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ABSTRACT OF THE DISSERTATION 

 

Nanoscale systems for efficient conversion of light into fuel and localized electric field 

by 

Yash Gargasya 

Doctor of Philosophy in Chemistry 

University of California, Irvine, 2022 

Professor Matthew D. Law, Chair 

The interaction of light and matter is at the core of many of our day-to-day technologies and life 

processes. Upon excitation by photons, electrons (in a material) move into a higher energy state. 

This electronic energy is then harnessed into electricity, fuel, heat, and localized electric fields by 

various devices and chemical/biochemical systems. This thesis focuses on two such applications 

namely - the conversion of light into chemical fuels and localized electric fields, using nanoscale 

systems.  

The first section of this work focuses on the generation of chemical fuel – hydrogen from 

water upon illumination with sunlight – Photoelectrochemical (PEC) water splitting. An efficient, 

cost-effective, and stable photoanode is the bottleneck of this technology. Chapter 2 and 3 have 

been dedicated to the fabrication and crystal, morphological, chemical, optical, and 

photoelectrochemical characterization of nanostructured high surface area ternary metal oxide 

semiconductor photoanodes. Particular emphasis has been paid to the evaluation of β-Mn2V2O7 

which was recently reported as a promising photoanode material for water oxidation. Other 

materials like BiOI, which is interesting for its internal electric fields for charge separation, and 

BiFO3 – for potential ferroelectricity enhanced charge separation have been covered in chapter 3. 



 

xii 
 

FeWO4 stands out as a promising candidate owing to its optimal bandgap and exceptional stability 

in both acidic and alkaline electrolytes.  

The second section of this thesis deals with developing nanoscale chemical systems for converting 

light into localized electric fields. A nm3 region of intense electric field is created due to plasmonic 

coupling when two gold nanoparticles come together to form a dimer. The hotspot generated in 

the gap can be utilized for single-molecule detection using surface-enhanced Raman spectroscopy 

(SERS). However, a simple, scalable, single-pot synthesis of gold nanocrystal dimers remains a 

challenge decades after the discovery of SERS. We propose a light directed synthesis of gold 

nanocrystal dimers in chapter 4 with four key milestones, 1) gold nanocrystal synthesis, 2) their 

controlled aggregation using dithiols, 3) their passivation using thiol-ene click chemistry and silica 

shell growth and 4) light directed aggregation arrest at  the dimer stage.   
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1. Introduction 

The interaction of matter, especially electrons, with light can happen in a variety of ways. Electrons 

can interact with a photon individually as a fermion or collectively as a boson. Both interactions 

lead to high-energy hot electrons which can be utilized, and their energy can be harnessed as either 

electrical energy in terms of electric potential or as chemical energy in terms of reduced chemical 

species, called fuels. If unharnessed at this stage, these high-energy electrons lose energy first via 

electron-electron scattering and later via electron-phonon coupling, thus, transferring their 

electronic energy into thermal energy, first to hot electronic cloud, and then as, lattice heat.  

Materials and their properties can be tuned to selectively convert photon energy into electricity, 

fuel, heat, or localized electric fields. The first section of this thesis critically evaluates potential 

materials to efficiently convert solar photons into chemical fuels in a cost-effective manner. The 

second section of this thesis develops a single-step process for synthesizing gold nanocrystal 

dimers for precision plasmonics. The process exploits the efficient photon-to-heat conversion of 

gold nanoparticles to selectively arrest the aggregation of gold nanocrystal at the dimer stage upon 

their selective excitation.  

1.1. Conversion of light into fuel 

1.1.1. Availability of solar energy 

Sun provides a staggering amount of energy to not just earth but the whole milky way. This energy 

powers oceanic and atmospheric currents; runs evaporation, and condensation cycles that are 

responsible for freshwater reserves, and is the main energy source for photosynthesis – a process 

that provides nutrition, directly or indirectly, to almost every species on earth. To put into 
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perspective, the ultimately recoverable oil reserve on earth is around 3 trillion barrels – 1.7 x 1022 

joules of energy, something that the sun provides in less than 1.5 days.1  

1.1.2. Solar fuels: a true terawatt-scale solution 

The annual energy demand for humans for sustaining current economic growth is around 20 TWyr 

and is expected to grow to ~35 TWyr by 2050.2 (Figure 1.1a) 83% of this demand is met by burning 

fossil fuels (figure 1.1b)3 that leads to major carbon emission into the atmosphere. The three 

potential sources that can achieve the terawatt (TW) scale are 1) continued use of coal followed 

by carbon sequestration,4 2) harnessing nuclear energy, especially with breeder reactors5, and 3) 

solar. Sun provides more than four orders of magnitude of it - around 12000 TW, in an hour.6 

 

Figure 1.1 Global energy demand.  a) global energy demand predicted 2 and b) share of 

different energy sources to meet the current demand 3 

The world energy assessment report estimates 50 - 150 years of oil reserves, 207 - 590 years of 

gas reserves, and 1000-2000 years of coal reserves, enough to support 25 - 30 TWyr at least for a 

few centuries.6 However, this will produce a significant amount of CO2 to levels earth hasn’t 

experienced in last 650, 000 years. Carbon capture and storage in underground aquafers can be 

one possible approach. However, globally averaged CO2 leak rates must not exceed 1% for the 
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timescale of centuries, else, the emitted flux will be greater than or equal to intended mitigated 

carbon initially.7 

Second option is nuclear energy, especially with breeder reactors. Current Uranium reserves are 

enough for producing 100 TWyr, using conventional once through reactor technology. Hence if 

10 TWyr is obtained by conventional fission, all the U reserves will be exhausted in 10 years. 

Moreover, there is a public sentiment, after Fukushima, against nuclear reactors regarding the 

safety. 

The third approach is to use the renewable energy, especially solar, with more than enough energy 

falling on earth surface hourly than annual global energy demand. Two challenges with the solar 

are 1. its diffuse nature and 2. its intermittency. To account for the first, the material costs should 

be very low to make solar based technologies affordable. And to account for the second, there 

should be a mechanism for solar energy storage.  

There are two technologies where the solar energy can be stored, 1. in batteries – as electrical 

energy, and 2. in chemical fuels as chemical energy. However, given the scale of the storage, poor 

energy density in batteries (in both per mass as well as per volume) coupled with the use of rare 

earth metals make them unfit for large scale energy storage, leaving chemical fuels as the only 

viable option if solar energy has to be made affordable. 
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Figure 1.2 Spectral irradiance of sunlight 

 

1.1.3. Strategies for water splitting 

Given the scale of energy storage, it is important that the raw material for solar fuel is highly 

abundant and inexpensive to a large section of human population for good penetration and 

adoption of this alternate energy technology. Water covers almost 71% of earth surface and close 

to 70% of global population lives within 5 km of a water body.8 This makes water an ideal raw 

material for solar fuels.  

Water can be reduced to Hydrogen (H2) gas. Gibbs free energy change for converting a mole of 

water into a mole of H2 and 0.5 mole of O2 is 237.3 KJ. According to Nernst equation, that converts 

to ∆𝐸 = 1.23 eV per electron, so the semiconductor must absorb an incoming photon with energy 

greater than 1.23 eV (equal to a wavelength of ~1000 nm or shorter) and convert this energy into 
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H2 and O2. This process must generate two electron-hole pairs for every H2 molecule and four 

electron-hole pairs per O2 molecule.  

Currently, majority of hydrogen demand for industry is met by processes like coal gasification and 

methane reforming which have stayed overall cost effective compared to renewable means despite 

of fluctuations in the fossil fuel prices. To compete, solar hydrogen needs to be cheaper than $2 

per kg.9 

There have been largely three types of reactor designs for solar hydrogen generation. 1. PV + 

electrolyzer, 2. Suspended particles, and 3. Photoelectrochemical cells. Each category comes with 

its own challenges and advantages. The first design - PV + electrolyzer technology, is the closest 

to market. In this reactor design, the light absorption happens in a separate PV section that is 

electronically connected to an electrolyzer which carries out the electrolysis. It has the advantage 

of building upon the achievements of silicon photovoltaics community however, the most 

competitive systems and startups still lag in terms of cost effectiveness and provide a rather costly 

hydrogen at the rate of $7.6 per kg.10,11 

The second reactor designs involve the use of suspended particles. Here the Light absorption and 

gas evolution happens on the same particle. (Figure 1.3a) Production of hydrogen and oxygen on 

the same particle in the same reactor provides with a challenge of post catalysis separation and the 

system can be potentially explosive at high performance. An electrochemically mediated tandem 
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water splitting system with two different semiconductors in two different bags can be one 

promising option.12,13(Figure 1.3b) 

 

Figure 1.3 Schematic of material components of suspended particle reactors  for a) 

single absorber and b) dual absorber. 13  

The third type of reactors, called photoelectrochemical cells (PEC), involve an optically and 

catalytically active semiconductor thin films which carries out two halves of the water splitting 

reaction on two separate electrodes, thus providing a mechanism for gas separation. (Figure 1.4) 

These are, in a way similar to electrochemically mediated dual particle systems with a difference 

that here, two sides of electrodes are connected electronically rather than electrochemically.12 This 

thesis studies potential materials for this type of systems, which then, can be potentially employed 

in  electrochemically mediated suspended particle systems as well.  

1.1.4. Single absorber system 

Shown in the figure 1.4 is a diagram of a single absorber photoelectrochemical cell. In a typical 

cell, light absorption at the semiconductor leads to generation of electrons and holes. The 

difference between the fermi-level of semiconductor and redox potential of electrolyte leads to the 

formation of a space charge region at the semiconductor-electrolyte interface resulting in 

development of an electric fields that facilitates the movement of minority carriers (holes in the 

case of n-type semiconductor as shown in the figure 1.4) towards the surface and of majority 
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carriers away from the surface towards the counter electrode via the back contact of working 

electrode. On reaching the surface, holes oxidize water to oxygen whereas electrons reduced water 

to hydrogen. 

 

Figure 1.4 Working of photoelectrochemical water splitting device with a 

nanostructured single absorber n-type semiconductor electrode . 

The thermodynamics requirement for splitting water is 1.23 eV, plus the kinetic overpotentials for 

hydrogen evolution ~ 10 meV (on platinum surface) and water oxidation ~ 300 meV (with best of 

OER catalysts at pH 13) and ohmic losses ~ 200 meV. The total comes about 1.83 eV which should 

be provided by the photovoltage generated by the semiconductor.  

Assuming the charge separation and catalytic efficiency to be unity and photovoltage to be same 

as bandgap, the ideal and the realistic efficiency limits for a single absorber PEC cell are 30.6 5 

(1.59 V bandgap) and 15.1% (2.09 eV bandgap).14 The state of the art photoelectrochemical water 
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splitting semiconductor like TiO2,
15 WO3

16 or BiVO4
17 cannot provide a 10% efficient system due 

to their large bandgap.    

1.1.5. Potential for D4 strategy 

The photovoltage generated in a semiconductor upon illumination is not equal to its band gap, 

rather it is the difference between quasi fermi levels for electrons and holes, respectively. It is not 

more than 70% for the best performing solar materials.18 This makes carrying out unassisted water 

splitting with more than 10% efficiency with a single absorber nearly impossible due to lack of 

driving force for running all thermodynamic, kinetic and ohmic processes. Employing dual 

absorbers and constructing a tandem cell with D4 strategy can be one possible solution to tackle 

this problem. D4 stands for dual light absorber – four photons per hydrogen molecule. In a D4 

strategy or z scheme, light absorption is carried out by two semiconductors with mutually 

complementary absorption in the solar spectrum. The optimum band gaps for the two 

semiconductors are 0.92 eV and 1.59 eV respectively (for a high performance realistic case) to 

maximize the efficiency to 28.3%.14 In this scheme the solar spectrum first falls on the 1.59 eV 

band gap semiconductor leading to the absorption of electromagnetic spectrum with wavelength 

below 688 nm, transmitting higher wavelengths to be finally absorbed by the bottom lower band 

gap (0.9 eV) semiconductor. This strategy has a dual advantage of inherent charge separation and 

higher photovoltage as net photovoltage is the sum of the photovoltages of each light absorber. 

Thus a ~2 eV bandgap semiconductor comes out to be ideal (for a realistic case) for both single 

absorber as well as tandem water splitting cells, with Silicon as the potential bottom light absorber.  
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1.1.6. Stability of semiconductors in corrosive electrolytes 

It is electrostatically favorable to dump a positively charged hole on a negatively charged 

hydroxide ion for oxidation, rather than on neutral water molecule, and to dump an electron on 

positively charged proton than neutral water for reduction. Moreover, electrochemical cells require 

decent ionic strength to be conductive and minimize ohmic losses.19 These effects are reflective in 

low kinetic overpotentials for water reduction at pH 0 and for water oxidation at pH 14 and increase 

in overpotentials with deviation from highly acidic or alkaline conditions. This puts an extremely 

challenging condition for the photocatalyst to be stable in highly corrosive electrolyte solutions. 

1.1.7. Requirements for potential photoanode 

Given silicon as a well-established potential photocathode or bottom half for tandem cell, a 

promising photoanode, thus, should have a sub 2eV band gap, stability in highly alkaline solutions, 

and should have valence band positive of water oxidation potential of 1.23 V vs RHE. The first 

section of this thesis critically evaluates the nanostructured thin films of potential photoanode 

materials. Chapter 2 goes into an in-depth study to check the potential of β-Mn2V2O7 as the 

potential photoanode material. Chapter 3 evaluate the potential of BiOI, BiFeO3 and FeWO4 as 

potential photoanode materials.  

1.1.8. Manganese vanadate 

β-Mn2V2O7 was recently reported to be a promising candidate for photoelectrochemical water 

splitting, with a suitable bandgap and band edge positions and reasonable stability and 

photoactivity in preliminary tests in alkaline solution. Here, we present an in-depth evaluation of 

the photoelectrochemical performance and stability of phase-pure nanostructured β-Mn2V2O7 

films made by calcination of a spin-cast molecular ink. We show that β-Mn2V2O7 dissolves in pure 
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water corrodes in aqueous electrolytes at pH 7 and 9, and converts to amorphous manganese 

(hydr)oxides within minutes at pH 13. Our β-Mn2V2O7 films yielded only miniscule photocurrents 

(~μA cm-2) for the oxidation of iodide, sulfite, or water and the reduction of iodate or water in 

borate- and phosphate-buffered electrolytes at pH 7 and 9, the oxidation of [Fe(CN)6]
4- or water at 

pH 13, and the oxidation of bromide in acetonitrile, regardless of film calcination temperature and 

time, film thickness, and illumination geometry. Minimal photoactivity was observed even in 

electrolytes in which film degradation was insignificant throughout the photoelectrochemical tests. 

Ultrafast transient absorption spectroscopy shows that the poor photoactivity is mainly the result 

of fast hole trapping and recombination at the MVO surface that leaves few free charge carriers 

beyond the picosecond time scale. Given its poor charge transport/extraction and chemical 

stability, β-Mn2V2O7 is not a particularly promising photoanode material for solar water splitting. 

This work underscores the importance of careful follow-up studies of materials identified as “hits” 

in combinatorial materials discovery campaigns. 

1.1.9. Screening of other ternary metal oxides 

In chapter 3 we undertake a  screening of potential photoanode materials – bismuth oxyiodide 

(BiOI), bismuth ferrite (BiFeO3) and iron tungstate (FeWO4). Bismuth oxyiodide is a ~1.9 eV 

bandgap (bandgap can depend on iodide content) semiconductor with layered structure. Upon 

illumination, an electron and hole move to two separate layers thus facilitating charge separation. 

Bismuth ferrite (BFO) is a 2.4 eV band gap, multiferroic, perovskite material. It shows stability in 

pH 13 electrolytes. It is interesting for its ferroelectricity led charge separation, defect and grain 

boundary mediated charge carrier conduction and bandgap tuning with substitutional doping at B 

sites. Iron tungstate (FeWO) is a ~2 eV (direct bandgap) semiconductor with earth abundant 
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elemental constituents. It can be stable in both acidic as well as alkaline solutions due to 

passivation by tungsten and iron oxides. 

1.2. Conversion of light into heat and field 

So far, we have covered  semiconductor-based systems where the electron  interacts individually 

with a photon and behaves like a fermion. However, loosely bound conduction band electrons 

behave like a collective in nanoparticles of coinage metals like copper, silver, and gold. Upon 

illumination, these excited electrons lead to localized surface fields that can be utilized for single 

molecule spectroscopy. These excited electrons lose their energy, first by electron – electron 

scattering and then, by electron phonon coupling to the lattice as heat. This illumination driven 

lattice heat can be utilized to accelerate chemistry selectively on the nanoparticle surface. This 

section delves into the phenomenon of excitation of collective oscillations called plasmons in gold 

nanoparticles upon illumination, the conversion of light into heat and formation of near field 

intense electric fields on the gold nanoparticle surface and junctions, and their utilization for 

Raman cross section enhancements for single molecule spectroscopy.   

