panel (a & b) shows the one-step deposition method; (a) direct deposition of perovskite precursor 

on TiO2, (b) solvent engineering by dripping toluene solvent. The bottom panel (c, d, e & f) shows the two step 

deposition technique; (c) two-step deposition by dipping PbI2 in MAI solution, (d) physical vapor deposition (dual 

source co-deposition) of PbCl2 and MAI, (e) two-step spin coating (inter-diffusion) method, and (f) vapor assisted 

solution process (two-step). Reprinted from References (170, 174, 158, 177 and 176). Copyright (2013, 2014) Nature 

Publishing Group, (2015, 2016) Royal Society of chemistry, and (2014) American Chemical Society.  
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evaporation, and the other is crystallization. This method works well for mesoscopic architectures; 

the pores slow the rate of solvent evaporation and enhance the rate of perovskite crystallization. 

However, by using this method, pore filling becomes a major concern in mesoscopic solar cells. 

In the case of planar architectures, this deposition method produces poor surface coverage due to 

the slow nucleation and rapid crystallization due to the fast evaporation of the solvent in the spin-

coating process. To overcome this rapid crystallization, often the solutions are prepared by adding 

a co-solvent, such as DMSO or DMF. The DMSO coordinates with the PbX2 salt and suppresses 

the rate of crystallization.171, 172 The rate of crystallization can also be controlled by changing the 

perovskite composition. By using a mixture of MAI and PbCl2, Snaith and co-workers controlled 

the perovskite coverage on a planar TiO2 layer.173 Here, the presence of Cl⁻ ions causes lattice 

distortions resulting in prolonged crystallization of the perovskite. The change in nucleation and 

growth of the perovskite upon Cl⁻ inclusion was attributed to the rapid formation of MAPbCl3 

intermediates. Seok et al. achieved an exceptionally uniform perovskite layer by solvent 

engineering during the perovskite formation stage of the one-step deposition method (Figure 

1.11b).174 Here, they used a mixture of solvents (γ-butyrolactone and DMSO) to deposit 

CH3NH3PbIxBr(3-x), and during the spin-drying step, another solvent (toluene) was dripped on top 

of the film. The addition of DMSO impedes the reaction between MAI(Br) and PbI2(Br) by 

forming a MAI-PbI2-DMSO intermediate phase, and toluene dripping accelerate the formation of 

this intermediate phase via removal of excess DMSO in the film. As a result of the formation of 

this stable intermediate phase, the perovskite nucleation and crystallization were controlled. This 

method produced an efficient device with a remarkable performance of 17.5%. 

Two-step deposition (sequential deposition) technique:  A general concern with the one-

step deposition technique is achieving complete perovskite formation and uniform crystal growth. 
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To overcome these issues, a two-step deposition method was introduced. In this method, the first 

step is the deposition of a PbI2 layer. After preparing the PbI2 film, the perovskite is produced by 

either dipping the substrate in a solution of methylammonium iodide (MAI) or by spin-casting a 

MAI solution in the second step. The two-step deposition was first reported by Mitzi and co-

workers.175 Grätzel and co-workers adopted this method for the fabrication of mesoscopic 

perovskite solar cells.154 By using this sequential deposition method, they produced an efficient 

device with ca. 15% power conversion efficiency. This method has since been used by many other 

groups for both types of architecture. However, the major concern with this method is the 

reproducibility of the film morphology, which varies from group to group, and depends on many 

other factors such as pre and post-annealing temperatures and atmospheric conditions (relative 

humidity). Several modifications to the two-step deposition method have been reported including 

an inter-diffusion method (two-step spin coating), and vapor assisted solution processed method.176 

By using the two-step spin-coating process on mesoscopic substrates, Park and co-workers were 

able to grow perovskite crystals of up to ~ 1 μm in size and achieved a PCE of 17%.177 Here, the 

MAI solution was spin-coated on top of a PbI2 layer; the growth of the perovskite crystals was 

controlled by varying the concentration of MAI and the spinning speed. Yang and co-workers 

introduced a vapor assisted solution process to construct the polycrystalline perovskite layer.176 In 

this method, MAI vapor was used instead of a solution. Using this method, they produced a 

uniform perovskite layer on a planar TiO2 layer, which led to a device with PCE of 12.1%. 

Recently, Seok and coworkers achieved a ca. 20% PCE by a two-step spin coating technique on a 

mesoscopic layer; they used a PbI2(DMSO) complex solution instead of only PbI2.
178 By 

depositing formamidinium iodide (FAI) on the PbI2(DMSO) layer, they achieved high-quality 
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FAPbI3 films, and demonstrated that the direct intermolecular exchange of DMSO with FAI 

produced large-grained microstructures of the perovskite. 

1.2.3.4. Device Issues  

Although the performance of perovskite solar cells is promising, there are many concerns 

associated with these solar cells. The major issues are hysteresis in the J-V curves (unstable 

photocurrents), irreproducibility of the device fabrication, and device stability.179-181 Unlike many 

other solar cells, perovskite solar cells show an unusual hysteresis in their J-V curves; this 

hysteresis depends on the sweep rate and the sweep direction of the applied bias. In general, reverse 

sweeping (scanning from open circuit voltage to short-circuit current) produces higher efficiencies 

than a forward sweep. The origin of this unusual behavior has been attributed to several factors 

including the capacitive behavior of lead halide perovskites,182-184 intrinsic trap states, grain 

boundaries,185, 186 and ion migration (ferroelectric behavior) in the perovskite.187-189 Regular planar 

heterojunction solar cells that consist of TiO2 and spiro-OMETAD show pronounced J-V 

hysteresis compared to both inverted and mesoscopic solar cells. It has been demonstrated that due 

to high capacitive nature of TiO2 and spiro-OMETAD, the charge is accumulated at the 

ETL/perovskite and perovskite/HTL interfaces.180 Upon replacing TiO2 and spiro-OMETAD with 

low capacitance materials, such as PCBM and PEDOT:PSS or NiOx, a decrease in the hysteresis 

was observed.182 Several reports demonstrated that, the presence of intrinsic trap states within the 

perovskite layer and the traps created by grain boundaries could also contribute to the hysteresis 

in the device.183, 186 To passivate these traps, Huang et al. spin coated a PCBM capping layer on 

top of the perovskite layer, which resulted in a hysteresis-free device with 14.9% efficiency.186 By 

carefully considering all the factors that are causing the hysteresis many recent reports have 

produced hysteresis-free perovskite solar cells.190, 191 
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Another major issue with perovskite solar cells is their stability; the perovskite layer 

degrades upon exposure to humidity, heat, and light. Lead halide perovskites are highly 

hygroscopic in nature; by exposing the perovskite film to moisture (>50% RH), the color of the 

perovskite changes from dark brown to yellow or colorless within a short period of time, which 

ultimately results in detrimental effects on the device performance.142 An early study on perovskite 

degradation reported the formation of a colorless monohydrate lead iodide salt (CH3NH3PbI3·H2O) 

as an intermediate phase,192 and later the structure was demonstrated by Hao et al.193 However, 

some of the recent reports on perovskite degradation assigned the intermediate phase as a dihydrate 

perovskite (CH3NH3PbI3·2H2O).194, 195 Finally, by using time-resolved X-ray diffraction, Leguy et 

al. resolved this intermediate phase as a monohydrate product (CH3NH3PbI3·H2O).196 They found 

that upon exposure to moisture, the perovskite first forms a reversible monohydrate product, which 

eventually degrades to the dihydrate product upon exposure to humidity for a long time. In addition 

to moisture, light and heat have been shown to accelerate perovskite degradation. Most recently, 

several reports demonstrated that the mixed FA−cesium perovskites such as FA0.9Cs0.1PbI3 and 

Cs5MA0.16FA0.79PbI2.49Br0.51 undergo slower decomposition in the presence of both humidity and 

light compared to MAPbI3.
197, 198 However, these issues still need to be completely addressed 

before the commercialization of perovskite solar cells can be realized. 

1.3. Photocatalysis 

1.3.1. Overview 

The transformation of solar energy into chemical energy is another expanding field. For 

many years, semiconductor nanoparticles such as TiO2, ZnO, and ZrO2 have been used as 

photocatalysts to drive chemical reactions. However, due to their wide band gaps, they show 
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catalytic activity only in the UV region. To make these catalysts active in the visible region, their 

bandgap can be altered by doping with different elements such as N, S, and Mn.199-201 However, 

upon doping, their catalytic activity was affected; they showed decreased activities compared to 

the undoped nanoparticles.202  Alternatively, various other visible light absorbing nanomaterials 

such as WO3, and CdS have been studied as photocatalysts.33 Similarly, plasmonic nanoparticles 

have been used to harvest visible light for driving (or improving) the rates of these chemical 

reactions.    

1.3.2. Plasmonic light harvesting for photocatalysis 

Plasmonic nanoparticles are promising materials for light harvesting due to their strong 

extinction cross sections and tunable optical properties in the visible region. During the early 

2000s, Kamat and coworkers used Au nanoparticles to improve the photocatalytic activity of TiO2 

in the visible region.203 Although plasmonic nanoparticles were used in photocatalysis applications 

in the early 2000s, the word plasmonic catalysis was introduced by Awazu et al. in 2008,204 who 

used plasmonic Ag nanoparticles to improve the catalytic activity of TiO2 in methylene blue 

degradation. Since then, plasmonic nanoparticles have been employed for various chemical 

reactions such as dye degradation, water splitting, oxidation and reduction reactions, and cross-

coupling reactions.205      

                                    

Figure 1.12. Plasmon energy transfer mechanisms for photocatalysis; (a) Plasmonic near-field effect, (b) Plasmonic 

charge transfer to a semiconductor (crossing the Schottky junction), and (c) plasmonic charge transfer to the adsorbate 

molecule. Reprinted from Reference (206). Copyright (2013) The Royal Society of Chemistry. 
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Plasmonic nanoparticles can be used to drive chemical transformations in several ways 

(Figure 1.12):32, 206 (i) plasmonic hot electron injection, (ii) plasmonic near-field effects, (iii) 

plasmonic local heating and (iv) plasmonic resonance energy transfer. In some cases, the 

plasmonic nanoparticles directly catalyze the reactions (plasmon-mediated catalysis), and in other 

cases, they enhance the activity of existing catalysts connected to the plasmonic particles 

(plasmon-enhanced catalysis). These mechanisms are discussed in the following section. 

1.3.2.1. Mechanisms of plasmonic enhancement 

Plasmonic local fields: Due to surface plasmon oscillations, a dipole is generated in the 

nanoparticles. This dipole causes the generation of an electric field (near-field effect) on the 

surface of the particle. By using finite-difference time-domain simulations, Mizeikis et al. 

demonstrated that the local electric field intensity at a Au/TiO2 interface could be up to 104 times 

greater than the incident electric field.207 However, the magnitude of these local fields is highly 

dependent on the morphology of the plasmonic nanoparticles.208 These local fields can enhance 

carrier separation in metal oxides and these free carriers can then participate in the chemical 

reaction; this eventually leads to an enhanced catalytic activity of the metal oxide nanoparticles. 

In particular, the near-field effect is helpful in materials like Fe2O3, where carrier recombination 

is a major issue. For example, upon embedding Au nanoparticles in a Fe2O3 photoelectrode, an 

enhanced photocurrent was observed in the presence of visible light; this improved the activity of 

Fe2O3 for the water splitting reaction.209, 210 Duan et al. reported enhanced electron-pair generation 

in CdS nanoparticles due to the generation of near-fields at the Ag/CdS interface.211 Here, the 

enhancement was observed even after using an insulating SiO2 spacer between the Ag and CdS 

nanoparticle. In a similar way, using pump-probe studies Cushing et al. observed an increase in 

charge carrier separation in Cu2O by exciting the surface plasmons in Au@SiO2@Cu2O 
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core@shell@shell nanoparticles.212 They demonstrated that the enhanced carrier separation is due 

to electromagnetic field mediated plasmonic resonance energy transfer (RET) from Au to Cu2O. 

Charge transfer from metal to the catalyst: This mechanism is observed in metal/semiconductor 

catalysts; here the semiconductor catalyzes the chemical reactions. One of the consequences of the 

plasmonic relaxation process is a generation of high-energy plasmonic ‘hot’ electrons in the metal 

nanoparticle. The energy of these hot electrons can be sufficient enough to cross the Schottky 

barrier at the metal/metal oxide (e.g., TiO2 or ZrO2) interface. Therefore, upon exciting the 

plasmon band in a metal nanoparticle, the hot electrons are transferred from the metal to the 

semiconductor metal oxide. As a result of this transfer, the metal oxide gains high energy electrons 

in its conduction band, leading to an improvement in the overall catalytic activity in the visible 

region.33, 205 Plasmonic hot electron transfer was also observed in bimetallic (e.g., AuPd and AuCu) 

nanoparticles.22, 213 Unlike the metal oxide examples there is no Schottky junction at the interface 

for these AuPd and AuCu systems; the charge is transferred from Au to the other metal.213  

Plasmon-induced heating for catalysis: Plasmonic nanoparticles have been used as heat sources in 

several heterogeneous reactions. The excited plasmons generate heat by electron-phonon 

scattering during the relaxation process. The magnitude of heat depends on the power of the 

incoming light source; generally, such heating effects are observed when high power (power 

density on the order of tens of W/cm2) laser sources are used. Recently, by exciting the surface 

plasmon band in Ag nanowires, Garnet et al. observed a welding of the two nanowires at their 

junctions due to plasmon heating.214 By using plasmonic heating, Adleman and co-workers 

reported the combustion of ethanol to CO2, and H2O.215 Plasmonic-heating has been explored in 

several other reactions such as cross-coupling reactions, epoxidation, decomposition of peroxides 

and decomposition of organometallic molecules.216 217 
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Direct charge transfer to the adsorbate: Upon illumination, the hot electrons in the metal 

nanoparticles can transiently occupy the LUMO of an adsorbed molecule. This direct charge 

transfer can induce a chemical transformation in the adsorbed molecule. This was first observed 

in 1988 by Trager et al.,218 who studied the laser-induced desorption of Na atoms from Na 

nanoparticles. The rate of desorption was found to be a maximum when the Na nanoparticles were 

illuminated with a light source whose wavelength matches their plasmon peak; they claimed that 

desorption was both phonon-driven and hot-electron driven. Over the past few years, there has 

been an increase in the number of reports on this plasmonic charge transfer-driven 

photochemistry.21, 22, 219-223 For example, as a result of plasmonic electron transfer, an enhanced 

dissociation of O-O bonds in adsorbed O2 molecules was observed on the surface of a Ag 

nanocube/Al2O3 nanocomposite, using a ~250 mW/cm2 visible light source.222, 223 The authors 

demonstrated that plasmonic local heating accelerated the rate of O-O dissociation.  In a similar 

way, the dissociation of H2 molecules was observed when metal (Au, Al) nanoparticles was 

illuminated by a kW power laser source in the presence of H2 gas by Halas and co-workers; 224, 225 

the bond dissociation was attributed to the plasmon hot electron transfer from the metal (Au, Al) 

surface to adsorbed H2.  

1.3.2.2. Plasmonic Photocatalysis 

Decomposition of organic contaminants: Organic dyes, such as methyl orange, methylene blue, 

and rhodamine are widely used as model compounds to study the degradation or organic molecules 

using a photocatalyst. Often wide bandgap semiconductor metal oxides are used to catalyze their 

decomposition. Semiconductor nanoparticles generate reactive oxygen species (oxygen radicals: 

·OH, ·O, ·O2
⁻) upon UV illumination; these radicals can decompose the dye by oxidation.205 

Harnessing visible light for this decomposition can be achieved by using plasmonic nanoparticles. 
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For example, Awazu et al. embedded Ag@SiO2 nanoparticles in TiO2 films to make the catalyst 

active in visible light. They observed a 7-fold enhancement in the decomposition of methylene 

blue in the presence of visible light. Here, a SiO2 shell was used to prevent the oxidation of Ag. 

The thickness of the SiO2 shell is critical; Kumar and co-workers observed a decrease in the rate 

of methylene blue decomposition with an increase in the silica shell thickness.226 They 

demonstrated that the reduction in the decomposition rate could be due to the decrease in the near-

field available in the surrounding medium. Christopher et al. employed various shapes of Ag 

nanoparticles (nanowires, nanocubes, and nanoparticles) on TiO2 for the decomposition of 

methylene blue.227 Higher decomposition rates were obtained for Ag nanocube/TiO2 

nanocomposites; increased decomposition was attributed to the enhanced generation of e⁻/h⁺ pairs 

in TiO2.   

Solar water splitting: Using solar energy for water splitting is a potential approach for the 

generation of H2 fuel. Several groups have employed plasmonic nanoparticles to harvest visible 

light for water splitting.205, 206, 228 By depositing Au nanoparticles on TiO2, Silva et al. observed an 

enhanced generation of hydrogen in photoelectrochemical water splitting when the catalyst was 

illuminated by a 532 nm laser.229 In the absence of Au, TiO2 showed poor catalytic activity 

regardless of light illumination. Here, the enhancement was attributed to direct electron transfer 

from Au to TiO2. Recently, Duchene et al. verified the plasmonic hot electron transfer from Au 

NPs to TiO2 by in situ monitoring of the open circuit voltage of a Au/TiO2 photoanode.230 They 

used a 300 W Xenon light source for panchromatic illumination.  On the other hand, by using a 

similar photoelectrochemical cell, Liu et al. demonstrated that the enhancement in H2 generation 

is due to plasmonic near-field effects rather than plasmonic hot-electron transfer process.228 In 

agreement with previous results, Ingram and Linic have shown that plasmonic near fields led to 
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enhanced rates of water splitting using a Au/N-TiO2 (nitrogen doped TiO2) photoanode.231 Further, 

Torimoto et al. showed evidence for the effect of plasmonic near-fields on water splitting by 

exciting the surface plasmons in  Au@SiO2@CdS core@shell@shell nanostructures using a Xe 

lamp source (power ~100 mW/cm2).232 They observed that the plasmonic enhancement in H2 

production was dependent on the thickness of the silica spacer between the Au and the CdS. 

Recently, by probing the valence orbitals in Zn in Ag/ZnO nanocomposite using X-ray absorption 

spectroscopic studies at the Zn K-edge, Chen et al. have drawn conclusions that there is a 

contribution of both plasmonic hot-electron injection and plasmonic near-field effects in the 

enhancement of H2 production.233 Finally, a review by Zhang et al. has recently summarized all of 

the plasmonic effects that contribute to solar water splitting.234  

Organic reactions: Organic substrates such as alcohols, aldehydes, anilines, and hydrocarbons 

have been successfully oxidized by plasmonic nanoparticles supported on TiO2, ZrO2 and CeO2 in 

the presence of an O2 atmosphere.235 By using a Au/TiO2 photocatalyst, Naya et al. observed the 

transformation of cinnamyl alcohol to cinnamaldehyde in the presence of visible light. However, 

the reaction also produced a significant amount of cinnamic acid. Tsukamoto et al. also employed 

Au nanoparticles on various supports (TiO2 and CeO2) for the oxidation of benzaldehyde.236 The 

maximum conversion was achieved by depositing Au on a mixture of rutile/anatase TiO2. Zhao et 

al. studied the aerobic oxidation of aromatic amines using plasmonic metal nanoparticles (Au and 

Ag); they demonstrated that the oxidation is driven by the direct hot electron transfer in Ag or Au 

to the 2π* orbitals of adsorbed oxygen.237 In a similar way, plasmonic nanoparticles have been 

used for light harvesting in Pd-catalyzed reactions such as the hydrogenation of nitrophenols to 

anilines and cross-coupling reactions.238, 217 The most studied catalysts for these reactions are 

AuPd bimetallic nanoparticles. Wang et al. used Pd-tipped Au nanorods to harvest light in cross-
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coupling reactions catalyzed by Pd.217 Zhang et al. observed an enhanced rate of cross-coupling 

between aryl chlorides and phenylboronic acid using Au@Pd bimetallic nanoparticles supported 

on ZrO2.
239 In this thesis, Au@Pd bimetallic nanotriangles were employed to make use of visible 

light for Pd-catalyzed reactions.  

1.4. Research Objectives 

The primary objective of the thesis is to improve the harvesting of solar energy in 

photovoltaic cells and photocatalytic processes. Here, two types of photovoltaic cells are 

investigated; one is DSSCs, and the other is perovskite solar cells. In DSSCs, one of the key 

components is the dye; the efficiency of DSSCs is often limited by weak dye absorption. This 

thesis takes advantage of the plasmonic properties of metal nanoparticles to improve light 

harvesting in DSSCs. Specifically, plasmonic M@SiO2 (M = Au, Ag) nanotriangles are used. Due 

to their anisotropy, these nanotriangles show broad plasmonic peaks from multiple plasmon 

modes, and they offer intense near-fields from their sharp tips. In Chapter 2, the plasmonic 

enhancement was studied by integrating different quantities of Ag@SiO2 in DSSCs. It was found 

that the Ag@SiO2 nanotriangles are unstable; they are easily oxidized at higher temperatures. 

However, after annealing in air, they showed interesting changes in their morphology. In Chapter 

3, these morphological changes were systematically studied by using X-ray absorption 

spectroscopy. Here, the nanotriangles are annealed in different atmospheric conditions (N2 and 

air), and at different temperatures. Alternatively, more stable Au@SiO2 nanotriangles were also 

employed in DSSCs. In Chapter 4, the thermal stability of Au@SiO2 nanotriangles and their effect 

on the performance of DSSCs are discussed.    

In the case of perovskite solar cells, the perovskite MAPbI3 is already a strong light 

absorber; it has a large extinction coefficient over a broad range of visible spectrum. Due to the 
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excellent optoelectronic properties of this perovskite material, employing external light harvesting 

materials such as plasmonic nanoparticles is likely not required in these solar cells. However, 

alternative approaches to improving light harvesting efficiency and device performance are still 

needed. Chapter 5 demonstrates the effect of perovskite layer thickness on the performance of 

perovskite solar cells. In Chapter 6, the growth of perovskite crystallites was studied by controlling 

the relative humidity in the surrounding atmosphere.  

The last project (Chapter 7) is focused on harvesting solar energy to drive chemical 

reactions. Here, the rate of Pd-catalyzed reactions was improved by using plasmonic nanoparticles. 

The Pd itself does not absorb in the visible region, thus to utilize solar energy for these reactions, 

Au@Pd core@shell bimetallic nanotriangles were employed. Plasmonic enhancements were 

observed for both a Suzuki coupling reaction and the hydrogenation of 2-methyl-3-butene-2-ol. 

Finally, Chapter 8 summarizes the accomplishments of all the projects that are described in this 

thesis and also lays out future work that could be done in these areas. 
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CHAPTER 2  

Plasmonic Enhancement of Dye Sensitized Solar Cells in 

the Red-to-NIR Region using Triangular Core-Shell 

Ag@SiO2 Nanoparticles 

Mahesh K. Gangishetty, † Kee Eun Lee, † Robert W. J. Scott, and Timothy L. Kelly* 

Department of Chemistry, University of Saskatchewan, 110 Science Place, Saskatoon, SK, S7N 5C9, 

Canada 

This project investigates the plasmonic enhancement in the efficiency of DSSCs using 

triangular Ag@SiO2 nanoparticles. Most of the champion dyes in DSSCs suffer from the limited 

absorption in the narrow region of the visible light. Harvesting the broad range of light is one of 

the major challenges in the field. Here, by using triangular nanoparticles, we could harvest the 

light in red to near-IR region and improve the performance of the device.  

This chapter is a near-verbatim copy of a paper published in ACS Appl. Mater. Interfaces, 

2013, 5, 11044. It was published with an equal contribution of myself and Dr. Kee Eun Lee. I 

would like to acknowledge her contribution to this work. My contribution to this article is 

synthesizing triangular Ag and Ag@SiO2 nanoparticles, their characterization by UV-Vis and 

transmission electron microscopy (TEM) and studying their stability toward the iodide redox 

couple. Dr. Kee Eun Lee fabricated and characterized all the DSSCs. The first draft of the 

manuscript was written by me and was revised by Prof. Tim Kelly and Prof. Robert Scott prior to 

publication. 
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2.1. Abstract 

Recently, plasmonic metal nanoparticles have been shown to be very effective in increasing 

the light harvesting efficiency of DSSCs. Most commonly, spherical nanoparticles composed of 

silver or gold are used for this application; however, the localized surface plasmon resonances of 

these isotropic particles have maxima in the 400 – 550 nm range, limiting any plasmonic 

enhancements to wavelengths below 600 nm. Herein, we demonstrate that the incorporation of 

anisotropic, triangular silver nanoprisms in the photoanode of DSSCs can dramatically increase 

the light harvesting efficiency in the red and near-infrared (NIR) regions. Core-shell Ag@SiO2 

nanoprisms were synthesized and incorporated in various quantities into the titania pastes used to 

prepare the photoanodes. This optimization led to an overall 32 ± 17% increase in the PCE of cells 

made using 0.05% (w/w) of the Ag@SiO2 composite. Measurements of the incident photon-to-

current efficiency provided further evidence that this increase is a result of improved light 

harvesting in the red and near-infrared regions. The effect of shell thickness on nanoparticle 

stability was also investigated, and it was found that thick (30 nm) silica shells provide the best 

protection against corrosion by the triiodide-containing electrolyte, while still enabling large 

improvements in PCE to be realized. 

2.2. Introduction 

DSSCs have attracted a great deal of scientific and technical interest due to their low cost 

and ease of fabrication. While the development of new dyes has led to continued improvements in 

the PCEs of DSSCs in recent years,1 they are still often limited by the weak absorption of the dye 

sensitizer. This is exemplified by the commonly used ruthenium (II) polypyridyl dyes (e.g., N719). 

N719 absorbs strongly at 535 nm, but has drastically reduced extinction coefficients at longer 
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wavelengths.2 Thus, improving the light harvesting efficiency in the 600 – 900 nm wavelength 

range is one promising way of increasing the PCEs of these devices.3, 4 The synthesis of 

panchromatic sensitizers, such as porphyrin derivatives, has been shown to improve the incident 

photon-to-current efficiency at longer wavelengths;5, 6 however, the overall efficiency of these 

dyes is often lower than champion ruthenium dyes due to their reduced light harvesting efficiency 

at shorter wavelengths. 

This issue of poor light absorption often necessitates the use of thick photoanodes,7 

scattering layers,8-10 back reflectors,11 or other light trapping elements12 in order to achieve the 

LHE required to produce a highly efficient DSSC. An emerging approach to better light harvesting 

in solar cells utilizes the LSPR of noble metal nanostructures (e.g., Au or Ag).13,14 Due to their 

unique optical properties, plasmonic nanoparticles are finding applications in diverse scientific 

fields such as catalysis,13 electronics,14 biological imaging,15 and sensing.16 When applied to a 

DSSC, the plasmonic nanoparticles can act as efficient light trapping components, resulting in an 

enhancement of the light harvesting efficiency of the cell.17-23  Plasmonic materials can enhance 

the LHE in one of the several ways. The first is by resonant scattering of the incident light, whereby 

incident light is scattered off-normal, increasing the effective optical path length of the device. 

Another possibility is that the excitation of LSPR modes greatly increases the local electric field 

at the particle surface (near-field enhancement) and that this results in an increase of the 

absorbance of the dye sensitizer in these regions. 

A number of approaches have been explored for the incorporation of metal nanoparticles 

in a DSSC. In the simplest of these, gold nanoparticles were directly mixed with the TiO2 

nanoparticle paste, resulting in Au/TiO2 composite electrodes.18 These electrodes produced a 

substantial increase in the current density generated at 532 nm, near the absorption maximum of 
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the gold LSPR. Similarly, an increase in the short circuit current density was observed when silver 

nanoparticles were embedded in the photoanode of a DSSC by an in situ synthetic procedure.22 

Despite these promising results, the use of bare metal nanoparticles is undesirable from a stability 

perspective, because the bare nanoparticles may suffer from surface corrosion when in direct 

contact with the dye and iodide/triiodide electrolyte.24 The nanoparticles may also act as electron 

traps, reducing the electron collection efficiency. To remedy this, the use of core-shell 

nanoparticles has been explored, where the plasmonic core is protected by a thin metal oxide (e.g., 

SiO2, TiO2) shell.19, 20 The insulating shell both protects the underlying particle from oxidative 

etching and also helps prevent unwanted electron storage effects.25 The effect of multiple shells 

and particle aggregation has also been explored through the synthesis of Au@SiO2@TiO2 

nanoparticles.26  

Most of these studies on plasmon-enhanced DSSCs have been based on spherical 

nanoparticles, and the maxima of the LSPR bands for these materials typically lie in the range of 

400 – 550 nm.19, 20 Conventional ruthenium dyes such as N719 already absorb strongly in these 

regions, diminishing the need for plasmonic light trapping. In contrast, N719 absorbs much more 

weakly in the 550 – 700 nm range, and in order to better amplify the light harvesting efficiency in 

this regime, better spectral match between the LSPR band and the edge of the N719 absorption 

band is required. The position of the LSPR band depends on factors such as the nanoparticle size, 

shape, and dielectric environment.27 While spherical silver nanoparticles typically have LSPR 

absorption bands in the range of 380 – 450 nm, anisotropic nanoparticles such as triangular silver 

nanoprisms have substantially red-shifted extinction maxima. By changing the aspect ratio of the 

silver nanoprisms, the position of the LSPR band can be tuned anywhere from the blue-violet to 
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the near-infrared region of the spectrum.28 Gold nanorods29 and silver nanoprisms30 have both 

demonstrated the viability of such an approach in polymer bulk heterojunction solar cells. 