1.2.1. Plasmon and localized surface plasmon resonance (LSPR) 

Plasmons are collective longitudinal oscillations of free elections in metal nanoparticles in 

resonance with a spatially and/or temporally varying external electric field, for example - light. 

The presence of an oscillating external electric field leads to a coherent displacement of the 

electronic cloud from the equilibrium position. (Figure 1.5a) The positively charged lattice exerts 

a restoring force pulling the electronic cloud back towards the equilibrium position displaying an 

antenna-like behavior.20 Overall, it can be  described as a negatively charged electron cloud 
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coherently oscillating about the positively charged metal lattice, similar to a mass-spring harmonic 

oscillator (Figure 1.5b). 21,22  

Due to a sea of loosely bound electrons in a metal, an external electric field cannot penetrate the 

bulk beyond the skin depth.  It can, however, create propagating surface plasmon polaritons like 

propagating phonon polaritons due to the interaction of parallel components of an electric field to 

the metal surface. In the case of metallic nanoparticles with skin depth comparable size, light can 

penetrate through the whole particle and polarize the electron cloud.22 For a nanoparticle much 

smaller than the wavelength of light, the phase of the oscillating external electric field is practically 

constant and the particle can be assumed to be in an electrostatic field – quasistatic approximation. 

The polarizability 𝛼(𝜆) in such a particle can be calculated as: 

Equation 1.1                               𝛼(𝜆) = 3𝜀m(λ)VNP
𝜀(𝜆)− 𝜀m(λ) 

𝜀(𝜆) +𝑋𝜀m(λ) 
 

Where 𝜆 is light wavelength, 𝜀m is the dielectric constant of the non-absorbing medium, VNP is the 

volume of the nanoparticle, X is the geometrical factor (2 for sphere), and 𝜀 is the frequency 

dependent complex dielectric function for the metal. And the corresponding extinction cross-

section can be calculated as23: 

Figure1.5 Graphical illustration of a plasmon in  a) a gold nanoparticle and b) comparison 

with mass-spring harmonic oscillator. 
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Equation 1.2      σ(λ) = 
18𝜋[𝜀m(λ)]3/2

𝜆
VNP

𝐼𝑚[𝜀(𝜆)]

[𝑅𝑒[𝜀]+2𝜀𝑚(𝜆)]2+[𝐼𝑚[𝜀(𝜆)]]2 

A few takeaways from the above equations are 1) plasmonic properties of a metal are a function 

of its complex dielectric function, 2) extinction cross section increases linearly with nanoparticle 

volume, and 3) the extinction coefficient is maximum when denominator is minimum for the SPR 

condition –> Re[εm(ω)] ≈ -χ εm(ω).24 The resonance frequency is predominantly decided by the 

dielectric function of the material but can be tuned by the dielectric constant of non-absorbing 

medium, nanoparticle shape, size and composition.24 For the higher sized metal nanoparticles, light 

cannot uniformly excite the whole particle and this leads to higher order modes.25 

For gold and silver nanoparticles, this resonant frequency falls in the visible region leading to the 

striking colors exhibited by them due to enhanced absorption and scattering.21 Between the two, 

gold has a substantial Im(ε) in the visible region due to d-sp intraband transition. This transition 

competes with the plasmonic excitation and its resultant excited electron-hole pairs lead to 

enhanced electron-electron scattering and smaller plasmon lifetime. A good measure of plasmon 

quality can be quantified as plasmonic quality factor QSPR(ω) = -Re[ε]/Im[ε]. However, it should 

be noted that the chemical stability of gold is much better than silver, which leads to higher volume 

of research on colloidal gold plasmonics.  

1.2.2. Factors affecting LSPR  

Following the equation 2, the LSPR can be tuned by tuning dielectric function of metal, of medium, 

and volume, shape and composition of the nanoparticle.   

Dielectric and physical chemical environment 

Non absorbing dielectric medium: for a non-absorbing medium, the imaginary component 

of the dielectric function for medium is non-existent. Since the Re[εAu] decreases on 
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increasing wavelength, the SPR band should redshift on increasing ε m and should blueshift 

on decreasing εm. Due to a very high surface to bulk atom ratio in nanoparticles, the SPR is 

very sensitive to the surface ligands and external environment.   

Absorbing dielectric medium: With the complex dielectric function for the medium, the real 

component (refractive index) causes the spectral shift as described in the last section. The 

imaginary component of dielectric constant of the medium leads to absorption of photon that 

causes shielding effect. Shielding effect is a function of shape, size thickness and geometry of the 

absorbing medium. Additionally, the presence of an absorbing medium can cause a highly distance 

dependent plasmon quenching or enhancement effect as well, for example graphene kept in the 

vicinity can substantially quench the plasmon enhancement.26,27 

Surface chemical interaction: Being a nanoparticle, there are relatively large number of surface 

atoms compared to bulk, making a plasmonic peak extremely sensitive to the adsorbed surface 

atoms. These surface atoms affect the plasmon is largely three ways. 1) By increasing the pure 

dephasing rate by introducing a new electron relaxation pathway. One of the many examples can 

be a coupling between the LUMO of the molecule and conduction band of the gold leading to 

reversible transfer of electron to and from the metal to the molecule.28 Adsorbed molecules have 

also been reported to alter the surface density of states and polarizability of gold nanocrystals with 

thiols having stronger interface damping effects than amines.29 2) By formation of a non-metallic 

gold-ligand complex on the surface, thereby reducing the net size of metal nanoparticle.30,31 and 

3) By changing the dielectric properties of the matrix, especially the real part and shifting the 

plasmonic peak.32 

Temperature: For nanoparticles embedded in solid matrix or suspended in liquid solutions, the 

change in dielectric properties of the matrix or structural modification in the nanoparticle induced 
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by local plasmonic heating drives the major changes in the LSPR. For nanospheres in air, an 

increase in temperature leads to the lattice dilation and a decrease in electron density. In 

nanocrystals, the LSPR frequency is proportional to bulk plasma frequency which, in turn, is 

proportional to ne
1./2 according to the following expression from drude model.33,34 

𝜔𝑝(𝑇) =  √
𝑒2𝑛𝑒(𝑇)

𝑚𝑒𝑓𝑓𝜀0
 

Where e is the electronic charge, 𝑚𝑒𝑓𝑓 the electron effective mass and 𝜀0 permittivity in vacuum.  

An increase in temperature leads to a redshift and an LSPR broadening which means an increase 

in 𝛤𝑛𝑟 leading to higher electron scattering. The heating caused at ultrafast time scales with 

femtosecond pulses majorly lead to the increase in electron scattering while the steady state heating 

by convectional means of continuous wave laser led to higher electron phonon coupling.34  

Nanoparticle Size 

Absorption and scattering cross section: The optical extinction spectra of SPR is a sum of 

absorption and scattering spectra. 

𝝈𝒆𝒙𝒕 =  𝝈𝒂𝒃𝒔 +  𝝈𝒔𝒄𝒂𝒕 

Assuming a monodisperse gold nanoparticle colloidal solution, the transmittance T(ω) and 

absorbance A(ω) can be represented as following. 

𝑇(ω) =
𝐼(ω)

𝐼0(ω)
 = 𝑒−𝑙𝑐𝝈𝒆𝒙𝒕 = 𝑒−𝑙𝑐𝝈𝒂𝒃𝒔+ 𝝈𝒔𝒄𝒂𝒕  

𝐴(ω) =  − log(𝑒−𝑙𝑐𝝈𝒂𝒃𝒔+ 𝝈𝒔𝒄𝒂𝒕 ) 
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Here, c is the particle concentration in the colloidal solution, l is the path length, 𝝈𝒂𝒃𝒔 and 𝝈𝒔𝒄𝒂𝒕 

are cross sections for absorption and scattering, respectively. Transmittance increases 

exponentially and absorbance increases linearly with the absorption cross section, which in turn is 

linearly dependent and particle volume and cubically dependent on particle size. (Equation 1) 

Absorption and scattering scale with the third and sixth power of the particle size.23 Hence, 

absorption dominates for smaller particles, however scattering starts contributing substantially to 

optical extinction once particle size crosses ~50 nm. 

Extrinsic size effect: Quasistatic approximation of Mie theory holds as long as the particle size is 

much smaller than the resonant wavelength and the size parameter x is less than 0.1. 

𝑥 =  
𝜋𝑑

𝜆
 

However, when x is close to 1, the electric field is no longer uniform and in phase throughout the 

particle and it leads to excitation of multipolar plasmon oscillation modes. This generally causes 

redshift and broadening of the dipolar peak, and excitation of a very broad multipolar peak. 

Intrinsic size effect: Mean free path for an electron in gold is approximately 30 nm. A nanoparticle 

size smaller than 30 nm leads to higher electron scattering at the surface, thereby increasing the 

non-radiative decay rate 𝜞𝒏𝒓 and broadened and damped plasmonic peak. This effect increases 

with a decrease in particle size such that SPR is completely quenched for nanoparticles size below 

2 nm.25 

Nanoparticle Shape  

The FWHM, position and intensity and number of  plasmon bands can also be tuned by the shape 

of a nanoparticle. Sophisticated approaches in synthesis have led to the geometries like spheres, 
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triangular prisms, rods, wires, cubes, cones, and starts etc.35 Notable examples are core shell 

nanoparticle or shapes like triangular prisms and rods that move the plasmonic peak substantially 

towards the IR and away from the lossy intraband transition thus improving the quality factor of 

LSPR. 

Assembly of nanoparticles 

Plasmons on nanoparticles in proximity can reciprocally affect each other depending on the 

particle distance, nanoparticle geometry etc. with the generation of hybrid modes.36,37 The simplest 

case of assembly is a dimer which will be covered in more detail in chapter 4. For specific NP 

assembly geometries, the mutual interaction between plasmon oscillations can originate 

constructive and destructive interference phenomena yielding to asymmetric SPR band shapes and 

sharp dips or spikes in the optical extinction spectrum, known as Fano resonances as shown.  

Thirdly, both electric as well as magnetic component of light can excite a plasmon. Magnetic 

effects are generally feeble in individual nanoparticles. However, magnetic plasmonic resonance 

effects can dominate the optical spectrum in an assembly of non-touching nanoparticles in a loop. 

1.2.3. LSPR dynamics 

Absorption of a photon leads to the coherent oscillation of the electronic cloud which start 

dephasing/ dampening in a lifetime of 2-50 fs. The dephasing lifetime is a function of particle size, 

shape, and chemical environment. Lifetime of plasmon is also reflected in the bandwidth of the 

plasmonic peak, assuming complete monodispersity. The smaller is the decoherence time, larger 

is the plasmonic bandwidth. The dephasing can either be through a radiative or a non-radiative 

mechanism. The total linewidth of the plasmon band can be represented as a function of  an 

elastically scattered radiative rate term – Γr and an non-radiative electronic relaxation term -  Γnr. 

38,39 
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𝛤  =  𝛤𝑛𝑟  +  𝜔2 𝛤𝑟 

Where, 𝛤 is the net dephasing rate and 𝜔 is the SPR angular frequency.  

Radiative decay: The classical electrodynamics necessitates that an accelerating charge must emit 

electromagnetic radiation. This radiation comes from the lost kinetic energy of the coherently 

oscillating electronic cloud and is generally added as a radiation reaction or Abraham - Lorentz 

force in the overall differential equation for harmonic dampening harmonic oscillator.40,41 This 

emitted radiation leads to far field scattering phenomenon from gold nanoparticles. The radiative 

decay or scattering is largely a function of nanoparticle size, and to a lesser extent, of nanoparticle 

shape and environment. For a smaller particle, < 40 nm, this makes up less than 5% of the far field 

extinction spectrum.42 

Non radiative decay:  Non radiative decay has been extensively studied following a variety of 

ultrafast spectroscopy techniques. Several dephasing mechanisms, like landau dampening, 

electron- electron scattering (𝒕𝒆 − 𝒆), electron phonon scattering (𝒕𝒆 − 𝒑𝒉), surface scattering 

(𝒕𝒔), etc., contribute to the non-radiative decay. Non-radiative decay rate can be summarized in 

the following equation.43 

𝛤𝑛𝑟 =  
1

𝑡𝑒 − 𝑒
+  

1

𝑡𝑒 − 𝑝ℎ
+  

1

𝑡𝑒 − 𝑑
+ 

1

𝑡𝑠
 

The excited plasmon dephases in the 2-50 fs, followed by the landau dampening in which the 

plasmon energy is transferred into low energy single or multiple electron hole pairs by 100 fs.43 

This leads to multiple high energy – hot electrons. These electrons undergo electron-electron 

scattering at the time scale of ~500 fs. Given that the intraband d – sp transition in gold overlaps 

with the dipolar plasmonic excitation in gold spheroidal nanoparticles, plasmons in these 
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nanoparticles have shorter lifetime to higher chances of scattering due to extra electrons excited 

due to intraband transition, which ultimately leads to a poorer plasmon quality factor in gold 

compared to silver.44 High energy hot electrons transfer some of their energy to low energy 

conduction band electrons upon scattering leading to thermalization where the average electron 

energy distribution looks more like quasi equilibrium Fermi-Dirac distribution. System energy at 

this point is thermal energy plus absorbed photon energy distributed among conduction band 

electrons. The electronic temperature is higher than the lattice temperature until this stage.38,45 

In 1-5 ps, hot electrons start scattering by the lattice transferring their energy into lattice vibrations 

and leading to the electron-phonon coupling. Finally, hot nanoparticle lattices transfers its energy 

to the surrounding via phonon-phonon coupling and the phenomenon happens at the timescale of 

50 ps to tens of nanoseconds.38 

All these processes are overlapping and the timescales are a function of illumination intensity, 

particle size, and the external temperature.46,47  

1.2.4. Modelling of SPR 

There have been primarily two types of approach taken for theoretical calculations. 1) analytical 

(Mie scattering theory) and 2) Numerical (DDA, FDTD, FEM, BEM, etc.). 

Analytical methods (Mie theory) 

Mie theory provides the analytical solutions for simple, spherically symmetrical nanoparticles 

dispersed in a non-absorbing medium.23,48  It involves solving maxwell equations and multipole 

expansion of the electromagnetic field. For a small sphere (~ 20 nm) under quasistatic conditions, 

the solutions converge well for the dipole LSP, and a simple analytical solution can be achieved 

Multipole expansion is required to converge the solutions for larger particles.   
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Numerical methods  

In majority of situations, plasmonic systems do not have spherical symmetry and a simple 

analytical solution cannot be achieved for these systems. Such systems are solved using numerical 

calculations approach. Below is a table that summarizes the major approaches for solving complex 

plasmonic systems numerically.   

Table 1.1 Summary of different computational methods for the SPR in Au NPs.  

Method Type Structure allowed Grid type 

Mie theory Analytical Spherically symmetrical No grid 

DDA Numerical (Frequency 

domain) 

Any Cubic  

FDTD Numerical (time 

domain) 

Any Rectangular 

FEM Numerical (frequency 

domain) 

Any Triangular or tetrahedral 

BEM Numerical (frequency 

domain) 

Any Adaptive 

T-Matrix Analytical Spheres and their 

assembly 

No grid 

*Rectangular grids may cause computation inaccuracies in the case of curved or highly dynamic 

surfaces 

 

DDA: It is generally known as discreet dipole approximation or coupled dipole method. It was 

originally introduced by Purcell and Pennypacker49 and was further developed by Draine et 

al.50,51,52 DDA divides a plasmonic particle into N point dipoles of known polarizability tensors 

organized in a cubic lattice. Each dipole interacts with the incoming electromagnetic wave and re-

radiated wave form other dipoles. The accuracy depends upon the size a dipole compared to the 

incoming wavelength of light. The method can produce artefacts when the dipole size is not small 

enough.53 

FDTD: FDTD stands for finite difference time domain, also known as Yee’s method, and is a 

widely used technique for optical studies of plasmonic nanostructures.  
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BEM: BEM stands for boundary element method and is based on vector diffraction theory.54 

FEM: FEM stands for finite element method. In this method, total simulation volume is divided 

into a set of finite elements whose shape is chosen to best describe the target geometry.  

T-matrix: T-matrix is a powerful approach to study the optical properties of randomly oriented 

particles and interacting plasmonic aggregates using a transition (T) matrix.55 

1.2.5. Application of LSPR 

There have been numerous applications of LSPR based on its different aspects. For example, 

optical absorption, chemical and dielectric sensitivity, intense electric field enhancement, hot- 

electron generation, heat generation etc. We have covered select few in the following sections. 

Sensing: A very high extinction coefficient (𝜎𝑒𝑥𝑡) and its equally high chemical and dielectric 

sensitivity and possibility of modulation makes plasmonic nanostructures excellent transducers. 

This coupled with easy synthesis, chemically inert nature, photostability, biocompatibility and ease 

of functionalization of plasmonic gold nanoparticles makes them well-suited for biological, 

diagnostic and medical applications. Moreover, optical properties can be studied using a simple, 

nondestructive, easily available, UV Vis spectrophotometry. This makes their application of 

optical properties based sensing highly widespread. These can be colorimetric sensing with NC 

assemblies led band formation in the red, ligand adsorption led SPR shifting etc 56,57, 58,59  

The binding of analyte on nanoparticle surface can cause the colloidal aggregation changing the 

suspension color from red to blue (for gold nanoparticles). In  last two decades several such sensors 

have been built for the detection of metal ions6061, organic molecules6263, proteins64, DNA6566 and 

living cells67. 
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Dar field imaging: Isolated and aggregated nanoparticles with size larger than 40 nm possess a 

large Rayleigh-scattering cross section that is utilized for conventional dark field imaging. This 

has been used to locate the localization of gold nanoparticle assemblies in a particular compartment 

of cell.68  

Photothermal effects: Conversion of light into heat is extremely efficient in gold nanoparticles. 

Gold nanoparticles have a tunable band in visible in the water transparency window with  

absorption cross section several orders of magnitude larger than organic chromophores. This 

couples with poor luminescence yield and rapid relaxation of SPR makes them an ideal candidate 

to dump heat efficiently, especially for biological applications. This has been utilized for 

selectively killing tumor cells with illumination. Chapter 4 is based on using this aspect of gold 

nanocrystals for their deterministic dimerization.  

Plasmon induced hot carrier effects: The first product of dephasing of plasmons are hot electrons 

and holes that can be utilized for filling the acceptor states or accepting from the donor states of 

adsorbed molecules on the gold surface. This aspect of LSPR in gold nanoparticles is utilized for 

photocatalysis and charge injection application for energy harvesting.  

Local field enhancement: One of the main reasons of interest in plasmonic gold nanoparticles is 

their ability to absorb far field radiation and transform into intense electric fields of sub wavelength 

dimensions thus, acting like a lens. This can be exploited to enhance several types of optical  

phenomena such as Raman scattering,69 fluorescence,70 visible,71 IR, coherent antistokes Raman 

scattering,72,73 hyper Raman scattering74,75 and a series of other linear and non linear optical effects 

in absorbed molecules and materials.  
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SERS: Raman spectroscopy vibrational spectroscopic technique based on incoherent scattering of 

light to use for fingerprint recognition of an analyte. In general, Raman cross section is typically 

poor, and the scattering efficiency is around 10-29 – 10-31cm2/molecule. However, this cross section 

can be improved by orders of magnitude if the molecule is kept in the vicinity of a metal 

nanoparticle, or better at the gap between two gold nanoparticles due to two enhancement effects. 

1. Chemical enhancement, and 2) electromagnetic enhancement. Chemical enhancement 

corresponds to the modification of Raman cross section of a molecule adsorbed on a metal. The 

order of this enhancement is ~ 102.69 Electromagnetic enhancement is when a molecule is in the 

hotspot caused by plasmonic coupling and can be of the order of 109 – 1010 inside a single hot spot. 

In principle this can allow us to detect a single molecule. In chapter 4, we have attempted to design 

simple, single pot synthesis for the gold nanoparticle dimers with tunable gap.      
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2. Evaluation of nanostructured β-Mn2V2O7 thin films as 

photoanodes for photoelectrochemical water oxidation 
 

A major portion of this chapter has been adapted from a research article [Gargasya, Y.; Gish, M. 

K.; Nair, V. V.; Johnson, J. C.; Law, M. Evaluation of Nanostructured β-Mn2V2O7 Thin Films as 

Photoanodes for Photoelectrochemical Water Oxidation. Chem. Mater. 2021, 33 (19), 7743-7754] 
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2.1. Introduction 

     The discovery of efficient, stable, and inexpensive photoanode materials for use in tandem 

photoelectrochemical water-splitting devices remains a major challenge to the realization of 

practical solar-driven hydrogen production.76,77,78 In 2015, Yan et al. reported β-Mn2V2O7 as a 

highly promising n-type semiconductor for solar water splitting, with a near-optimal optical band 

gap energy of 1.75 ± 0.1 eV,14 band edge energies that straddle the water oxidation and reduction 

potentials, and electrochemical stability under illumination in pH 13 electrolyte.79 These authors 

prepared bulk powders by chloride salt calcination. X-ray diffraction (XRD) showed that the 

powders consisted of a mixture of β-Mn2V2O7, α-Mn2V2O7, and at least one unidentified crystalline 

phase. Diffuse reflectance spectra of these mixed-phase samples were used to estimate the optical 

band gap of β-Mn2V2O7. Films with a composition of “Mn0.5V0.5Ox” were then made by a similar 

but different procedure and evaluated for their photoactivity in pH 13 electrolyte. However, no 

characterization of the phase composition or optical properties of the films before or after 

photoelectrochemical testing was presented. An anodic photocurrent of ~0.1 mA cm-2 was reported 

for the Mn0.5V0.5Ox films in 0.1 M NaOH (aq) with [Fe(CN)6]
3-/4- (a fast redox couple) when biased 

at ~1.1 V vs. the reversible hydrogen electrode (RHE) and illuminated with chopped ultraviolet 

light (3.2 eV), but no photocurrent was observed in the absence of the [Fe(CN)6]
4- hole scavenger, 

indicating that the samples were not appreciably photoactive for the oxygen evolution reaction 

(OER). The report by Yan et al. generated significant interest in β-Mn2V2O7 as a candidate water 

splitting material,1,2,3,80,81,82,83. Still, it also raised many questions, including whether their films 

were, in fact, β-Mn2V2O7 and stable in base. 

     There has been little subsequent experimental work on Mn2V2O7 in the context of water 

splitting. Abdi and Berglund mentioned parenthetically that transient microwave conductivity 
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measurements revealed β-Mn2V2O7 to have a low mobility of ~10-4 cm2 V-1 s-1, suggesting that the 

small photocurrent reported by Yan et al. is caused by a short carrier diffusion length in this 

material.2 Very recently, Seenivasan and co-workers reported a surprisingly long minority carrier 

diffusion length of ~235 nm and photocurrents of up to ~0.15 mA cm-2 from mixed-phase β-

Mn2V2O7 films that contained molybdenum and were encapsulated in a TiO2 coating by atomic 

layer deposition and measured under simulated sunlight in borate buffer at pH 9.9 Mn2V2O7 has 

two well-known polymorphs, a low-temperature triclinic phase (α-Mn2V2O7) and the high-

temperature monoclinic phase (β-Mn2V2O7), which reversibly interconvert via a thermally-

hysteretic first-order phase transition over a temperature range of 285-310 K.84,85,86 Most 

experimental studies of Mn2V2O7 have focused either on its β-α phase transition and low-

temperature magnetic ordering10,11,12,87,88,89 or applications in lithium ion batteries,90,91,92 solar 

cells,93 and (electro)catalysis.94,95,96 

     Here, we evaluate the stability and photoelectrochemical performance of phase-pure films of 

nanostructured β-Mn2V2O7 made by the calcination of a spin-cast molecular ink. We show that β-

Mn2V2O7 is unstable in pure water at pH 5.8 and aqueous electrolytes at pH 7 and 9. At pH 13, it 

corrodes within minutes to form amorphous MnxOy(OH)z phases. Our β-Mn2V2O7 films yielded 

only miniscule photocurrents (~μA cm-2) for the oxidation of iodide, sulfite, or water and the 

reduction of iodate or water in borate- and phosphate-buffered electrolytes at pH 7 and 9, the 

oxidation of [Fe(CN)6]
4- or water at pH 13, and the oxidation of bromide in acetonitrile, regardless 

of calcination temperature and time (which tune crystallite size), film thickness, and illumination 

geometry. Minimal photoactivity was observed even in electrolytes in which film degradation was 

insignificant over the duration of the photoelectrochemical tests. Ultrafast transient absorption 

spectroscopy shows that the poor photoactivity is mainly the result of fast hole trapping and 
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recombination at the MVO surface that leaves few free charge carriers beyond the ps time scale. 

Given its poor charge transport and stability – particularly in an alkaline solution – β-Mn2V2O7 is 

not a promising photoanode material for solar water splitting, but systematic studies of doping, 

heterostructuring and surface protection and catalyst coatings may still prove fruitful. 

2.2. Results and Discussion 

2.2.1. Film fabrication and characterization 

     Monoclinic Mn2V2O7 (β-MVO, Figure 1a) thin-films were fabricated by spin-coating an 

acidified water-ethylene glycol ink of manganese(II) acetate hydrate (Mn(CH3COO)2·4H2O), 

vanadium(IV) oxide acetylacetonate (VO(acac)2) and a polyethylene-polypropylene-polyethylene 

triblock copolymer (Pluronic F-108) onto a substrate and calcining the dried ink layer in air (see 

Methods). The acid in the ink prevents the precipitation of vanadium, while the triblock copolymer 

is a thickening and structure-directing agent that produces porous nanocrystalline MVO films of 

tunable thickness, as we reported in the synthesis of similar BiVO4 (BVO) films.97 Figure 1 

presents structural characterization data of our standard ~580 nm-thick MVO films made on FTO-

coated glass substrates using a 30 minute calcination at 500 °C. The films are bright orange, 

uniform across many square inches, optically smooth, and highly transparent (Fig. 1b). X-ray 

diffraction patterns of the films are consistent with phase-pure, untextured β-MVO (Fig. 1c), but 

the presence of a trace α-MVO impurity cannot be ruled out from these data alone. High-resolution 

synchrotron powder XRD of powdered films showed phase-pure β-MVO and no evidence for α-

MVO or other phase impurities (Figure A1.1). Films grown on quartz substrates also appeared 

pure, untextured β-MVO by XRD (Figure A1.2). Given the unknown effect of α-MVO impurities 

on the photoelectrochemical behavior of β-MVO films, we restricted our study to these pure β-

MVO films, leaving the investigation of α-β mixtures and pure α-MVO films for future work. 
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Figure 2.1 Characterization of nanostructured MVO thin films on FTO -coated glass 

substrates. (a) Polyhedral representations of the monoclinic β-Mn2V2O7 crystal structure. 

(100) and (110) projections highlight the layered structure and isolated V 2O7
4- units 

(yellow). The unit cell is outlined with black lines. (b) Photograph of a 580 ± 6 0 nm thick 

β-MVO film deposited on a 3 × 3  inch FTO-coated glass substrate by spin coating and 

calcining the molecular ink. (c) XRD pattern of a duplicate film. All peaks index to β-

Mn2V2O7 (PDF# 01-089-0484, grey bars), although the presence of a trace amount of α-

Mn2V2O7 (PDF# 01-089-0483, orange bars) cannot be ruled out in these data (dotted lines). 

FTO substrate peaks are denoted with asterisks. (d -e) Plan view and cross-section SEM 

images of the film. (f) XP spectra of the Mn 2p, Mn 3s, and V 2p regions with binding 

energies labeled. See Figure A1.1 for synchrotron XRD data, Figure A1.2 for corresponding 

data for films on quartz substrates, Figure A1.3 for Raman spectra of films on both 

substrates, and Figure A1.4 for characterization of nonporous MVO films made from inks 

without the triblock copolymer. 

     The β-MVO films have a comparable morphology and thickness on FTO-coated glass and 

quartz substrates. SEM images show that the standard films consist of a highly-porous, sponge-

like network of fused nanocrystals with a crystallite diameter of 53 ± 11 nm and a total film 

thickness of ~575 nm (Fig. 1d-e and Fig. A1.2). This morphology offers a reasonable balance of 

small crystallite size, large film surface area, and good inter-crystallite connectivity, which 

together are expected to favor the efficient transport of photogenerated holes to the MVO/water 
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interface and electrons into the substrate. BVO films with a nearly identical microstructure made 

by a similar process were highly photoactive for both sulfite and water oxidation.23 

     We used X-ray photoemission spectroscopy (XPS) to determine the surface composition of the 

as-made MVO films on FTO-coated glass substrates. Manganese, vanadium, oxygen, carbon, 

potassium, and tin (from the substrate) were the only elements detected in XPS survey scans 

(Figure A1.5). High-resolution Mn 2p, Mn 3s, and V 2p spectra are consistent with Mn2+ and V5+, 

with no evidence for other oxidation states (Figs. 1f and A1.5).98,99,100 

 An Mn: V:O atomic ratio of 1.09:1:4.86 was determined from the XPS data. This value agrees 

well with a bulk Mn: V ratio of 1.02 ± 0.05 determined by inductively-coupled plasma mass 

spectrometry (ICP-MS) of digested films and suggests that the as-made films are stoichiometric 

or nearly-stoichiometric Mn2V2O7, possibly with a small excess of surface Mn. 

     We found that the thickness and average crystallite size of the β-MVO films could be 

independently tuned by adjusting the ink composition and film fabrication conditions. The film 

thickness was tuned from 150 nm to 4.6 μm – while maintaining phase purity, average crystallite 

size, and film morphology – by changing the solvent volume and spin speed while keeping the ink 

stoichiometry, annealing temperature, and annealing time constant (Table A1.1). XRD shows that 

all of the films were pure β-MVO, and SEM indicates an average crystallite diameter of 55-65 nm 

(Figure A1.6). The average crystallite diameter was tuned from 25 to 160 nm by changing the 

calcination temperature or time. For example, films calcined at 500 °C for 15, 60, or 120 minutes 

yielded a crystallite diameter of 39 ± 13 nm, 89 ± 21 nm, and 110 ± 33 nm, respectively, without 

substantially altering film thickness (550 ± 30 nm), phase, or morphology (Figure A1.7). The 

crystallite diameter could be made as small as ~25 nm by decreasing the annealing temperature 

and time to 475 °C and 15 minutes, again while maintaining phase purity (not shown). Our method 
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for making nanoporous β-MVO films provides substantial flexibility to independently tune film 

thickness and crystallite size, parameters that often play key roles in the performance of 

nanostructured photoelectrodes. 

     The optical absorptivity spectra and band gaps of the films were measured using an integrating 

sphere. Figure 2a shows the absorptivity spectra of films of different thickness grown on quartz 

substrates. We find an absorptivity of ~104 cm-1 at a wavelength of 500 nm. The absorptance 

spectra were multiplied by the AM1.5G solar photon flux and integrated to obtain a maximum 

possible photocurrent density and water-splitting efficiency of 2.6, 4.9, and 11.2 mA cm-2 and 

3.2%, 6.0%, and 13.8% for the films with a thickness of 190, 460, and 990 nm, respectively (Fig. 

2b). Tauc-style plots of the absorptivity spectra suggest an indirect allowed band gap of 1.65-1.70 

eV (Fig. 2c), a direct forbidden gap of ~1.85 eV (Fig. 2d), and a direct allowed gap of 2.25-2.30 

eV (Fig. 2e). Yan et al. reported a direct band gap of 1.75 ± 0.1 eV based on diffuse reflectance 

data from a multi-phase bulk powder.5 The same authors concluded from density functional theory 

band structure calculations that β-MVO has a near-direct band gap, meaning that the indirect gap 

is smaller but within kT of the direct gap at room temperature, which is qualitatively consistent 

with our results. Figure S8 compares the absorptivity spectra and Tauc fits of our β-MVO films on 

FTO-coated glass versus quartz substrates. The FTO-coated glass substrates absorb light in the 

ultraviolet and infrared (Figure A1.9), but they have little effect on the absorptance spectra of the 

MVO films, again showing that the β-MVO films grown on FTO-coated glass and quartz 

substrates are very similar. 
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Figure 2.2 Absorptivity spectra and Tauc-style plots for MVO films on quartz 

substrates. (a) Absorptivity spectra for 190, 460, and 990 nm thick MVO films. (b) Overlap 

of the absorptance spectra with the AM1.5G solar photon flux used to determine the 

maximum theoretical photocurrent for these films. Tauc plots and fits for an (c) indirect 

allowed transition, (d) direct forbidden transition, and (e) direct allowed  transition. The 

estimated bandgap of each sample is listed in the legends.  