In this study, we synthesize core-shell nanoparticles consisting of a triangular silver 

nanoprism core and a silica shell of variable thickness (Ag@SiO2). The core-shell particles display 

a broad LSPR band centered at ca. 730 nm, which is ideally suited to overlap with the edge of the 

N719 absorption spectrum. The silica coating was designed to both protect the underlying silver 

nanoprism from the corrosive I−/I3
− redox mediator and to prevent electron transfer from either the 

TiO2 or the dye excited state to the metal nanoparticle. We find that the incorporation of 0.05% 

(w/w) Ag@SiO2 into the photoanode of a DSSC results in a 32 ± 17% increase in the overall PCE 

of the device and that this improvement is entirely driven by an increase in the short circuit current 

density. IPCE measurements suggest that this is due to an improvement in LHE in the 550 – 750 

nm range, caused by plasmonic light trapping effects. 

2.3. Experimental Section 

2.3.1. Materials  

Silver nitrate (99%), sodium borohydride (98%), and hydrogen peroxide (30% w/w), 

glacial acetic acid (99.7%), nitric acid (70%), and iso-propanol (99.9%) were purchased from 

Fisher Scientific. Ethyl cellulose (EC) powders EC-10 (Ethocel standard 10 cP) and EC-45 

(Ethocel standard 45 cP) were purchased from Dow Chemicals. α-Terpineol (≥ 96%), sodium 

citrate tribasic (≥ 96%), poly(N-vinylpyrrolidone) (≥ 99%, MW ~ 40,000), 16-

mercaptohexadecanoic acid (MHA, 90%), tetraethoxysilane (TEOS, 99%), titanium 

tetraisopropoxide (≥ 97%) and N,N-dimethylamine (40% w/v) were purchased from Sigma-
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Aldrich. All chemicals were used as received without further purification. Deionized water (18.2 

MΩ·cm) was obtained from a Milli-Q water purification system.  

2.3.2. Characterization  

UV/Vis/NIR spectra were measured in a quartz cell with an optical path length of 1.0 cm 

using a Varian Cary50 UV-Visible spectrophotometer. TEM analysis was carried out on a Philips 

410 microscope operating at 100 kV. TEM samples were prepared by placing a drop of the 

nanoparticle solution on a carbon-coated 300 mesh Cu grid and allowing it to air dry. 

2.3.3. Synthesis of silver nanoprisms  

The synthesis of the silver nanoprisms was carried out based on literature procedures.31 

Briefly, 0.050 M AgNO3 (50 µL) was added to deionized water (24.75 mL), to this mixture, 75 

mM trisodium citrate (500 µL), 17.5 mM PVP (100 µL) and H2O2 (60 µL) were then added 

sequentially. This mixture was stirred for 2 min, after which 0.1 M NaBH4 (250 µL) was added. 

A change in the color of solution from yellow and to blue was observed after 40 min. The silver 

nanoprisms were collected by centrifugation at 8,500 rpm (10,000 g) for 3.5 h and were then re-

dispersed in 5 mM aqueous trisodium citrate (25 mL).  

2.3.4. Synthesis of Ag@SiO2 sore-shell nanoprisms  

Ag@SiO2 core@shell nanoprisms were prepared according to the synthetic protocol of 

Xue et al.32 The nanoprisms were functionalized by the addition of a 5.0 mM ethanolic solution of 

16-mercaptohexadecanoic acid; enough solution was added to bring the final thiol concentration 

to 60 μM. After stirring for 10 min, the functionalized nanoprisms were collected by 

centrifugation at 8,500 rpm (10,000 g) for 3.5 h and were re-dispersed in ethanolic 

tetraethoxysilane, and 0.6 M DMA and stirred for 12h. 
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2.3.5. Preparation of TiO2 and Ag@SiO2/TiO2 pastes  

The TiO2 nanoparticles were synthesized according to literature procedures.33 Titanium 

tetraisopropoxide (13 mL) was mixed with glacial acetic acid (2.5 mL) and stirred for 15 min, after 

which the mixture was poured into deionized water (64 mL) while stirring. After 1 h, 65% nitric 

acid (1.2 mL) was added into the solution, which was heated to reflux for 80 min with intense 

stirring. The prepared colloidal solution was transferred to a 125 mL Teflon-lined autoclave and 

heated at 220 °C for 15 h. After completing the autoclave reaction, 65% nitric acid (0.53 mL) was 

added to the colloidal solution, and the solution homogenized using an ultrasonic horn (QSonica 

Q500, 1/4th of an inch probe) for 15 min. The TiO2 nanoparticles were then washed three times 

with ethanol by centrifugation/redispersion cycles to yield a TiO2 wet cake. 

A paste was prepared from the wet cake by adding ethyl cellulose and terpineol. Two kinds 

of pure ethyl cellulose powders, EC-10 (Ethocel standard 10 cP, Dow) and EC-45 (Ethocel 

standard 45 cP, Dow) were dissolved in a 9:7 ratio in ethanol to yield 10% (w/w) solutions. The 

ethyl cellulose solution, terpineol, and ethanol were added to the TiO2 wet cake in a 5 : 4 : 17.5 : 

1 weight ratio. This mixture was then sonicated using an ultrasonic horn for 15 minutes (2 s pulses, 

with a 2 s rest between pulses).  The solvent was removed by evaporation using a rotary evaporator 

to yield a 13% (w/w) TiO2 paste.  

Ag@SiO2 incorporated TiO2 pastes were prepared in the same manner as the pure TiO2 

paste. Ag@SiO2 particles were added to the TiO2 wet cake in ratios ranging from 0.01% to 1.0% 

(w/w). Higher Ag@SiO2 loadings resulted in more deeply blue colored pastes. 

2.3.6. Cell fabrication and characterization  

FTO-coated glass (TEC 8, Hartford Glass Co.) was used as a substrate for both the working 

and the counter electrode. The working electrode was prepared by doctor blading the TiO2 paste 
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onto a TiCl4 pretreated (0.2 mM (aq), 30 min at 70 oC) FTO-coated glass substrate, followed by 

sintering at 450 °C in air for 30 min. The thickness of the resulting films was measured using a 

KLA Tencor D-120 Stylus profilometer, which was calibrated using a 4.474 µm reference sample 

(VLSI Standard Incorporated, KTS-4.5 QS). The working electrode was then post-treated with 

TiCl4 (0.2 mM(aq), 30 min at 70 oC) and again sintered in air at 450 oC. After cooling to 80 °C, the 

electrode was collected and immersed in a dye solution (0.5 mM in EtOH) for 2 days. Counter-

electrodes were prepared by spreading two drops of H2PtCl6 solution (50 mM in iso-propanol) 

onto a pre-pierced (two holes) piece of FTO-coated glass, followed by heating to 380 °C for 30 

min. The TiO2 anode and the counter-electrode were assembled into a sandwich-type cell and 

sealed with a thermoplastic sealant (Meltonix 1170-25, Solaronix) of 25 μm thickness by hot-

pressing at 150 °C for 20 s. The I−/I3
−-based electrolyte (Iodolyte AN-50, Solaronix) was injected 

through the holes in the counter-electrode and then sealed using the thermoplastic sealant and 

cover glass. 

The J –V testing of the DSSC sample was carried out using a Keithley 2400 source measure 

unit. Air mass 1.5 global simulated sunlight (100 mW·cm−2) was produced by a 450 W solar 

simulator (Sol3A, Oriel Instruments). The incident light intensity was calibrated to one sun by a 

photovoltaic reference cell system (91150V, Oriel Instruments). The cell active area was defined 

as 0.196 cm2 using a black anodized aluminum aperture mask. IPCE spectra were measured in DC 

mode using a QE-PV-SI system (Oriel Instruments) equipped with a 300 W xenon arc lamp, filter 

wheel, and monochromator. The IPCE spectra were calibrated to a silicon reference photodiode 

(71674, Oriel Instruments). 
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2.4. Results and Discussion 

The synthesis of the core-shell Ag@SiO2 nanoprisms is shown in Scheme 2.1. The 

triangular silver nanoprism core is first prepared by the chemical reduction of silver nitrate with 

NaBH4 in the presence of sodium citrate, hydrogen peroxide, and poly(N-vinylpyrrolidone).31 

TEM images of the as-prepared nanoprisms are shown in Figure 2.1, and the edge length and 

thickness of the prisms were found to be 30 ± 8 nm and 2.9 ± 0.6 nm, respectively. This method 

produced ca. 80% nanotriangles and the particle size distributions of the nanotriangles are shown 

in Figure 2.2. The nanoprisms have a broad LSPR absorption band centered at 693 nm (Figure 

2.1c). This peak is strongly red-shifted compared to spherical silver nanoparticles due to the high 

aspect ratio of the nanoprisms. Previous work has assigned the shoulder at 490 nm to an in-plane 

quadrupole resonance.34, 35 After synthesis, the nanoprisms are functionalized with 16-

mercaptohexadecanoic acid, and a silica shell is grown via a sol-gel process using a solution of 

tetraethylorthosilicate and N,N-dimethylamine in ethanol.32 The thickness of the silica shell can be 

tuned by adjusting the concentration of TEOS in the reaction mixture;32 starting from a single 

batch of silver nanoprisms, we prepared a series of four samples with shell thicknesses ranging 

from 7 to 33 nm (Figure 2.3). In all cases, the nanoprism core (which is distinguishable from the 

silica shell due to the higher electron contrast of silver due to its higher electron density) retains 

its triangular shape. At the lowest TEOS concentration (0.8 mM), a very thin (7 nm) silica shell is 

visible on the particle surface; as the concentration of TEOS in the reaction mixture is increased, 

the shell increases in thickness, and the overall shape of the core-shell particle changes from 

triangular to roughly spherical. At a TEOS concentration of 16 mM, secondary nucleation of silica 

particles begins to occur, and SiO2 nanospheres not containing a silver core are observed alongside 
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the core-shell particles. At this TEOS concentration, a 33 nm thick shell is produced; due to the 

issue of secondary nucleation, this was taken as the upper limit of shell thickness in this study. 

 

Scheme 2.1. Synthesis of the Ag@SiO2 triangular nanoprisms. 

  

Figure 2.1. a) & b) TEM images of the as-prepared silver nanoprisms, (c) UV/Vis/NIR spectra of the as-prepared 

silver nanoprisms (black line) and the nanoprisms after functionalization with 16-mercaptohexadecanoic acid (red 

line). 

  

Figure 2.2. Size distributions of the as-prepared silver nanoprisms, (a) edge length, and (b) thickness. 
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Figure 2.3. TEM micrographs of Ag@SiO2 core-shell particles synthesized with different TEOS concentrations: (a) 

0.8 mM, (b) 1.8 mM, (c) 9 mM, and (d) 16 mM. 

The position of the localized surface plasmon resonance depends very strongly on the 

dielectric environment surrounding the nanoparticle. Compared to the citrate-stabilized 

nanoprisms, the silver nanoprisms functionalized with 16-mercaptohexadecanoic acid show a 10 

nm red-shift in the position of the plasmon band (Figure 2.1c), consistent with thiol-coordination 

to the surface. After growth of the silica shell, the plasmon peak is further red-shifted with respect 

to the thiol-functionalized nanoprisms (Figure 2.4). The magnitude of this red-shift was found to 

increase with the concentration of TEOS in the reaction mixture, and it tracks the silica shell 

thickness closely, as would be expected for an increase in the refractive index of the surrounding 

medium. After the shell has reached 24 nm in thickness, there appears to be little further shift in 

the peak position, even with further increases in shell thickness. The local field generated by 

localized surface plasmon resonances is strongly dependent on the distance from the nanoparticle 

surface.4, 34, 35 In the case of the Ag@SiO2 nanoprisms, as the shell thickness increases, the effect 

of the solvent medium (ethanol) on the LSPR decreases. After the shell thickness has reached a 

limiting value, the effect of the surrounding medium completely vanishes, and no further red-shift 

in the LSPR peak is observed. Very similar approaches have been used in the past to measure the 

distance dependence of the local electromagnetic field,36-38 and our results suggest that for the 

thickest silica shells, the position of the plasmon band will remain constant, regardless of its 
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inclusion in the matrix of the TiO2 photoanode. This also provides a unique opportunity to probe 

the importance of far-field effects on device efficiency, as for silica shell thicknesses greater than 

24 nm, near-field effects should be greatly attenuated, and only resonant scattering (far-field) 

effects should be observed. Also, the triangles with thicker shell shown an increased absorption at 

lower wavelengths, this could be attributed to the Rayleigh scattering.   

    

Figure 2.4. (a) Normalized UV/Vis/NIR spectra of Ag nanoprisms functionalized with 16-mercaptohexadecanoic acid 

(black line), and Ag@SiO2 nanoprisms synthesized using various TEOS concentrations: 0.8 mM (red line), 1.8 mM 

(blue line), 9 mM (green line), and 16 mM (pink line). (b) Peak position of the LSPR band (λLSPR) as a function of 

both TEOS concentration (black triangles) and shell thickness (blue squares). 

In order to carry out optimization studies on the incorporation of Ag@SiO2 nanoparticles 

into DSSCs, the nanoprisms with the thickest (33 nm) silica shell were chosen. These particles 

were found to be ~ 70 nm in diameter (Figure 2.3d), and while somewhat larger in size than the 

TiO2 nanoparticles (d ~ 20 nm) made via a sol-gel / hydrothermal approach,33 the two materials 

could readily be dispersed into a homogeneous paste. This was accomplished by blending the two 

types of nanoparticles together in various mass ratios, along with ethyl cellulose binders, followed 

by ultra-sonication for a period of 15 minutes. After the homogenization process, an opaque blue 

paste was obtained. The concentration of the Ag@SiO2 nanoparticles in the paste is a key 
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parameter affecting the PCE of the device, since for very low concentrations of Ag@SiO2, little to 

no effect should be observed, while very high concentrations of the insulating nanoprisms will 

likely prove detrimental to charge transport within the photoanode. Thus, in order to determine the 

optimum mass ratio of Ag@SiO2 to TiO2, different TiO2 pastes were prepared with varying 

concentrations of silver nanoprisms. The Ag@SiO2 to TiO2 mass ratio of these pastes ranged from 

0.01% to 1% (w/w). The pastes were subsequently used to prepare photoanodes that were 8–10 

μm in thickness, which were in turn sensitized by N719 dye (Figure 2.5). For comparison, control 

devices were also prepared without inclusion of the Ag@SiO2 nanoprisms.  

 

Figure 2.5. Schematic depiction of the device architecture, showing the Ag@SiO2 nanoparticles embedded in the 

TiO2 photoanode. 

 The J–V curves of both the TiO2 and Ag@SiO2/TiO2-based devices are shown in Figure 

2.6a, and the average open circuit voltages, short circuit current densities, fill factors, and PCEs 

are plotted in Figure 2.6b as a function of Ag@SiO2 loading. The averaged data are also tabulated 

in Table 2.1, along with the PCE of the highest performing device from each set. The control 
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devices (with no plasmonic nanoparticles) demonstrated an average PCE of 5.6%. With the 

addition of 0.01% Ag@SiO2 to the photoanode, the average PCE increased slightly to 6.3%, and 

then increased sharply to a maximum of 7.4% with the addition of 0.05% Ag@SiO2. Thereafter, 

the average PCE decreased with increased Ag@SiO2 loading. For the optimized loading of 0.05%, 

the PCE was improved by 32 ± 17% relative to the TiO2 control devices. This is a substantial 

improvement of device performance, and is especially significant given the very low loading of 

Ag@SiO2 required to achieve this performance increase. Even for unoptimized loadings (> 0.1%), 

the devices still displayed PCEs that were 10% higher than the TiO2 controls. Compared to 

previous work on DSSCs enhanced by spherical Ag@TiO2 nanoparticles,19 the optimized loading 

of plasmonic nanoparticles is substantially reduced while maintaining similar improvements in the 

overall PCE. Past the optimized loading of 0.05%, there is a clear downward trend in PCE with 

increasing Ag@SiO2 concentration. At these concentrations, improvements in the PCE due to 

plasmonic light trapping effects may begin to be offset by a reduction in electron transport 

pathways within the TiO2 nanoparticle network. 



 
 

76 
 

  

Figure 2.6. (a) J–V characteristics of the highest performing DSSC for each Ag@SiO2/TiO2 ratio: 0.00% (purple line), 

0.01% (blue line), 0.05% (green line), 0.10% (yellow line), 0.33% (orange line), 0.50% (red line), 1.00% (dark red 

line). (b) Mean fill factor, short circuit current density, open circuit voltage, and PCE plotted as a function of Ag@SiO2 

loading. The error bars show plus or minus one standard deviation from the mean. 

In order to statistically validate the results, the data shown in Table 2.1 was subjected to 

several statistical tests of significance. In the first of these, an analysis of variance (or ANOVA) 

test, the data is treated collectively and analyzed for differences between the group means. The 

results of the ANOVA analysis (at 95% confidence) are shown in Table 2.2. In short, the calculated 

F-value is larger than the critical F-value required for 95% confidence, meaning that the PCE is 

affected by the Ag@SiO2 loading in a statistically significant way. While the ANOVA analysis is 

perhaps most applicable to data sets containing multiple groups (as in the present case), the results 

are also in very good agreement with those of pairwise t-tests between the plasmon-enhanced cells 

and the TiO2 controls (Table 2.3), with p-values < 0.05. The pairwise t-tests are analogous to the 
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Z-test advocated by Luber and Buriak;39 however, for the sample sizes involved (N < 30), the t-

test is more rigorous. 

Table 2.1. Mean Voc, Jsc, FF and PCE, along with their associated standard deviations, for DSSCs with different 

Ag@SiO2 loadings. The number of devices tested (N) for each loading is shown. 

Ag@SiO2 

Loading 

(%) 

Average 

Voc (V) 

Average Jsc 

(mA/cm2) 

Average 

FF (%) 

Average 

PCE (%) 

Best 

PCE 

(%) N 

0.00 0.65 ± 0.01 11.2 ± 1.2 75.7 ± 1.2 5.6 ± 0.6 6.5 15 

0.01 0.64 ± 0.01 12.7 ± 0.9 77.5 ± 0.5 6.3 ± 0.5 6.9 4 

0.05 0.70 ± 0.01 14.4 ± 1.4 73.5 ± 0.9 7.4 ± 0.7 8.4 13 

0.10 0.64 ± 0.01 14.5 ± 1.0 76.4 ± 0.6 7.1 ± 0.4 7.3 4 

0.33 0.66 ± 0.02 13.4 ± 1.3 75.6 ± 1.1 6.7 ± 0.5 7.5 6 

0.50 0.67 ± 0.01 13.7 ± 0.7 74.6 ± 0.7 6.8 ± 0.3 7.1 4 

1.00 0.65 ± 0.01 13.6 ± 0.7 75.8 ± 0.3 6.8 ± 0.4 7.0 4 
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Table 2.2. ANOVA analysis of PCE as a function of Ag@SiO2 loading carried out at the 95% confidence level. The 

calculated F-value (13.3) is larger than the critical F-value (2.3) required for 95% confidence, and the P-value is less 

than 0.05. Therefore, the results show a statistically significant variation in PCE with Ag@SiO2 loading. 

   Anova: Single Factor      

SUMMARY       

Ag@SiO2 Loading Count Sum Average Variance   

0.00% 15 83.2 5.5 0.4   

0.01% 4 25.4 6.3 0.3   

0.05% 13 95.8 7.4 0.5   

0.10% 4 28.5 7.1 0.2   

0.33% 6 40.2 6.7 0.3   

0.50% 4 27.2 6.8 0.1   

1.00% 4 27 6.8 0.1    

ANOVA       

Source of Variation SS df MS F P-value F crit 

Between Groups 25.9 6 4.3 13.3 1.78E-08 2.3 

Within Groups 13.9 43 0.3    

Total 39.8 49         

 

From Figure 2.6b, it is clear that the overall increase in PCE is driven by improvements in 

Jsc. Compared to the TiO2 control devices, only small changes to the open circuit voltage and fill 

factor were observed for any of the plasmonic devices (a maximum difference of 6% and 3%, 

respectively). Furthermore, there is no consistent trend observed for either the Voc or FF, with 

various Ag@SiO2 loadings producing both positive and negative changes, and some loadings 

leading to no change at all. Clearly, neither the Voc nor the FF can be responsible for the 32 ± 17% 

increase in PCE. In contrast, when 0.05% Ag@SiO2 is incorporated into the device, the Jsc 

increases from 11.2 to 14.4 mA/cm2, and then drops slowly for large Ag@SiO2 loadings, mirroring 

the trends observed in the PCE. These data are entirely consistent with plasmonic light trapping 

being the primary driving force behind the increase in PCE. Increased light harvesting efficiency 



 
 

79 
 

results in improved currents, but should have no effect on either Voc or FF. While previous work 

on DSSCs incorporating Au@TiO2 has suggested that electron charging effects may result in shifts 

of the quasi-Fermi level of the TiO2 (and hence changes to the Voc),
25 the insulating SiO2 shell used 

in the present work should only permit changes to the light harvesting efficiency. 

Table 2.3. Pairwise t-tests (assuming unequal variances, 95% confidence) comparing the PCEs of devices made with 

various Ag@SiO2 loadings with pure TiO2 controls. In all cases, the absolute value of the t-statistic is larger than the 

critical t-value required for 95% confidence in a two-tailed test, and the P-value is less than 0.05. Therefore, each 

sample shows a statistically significant increase in PCE relative to the TiO2 controls. 

Ag@SiO2 Loading 0.00% 0.01% 0.00% 0.05% 0.00% 0.10% 

Mean 5.546 6.339 5.546 7.372 5.546 7.115 

Variance 0.368 0.254 0.368 0.466 0.368 0.171 

Observations 15 4 15 13 15 4 

Hypothesized Mean Difference 0   0   0   

df 6   24   7   

t Stat -2.670   -7.434   -6.050   

P(T<=t) one-tail 0.019   0.000   0.000   

t Critical one-tail 1.943   1.711   1.895   

P(T<=t) two-tail 0.0370   1.13E-07   0.0005   

t Critical two-tail 2.447   2.064   2.365   

       

Ag@SiO2 Loading 0.00% 0.33% 0.00% 0.50% 0.00% 1.00% 

Mean 5.546 6.694 5.546 6.802 5.546 6.761 

Variance 0.368 0.251 0.368 0.088 0.368 0.128 

Observations 15 6 15 4 15 4 

Hypothesized Mean Difference 0   0   0   

df 11   11   8   

t Stat -4.456   -5.826   -5.118   

P(T<=t) one-tail 0.000   0.000   0.000   

t Critical one-tail 1.796   1.796   1.860   

P(T<=t) two-tail 0.0010   0.0001   0.0009   

t Critical two-tail 2.201   2.201   2.306   

 

 

In order to confirm the origin of these improvements in PCE, IPCE measurements were 

carried out on a number of the completed devices (Figure 2.7). Since the current density in a solar 

cell is governed by the integral of the product of the photon flux and the IPCE, any changes to the 
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value of Jsc should also be reflected in the IPCE spectra. The results agree well with the trends 

observed in the J-V curves. DSSCs with a 0.05% loading of Ag@SiO2 nanoprisms displayed 

notably higher IPCE values in the range of wavelengths from 400 nm to 750 nm compared to the 

reference device. The IPCE increased from 60% to 76% at 530 nm (the maximum of the IPCE 

spectrum), and substantial increases were also observed at longer wavelengths as well (e.g., from 

23% to 39% at 630 nm). While it is also possible for pure silica nanoparticles to scatter light (and 

therefore produce higher values of Jsc and IPCE), if that were the case one would expect to see 

dramatically different behavior in the IPCE spectra. Smaller nanoparticles (d < 0.1 λ) should 

produce enhancements in the IPCE spectrum that closely follow the 1/λ4 dependence typical of 

Rayleigh scattering, while larger nanoparticles (d >> 0.1 λ) should lead to scattering that is largely 

independent of wavelength. The observed differences in the IPCE spectrum (Figure 2.8) are 

inconsistent with either scenario, but entirely consistent with resonant scattering caused by the 

nanoparticle. 

 

Figure 2.7. (a) Incident photon-to-current efficiency spectra of DSSCs made using various Ag@SiO2/TiO2 ratios: 

0.0% (black line), 0.05% (red line), 0.10% (cyan line), 0.33% (green line) and 0.5% (blue line). (b) The relative IPCE 

enhancement ((IPCEAg@SiO2 − IPCEcontrol) / IPCEcontrol) for the device with a 0.05% Ag@SiO2 (black line) loading and 

the absorption spectrum of the Ag@SiO2 nanoprisms (blue line). 
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Figure 2.8. (a) Incident photon-to-current efficiency spectra of DSSCs made using 0.0% (black line) and 0.05% (red 

line) Ag@SiO2 loadings. The difference spectrum is also shown (blue line). (b) The relative IPCE enhancement 

((IPCEAg@SiO2 − IPCEcontrol) / IPCEcontrol) for the device with a 0.05% Ag@SiO2 loading (blue line) and the original 

IPCE spectrum (black line). 

As the Ag@SiO2 concentration increases, there continues to be an improvement in IPCE 

for the long wavelength region of the spectrum, despite a decrease in IPCE at shorter wavelengths. 

This spectral shift can best be understood by separately considering the various factors that control 

the IPCE, including the light harvesting efficiency, the efficiency of electron injection from the 

excited dye molecule to the TiO2 electrode, and the electron collection efficiency at the anode. The 

increase in IPCE at wavelengths resonant with the Ag@SiO2 LSPR band is consistent with an 

increase in the LHE. For wavelengths off-resonance with the LSPR band, however, the Ag@SiO2 

nanoparticles are expected to have a detrimental impact on the IPCE. Embedding insulating silica 

particles inside the mesoporous TiO2 network will disrupt charge percolation networks, forcing 

the charge carriers to take increasingly convoluted pathways to the electrode as the Ag@SiO2 

concentration is increased. Several reports have clearly demonstrated that straighter, less 

convoluted electron transport pathways with fewer grain boundaries are critical in maximizing the 

electron collection efficiency.40-42 As such, the decrease in collection efficiency results in a net 
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decrease in the IPCE for wavelengths that are off-resonance with the LSPR band, and these effects 

are particularly pronounced for the devices with the highest Ag@SiO2 loadings.  

Further evidence for the contribution of the silver nanoprisms to the enhanced light 

harvesting efficiency can be found by comparison of the relative increase in IPCE 

(ΔIPCE/IPCEcontrol) and the Ag@SiO2 absorption spectrum (Figure 2.7b). The IPCE enhancement 

spectrum is dominated by a large feature at 660 nm, with a second, less pronounced peak at   460 

nm. This is in reasonable agreement with the Ag@SiO2 absorption spectrum, which displays an 

intense peak at 724 nm due to the in-plane dipole LSPR mode, and a shoulder at 515 nm due to 

the in-plane quadrupole mode (note that the position of this peak is slightly offset from the data 

shown in Figure 2.4 due to batch-to-batch variability in the preparation of the nanoprisms). This 

correlation between the nanoparticle LSPR band and the IPCE enhancement spectrum is in 

agreement with previous reports of plasmon-enhanced DSSCs.19, 43 There are two notable 

differences between the two spectra: first, the location of the IPCE enhancement is blue-shifted 

with respect to the initial absorption spectrum of the Ag@SiO2 nanoparticles, and second, there is 

an additional contribution at 460 nm that is unlikely to be entirely due to the quadrupole mode of 

the nanoprisms. These discrepancies may be caused by changes in the particle shape during the 

electrode deposition and/or cell fabrication process (most likely during the sintering step). In order 

to evaluate their stability, TEM images were acquired after sintering a sample of Ag@SiO2 

nanoparticles (Figure 2.9). The tips of triangular silver nanoprisms are prone to rounding or 

truncation (thereby blue-shifting the LSPR band),44 and various levels of tip rounding can be seen 

in Figure 2.9. Some particles are still triangular in shape (giving rise to the enhancements observed 

at wavelengths > 600 nm), while others have been reduced in size to smaller plates or spheres 

(likely contributing to the extra IPCE enhancement observed at 460 nm). The complete retention 
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of anisotropic nanoparticle shape under sintering conditions is a challenge for many in this area, 

and is certainly an area in which further improvements could be made; however, regardless of any 

small changes in particle morphology, the light harvesting efficiency of the DSSC has been 

dramatically improved in the vicinity of 660 nm – a spectral region that is very challenging to 

reach with isotropic, spherical nanoparticles.  

 

Figure 2.9. TEM image of the Ag@SiO2 nanoparticles with the thickest SiO2 shells after sintering. 

In order to investigate the effect of silica shell thickness on the plasmon-based efficiency 

enhancement, Ag@SiO2 nanoparticles with various shell thicknesses were incorporated into 

DSSCs. Nanoparticles with SiO2 shells of 7 nm were chosen in order to provide a contrast with 

the thick-shelled nanoprisms studied previously; since near-field effects are strongly distance 

dependent, thin silica shells might be expected to lead to greater overall improvements. Our results 

indicate that the efficiencies of DSSCs fabricated with the thin-shelled nanoprisms are no different 

than the PCEs of the TiO2 controls (Figure 2.10), in stark contrast to the improvements in PCE 

observed for the thick-shelled nanoprisms. The average device characteristics are tabulated in 

Table 2.4. To better understand this discrepancy, the stabilities of both types of Ag@SiO2 core-
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shell particles were tested in I−/I3
− electrolyte solutions over a period of 20 h. The Ag@SiO2 

nanoparticles with the thickest shells showed no change in either the intensity or the position of 

the plasmon band after electrolyte exposure; however, the Ag@SiO2 nanoparticles with the 7 nm 

silica shells suffered an immediate (within 30 min) disappearance of the LSPR band (Figure 2.11). 

This clearly indicates that the thinner silica shell is either incomplete or slightly porous, leading to 

the dissolution of the underlying silver nanoprism core. 

 

Figure 2.10. Average PCE for DSSCs prepared using 0.05% (w/w) of Ag@SiO2 nanoprisms with different shell 

thicknesses, as well as for the control devices without any Ag@SiO2. The thickness of the photoanode in all devices 

was 3 – 4 µm. The error bars show plus or minus one standard deviation from the mean. 

Table 2.4. Device performance characteristics for DSSCs prepared using 0.05% (w/w) of Ag@SiO2 nanoprisms with 

different shell thicknesses, as well as for the control devices without any Ag@SiO2. The thickness of the photoanode 

in all devices was 3 – 4 µm. 

Device Type 
Average VOC 

(V) 

Average JSC 

(mA/cm2) 

Average FF 

(%) 

Average PCE 

(%) 

TiO2 Control 0.63 ± 0.02 9.3 ± 0.8 72.9 ± 0.2 4.3 ± 0.5 

7 nm Ag@SiO2 0.68 ± 0.01 9.1 ± 0.6 73.3 ± 0.8 4.6 ± 0.3 

33 nm Ag@SiO2 0.65 ± 0.01 12.9 ± 0.9 71.7 ± 0.8 6.1 ± 0.5 
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Figure 2.11. (a) UV/Vis/NIR spectra of the Ag@SiO2 nanoprisms with a 33 nm thick shell: in acetonitrile (black line), 

30 min after adding the I−/I3
− electrolyte (red line), and 20 h after addition of the electrolyte solution (blue line). (b) 

UV/Vis/NIR spectra of the Ag@SiO2 nanoprisms with a 7 nm thick shell: in acetonitrile (black line), and 30 min after 

adding the I−/I3
− electrolyte (red line).  

2.5. Conclusions 

We have demonstrated the successful utilization of triangular silver nanoprisms as light 

harvesting elements in a dye-sensitized solar cell. The loading of the silica-capped nanoprisms was 

optimized, and it was found that a very low loading of 0.05% Ag@SiO2 in the titania photoanode 

resulted in a 32 ± 17% increase in the overall PCE of the device, driven primarily by an increase 

in the short circuit current density. This plasmonic efficiency enhancement resulted in an 8.4% 

PCE for the highest performing device in the present study. 

IPCE measurements clearly indicate that these increases are due to improvements in the 

light harvesting efficiency at longer wavelengths (resonant with the Ag@SiO2 LSPR band), and 

that further increases in the Ag@SiO2 loading result in a detrimental effect on the electron 

collection efficiency. In contrast to previous work on spherical nanoparticle systems, the 

anisotropic nature, and high aspect ratio of the nanoprism core leads to strongly red-shifted LSPR 

modes and large improvements in the LHE at longer wavelengths. We expect that the application 
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of anisotropic metal particles to plasmon-enhanced DSSCs will help fulfill a major role in 

improving the efficiency of these devices – namely, the improvement of the light harvesting 

efficiency at red to NIR wavelengths where most dyes absorb very weakly. 
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CHAPTER 3  

Thermal Degradation Mechanism of Triangular Ag@SiO2 

Nanoparticles  

Mahesh K. Gangishetty, Robert W. J. Scott,* and Timothy L. Kelly* 

Department of Chemistry, University of Saskatchewan, 110 Science Place, Saskatoon, SK, S7N 5C9, 

Canada 

This project studies the thermal degradation pathways of Ag@SiO2 nanotriangles by using 

X-ray absorption spectroscopy. Upon annealing Ag@SiO2 nanotriangles in air, they showed 

interesting changes in the morphology (cf. Chapter 2). To understand these changes, XANES (X-

ray absorption near-edge spectra) and EXAFS (extended X-ray absorption fine spectra) were 

employed in this study. 

This chapter is a near-verbatim copy of work published in Dalton Transactions, 2016, 45, 

9827 All the experimental work in this article was performed by me. The first draft of the 

manuscript was written by me and it was revised by Prof. Tim Kelly and Prof. Robert Scott prior 

to publication. 
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3.1. Abstract  

Triangular silver nanoparticles are promising materials for light harvesting applications 

because of their strong plasmon bands; these absorption bands are highly tunable, and can be varied 

over the entire visible range based on the particle size. A general concern with these materials is 

that they are unstable at elevated temperatures. When thermally annealed, they suffer from changes 

in the particle morphology, which in turn affects their optical properties. Because of this stability 

issue, these materials cannot be used in applications requiring elevated temperatures. In order to 

address this problem, it is important to first understand the degradation mechanism. Here, we 

measure the changes in particle morphology, oxidation state, and coordination environment of 

Ag@SiO2 nanotriangles caused by thermal annealing. UV-Vis spectroscopy and TEM reveal that 

upon annealing the Ag@SiO2 nanotriangles in air, the triangular cores are truncated, and smaller 

nanoparticles are formed. Ag K-edge X-ray absorption spectroscopy (XANES and EXAFS) shows 

that the small particles consist of Ag(0), and that there is a decrease in the Ag-Ag coordination 

number with an increase in the annealing temperature. We hypothesize that upon annealing Ag in 

air, it is first oxidized to AgxO, after which it subsequently decomposes back to well-dispersed 

Ag(0) nanoparticles. In contrast, when the Ag@SiO2 nanotriangles are annealed in N2, since there 

is no possibility of oxidation, no small particles are formed. Instead, the triangular core rearranges 

to form a disc-like shape. 

3.2. Introduction 

Localized surface plasmon resonance is a phenomenon unique to metal nanoparticles, and 

has a wide variety of applications. When metal nanoparticles interact with incoming light, the light 

drives coherent oscillations of the electrons in their conduction bands, known as localized surface 
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plasmons. LSPR occurs when the frequency of these oscillations is in resonance with the frequency 

of the incoming light.1-3 Due to their unique optical properties, they have been used in a variety of 

applications such as surface-enhanced Raman spectroscopy,4, 5 sensing,6-8 photocatalysis9-14 and 

optoelectronics.15-19 The frequency of the LSPR band depends on both the type of material (e.g., 

Au, Ag or Cu), and the shape and size of the nanoparticles.1, 4  

Triangular Ag nanoparticles have high extinction coefficients, and their optical properties 

are easily tunable by changing the edge length.20 In addition to this, they exhibit very intense near 

fields as the charge that arises from the plasmon oscillations is concentrated near the tips.  Because 

of this strong LSPR and the corresponding strong near field effects, they have been efficient 

materials for light harvesting applications.15, 21-23 However, a major concern with these materials 

is their stability.24 There have been numerous studies, both theoretical and experimental, on the 

stability of Ag nanotriangles. Any oxidation promoting reagents such as halide ions24, 25 and 

thiols26 attack the tips of the triangles, causing a change in particle morphology which affects their 

optical properties. In addition to these chemical reagents, UV irradiation27, 28 and heating the 

colloidal solutions28-30 also have detrimental effects on the morphology of these triangles. All of 

the above treatments degrade the tips of the triangle, and similar behaviour is observed for other 

particles with sharp features, such as nanowires,30, 31 nano-tetrahedra,32 and nanocubes.33 To 

protect them from chemical etching agents, such particles are often coated with different materials 

such as SiO2,
15, 34 TiO2

35 and Au.23, 24, 36 However, protecting the nanotriangles from thermal 

degradation is quite challenging, and the presence of porous SiO2 or TiO2 shells may not be enough 

to prevent decomposition. Lei et al. observed the degradation of Ag nanospheres at elevated 

temperatures even after coating with a thin silica shell, as oxygen from the atmosphere diffused 

through the porous silica and led to the oxidation of the Ag core.37 
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The stability of nanoparticles depends on their surface energy. Ag has a face centered cubic 

crystal structure, and the triangular nanoparticles are enclosed by low energy (111) planes on their 

basal surfaces and high energy (110) or (100) planes on their edges.30 The surface energies of these 

crystal planes follow the order (100) > (110) > (111).38 As per the Gibbs-Thomson effect, the tips 

are even more unstable than the edges, since they are formed by the intersection of two high energy 

facets (the edges). Hence, the decomposition of these particles begins with the dissociation of 

atoms from the tips, followed by the edges.39 The dissociated atoms are either redeposited on the 

more stable basal planes, leading to the formation of thick nanodiscs, or they completely detach 

from the nanoparticle resulting in a reduction in the overall particle size.29, 39 Tang et al. observed 

dissociation of Ag atoms from the tips of triangles and the formation of circular nanodiscs upon 

aging Ag nanotriangles at 95 oC.29 Upon irradiating the solution of degraded Ag nanotriangles with 

a sodium lamp, reconstruction to the original morphology of nanotriangles was observed.28 Many 

groups have similarly used mild heating in solvent as a route for synthesizing Ag circular nanodiscs 

from triangular precursors.29, 40 Although it is clear that the Ag nanotriangles are forming circular 

nanodiscs upon decomposition, there are several questions that are left unaddressed about the 

mechanism of degradation. It has been noted that the overall size of the nanoparticles decreases 

upon annealing at elevated temperatures,24, 29 where the fate of the dissociated atoms needs to be 

fully understood.  

Here, we elucidate the mechanism of thermal degradation of Ag@SiO2 nanotriangles using 

XAS. XAS is a powerful tool for understanding changes in oxidation state, atomic environment 

and first shell coordination number (and thus average particle size) during the shape transformation 

of the nanotriangles. We synthesized the Ag@SiO2 nanotriangles and annealed them in air and N2 

atmospheres at different temperatures, ranging from 150 to 600 oC. The Ag K-edge spectra were 
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recorded for all samples before and after annealing. Our analysis showed that upon annealing the 

Ag@SiO2 nanotriangles in air, the Ag core breaks up to form multiple smaller Ag particles. We 

hypothesize that the Ag core is first oxidized to AgxO, which then further dissociates to form small 

Ag nanoparticles in the pores of the silica spheres. Further evidence for this mechanism is found 

by studying samples annealed in N2, which do not show such formation of small Ag nanoparticles. 

3.3. Experimental 

3.3.1. Materials and methods 

Silver nitrate (99%), sodium borohydride (98%), and hydrogen peroxide (30% w/w), were 

purchased from Fisher Scientific. Trisodium citrate dihydrate (≥ 96%), poly (N-vinylpyrrolidone) 

(≥ 99%, MW 40,000 g/mol), 16-mercaptohexadecanoic acid (90%), tetraethoxysilane (99%), and 

N,N-dimethylamine (40% w/v) were purchased from Sigma-Aldrich. All chemicals were used as 

received without further purification. Deionized water (18.2 MΩ·cm) was obtained from a Milli-

Q water purification system. 

3.3.2. Synthesis of Ag and Ag@SiO2 nanotriangles 

Triangular Ag and Ag@SiO2 nanoparticles were synthesized using existing procedures.15, 

41 To 248 mL of deionized water, aqueous solutions of AgNO3 (500 µL, 50 mM), trisodium citrate 

(5 mL, 75 mM), PVP (1 mL, 17.5 mM) and H2O2 (600 µL) were added. Finally, aqueous NaBH4 

(2.5 mL, 0.1 M) was rapidly injected into the solution. After the formation of a blue colored 

solution, the nanotriangles were collected by centrifugation (10,000 g, 3.5 h). 

After centrifugation, the nanotriangles were dispersed in 100 mL deionized water, followed 

by the addition of an ethanolic MHA solution (1.5 mL, 5 mM) and stirring for 10 min. The MHA-

functionalized Ag nanotriangles were centrifuged (10,000 g, 3.5h) and redispersed in ethanolic 
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TEOS (20 mL, 16 mM). After 2 min of stirring, aqueous dimethylamine (2 mL, 20% w/v) was 

added, and the solution was stirred for 12 h. The Ag@SiO2 nanotriangles were collected by 

centrifugation (10,000 g, 1 h) and dried at room temperature. To prepare the SiO2@Ag control 

samples (triangular Ag nanoparticles adsorbed on SiO2 spheres), first SiO2 nanospheres were 

synthesized by stirring a mixture of TEOS and dimethylamine (using the same concentrations as 

above) for 12 h in ethanol. After purifying the SiO2 nanoparticles by centrifugation and 

redispersion, an aqueous solution of MHA-functionalized Ag nanotriangles was added and stirred 

for 2 h. The SiO2@Ag sample was then isolated by centrifugation. 

3.3.3. Thermal annealing studies 

To study the thermal degradation of the Ag@SiO2 nanotriangles, they were annealed at 

different temperatures (150 oC, 300 oC, 450 oC and 600 oC) in either air or N2 atmosphere. The 

samples were heated at a rate of 10 oC/min and the dwell time at the final temperature was 15 min. 

A Lindberg/Blue M tube furnace was used to carry out the annealing studies, and a flow of N2 was 

used to generate the N2 atmosphere. 

3.3.4. Characterization  

TEM images were collected using a Hitachi HT7700 TEM operating at 100 kV. TEM 

samples were prepared by drop casting the nanoparticle solution onto a carbon-coated 300 mesh 

Cu TEM grid. UV−vis spectra were measured using a Varian Cary 50 Bio UV−vis 

spectrophotometer with an optical path length of 1 cm.  

X-ray absorption measurements were performed at the Hard X-ray Micro Analysis 

(HXMA) beamline 061D-1 (energy range 5−40 keV; resolution, 1 × 10−4 ΔE/E) at the Canadian 

Light Source (CLS, 2.9 GeV storage ring, 250 mA current). A double-crystal Si monochromator 
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was used for energy selection of the Ag K-edge (25514 eV). All samples were in the form of solid 

powders and were mixed with boron nitride (to give a 5% w/w Ag loading) and then pelletized 

before analysis. Measurements were taken in both transmission and fluorescence mode 

concurrently. The data analysis and EXAFS fitting were performed by using the IFEFFIT software 

package.42, 43 We used Ag (Fm-3m) crystallographic data to fit the Ag-foil spectrum. First, fitting 

was performed on the Ag-foil spectrum, keeping the coordination number fixed (CN = 12) in order 

to determine the amplitude reduction factor (So
2). From this fitting, the amplitude reduction factor 

determined for the Ag-foil was 0.973 and was used for the subsequent sample fits.    

3.4. Results and Discussion 

Ag@SiO2 nanotriangles were prepared by following previously published procedures.15 

Briefly, the Ag nanotriangles were synthesized by reducing AgNO3 using NaBH4 in the presence 

of trisodium citrate and H2O2. Subsequently, these nanotriangles were functionalized with 16-

mercaptohexadecanoic acid and then used to prepare the Ag@SiO2 core@shell nanotriangles 

using a Stöber sol-gel process. The nanoparticles were then characterized by UV-Vis spectroscopy 

and transition electron microscopy. Figure 3.1a shows the UV-Vis spectrum of the MHA-

functionalized Ag@SiO2 nanotriangles. The peak at 725 nm, shoulder at 490 nm, and peak at 330 

nm can be ascribed to the in-plane dipole, in-plane quadrupole, and the out-of-plane quadrupole 

plasmon modes, respectively. TEM images were recorded for these samples, and are shown in 

Figure 3.1b. TEM shows the presence of a ~ 30 nm thick silica shell around the Ag nanotriangles. 
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Figure 3.1. (a) UV-Vis spectrum of Au@SiO2 nanotriangles suspended in EtOH (b) TEM image of as-synthesized 

triangular Ag@SiO2 nanoparticles.  

3.4.1. Thermal degradation study of Ag@SiO2 using UV-Vis and 

TEM 

After synthesizing the Ag@SiO2 nanotriangles, they were subjected to different annealing 

temperatures in order to understand their thermal stability. The annealing temperatures were varied 

from 150 to 600 oC, in air or N2 atmospheres. After annealing, the samples were redispersed in 

ethanol by sonication, characterized by UV-Vis and TEM, and compared with the samples before 

annealing. Figure 3.2 shows the normalized UV-Vis spectra of the Ag@SiO2 samples before and 

after annealing in air (Figure 3.2a) and N2 (Figure 3.2b). The plasmon bands of the air annealed 

Ag@SiO2 nanotriangles were immediately and dramatically blue-shifted (λLSPR ≈ 420-440 nm) 

compared to the as-synthesized nanotriangles (λLSPR ≈ 720 nm). The magnitude of blue-shift 

depended on the annealing temperature, with the highest annealing temperature (600 oC) producing 

the most blue-shifted plasmon band (λLSPR ≈ 419 nm). In contrast, the samples annealed in N2 

showed a more modest blue-shift. The peak corresponding to the LSPR in-plane dipole mode blue-

shifts from 720 to 660 nm upon annealing at 150 oC, and blue-shifts further upon annealing at 

higher temperatures (615, 615, and 580 nm after annealing at 300, 450, and 600 oC, respectively). 
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An additional peak at ca. 440 nm also appears in the spectra of all post-annealed samples. In the 

case of triangular nanoparticles, the gradual blue-shifting of the plasmon peak is attributed to a 

rounding of the particle tips and the resulting formation of nanodiscs; however, the distinct peak 

at ca. 420-440 nm is typical of spherical Ag nanoparticles.1 This suggests that the samples annealed 

in air are rapidly degraded into spherical byproducts, whereas the samples annealed in N2 undergo 

a much more gradual morphology change.  

    

Figure 3.2. Normalized UV-Vis absorption spectra of Ag@SiO2 nanotriangles after annealing in either an (a) air or 

(b) N2 atmosphere.  

To better understand these changes in particle morphology, we characterized the samples 

using TEM. Figure 3.3 shows the TEM images of Ag@SiO2 nanotriangles after annealing in air 

(Figure 3.3a-d) and N2 (Figure 3.3e-h) atmospheres. The nanotriangles that were annealed in air 

at 150 oC showed the presence of round Ag core particles surrounded by a number of smaller 

nanoparticles embedded in the silica shell (Figure 3.3a). Upon increasing the annealing 

temperature to 300 oC the size of the Ag core decreased further, in some cases leaving behind a 

hollow void in the silica shell. After annealing at either 150 or 300 oC, the Ag core was ca. 5 nm 

in diameter, and was surrounded by a large number of smaller particles (Figure 3.3a and b inset). 

These larger Ag nanoparticles at the core of the SiO2 shell are assumed to be the remnants of the 
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original triangular Ag nanoparticles, while the smaller nanoparticles are formed from the material 

lost as the sharp tips decompose and fragment. After increasing the annealing temperature to 450 

or 600 oC, the Ag cores completely disappear. At these temperatures, the triangular core was 

completely fragmented into small Ag nanoparticles, leaving behind a hollow silica sphere (Figure 

3.3c-d). The size of these fragmented Ag nanoparticles was found to be relatively independent of 

temperature, with 450 oC (d = 2.5 ± 0.4 nm) and 600 oC (d = 2.3 ± 0.4 nm) producing similar sizes. 

These results are consistent with the UV-Vis data presented previously; in all cases, only relatively 

small, spherical nanoparticles are observed, in agreement with the plasmon bands located at 420-

440 nm. The larger cores observed in Figure 3.3a and b would be expected to give rise to the 

plasmon bands at longer wavelengths (λLSPR ≈ 440 nm, Figure 3.2a) than the smaller particles 

observed in Figure 3.3c and d (λLSPR ≈ 420 nm, Figure 3.2a). 

 

Figure 3.3. TEM images of the Ag@SiO2 nanotriangles after annealing in either (a-d) air, or (e-h) N2 atmospheres. 

The samples were annealed at: (a,e) 150 oC, (b,f) 300 oC, (c,g) 450 oC, and (d,h) 600 oC. The scale bars in the main 

images are 100 nm, while those in the insets are 20 nm. 

The formation of hollow silica spheres has been observed previously by Lei et al. for 

spherical Ag@SiO2 nanoparticles37 and Kim et al.44 for FeAuPd@SiO2 nanoparticles after 

annealing the nanoparticles in air, which could be due to the metal diffusion from the core. 

However, in neither of these cases did the central core fragment into smaller particles. In the 
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present case, we hypothesize the formation of such small Ag nanoparticles could be the result of 

the size of the pores in SiO2 around the Ag core. In order to better understand this phenomenon, 

we synthesized Ag nanotriangles on a SiO2 support (SiO2@Ag) and annealed them at 450 oC and 

600 oC. Figure 3.4 shows the TEM images of the SiO2@Ag nanoparticles after annealing. After 

annealing at 450 oC, spherical Ag nanoparticles were observed (Figure 3.4b) and the size (11.0 ± 

3.5 nm) of these nanoparticles was found to be much larger than for those formed upon Ag@SiO2 

annealing (Figure 3.3c, d ~ 2.5 nm). Unlike the Ag@SiO2 samples, for SiO2@Ag there is no silica 

shell around the Ag nanotriangles to control the size of the particles formed after annealing. Upon 

increasing the annealing temperature to 600 oC, the SiO2@Ag samples yielded smaller (7.5 ± 2.4 

nm) nanoparticles (Figure 3.3c). However, in both cases, the Ag nanoparticles are still larger than 

those resulting from annealing of the Ag@SiO2 samples. This indicates that, upon annealing the 

triangular Ag@SiO2 core@shell nanoparticles, the silica shell restricts the ultimate size of the 

resulting Ag nanoparticles. All of the samples annealed in a N2 atmosphere showed the presence 

of residual Ag cores in the TEM images (Figure 3.3e-h), regardless of annealing temperature. At 

low temperatures (150 oC), the core particle was only slightly rounded (Figure 3.3e), in keeping 

with the modest blue-shift observed in the UV-Vis spectrum (Figure 3.2b). The degree of rounding 

is correlated with the annealing temperature, with the samples annealed at the highest temperatures 

having the smallest and roundest Ag cores. Again, this agrees with the more pronounced blue-shift 

of the plasmon bands observed in these samples (Figure 3.2b). Unlike the samples annealed in air, 

no small particles were seen by TEM, indicating that the O2 in the air is needed for the formation 

these small particles.  
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Figure 3.4. TEM images of SiO2@Ag control samples annealed a) at 450 °C and (b) at 600 °C.  

The thermal stability of the silver nanoparticles depends on the particle size and shape. Ag 

nanotriangles have a high aspect ratio, with (111) planes on the basal facets and either (110) or 

(100) planes on the edge facets.30 As a result, the edges have a higher surface energy than the basal 

facets; hence they are less stable to corrosion. The vertices are highly unstable since at vertices the 

two high energy edge facets intersect. Hence, upon annealing the Ag@SiO2 nanotriangles, the 

decomposition process begins with the tips. In the presence of air, we hypothesize that the Ag core 

interacts with atmospheric oxygen and oxidizes to AgxO.37, 45, 46 The atoms in the vertices are 

oxidized first; dissociation of the oxidized material leaves behind the circular nanoparticles 

observed in the cores of the SiO2 particles (Figure 3.3a-b). The smaller nanoparticles observed 

throughout the SiO2 particle are then presumably composed of the dissociated material that was 

lost from the particle tips. Upon increasing the annealing temperature, the Ag core further 

dissociates, leaving behind nothing but the smaller particles (Figure 3.3c-d). In the presence of a 

N2 atmosphere, since there is no possibility of Ag oxidation, we noticed a different change in the 

morphology of the Ag nanotriangles. This could be attributed to the migration of atoms from the 

tips (highly unstable features) to the more stable basal planes. The resulting morphology after 

migration is a particle with rounded tips and a similar overall size (Figure 3.3e-f). This process 

becomes severe at higher annealing temperatures (Figure 3.3g-h), which can lead to a complete 
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rounding of the edges, and the deposition of a large number of atoms on the basal facets. This 

results in a pseudo-spherical nanoparticle, consistent with both the TEM images (Figure 3.3g-h) 

and the LSPR band at ca. 420 nm (Figure 3.2b). Such temperature dependent atomic migrations 

have been previously observed in modeling studies on Ag nanowires.30  

3.4.2. Thermal degradation study of Ag@SiO2 using XANES and 

EXAFS analysis  

Since UV-Vis spectroscopy and TEM provide no information on either the oxidation state 

or coordination environment of the resulting Ag@SiO2 nanoparticles, we collected Ag K-edge X-

ray absorption spectra. XANES spectroscopy is very specific to changes in valency, and EXAFS 

is specific to the coordination environment of the absorbing metal atoms. The Ag K-edge spectra 

of all the samples were compared with reference spectra of Ag-foil and Ag2O standards. The 

XANES spectra of Ag@SiO2 nanotriangles before and after annealing in air and N2 are shown in 

Figure 3.5. Ag has a strong K-edge feature at 25514 eV which arises from dipole-allowed 2s to 5p 

transitions. The near edge features of all samples were similar to those of the reference Ag-foil 

spectra. However, the samples annealed in air showed a decrease in the intensities of the near-edge 

peaks compared to the reference Ag-foil spectrum. This decrease in the intensity of these peaks 

with an increase in annealing temperature is due to a decrease in the size of the Ag nanoparticle 

(resulting in a lower overall coordination number for the Ag atoms). Such changes were not seen 

in the case of the Ag@SiO2 samples annealed in N2. Regardless of annealing atmosphere and 

temperature, none of the samples showed spectral features matching those of the Ag2O reference, 

which indicates the presence of little-to-no Ag2O in the annealed samples.   
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Figure 3.5. Ag K-edge (a,b) XANES and (c,d) FT-EXAFS spectra of Ag@SiO2 nanotriangles annealed in (a,c) air 

and (b,d) N2. All spectra were collected at room temperature. 

 We also performed an EXAFS analysis to study the changes in Ag coordination 

environment upon annealing the Ag@SiO2 nanoparticles. The EXAFS region is very sensitive to 

the bonding environment around the scattering atom. To study this, Ag K-edge spectra of all the 

samples annealed in air and N2 were plotted as the Fourier-transformed radial distribution function 

(FT-EXAFS) and the first coordination shell of Ag was fit using a Ag fcc model. Figure 3.5c and 

3.3d show the experimental FT-EXAFS spectra of the Ag@SiO2 samples in R space. All the 

samples showed peaks at 2.18 Å and 2.67 Å, which match well with the reference Ag foil spectra 

and are due to Ag-Ag first shell contributions. The Ag2O bulk material standard spectra show a 

major peak at 1.56 Å, which is due to the first shell Ag-O contribution. Although the Ag@SiO2 
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nanoparticles were annealed in air, none of the spectra have a peak at 1.56 Å, indicating a lack of 

oxidation in the annealed samples (i.e., they are almost completely Ag(0)). However, the intensity 

of the peak corresponding to the first shell Ag-Ag contribution decreases as the annealing 

temperature is increased from 150 oC to 600 oC in air. The intensity of this peak in the FT-EXAFS 

spectra is directly proportional to the Ag-Ag coordination number (note that the spectra are 

collected at room temperature after annealing). Hence, for the samples annealed in air, there is a 

decrease in the average Ag-Ag coordination number with increasing annealing temperature; this 

is directly correlated with a decrease in the size of the particles, as for smaller particles a higher 

percentage of Ag atoms are under-coordinated on the particle surface. The samples annealed in N2 

showed much more modest changes in the intensity of the Ag-Ag peak, indicating relatively little 

change in the overall particle size upon annealing in N2. This is in agreement with the TEM data, 

where the samples annealed at higher temperatures in air showed the presence of numerous small 

nanoparticles inside the silica sphere (Figure 3.3a-d), whereas for the samples annealed in N2, only 

larger particles at the core of the SiO2 shell were observed (Figure 3.3e-h). 

To quantify these findings, EXAFS fitting was performed for all the samples using existing 

Ag crystallographic data (Fm-3m). Only the first shell single scattering path Ago-Ag1 (Reff = 2.88 

Å, degeneracy = 12) was used as a model for fitting. The experimental EXAFS plot in R-space, 

along with the simulated EXAFS fitting of all the samples, is shown in Figure 3.6 and the 

corresponding fitting parameters are tabulated in Table 3.1. A decrease in the 1st shell Ag-Ag 

coordination number with an increase in the annealing temperatures was observed for the samples 

annealed in air. This implies a decrease in the average size of the particles with an increase in 

annealing temperature, which is in agreement with the observed formation of small Ag 

nanoparticles (d ~ 2.5 nm) and complete loss of the central Ag core at higher annealing 



 
 

106 
 

temperatures. Samples calcined at higher temperatures (450oC, 600oC) have low coordination 

numbers (6.6, 5.2), indicating the presence of very small particles with a large number of surface 

atoms. In the case of the samples annealed in N2, only a small increase in the 1st shell Ag-Ag 

coordination number was observed, which is consistent with the migration of highly under-

coordinated atoms from the tips of the triangles to the more stable basal planes, but an overall 

retention of the particle size. It is known that Ag is prone to oxidation at elevated temperatures; 

however, from the EXAFS analysis, there was no significant presence of AgxO after annealing in 

air. This indicates that any oxidation products must dissociate back to Ag and O2. We postulate 

that upon annealing the Ag@SiO2 nanotriangles in air, initially the vertices are oxidized to AgxO; 

this detaches from the triangle, leading to a rounding of the particle shape (Figure 3.7). 