     Aqueous photoelectrochemical testing of the MVO films was performed unstirred in air using 

a three-electrode cell with both electrolyte-electrode (EE) and substrate-electrode (SE) 

illumination geometries (Figure 3a). According to the calculated Pourbaix diagram of Ref 5, MVO 

is thermodynamically stable in mild base (pH 8-10.5) within a 0.3 V window between the water 

redox potentials when the dissolved Mn and V ion concentrations are 10-4 mol kg-1. We tested 

samples in several different electrolytes (Table 1) and found in all cases only extremely small 

photocurrents (~μA cm-2) by constant-potential chronoamperometry under chopped 100 mW cm-
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2 AM1.5G simulated sunlight. Figure 3 shows representative current density versus potential (J-

E) and current density versus time (J-t) data for our standard ~580 nm thick β-MVO films in pH 9 

borate buffer containing 0.1 M potassium iodide as a hole scavenger. J-E sweeps at 50 mV/s 

showed small photocurrent (100s of μA cm-2) at potentials >1 V vs. RHE, but this photocurrent 

decayed in potentiostatic conditions to just a few μA cm-2 (Fig. 3b-c). The dark current was also 

much smaller in J-t than in J-E measurements. The smaller currents obtained in the potentiostatic 

J-t measurements indicate that the currents measured in the J-E sweeps are influenced by transient 

processes such as charge trapping and interface charging. In contrast, nanostructured BiVO4 films 

measured with the same setup and conditions produced much larger photocurrents (~0.66 mA cm-

2 at 1.23 V vs. RHE) and featured J-E and J-t data with self-consistent dark currents and 

photocurrents (Figure A1.10). These BVO control samples show that the transient J-E behavior 

and very small photocurrent densities of the MVO films are caused by the samples, not the setup. 

Similarly tiny photocurrents were obtained for the oxidation of water and sulfite and the reduction 

of water and iodate by MVO in all of the electrolytes listed in Table 1 (Figures A 1.11 - A1.14). 

Optical spectra showed that ~65% of these samples changed significantly during the 

photoelectrochemical tests (e.g., Fig. 3d), indicating that that the MVO films were unstable under 

most of the conditions investigated here (vide infra). 

    Table 2.1 Electrolyte compositions used in PEC tests of standard β -MVO films* 

 Hole/electron scavenger 

Electrolyte no scavenger KI Na2SO3 NaIO3 TBABr 

pH 9 borate ✓ ✓ ✓ ✓  

pH 9 phosphate ✓ ✓ ✓ ✓  

pH 7 phosphate ✓ ✓ ✓ ✓  

pH 13 (NaOH) ✓ ✓ ✓   

acetonitrile     ✓ 
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* These tests employed ~580 nm thick films. The electrolytes did not contain added Mn or 

V. 

 

 

Figure 2.3 Aqueous photoelectrochemical measurements . (a) Photograph of the PEC cell 

and cartoons of the EE and SE illumination geometries. (b) Current -potential (J-E) plots of 

a standard β-MVO film in pH 9 borate buffer with 0.1 M potassium iodide as a hole 

scavenger. J-E data were collected at a scan rate of 50 mV/s using 1 Sun AM1.5G 

illumination. Data for a blank FTO-coated glass substrate in the dark are also shown (grey 

line). (c) Current-time (J-t) data acquired at 1.23 V vs. RHE using chopped 1 Sun 

illumination (1.25 Hz) in the SE geometry. We observe a very small photocurrent of ~3 μA 

cm -2. (d) Optical extinction spectra of the film immediately before and after the 

photoelectrochemical tests. See Methods for full experimental details, Figures A1.11-A1.14 

for data in other electrolytes, and Figure A1.15 for PEC data of a blank FTO-glass substrate.  
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     We also tested MVO films of different thickness and average crystallite size to check whether 

the negligible photoresponse was specific to our standard ~580 nm thick films. However, changing 

the film thickness (Figure A1.16), annealing time (Figure A1.17) or annealing temperature (Figure 

A1.18) did not meaningfully improve the photocurrent for iodide oxidation in borate electrolyte. 

While by no means exhaustive, this exploration of film parameters (Table A1.1) and electrolyte 

compositions (Table 1) demonstrates a general lack of photoactivity from these β-MVO films. It 

is possible that MVO samples with significantly different composition (doping/alloying) and/or 

fabricated by a different method would show better photoactivity. 

     The absence of photocurrent from an illuminated semiconductor-electrolyte junction is 

typically caused by some combination of fast carrier recombination (bulk and/or surface) and fast 

photocorrosion (light-driven redox reactions that alter the electrode). We used post-mortem optical 

extinction spectra to check for degradation of the films during the J-E and J-t measurements. Most 

of the films tested in pH 9 phosphate buffer showed negligible changes after photoelectrochemical 

testing (Fig. A1.12), suggesting that the films have short-term stability in this electrolyte and that 

the lack of photocurrent is due to fast recombination rather than photocorrosion in this case. In 

contrast, most of the films tested in the other electrolytes changed significantly during testing 

(Figs. 3d, A1.11, and A1.13- A1.14). For example, the films in pH 7 phosphate electrolyte partially 

corroded during the measurements (Fig. A1.13). However, as discussed in more detail in the next 

section, these changes occurred even in the dark without applied bias and were not strongly 

enhanced by illumination. A simple comparison of the total charge generated by light over the 

course of the photoelectrochemical testing of each film (5-10 C cm-2) with the charge that would 

be required to completely photocorrode each film (~0.065 C cm-2, assuming two holes per formula 

unit of Mn2V2O7) shows that at least 99% of the photogenerated carriers recombined instead of 
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participating in local redox processes leading to photocorrosion. We conclude that the miniscule 

MVO photocurrent is the result of massive electron-hole recombination rather than 

photocorrosion. 

     Additional evidence that fast corrosion is not the main cause of the poor MVO photoresponse 

comes from photoelectrochemical tests carried out in dry acetonitrile. Films measured in 0.1 M 

tetrabutylammonium bromide in acetonitrile were reasonably stable yet showed only μA cm-2 

photocurrents (Figure A1.19), again implying that the photogenerated carriers are quantitatively 

lost to recombination. BVO electrodes measured under the same conditions produced 

photocurrents of ~0.8 mA cm-2 in both illumination geometries (Figure A1.20). 

2.2.2. Film stability in different solutions 

     The chemical stability of the standard MVO films was assessed in several electrolytes using a 

combination of in situ optical extinction spectroscopy and post-mortem XPS and SEM imaging. 

Figure 4a shows the behavior of an MVO film immersed in pure water (pH 5.8) in the dark for 20 

hours without applied bias or stirring. We see that the film extinction decreased monotonically 

with time and nearly stabilized by the end of the experiment at ~85% of its initial value. The 

corresponding XP spectra showed an increase in the Mn:V ratio from 1.09 to 1.71, indicating 

preferential loss of surface vanadium upon aging in water (Figure A1.21 and Table 2). In principle, 

these changes can be explained by either partial dissolution of the MVO film to form a saturated 

solution of Mn and V species or the self-limited growth of a surface corrosion layer. To distinguish 

between these two possibilities, we transferred the aged film to a vial of fresh water and found that 

the decrease in optical extinction resumed (Fig. 4a). These results are consistent with dissolution 

of β-MVO in water, not self-passivated corrosion of MVO to form a stable manganese-rich surface 

layer. In a sufficient volume of water, the films would likely fully dissolve within days. 
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Figure 2.4 Chemical stability of MVO films in various aqueous solutions in the dark 

and without applied bias.  Representative spectral time series for standard MVO films aged 

for 20 hours in (a) pure water (pH 5.8), (b) pH 9 solution without added Mn and V, (c) pH 

9 solution containing 0.042 ± 0.002 mM of Mn and 0.198 ± 0.006 mM of V, (d) pH 9 solution 

containing 0.093 ± 0.004 mM of Mn and 0.190 ± 0.007 mM of V plus 0.1 M borate buffer, 

(e) pH 9 solution containing only 0.1 M borate buffer, (f) pH 9 solution containing only 0.1 

M phosphate buffer, (g) pH 7 solution containing only 0.1 M phosphate buffer, and (h) 0.1 

M NaOH (pH 13). Scans were acquired every 15 minutes for 20 hours. After 20 hours, the 

sample in aged in pure water was transferred to a second vial of pure water and aged for 

another 20 hours (double rainbow). See Figures A1.23-A1.25 for corresponding 

photographs, SEM images and XRD patterns for (e -g). 

Table 2.2 XPS elemental quantification of films aged in various solutions for 20 hours*  

 Atomic Concentration (%)** Atomic Ratio 

Solution  Mn V O C P Mn:V O:Mn Mn:P 

none (control)  14.5 13.3 64.6 7.62 - 1.09 4.46 - 

water (pH 5.8) 18.0 10.5 62.9 8.60 - 1.71 3.49 - 

pH 9 borate 11.8 7.94 57.9 22.4 - 1.49 4.91 - 

pH 9 

phosphate 
11.2 4.33 67.5 9.65 

7.33 2.59 6.03 1.53 

pH 7 

phosphate 
12.6 0.229 65.2 6.54 

15.4 55.0 5.18 0.82 

pH 13 NaOH 23.3 0.466 67.9 8.36 - 50.0 2.91 - 
* Experiments employed ~575 nm thick β-MVO films. Solutions did not contain added Mn or V. 
** Excluding Sn, K and Na. 

 

     We next evaluated the stability of our films within the purported stability field of β-MVO 

reported in Ref 5. The electrolyte was a saturated aqueous solution of Mn and V at pH 9 made by 
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completely dissolving an MVO film in 1 mM HCl, raising the pH to 9 with NaOH, and removing 

the resulting precipitate by centrifugation. The Mn and V concentrations were measured by ICP-

MS to be 0.042 ± 0.002 mM and 0.198 ± 0.006 mM, respectively. Films aged in this electrolyte 

for 20 hours exhibited completely stable extinction spectra (Fig. 4c) indicating that MVO may be 

thermodynamically stable at these conditions, as predicted by the calculated Pourbaix diagram of 

Ref 5. The presence of dissolved Mn and V species is essential to the observed stability. Films 

aged in pH 9 solution without added Mn and V were not stable (Fig. 4b). We also found that the 

addition of other ions to the Mn- and V-saturated pH 9 solution (e.g., 0.1 M borate, 0.1 M NaCl or 

0.1 M KI) destabilized the films (Figs. 4d and A1.22). Unfortunately, use of Mn- and V-saturated 

pH 9 electrolytes did not improve the photocurrent for iodide oxidation, which remained at only 

~μA cm-2 levels (Figure A1.22). 

     Dark stability tests performed in the buffered electrolytes used for the PEC measurements in 

Figures 3 and A1.11- A1.13 (no added Mn or V) show that MVO stability increased in borate 

buffer and decreased in phosphate buffer compared to unbuffered solution at the same pH (Fig. 

4e-f). Films aged for 20 hours in 0.1 M borate buffer at pH 9 showed a moderate increase in Mn:V 

ratio by XPS (from 1.09 to 1.49) and slight surface etching of the MVO crystallites, but no major 

changes in optical extinction, morphology or phase (Table 2 and Figures A1.21 and A1.23). This 

increased stability may result from borate anions binding to cations on the MVO surface and 

slowing surface corrosion. However, increasing the borate concentration from 0.1 to 1 M only 

decreased film stability (Figure A1.26). We speculate that the concentration-dependent speciation 

of polyborate ions (i.e., [B(OH)4]
-, [B2(OH)7]

-, [B3O3(OH)4]
-, [B4O5(OH)4]

2-, etc.) may be 

responsible for the loss of MVO stability at higher borate concentrations.101 In contrast to borate 

buffer, films aged in phosphate buffer dramatically degraded to form a dense layer of amorphous 
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manganese phosphates and manganese oxides, with the degradation significantly faster at pH 7 

than pH 9 (Table 2 and Figures A1.21 and A1.24- A1.25). 

     Overall, we find that β-MVO is unstable in water even in the absence of light and applied bias. 

It dissolves or corrodes in both pure water and at pH 9. The corrosion is slowed in dilute borate 

buffer and accelerated in concentrated borate buffer. Phosphate converts MVO to other 

compounds. We found that the addition of 0.1 M NaCl, NaClO4 or K2SO4 to water at pH 9 also 

reduced the stability of the films (not shown). MVO does appear to be stable in Mn- and V-

saturated water at pH 9, but this stability is lost upon addition of supporting electrolytes or hole 

scavengers, and only tiny photocurrents are obtained in Mn- and V-saturated electrolytes. The 

stability of the films further decreases under applied bias and illumination (e.g., compare Figs. 4e 

and 3d). In addition, its near lack of photoactivity, the poor stability of Mn2V2O7 makes it an 

unlikely candidate for practical solar water splitting. 

     We also tested dark stability in two non-aqueous solvents, ethanol and acetonitrile. Films in 

ethanol exhibited some initial minor changes in extinction that stopped within a few hours, while 

films in acetonitrile had completely stable extinction spectra over the entire 20-hour aging tests 

(Figure A1.27). Photoelectrochemical testing in acetonitrile resulted in a small change (increase) 

in extinction but only μA cm-2 photocurrents (Figure S19), consistent with quantitative electron-

hole recombination. 

 

2.2.3. Behavior of β-MVO films at pH 13 

     The performance of OER photoanodes in strong base (pH ≥ 13) is important 

because resistance losses are low and many OER catalysts work best at high pH. 102 

Ref 5 stated that MVO is thermodynamically unstable in strong base and should 
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decompose to MnxOy and soluble vanadium oxyanions. Regardless, these author s 

reported that a film of composition Mn0.5V0.5Ox placed in 0.1 M NaOH solution (pH 

13) with 0.05 M [Fe(CN)6]3-/4- redox couple produced a stable anodic photocurrent of 

~0.1 mA cm -2 under chopped 385 nm illumination. Repeating the measurement on a 

duplicate sample with 0.1 M NaOH and without the facile redox couple yielded no 

measureable photocurrent.5 Based solely on these photocurrent data and without 

characterizing film phase purity or elemental composition, the authors concluded that 

β-MVO is kinetically stable under illumination at pH 13. Photoelectrochemical 

stability of MVO in concentrated base at the OER potential would be surprising and 

encouraging for water splitting applications. However, the lack of proof of phase and 

elemental composition calls into question whether the samples measured in Ref 5 

were in fact MVO rather than some other phase or phase assemblage.  

     Our stability tests at pH 13 show that β-MVO films rapidly degrade to form amorphous 

manganese oxides and hydroxides. This degradation occurred regardless of illumination or the 

presence of [Fe(CN)6]
3-/4- redox couple (0.05 M). We found no evidence for significant kinetic 

stability of β-MVO in concentrated base. Optical spectra show that the film extinction first 

dramatically decreased within seconds and minutes, then rapidly increased and stabilized within 

~1 hour to a new spectrum with extinction values ~2x higher than those of the initial MVO film 

(Fig. 4h). These optical changes were also apparent in photographic time series (Figure 5a). SEM 

time series show that the films rapidly (~1 hr) convert into a ~800 nm thick, porous layer of 

interconnected, crumpled nanoscale sheets sitting on a ~200 nm thick, much denser interlayer on 

the FTO. Films aged for 20 hours were nearly amorphous by XRD (Fig. 5c), with the MVO peaks 

replaced by weak, broad peaks at 25.0 and 36.2 degrees that may be due to MnO(OH) (PDF # 01-
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088-0649) and Mn3O4 (PDF # 00-001-1127), respectively. Films immersed in pH 13 for even 5 

minutes were amorphous by XRD (Figure A1.28). Meanwhile, XPS of the 20-hour films showed 

nearly complete loss of vanadium, an Mn 3s peak separation consistent with Mn4+, and a sharp 

oxygen peak at 529.9 eV with weak high-energy features that we assign to the bulk oxygen of 

MnO2 plus surface hydroxides (Fig. A1.21), consistent with the O:Mn atomic ratio of 2.91 in Table 

2. These data indicate that β-MVO films at pH 13 quickly degrade to manganese oxides and 

hydroxides. There was some hope that a self-passivating layer of MnOx would form on the MVO 

surface, protecting it from bulk corrosion and acting as a reasonable water oxidation catalyst, but 

this appears not to happen. We conclude that the samples tested at pH 13 in Ref 5 were probably 

not MVO, but rather some mixture of MnxOy(OH)z decomposition products. 
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Figure 2.5 Chemical stability of MVO films in pH 13 NaOH solution in the absence of 

applied bias and light.  (a) Photographic time series of a film from 0 min to 20 hours of 

immersion in the solution. The immersed part of the film begins to change color within 

seconds and stabilizes with a distinct brownish hue after ~1 hour. (b) Plan -view and cross-

section SEM images of films aged in solution for 0 min, 5 min, 15 min, 4 hrs, and 20 hrs. 