         

Figure 3.6. EXAFS fitting of Ag@SiO2 nanotriangles annealed in (a) air and (b) N2 at different temperatures. All 

spectra were collected at room temperature after annealing. 
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The dissociated AgxO then decomposes back into small Ag nanoparticles and O2.
37, 47 This 

oxidation and dissociation process depends on both the annealing temperature and atmosphere. By 

TEM, it can be observed that these small Ag nanoparticles are spread throughout the silica sphere. 

The silver that is lost from the nanotriangle tips clearly diffuses inside the silica shell (either as 

AgxO or metallic Ag), but due to the thick silica shell, has difficulty reaching the particle surface. 

In the case of samples annealed in N2, these small Ag nanoparticles were not seen; in the absence 

of any oxidation/dissociation process, the observed changes in particle morphology are most likely 

due to atomic migration from less stable surfaces to more stable basal planes. A simplified 

mechanism of this thermal decomposition process is shown in Figure 3.7. 

Table 3.1. EXAFS fitting parameters of Ag@SiO2 nanotriangles annealed in air and N2 at different temperatures, the 

amplitude factor for the fittings was kept at fixed value of 0.973 

 

Ag@SiO2 

Annealing 

Temperature 

Air N2 

CN  

(Ag-Ag) 

R/ Å 

(Ag-Ag) 
σ2/ Å2 

Eo 

(shift)

/eV 

CN 

(Ag-Ag) 

R/Å 

(Ag-Ag) 
σ2/Å2 

Eo 

(shift) 

/eV  

RT 10.3 (6) 
2.855 

(4) 

0.0102 

(6) 

2.0 

(3) 
N/A N/A N/A N/A 

150 oC 9.0 (5) 
2.860 

(4) 

0.0102 

(5) 

1.9 

(3) 
9.1 (4) 2.853 (6) 

0.0098 

(6) 
1.3 (3) 

300 oC 8.8 (5) 
2.858 

(4) 

0.0105 

(6) 

1.5 

(3) 
10.2 (6) 2.860 (6) 

0.0111 

(9) 
1.4 (4) 

450 oC 6.6 (3) 
2.861 

(4) 

0.0109 

(5) 

0.8 

(3) 
10.0 (6) 2.860 (5) 

0.0106 

(6) 
1.5 (3) 

600 oC 5.2 (4) 
2.863 

(6) 

0.0108 

(8) 

1.7 

(4) 
10.5 (6) 2.861 (4) 

0.0106 

(6) 
0.9 (3) 
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Figure 3.7. Proposed thermal degradation mechanism of Ag nanotriangles in air and N2. The silica shell is omitted 

for clarity. 

3.5. Conclusions 

Using a combination of UV-Vis spectroscopy, TEM and X-ray absorption spectroscopy, 

we have established a detailed mechanism for the thermal degradation of Ag@SiO2 nanotriangles. 

Under all conditions studied, the triangular Ag@SiO2 nanoparticles were found to be unstable, and 

displayed pronounced morphological changes. In the presence of air and at low annealing 

temperatures, truncation of the nanotriangles’ tips was observed, and led to the formation of small 

nanoparticles surrounding the remaining Ag core. At higher temperatures the entire Ag core 

fragmented into these smaller nanoparticles. Our XANES and EXAFS analysis showed that these 

small particles are Ag(0), and provided further evidence of a decrease in particle size. The samples 

annealed in N2 yielded truncated nanotriangles (rounded particles) without the formation of any 

small nanoparticles. This suggested that the Ag@SiO2 samples annealed in air first oxidize to 

AgxO and subsequently decompose back to Ag(0). Understanding the mechanisms by which these 

unique nanomaterials degrade is the first step toward developing more stable compounds that could 

be exploited in a wide variety of plasmonic applications.    
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CHAPTER 4  

Panchromatic Enhancement of Light Harvesting 

Efficiency in DSSCs using Thermally Annealed Au@SiO2 

Triangular Nanoprisms  

Mahesh K. Gangishetty, Robert W. J. Scott,* and Timothy L. Kelly* 

Department of Chemistry, University of Saskatchewan, 110 Science Place, Saskatoon, SK, S7N 5C9, 

Canada 

In this work, the thermal stability of Au@SiO2 nanotriangles and their plasmonic effects 

in DSSCs are discussed. It was observed that Ag@SiO2 nanotriangles are not stable towards 

heating and the electrolyte, so Au@SiO2 nanotriangles were used here.  However, upon annealing 

a slight change in the morphology of Au was observed. This resulted in various shapes (truncated 

triangles and spheres) of Au nanoparticles. By integrating these Au nanoparticles in DSSCs, 

panchromatic light harvesting was achieved.  

This chapter is a near-verbatim copy of work published in Langmuir, 2014, 30, 14352. I 

performed all the experiments in this article. Also, the first draft of the manuscript was written by 

me and was revised by Prof. Tim Kelly and Prof. Robert Scott prior to publication. 

 

 

 

 

 



 
 

114 
 

4.1. Abstract  

Plasmonic enhancement is an attractive method for improving the efficiency of DSSCs. 

Plasmonic materials with sharp features, such as triangular metal nanoparticles, show stronger 

plasmonic effects than their spherical analogues; however, these nanoparticles are also often 

thermally unstable. In this work, we investigated the thermal stability of Au@SiO2 triangular 

nanoprisms by annealing at different temperatures. Morphological changes were observed at 

temperatures greater than 250 °C, which resulted in a blue shift of the LSPR. Annealing at 450 °C 

led to a further blue shift; however, this resulted in better overlap of the LSPR with the absorption 

spectrum of Black Dye. By introducing 0.05% (w/w) Au@SiO2 nanoprisms into DSSCs, we were 

able to achieve a panchromatic enhancement of the light harvesting efficiency. This led to a 15% 

increase in the PCE, from 3.9 ± 0.6% to 4.4 ± 0.4%. 

4.2. Introduction 

Noble metal nanoparticles are promising materials for a variety of applications, including 

photocatalysis,1 photovoltaics2 and biological imaging.3 In these materials, specific frequencies of 

light can drive a collective oscillation of the conduction electrons. This phenomenon is known as 

localized surface plasmon resonance, and is responsible for their unique optical and electronic 

properties.   

Plasmonic metal nanoparticles (primarily Ag and Au) have been applied in variety of 

photovoltaic devices, including silicon-based solar cells,4, 5 organic photovoltaics,6, 7 and DSSCs.8-

20 They are able to enhance device light harvesting efficiency viaresonant energy transfer from the 

metal nanoparticle to the nearby light absorber, which can occur in one of two ways.2 First, 

plasmonic nanoparticles display strong resonant scattering at their LSPR wavelength; this 
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increases the effective optical path length within the device and leads to an increase in light 

absorption. The second possible mechanism is through an enhancement of the local electric field 

at the nanoparticle surface (the near-field effect); this increases the transition probability in the 

light absorber, again resulting in an increase in light absorption. Regardless of the exact 

mechanism, overlap of the nanoparticle LSPR band and the absorption spectrum of the 

semiconductor or dye is essential.17 To achieve this spectral overlap, the position of the LSPR can 

be tuned by changing the nanoparticle size and shape.21  

Plasmonic enhancement has been particularly important in improving the LHE of DSSCs, 

which otherwise require thick TiO2 photoanodes or light scattering layers to achieve sufficient 

levels of light absorption.15-17, 22 Ag and Au nanoparticles have been employed in DSSCs, and 

various nanoparticle shapes,8, 19, 23 sizes,12 and structures17 have also been explored. One key factor 

in achieving a high enhancement of the LHE has been the use of anisotropic metal nanoparticles; 

since spherical Ag and Au nanoparticles typically absorb ~ 410 and 530 nm, respectively, they 

provide no benefit in the red-to-NIR portion of the spectrum. In contrast, anisotropic particles such 

as Au@TiO2 polyhedra,19 Au@Ag2S nanorods,23 and TiO2@Au@TiO2 core@shell@shell 

nanostructures17 extend the range of plasmonic enhancements deeper into the visible region of the 

spectrum. In this respect, triangular metal nanoprisms are attractive materials; the presence of 

sharp features amplifies near-field effects, and their LSPR frequency is tunable throughout the 

visible-to-NIR region.21 Triangular Ag@SiO2 nanoprisms have been used in DSSCs, although 

their chemical and thermal stability was modest.8 

This lack of long-term stability is one of the major obstacles to using metal nanoprisms in 

DSSCs. In particular, silver nanoprisms exhibit poor stability toward oxidation processes.24-27 

Recently, coating the nanoprism edges with a thin layer of gold improved stability with respect to 
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chemical etching.25, 28 However, the thermal stability of the nanoprisms also needs to be addressed. 

In DSSCs, as well as in photocatalytic applications, annealing TiO2 nanoparticles at elevated 

temperatures (in the range of 450 to 500 oC) is necessary. This annealing is done to improve 

particle contacts (in the case of DSSCs)29, 30 or access the anatase structure (which is catalytically 

more active than the rutile phase).31, 32 Although there are some theoretical studies on the thermal 

stability of anisotropic gold nanoparticles,33, 34 there are only a few experimental reports of the 

thermal stability of highly anisotropic nanoparticles. Kan et al.35, 36 investigated the thermal 

stability of Au micro- and nanoplates and observed the fragmentation of edge facets and tips at 

temperatures exceeding 450 oC. However, it is not clear how encapsulation by metal oxide shells 

(e.g., SiO2, TiO2) affects the thermal stability of the Au core, and no investigations on the thermal 

stability of Au@SiO2 nanoprisms particles have yet been reported. 

In the present work, we addressed the thermal stability of triangular Au@SiO2 nanoprisms, 

and studied their application in plasmon-enhanced DSSCs. We first synthesized Au@SiO2 

nanoprisms with various silica shell thicknesses and then annealed them in air at different 

temperatures ranging from 150 to 450 oC. Upon annealing at temperatures ≥ 250 °C, 

morphological changes were observed that resulted in a blue-shift of the LSPR band. However, 

the blue-shift was found to be advantageous in attaining the broad spectral overlap with the 

absorption spectrum of Black Dye. This in turn produced a panchromatic enhancement of the LHE 

from 400 to 800 nm, resulting in a 15% increase of the overall PCE. 
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4.3. Experimental Section  

4.3.1. Materials  

Hydrogen tetrachloroaurate(III) (HAuCl4, 99%), trisodium citrate (TSC, 99%), 16-

mercaptohexadecanoic acid (90%), tetraethoxysilane (99%), titanium tetraisopropoxide (≥ 97%), 

and deoxycholic acid were purchased from Sigma-Aldrich. Sodium thiosulfate (Na2S2O3·2 H2O, 

97%) was purchased from Fisher Scientific. Black Dye (N749) was purchased from Solaronix. All 

chemicals were used directly without any further purification, and aqueous solutions were prepared 

in Milli-Q water (18.2 MΩ·cm). 

4.3.2. Synthesis of triangular Au and Au@SiO2 nanoparticles  

Triangular gold nanoparticles were synthesized by following a literature procedure.37 

Briefly, aqueous HAuCl4 (100 mL, 2 mM) was mixed with a freshly prepared aqueous Na2S2O3·2 

H2O (120 mL, 0.5 mM) solution. After stirring the mixture for 9 min an additional amount of an 

aqueous Na2S2O3·2 H2O (50 mL, 0.5 mM) solution was added, followed by continued stirring for 

1.5 h. The solution turned a deep purple color, after which the particles were isolated by 

centrifugation at 4000 rpm (2218 X g’s) for 40 min.   

The gold nanoparticles were then re-dispersed in 5 mM aqueous TSC solution, and 

functionalized with 16-mercaptohexadecanoic acid by adding an ethanolic MHA solution (1.25 

mL, 18 mg/mL). The reaction mixture was stirred for 15 min, and then the nanoparticles were 

isolated by centrifugation at 4000 rpm (2218 g) for 40 min. The MHA functionalized nanoparticles 

were then re-dispersed in various concentrations of ethanolic TEOS solution (25 mL) and stirred 

overnight in the presence 0.6 M N, N-dimethylamine. 
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4.3.3. Thermal annealing studies  

The Au@SiO2 nanoparticles were annealed at various temperatures (150, 250, 350 and 450 

oC) in air using a Lindberg/Blue M furnace. Samples were heated at a rate of 10 oC/min and the 

dwell time was 15 min. 

4.3.4. Fabrication of DSSCs  

DSSCs were fabricated according to literature procedures.8, 30 FTO (TEC 8, Hartford Glass 

Co., 8-10 Ω/sq) was used as a substrate for both working and counter electrodes. To prepare the 

working electrode, a compact TiO2 layer was coated on FTO by pre-treatment with aqueous TiCl4 

solution (40 mM, 70 oC) for 30 min. A thin film of TiO2 paste, which was synthesized by the 

hydrothermal method,30 was doctor bladed onto the TiCl4 pre-treated FTO. The TiO2 film was 

sintered at 450 oC in air for 30 min and the film thickness was measured using a KLA Tencor D-

120 Stylus profilometer, which was calibrated using a 4.474 µm reference sample (VLSI Standard 

Incorporated, KTS-4.5 QS). The film was then post-treated with aqueous TiCl4 (40 mM, 70 oC) 

for 15 min and annealed again at 450 oC in air for 30 min.  After cooling to 80 oC, the film was 

immersed for 48 h in an ethanolic solution of 0.2 mM Black Dye (N749, Solaronix) and 20 mM 

DCA. The counter electrode was made by drop casting a H2PtCl6 solution (50 mM in iso-propanol) 

on FTO, followed by annealing at 380 oC for 30 min. The working and counter electrodes were 

then fused together using a Surlyn gasket (Meltonix 1170-25, Solaronix). The I−/I3
− electrolyte 

(Iodolyte AN-50, Solaronix) was injected into the device through pre-drilled holes in the counter 

electrode.   
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4.3.5. Characterization 

 UV/Vis/NIR spectra were measured using a Varian Cary 6000i UV-Visible 

spectrophotometer. TEM was carried out on a Philips CM10 microscope operating at 100 kV. 

TEM samples were prepared by drop casting the ethanolic solution of nanoparticle on a carbon-

coated 300 mesh Cu grid.  

J–V curves were measured using a Keithley 2400 source-measure unit. A 450 W solar 

simulator (Sol3A, Oriel Instruments) was used to produce Air Mass 1.5 global simulated sunlight 

(100 mW·cm−2).  The incident light was calibrated to one sun intensity using a silicon reference 

cell (91150V, Oriel Instruments). The device active area was defined as 0.196 cm2 using a black 

anodized aluminum aperture mask. IPCE spectra were recorded using a QE-PV-SI system (Oriel 

Instruments) in DC mode. The system was equipped with a 300 W xenon arc lamp, filter wheel, 

and monochromator. The IPCE spectra were calibrated to a silicon reference photodiode (71674, 

Oriel Instruments). 

4.4. Results and Discussion 

Gold nanoprisms were synthesized by reducing hydrogen tetrachloroaurate(III) with 

freshly prepared sodium thiosulfate.37 This synthetic procedure reproducibly yielded significant 

(~20%) population of spherical and triangular Au nanoparticles, both of which can be observed in 

the TEM image (Figure 4.1a). The average diameter of the spherical nanoparticles was found to 

be 22 ± 4 nm and the triangular nanoparticles showed a broad particle size distribution. Figure 

4.1b represents the particles size distribution of triangular nanoparticles, which shows the large 

population of triangular nanoparticles has an edge length of 50 to 70 nm. The UV-Vis spectrum of 

the as-synthesized Au nanoparticles (Figure 4.2), shows two peaks at 534 and 852 nm. The peak 
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at 534 nm is assigned to the spherical Au nanoparticles, and the peak at 852 nm corresponds to the 

in-plane dipole mode of the triangular nanoprisms.38 To grow the silica shell, the nanoparticles 

were functionalized with MHA, which acts a linker between the Au nanoparticles and the silica 

shell. Au@SiO2 nanoparticles were then synthesized by following a modified Stober process 

(Scheme 4.1).  

 

Scheme 4.1. Synthesis of Au@SiO2 nanoprisms. 

         

Figure 4.1.  (a) TEM image, (b) size distribution, and (c) UV-Vis spectrum of the as-synthesized Au nanoprisms. 

 

Figure 4.2.  Normalized UV-Vis spectra of Au@SiO2
 nanoparticles after annealing at indicated temperatures. As-

prepared (black), 150 oC (red), 250 oC (blue), 350 oC (pink), 450 oC (purple) and the absorption spectrum of Black 

Dye (dashed green).  
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In this synthesis, the thickness of the silica shell was tuned by changing the concentration 

of TEOS in the reaction mixture. Au@SiO2 nanoparticles with shell thicknesses ranging from 8 ± 

1 nm to 29 ± 3 nm were synthesized (Figure 4.3). In all cases, an increase in the ratio of spherical 

nanoparticles to triangular nanoprisms was observed. As a result, the intensity of the peak at 534 

nm increased relative to that at 852 nm. At very low concentrations of TEOS (0.46 mM), 

incomplete, non-uniform silica shell growth was observed on the triangular nanoprisms, although 

the spherical nanoparticles displayed more complete shell growth (Figure 4.3a).  Complete silica 

shell formation was achieved only at TEOS concentrations above 0.92 mM (Figure 4.3b-f). Further 

increases in the TEOS concentration led to a corresponding increase in the silica shell thickness. 

The SiO2 shell formation is also reflected in the UV-Vis spectra (Figure 4.4). As the TEOS 

concentration is increased, there is a progressive red-shift in the position of the peak at 854 nm 

(corresponding to the triangular nanoprisms). This red-shift is attributed to an increase in the 

dielectric environment as the thickness of the silica shell is increased.8 In contrast, only a very 

slight red-shift was observed for the LSPR peak at 534 nm. The local field generated by the 

triangular nanoprisms is highly concentrated at the tips of the triangle, whereas spherical 

nanoparticles show relatively weak near-field effects.39 As a result, the field generated by the 

triangular nanoprisms is very sensitive to the small changes in the surrounding dielectric medium, 

as compared to that of the spherical nanoparticles. After reaching a silica shell thickness of 23 ± 3 

nm, the rate of change in the LSPR peak position was reduced (Figure 4.4b). At this thickness 

much of the near-field is already enclosed by the SiO2 shell, anddoes not extend into the 

surrounding medium. After reaching a thickness of 29 ± 3 nm, the local field generated by the Au 

nanoprisms is almost entirely located within the silica shell, and the influence of the external 

dielectric environment on the LSPR is greatly attenuated. 
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Figure 4.3. TEM images of Au@SiO2 nanoparticles synthesized using different concentrations of TEOS: (a) 0.46 

mM, (b) 0.92mM, (c) 1.38 mM, (d) 1.84mM, (e) 2.76 mM, and (f) 4.6 mM. 

  
 

Figure 4.4. (a) Normalized UV-Vis spectra of Au nanoparticles functionalized with 16-mercaptohexadecanoic acid 

(black line), and Au@SiO2 nanoparticles synthesized using different concentrations of TEOS: 0.46 mM, 0.92 mM, 

1.38 mM, 1.84 mM, 2.76 mM and 4.6 mM. The spectra normalized to the maximum optical density (b) LSPR peak 

position (λLSPR) as a function of both TEOS concentration and SiO2 shell thickness. 
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4.4.1. Thermal degradation of Au@SiO2 nanoparticles  

Before we introduced the Au@SiO2 nanoparticles into DSSCs, their thermal stability at 

different temperatures was studied. Au@SiO2 nanoparticles with a 23 ± 3 nm thick silica shell 

were employed in both the thermal stability studies and DSSC fabrication. Because the silica shell 

does not completely enclose the nanoparticle near-field, these nanoparticles are expected to show 

two plasmonic effects, near-field enhancements, and resonant scattering. In addition, the 23 ± 3 

nm thick silica shell is sufficient to protect the metal nanoparticles from the corrosive action of the 

iodide electrolyte.40 The as-synthesized Au@SiO2 nanoparticles were isolated by centrifugation 

and dried overnight. They were annealed at temperatures of 150, 250, 350 and 450 oC in air for 15 

minutes. The annealed nanoparticles were re-dispersed in ethanol, and characterized by TEM and 

UV-Vis spectroscopy. Figure 4.5 shows the UV-Vis spectra of the Au@SiO2 nanoparticles before 

and after annealing. The LSPR peak at 880 nm corresponds to the in-plane dipole mode of the 

triangular nanoprisms, was blue-shifted as the annealing temperature was increased. The blue-shift 

was modest at 150 oC, but was very pronounced (~150 nm shift) for temperatures ≥ 250 oC. 

  

Figure 4.5. Normalized UV-Vis spectra of Au@SiO2
 nanoparticles after annealing at different temperatures, as-

prepared (black line), 150 oC (red line), 250 oC (blue line), 350 oC (orange line), 450 oC (purple line). The spectra 

were normalized to the in-plane dipole plasmon peak (second peak of each spectrum). 
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The position of the LSPR depends on the morphology of the plasmonic nanoparticles. In 

general, the nanoprism edges are enclosed by high surface energy facets ((110) and (100) planes),41 

and thus show the least stability.33 Upon annealing at high temperatures, truncation of the 

nanoprism vertices can occur and this leads to the formation of disc-like nanoparticles.8 This 

structured evolution is responsible for the blue-shift of the LSPR peak at 880 nm. The formation 

of rounded or truncated nanoprisms was observed in the TEM images (Figure 4.6). At lower 

annealing temperatures (i.e., 150 oC), a significant (~60%) population of triangular nanoprisms 

was observed (Figure 4.6a), whereas the truncation of nanoprisms was observed at temperatures 

of 250 oC and above. This truncation became more pronounced at higher temperatures, resulting 

in a larger blue-shift. After annealing at 450 oC, the temperature required to sinter TiO2 

photoanodes in DSSCs, a large population of disc-like or spherical nanoparticles was observed in 

addition to the remaining triangular nanoprisms (Figure 4.6d). This is consistent with the large 

blue-shift observed in this sample. However, the intensity of the peak at 532 nm increased with 

annealing temperature. This is due to the formation of a larger population of spherical 

nanoparticles from the truncated portions of the triangular nanoprisms. This increase in the relative 

population of the spherical nanoparticles was also observed by TEM (Figure 4.6). In the case of 

the spherical nanoparticles no such morphological changes were observed due to the absence of 

such high energy facets (sharp tips). As such, the position of the LSPR band (532 nm) was 

unchanged upon annealing (Figure 4.5).  From these studies, it is clear that the Au nanoparticles 

can survive annealing at 450 oC. The silica shell plays a key role in preventing nanoparticle 

aggregation and coalescence that might otherwise be expected to occur at these elevated 

temperatures. 
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Figure 4.6. TEM images of Au@SiO2 nanoparticles after annealing at different temperatures in air, (a) 150 oC, (b) 

250 oC, (c) 350 oC, (d) 450 oC. 

4.4.2. Overlap between the UV-Vis spectra of the dye and the 

Au@SiO2 nanoparticles   

Owing to its low energy absorption onset, we chose the commonly-used Black Dye (N749) 

to fabricate DSSCs.42 Since the plasmonic nanoparticles cannot generate photocurrent on their 

own, there must be spectral overlap between the LSPR band and the dye absorption spectrum in 

order to produce plasmonic enhancement. By tuning the LSPR wavelength into the region of dye 

absorption, more efficient energy transfer from the nanoparticle to the dye can be achieved, 

resulting in an increased LHE. Given the morphological changes observed in the Au@SiO2 

nanoprisms upon thermal annealing, we first evaluated the degree of spectral overlap between the 

nanoparticles and the absorption spectrum of Black Dye as a function of annealing temperature.  

Figure 4.2 shows the absorption spectra of both Black Dye and the Au@SiO2 nanoparticles 

annealed at various temperatures. The absorption spectrum of the dye shows two strong peaks at 

420 and 650 nm, with relatively weak absorption from 750 nm onwards. In comparison, the as-

synthesized Au@SiO2 nanoparticles have substantially red-shifted spectra, with two pronounced 

peaks at 532 and 880 nm. After annealing, the in-plane dipole mode at 880 nm was blue-shifted 

into the region of dye absorption. This shift became more pronounced with higher annealing 

temperatures, increasing the overlap with the Black Dye absorption spectrum. After annealing at 
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450 oC, the nanoparticles showed excellent overlap with the absorption spectrum of the dye. The 

shorter wavelength regions of the dye spectrum were effectively covered by the LSPR of the 

spherical nanoparticles, while the longer wavelengths were in turn covered by the annealed 

nanoprisms. The mixture of nanoparticles provided better spectral coverage than could be achieved 

through the use of either spherical nanoparticles or triangular nanoprisms alone. In order to better 

quantify these effects, we calculated the overlap integral by integrating the product of the dye and 

Au@SiO2 absorption spectra from 200 to 1000 nm (Figure 4.7). The intensity of the product 

spectra increases with increasing annealing temperature, reflecting the blue-shift of the in-plane 

dipole LSPR band. This indicates that the overlap between the LSPR of the nanoparticles and 

absorption spectrum of dye is improving as the morphology of the nanoparticles changes. The 

particles annealed at 450 oC showed the most effective overlap with the dye absorption spectrum, 

suggesting that annealing nanoparticles at 450 oC is advantageous to their application in plasmon-

enhanced DSSCs. The overlap integral increased with annealing temperature, as shown in Figure 

4.7b. 

  

Figure 4.7. (a) Product of the dye absorption spectrum and the LSPR bands of the Au@SiO2 nanoparticles: as-

synthesized (black line), and after annealing at 150 oC (red line), 250 oC (blue line), 350 oC (orange line), and 450 oC 

(purple line). (b) Overlap integral (area under the curve in (a)) as a function of annealing temperature.  
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4.4.3. Device characteristics  

DSSCs were fabricated according to published procedures.8 TiO2 nanoparticles were 

synthesized using a hydrothermal sol-gel process, and used to make a TiO2 paste. Plasmonic 

devices were made by blending various amounts (0.009% and 0.05% w/w) of Au@SiO2 

nanoparticles with the TiO2 paste. For comparison, control devices were also prepared using a pure 

TiO2 paste without any Au@SiO2 nanoparticles. The TiO2 paste was doctor bladed onto FTO to 

achieve 4-5 μm thick active layers. Control and plasmonic devices were fabricated, and the average 

device characteristics are tabulated in Table 4.1. The average PCE of the control devices was 3.9 

± 0.6%, whereas the device with 0.009% (w/w) Au@SiO2 loading showed an average PCE of 4.5 

± 0.6%. The plasmonic devices with a 0.05% (w/w) Au@SiO2 loading had an average PCE of 4.4 

± 0.4%. A 15% increase in PCE was achieved by introducing Au@SiO2 nanoparticles into the 

DSSC. Compared to previous reports of plasmonic enhancement using spherical gold 

nanoparticles, the Au@SiO2 loading used here is substantially lower while still achieving a 

substantial increase in efficiency.13, 17, 19 In order to statistically validate these results, we carried 

out a series of pairwise t-tests between the efficiencies of the controls and the plasmon-enhanced 

devices, and the results are tabulated in Table 4.2. The p value is < 0.05 for each set of plasmonic 

devices when compared to the controls, indicating with > 95% confidence that there is a significant 

difference between the PCE of the control and plasmon-enhanced cells. Similar t-tests showed no 

significant difference between the thickness of the various sets of devices (95% confidence), 

indicating any increase in PCE did not arise from an increase in photoanode thickness (Table 4.3).  
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Table 4.1. Average Voc, Jsc, FF, and PCE, along with their standard deviations, for DSSCs with different Au@SiO2 

loadings. 

Au@SiO2 (%, w/w) Voc (V) Jsc (mA/cm2) FF (%) PCE (%) 

Number 

of 

devices 

0.0 0.60 ± 0.02 9 ± 1 71 ±1 3.9 ± 0.6 34 

0.009 0.61 ± 0.02 10 ± 2 71 ± 2 4.5 ± 0.6 9 

0.05 0.62 ± 0.03 10.3 ± 0.8 71 ± 1 4.4 ± 0.4 14 

 

Table 4.2.  t-test for PCE (pairwise, two-tailed, assuming unequal variances). 

 
0 % 

(w/w) 
0.009% (w/w) 0% (w/w) 0.05% (w/w) 

Mean 3.9 4.5 3.9 4.4 

Variance 0.4 0.3 0.4 0.1 

Observations 34 9 34 14 

Hypothesized Mean 

Difference 
0  0  

df 13  41  

t Stat -2.60  -3.57  

P(T<=t) one-tail 0.011  0.00046  

t Critical one-tail 1.77  1.68  

P(T<=t) two-tail 0.022  0.00093  

t Critical two-tail 2.16  2.02  

 

The average device performance parameters are tabulated in Table 4.1. There is no 

significant change in either Voc or fill factor upon addition of the Au@SiO2 nanoparticles to the 

DSSCs; however, there was a substantial increase in the Jsc of the plasmonic devices compared to 



 
 

129 
 

the controls. The control devices had an average Jsc of 9 ± 1 mA/cm2, whereas the plasmonic 

devices had average Jsc values of 10 ± 2 mA/cm2 and 10.3 ± 0.8 mA/cm2 for the 0.009% and 0.05% 

loadings, respectively. This enhancement in Jsc is the driving force behind the observed increase 

in PCE, since the changes in FF and Voc for the plasmonic devices were negligible 

Table 4.3. t-test for active layer thickness (pairwise, two-tailed, assuming unequal variances). 

 0 % (w/w) 0.009% (w/w) 0% (w/w) 0.05% (w/w) 

     

Mean 4.56 4.78 4.56 4.91 

Variance 0.13 0.14 0.13 0.39 

Observations 34 9 34 14 

Hypothesized Mean 

Difference 
0  0  

df 13  17  

t Stat -1.69  -1.98  

P(T<=t) one-tail 0.058  0.032  

t Critical one-tail 1.77  1.74  

P(T<=t) two-tail 0.16  0.064  

t Critical two-tail 2.16  2.11  

 



 
 

130 
 

 

Figure 4.8. J-V curves of control (red line) and plasmon-enhanced (black line, 0.05% (w/w) Au@SiO2) devices. In 

both cases, the active layer thickness was measured to be 4 µm. Here, the layer thickness was measured by 

profilometry.  

Representative J-V curves for both control, and plasmon-enhanced (0.05 wt% Au@SiO2) 

devices are shown in Figure 4.8. Both devices had a 4 µm thick active layer. The control device 

showed a Voc of 0.60 V, a fill factor of 72%, and a Jsc of 7.8 mA/cm2, producing a 3.4% PCE, 

whereas the device with a 0.05% (w/w) Au@SiO2 nanoparticle loading showed a slight increase 

in Voc to 0.63 V, a slight change in FF to 71% and a substantial increase in the Jsc to 9.4 mA/cm2, 

leading to a PCE of 4.2%. To substantiate this increase in Jsc, the IPCE spectrum was measured 

for both devices (Figure 4.9a). Since the current density is the integral product of the photon flux 

and the IPCE, the increase in Jsc should also be reflected in the IPCE spectrum. As expected for 

DSSCs based on Black Dye, the IPCE spectra cover the entire visible spectrum (from 300 to 850 

nm), with two sharp peaks at 350 and 420 nm, and a broad peak at 580 nm. Notably, the plasmonic 

device showed a higher IPCE over the broad range of 420 to 880 nm, as compared to the control. 

This broad panchromatic enhancement of the IPCE is due to the mixture of spherical and triangular 

Au@SiO2 nanoparticles in the plasmonic DSSC. At longer wavelengths (~ 700 nm), the annealed 

nanoprisms are responsible for the observed increase in IPCE, while at shorter wavelengths (~ 500 
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nm) the spherical nanoparticles give rise to a similar enhancement. At ~ 600 nm, the differences 

in the IPCE spectra were the most pronounced, the IPCE of the plasmonic device was 32%, as 

opposed to only 28% for the control. This 4% increase was observed over the range of 490 to 660 

nm, where there is maximum spectral overlap between the LSPR band and the Black Dye 

absorption spectrum (Figure 4.7a). Although the IPCE enhancement was extended to wavelengths 

above 800 nm, since the dye has a low extinction coefficient at these wavelengths, the absolute 

increase in IPCE was correspondingly reduced. At very short wavelengths (< 400 nm), a reduced 

IPCE was noticed for the plasmonic devices as compared to the controls. At these wavelengths, 

the dye absorption is off-resonance with LSPR of nanoparticles, and as a result there is negligible 

energy transfer from the nanoparticles to the dye. As a result, the Au@SiO2 nanoparticles act as 

an insulator and hinder charge transport within the TiO2 layer.8  

  

Figure 4.9. (a) IPCE spectra of control (red line) and plasmon-enhanced (black line, 0.05% (w/w) Au@SiO2) devices. 

In both cases, the active layer thickness was measured to be 4 µm. (b) Relative IPCE enhancement ((IPCEAu@SiO2 − 

IPCEcontrol) / IPCEcontrol) spectrum (black line) for the data shown in (a) and the absorption spectrum of the Au@SiO2 

nanoparticles annealed at 450 oC (purple line). 

To provide further evidence of the role of the Au@SiO2 nanoparticles in any plasmonic 

enhancement, the relative increase in IPCE (ΔIPCE/IPCEcontrol) was calculated. To a first 

approximation, it can be assumed that the carrier collection efficiency is unaffected by the presence 
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of the Au@SiO2 nanoparticles, in which case the relative IPCE enhancement should be directly 

related to the spectrum of the Au@SiO2 LSPR modes.10 From Figure 4.9b it can be seen that the 

ΔIPCE/IPCEcontrol spectrum shows a large positive increase in the range of 450 to 750 nm, where the 

LSPR bands of the spherical and triangular nanoparticles (annealed at 450 °C) are at their 

maximum. Above 750 nm, the decreasing S/N ratio of both IPCE spectra make the relative 

difference spectrum meaningless, while below 400 nm, the decrease in IPCE reflects the decrease 

in carrier collection efficiency as insulating SiO2 nanoparticles are incorporated into the TiO2 

photoanode. 

4.5. Conclusions 

We synthesized a mixture of spherical and triangular Au@SiO2 nanoparticles and 

evaluated their thermal stability by annealing at different temperatures. Morphological changes in 

the triangular Au@SiO2 nanoprisms were observed at temperatures of 250 oC and higher, with the 

nanoprisms annealed at 450 oC displaying rounded or truncated corners. This produced a blue-

shift of the in-plane dipole LSPR mode from 900 to 680 nm, increasing the spectral overlap with 

the absorption spectrum of Black Dye. By integrating 0.05% (w/w) Au@SiO2 nanoparticles into 

DSSCs, a 15% increase in the PCE was observed, and the PCE enhancement was still observed 

even at very low gold loadings (0.009%). The increase in PCE was primarily due to an increase in 

Jsc, which was also reflected in the IPCE spectrum. In this study, we have clearly elucidated the 

importance of morphological changes that occur at the high temperatures required to sinter the 

TiO2 photoanode, and further demonstrated that they provide an elegant and simple method for 

achieving panchromatic enhancement in the light harvesting efficiency of DSSCs.  
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CHAPTER 5 

Effect of CH3NH3PbI3 Thickness on Device Efficiency in 

Planar Heterojunction Perovskite Solar Cells 

Dianyi Liu, Mahesh K. Gangishetty, and Timothy L. Kelly* 

Department of Chemistry, University of Saskatchewan, 110 Science Place, Saskatoon, SK, S7N 5C9, 

Canada 

This chapter investigates the optimum thickness of the perovskite layer for achieving the 

efficient light harvesting and efficient charge collection in perovskite solar cells. It provides a 

study on the fabrication of solution processed and vapored deposited perovskite layer.  

This chapter is a near-verbatim copy of a paper published in Journal of Material Chemistry, 

A. 2014, 2, 19873. I would like to acknowledge the contribution of Dr. Dianyi Liu in this work. 

This project was designed by Dr. Dianyi Liu and he fabricated and characterized all the perovskite 

solar cells. My contribution in this article is, X-ray diffraction studies, electrochemical impedance 

spectral analysis, studies on the hysteresis and fabrication some devices during the article revision 

process. The first draft of the manuscript was written by me and was revised by Prof. Tim Kelly 

prior to publication. 
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5.1. Abstract 

Recent advances in the development of perovskite solar cells based on CH3NH3PbI3 have 

produced devices with PCE of > 15%. While initial work in this area assumed that the perovskite-

based cells required a mesoporous TiO2 support, many recent reports have instead focused on the 

development of planar heterojunction structures. A better understanding of how both cell 

architecture and various design parameters (e.g., perovskite thickness and morphology) affect cell 

performance is needed. Here, we report the fabrication of perovskite solar cells based on a ZnO 

nanoparticle electron transport layer, CH3NH3PbI3 light absorber, and poly(3-hexylthiophene) 

(P3HT) hole transport layer. We show that vapor-phase deposition of the PbI2 precursor film 

produces devices with performances equivalent to those prepared using entirely solution-based 

techniques, but with very precise control over the thickness and morphology of the CH3NH3PbI3 

layer. Optimization of the layer thickness yielded devices with efficiencies of up to 11.3%. The 

results further demonstrate that delicate balance between light absorption and carrier transport is 

required in these planar heterojunction devices, with the thickest perovskite films producing only 

very low PCEs. 

5.2. Introduction 

Perovskite-structured organometal halides (such as CH3NH3PbI3) have recently 

revolutionized the field of organic-inorganic hybrid solar cells.1-4 Their excellent optical and 

electronic properties, such as strong absorption bands that span the visible region5, 6 and long 

charge carrier diffusion lengths,6-10 make them ideal light absorbers in photovoltaic devices. In the 

past 5 years, the PCE of perovskite solar cells has increased dramatically – from less than 4% in 

200911 to over 15% today,12-16 and estimates suggest that PCEs of over 20% are possible.3 
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Generally, these perovskite solar cells have been based on two different device architectures, (i) 

mesoscopic designs, and (ii) planar heterojunctions.2 Mesoscopic designs evolved from the 

traditional DSSC structure, where the perovskite film is supported by an underlying mesoporous 

matrix of metal oxide nanoparticles. Since pioneering work by Kojima et al. in 2009,11 where cells 

based on CH3NH3PbI3 were shown to have PCEs of up to 3.8%, the performances of mesoscopic 

perovskite solar cells have improved rapidly. Optimization of the thickness of the mesoporous 

TiO2 layer and a post-annealing treatment improved PCEs to 6.5%,17 and the adoption of spiro-

OMETAD as a solid-state hole transfer material pushed PCEs nearly 10%.18 More recently, Snaith 

and coworkers demonstrated that charge injection into the mesoporous matrix is not a prerequisite 

for high power conversion efficiency; PCEs of > 10% were obtained when the n-type TiO2 scaffold 

was replaced with an insulating Al2O3 analogue.19 While numerous other notable examples of 

mesoscopic perovskite solar cells have been reported,20-30 the most efficient devices (PCEs of ≥ 

15%) were achieved when either a two-step deposition method was used to prepare the perovskite 

material inside the TiO2 matrix,12 or modified TiO2 layers were used as the electron selective 

contact.15, 16 

While many of the perovskite solar cells reported to date have successfully adopted the 

mesoscopic design, the high temperatures associated with sintering a TiO2 mesoporous framework 

( > 400 °C) have spurred the development of alternative cell architectures. Several examples of 

perovskite solar cells with a planar heterojunction structure have been reported,14, 31-37 with 

encouraging results. While initial reports of cells based on a CH3NH3PbI3/C60 planar 

heterojunction showed relatively modest efficiencies of 3.9%,31 organolead halide 

perovskite/fullerene heterojunctions have achieved PCEs of up to 12%.32, 33 Recently, vapor-phase 

deposition techniques have also been used to prepare perovskite solar cells with the structure 
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ITO/TiO2/CH3NH3PbI3–xClx/spiro-OMETAD/Ag; these prototypes displayed PCEs of up to 

15.4%.13 We have also shown that planar heterojunction devices can be fabricated by the same 

two-step deposition procedure used by Burshka et al., producing efficiencies of up to 15.7% on 

rigid substrates, and 10.2% on flexible supports.14 These devices are based on an 

ITO/ZnO/CH3NH3PbI3/spiro-OMETAD/Ag structure, and are produced using solution-phase 

deposition techniques carried out at room temperature. The simplicity of the cell design and 

fabrication, when combined with their high performance and compatibility with flexible substrates, 

makes planar heterojunction perovskite solar cells a promising alternative to the original 

mesoscopic design. 

One of the key variables in fabricating these devices is the thickness of the light harvesting 

perovskite layer. If the perovskite film is very thin, then the number of photons absorbed is low, 

resulting in low photocurrents; however, if very thick perovskite films are used, the efficiency of 

charge carrier extraction is low, and recombination becomes problematic. Mesoscopic cells that 

use TiO2 photoanodes partially circumvent this issue by providing a large CH3NH3PbI3 / TiO2 

interfacial surface area; electrons are therefore extracted from the perovskite throughout the entire 

thickness of the light harvesting layer. Previous studies have shown that the PCE of devices of this 

type show a relatively weak dependence on perovskite layer thickness, with optimized photoanode 

thicknesses of ca. 650 nm.9 In planar heterojunction devices, the situation becomes more complex. 

Recent work has shown that film thicknesses of 400 – 800 nm can be used to successfully prepare 

high-performance devices based on CH3NH3PbI3−xClx in both conventional7, 9, 38 and inverted32 

architectures. The very long charge carrier diffusion lengths observed for CH3NH3PbI3–xClx (ca. 

1000 nm)7 mean that film thicknesses comparable to those of mesoscopic devices can be used. 

This is not the case for the parent CH3NH3PbI3 material, where the carrier diffusion lengths are an 
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order of magnitude lower.7, 8 Previous reports of planar heterojunction cells based on CH3NH3PbI3 

have utilized perovskite layer thicknesses of only 100 – 350 nm,7, 14, 33-35 substantially thinner than 

those used in the chloride-doped analogues. Given the substantial differences in carrier diffusion 

lengths for these two perovskite compositions, a much deeper understanding of the role of film 

thickness and morphology on the efficiency of CH3NH3PbI3-based planar heterojunctions is 

required. 

Here we report the fabrication of high performance perovskite (CH3NH3PbI3) solar cells 

with a planar heterojunction structure, and elucidate the effect of perovskite film thickness and 

morphology on device efficiency. Perovskite films were deposited using a two-step deposition 

technique, with thermal evaporation used to prepare the PbI2 precursor film. This approach 

circumvents issues with the solubility or viscosity of the PbI2 precursor solution, which have 

previously complicated studies of this type. The evaporation of the PbI2 precursor allows 

perovskite films of precisely tailored thickness to be produced. P3HT was used as the hole 

transport material, and devices with the structure ITO/ZnO/CH3NH3PbI3/P3HT/Ag were prepared. 

Optimization of the film thickness produced PCEs of up to 11.3%, which are among the highest 

ever reported for perovskite devices using a P3HT hole transport layer. 

5.3. Experimental 

5.3.1 Cell fabrication procedures 

Solar cells were fabricated on pre-cleaned ITO-coated glass substrates with a sheet 

resistance of 20 Ω/square. First, a thin ZnO nanoparticle (~ 20 nm) layer was spin coated onto the 

substrate at 3000 rpm for 30 s; the ZnO nanoparticles were synthesized by following a literature 

procedure.14 The procedure was repeated three times to obtain a continuous smooth film. Then a 
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PbI2 layer of given thickness was deposited on top of the ZnO layer by thermal evaporation at a 

base pressure of 2 × 10−6 mbar. The final thickness was experimentally determined by 

profilometry. Subsequently, the substrate was dipped into a solution of CH3NH3I in 2-propanol 

(10 mg/mL) for 3 min, then dried under a flow of clean air. For the solution PbI2-based device, a 

PbI2 solution (dissolved in N,N-dimethylformamide at a concentration of 460 mg/mL) was then 

spin coated on top of the ZnO layer at 3000 rpm for 15 s. After drying for several minutes in air, 

the substrate was dipped into a solution of CH3NH3I in 2-propanol (10 mg/mL) for 3 min. The 

P3HT-based hole transfer layer (20 mg of P3HT, 3.4 µL of 4-tert-butylpyridine, and 6.8 µL of a 

lithium-bis(trifluoromethanesulfonyl)imide (Li-TFSI) solution (28 mg Li-TFSI / 1 mL 

acetonitrile) all dissolved in 1 mL chlorobenzene) was then deposited by spin coating at 1000 rpm 

for 30 s. Finally, a 150 nm thick silver layer was deposited by thermal evaporation at a base 

pressure of 2 × 10−6 mbar. The completed devices were stored in a N2-purged glovebox (< 0.1 ppm 

O2 and H2O). 

5.3.2 Device characterization 

The current-voltage curves of solar cells were measured inside the glovebox using a 

Keithley 2400 source-measure unit. The cells were illuminated by a 450 W Class AAA solar 

simulator equipped with an AM1.5G filter (Sol3A, Oriel Instruments) at a calibrated intensity of 

100 mW/cm2, as determined by a standard silicon reference cell (91150V Oriel Instruments). The 

effective area of the cell was defined to be 0.07065 cm2 using a non-reflective metal mask. IPCE 

spectra were measured in air under short-circuit conditions using a commercial IPCE setup (QE-

PV-Si, Oriel Instruments), which was equipped with a 300 W Xe arc lamp, filter wheel, and 

monochromator. Monochromated light was chopped at a frequency of 8 Hz and photocurrents 

measured using a lock-in amplifier. The setup was calibrated against a certified silicon reference 
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diode. Electrochemical impedance spectroscopy (EIS) measurements were carried out using a 

Solartron SI1260 Impedance/Gain-phase analyzer, under 1 sun AM1.5G illumination, by applying 

0 V DC bias and a 5 mV voltage perturbation in the frequency range of 400 kHz to 0.1 Hz. 

5.3.3 Thin film characterization 

Film thicknesses were measured using a KLA Tencor profilometer. Absorption spectra 

were acquired on a Cary 6000i UV-vis-NIR spectrophotometer. Powder X-ray diffraction (pXRD) 

measurements were carried out using a PANalytical Empyrean X-ray diffractometer equipped with 

a Cu Kα1,2 X-ray source. The data were collected with a 0.02° step size (2θ). Scanning electron 

microscope (SEM) images were acquired on a JEOL 6010LV microscope; the images were 

collected at 15kV. Atomic force microscope (AFM) images were acquired on a Dimensions 

Hybrid Nanoscope system (Veeco Metrology Group). AFM data was collected in tapping mode 

(non-contact) with a scan rate of 1.97 Hz  

5.4. Results and Discussion 

5.4.1. Comparison of solution- and vapour-phase PbI2 deposition 

The thin films of CH3NH3PbI3 used to fabricate the perovskite devices were prepared via 

the two-step deposition process described previously.12, 14, 39 As noted by Conings et al.,40 tailoring 

the thickness of perovskite films prepared via spin coating is complicated by the low solubility of 

the PbI2 precursor and the high viscosity of the precursor solution.  We therefore used thermal 

evaporation39 to prepare thin films of PbI2 on ITO/ZnO substrates, rather than spin coating the PbI2 

from DMF solution. The films were then dipped in an isopropanol solution of methylammonium 

iodide in order to convert the PbI2 to the organolead halide perovskite. The main advantage of this 

method is the thickness of the PbI2 film (and therefore, the resultant perovskite layer) can be 
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precisely controlled and systematically varied from 50 to 330 nm, without any complications due 

to the limited solubility of the precursor; additionally, the solvent-free method of PbI2 deposition 

may be useful in the future fabrication of tandem solar cells that include a perovskite component. 

Before the influence of perovskite layer thickness and morphology could be investigated, 

it needed to be determined whether the change in PbI2 deposition process would have any effect 

on the perovskite structure, morphology, or the performance of the resultant devices. As can be 

seen from the powder X-ray diffraction patterns of the PbI2 and CH3NH3PbI3 films (Figure 5.1), 

there are only minor differences in structure that arise as a result of the change in deposition 

process. Both PbI2 films are poorly crystalline (as evidenced by the weak, broad diffraction peaks), 

and data are consistent with the 2H polytype, in keeping with previous reports of solution-prepared 

PbI2 films.12 After dipping both samples in the CH3NH3I solution, both films are successfully 

converted into the corresponding perovskite. The diffraction patterns are consistent with the 

tetragonal phase of CH3NH3PbI3.
41 The morphology of the perovskite films was also compared by 

SEM (Figure 5.1). Both films consisted of a closely-packed collection of block-like perovskite 

crystallites, with at most only very subtle differences in crystallite shape and size.  
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Figure 5.1. (a) Powder X-ray diffraction patterns of PbI2 films deposited by spin coating (S-PbI2) and thermal 

evaporation (E-PbI2), and the corresponding CH3NH3PbI3 films after dipping in methylammonium iodide solution. 

All films were deposited on ITO/glass substrates. The * denotes PbI2 peaks and O denotes the characteristic peaks of 

CH3NH3PbI3. (b) SEM micrograph of a perovskite film produced from a spin coated PbI2 film; (c) SEM micrograph 

of a perovskite film produced from an evaporated PbI2 film.  

To gauge the effect of processing method on device efficiency, the perovskite films derived 

from both solution- and vapor-phase deposited PbI2 were used to prepare planar heterojunction 

solar cells. In both cases, the thickness of the perovskite film was determined to be ≈ 300 nm. A 

thin (ca. 30 nm) ZnO nanoparticle layer on ITO was chosen as the electron-selective contact, and 

P3HT was used as the hole transport material. The J-V curves of all devices were measured under 

AM1.5G illumination, and those of the highest-performing cells are shown in Figure 5.2a. The 

results clearly indicate that the particular method of PbI2 deposition has little effect on the overall 

PCE, the devices prepared using solution- and vapor-phase deposition techniques had PCEs of 
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11.8% and 11.3%, respectively. Both devices also had nearly identical open-circuit voltages (Voc 

= 0.95 ± 0.01V and 0.94 ± 0.01 V) and similar fill factors (FF = 66.1% and 68.2%). The only 

notable difference between the two devices was a slightly higher short-circuit current density for 

the solution-processed device (Jsc = 18.8 mA·cm–2) compared to the one processed by thermal 

evaporation (Jsc = 17.6 mA·cm–2). The lower Jsc in the device fabricated from vapor-deposited 

PbI2 is also reflected in the IPCE spectrum (Figure 5.2b). However, despite these small differences 

in Jsc, the difference in the overall PCE of devices constructed from both solution and vapor-

deposited PbI2 is quite minor. In order to ensure the reproducibility of our results, we fabricated 

and tested 34 separate devices using evaporated PbI2 layers, and 29 separate devices using spin 

coated PbI2 layers. The tabulated device performances are shown in Table 5.1. In this case, the 

average Jsc of the solution processed devices was found to be slightly higher (17.1 ± 1.1 mA/cm2) 

than that of the devices derived from evaporated PbI2 films (16.0 ± 0.9 mA/cm2), suggesting that 

the differences in Jsc observed in Figure 5.2 simply reflect batch-to-batch variation in the 

perovskite layer, rather than any significant difference between the two fabrication processes. 

Similarly, the very small differences in Voc and FF (and ultimately, PCE) for the two fabrication 

methods are well within their associated standard deviations, indicating that the two methods 

produce cells of similar performance. 

Table 5.1. Device performance parameters for perovskite solar cells. aAverages derived from measurements on 29 

separate devices. bAverages derived from measurements on 34 separate devices. 

PbI2 

Deposition 

Method 

Voc 

(V) 

Jsc 

(mA·cm–2) 
FF (%) PCE (%) 

Best PCE 

(%) 

Spin Coatinga 
0.95 ± 

0.01 
17 ± 1 62 ± 4 10.0 ± 0.9 11.8 

Thermal 

Evaporationb 

0.94 ± 

0.02 
16.0 ± 0.9 65 ± 4 9.7 ± 0.6 11.3 
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Figure 5.2. (a) J-V curves and (b) IPCE spectra for the highest-performing ITO/ZnO/CH3NH3PbI3/P3HT/Ag devices 

prepared from both solution-processed (black line) and thermally evaporated (red line) PbI2 films. 

5.4.2. Effect of PbI2 film thickness on CH3NH3PbI3 composition and 

morphology 

Having established that the evaporated PbI2 films could be used to produce cells with PCEs 

identical to those produced using solution-based techniques, we next investigated the effect of PbI2 

film thickness on the composition, thickness, and morphology of the resultant perovskite layer. 

Lead iodide films were first deposited on glass substrates, and the thickness of the films was varied 

from 50 nm to 300 nm. The PbI2 films were then dipped in an isopropanol solution of 

methylammonium iodide in order to produce perovskite films of varying thickness. The thickness 

of the perovskite film was found to increase linearly with the thickness of the PbI2 precursor film, 

as shown in Figure 5.3. Measurements were carried out on multiple films of each thickness, and 

the process was found to be highly reproducible, as indicated by the small standard deviations 

associated with the profilometry measurements. In all cases, the thickness of the perovskite film 

was found to be approximately twice that of the PbI2 precursor, in keeping with previous reports.34 

More quantitatively, a linear regression of the data obtained for the three thinnest films yields a 

slope of 2.1. This can be understood based on the volume changes that occur during the 
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intercalation of CH3NH3I into the PbI2 crystallites (Figure 5.4). The PbI2 that is initially present in 

the film has a unit cell volume of 124 Å3. Upon addition of CH3NH3I and formation of the 

perovskite structure, the unit cell volume increases dramatically to 990 Å3; however, since the 

tetragonal phase of the perovskite contains four CH3NH3PbI3 units within the unit cell, the molar 

volume of CH3NH3PbI3 is calculated to be 248 Å3. Comparing the molar volumes of PbI2 and 

CH3NH3PbI3, it can be seen that the volume occupied by the perovskite is almost exactly twice 

that of the PbI2 precursor, which is in excellent agreement with the data shown in Figure 5.3a. 

However, for the thickest three films, the actual film thickness deviates from that predicted by the 

above arguments. Upon measuring the powder X-ray diffraction patterns of perovskite films of 

various thicknesses, it can be seen that this is related to the presence of residual unreacted PbI2 in 

the film (Figure 5.5). For the thinnest films, the diffraction patterns indicate complete conversion 

to the perovskite; however, beginning at ~ 300 nm thick CH3NH3PbI3 films, there is evidence of 

residual PbI2. As the film thickness increases, the relative amount of unreacted PbI2 increases, in 

agreement with the data shown in Figure 5.3a.  Figure 5.3b shows the absorption spectra of the 

perovskite films as a function of film thickness. All perovskite films exhibited a broad range of 

light absorption from 300 to 760 nm, with the optical density of the film increasing monotonically 

with film thickness. The linear increase in optical density demonstrates both the excellent control 

over film thickness provided by the evaporation of PbI2, and the overall consistency of the two-

step deposition process. 
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  .  

Figure 5.3. (a) Perovskite film thickness as a function of the thickness of the precursor PbI2 film, as determined by 

profilometry; (b) Absorbance spectra of the films from (a). Error bars represent plus-or-minus one standard deviation 

from the mean. 

 
Figure 5.4. The unit cells and cell volumes of lead iodide and tetragonal CH3NH3PbI3: Pb (grey), I (purple), C (brown) 

and N (grey). The unit cell of CH3NH3PbI3 contains four CH3NH3PbI3 units, and so the volume per CH3NH3PbI3 

repeat unit is 248 Å3. 
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Figure 5.5. Powder X-ray diffraction patterns. All samples were prepared and measured on ITO/ZnO substrates. (a) 

Bare ITO/ZnO; (b) PbI2; (c) Calculated diffraction pattern for the tetragonal phase of CH3NH3PbI3 (peak widths 

arbitrarily broadened to 0.2° 2θ). Where more than one reflection contributes to an unresolved peak, only the most 

intense reflection is labelled; (d) 61 nm CH3NH3PbI3; (e) 200 nm CH3NH3PbI3; (f) 280 nm CH3NH3PbI3; (g) 400 nm 

CH3NH3PbI3; (h) 560 nm CH3NH3PbI3. 

In order to understand how film thickness affects the morphology of the perovskite layer, 

both PbI2 and CH3NH3PbI3 films were evaluated by SEM (Figure 5.6). Figure 5.6a-c shows a top- 

down view of vapor-deposited PbI2 films of ca. 50, 150 and 300 nm thickness. The 50 nm thick 

film was relatively smooth, with only very small nanocrystallites visible under the electron 

microscope. As the film thickness is increased to 150 nm, the PbI2 crystallites begin to develop a 

flake-like texture, eventually becoming large nanoplates in the thickest films. After conversion to 

the perovskite (Figure 5.6d-f), the morphology of the films is substantially altered; the film is still  

10 20 30 40 50

*

*

*

*

*

*

  

2Theta (degrees)

 (110)
(200)

*

§

§

§

  

§

(314)

  

(211)
(202) (004)

(220)
(213)

(114)

(310)

(312)(224)

 
 

In
te

n
s

it
y

 (
a

.u
.)

  

  

10 20 30 40 50

(h)

(g)

(f)

(e)

(d)

(c)

(a)

 

  

(b)



 
 

151 
 

composed of a closely-packed collection of nanocrystallites, but the individual crystallites adopt a 

more block-like morphology, in keeping with the tetragonal perovskite unit cell. The same trend 

in morphology is also observed in the perovskite films. In the thinnest (ca. 110 nm) film, the block-

like crystallites are small and densely packed, forming a film that, while not smooth, has very few 

gaps between the crystallites. As the perovskite film grows thicker, the individual nanocrystallites 

grow larger, in turn producing a rougher surface morphology. For the thickest (ca. 580 nm) film, 

many of the crystallites are over 100 nm in size, with equally large gaps between them; this 

produces a highly textured morphology. 

 

Figure 5.6. SEM images of (a-c) evaporated PbI2 films and (d-f) the corresponding CH3NH3PbI3 films after dipping 

in CH3NH3I. Films were (a) 50, (b) 150, (c) 300, (d) 110, (e) 330 and (f) 580 nm thick, as determined by profilometry.  
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Figure 5.7. Williamson-Hall plots for CH3NH3PbI3 films of various thicknesses. 