(c) XRD patterns of an MVO film before immersion (red) and after 20 hrs of immers ion 

(purple). The pattern of a clean FTO-coated glass substrate is also shown (black). The 

pattern of the aged film shows a complete loss of MVO peaks and the appearance of weak, 

broad peaks at 25.0 and 36.2 degrees (labelled with arrows). The peak at 25.0  degrees may 

be due to MnO(OH) (PDF # 01-088-0649), while the peak at 36.2 may be due to Mn 3O4  

(PDF # 00-001-1127). All patterns were acquired with an angle of incidence of 0.5 degrees.  
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     Unfortunately, J-E and J-t measurements of films in 0.1 M NaOH showed nearly zero 

photocurrent (μA cm-2 or less) for the oxidation of [Fe(CN)6]
4-, iodide, sulphite or water at any 

time during the 20-hour aging experiments (Figures A1.29 and A1.14). Given the extreme 

instability of β-MVO at this pH, we can only speculate that the photocurrent reported in Ref 5 for 

[Fe(CN)6]
4- oxidation originated from some unique phase mixture produced by the degradation of 

those “Mn0.5V0.5Ox” films in strong base. It is also possible, though we believe less likely, that the 

particular composition or microstructure of those films imbued them with better stability and 

photoactivity than the nanostructured β-MVO films explored here. 

 

2.2.4. Femtosecond transient absorption spectroscopy 

     The hypothesis that fast recombination contributes to the poor photoelectrochemical 

performance of the MVO films was tested using visible, near-IR and mid-IR femtosecond transient 

absorption spectroscopy (TAS). For all MVO films and all conditions investigated, a ground state 

bleach (GSB) centred at 475-500 nm and a broad photoinduced absorption (PIA) centred at 600-

625 nm arose within the instrument response time after photoexcitation at 500 nm (Figure 6a). For 

dry samples, about half of the initial amplitude of the visible PIA was lost with a sub-ps time 

constant, with additional slower decays of 7 ps (30%) and 7 ns (20%) (See Table 3 for a full list 

of fitted time constants). A small portion (<20%) of the PIA signal persisted beyond the 10 ns 

timescale, decaying with time constants of 128 ns and 8.6 μs (Fig. 6b). We note that the decay 

kinetics were not strongly power dependent. The rapid decay of the PIA also occurred with a red 

shift, which uncovers additional GSB at 550 nm that does not decay significantly within the course 

of 5 ns. Due to the peak shifting, it is difficult to judge the relative amplitudes of fast versus slow 

GSB decay, but the long-lived bleach could comprise up to 70% of the total signal. In the NIR 
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there is a broad PIA spanning the entire spectral window that decays to 25% of its initial amplitude 

by 5 ps and completely by 0.5 ns (Fig. 6a). There was no substantive change in dynamics with or 

without air exposure. The mid-IR PIA dynamics lack the ps-scale initial decay, instead possessing 

~200 ps and 1 ns decay components (Figure A1.30 and Table A1.2). Mid-IR kinetics could not 

be probed at delay times greater than 5 ns due to instrument limitations, or in the presence of 

electrolyte due to strong absorption by solvent in the infrared region. 

 

Figure 2.6 Transient absorption spectra.  TA spectra in the visible and near-infrared 

regions at various delay times after 500 nm excitation of a (a) dry β-MVO film and (c) a β-

MVO film immersed in 0.1 M aqueous borate buffer at pH 9. (b) Kinetics of the bleach and 

PIA decay at representative wavelengths on the ns-μs timescales for the dry film. (d) NIR 

decay kinetics and fits (1100 nm probe) for a dry film and a film immersed in pH 9 borate 

buffer solution containing 0.1 M KI hole scavenger.  

     Transient absorption spectra collected in the visible and near-IR for films immersed in a 0.1 M 

aqueous borate buffer solution at pH 9 under the same excitation conditions as the dry films (λpump 

= 500 nm) reveal a significant quenching of the long-lived (>0.5 ns) GSB and complete quenching 
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of NIR PIA signals beyond a few ps, as compared to dry films, while the faster decays are mostly 

unaffected (Fig. 6c). We found that adding a hole scavenger (0.1 M KI) to the borate buffer 

accelerates the decay of the NIR PIA (Fig. 6d, Fig. A1.31a) such that all signal is lost within 1 ps, 

whereas some long-lived GSB remains. Adding an electron scavenger (0.1 M NaIO3) to the buffer 

solution had the same effect as the buffer alone, significantly reducing the >0.5 ns component but 

not altering the faster decay components (Fig. A1.31b). 

Table 2.3 Fitting parameters for ground state bleach (520 nm) and visible photoinduced 

absorption (715 nm) for dry and electrolyte-immersed β-MVO films. Fit uncertainties 

are given in parentheses.  

 
dry 

0.1 M borate (pH 

9) 

buffer + 0.1 M 

KI 

buffer + 0.1 M 

NaIO3 

  
520 nm 715 nm 520 nm 715 nm 520 nm 

715 

nm 
520 nm 715 nm 

A1 16% 48% 57% 65% 68% 68% 53% 64% 

t1 (ps) 
262 

(157) 

0.48 

(0.04) 

106 

(18) 

3.65 

(0.5) 

257 

(37) 

2.0 

(0.1) 

79 

(21) 

1.6 

(0.2) 

A2 14% 33% 43% 35% 32% 32% 47% 36% 

t2 (ps) 
3135 

(1289) 

7.7 

(0.53) 

828 

(129) 

582 

(80) 

1971 

(1164) 

478 

(40) 

671 

(146) 

128 

(15) 

A3 70% 19% - - - - - - 

t3 (ps) >10000 
7197 

(633) 
- - - - - - 

 

     Prior work on BVO provides some guidance about the likely origin of the transient absorption 

signals in MVO.103,104 The sub-ps PIA features in the visible region are initially blue-shifted from 

the band edge, likely resulting from band gap renormalization and related screening effects that 

temporarily shift and broaden spectral features shortly after photoexcitation. As charge carriers 

relax on a ps time scale, these contributions diminish. Although it is tempting to assign the 

persistent GSB and associated strong PIA peaking around 650 nm (Fig. 6a-b) to long-lived free 

charge carriers, we believe that other factors account for most, if not all, of this signal. One 
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contribution is thermally induced absorption change, which manifests as a derivative-like spectral 

feature near the band edge that decays over microseconds after laser excitation by heat dissipation 

to the surroundings. Variable-temperature steady-state difference spectra, Figure A1.32, reveal a 

close match with the TA spectra at long delay times (dashed red curve in Figure A1.33). We note 

that a rise in temperature of only a few degrees could produce the roughly 1 mOD of long-lived 

GSB observed for the dry films, consistent with the predicted temperature rise.30 

     A second contribution to the TAS signal is transient reflectivity (TR) that results from a change 

in refractive index upon photoexcitation and produces a derivative-like spectral contribution 

similar to the effect that transient heating has on absorption. Although signals were too weak to be 

quantitatively analysed, TR spectral features and their associated kinetics overlap strongly with 

GSB and visible PIA from TAS (Figure A1.33). The relative contributions of the TR and thermal 

effects are difficult to disentangle given their similar spectral profiles. Addition of the borate buffer 

solution ameliorates the thermal effect by reducing the temperature rise of the film through the 

solvent heat capacity, and thus effectively eliminates the residual PIA and GSB on s timescales 

(Table 3). The TR contribution is also reduced upon buffer addition through improved index 

matching between film and solvent compared with gaseous N2.
105 Therefore, the TAS data for the 

MVO films immersed in electrolyte, which possess no GSB signal beyond a few ns, more 

accurately reflect the true excited state population dynamics than does TAS on the dry MVO films. 

     Additional evidence against the existence of long-lived free holes is found in the PIA spectral 

features far from the MVO band edge (>800 nm), which are not influenced by the thermal effect 

or TR signals. This portion of the NIR spectrum does not possess the long-lived decay component 

present near the band edge, and the addition of the KI hole scavenger further reduces the decay 

time to < 1 ps (Figure 6d, Table A1.3). This behaviour concurs with the prior assignment of NIR 
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PIA features in BVO to hole absorption and further suggests that scavenging with KI markedly 

accelerates loss of the hole population106 The mid-IR transient absorption, although undoubtedly 

associated with free carriers, cannot be a priori assigned to electron or hole absorption due to our 

inability to make mid-IR measurements in the presence of a scavenger. Nevertheless, the lack of a 

sub-ps decay compared with the NIR kinetics implies that the opposite carriers (i.e., electrons) are 

responsible for the mid-IR absorption. As such, we infer that electrons undergo slower trapping 

kinetics than holes, including up to one-third of the electron population remaining as free carriers 

with lifetimes > 1 ns. The residual GSB with lifetime > 1 ns also represents roughly one-third of 

the total amplitude (Figure S34b), which likely reflects the band filling contribution of the free 

electrons detected in mid-IR TAS. The amplitude of this long-lived GSB increases further when 

the hole scavenger KI is introduced, suggesting that faster separation of holes from free electrons 

reduces recombination. 

     We note that the faster NIR decay in the presence of the KI hole scavenger shows that 

photogenerated holes reach the MVO surface. We can conclude that (1) the hole diffusion length 

is not extremely short and (b) the miniscule photocurrents observed in our photoelectrochemical 

tests are caused mainly by fast surface trapping and recombination. Surface recombination seems 

to be the major loss channel for holes in these MVO films. 

     The scenario presented here for MVO is less favorable for water oxidation than BVO, for which 

comprehensive TAS analysis has shown that a significant fraction of free holes persists to the ns 

time scale, while electrons are quickly trapped. Common experimental artifacts present near the 

band edge initially clouded our interpretation, but probing in the presence of electrolytes and in 

the NIR provides clarity that the free hole population is exceedingly fleeting due to a combination 
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of bulk and surface trapping and recombination. Mid-IR probing reveals the existence of a 

significant free electron population with distributed decay times between 100 ps and 1 ns. 

 

2.3. Conclusions 

     We evaluated the stability and photoelectrochemical performance of nanostructured β-

Mn2V2O7 films made by calcination of a spin-cast molecular ink. β-MVO was found to dissolve 

in pure water and corrode in neutral and alkaline aqueous electrolytes even in the absence of light 

and applied bias. At pH 13 it corrodes within minutes to form amorphous manganese (hydr)oxides. 

While β-MVO appears to be stable in saturated solutions of Mn and V at pH 9, this stability is lost 

upon addition of other ions, including supporting electrolytes, buffers, and hole scavengers. The 

extreme instability of β-MVO in water presents a major challenge to its use in water splitting 

devices. 

     In addition to poor stability, the β-MVO films showed extremely small photocurrents (<3 μA 

cm-2, equivalent to an overall external quantum efficiency of <0.05%) for the oxidation of iodide, 

sulfite, bromide and water and the reduction of iodate and water in all of the aqueous and non-

aqueous electrolytes that we tested. Comparison of post-mortem optical extinction spectra with the 

photogenerated (but uncollected) charge and the charge needed for complete corrosion of the tested 

films shows that photocorrosion cannot account for this lack of photocurrent. Instead, the β-MVO 

films must suffer from some mix of massive bulk recombination (i.e., an ultrashort carrier diffusion 

length) and a high surface recombination velocity (i.e., fast electron-hole recombination at the 

MVO surface). Femtosecond transient absorption spectra show that the vast majority of 

photogenerated holes are trapped within a few picoseconds and recombine with free electrons on 

timescales of up to a few nanoseconds. The short hole lifetime (τh ~ 50 ps for films immersed in 

borate buffer) may result in a very short hole diffusion length (<5 nm) that severely limits the 
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photocurrent of our films despite their nanostructured morphology. However, the markedly faster 

TA decay kinetics of films immersed in electrolyte containing a hole scavenger indicate that most 

photogenerated carriers do reach the MVO surface, pointing to fast surface recombination as the 

main reason for the miniscule photocurrents generated by these samples. Coating the β-MVO 

surface with a passivating, protective and catalytic layer may boost the photoactivity and stability 

of this material enough to justify further study of its potential for solar water splitting. 

 

2.4. Experimental 

Materials. All chemicals were used as received unless otherwise noted. 18.2 MΩ water (Millipore 

Milli-Q Gradient) was used in all experiments. Fused quartz substrates and quartz tubes were 

purchased from GM Associates, Inc. FTO-coated glass substrates (TEC 8, Pilkington) were 

purchased from Hartford Glass Company. Hellmanex III detergent, manganese acetate 

tetrahydrate (>99.99%), K2SO4 (99%), acetonitrile (>99.8%), and NaOH (99.99%) were purchased 

from Sigma Aldrich. Vanadyl acetylacetonate (>99%) was purchased from Acros Organics. 

Poly(ethylene glycol)-block-poly(propylene glycol)-block-poly(ethylene glycol) Pluronic F-108 

(average Mn ~ 14,600, 82.5 wt% PEG) was purchased from Aldrich. KH2PO4 (>99.0%) was 

purchased from Sigma Life Sciences. Potassium ferrocyanide (>99.3%), NaIO3 (99.0 %), Na2SO3 

(98.2%), and isopropyl alcohol (99.9%) were purchased from Fisher Scientific. Trace Metal Grade 

nitric acid for ICP-MS measurements was purchased from Fisher chemicals. Potassium 

ferricyanide (>99.9%) was purchased from J.T. Baker Chemical company. Ethylene glycol 

(>99%) and concentrated nitric acid (for the MVO inks) were purchased from Macron Fine 

Chemicals. KI (99.9%) was purchased from Alfa Aesar. Boric acid (reagent grade) was purchased 

from Ward’s Science. Tetrabutylammonium bromide (>99%) was purchased from TCI. Silver 
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paint (Lietsilber 200) was purchased from Ted Pella. Loctite 9462 epoxy was purchased from 

McMaster-Carr. Ag/AgCl (4 M KCl) and non-aqueous Ag/Ag+ reference electrodes were 

purchased from CH Instruments. 

Film fabrication. All procedures were carried out in air. Fused quartz and FTO-coated glass 

substrates were cleaned by sequential sonication in a 5% (v/v) aqueous solution of Hellmanex III 

detergent, pure water, and isopropyl alcohol (15 minutes each). After sonication, the substrates 

were dried in a furnace at 110 °C for one hour. Molecular inks for spin coating were prepared by 

adding 1 mmol (0.265 g) of VO(acac)2 followed by 0.32 g of concentrated nitric acid to a mixture 

of ethylene glycol and water (1 g each). The mixture was sonicated for 5 minutes to completely 

dissolve the vanadium salt. Next, 1 mmol (0.245 g) of Mn(CH3COO)2·4H2O was added to the 

solution and sonicated until a clear bluish-green solution was obtained, to which 0.4 g of the 

triblock copolymer Pluronic F-108 was added as a structure-directing agent for making porous 

MVO films. The solution was sonicated for an additional 3 hours to obtain a dark blue-green 

viscous ink for spin coating. Our standard films were spin cast at 2000 rpm for 20 seconds followed 

by 3000 rpm for 40 seconds. After drying, the films were annealed at 500 °C for 30 minutes using 

a 10 °C min-1 heating rate and then cooled naturally to room temperature. This procedure yielded 

nanostructured β-MVO films with a thickness of ~575 nm and average crystallite diameter of ~53 

nm. 

Physical characterization. Grazing-incidence X-ray diffraction patterns were obtained on a 

Rigaku SmartLab diffractometer (Cu Kα radiation) at room temperature. Unless otherwise stated, 

the angle of incidence (ω) was selected to maximize the intensity of the 111 reflection of β-MVO 

at 2θ = 27.5°. Synchrotron powder XRD was performed on beamline 11 of the Advanced Photon 

Source (APS), Argonne National Laboratory using an X-ray wavelength of 0.458092 Å, a step size 
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of 0.001° and a scan speed of 0.01 °/s. Scanning electron microscopy (SEM) was performed on an 

FEI Magellan 400L XHR SEM operating at 10 kV with a 13 pA beam current. Low-conductivity 

samples were sputtered with 1 nm of iridium prior to imaging. Raman spectra were obtained using 

a Renishaw inVia confocal Raman microscope with a 50x objective lens and λincident = 532 nm at 

1% power and a 60 s acquisition time. The Mn and V content of the MVO films and electrolyte 

solutions was quantified by inductively coupled plasma mass spectrometry (ICP-MS) using a 

ThermoFisher Scientific iCAP RQ C2 Inductively Coupled Plasma Mass Spectrometer (ICP-MS). 

IV-ICPMS-71A (Inorganic Ventures) was used as the calibration standard. MVO films were 

dissolved in 10% nitric acid for elemental analysis. Dissolved film solution was diluted 100 times 

with 1% nitric acid before measurement. The Mn- and V-containing electrolytes were made by 

dissolving an MVO film in 1% nitric acid, raising the pH to 9.0 using aqueous NaOH, centrifuging 

the resulting suspension to remove precipitates, and diluting the mother liquor 100-fold with 1% 

nitric acid prior to ICP-MS measurements. 

Optical characterization. Room-temperature optical measurements to determine the absorptance 

spectra and band gap of the MVO films were performed on a PerkinElmer Lambda 950 

spectrophotometer equipped with a 60 mm integrating sphere. Variable-temperature data were 

acquired by placing films grown on sapphire substrates (Edmund Optics) in a Janis ST-100 

cryostat mounted in the spectrophotometer. For sample stability tests, films grown on FTO-coated 

glass substrates were placed in electrolyte-filled cuvettes and their extinction spectra were 

measured at 15-minute intervals for 20 hours. 

X-ray photoemission spectroscopy. X-ray photoemission spectra were acquired on a Kratos AXIS 

Supra spectrometer using monochromatic Al Kα radiation (1487 eV). Survey and high-resolution 

core-level spectra were collected at 160 eV and 20 eV pass energies, respectively. All spectra were 
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charge corrected using the C 1s peak of adventitious carbon at 184.8 eV. Relative atomic 

compositions were calculated by integrating the Mn 2p3/2, O 1s, C 1s and V 2p3/2 peaks in CasaXPS 

using its library of relative sensitivity factors. For stability studies, MVO films on FTO-coated 

glass substrates were immersed in the electrolyte of interest for 20 hours, briefly doused with 

water, and dried with a nitrogen gun. 

Photoelectrochemical measurements. Three electrode measurements were performed in a 

degassed four-neck electrochemical cell fitted with a quartz window. Working electrodes were 

prepared from films by affixing a long wire to a bare region of the FTO-coated glass substrate 

using silver paint, threading the wire through a hollow quartz tube and mounting the sample to the 

end of the tube with epoxy. The epoxy encased the entire substrate except a square-shaped area of 

1-1.4 cm2 exposed to the solution. Biased three electrode measurements used a Ag/AgCl (4 M 

KCl) reference electrode and a platinum mesh counter electrode. The primary aqueous electrolytes 

used were 0.1 M phosphate buffer at pH 7, 0.1 M phosphate buffer at pH 9, 0.1 M borate buffer at 

pH 9, and 0.1 M NaOH at pH 13. Use of supporting electrolytes was avoided due to their negative 

impact on β-MVO stability. 0.1 M KI and 0.1 M Na2SO3 were used as hole scavengers and 0.1 M 

NaIO3 as an electron scavenger. Electrolyte conditions from Ref 5 were recreated with 0.1 M 

NaOH and 50 mM [Fe(CN)6]
4-/3- as a facile redox couple. Nonaqueous photoelectrochemistry was 

carried out in acetonitrile containing 0.1 M TBABr as a hole scavenger and electrolyte.  

     J-E measurements utilized a PalmSens electrochemical interface controlled by PSTrace 5.7. A 

Newport 91160 Class A solar simulator fitted with 300 W xenon arc lamp and an AM 1.5G filter 

was used as a light source. The power density at the sample position was measured with a 

pyroelectric radiometer (RkP-575 power probe and Rk-5710 power meter, Laser Probe, Inc.). The 

absolute spectral irradiance of the solar simulator was measured using a USB4000 spectrometer 
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(Ocean Optics) and a calibrated light source (HL-2000-Cal, Ocean Optics). J-E measurements 

were performed using linear sweep voltammetry (LSV) in the dark and under 1 sun illumination 

incident from either the electrolyte (EE illumination) or substrate (SE Illumination). Five cyclic 

voltammetry (CV) scans were performed immediately prior to each LSV scan to ensure stable 

electrochemical behaviour at each measurement condition. The potential range was -0.1 V to  

2.0 V for anodic scans and 0.2 V to -1.0 V for cathodic scans, with a scan rate of 50 mV/s for both 

CV and LSV experiments. J-t measurements were carried out at a constant potential of 1.23 V vs. 

RHE for oxidations and -0.6 V vs. RHE for reductions using 1 Sun SE illumination chopped at 

1.25 Hz. 

Transient absorption spectroscopy. Ultrafast transient absorption measurements were carried out 

using a Coherent Libra Ti:Sapphire laser with a 1 kHz, 800 nm output (150 fs pulse width) in a 

pump-probe configuration. The 500 nm pump pulse was generated with a TOPAS-C optical 

parametric amplifier. Visible (λprobe = 440-800 nm) and near-IR (NIR) probe (λprobe = 750-1600 

nm) pulses were generated by focusing a portion of the 800 nm fundamental into a thin or thick 

sapphire window, respectively. A portion of the probe was picked off before reaching the sample 

as a reference to reduce signal-to-noise. The time between pump and probe was controlled by a 

mechanical delay stage and data were collected using the Helios software package from Ultrafast 

Systems. Data were chirp-corrected and analyzed using SurfaceXplorer from Ultrafast Systems. 

A second TOPAS-C optical parametric amplifier was used to generate ~150 fs 3500-4500 nm 

probe pulses for mid-IR TAS. The spectrally dispersed probe was detected with liquid nitrogen 

cooled HgCdTe array detectors. 

     Nanosecond-microsecond (1 ns - 400 μs) transient absorption measurements (EOS, Ultrafast 

Systems) were collected using the same pump pulse as the ultrafast measurements. The probe pulse 
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was produced in a diode-laser pumped photonic crystal fiber and electronically delayed relative to 

the pump pulse with a digital delay generator. 
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3. Screening of other ternary metal oxides thin films as potential 

photoanodes for photoelectrochemical water oxidation 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

55 

 

3.1. Introduction 

In the recent years, several metal oxides, oxynitrides and oxyhalides have been introduced as 

promising photoanode materials. This chapters delves into the solution processible thin film 

fabrication, characterization, and device testing of three such materials. These materials are 1. 

bismuth oxyiodide (BiOI), 2. bismuth ferrite (BiFeO3), and 3. iron tungstate (FeWO4).  

3.2. Bismuth oxyiodide (BiOI) 

Post discovery of inorganic-organic lead halide perovskite as a leading next generation solar 

material, several bismuth based materials too received great attention due to the inert pair – ns2 

cations and large dielectric constant leading high mobility, better defect screening, and interesting 

optoelectronic properties with non-toxicity and stability as added advantages, unlike lead (Pb).107    

In this class of compounds, Bismuth Oxyiodide (BiOI) stands out specifically for solar applications 

due to its sub 2 eV band gap, air and ambient temperature stability, dispersive band, low effective 

masses for electrons as well as holes, and layered structure with internal electric fields providing 

an inherent mechanism for charge separation upon photon absorption. 107  

BiOI (space group P4/nmm) has a layered tetragonal structure (figure 3.2a) with alternate layers 

of Bi2O2 and I2. The dielectric difference between the two layers creates internal electric fields. 

Resultantly, electrons and holes created upon photoexcitation move to two different layers of 

Bi2O2 and I2, thus facilitating charge separation. 

3.2.1. Electrochemical deposition of BiOI 

The highly textured BOI film was grown electrochemically at room temperature with a slightly 

modified Choi’s method.108109 15mM Bismuth nitrate was slowly added in a solution of 0.4M KI 

and 40 mM lactic acid using constant sonication. The otherwise insoluble bismuth salts in water 
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form a bright orange Bismuth tetraiodate complex. The pH of this solution was adjusted to 1.8 

using 3M Nitric acid. 45mM ethanolic solution of benzoquinone was added to the former, drop by 

drop using constant stirring and the pH of the resultant solution was adjusted to 3.4. This was used 

as an electroplating solution with Pt flag counter, SCE reference and FTO working electrodes. 20 

pulses (0.5 seconds each) of -0.4V vs SCE were applied for nucleation followed by 15 minutes of 

constant potential of -0.15V vs SCE for growth. Here nucleation was carried out using pulse 

amperometry rather than constant potential to get higher nuclei density. The resultant dark red film 

was washed with DI water thoroughly and were used for further analysis. 

The crystalline phase of the film was checked using GIXRD and was found to be matching with 

BiOI PDF Card # 01-073-2026. Films were considerably textured in (110) direction with texture 

increasing with film thickness. (Figure 3.2b). Film had textured BiOI nanosheets grown 

perpendicular to the surface whose length increases with electrodeposition time almost linearly up 

to 1.5-micron thickness. (Figure 3.4, table 3.1) The film morphology did not show much difference 

with increased thickness suggesting a good separation between nucleation and growth phase and 

growth being largely unidirectional. The sheets appear to be thin which is particularly important 

for better hole collection as sheet materials tend to have conductivity only in the plane and tend to 

be very resistive in perpendicular direction.  Thin sheets ensure that holes do not have to hop  
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Figure 3.1 Electrodeposition of bismuth oxyiodide (BiOI) . a) Relevant electrochemical 

equations, b) optical image of a 15. Micron thick BiOI film, c) chronoamperometric profile 

for bismuth nucleation, and d) chronoamperometric profile for BiOI growth.   

 

Figure 3.2 Crystal properties of BiOI. a) BiOI unit cell and b) XRD patterns of 

electrodeposited BiOI films on FTO for 3 and 15 minutes.  
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Figure 3.3 Plan view SEM images of BiOI. a) 300 nm thick film and b) 1500 nm thick 

film. 

 

Figure 3.4 BiOI films with variable thickness a) 1500 nm, b) 1200 nm, c) 900 nm, d) 

600 nm, and 300 nm.  
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through very large number of electron rich Bi-O sheets to reach the surface, and most of the surface 

is not dead catalytically.  

3.2.2. Thermal stability of BiOI 

With iodide as constituent, BiOI is prone to thermal instability in the oxidative environments. Here 

we have studied the thermal stability of electrodeposited BiOI films in air with XRD (Figure 3.5) 

and XPS (Table 3.1). The room temperature electrodeposited films had bismuth excess and iodine 

deficiency on the surface. This is understandable as iodine is a labile ion and can be easily replaced 

by hydroxides on the surface in water. The chemical and crystal properties stay largely the same 

with minor improvement in the crystallinity upon heating to 250 °C in air for 30 minutes. However, 

the peaks start to broaden, and new peaks start to form upon increasing the temperature to 350 °C. 

Upon increasing the temperature to 475 °C, new peaks grow in intensity and iodine percentage 

decreases to 10% from 19%, suggesting the loss of iodine from the film. This is the temperature 

at which films lose their characteristic red color. Upon raising the temperature to 550 °C, the crystal 

structure has completely changed, the characteristic 110 peak at 31 ° is completely gone and iodine 

percentage has reduced to mere 2%, with ~33% bismuth and ~66% oxygen suggesting complete 

sublimation of iodine from the film crystalline Bi2O3 behind.  

 

Table 3.1 XPS studies on thermal stability of BiOI 

Sample Bi (%) O (%) I (%) 

Control 48.33 32.68 19.O 

250 C 44.51 35.89 19.61 

350 C 40.49 36.59 22.92 

475 C 56.55 30.48 10.17 

550 C 30.51 66.52 2.97 
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Figure 3.5 Temperature effect on BiOI crystal structure . XRD patterns for BiOI films 

annealed at different temperatures for 30 minutes in air.  
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3.2.3. Optical properties of BiOI thin films 

The aspect that makes BiOI particularly interesting for solar application is its sub 2 eV band gap 

that makes it an interesting candidate for both, photovoltaics as well as photoelectrochemical 

applications. Figure 3.6 shows the optical properties of a typical electrodeposited BiOI film with  

Figure 3.6 Optical properties of BiOI. a) ATR spectra for BiOI films grown on FTO coated 

glass substrate and b) absorptivity data for the same film.  

 

absorptivity in the range of 3-4 x 104 cm-1 above the band gap and a considerable light absorption 

in the visible and even NIR region. However, it should be noted that due to the large micron sized 

sheet like morphology, the films scatter a lot of photons and are opaque red above the thickness of 

600 nm.  

3.2.4. XPS studies of film surface 

XPS was used to gain insight into the chemical nature of the film (Figure 3.7). The observed 

elements in the survey scan were Bi, I, O, C and K. All the region as well as survey spectra were 

charge corrected by the saturated carbon peak at 284.8eV.  The usual symmetric Bi3+ peaks were 
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found at 158.7eV and 164.0eV (∆ = 5.3 𝑒𝑉). Iodine 3d peaks appeared at usual 618.45eV and 

629.95eV giving well separated spin orbit components and ∆= 11.5 𝑒𝑉. The small humps around 

623.5eV and 635eV can possibly be due to iodates. The oxygen peak was deconvoluted into three 

sub peaks. First one at 529.4eV was assigned to the oxygen in the BOI lattice, second one at 

530.7eV was assigned to carboxylic oxygen in lactic acid and the third step peak was assigned to 

adsorbed OH or alcoholic oxygen from lactic acid as well as ethanol from electroplating solution. 

After sputtering the surface with 1KeV monoatomic argon beam, the potassium peaks were gone, 

suggesting that it was only absorbed on the surface and was not a part of the crystal. Since, the 
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electroplating solution contained 0.4M potassium ions, it was natural for some potassium to be 

and lactic acid to be sticking around on the surface and contributing to the XPS signals. 

Figure 3.7 Chemical properties of BiOI films. XPS spectra for a) Bi-4f, b) O-1s, c) C-1s, 

and d)Iodine-3d. 
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3.2.5. Photoelectrochemical and photochemical properties 

Pristine BOI did not show any appreciable photoactivity (Figure 3.8a), and the linear sweep 

voltammogram looks almost same in light and dark. However, photocurrents could be observed 

on films stabilized by ~1.5 nm ZnO grown by atomic layer deposition. (Figure 3.8b). One possible 

reason for the complete absence of photocurrent could be either excessive hole trapping and 

recombination on the surface or photo corrosion of the surface by photogenerated holes in the 

presence of water. The resumption of photocurrent upon surface stabilization rules out the bulk 

recombination as major bottleneck for photoactivity. However, it can play a role in reducing 

photoactivity.  

Given the high overpotential for water oxidation, initial photoactivity was tested with a variety of 

common hole scavengers like iodide, sulfite, methanol, and ferrocyanide. Iodide performed the 

best and provided the highest photocurrent for the films. Ferrocyanide corroded the films and 

provided high photocurrent onset potential with lowest photocurrents. Sulfite provided the lowest 

and record photocurrent onset of 0.2 V vs RHE. Figure 3.8c shows the chronoamperometric at 

1.23 V vs RHE with chopped illumination. There appears to be transient effects with steady state 

currents much lower than the initial photocurrents, most likely due to bulk and interfacial 

recombination.   

After photon absorption, the electron and hole move to Bi-O and I layer, respectively, in the crystal. 

Since, interfaces are often the place for charge accumulation and recombination, it was expected 

that the iodine rich BiOI -ZnO interface could sustain holes for longer, thus improving their 

lifetime and photocurrent.  BOI films were treated with a BI3 solution (in acetonitrile) before ALD. 

These films provided more than twice the photocurrent density with the best performing hole 
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scavenger. These films give one of the best fill factors so far and have a considerably low 

photocurrent onset potential of 0.3 V vs RHE. 

 

Figure 3.8 Photoelectrochemical properties of BiOI films . A) J-V measurements for 

pristine BiOI films, b) J-V measurements for ZnO stabilized BiOI films with various hole 

scavengers, c) J-t measurements on ZnO stabilized BiOI films at 1.23 V vs RHE with 

chopped illumination, and d) J-V measurements with iodide as hole scavenger for BI3 treated 

ZnO stabilized films. 

In a sheet like material such as BOI, there is often a huge charge mobility in a direction parallel to 

sheets and very poor charge transport property in the perpendicular direction. If this is true, and 

the layers of BOI are indeed bound by Vander Waal interaction, most of the surface would be 

catalytically dead. To check this, BOI electrode was kept in a solution composed of Auric acid, 

methanol and water. When exposed to 1 sun illumination, gold deposited on the whole surface and 
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not just on the periphery of sheets (Figure 3.9), proving that the whole surface is catalytically 

active rather than just the periphery. Also, the photo deposited gold nanoparticle density improved 

considerably on ZnO stabilized films, corroborating the photoelectrochemical J-V measurements 

results.  

 

Figure 3.9 Gold photo deposition on BiOI films. Plan view SEM image of photo  deposited 

gold on a) pristine BiOI films and b) ZnO stabilized BiOI films.   

3.2.6. Stability status 

Bismuth Oxyiodide, with its interesting optoelectronic properties, is chemically and 

electrochemically unstable.  Like many other bismuth and Lead compounds, BOI is susceptible to 

degradation on applying negative potentials. The film turns black and eventually delaminates from 

the substrate. Degradation always starts from the surface and can be controlled if one limits the 

space for ions to reassemble and undergo a phase change. This electrochemical instability has been 

improved, to some extent, by depositing a sub nm conformal layer of titania or ZnO on the 

electrodes using atomic layer deposition, such that we can get half a mA of photocurrents but these 

photocurrents decay fast on successive scans.    



 

67 

 

 

Figure 3.10 Electrochemical stability of BiOI films . a) First and second J-V scans of a 

BI3 treated ZnO stabilized BiOI film showing almost 30% drop in photoactivity after the 

first scan and b) chronoamperometry data of different BiOI films w ith a variety of 

electrolytes under illumination.   