In order to more quantitatively evaluate these trends, we plotted both the particle size (as 

measured by SEM) and the minimum grain size (as determined from a Williamson-Hall analysis 

of the pXRD data, Figure 5.7) as a function of perovskite layer thickness (Figure 5.8). As suggested 

by Figure 5.8, the average particle size increases as the perovskite layer is made thicker; however, 

this evolution in particle size is modest when compared to the pronounced morphological 

differences observed for the PbI2 films (Figure 5.6). This suggests that a substantial degree of 
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structural reorganization occurs within the crystallites during the CH3NH3I intercalation step, 

resulting in a highly crystalline perovskite film. This is supported by the Williamson-Hall analysis 

of the pXRD data, which separates out the effects of size and lattice strain on peak broadening 

(Figure 5.7). This analysis suggests that there is a slight dependence of the minimum grain size on 

the film thickness, with the thickest films having slightly larger crystalline domains than the 

thinnest samples. The degree of lattice strain is essentially negligible (< 0.1%) for the majority of 

samples (Figure 5.8b). Combined with the excellent agreement between the observed CH3NH3PbI3 

thicknesses and those predicted based on the PbI2 precursor thickness and the subsequent increase 

in molar volume, this suggests that the Pb2+, I–, and CH3NH3
+ ions are sufficiently mobile 

throughout the two-step deposition sequence to produce highly relaxed, crystalline films. This, in 

part, explains the excellent performance of the perovskite films fabricated using this technique.12, 

14 The one exception to this appears to be the thinnest films, which show a small amount of 

additional lattice strain, likely as a result of interactions with the underlying ZnO interface.  

  

Figure 5.8. (a) Particle size as measured by SEM (blue triangles) and minimum grain size as determined by a 

Williamson-Hall analysis of powder X-ray diffraction data (red squares) as a function of perovskite layer thickness. 

The linear fits are a guide to the eye. (b) Microstrain (as calculated by a Williamson-Hall analysis of powder X-ray 

diffraction data) as a function of perovskite layer thickness. 
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Since both the change in particle/grain size and the associated changes in surface roughness 

have important implications for device performance, we further probed the surface roughness of 

the samples using atomic force microscopy (Figure 5.9). The root-mean-square surface roughness 

(Rrms) of the perovskite films was found to change with increasing film thickness; however, the 

thickest device (560 nm) showed a slightly higher root-mean-square surface roughness (49 nm) 

compared to rest of the devices. The implications that this observation has for device performance 

are discussed in more detail below. 

 

Figure 5.9. AFM images of CH3NH3PbI3 films of various thicknesses on ITO/ZnO substrates: (a) 200 nm, (b) 280 

nm, (c) 400 nm, and (d) 560 nm. All images were of a 15 μm × 15 μm area. The samples had root-mean-squared 

surface roughnesses (Rrms) of: (a) 33, (b) 29, (c) 23, and (d) 49 nm, respectively. 

5.4.3. Device performance as a function of perovskite film thickness 

A number of ITO/ZnO/CH3NH3PbI3/P3HT/Ag devices were fabricated at each of the 

perovskite thicknesses studied in Figure 5.3a, and changes in device performance correlated with 

the observed changes in the optical density and morphology of the perovskite film. The J-V curves 

and IPCE spectra of the highest performing devices at each thickness are shown in Figure 5.10, 

and Voc, Jsc, FF and PCE are plotted as a function of perovskite film thickness in Figure 5.11. From 

the data, it is immediately apparent that device efficiency is strongly dependent on perovskite film 

thickness; both the thinnest and thickest perovskite films yield devices with PCEs of only 1-3%, 

while those with an optimal thickness of ca. 330 nm were found to have an average PCE of 9.4 ± 

0.6%, with the best device displaying a PCE of 11.3%. Based on the data in Figure 5.10 and 5.11, 
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the impro0vements in PCE with increasing perovskite thickness are due to two dominant factors. 

The first is a dramatic increase in both Voc and FF as the thickness of the perovskite increases from 

110 to 330 nm; based on the slopes of the corresponding J-V curves at Jsc, this is caused in large 

part by an increase in the shunt resistance (Table 5.2). The low shunt resistances observed in the 

thinnest films are entirely consistent with substantial recombination at the ZnO interface, which 

leads to the pronounced loss in Voc. These losses are very similar to those observed in perovskite 

devices prepared via a one-step methodology,38 where pin-hole shorts lead to low shunt resistances 

and open-circuit voltages. Given that the Rrms in these films is ca. 30 nm (Figure 5.9), and that the 

Rrms represents only one standard deviation in the sample height, there is statistically a very high 

likelihood of pin-hole short formation in the thinnest perovskite films. Increasing the film 

thickness prevents such contact, resulting in improvements to both FF and Voc. These results are 

validated by electrochemical impedance spectroscopy measurements (Figure 5.12); fitting the 

Nyquist plots to an equivalent circuit used for other solid-state photovoltaic devices42, 43 shows 

that the thinnest devices have an extremely low recombination resistance (Table 5.3). This is 

entirely consistent with the low fill factors observed in these devices, and provides an explanation  

  

Figure 5.10. (a) J-V curves and (b) IPCE spectra for ITO/ZnO/CH3NH3PbI3/P3HT/Ag devices with perovskite layers 

of 110 (black line), 210 (blue line), 330 (purple line), 410 (dark brown line), 490 (red line) and 580 nm (orange line). 
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for the losses observed in Voc. As the perovskite thickness is increased, the recombination 

resistance increases accordingly, which is consistent with the concomitant rise in FF and Voc. Very 

similar correlations have previously been observed between the recombination resistance and Voc 

in planar heterojunction perovskite solar cells.44 

  

     

Figure 5.11. (a) Open circuit voltage, (b) short circuit current density, (c) fill factor and (d) PCE as a function of 

perovskite film thickness. Error bars represent plus-or-minus one standard deviation from the mean. Data are derived 

from measurements on 8, 17, 34, 12, 11 and 14 separate devices for 110, 210, 330, 410, 490, and 580 nm thick films, 

respectively. 
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Figure 5.12. Nyquist plots for ITO/ZnO/CH3NH3PbI3/P3HT/Ag devices with different CH3NH3PbI3 thicknesses: (a) 

110 nm, (b) 330 nm, (c) 580 nm. Experimental data (black squares) and theoretical fit (red line). (d) Equivalent circuit 

model used to fit the data. 

The second factor leading to the observed increase in PCE is the steady increase in film 

optical density (Figure 5.3b) with increasing thickness. For the thinnest films studied, the light 

harvesting efficiency at longer wavelengths is relatively low: at 700 nm, only ca. 69% of the 

incoming light is absorbed (assuming a 4% reflection loss at the air/glass interface, and 100% 

reflection at the silver back-contact), and when combined with high levels of recombination, this 

results in an IPCE of only ca. 40%. As the film thickness is increased, the light harvesting 

efficiency increases steadily; for the optimum film thickness of 330 nm, approximately 86% of the 
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light at 700 nm is absorbed, leading to the stronger IPCE spectrum and improved Jsc. Since at this 

film thickness, only ca. 14% of the long wavelength light is lost to transmission, there is relatively 

little benefit to be realized from the use of thicker perovskite films. 

For the devices with perovskite film thicknesses > 400 nm, the decline in device 

performance is particularly sharp. As the film thickness continues to increase, there is a significant 

increase in the series resistance of the devices (Table 5.2); the series resistance of the cells with 

the thickest perovskite layers is over an order of magnitude higher than for optimized devices. EIS 

measurements suggest that this is due to an increase in the contact resistance between the 

perovskite and interfacial layers (Table 5.3); since the ZnO/CH3NH3PbI3 interface does not change 

as the perovskite thickness is increased, we ascribe this increase to changes in the 

CH3NH3PbI3/P3HT interface. This may suggest that for the thickest films, the polymer hole-

transport material has difficulty penetrating into the porous surface; this would lead to an increased 

contact resistance, and contribute to the higher series resistance of these devices. Additionally, as 

the thickness is increased, there is also a drop in the shunt resistance (Table 5.2). This may be 

related to the changing morphology of the perovskite layer; as the CH3NH3PbI3/P3HT interface 

becomes rougher (Figure 5.6), there are also more opportunities for surface recombination to 

occur, and the efficiency is adversely impacted. Analogous behavior has been observed for 

perovskite solar cells with a high surface area ZnO/CH3NH3PbI3 interface.45 The combination of 

these two effects explains the observed drop in fill factor (64% to 42%). 
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Table 5.2. Average series (Rs) and shunt (Rsh) resistances for perovskite solar cells. 

 

Table 5.3. Tabulated fit parameters for the EIS data. 

CH3NH3PbI3 

Thickness (nm) 
Rs (Ω) Rco (Ω) Cco (F) Rrec (Ω) CPEμ-T (F) CPEμ-P 

110 64 5 1 × 10–7 1 2 × 10–3 0.57 

330 52 31 6 × 10–3 116 9 × 10–8 0.84 

580 39 1250 2 × 10–7 1323 9 × 10–7 0.67 

 

Even more striking than the changes to the Voc and FF, however, is the dramatic loss ( > 

75%) in Jsc as the perovskite film thickness begins to exceed 400 nm. This is by far the largest 

contributor to the reduced efficiency of the thickest devices and is predominantly caused by the 

mismatch between the absorption depth of the perovskite and the carrier diffusion length. The 

electron and hole diffusion lengths for CH3NH3PbI3 have been reported to be ~ 100 nm;7, 8 

however, for the thickest (580 nm) devices, the perovskite film thickness significantly exceeds the 

diffusion lengths of the charge carriers. As such, carriers generated near the center of the film will 

recombine before reaching the electrodes. This is consistent with the sharp decrease in IPCE 

CH3NH3PbI3 Thickness (nm) Rs (Ω·cm2) Rsh (kΩ·cm2) 

110 170 0.22 

210 13 3.0 

330 8.0 4.0 

410 12 0.42 

490 41 0.24 

580 110 1.2 
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observed for wavelengths > 500 nm (Figure 5.10b). For wavelengths < 500 nm, the perovskite 

absorbs very strongly (Figure 5.3b), and charge carriers are generated very close to the 

ZnO/CH3NH3PbI3 interface; as such, a reasonable number of electrons can be collected by the 

ZnO electron- transport layer before they recombine. For wavelengths > 500 nm, the lower 

extinction coefficient means that charge carriers are generated deep in the interior of the perovskite 

film and are more than 100 nm away from either interface. As such, the carrier collection efficiency 

in this spectral region begins to approach zero, resulting in the very low short-circuit current 

densities that are observed. Additionally, the less-compact perovskite morphology observed in 

thicker films (Figure 5.6f) may result in poorer connectivity between adjacent crystallites, leading 

to a more tortuous pathway for carrier transport and a greater likelihood of recombination. Given 

the observed decrease in PCE, the increased light harvesting efficiency observed in the thicker 

films (96% at 700 nm for the thickest film, vs. 86% for the optimum thickness of 330 nm) is clearly 

insufficient to overcome these deleterious effects on carrier transport. This same argument would 

also hold true (although to a lesser degree) for the optimized perovskite film thickness of 330 nm. 

A large number of carriers would be generated in the innermost 130 nm of the perovskite film; 

since these are greater than an exciton diffusion length away from the electron- and hole-transport 

interfaces, many of these would be expected to recombine. However, given the good IPCE values 

achieved in these devices, this is clearly not the case. There are two possible explanations for this 

observation: (i) the carrier diffusion lengths are significantly longer than those originally reported 

by Stranks et al. and Xing et al.;7, 8 or, (ii) carrier extraction is facilitated by the high surface area 

CH3NH3PbI3/P3HT interface. Although the measurements of Stranks et al. and Xing et al.7, 8 are 

fairly conservative estimates, we believe that the high surface area CH3NH3PbI3/P3HT interface 

plays a key role in the high performance of these planar heterojunction devices. This can be 
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understood more quantitatively by considering the highest performance devices, which have a 330 

nm thick perovskite layer. The first 130 nm of this film is within one charge carrier diffusion length 

of the ZnO interface,7 and carrier collection is not expected to be problematic. Similarly, holes can 

readily be extracted from the 110 nm closest to the P3HT interface.7 This leaves ca. 90 nm in the 

interior of the film that is too far away from either interface and thus would contribute significally 

less to the photocurrent. However, AFM measurements indicate that the CH3NH3PbI3/P3HT 

interface has a Rrms of 20-30 nm. Again, considering that the Rrms value represents the standard 

deviation of the sample height, the maximum peak-to-trough variation in the perovskite interface 

is closer to 60-90 nm. As a result, charge carriers can be extracted from much deeper within the 

perovskite film than would be the case if the CH3NH3PbI3/P3HT interface were completely planar 

(Figure 5.13). Although there is still a very small section of the perovskite film that still does not 

contribute to the overall photocurrent in this model (< 30 nm), the discrepancy is quite small, and 

likely due to slightly longer charge carrier diffusion lengths in our films. 

 
Figure 5.13. Schematic of the ITO/ZnO/CH3NH3PbI3/P3HT/Ag devices tested in this work, showing the effect of the 

roughened CH3NH3PbI3/P3HT interface on the hole-extraction efficiency. 

Hysteresis in the J-V curve is now a well-known issue for perovskite solar cells,46 and it 

results in a differential current response depending on the history of applied bias. In order to show 

that the trends observed in Figure 5.11 are the result of changes in film thickness (and not due to 

changes in hysteretic behaviour), we measured the J-V curves using both forward (short circuit 
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(SC) to forward bias (FB)) and reverse (forward-bias to short-circuit) scans for a series of 

representative devices (Figure 5.14). As with many planar heterojunction devices, the hysteresis 

is quite pronounced, with the reverse scan having a substantially higher efficiency (Figure 5.14a). 

However, the magnitude of the hysteresis was found to depend only very weakly on the thickness 

of the perovskite film (Figure 5.14b). This suggests that batch-to-batch variability in sample 

preparation has as much or more influence over the hysteresis than the film thickness. Therefore, 

while these results suggest that the absolute efficiencies of these devices are lower than might be 

expected from measurements of just the reverse scan, the overall trends in device performance 

(Figure 5.11) are actually due to changes in film thickness, and not due to changes in hysteretic 

behavior. 

  

Figure 5.14. (a) J-V curves for a representative ITO/ZnO/CH3NH3PbI3/P3HT/Ag device, measured from forward-bias 

(FB) to short-circuit (SC), and from short-circuit to forward-bias. (b) Ratio of the PCEs measured from FB to SC and 

from SC to FB as a function of perovskite film thickness. Measurements were the average of at least 6 devices, and 

the error bars represent plus or minus one standard deviation from the mean. 

5.5. Conclusions 

In summary, we have demonstrated that the thermal evaporation of PbI2 films, in 

combination with a CH3NH3I treatment, is a highly reproducible method of preparing planar 
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heterojunction devices with very precise control over the perovskite film thickness. The optical 

properties and morphology of the perovskite films were measured as a function of film thickness, 

and the results correlated with changes in device performance. The improved light harvesting 

efficiency and reduced contact between electron- and hole-transport layers was found to improve 

the PCE and increase the recombination resistance for thicker films; however, once the film 

thickness significantly exceeded the carrier diffusion lengths in CH3NH3PbI3, the efficiency 

declined sharply. At the optimum thickness of 330 nm, ITO/ZnO/CH3NH3PbI3/P3HT/Ag devices 

were found to have PCEs of up to 11.3% when fabricated from evaporated PbI2 layers, and 11.8% 

when prepared from solution-processed analogues; these efficiencies are among the highest 

reported for devices that use a P3HT hole-transport layer. It is expected that by better 

understanding the parameters that govern the efficiency of CH3NH3PbI3-based planar 

heterojunction devices, further improvements in device performance can be realized. 
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CHAPTER 6 

Effect of Relative Humidity on Crystal Growth, Device 

Performance and Hysteresis in Planar Heterojunction 

Perovskite Solar Cells  

Mahesh K. Gangishetty, Robert W. J. Scott,* and Timothy L. Kelly* 

Department of Chemistry, University of Saskatchewan, 110 Science Place, Saskatoon, SK, S7N 5C9, 

Canada 

In the previous project (cf. Chapter 5), the thickness of perovskite layer was optimized. 

However, the perovskite crystallites are smaller, and they are spread throughout the film with poor 

connectivity between each crystallite. It resists the efficient charge hopping from one crystallite to 

the other. This project investigates the growth of the crystallite to achieve the uniform perovskite 

layer by controlling the relative humidity in the atmosphere.   

This chapter is a near-verbatim copy of a paper published in Nanoscale, 2016, 8, 6300. I 

have solely performed all the experiments in this article. The first draft of the manuscript was 

written by me and it was revised by Prof. Tim Kelly and Prof. Robert Scott prior to publication. 
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6.1. Abstract  

Due to the hygroscopic nature of organolead halide perovskites, humidity is one of the 

most important factors affecting the efficiency and longevity of perovskite solar cells. Although 

humidity has a long term detrimental effect on device performance, it also plays a key role during 

the initial growth of perovskite crystals. Here we demonstrate that atmospheric relative humidity 

plays a key role during the formation of perovskite thin films via the sequential deposition 

technique. Our results indicate that the RH has a substantial impact on the crystallization process, 

and hence on device performance. SEM and pXRD analysis show an increase in crystallite size 

with increasing humidity. At low RH, the formation of small cubic crystallites with large gaps 

between them is observed. The presence of these voids adversely affects device performance and 

leads to substantial hysteresis in the device. At higher RH, the perovskite crystals are larger in size, 

with better connectivity between the crystallites. This produced efficient planar heterojunction 

solar cells with low hysteresis. By careful control of the RH during the cell fabrication process, 

efficiencies of up to 12.2% are reached using P3HT as the hole-transport material 

6.2. Introduction 

Perovskite solar cells have attracted a great deal of interest in the field of solid state 

photovoltaics due to their large extinction coefficients and long charge carrier diffusion lengths.1-

4 Within a period of 5 years, the efficiency of these devices has dramatically increased from 3.8% 

to 20.1%, making them one of the most promising alternatives to conventional silicon and CdTe 

technology.5-14  

   In the fabrication of high performance perovskite solar cells, the quality of the perovskite 

film plays a critical role.15 Recently, it was found that the presence of grain boundaries in the 
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perovskite film can affect not only the performance of the device, but also the amount of hysteresis 

observed in the J-V curves.16, 17 As a result, a number of strategies for the production of high quality 

perovskite films have been reported, including the addition of chloride additives,17-20 solvent 

engineering,13 and moisture6, 21 and solvent annealing.22 By using the interdiffusion method, Hyeok 

et al. produced large perovskite crystallites, which led to state-of-the-art mesoscopic solar cells.12 

Nie et al., by keeping the substrate above room temperature during the deposition process, were 

able to prepare high quality films containing millimeter scale perovskite crystallites with few grain 

boundaries.11 This resulted in high performance, hysteresis-free devices with efficiencies of up to 

18%. The importance of grain boundaries on the electronic properties of perovskite thin films was 

recently highlighted by recent work on perovskite single crystals; these studies suggest that the 

carrier diffusion lengths of CH3NH3PbI3 single crystals are at least 2 µm,4 and may exceed 175 

µm.1    

   The formation of high quality perovskite films depends not only on the deposition 

process, but also on the atmospheric conditions present during crystal growth. Due to the highly 

hygroscopic nature of CH3NH3PbI3, the RH is a key factor in both the growth and the degradation 

of perovskite crystals. Several research groups have observed that exposing perovskite films to 

high levels of moisture leads to degradation of the perovskite and the formation of hydrate 

phases;23-27 this in turn rapidly leads to device failure. Despite this problem, humidity has also been 

shown to have beneficial effects on the initial growth of perovskite films. Bass et al. observed that 

when CH3NH3PbX3 (X = I, Br) powders were prepared under rigorously anhydrous conditions, 

the resulting powders showed very little long-range order; however, upon exposure to moisture, 

they immediately crystallized.28  Similarly, by post-annealing perovskite films under a relative 

humidity of 30 ± 5%, Zhou et al. were able to achieve uniform, crystalline, and pinhole-free 
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perovskite films.6 By increasing the relative humidity from 20% to 80% during the post-annealing 

step, further increases in the crystallinity of the perovskite films were observed.21 Spin coating the 

PbCl2 and CH3NH3I precursors under low RH conditions and subsequently annealing them under 

higher RH has also been shown to lead to improvements in long-range order and device 

performance.29 However, all of these reports employed the single-step deposition method, where 

the effect of relative humidity was investigated during the post-annealing step. Analogous studies 

on the effect of humidity on films deposited via the two-step (sequential) deposition method30, 31 

are lacking. Since the mechanism of crystal growth and subsequent film morphology are strongly 

dependent on the deposition method, the role of the RH during the sequential deposition of 

perovskite thin films needs to be addressed. 

Here we demonstrate the effect of relative humidity on the growth of perovskite thin films 

deposited by the sequential deposition method. PbI2 films were converted into CH3NH3PbI3 inside 

a chamber of controlled RH, and larger perovskite crystallites were observed at higher RHs. This 

resulted in the formation of densely packed films with fewer grain boundaries, leading to an 

increase in device performance and a reduction in J-V curve hysteresis. By careful control of the 

RH, devices with PCEs of 12.2% were prepared using P3HT as the hole transport layer. 

6.3. Experimental Section 

6.3.1. Materials  

Lead(II) iodide (99%), methylamine (37% in absolute ethanol), hydriodic acid (57% in 

H2O), 4-tert-butylpyridine (96%) and lithium-bis(trifluoromethanesulfonyl)imide (99%) were 

purchased from Sigma-Aldrich. Poly(3-hexylthiophene) (electronic grade) and Ag pellets 

(99.99%) were purchased from Rieke Metals and Kurt J. Lesker, respectively. All commercial 
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reagents were used as received. Zinc oxide nanoparticles7 and methylammonium iodide32 were 

synthesized according to established procedures. 

6.3.2. Device fabrication  

Fabrication procedures for perovskite solar cells were similar to those outlined in our 

previous report.33 ITO-coated glass substrates (Delta Technologies, Rs = 15-25 Ω/sq) were cleaned 

by sequentially sonicating them for 30 min in 2% Extran 300 detergent and isopropanol, followed 

by drying under a stream of air. A thin layer of ZnO nanoparticles was spin coated at 3000 r.p.m. 

for 30 s using a 6 mg/mL colloidal ZnO NP solution in n-butanol. This procedure was repeated 

three times to produce a uniform 20 nm ZnO NP layer. A layer of PbI2 (150 nm) was then deposited 

by thermal evaporation at a base pressure of 2 × 10–6 mbar. The PbI2 films were then brought into 

a sealed atmospheric bag that was maintained at a constant RH (1 – 60%, Figure 6.1) and dipped 

in a solution of 10 mg/mL CH3NH3I in isopropanol for 3 min. After dipping, the substrates were 

dried by spinning at 3000 r.p.m. for 30 s, and then allowed to dry further inside the atmospheric 

bag for 10 minutes. A thin layer of P3HT-based hole transport material (20 mg of P3HT, 3.4 µL 

of 4-tert-butylpyridine, and 6.8 µL of a Li TFSI solution (28 mg Li-TFSI / 1 mL acetonitrile) all 

dissolved in 1 mL chlorobenzene) was spin coated at 1000 r.p.m. for 30 s under ambient conditions. 

Finally, a 50 nm thick Ag layer was deposited by thermal evaporation at a base pressure of 2 × 10–

6 mbar.   

6.3.3. Characterization  

UV-Vis spectra were recorded on a Cary 6000 spectrophotometer. Scanning electron 

microscopy was carried out on a Hitachi SU8010 SEM operating at a 1.0 - 5.0 kV landing voltage. 

pXRD was performed on a PANalytical Empyrean diffractometer configured with a copper (λ = 
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1.54 Å) X-ray source. J-V curves were recorded in a N2-filled glovebox using a Keithley 2400 

source-measure unit and a 450 W Class AAA solar simulator equipped with an AM1.5G filter 

(Sol3A, Oriel Instruments), at a calibrated intensity of 100 mW/cm2, as determined by a standard 

silicon reference cell (91150V, Oriel Instruments). The effective area of the device was defined as 

0.0708 cm2 using a non-reflective metal mask. IPCE spectra were measured in a N2-filled glovebox 

using a commercial IPCE setup (QE-PV-Si, Oriel Instruments). Monochromatic light was chopped 

at a frequency of 8 Hz and photocurrents measured using a lock-in amplifier. 

 

Figure 6.1. Schematic of the apparatus used to control the RH inside an atmospheric bag containing a spin coater. 

PbI2 films are converted into CH3NH3PbI3 by immersion in a solution of CH3NH3I, spin dried at 3000 r.p.m. for 30 s, 

and allowed to dry for a further 10 min. 

6.4. Results and Discussion 

6.4.1. Effect of humidity on perovskite crystal growth  

In order to investigate the role of relative humidity in the growth of perovskite crystals 

during the sequential deposition process, an atmospheric bag of controllable RH was used (Figure 

6.1). In this setup, dry N2 was used as the carrier gas, and was flowed through a set of water 

bubblers into the atmospheric bag. A portable RH sensor was used to measure the humidity inside 

the bag, and the RH was controlled by adjusting the flow rate of the carrier gas. After achieving 

the desired humidity, the perovskite layer was deposited by the sequential deposition method. The 

device architecture used here is very similar to that described in our previous reports.7, 33 A thin 
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layer of ZnO was first deposited on ITO-coated glass, followed by a layer of PbI2. In order to 

ensure the formation of reproducible PbI2 films (and to eliminate any effect of varying humidity 

on the PbI2 deposition step), the PbI2 films were deposited by thermal evaporation. After 

deposition, the ITO/ZnO/PbI2 films were brought into the atmospheric bag (which was maintained 

at the desired RH), and then immediately dipped into a solution of CH3NH3I. After 3 minutes of 

immersion, excess CH3NH3I solution was removed by spinning at 3000 r.p.m. for 30 s. The 

perovskite films were then allowed dry for a further 10 min inside the controlled RH environment. 

Perovskite films were prepared with RH ranging from 1% to 60%, and subsequently characterized 

by UV-Vis spectroscopy, pXRD and SEM. The absorption spectra of the films are shown in Figure 

6.2a. The spectra are all qualitatively similar, consisting of intense absorption bands below 500 

nm and a sharp band edge feature at 760 nm. With increasing RH, a small but steady increase in 

the optical density of the films is observed. At low RH (1%), the films were transparent and light 

brown in color, and as the RH increased, the films became both darker and more opaque (Figure 

6.2b). Of all the samples studied, the perovskite films prepared at 60% RH showed the highest 

optical density across the entire visible spectrum. Further differences between the films become 

apparent at wavelengths close to the band edge (Figure 6.2a inset). All of the films showed a sharp 

decrease in the optical density, except the one prepared at 1% RH. Instead, it displayed a more 

gradual decay in the optical absorption, known as an Urbach tail.34 This red tail in the optical 

absorption spectrum is attributed to electronic disorder within the film, and may be caused by the 

presence of trap states produced by the incomplete formation of the perovskite.17, 35 
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Figure 6.2 (a) UV-Vis absorption spectra for vapor deposited PbI2 thin films (yellow line), and CH3NH3PbI3 thin 

films prepared at 1% (black line), 33% (blue line), 40% (red line), and 60% (green line) RH. (b) Photographs of 

CH3NH3PbI3 thin films prepared at various RH values. (c) Powder X-ray diffraction patterns for 

ITO/PbI2/CH3NH3PbI3 thin films prepared at various RH values. Peaks due to ITO and PbI2 are marked with an asterisk 

(*) and dagger (†), respectively. 

In order to understand the effect of RH on the crystallinity of the perovskite films, each of 

the samples was characterized by pXRD (Figure 6.2c). The diffraction pattern for all films agrees 

with the tetragonal structure of CH3NH3PbI3.
36 The key differences observed between the samples 

are an increase in the intensity of the perovskite Bragg peaks (particularly the (110) and (220) 

reflections at ca. 14o and 28o), and a decrease in the peak width as the RH is increased. This 

indicates an increase in the size of the coherent scattering domains, suggesting the formation of 

larger crystallites at higher RH. Analysis of the (110) reflection by means of the Scherrer equation 

yielded minimum crystallite sizes of 25, 26, 40 and 61 nm for the films made at 0.1%, 20%, 40%, 

and 60% RH, respectively. Additionally, at the lowest (0.1%) RH, there is a weak peak 

corresponding to PbI2, indicating incomplete formation of the perovskite under this low humidity 
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condition. This is consistent with the presence of an Urbach tail in the absorption spectrum of this 

sample, and both the small crystallite size (with the associated increase in the number of surface 

states) and the residual PbI2 may contribute to the observed electronic disorder. 

These changes in crystallite size and film morphology were imaged by SEM. Figure 6.3 

shows SEM images of both PbI2 (Figure 6.3a) and perovskite films (Figure 6.3b – 6.3f). The vapor 

deposited PbI2 film consisted of hexagonal flake-like structures (Figure 6.3a), in agreement with 

previous reports of thermally evaporated films.33 Importantly, the SEM image of the perovskite 

film prepared at 1% RH showed small, cube-like crystallites with substantial empty space between 

them. As the RH increased to 20% RH, the film still appeared to consist of distinct cubic 

crystallites, but with improved connectivity between the grains. As the RH increased to 30% and 

above, the films became smoother and more planar, with fewer gaps between individual grains.  

As the RH increased further, there was a corresponding increase in the crystallite size, leading to 

more densely packed perovskite films. At the highest (60%) RH, the individual grains lost their 

distinctive cubic shape, and appeared more rounded; the edges of adjacent particles also appear to 

have fused together, providing much better connectivity within the film. These changes in 

crystallite size are consistent with the results of the Scherrer analysis of the pXRD data.  
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Figure 6.3. (a) SEM images of (a) PbI2, and CH3NH3PbI3 films prepared at (b) 1%, (c) 20%, (d) 30%, (e) 40%, and 

(f) 60% RH. 