3.2.7. Conclusion 

Bismuth oxyiodide is a promising material with sub 2 eV bandgap, small effective masses for 

electrons and holes, and inherent mechanism for charge separation, however material stability in 

aqueous electrolytes turns out to be its Achilles’ heels.  This material can be employed for organic 

photocatalysis or its stabilized and ALD protected films can be used for water oxidation. However, 

this makes it less attractive from the cost of manufacturing considerations with an added cost of 

bismuth as a non-abundant metal ion.  
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3.3. Bismuth Ferrite (BiFeO3) 

Bismuth ferrite (BFO) is a multiferroic material with a perovskite structure. It is a 2.4 eV bandgap 

semiconductor with good electrochemical stability in highly alkaline electrolytes. The presence of 

ferroelectric domains provides internal electric fields that can be utilized for internal charge 

separation. Given the grain boundary and defects110,111 led conductivity in this material, a BFO 

alloy (to lower the band gap) can be employed for photoelectrochemical water oxidation.  

3.3.1. Film fabrication and characterization 

Bismuth ferrite (BFO) films were fabricated by a spin coating a molecular ink on an FTO coated 

glass substrate and annealing the dry ink in air at 475 °C for 30 minutes. A typical ink had 1:1 

water-ethylene glycol mixture as solvent, 0.5 ml acetic acid to dissolve bismuth salt, 1mmol 

Bi(NO3).5H2O and Fe(NO3)3.9H2O as metal precursors and 400 mg Pluronic F-108 polymer as 

structure directing agent. Ink turned from yellow to orange upon addition of acetic due to formation 

of iron acetate. Spin coating followed by annealing of this ink provides a 300 nm thick uniformly 

yellow BFO film as shown in Figure 3.11b.  

BFO has a perovskite – Rhombohedral (R3C) structure (Figure 3.11a). The deviation from cubic 

structure is due to the presence of ns2 lone pairs of bismuth. The crystal phase of the films was 

ascertained by grazing incidence X-ray diffraction. All the peaks present indexed to the PDF card 

# 01-0746717. The broadness of peaks suggests the presence of nanostructures which is confirmed 

by the plan view SEM images in Figure 3.11d. A typical film has an average grain size around 50 

± 8 nm and a thickness of 256 ± 11 nm. Both grain size as well as film thickness can be readily 

tuned by tuning the annealing temperature, annealing time, amount of polymer, and spin coating 

parameters. 
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Figure 3.11 Crystal and morphological properties of bismuth ferrite films. a) A bismuth 

ferrite unit cell, b) optical image of a uniform yellow BFO film grown on FTO , c) grazing 

incidence X-ray diffraction pattern of BFO films grown on FTO, d) plan view SEM image , 

and e) cross section SEM image. 

3.3.2. Optical properties and band gap tuning 

A typical unalloyed BFO film has a shiny yellow color with 2.5 eV band gap with absorptivity of 

the order of 104 cm-1. Band gap in bismuth ferrite can be tuned by alloying and replacing b cation 

– Fe (in the case of BFO). Three replacements studied are 10% chromium, 10% manganese and 

10% cobalt substitutional alloying. Film color changed substantially from yellow to orange to 

lighter brown and to dark brown upon alloying with chromium, manganese and cobalt respectively. 

(Figure 3.12e) There is a small dip in absorptivity upon alloying. (Figure 3.12b) Direct band gap 

fitting suggests a reduction of band gap from 2.5 to 2.2 eV. However, this does not agree strongly 

with the optical images. Indirect band gap Tauc plot fittings suggest a marked change in the band 

gap of films from 2.2 eV for pristine BFO films to 1.9 eV for 10% chromium alloyed, 1.6 eV for 

105 manganese alloyed and 1.4 eV  for 10% cobalt alloyed BFO films.   
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Figure 3.12 Optical properties of pristine and doped BFO films . a) Absorptance, 

reflectance and transmittance spectra of a pristine BFO film grown on FTO coated glass 

substrate, b) absorptivity measurements of pristine, 10% cobalt doped, 10% chromium doped 

and 10% manganese doped BFO films, c) direct band gap  Tauc plot fitting for pristine and 

alloyed BFO films, d) indirect bandgap Tauc plot fittings for pristine and alloyed BFO films, 

and e) optical images of pristine and alloyed BFO films.  
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3.3.3. Stability and device testing 

BFO films were tested for water oxidation and reduction at pH 7 with 0.1 M phosphate buffer as 

electrolyte and 0.1 M sulfite as hole scavenger. A clean electrochemical window from 0.2 – 1.23 

V suggests minimal or low mid gap defects.  

 

Figure 3. 13 Photoelectrochemical properties of pristine and Mn doped BFO films . J-V 

measurements for pristine BFO films in 0.1 M phosphate buffer with 0.1 M sulfite as hole 

scavenger, b) J-t measurement with chopped illumination at 0V vs RHE , c) J-V 

measurements for 10% Mn alloyed BFO films in 0.1 M phosphate buffer with 0.1 M sulfite 

as hole scavenger, and stability of pristine BFO films in 0.1 M NaOH solution (pH 13).  
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BFO does not provide stable photocurrents at anodic potentials, however it does provide stable 

photocurrent densities of 5-10 uAcm-2 for water reduction, suggesting it to be a p type 

semiconductor. 105 Mn alloyed BFO films did not provide a clear electrochemical window 

suggesting the presence of midgap defect state formation due to Mn alloying. These states might 

be responsible for shift in indirect band gap upon alloying. The alloyed films did not provide a 

stable photocurrent and showed poor photoactivity which can be attributed to the excess defects 

in the band gap region. BFO showed to be a very stable material at pH 13 under 0.1 M NaOH as 

expected from its Pourbeux diagram.  

3.3.4. Conclusion 

We designed a simple spin coating-based process for fabrication of bismuth ferrite nanoporous 

films. The morphology is tunable, and films exhibit great chemical stability in alkaline pH. The 

direct bandgap of the films can be tuned from 2.5 to 2.2 eV and indirect band gap can be tuned 

from 2.2 to 1.4 eV by alloying with different B site metal ions like chromium , manganese, and 

cobalt. However, alloying leads to the formation of high in-gap defects that adversely affect the 

photoactivity of this material. Efforts can be made to tune the fabrication process to minimize the 

defect density upon alloying to maintain the photoactivity while reducing bandgap.    
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3.4. Iron tungstate (FeWO4) 

Iron tungstate (FeWO) is another promising candidate for photoelectrochemical water oxidation 

due to its remarkable stability in both acid as well as base, ~ 2eV direct band gap and earth 

abundant catalytic constituent metals. However, so far, the fabrication is limited to either 

nanocrystal colloids or planer thin films made by sputtering. Here we have designed a protocol for 

solution-based processing of nanostructured thin film of FeWO, characterized and tested it for a 

potential photoanode for photoelectrochemical water oxidation.  

3.4.1. Film fabrication and characterization 

Iron tungstate (FeWO) belongs to the ferberite class of minerals with a monoclinic (P2/c) structure.  

Iron and tungsten are in +2 and +6 oxidation states, respectively. Figure 3.14a shows the layered 

monoclinic structure of iron tungstate. FeWO films were fabricated by double annealing of a spin 

cast molecular ink. A typical ink had 0.5 g water, 1 g ethylene glycol and 0.5 ml glacial acetic acid 

as solvent. 1 mmol ammonium meta tungstate hydrate and 1 mmol ferric nitrate nonahydrate were 

used a metal precursor. 400 mg Pluronic F-108 was added as structure directing agent. System was 

sonicated for 1.5 hours to get a transparent orangish viscous molecular ink. This ink was spin 

casted on a FTO casted glass substrate. This film was annealed in two stages. First, it was annealed 

at 450 °C in air for 30 minutes to oxidize all the carbonaceous species to CO2, thus, templating a 

high surface area Fe-W oxide film. Second, annealing this film in 5% hydrogen in nitrogen at 610 

°C for one hour to reduce Iron from (III) to (II) oxidation state and form crystalline iron tungstate. 

These films were then cooled naturally to room temperature and were used for further 

characterization. 
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Figure 3.14 Crystal and morphological properties of Iron tungstate films . a) FeWO unit 

cell, b) GIXRD pattern for a FeWO film grown on FTO coated glass, c) GIXRD  pattern for 

a FeWO film grown on silicon, d) crystal stability in pH 0 solution (1 M HCl) and pH 14 

solution (1M NaOH), e) plan view SEM image and, f) cross section SEM image.   

Figure 3.14b shows the GIXRD pattern of FeWO films grown on FTO coated glass substrate. Most 

of the peaks match for ferberite Iron tungstate with PDF card # 01-074-1130, however, peaks at 

18°, 26° and 34° are phase impurities. These extra peaks are absent in films prepared on silicon 

(Figure 3.14C) as a substrate suggesting that it has to do with the substrate or interface. Blank FTO 

annealed at 610 °C for 1 hour in 5% hydrogen in nitrogen did not show any extra peaks suggesting 

the extra peaks form at the interface in the presence of Iron and tungsten.  

FeWO shows excellent chemical stability in both highly acidic as well as highly alkaline solutions. 

Figure 3.14d show the GIXRD patterns of the FeWO films kept immersed in 1 M HCl and 1M 

NaOH overnight. Both films retain good crystallinity. The reason behind the exceptional stability 

of this material in the whole pH range lies in the stability of its constituent binary oxides in the 
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complementary section of pH range. According to its Pourbeux diagram, FeWO forms at neutral 

pH. However, once formed, it can readily form and Fe2O3 protective layer in base  and WO3 

protective layer in acid, thus cover both ends of the pH range. Figure 3.14e and f show the plan 

view and cross section SEM images of a typical FeWO film. The grain size is 52 ± 7 nm and the 

film thickness is 256 ± 12 nm. Both grain size and film thickness are highly tunable by tuning 

metal ion concentration, amount of polymer, annealing time and annealing temperatures. 

3.4.2. Optical properties 

Figure 3.15a shows the absorptance, reflectance, and transmittance spectra of a standard FeWO 

film grown on FTO coated glass substrate. The absorption edge lies around 800 nm. The 

absorptivity is of the order of 104 cm-1 for wavelengths below 540 nm. Th material is theoretically 

predicted to be an indirect bandgap semiconductor which reflects in the linear Tauc plot fitting for 

(αhv)0.5 vs hv. The direct band gap is around 2 eV.  
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Figure 3.15 Optical properties of Iron tungstate films . a) absorptance, transmittance and 

reflectance spectra of standard FeWO films grown on FTO coated glass substrate, b) 

absorptivity spectra of the same film, c) direct band gap Tauc plot fitting, and d) indirect 

bandgap Tauc plot fitting.  

 

3.4.3. PEC device testing 

The photoelectrochemical testing of FeWO films were carried out in 0.1 M phosphate buffer (pH 

7) with 0.1 M sulfite as hole scavenger. Figure 3.16a shows the cyclic voltammetry with FeWO 

films as working electrodes. These films show a small reversible redox process around 0.25 V vs 

RHE, which might be due to surface tungsten. Films show small, but highly stable positive 

photocurrent under chopped illumination and bias at 1.23 V vs RHE. 
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Figure 3.16 Photoelectrochemical properties of FeWO films . a) CV measurement for 

FeWO films grown on FTO coated glass substrate with 0.1 M phosphate buffer as electrolyte 

and 0.1 M sulfite as hole scavenger  and b) J-t measurements at 1.23 V vs RHE under chopped 

illumination. 

3.4.4. Conclusion 

Here we have fabricated a high surface area nanostructured iron tungstate film which is a first 

report of a solution processible high surface area FeWO film. These films show a 2-eV direct band 

gap and 1.5 eV indirect band gap. They absorb decent part of visible and UV section of solar 

spectrum. They exhibit excellent stability in both highly acidic as well as highly alkaline solutions. 

The positive photocurrent is small but highly stable. The next goal for the development of FeWO 

electrode is to improve the photocurrent by tuning the electronic properties of these film by 

primarily doping, but also by texturing or by forming junctions.    
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4. Deterministic Dimerization of Gold Nanoparticles for Precision 

Plasmonics 
 

A portion of this chapter has been adapted from a research article (Engelbrekt, C.; Gargasya, Y.; 

Law, M. Silica Shell Growth on Vitreophobic Gold Nanoparticles Probed by Plasmon Resonance 

Dynamics. J. Phys. Chem. C 2021, 125 (45), 25119-25125.) 
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4.1. Main idea 

Colloidal metal nanocrystals with strong and tunable LSPR bands in long wave - ultraviolet, visible 

and near-infra red have received great attention in last few decades for fundamental studies and 

applications such as chemical sensing, photocatalysis, disease detection, photothermal therapy and 

surface enhanced spectroscopy. Two nanoparticles (Figure 4.1a) coming close leads to a strong 

plasmonic coupling, an appearance of a red shifted longitudinal plasmonic band and nm3 region 

od strong electric field enhancement (hot spot) in the NC gap. These hotspots form the basis of 

surface enhanced Raman spectroscopy. Despite the fundamental and practical importance of gold 

nanoparticle dimers, the large-scale single pot synthesis of monodisperse NC dimers stays a 

challenge. 

 

Figure 4.1 FDTD calculations for gold nanoparticle dimers.  a) Schematic diagram of a 

gold nanoparticle dimer, ) calculated electric field enhancements for a go ld nanoparticle (40 

nm nanoparticle size, 1 nm gap size, and electric field enhancement of 600 times in the gap 

) calculated far field extinction spectra of two gold nanoparticles at 1 and 200 nm gap.  
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While dimerization is routine in atomic and molecular chemistry, NC dimerization is particularly 

challenging as unlike a molecule, a NC can have 102-104 binding sites of similar reactivity and 

thus, it is difficult to bind it selectively to just one other NC. The two approaches usually followed 

are asymmetric functionalization and arrested aggregation. In the asymmetric functionalization 

gold nanocrystal dimerization occurs at the solid-liquid or liquid-liquid interface to break 

symmetry . However, the processes tend to be complicated and yields poor. Arrested aggregation 

involves first initiating NC linking using species like DNA,112 amide bond formation,113 dithiols,114 

antisolvents115 and neutral nonbinding ligands116 etc., and then  arresting the aggregation by using 

silica growth,117 polymers,118 or phospholipids.119 This method provides a dispersion of oligomers 

which requires a post synthesis separation to achieve dimers.  

 

Figure 4.2 Schematics of light driven gold nanoparticle dimerization Kinetics  
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The goal of this chapter is to develop a simple, single pot synthesis of monodisperse gold NC 

dimers with controlled gap size. To achieve this goal, we will initiate the aggregation in gold 

nanocrystals while illuminating the sample with light (with wavelength > 630 nm) to selectively 

excite the dimers. This photonic excitation will eventually convert into lattice heat in ~ ns which 

will accelerate the passivation chemistry selectively on the dimer surface. Given, a dimer is the 

first step in aggregation and our approach can potentially inhibit the aggregation at dimer stage, 

we can achieve the target of 100% NC dimerization following this approach.  

4.2. Gold nanocrystal synthesis 

Gold nanocrystal synthesis primarily, has two components. First- reduction of gold salt with a 

reducing agent, which decides the rate of formation of gold atoms, and second - presence of a 

ligand, which dictates the relative stability of crystal facets of gold. Together, these two factors  

lead to nanocrystals with controlled size and shapes like spheres120, trigonal prims121, nanorods122, 

pentagonal bipyramids123, truncated decahedra124, etc. Below are the syntheses for faceted 

nanocrystals with physically labile and easily exchangeable citrate and perfectly round 

nanospheres stabilized by a CTAC double layer.  

4.2.1. Citrate capped gold nanocrystals 

Citrate capped gold nanocrystals were synthesized by a kinetically controlled seeded growth 

synthesis.125 In a typical synthesis, 2.2 mM trisodium citrate (150 ml) was heated to boiling under 

vigorous stirring. A water-cooled condenser was utilized to minimize solvent loss. 25 mM 

Tetrachloroauric acid (1 ml) was quickly injected once citrate solution started bubbling. The 

solution color quickly changed from colorless to yellow to bluish grey and stabilized at light pink 

in 10 minutes.  The resulting solution had gold seeds (~ 10 nm, 1012NC’s/ml). 
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Immediately after 10 minutes, the temperature was lowered to 90° C to encourage growth over 

nucleation and 25 mM HAuCl4 (1ml) was quickly injected. The procedure was repeated twice after 

an interval of 30 minutes. Upon completion, 55 ml of solution was removed from the reaction 

mixture and was replaced with 53 ml of water and 2 ml of 60 mM trisodium citrate solution to 

maintain the pH and nanocrystal stability. This process was repeated multiple times to achieve 

nanoparticles with subsequently larger sizes.  

 

Figure 4.3 Optical and morphological characterization of citrate capped gold 

nanoparticles. a) Extinction spectra of gold nanoparticles of different sizes and b) TEM 

image of 30 nm gold nanoparticles.  