From these analyses, it is evident that the RH has a substantial effect on the growth and 

crystallization of perovskite films. In the sequential deposition method, the intercalation of 

CH3NH3I and the formation of CH3NH3PbI3 starts at the surface of the PbI2 crystallites 

immediately after immersion in the methylammonium iodide solution; however, ion diffusion 

within the bulk of the PbI2 crystallites is relatively slow, and it takes several minutes for the 

conversion to CH3NH3PbI3 to complete.37 As a result, drying the film after 3 min is unlikely to 

result in the formation of well-ordered CH3NH3PbI3 crystals. Additionally, given the insolubility 

of PbI2 in isopropanol, the extent to which any one CH3NH3PbI3 crystal can grow is limited by the 

size of its PbI2 precursor. In the absence of other factors, this produces small, poorly crystalline 

perovskite grains that contain residual PbI2, entirely consistent with the data in Figure 6.2c. At this 

stage, the relative humidity around the perovskite film plays a crucial role in the growth of the 

crystals. In humid environments, water can be reversibly absorbed into the perovskite film, leading 

to the formation of hydrate phases.23-27 Ion diffusion in these less compact phases is expected to 
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be more facile; therefore, when the absorbed water eventually leaves the film, it leaves behind a 

higher quality crystal. This recrystallization process is conceptually similar to the solvent 

annealing procedures commonly employed in thin films of organic semiconductors.38 

Furthermore, the solubility of PbI2 is much higher in water than in isopropanol, and the dissolution 

and recrystallization of grain edges may lead to the merging of adjacent grains within the film.21 

This hypothesis is consistent with the rounding of the crystallite edges, the increase in grain size, 

and the improved inter-particle connectivity that are observed in Figure 6.3f. 

6.4.2. Effect of humidity on device performance 

 After preparing perovskite films at various RH, the samples were removed from the 

atmospheric bag and assembled into complete devices. P3HT was used as the HTL, and was 

deposited under ambient laboratory conditions; a thin layer of Ag was then evaporated as the 

counter-electrode. J–V curves and incident photon-to- current efficiency spectra were measured in 

a N2-filled glovebox under AM1.5G illumination (Figure 6.4). Tabulated device performance 

parameters are shown in Table 6.1. The PCEs of the highest performance devices, as derived from 

the J–V curves, were 7.1, 9.0, 11.0, 12.2 and 10.0% for the devices prepared at 1, 20, 30, 40 and 

60% RH, respectively. The efficiency of the highest performing device in this study (12.2%) is 

excellent for devices fabricated using P3HT as the HTL, and is likely limited by the hole mobility 

of P3HT, not by the quality of the perovskite film.33, 39 The increase in PCE with increasing RH 

can largely be attributed to changes in the film crystallinity and morphology. When the perovskite 

films are fabricated under dry conditions (1% RH), the films consist of small crystallites with 

numerous grain boundaries and poor inter-particle connectivity (Figure 6.3b). As a result, carrier 

transport within the film is poor, and the short-circuit current density is low. For the best devices, 

the Jsc increased from 14.2 mA/cm2 (for the film prepared at 1% RH) to 18.9 mA/cm2 when the 
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film was prepared at 40% RH. Similar trends are observed in the average device performance 

parameters (Table 6.1). At the same time, elimination of residual PbI2 and growth in the average 

crystallite size is expected to reduce the number of trap states within the film, leading to the 

observed improvements in device fill factor as the RH is increased (Table 6.1). 

  

Figure 6.4 (a) J–V curves of the highest performance devices measured at a scan rate of 0.83 V/s. (b) IPCE spectra of 

the same devices. 

In order to validate the trends in short-circuit current density (and hence PCE), IPCE 

spectra were measured for the best devices (Figure 6.4b). The Jsc values calculated by integrating 

the product of the AM1.5G photon flux and the IPCE spectra are in reasonable agreement with the 

Jsc values derived from the J–V curves (Table 6.1). As expected for devices based on CH3NH3PbI3, 

all of the devices had broad IPCE spectra that spanned the range of 300 to 800 nm. The IPCE also 

increased with RH, which is consistent with the observed trends in Jsc. The most significant 

differences between the spectra, however, are the very pronounced changes in photon-to-current 

efficiency between 300 and 500 nm. In this wavelength range, the IPCE increases from ca. 30% 

in the devices prepared at 1% RH to a maximum of ca. 70% for those prepared at 40% RH. Yet 

despite these pronounced changes in IPCE, the light harvesting efficiency for all of the devices in 
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this range is ca. 95% (assuming a 4% loss due to reflection at the air/glass interface). This implies 

that the low IPCE for the devices made at low RH is due to charge carrier recombination, rather 

than transmission losses. Furthermore, due to the extremely high absorption cross section of 

CH3NH3PbI3 in this wavelength range, most of these photons are absorbed by a thin perovskite 

layer at the ZnO/CH3NH3PbI3 interface; this suggests that the recombination losses are most 

pronounced in this spatial region. Schlipf et al. used grazing incidence small angle X-ray scattering 

to evaluate the distribution of crystallite sizes within perovskite films prepared via the two-step  

deposition method.40 Their results suggest that due to strain-induced fracturing of the growing 

perovskite crystals, smaller crystallites are produced closer to the substrate, with larger grain sizes  

at the surface of the film. Such a grain size distribution would produce a higher concentration of 

trap states close to the ZnO interface, and would explain the IPCE losses observed in the blue 

region of the spectrum (Figure 6.4b). This problem would be exacerbated in films prepared at low 

RH, where the grain sizes are smaller overall, and there is limited opportunity for recrystallization 

processes to occur. It should be noted that humidity-induced changes to the ZnO charge transfer 

resistance cannot be ruled out, and may also contribute to the changes in the IPCE spectra. 

Regardless, it is clear that the relative humidity has a dramatic effect on both perovskite crystal 

growth and device performance.  
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Table 6.1. Average device characteristics for perovskite solar cells measured at a scan rate of 0.1 V/s. Values shown 

in parentheses are for the highest performance devices measured at a scan rate of 0.83 V/s. 

RH 

(%) 
Voc (V) 

Jsc 

(mA/cm2) 

Jsc 

(mA/cm2) 

from IPCE 

FF 
PCE 

(%) 

PCE (%) 

from steady-

state data 

1 0.88 ± 0.03 
12 ± 1 

(14.2) 
10.4 0.44 ± 0.04 

4.6 ± 0.8 

(7.1) 
3.4 

20 0.91 ± 0.04 
13 ± 3 

(15.4) 
11.1 0.48 ± 0.07 

6 ± 2 

(9.1) 
9.0 

30 0.94 ± 0.03 
15.2 ± 0.5 

(16.5) 
15.2 0.59 ± 0.05 

9 ± 1 

(11.0) 
10.2 

40 0.94 ± 0.03 
17 ± 1 

(18.9) 
17.6 0.57 ± 0.04 

9 ± 2 

(12.2) 
11.2 

60 0.94 ± 0.01 
16 ± 1 

(17.6) 
17.1 0.55 ± 0.02 

8.2 ± 0.8 

(10.0) 
9.3 

 

6.4.3. Effect of humidity on device hysteresis  

One of the major concerns of perovskite solar cells is the hysteresis that is often observed 

in the J–V curves.16, 41-43 In order to quantify the amount of hysteresis in our devices, we measured 

the J–V curves at slow scan rates in both scan directions: forward bias-to-short circuit and short 

circuit-to-forward bias. Figure 6.5a shows both J–V curves for the best device made at 40% RH. 

Comparing the FB-SC scan in Figure 6.5a to a faster scan (0.83 V/s) in the same direction on the 

same device (Figure 6.4a), the Jsc and Voc are similar, but the fill factor is reduced from 65% to 

61% in the slower scan. This leads to a slight decrease in the PCE, from 12.2% to 11.3%. Changing 

the scan direction decreased the PCE further, to 10.0%. Although a relatively small effect, this 

clearly indicates the presence of hysteresis in the device. The J–V curves for the best devices 

prepared at other RH values are plotted in Figure 6.6, and the ratio of the PCEs measured from the 

forward (SC-FB) and reverse (FB-SC) scans (ηfwd / ηrev) is plotted as a function of RH (Figure 

6.5b). The devices fabricated at 1% RH displayed the most pronounced hysteretic behavior.  
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Comparing the fast (Figure 6.4a) and slow (Figure 6.6a) scan rates, the device showed a decrease 

in both Jsc and FF, from 14.2 mA/cm2 and 55% at 0.83 V/s, to 12.9mA/cm2 and 50% at 0.1 V/s, 

which leads to a decrease in PCE from 7.1% to 5.8%. Upon changing the scan direction at the 

slower scan rate, the efficiency drops further to 4.8%. As the RH during the film deposition step 

is increased, the degree of hysteresis in the devices drops substantially (Figure 6.5b). For the 

devices prepared at 60% RH (Figure 6.6e), the average ratio of the efficiencies obtained from 

forward and reverse scans is 96%, indicating very little dependence of the PCE on scan direction. 

It has been demonstrated that the hysteresis observed in perovskite solar cells can be caused by 

several factors: (i) trap states originating from either inherent defects in the perovskite or from 

grain boundaries,16 or (ii) contact resistance at either the ETL/CH3NH3PbI3 or CH3NH3PbI3/HTL 

interfaces.43 The hysteresis observed in the devices prepared at low RH is likely caused by the 

numerous grain boundaries present in the film, which act as charge traps in the device. At higher 

RH, the increase in the size and connectivity of the crystallites reduces the number of trap states, 

and in turn a reduction in the device hysteresis is observed. 

  

Figure 6.5. (a) J–V curves measured at 0.1 V/s for the best device prepared at 40% RH. (b) Ratio of PCEs determined 

from forward (SC-FB) and reverse (SC-FB) scans as a function of RH. The linear fit is a guide to the eye. 
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Figure 6.6. J–V curves measured at 0.1 V/s for devices prepared at: (a) 1%, (b) 20%, (c) 30%, (d) 40%, and (e) 60% 

RH. 
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Figure 6.7. (a) Average device performance characteristics (measured at a scan rate of 0.1 V/s) as a function of relative 

humidity. Error bars represent plus or minus one standard deviation from the mean. (b) Steady-state current densities 

for representative devices at each relative humidity. 

The average device characteristics as a function of relative humidity are plotted in Figure 

6.7a. The key trends are an increase in Jsc and FF as the RH is increased, consistent with the 

elimination of grain boundaries and the crystal growth observed in the perovskite films. In order 

to further probe the degree of device hysteresis, and to evaluate the device performance under 

more realistic conditions, we recorded the steady-state power output for representative devices at 

each RH. The devices were kept at the maximum power point (as determined from the J–V curve) 

and the photocurrents were recorded as a function of time (Figure 6.7b). The stabilized PCE of the 

device made at 1% RH was found to be 3.4%, whereas it was measured to be 7.1% from the fast 

scan J–V curve (Figure 6.4a). This highlights the large degree of hysteresis observed in the device. 

For the devices prepared at 20% and above RH, however, the difference between the PCE obtained 
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from the J–V curves and the stabilized power output is more modest (Table 6.1). The best 

performing device in the current study (prepared at 40% RH) showed a stabilized PCE of 11.2%, 

which was much closer to the efficiency calculated from the J–V curve (12.2%); this reinforces 

the idea that the larger crystallite sizes observed in the perovskite layer lead to a reduction in the 

amount of device hysteresis. 

6.5. Conclusions 

In conclusion, we prepared perovskite films by the sequential deposition method in a 

controlled humidity environment. We found an increase in the crystallinity of the perovskite films 

with increasing RH. At low RH, the films consisted of small cubic crystals with large gaps between 

them; however, after increasing the RH, larger grains with better inter-particle connectivity were 

observed. These changes in film crystallinity and morphology have a pronounced effect on device 

performance, and films prepared at higher RH values produced devices with higher efficiencies 

and reduced device hysteresis. By carefully controlling the RH, we were able to achieve PCEs of 

up to 12.2% using P3HT as HTL. These results clearly demonstrate that careful control of all 

environmental parameters involved in the formation of perovskite films is necessary if 

reproducible fabrication procedures for perovskite solar cells are to be established.  
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CHAPTER 7 

Improving the Rates of Pd-Catalyzed Reactions by 

Exciting the Surface Plasmons of AuPd Bimetallic 

Nanotriangles 

Mahesh K. Gangishettya, Adriana M. Fontesb, Marcos Maltab, Timothy L. Kellya*, Robert W. J. Scotta* 

aDepartment of Chemistry, University of Saskatchewan, 110 Science Place, Saskatoon, SK, S7N 5C9, 

Canada. 

bInstituto de Química, Universidade Federal da Bahia, Campus Ondina, Salvador (BA), Brazil. 

This chapter focuses on light harvesting for heterogeneous Pd catalysis using plasmonic 

Au nanotriangles. Here, the synthesis of AuPd nanotriangles and their catalytic activity towards 

Suzuki coupling and hydrogenation reactions are discussed. The reactions were performed in both 

light and dark conditions. Upon illumination, the nanotriangles showed enhanced rates of the 

reaction. In Suzuki reactions, the control experiments showed that the enhancement is primarily 

due to the plasmonic heating effect. However, there could be a contribution from plasmonic hot 

electron injection effects. In the hydrogenation reactions, the enhancement depends only on 

plasmonic heating effect. 

 This manuscript is in preparation. The work is done in collaboration with Adriana Fontes, 

and I would like to acknowledge her contribution. She synthesized AuPd nanotriangles and 

performed a hydrogenation reaction on 2-methy-3-butene-1-ol in presence and absence of the light. 

My contribution to the paper is the design, synthesis, and characterization of triangular AuPd 

nanotriangles and also, I performed all the Suzuki coupling reactions. The first draft of the 

manuscript was written by myself and is in revisions stage with Prof. Tim Kelly and Prof. Robert 

Scott. 
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 7.1. Abstract 

Gold nanoparticles exhibit unique optical properties due to surface plasmon oscillations 

when they interact with light. By utilizing their optical properties, the rates of many chemical 

reactions have been improved in the presence of visible light. Their properties are highly tunable 

based on the size and shape of the nanoparticle. Here, we have used anisotropic AuPd bimetallic 

nanotriangles to improve the rates of Pd-catalyzed reactions in the presence of visible light. We 

synthesized AuPd core-shell bimetallic nanotriangles and performed Suzuki cross-coupling and 

hydrogenation reactions in light and dark conditions. Upon illuminating AuPd nanotriangles with 

an array of green LEDs (power ~ 500 mW), an enhanced catalytic activity of palladium was 

observed. In order to understand the relative contributions of individual plasmonic effects, such as 

plasmonic hot electron transfer and plasmonic heating effects, the reaction temperatures were 

monitored, and careful control experiments were run at different temperatures. Our results 

indicated that the enhancement in the rate of these Pd-catalyzed reactions is primarily due to the 

plasmonic heating effect. 

7.2. Introduction 

Plasmonic nanoparticles have been extensively studied as light harvesting materials in 

various applications such as photovoltaics,1-4 biotechnology,5 catalysis,6 and surface-enhanced 

Raman spectroscopy.7 In particular, employing their light trapping properties to drive chemical 

transformations is an emerging field.6 Upon interacting with certain frequencies of light, the metal 

nanoparticles show unique optical properties due to the collective oscillation of their conduction 

band electrons. This phenomenon is called localized surface plasmon resonance. The optical 

characteristics of plasmonic nanoparticles are tunable based on the size and the shape of the 
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nanoparticle.8 The energy accumulated in these oscillating surface plasmons can be used in several 

ways to accelerate the rates of chemical reactions. This energy can be either directly used to drive 

a chemical reaction,6, 9 or it can be transferred to an existing catalyst such as a semiconducting 

metal oxide (e.g., TiO2, CeO2) or a metal (e.g., Cu, Pd, and Ni) nanoparticle.4, 10-13 Among these 

catalysts, enhancing the activity of Pd nanoparticles using solar energy is attractive since Pd 

nanoparticles are known to catalyze many organic reactions, including C-C bond forming 

reactions. Also, these heterogeneous Pd catalysts can be easily recovered from the reaction mixture 

and reused for several reaction cycles. Recently, by using plasmonic metal nanoparticles, the rates 

of Pd-catalyzed reactions such as cross-coupling,14, 15 hydrogenation,16-19 and oxidation reactions 

20-22 have been improved, and it has been found that the bimetallic nanoparticles show superior 

activity compared to the pure metals.23, 24 The most studied bimetallic catalysts in plasmon-

enhanced Pd-catalyzed reactions are AuPd bimetallic nanoparticles. Here, the Au/Pd ratio has 

shown to be critical for both preserving the Au plasmonic properties as well as the catalytic activity 

of Pd.24 In addition to this, the power of incoming light also plays a key role in the plasmonic 

enhancement.15, 24  

It has been demonstrated that two plasmonic effects contribute to the enhancement of Pd-

catalytic activity; these two effects are plasmonic local heating effects, and plasmonic hot electron 

transfer.14, 15, 24 After the excitation of surface plasmons, they can decay non-radiatively via 

generation of hot electrons in the metal nanoparticles. The energy of these hot electrons is either 

redistributed among the ground state electrons through electron-electron scattering or dissipated 

in the form of heat by electron-phonon scattering.4, 25, 26  The heat generated by the metal 

nanoparticles can increase the temperature at their surface up to 500 oC.6 In a colloidal solution of 

metal nanoparticles, this local heat dissipates into the solution and increases the overall 
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temperature of the bulk solution. This plasmonic photothermal effect has been found to accelerate 

the rates of many Pd-catalyzed reactions when bimetallic AuPd nanoparticles are employed.15, 27, 

28 In addition to this, plasmonic hot electron transfer from Au to Pd in AuPd alloys can also 

contribute to improving the rates of the reactions.24, 29 It has been demonstrated that in AuPd 

nanoparticles, the Fermi energy levels of Au and Pd are close to each other (Pd is 5.0 eV, and Au 

is 4.7 eV).30 Upon exciting the surface plasmons in Au, the hot electrons can easily be transferred 

from Au to Pd. As a result of this transfer, the number of active catalytic sites on Pd increases, and 

this improves the overall rate of the reaction.14 Such hot electron transfer from Au to Pd was 

described by recording a single particle photoluminescence (PL) spectra from an Au-Pd nanorod 

and an Au nanorod.31 The authors observed a decrease in the PL intensity for the AuPd nanorod 

compared to the Au nanorod, which was attributed to hot electron transfer from Au to Pd. Further, 

by using a TiO2 spacer between Au and Pd in an AuPd nanoparticle, Wang et al. controlled the 

electron transfer from Au to Pd. This resulted in a decrease in the conversion of a Suzuki reaction 

compared to AuPd without any spacer.15 However, the difference in conversion was very low, and 

it also depended on the power of the incoming light. Another study, with the help of DFT 

calculations, reported that the hot electrons generated in AuPd nanoparticles are directly 

transferred to the adsorbed molecules and drive the chemical transformation.14   

All these plasmonic effects rely heavily on the power of the incoming light as well as on 

the morphology of the metal nanoparticle. Various morphologies of Au and Ag nanoparticles such 

as nanorods,15, 31, 32 nanowheels,28 nanocages19 and spherical nanoparticles14, 18, 24, 33 have been 

used to enhnace the catalytic activity of palladium. Here, we employed plasmonic Au 

nanotriangles to harvest light in order to photophysically improve the rate of Pd-catalyzed 

reactions. Due to the presence of sharp features, the nanotriangles are expected to show strong 
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plasmonic effects compared to other shapes.34, 35 Also, due to the plate-like morphology of a 

nanotriangle, the number of active sites (i.e., surface area) available for catalytic reactions to take 

place is higher compared to a spherical nanoparticle. By using AuPd bimetallic nanotriangles, we 

performed Suzuki cross-coupling and hydrogenation reactions in both dark and light conditions. 

The reactions performed in the light showed higher conversions compared to the ones carried out 

in the dark. The mechanism of this plasmonic enhancement was investigated by performing several 

control experiments. Our results indicate that the enhancements in the rates of both Suzuki and 

hydrogenation reactions upon illumination are mainly due to plasmonic heating effects. Further 

stability studies show that the sharp-featured triangles are unstable, and after two cycles of Suzuki 

reactions their catalytic activity is severely compromised. 

7.3. Experimental Section 

7.3.1. Materials  

Hydrogen tetrachloroaurate(III) (99%), 4-iodobenzoic acid, and 2-methyl-3-buten-2-ol 

(98%) were purchased from Sigma-Aldrich. Potassium tetrachloropalladate (99%), 

cetyltrimethylammonium chloride (96%) and all the boronic acids used for Suzuki reactions were 

purchased from Alfa Aesar. Potassium iodide and sodium hydroxide were purchased from Fisher 

Scientific. All chemicals were used directly without any further purification, and aqueous solutions 

were prepared using Milli-Q water (18.2 MΩ·cm).  

7.3.2. Characterization  

 TEM images were collected using a HT7700 TEM operating at 100 kV. TEM 

samples were prepared by drop casting nanoparticle solutions onto a carbon-coated 300 mesh Cu 

TEM grid (Electron Microscopy Sciences). UV−vis spectra were measured using a Varian Cary 
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50 Bio UV−vis spectrophotometer with an optical path length of 1 cm. 1H NMR spectra were 

collected by using a Bruker Avance 500 MHz spectrometer. 

7.3.3. Methods 

Synthesis of Au nanotriangles. Au nanotriangles were synthesized by following a literature 

procedure.36 Briefly, aqueous CTAC (16.0 mL, 0.10 M) was dissolved in 20.0 mL Milli-Q water 

in a 250 mL Erlenmeyer flask. To this solution, aqueous solutions of KI (0.75 mL, 0.1 M), HAuCl4 

(0.80 mL, 25.4 mM) and NaOH (0.20 mL, 0.10 M) were added sequentially. At each addition, the 

solution was stirred manually by shaking the flask. Aqueous ascorbic acid (1.0 mL, 0.064 M) was 

then added, and then immediately, an aqueous NaOH (0.20 mL 0.10 M) solution was injected 

rapidly into the reaction mixture, while simultaneously shaking the flask. Finally, the entire 

mixture was kept undisturbed for 15 min until the solution became dark blue in color. This dark 

blue solution was centrifuged at 5500 rpm (4194 g) for 30 min, and then the supernatant was 

decanted. The Au nanotriangles were collected by redispersing the pellet in water.  

Synthesis of AuPd nanotriangles. A concentrated Au nanotriangle solution (15 mL, optical 

density = 4.5 at 610 nm) was dispersed in aqueous CTAC (30 mL, 0.010 M) in an Erlenmeyer 

flask. To this mixture, an aqueous K2PdCl4 (2.0 mL, 0.010 M) solution was added while stirring 

the solution, which was maintained at 40 oC using a hot water bath. After 10 min of stirring, 

aqueous ascorbic acid (2.0 mL, 0.040 M) was added, the flask was covered, and the stirring was 

continued for 8 h at 40 oC by covering the flask with parafilm. Finally, this solution was centrifuged 

at 5500 rpm (4194 g) for 30 min, and the AuPd bimetallic nanotriangles were collected by 

decanting the supernatant. The AuPd nanotriangles were then dispersed in water. 
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7.3.4. Catalytic reactions 

Suzuki cross-coupling reactions. In a model cross-coupling reaction, 0.5 mmol of p-

iodobenzoic acid and 0.6 mmol of phenylboronic acid were taken up in a mixture of 8.0 mL of 

Milli-Q water and 2 mL of ethanol. To this mixture, 2.0 mmol of K2CO3 dissolved in 2.0 mL of 

water was added. The solution was mixed well to dissolve all of the reactants. Next, 2.0 mL of the 

as-synthesized AuPd nanotriangle solution (optical density = 4.5 at 532 nm) was added. The final 

optical density of the nanotriangles in the resulting solution was ~0.75 at 532 nm. This reaction 

was performed both with and without light illumination. At each hour, 200 µL aliquots of the 

reaction mixture were collected, the reaction was quenched with 200 μL of concentrated H2SO4, 

and the products were extracted with dichloromethane. The solvent was evaporated in a stream of 

air, and the leftover solids were dissolved in CDCl3 and characterized by 1H NMR. The rest of the 

cross-coupling reactions were performed in a similar way except for the number of moles of K2CO3 

in the reaction mixture. For reactants containing an acid functional group, we used 2.0 mmol of 

K2CO3; 1.0 mmol of K2CO3 was used otherwise. Also, the conc.H2SO4 was added only when the 

reactants contained carboxylic acid groups, otherwise the reaction mixture was directly extracted 

into dichloromethane.  

Hydrogenation of 2-methyl-3-buten-2-ol. In a 1 L round bottom flask, 3.0 mL of AuPd 

nanotriangle solution (optical density ~ 0.70 at 532 nm) was added, and the flask was sealed tight 

using a septum. The flask was then purged with hydrogen gas for 20 minutes; the flask was then 

filled with H2 gas until the flask reached an initial pressure of 1.4 atm. The pressure in the flask 

was measured by a differential pressure manometer (Extech Instrument, Model #407910), and for 

all hydrogenation reactions the same initial pressure was maintained. The AuPd nanotriangle 

solution was then stirred under hydrogen for 30 minutes. Then 2-methyl-3-buten-2-ol (0.10 mL) 
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was injected into the flask. Similar to the cross-coupling reactions, hydrogenation reactions were 

performed in both light and dark conditions. For the 1H NMR analysis, an aliquot of 100 µL of the 

reaction mixture was collected every 20 minutes and was directly extracted in of 500 µL CDCl3. 

7.4. Results and Discussion 

7.4.1. AuPd bimetallic nanotriangles  

Au nanotriangles were synthesized via a literature procedure, which is a competitive 

process involving both reduction/oxidative etching of Au in the presence of CTAC as a stabilizing 

agent.36 Here, ascorbic acid was used as the reducing agent and potassium iodide acts as an 

oxidative etchant in the presence of air. To synthesize the AuPd bimetallic nanotriangles, K2PdCl4 

was reduced onto the as-synthesized Au nanotriangles using ascorbic acid as a reducing agent. 

These Au and AuPd nanotriangles were then characterized by UV-Vis spectroscopy and TEM; the 

results are shown in Figure 7.1. In the UV-Vis spectrum, the Au nanotriangles show a broad 

plasmon peak at 605 nm with a shoulder at 534 nm. The plasmon peak at 605 nm is attributed to 

the in-plane dipole mode,37 while the shoulder at 534 nm is likely due to the presence of spherical 

Au nanoparticles.2, 36 Upon coating with Pd, a ca. 60 nm blue shift in the plasmon peak was 

observed. This might be due to some surface alloying between Au and Pd.38 The morphologies of 

the Au and AuPd nanotriangles were confirmed by TEM analysis (Figure 7.1b-d). Figure 7.1b 

shows the presence of a large population of Au nanotriangles; the average edge length of these 

nanotriangles was found to be ~ 40 nm. However, the sample also contains ca. 10% of quasi-

spherical Au nanoparticles along with the nanotriangles. Figure 7.1c shows a TEM image of the 

AuPd nanotriangles, and a higher resolution TEM image is shown in Figure 7.1d. The Z-contrast 

difference in the TEM images of AuPd (Figure 7.1c and 7.1d) indicates the spatial distribution of 
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Au and Pd within the nanotriangle; the lighter regions are the Pd shell, and the darker region 

corresponds to the Au core. The Pd shells of the AuPd nanotriangles are polycrystalline, and thus, 

the resulting AuPd nanotriangles appear textured with unevenly distributed Au and Pd sites on 

their surface. A similar morphology was observed in AuPd nanowheels due to the Pd alloying with 

Au.28 The morphology likely occurs due to Pd deposition at multiple sites on each particle, which 

may be due to defects in the CTAC coating on the surface of the Au nanotriangles.39 For catalytic 

purposes, the polycrystalline nature of the Pd shell may be favorable as the available surface area 

of the Pd catalyst would be substantially higher than perfect epitaxial core-shell structure. 

  

Figure 7.1. (a) Normalized UV-Vis spectra of Au and AuPd bimetallic nanotriangles; the spectra are normalized to 

the maximum of the plasmon band. TEM images of (b) as-synthesized Au nanotriangles, (c) AuPd bimetallic 

nanotriangles and (d) magnified image of AuPd nanotriangles.  



 
 

199 
 

7.4.2. Plasmon enhanced Suzuki-coupling reactions 

After confirming the morphology of the AuPd nanotriangles, they were used to catalyze 

Suzuki cross-coupling reactions. The reactions were performed both with and without light 

illumination. For the dark reactions, the reaction flasks were covered with aluminum foil; for the 

light reactions, the flasks were illuminated with an array of green LEDs (power ~500 mW) (Figure 

7.2a). The green light source was chosen to match the wavelength (534 nm) of the AuPd plasmon 

band (Figure 7.1a). The spectrum of green LED source is shown in Figure 7.3 At this wavelength, 

the surface plasmons of both the triangular and spherical AuPd will be excited. The light source 

setup is shown in Figure 7.2a; it contains an array of 8 green LEDs mounted on each heat sink, 

and four of these heat sinks are assembled in such a way that a 25 mL flask can be placed in the 

center and receive 360o illumination.   

To investigate the plasmonic effect of AuPd nanotriangles on the Suzuki cross-coupling 

reaction, we chose to study a model reaction between p-iodobenzoic acid and phenylboronic acid, 

as shown in Scheme 7.1. This reaction was performed in both dark and light illumination, and the 

reaction kinetics were monitored by 1H NMR. The percent conversions were calculated from the 

1H NMR spectra, and are plotted against time interval (Figure 7.2b). The cross-coupling reaction 

performed in the light showed significantly higher conversions compared to the dark reactions. 

For example, after 1 h of reaction time, the light reaction had proceeded to ~40% conversion, 

whereas the dark reaction had proceeded to only ~23% conversion. With an increase in time, the 

difference in conversion between the light and dark reactions was more pronounced. After 5 h of 

reaction time, the light reaction showed ca. 35% higher conversion compared to the dark. At the 

same time, the temperature of both the reaction mixtures was measured. We noticed a rise in the 

final temperature of the light reaction from 25 oC (the initial temperature of the reaction flask) to 
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37 oC, while the dark reaction showed no change in the final temperature. To determine if this 

increase in temperature was due to the presence of AuPd nanotriangles or due to light-induced 

heating of the solvent, we illuminated water with and without AuPd nanotriangles. After 

illuminating both flasks for 1 h, an increase in temperature from 25 oC to 37 oC was observed for 

the flask containing AuPd nanotriangles, whereas the flask containing only water showed only a 2 

oC rise in temperature. This clearly confirms that the AuPd nanotriangles are the cause of the 

temperature increase; this is due to the plasmonic local heating generated by non-radiative plasmon 

decay (electron-phonon scattering).27  

 

 

Scheme 7.1. Schematic representation of a model Suzuki reaction used to test the AuPd nanotriangles as catalysts.  

 

Figure 7.2. a) The LED light source with an array of green LEDs mounted on heat sinks, b) percent conversions 

calculated from 1H NMR are plotted against time; the reaction is between p-iodobenzoic acid and phenylbornic acid. 

The green triangles indicate the control dark reaction performed in a hot water bath and the inverted blue triangles 

indicate the light reaction performed in a 25 oC water bath. The solid lines are a best-fit using a first-order kinetic 

model.       
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Figure 7.3. The normalized power vs wavelength for several LEDs including green LED source that was used to study 

the plasmonic catalysis. This is taken from the seller’s (LUXEON) website. 

To determine how significant a role this plasmonic heating effect has on the overall 

enhancement of the reaction rate, we performed a control reaction in the dark using a hot water 

bath to maintain the temperature of the reaction mixture at 37 oC (the same temperature reached 

by the light reaction flask). The reaction progress was monitored hourly by 1H NMR, and the 

conversion plotted in Figure 7.2b. The light reaction still showed higher conversions compared to 

the dark reaction run at 37 oC, although the final temperatures of both the reaction mixtures were 

same (37 oC). However, the difference in conversion is only 9% after 5 h of the reaction time; this 

is much lower compared to the previous case (35%). From these results, it is clear that the rate of 

reaction is accelerated by the excitation of the AuPd surface plasmon modes. The effect of 

plasmonic excitation is also similar to that of conventional heating in improving the overall rate. 

To further support these conclusions, another Suzuki reaction was performed; this time the 

temperature of the light reaction flask was fixed at 25 oC using a water bath. After 5 h, this reaction 
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showed significantly higher conversion (ca. 20%) than the dark reaction. However, the final 

temperature increased to 29 oC (even though the reaction flask was in a 25 oC water bath). This 

slight rise in temperature perhaps may be due to direct photothermal heating of both the solvent 

and water bath, or simply insufficiently large thermal mass in cooling the bath.  

In addition to the plasmonic heating effect, many reports have observed that plasmonic hot 

electron transfer contributes to the rate of a cross-coupling reaction.14, 15 In all of these reports, a 

high power laser source was used to excite the Au nanoparticle surface plasmons, whereas, in the 

current study, we used a relatively low power (~500 mW) and unfocused LED light source. The 

generation of plasmonic hot electrons is highly dependent on the power of the excitation light 

source.40, 41 The low power LEDs used here are likely insufficient to produce a significant 

population density of hot electrons; hence, the contribution of these hot electrons in improving the 

overall rate of the reaction is low. Nonetheless, the dark control reactions underperformed the light 

reactions even when both were run at the same temperature. It is therefore possible that there is a 

minor contribution from plasmonic hot electron transfer to the overall enhancement.  

We extended our studies to examine the effect of different aryl halides and different boronic 

acids. The results for various substrates are shown in Table 7.1. In all cases, the reactions 

performed in the light showed an average of ~20% higher conversion compared to those carried 

out in the dark. A large difference in the conversions between the light and dark reactions was 

observed when aromatic iodides were used as substrates. Particularly in the case of entry 4, where 

nitro-substituted aryl iodide (p-iodonitrobenzene) was reacted with phenylboronic acid, the 

difference in conversion was very high. This difference was slightly higher even when compared 

to the other reactions where other aryl iodides were reacted with the same boronic acid (entries 1 

and 2). The light reaction in entry 4 showed complete conversion, and the dark reaction showed a 
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decreased conversion compared to entries 1 and 2. The presence of an electron-withdrawing group 

such as -NO2 on an aryl halide generally improves the rate of oxidative addition (typically the rate 

determining step) in Suzuki reactions. It is possible that the further acceleration of the reaction in 

the light could be coming from plasmonic hot electron transfer. However, the exact reason why 

this nitro-group is showing a positive effect on the light reaction and a negative effect on the dark 

reaction is unclear. On the other hand, the difference in conversions was lower when the same 

halide (p-iodonitrobenzene) was reacted with methyl-substituted phenylboronic acid (entry 7); the 

difference in conversion between light and dark was very low. Here, due to the presence of an 

electron-donating methyl group on the boronic acid, both the light and dark reactions showed 

almost complete conversions, resulting in less of a difference between them. Interestingly, in the 

case of entry 5, where 2-thiopheneboronic acid was used, the reaction showed almost double the 

conversion in the presence of light as opposed to the dark. Generally, sulfur-containing (thiophene-

based) substrates have been shown to poison the Pd catalyst and cause low yields in cross-coupling 

reactions.42 They often need either high catalyst loadings or elevated temperatures to achieve good 

yields. In such reactions, the use of plasmonic nanoparticles might be a promising way of 

improving the overall conversions, while keeping the catalyst loading to a minimum. Finally, 

among all of the reactions, the aryl bromide substrate (entry 3) showed the lowest overall 

conversion, regardless of whether or not the reaction was illuminated. This can be due to the poor 

leaving ability of bromides as compared to iodides.  
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Table 7.1. Percent conversions measured by 1H NMR for different Suzuki reactions performed in both the dark and 

the light.  

The substrate to catalyst loading ratio for all reactions was 2.5: 0.002 mmol. The initial reaction temperature was 25 
oC, and the solvent was a 80:20 mixture of water and ethanol.  

 

7.4.3. Catalyst stability and recyclability  

The main advantage of employing nanoparticles in catalysis is that the catalyst can easily 

be separated from the reaction mixture and reused for several reaction cycles. To test the 

recyclability of the AuPd nanotriangles, we first characterized them after a Suzuki coupling 

reaction between p-iodobenzoic acid and phenylboronic acid. Figure 7.4a shows the UV-Vis 

spectra of the AuPd nanotriangles before and after the Suzuki reaction. The spectra were recorded 

Entry Aryl halide Boronic acid Time 
Conversion 

(Light) 

Conversion 

(Dark) 

1 
  

3 h 92% 73% 

2 
  

3 h 85% 71% 

3 
  

3 h 34% 30% 

4 
  

3 h 100% 63% 

5 

  

2 h 57% 25% 

6 
  

2 h 100% 91% 

7 
  

2 h 100% 89% 
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for the AuPd nanotriangles used in the model cross-coupling reactions shown in Figure 7.2b. After 

completion of the reaction, the AuPd nanotriangles were collected by centrifuging the reaction 

mixture and then redispersed in a volume of water equivalent to the initial volume of the reaction 

mixture. A slight decrease in the intensity of the plasmon peak at 532 nm was observed after the 

reaction (Figure 3a). This suggests a slight decrease in the population of AuPd nanotriangles after 

the reaction. From the TEM analysis (Figure 7.4c), it was observed that some of the nanotriangles 

had aggregated after one reaction cycle. As a result of this aggregation, the nanotriangles tended 

to settle at the bottom of the reaction flask upon keeping the flask undisturbed for several days. 

We are uncertain as to why aggregation might be occurring in this system, but we believe it is due 

to the loss of their surface stabilizer (CTAC) during the Suzuki coupling reaction. A control 

experiment showed that the aggregation is not light-induced, and no such aggregation was seen 

for the hydrogenation system discussed below. 

Using the same reactants that were used in the model Suzuki reaction between p-

iodobenzoic acid and phenylboronic acid, we studied the catalyst recyclability over three reaction 

cycles in the presence of light. After each cycle, the AuPd nanotriangles were purified by 

centrifugation and then reused by dispersing them in the same amount of the reaction mixture. 

After 3 h of reaction, the percent conversion was calculated from the 1H NMR spectrum, and the 

data is plotted against cycle number (Figure 7.4b). In cycle 1, after 3 h of reaction, ca. 70% 

conversion was observed, and the final temperature of the reaction flask was 37 oC. In cycle 2, the 

final temperature was slightly decreased slightly to 35 oC, and the percent conversion was reduced 

to ca. 50%.  The reduction in conversion may be due to the decrease in the number of available 

active sites since, the nanoparticles are aggregated after the reaction (Figure 7.4c).   In the 3rd cycle, 

the reaction yielded only 1% conversion and a final temperature of 31 oC; this could be due to the 
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almost complete destruction of the nanotriangles as the color of the solution substantially became 

lighter after redispersing the nanotriangles for the 3nd reaction cycle.  

 

Figure 7.4. (a) UV-Vis absorption spectra of AuPd nanotriangles before and after cross-coupling reactions performed 

between p-iodobenzoic acid and phenylboronic acid. (b) Recyclability of AuPd nanotriangles and final temperature 

of the same coupling reaction performed under light illumination, and (c) TEM image showing aggregation of the 

AuPd nanotriangles, recorded after one cycle of the light reaction.   

7.4.4. Plasmon enhanced hydrogenation reaction 

To determine if the plasmonic properties of AuPd nanotriangles can be used to drive other 

Pd-catalyzed reactions, we studied the hydrogenation of 2-methyl-3-buten-2-ol using the 

nanotriangles as the catalyst. The reactions were performed in both the presence and absence of 

light illumination. We used the same LED source (Figure 7.2b) to irradiate the reaction mixture in 

the light reaction.  Here, we used a larger (1 L) round-bottom flask to maintain an excess of H2 gas 

for the hydrogenation reaction. The AuPd nanotriangles were added to the flask, and an excess of 

H2 gas was supplied. Before injecting the substrate (2-methyl-3-buten-2-ol) into the flask, the flask 

was stirred to homogenize the solution. At 20 min intervals, the reaction was sampled and analyzed 

by 1H NMR and the percent conversions are plotted against time (Figure 7.5). At each time 
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interval, the light reaction showed significantly higher conversions compared to the dark reaction. 

For example, after 20 min, the light reaction had proceeded to 42% conversion, whereas the dark 

reaction showed only 18% conversion. The difference became more pronounced as the reaction 

proceeded. Similar to the plasmon enhanced Suzuki reactions, an increase in the temperature of 

the light reaction (from 23 oC to 30 oC) was observed. However, the magnitude of the temperature 

increase was not as significant as in the Suzuki reactions. This is most likely due to the slightly 

lower AuPd catalyst loading, which was nearly 4 times lower compared to the Suzuki reaction.  

Again, to understand the role of plasmonic heating in the enhancement of the hydrogenation 

reaction, a control dark reaction was performed by heating the flask to 30 oC in a conventional hot 

water bath (i.e., the same temperature reached by the light reaction). After 120 min of reaction 

time, the control dark reaction showed almost same conversion as the light reaction (Figure 7.5). 

This is in contrast to the Suzuki reactions, where the light reaction showed slightly higher 

conversions (~9%) compared to the control dark reaction (Figure 7.2a). The fact that similar 

conversions are observed in both reactions (light and dark at 30 oC) clearly suggests that the 

enhancement is due to plasmonic heating effects alone. If other plasmonic effects contributed 

significantly to the improvement, the light reaction would show higher conversions compared to 

the high-temperature dark reaction. Similar results have been reported in the literature;43, 19 Long 

et al., observed no contribution for the plasmonic hot electron effect in the hydrogenation of 

styrene.43  
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Figure 7.5. Percent conversion of hydrogenation reactions performed on 2-methyl-3-buten-2-ol using AuPd 

nanotriangles in the presence and absence of light. The black squares show the reaction performed at 23 °C under 

ambient conditions, the red circles show the reaction performed under illumination that achieved a final temperature 

of 30 °C, and the green triangles show the dark reaction performed at 30 °C using hot water bath. The solid lines are 

a best-fit using a first-order kinetic model.  

Since it has been shown that Au nanoparticles alone can catalyze the hydrogenation 

reaction (although it requires high temperatures),41, 44 we also attempted to perform the same 

hydrogenation reaction using pure Au nanotriangles as the catalyst. No product formation was 

observed in either the light or dark conditions. This confirmed that the Pd is the active site on the 

AuPd catalyst for the hydrogenation reactions. Another possible mechanism to drive the 

hydrogenation reactions is by plasmonic hot electron transfer; however, to achieve the dissociation 

of H2 by hot electrons generated on Au, a high power incoming light source (on order of W/cm2) 

is required.41 The LED light source used in the current study was likely not enough to produce 

sufficiently hot electrons, and no activity of Au was seen for this hydrogenation reaction. 

7.5. Conclusions 

In conclusion, we have synthesized triangular AuPd nanoparticles and employed them to 

improve the rates of Suzuki coupling and hydrogenation reactions. Upon exciting the surface 
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plasmons in AuPd nanotriangles using green LEDs (whose wavelength was near the maximum of 

the plasmon band), an improvement in the rates of Suzuki and hydrogenation reactions was 

observed. Our results revealed that the enhancement in the rate of reaction is mainly due to the 

contribution of plasmonic heating effects, with at most a minor contribution from plasmonic hot 

electron transfer. We have investigated the recyclability of these catalysts; we found that the 

catalyst survived for 2 cycles of Suzuki reactions. TEM showed aggregation AuPd nanotriangles 

causing a reduction in the catalytic activity. This study clearly demonstrates that a plasmonic 

enhancement in the rates of Pd-catalyzed reactions can be observed even by using a low power 

and unfocused LED light source, and that, at these low powers, there is only plasmonic 

photothermal effect contributing to the rate enhancement.         
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CHAPTER 8 

8.1. Summary  

This thesis investigated various strategies for converting solar energy efficiently into 

electrical and chemical energy. To transform solar energy into electrical energy, two types of solar 

cells, DSSCs and perovskite solar cells were studied. In Chapter 2, the performance of DSSCs was 

successfully improved by employing plasmonic Ag@SiO2 core-shell nanotriangles. The 

nanotriangles were designed to specifically target the red-to-NIR region, where the N719 dye 

absorbs weakly. Different quantities of these nanotriangles were embedded in the TiO2 layer, and 

it was found that 0.05% (w/w) of the nanotriangles is the optimum loading for achieving the best 

efficiency. This loading resulted in a ca. 32% enhancement of the overall PCE; the enhancement 

was mainly due to an increase in the short-circuit current density. From the IPCE spectra, the same 

device (0.05 % (w/w) nanotriangles) showed a ca. 25% increase in photocurrent from the green 

photons (500-560 nm) compared to the control device (no nanotriangles). In the red-NIR region 

(600-750 nm) the photocurrent enhancement was ca. 10%. However, the Ag@SiO2 nanotriangles 

were found to be unstable toward both the liquid iodide/triiodide electrolyte and the high 

temperatures used in the annealing process. At elevated temperatures, they broke down into very 

small spherical nanoparticles. 

In the subsequent chapter (Chapter 3), the temperature induced transformation of 

nanotriangles to small nanoparticles was investigated by annealing the Ag@SiO2 nanotriangles at 

different temperatures under air and N2 atmospheres. In the presence of air and lower annealing 

temperatures, truncation of the Ag nanotriangles was observed. Upon increasing the temperature, 

they decomposed to small ~2 nm particles in the pores of the SiO2 shell. By using X-ray absorption 
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spectroscopic studies (XANES and EXAFS), the resultant ~2 nm particles were found to be 

comprised of Ag0. This study suggested that, upon annealing Ag@SiO2 in air, the core Ag 

nanotriangles are first oxidized to AgO or Ag2O, which then decomposes back to form Ag and O2. 

Here, the SiO2 shell prevents the diffusion, aggregation, and coalescence of the resultant 

nanoparticles during the annealing process. This oxidation and decomposition mechanism was 

further confirmed by annealing the nanotriangles in a N2 atmosphere. In the presence of only N2, 

regardless of the annealing temperature, only truncation of the nanotriangles was observed and no 

formation of small particles was observed. Due to the lack of O2, the oxidation and decomposition 

of the Ag nanotriangles did not take place.  

To overcome this stability issue, Ag@SiO2 nanotriangles were replaced by Au@SiO2 

nanotriangles in DSSCs. In Chapter 4, the Au@SiO2 nanotriangles were used in DSSCs. Our 

results indicated that the Au@SiO2 nanotriangles are relatively more stable to oxidation compared 

to the Ag@SiO2 nanotriangles. However, at elevated temperatures (350-450 oC), a change in the 

morphology of the Au nanotriangles was observed. The resultant particles contained a mixture of 

truncated nanotriangles and spherical nanoparticles. Due to the presence of multiple shapes, the 

Au@SiO2 system showed a broad SPR spectrum in the visible region. This eventually resulted in 

panchromatic light harvesting in a DSSC. By integrating 0.05% (w/w) of Au@SiO2 nanotriangles 

into the DSSCs, a 15% enhancement in the PCE was observed. Devices showed a significant 

enhancement in PCE even at low (0.009% w/w) Au@SiO2 loadings. Here, the thickness of the 

Au@SiO2/TiO2 layer was only ~3 μm; whereas, it was ~10 μm for Ag@SiO2/TiO2 that were 

studied in Chpater-1.  

Another type of solar cell that was studied in this thesis is the perovskite solar cell. In 

Chapter 5, the effect of perovskite thickness on the device performance was successfully 
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elucidated. By physical vapor deposition of PbI2, different thicknesses of PbI2 films were prepared. 

These PbI2 films were then reacted with CH3NH3I to prepared different thicknesses of 

CH3NH3PbI3 perovskite films. The resulting thickness of the perovskite layer was almost double 

the thickness of its original PbI2 film. By this method, perovskite layers with thicknesses ranging 

from 100 to 600 nm were prepared, and then the devices were fabricated. With an increase in 

thickness of the perovskite layer, the PCE increased and reached a maximum value for a device 

with a ~300 nm thick perovskite layer. Upon with a further increase in the thickness, a decrease in 

the PCE was observed. This trend was attributed to thinner perovskite layers producing low 

performance devices due to poor light absorption, whereas thicker layers suffered from charge 

carrier recombination and incomplete reaction of PbI2 and CH3NH3I. The optimum perovskite 

thickness to balance efficient light absorption and effective charge carrier collection was found to 

be ~330 nm. The device with a ~330 nm thick perovskite layer produced the highest efficiency of 

11.8%. However, all these devices suffered from severe hysteresis in the J-V curves regardless of 

the perovskite layer thickness, i.e. they showed very poor performance when changing the scan 

direction. This was attributed to the presence of a large number of grain boundaries in the 

perovskite layer. To minimize grain boundaries and to produce a more uniform perovskite layer, 

the growth of the perovskite crystallites was investigated by varying the atmospheric conditions. 

This was discussed in the subsequent chapter.  

In Chapter 6, the role of atmospheric humidity on the growth of the perovskite crystallites 

and hence the performance of the final devices was investigated. By using an atmospheric bag, the 

relative humidity in the atmosphere was controlled from 20% to 60% during the growth of the 

perovskite. Our results from SEM analysis showed an increase in the crystallite size with an 

increase in the RH during the growth of the perovskite layer. At lower humidity conditions (1-30% 
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RH), the resulting film contained significant gaps between the perovskite crystallites, and the 

resulting devices showed poor performance with severe hysteresis in the J-V curves. With an 

increase in humidity to 40% and 60% RH, the perovskite produced was a uniform layer with well-

connected crystallites. At 40% RH, a high performing and hysteresis-free device with a maximum 

efficiency of 12.2% was achieved. Upon scanning the device at a slow rate, it showed an efficiency 

of 11.3%. Also, stabilized currents were recorded for this device; from these current-transient 

measurements, the stabilized efficiency was determined to be 11.2%.  

In the last part of the thesis, light energy was successfully utilized to improve the rates Pd-

catalyzed reactions. To harvest the light for Pd-catalyzed reactions, plasmonic Au nanotriangles 

were employed in Chapter 7. The Au nanotriangle was coated with Pd to form bimetallic Au@Pd 

nanotriangles. These bimetallic nanotriangles were used for Suzuki cross-coupling and 

hydrogenation reactions. In the presence of light illumination with green LEDs, ca. 35% higher 

conversions in cross-coupling reactions was observed compared to dark conditions. Control 

experiments revealed that the enhancement in the rate of the Suzuki reaction was dominated by 

plasmonic heating effects as opposed to plasmonic hot electron injection. Plasmonic enhancement 

of cross-coupling was observed when different aryl halides and aromatic boronic acids are used in 

the reaction. However, the AuPd catalyst showed poor recyclability; it survived for only two 

cycles. This was attributed to the aggregation of the nanotriangles as evidenced from TEM 

analysis. The AuPd nanotriangles were also employed for the hydrogenation of methyl 2-butene-

1-ol. Similar plasmonic enhancements were observed for hydrogenation reactions; upon light 

illumination, the hydrogenation reactions showed higher conversions. The enhancement was found 

to be due to plasmonic heating effects alone.  
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Finally, the major findings that are discovered in this dissertation are as follows. (1) By 

employing plasmonic Ag@SiO2 nanotriangles in DSSCs, an enhancement in the light-harvesting 

efficiency was achieved in the desired region (red-NIR region). However, the Ag nanotriangles 

were unstable towards iodide redox couple and elevated temperature. Whereas, Au@SiO2 

nanotriangles were found to be more stable and ideal candidates for the plasmonic applications, 

where such harsh conditions are needed. (2) In perovskite solar cells, for balancing the light 

absorption and charge carrier collection, optimum thickness of the perovskite layer is important. 

Along with the thickness, atmospheric humidity was found to play a major role in producing the 

bigger perovskite crystallites and uniform perovskite layer. (3) Finally, AuPd plasmonic 

nanotriangles were found to be useful to improve the rate of cross-coupling and hydrogenation 

reactions by harvesting light. However, the AuPd catalyst employed in this study did not allow us 

to completely separate possible contributions of individual plasmonic effects such as plasmonic 

hot electron vs. plasmonic heating in the enhancement of the rate of the catalytic reactions.   

8.2. Future Outlook 

Understanding the contributions of the various plasmonic effects in improving both the 

performance of a DSSC and the rate of a chemical reaction is still need to be addressed. In the case 

of DSSCs, although Chapter 2 aims at understanding the role of plasmonic near-field effect vs. 

plasmonic light scattering effect in improving the device efficiency, due to the instability of 

Ag@SiO2 nanotriangles, the relative contributions were left unaddressed. In the case of cross-

coupling reactions (Chapter 7), the higher rates in the presence of light illumination were attributed 

to plasmonic heating effects. However, even after maintaining the same temperatures in dark and 

light reactions, the light reactions showed slightly higher conversions compared to the dark ones 

for coupling reactions, indicating there could be some contribution of plasmonic hot electron 
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effects. As a part of the future work, a comprehensive study on the role of individual plasmonic 

effects in plasmonic enhancement is proposed, and possible strategies for addressing this are 

discussed in the following sections. 

8.2.1. Plasmonic heating effects vs. plasmonic hot electron effects in 

Pd-catalyzed reactions  

Plasmonic metal nanoparticles can enhance the activity of several existing catalysts by utilizing 

solar energy.1-5 To improve the rates of Pd-catalyzed reactions, often Au cores are used as light-

harvesting materials, as was shown in Chapter 7. The enhancement is either driven by plasmonic 

hot electron transfer from Au to Pd (and then to the substrate), or plasmonic heating effects.6-9 

Untangling the contribution of one effect from the other is quite difficult when using bimetallic 

Au@Pd nanoparticles. However, by using a thin spacer such as SiO2 between Au and Pd 

nanoparticle, the hot electron transfer from Au to Pd can be minimized.10 In this case, only 

plasmonic heating effects from the Au core will contribute to improving the rate of Pd-catalyzed 

reactions. With an increase in the thickness of SiO2, the local heating generated can also be 

suppressed since the magnitude of local heating dramatically decreases as you move away from 

the surface of the nanoparticle.3 In this case, neither hot electron effects nor heating effects would 

contribute to the rate of Pd-catalyzed reactions, resulting in no net plasmonic effects on these 

reactions. By controlling the morphology of the plasmonic nanoparticle, the contribution of each 

plasmonic effect in the overall enhancement of the rate can be understood. Three different 

nanocatalysts are proposed as shown in the Scheme 8.1; these are Au@Pd bimetallic nanotriangles, 

and Au@SiO2@Pd core-shell-shell nanotriangles with thin and thick SiO2 shells, respectively.  
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Scheme 8.1. Representation of controlling the plasmonic hot electron effect vs plasmonic heating effect using three 

different types of nanoparticles.  

8.2.1.1. Preliminary results on the synthesis and catalytic activity of Au@SiO2@Pd 

core@shell@shell nanotriangles  

For the synthesis of Au@SiO2@Pd core@shell@shell nanotriangles, at first Au@SiO2 core@shell 

nanotriangles are synthesized by using the method described in Chapter 4. To coat Pd nanoparticles 

on Au@SiO2, a functionalizing agent 3(-aminopropyl)triethoxysilane (APTES) can be used.11 

Some preliminary experiments were already performed using this method, and the resultant 

nanoparticles were characterized by TEM.  Figure 8.1a shows the adherence of Pd nanoparticles 

on Au@SiO2 which has been modified with APTES. The thickness of SiO2 was found to be around 

~25 nm. However, upon performing a cross-coupling reaction between p-iodobenzoic acid and 

phenyl boronic acid using these Au@SiO2@Pd catalysts in the presence of LED light source, the 

catalyst showed very poor (~3%) conversions after 5 h of the reaction (Figure 8.1b). This might 

be attributed to the poisoning of the Pd surface by APTES.  
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Figure 8.1. (a) TEM image of Au@SiO2@Pd core-shell-shell nanoparticles, and (b) percent conversions of a cross-

coupling reaction between p-iodobenzoic acid and phenyl boronic acid at ambient temperatures; substrate to catalyst 

loading ratio was (2.5mmol: 0.002mmol). The conversions are calculated from 1H NMR  

As an immediate goal of the future work, optimizing the synthetic procedure to overcome 

the Pd-poisoning by APTES is proposed.  Several groups have used a similar synthetic method to 

immobilize the Pd on SiO2, but still observed the catalytic activity of Pd. 11, 12 Whereas, in our 

study, APTES is completely attenuating the Pd catalytic activity. This could be due to the high 

concentration of APTES used in the synthesis. Therefore, as a first step, the concentration of 

APTES will be optimized, and the catalytic activity of Pd will be studied. Also, there are other 

possible linkers such as Poly(ethylene-co-butylene)-b-poly(ethylene oxide) [P(E/B)−PEO] 

reported in the literature,13 in which reduced Pd2+ salts are reduced onto SiO2 after functionalizing 

the SiO2 with [P(E/B)−PEO], followed by calcination of the sample at 500oC to remove the linker. 

A similar method can be used as an alternative method for synthesizing Au@SiO2@Pd. After the 

synthesis, the catalyst would be characterized by UV-Vis and TEM analysis. Then by using the 

model Suzuki coupling reaction discussed in Chapter 7, the contribution of individual plasmonic 

effects will be studied by tuning the thickness of SiO2.   
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8.2.2. Plasmonic near-field effect vs plasmonic light scattering effect 

in DSSCs  

As discussed earlier, there have been several mechanisms proposed for plasmon enhanced 

light harvesting in DSSCs and photocatalysis. In DSSCs, there are two major plasmonic effects 

which contribute to the enhancement of device efficiency; one is a plasmonic light scattering 

effect, and the other is plasmonic near-field effects.14-16 To study the contribution of each effect, 

one possible approach is using a variable thickness of the metal oxide shell (SiO2) on the metal 

nanoparticle. If the shell thickness is very low, the metal nanoparticle is expected to show both 

near-field and light scattering effects. Whereas, with an increase in thickness, the metal 

nanoparticle tends to show only light scattering effect, since the near-field generated on the surface 

is attenuated by thick SiO2 shell. It has been shown that the magnitude of near-field effect is highly 

dependent on the distance from the surface.17-19 Although Chapter 2 aims at studying the 

contributions of plasmonic effect by using Ag@SiO2 nanotriangles of different SiO2 thicknesses, 

the contribution of the relative plasmonic effects was left unstudied due to the instability of thin-

shelled nanotriangles. However, in Chapter 4, the Au@SiO2 nanotriangles were found to be stable; 

hence employing these stable Au@SiO2 nanotriangles of the various shell (SiO2) thicknesses in 

DSSCs can enable to elucidate the contribution of plasmonic effects. 

For the synthesis of monodispersed Au nanotriangles, the method described in Chapter 7 

will be used. After synthesizing the Au nanotriangles, the SiO2 shells with various thicknesses will 

be coated by using a method discussed in Chapter 2 & 4. Each of these Au@SiO2 nanotriangle 

materials would then separately be embedded in DSSCs to elucidate the role of individual 

plasmonic effects. The device fabrication method can be adopted from Chapter 2 and 4.  
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