Oligoethylene glycol dithiol was used as the linker for this application as it is Raman silent (in the 

region of general interest), water soluble, has a very strong binding with the gold, and has a tunable 

molecular length from 0.5 nm to 3 nm by tuning the number of ethylene glycol units in the 

molecule. Hexaethylene glycol dithiol (HEGDT) was molecule size of 2 nm was utilized in this 

study as linker. Bellow section attempts to understand the aggregation process of gold nanocrystals 

in the presence of a dithiol and the role of factors like dithiol concentration, presence of other 

monothiols, and pH on the rate of aggregation.  
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4.2.2. HEGDT concentration effect 

In a typical sample, 1 ml as synthesized 30 nm gold NC colloids were added to water with variable 

concentrations of HEGDT. The system was monitored for aggregation over time with UV Visible 

spectrophotometer. (Figure 4.5) There is no aggregation below a certain concentration threshold 

which is almost 5 uM for this system. The aggregation rates increase upon increasing HEGDT 

concentrations until they hit a maximum after which further increase in HEGDT concertation 

lowers  the rate of aggregation. This happens ash the rate of aggregation depends on the product 

of the concentrations of free gold site and a sticky HEGDT attached to a gold NC.  

 

Figure 4.4 Gold NPs aggregation kinetics as a function of HEGDT concentration.  a) 2 

uM HEGDT, 5 uM HEGDT, c) 10 uM HEGDT, d) 15 uM HEGDT, and e) 18 uM HEGDT.  
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At low HEGDT concentration There are not enough sticky HEGDT ends with other side attached 

to a gold NC and at high concentration, there are not enough vacant gold site to bind to. Thus, rate 

of aggregation is maximum somewhere in the middle. This is an effect which has been reported in 

the past too.126 

4.2.3. Thiol cocktail effect 

Another handle that can be used to tune the aggregation rates is the presence of a monothiol 

to compete for the gold atom sites on NCs. Mercapto propionic acid can be an appropriate 

molecule for this job. Its size, charge and NC stabilization mechanism is same as sodium 

citrate. However, adding MPA to the gold NC colloid leads to immediate aggregation due 

to zeta potential destabilization. The current methods to do ligand exchange from citrate to  

 

Stability of gold NPs upon addition of MPA.  

Figure 4.5 Stability of gold NPs upon addition of MPA . a) 2uM, b) 5uM, c) 10 uM, 

d) 15 uM, and e) 18 uM. 
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MPA are time consuming and require multiple centrifugation and slow ligand exchange, 

first to polyethylene glycol thiol and then to MPA in ~48 hours.  We found that with addition 

of 1 mM NaOH solution to the gold colloid, MPA ligand exchange does not cause any 

aggregation and leads to a stable gold NC colloid at different MPA concentrat ions. (Figure 

4.6)  

Effect of MPA was studied at two different net thiol concentrations of 200 uM (Figure 4.7) and 20 

um (Figure 4.8). HEGDT to Total thiol percentages were varied from 10%, 25%, 50%, 75%, and 

90%, with 0% and 100% shown in the last two figures. It was noted that aggregation started with 

at least 50% HEGDT in the system, after which the rate of aggregation increased with an increase 

in the percentage of HEGDT in the solution reaching a maximum at 90% where the aggregation 

behavior was close to 100% HEGDT as expected.  

Figure 4.6 Cocktail effect under 200uM net thiol concentration.  a) 10% HEGDT, b) 

25% HEGDT, c) 50% HEGDT, d) 75% MPA, and e) 90% HEGDT.  
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Figure 4.7 Cocktail effect under 20 uM net thiol concentration. a) 10% HEGDT, b) 

25% HEGDT, c) 50% HEGDT, d) 75% MPA, and e) 90% HEGDT.  

Another interesting effect observed was no effect of net thiol concentration on aggregation 

behavior. With net thiol concentration either 20 uM or 200 uM, aggregation started at 50% 

HEGDT, suggesting a very statistical nature of aggregation in the presence of a competing mono 

thiol. Thus, MPA concentration can be further used to tune the aggregation rates if needed.   

4.2.4. pH effect 

Given that the citrate capped gold nanocrystals are negative charge stabilized, it is expected that 

their zeta potential and thus, stability can be tuned by adding protons (common acid HCl) to the 

system. Figure 4.9 shows an increase in the rate of aggregation upon addition of acid. Excess of 

protons lead to decrease in zeta potential that allows gold nanocrystals to come close in proximity 
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before getting repulsed by the surface charge. This gives a higher opportunity for thiols to bind to 

gold nanocrystals and link them together.  

This is an excellent handle that can be used to increase the rate of aggregation. A 

60% HEGDT shows very low rates of aggregation however, the rates enhance 

significantly upon addition of just 0.3 mM HCl.(Figure 4.10). similarly, a 50% 

HEGDT system is also expected to show very weak aggregation rates but addition o f 

just 0.3 mM HCl is enough to accelerate the aggregation. This becomes even more 

important in systems where no aggregation was supposed to happen for example 

HEGDT percentages less than 50% (25% and 10%). Figures 4.12 and 4.13 show that 

aggregation can be initiated even in these systems if we add more acid to the system  

Figure 4.8 pH effect on aggregation rate of gold NPs with 100% HEGDT.  a) 0 mM 

HCl, b)  0.3 mM HCl, c) 0.6 mM HCl, d) 0.9 mM HCl, e) 1.2 mM HCl, and f) 1.5 mM 

HCl 
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Figure 4.9 pH effect with 40-60 MPA-HEGDT. a) 0 mM HCl , b) 0.3 mM HCl, c) 0.6 

mM HCl, d) 0.9 mM HCl, e) 1.2 mM HCl, and f) 1.5 mM HCl  

Figure 4.10 pH effect on 50-50 MPA -HEGDT system.  a) 0 mM HCl , b) 0.3 mM 

HCl, c) 0.6 mM HCl, d) 0.9 mM HCl, and e) 1.2 mM HCl.  
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Figure 4.11 pH effect on 75-25 MPA - HEGDT system.  a) 0 mM HCl , b) 0.3 mM HCl, 

c) 0.6 mM HCl, d) 0.9 mM HCl, and e) 1.2 mM HCl.  

Figure 4.12 pH effect on 90-10 MPA - HEGDT system.  a) 0 mM HCl , b) 0.3 mM 

HCl, c) 0.6 mM HCl, d) 0.9 mM HCl, and e) 1.2 mM HCl.  
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So, a system with just 25% HEGDT can be aggregated in the presence of 0.6 mM HCl and a system 

with barely 10% HEGDT can be aggregated in the presence of 0.9 mM HCl. It should be noted 

that we started with 1mM NaOH to ensure that MPA does not cause any aggregation and addition 

of 0.9 mM HCl brings the system still keep the pH of the colloid greater than 4.75, below which 

the gold colloid gets unstable.   

Thus, we can tune the rate of aggregation with multiple handles like HEGDT concentration, 

presence of a monothiol, addition of acid, concentration of gold NCs etc. 

4.3. Passivation chemistries 

The passivation of nanocrystal surface can be done either by an accelerated  molecular reaction 

with all the sticky thiol ends or by growing a solid oxide and burying a dimer in it. Thiol ene click 

reactions were chosen for the molecular approach and silica growth on gold nanoparticles was 

chosen for the accelerated solid oxide growth on gold NC dimers. Both approaches bring their own 

advantages and challenges. The advantage of the molecular approach is that it allows the Raman 

active molecules to reach the hot spot and so analyte can be intruded at any stage in the system. 

However, since the mechanism behind passivation chemistry acceleration is thermal, there is a 

chance that a lot of dimers may undergo necking or coalescence during the illumination, especially 

when gold atoms are known to be very labile and move continuously on the surface. The 

advantages with using silica growth as passivation chemistry is robustness and mechanical and 

thermal stability that it can provide to the newly formed dimer. However, there is a high chance 

that it might block the hotspot for analyte. A good bypass to this problem is either to introduce 

analyte during the dimer synthesis or make an extremely porous silica coat that stabilize the gold 

dimer but leaves avenues for the molecules to diffuse into the hot spots. 

 



 

91 

 

4.4. Thiol ene click chemistry 

Thiol ene click chemistries are of particular interest for passivating sticky HEGDT ends as these 

chemistries  are highly efficient, leave no by product, activation energies can be tuned by tuning 

the electron withdrawing group attached to ene and is largely carried out at near neutral pH where 

gold colloid is stable. Figure 4.14 shows the schematic diagram and reaction of thiol ene click 

reactions. Common enes used for click reactions can be classified in three categories. 1) ene in 

conjugation with two electron withdrawing groups + ring strain, example maleimide These 

molecules tend to be the most reactive for thiol ene click reactions and react within minutes upon 

exposure to thiols. 2) ene in conjugation with one electron withdrawing groups, for example 

acrylates, which react with thiol within days. These are promising class of enes with low reactivity 

at room temperature and high reactivity at an elevated temperature. 3) The third category is an ene 

without any electron withdrawing group in conjugation . These molecules do not react with thiols

 

Figure 4.13 Schematic diagram of various classes of thiol ene click reactions  
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even in weeks and might need a catalyst in addition to high temperature to react with thiols. For 

our experiments,  we have used molecule – Diethyleneglycol Ethyl Ether acrylate (DEE)  from 

second category. The acrylate part of the molecule reacts with thiol whereas ethylene glycol 

improves its water solubility.  

4.4.1. Passivation chemistry at room temperature 

The concentration of DEE was kept around 10 mM in water, near its solubility limit to ensure that 

its reactivity is not limited by diffusion. Figure 4.14 shows the impact of DEE on aggregation rate 

of gold NCs at room temperature. Addition of DEE minimizes the rate of aggregation at room 

temperature, this corroborates the NMR data suggesting a slow but quantifiable rate of HEGDT-

DEE reaction which takes around 24 hours to complete at room temperature. 

 

Figure 4.14 Ene effect at room temperature.  a) Gold NC with 10uM HEGDT at room 

temperature and b) Gold NC with 10uM HEGDT and 10 Mm DEE at room temperature.   

 



 

93 

 

4.5. Silica growth on gold surface 

Growing silica can be another approach for passivating and protecting a gold nanoparticle dimer.  

Nanotechnology based on colloidal silica started in 1968 with the work of Stöber, Fink, and Bohn, 

who presented a protocol for controllable synthesis of silica sols now known as the Stöber 

method.127 Three decades later, Mulvaney, Giersig, and Liz-Marzán demonstrated silica growth 

on gold colloids via a modification of the Stöber method.128The process entailed three separate 

steps: (1) ligand exchange from citrate to aminosilane, (2) slow formation of a thin silica shell 

from active silica in water, and (3) further growth via alkoxysilane hydrolysis and condensation in 

ethanol. It was argued that the vitreophobic character of the citrate-terminated AuNP surface 

prevents the formation of conformal silica shells, prompting the replacement of citrate with 

aminosilane to provide a vitreophilic surface.128 This report laid the foundation for the field of 

gold-silica core–shell nanoparticle (Au@SiO2 NP) synthesis and applications. Since 1996, a 

number of modifications to the original report have been developed. The group of Xia directly 

coated commercial AuNPs with silica, omitting the two first steps of the previous protocol.129The 

Xia method, in which tetraethyl orthosilicate (TEOS) is hydrolyzed in a mixture of isopropyl 

alcohol (IPA) and water using ammonia as a catalyst, is frequently used for Au@SiO2 NP 

synthesis. Many variations on these previous methods have been developed for various systems, 

and all consist of the same general components, that is, a silica precursor (sodium silicate, 

128130131132, tetramethyl, 130 -ethyl, 133134135136137138139140141142143 or -propyl130 orthosilicate, or 

diglyceroxysilane,141 a water/organic solvent mixture  (ethanol 133134135128130131128137138144139140141142 

methanol,130 or IPA,145129143 and base, (NaOH134130144140 or NH4OH133135128137141142143). AuNPs of 

different shape and surface functionalization have been coated with silica. Commonly, silica shells 

are formed directly on spherical citrate-capped AuNPs (cit-AuNPs).133135129137142143 or after 
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exchange of the original ligand with vitreophilic ligands such as (3-aminopropyl)-134128130 or (3-

mercaptopropyl)-trimethoxysilane130(APTMS or MPTMS) or polymers such as 

polyvinylpyrrolidone.133138141 

The optical properties depend strongly on the thickness and morphology of the silica shell, and 

significant efforts have been made on understanding these relations.145129 To the best of our 

knowledge, only one paper reports the time dependence of this process, and with relatively low 

time resolution (1 h).142 Here, we employ time-resolved ultraviolet–visible (UV–vis) spectroscopy 

to monitor the formation of silica shells on AuNPs with ∼1.5 min time resolution. By applying a 

simple analytical model to the spectra, the time dependence of the physically motivated parameters 

describing the LSPR and the bulk silica can be extracted. The silica shell formation mechanism is 

studied through analysis of the formation kinetics under different reaction conditions. This analysis 

is supported by dynamic light scattering and ex situ electron microscopy imaging of Au@SiO2 

NPs at different stages of silica growth. The combination of high time resolution and the analytical 

model is crucial for the kinetic analysis that identifies a surface reaction preceding the formation 

of silica which may be rate limiting for shell formation. The early growth of silica is also shown 

to be non-uniform, with initial nucleation and growth on vertices/edges, and growth to several 

nanometers in thickness before coalescing into a conformal shell. This observation stresses the 

need for chemical surface modification on vitreophobic AuNPs to achieve uniform thin silica shell 

coatings. 

Our approach further demonstrates how in situ UV–vis absorption spectroscopy and LSPR 

analysis can be used to obtain detailed kinetics information about chemical reactions on colloidal 

AuNP surfaces. This approach can be applied broadly and may enable better synthesis control of 

composite AuNP-based nanomaterials. 
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4.5.1. Preparation of Au@SiO2 NPs 

Silica shells were grown on AuNPs (Figure 4.16a and A3.3) in an alkaline IPA–water mixture. A 

small volume of TEOS was injected to initiate Au@SiO2 NP formation, which was completed in 

15 min to 2 h, depending on TEOS concentrations and temperature. Figure 4.15 

 

 

 

 

 

 

 

 

4.5.2. Analysis of in-situ UV Vis spectra 

To monitor the Au@SiO2 formation, UV–vis extinction spectra were continuously recorded while 

the shells grew on the colloidal AuNPs in a glass cuvette. A representative in situ spectral series 

(Figure 4.16.a) shows three distinct stages of silica growth. The spectral changes during these 

stages are highlighted in Figure 4.16c–e. In the first stage, the LSPR peak intensity and energy 

Figure 4.15 Preparation of Au@SiO2 NPs. (A) Silica shells are formed around the cit -

AuNPs from via TEOS hydrolysis and condensation. (B) Optical extinction spectra of the 

cit-AuNPs (green) and Au@SiO2 NPs (blue). (C) Representative transmission electron 

micrograph of the final uniform core–shell product. 
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both decrease slightly (labeled red in the spectral series). In the second stage, a large and rapid 

increase in peak intensity occurs (labeled orange). The third stage is characterized by a slow 

increase in intensity across the entire spectrum (yellow and blue). We note that the initial drop in 

peak extinction has not been previously reported and may contain information about the early steps 

of silica shell formation. 

To better understand the spectral behavior and derive its time dependence, a model of the 

extinction spectrum was applied. The in situ spectra were modeled with three contributions: the 

LSPR, the gold sp ← d interband transition, and scattering from the silica shell. These 

Figure 4.16 Analysis of in situ UV–vis spectra shown for standard reaction conditions 

(20 ± 1 °C, 2 mM TEOS). A) Experimental and (B) fitted in situ spectra. (C–E) Difference 

spectra showing the change occurring in each distinct stage. (F –H) Recorded spectra 

(green symbols) and contributions from the interband transition (gray shading), LSPR 

(red shading), and SiO2 (blue shading) at three different times during reaction. (I) Time 

dependence of the fitting parameters. The color scale on the x-axis correlates to the color 

scheme of the spectra in (A–E). The y-axis values are different for each fitting parameter 

(see the legend). (J) LSPR spectra extracted from fits of the first spectrum (gray) and the 

spectra at the end of each stage. The corresponding time points are in dicated with colored 

arrows in (I).  
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contributions are represented by a Lorentzian distribution, a logistic function (broadened step 

function), and an exponential growth function, respectively, as shown in equation below.  

Equation 3.1   

The parameters for the interband transition, that is, ci, γi, and Ei, are determined by fitting the first 

spectrum, where silica has not yet formed and does not contribute. These parameters are then fixed 

for all the following spectra in an experiment. Similarly, the shape of the silica contribution is 

determined by fitting spectra of silica particle formation in the absence of AuNPs (Figure A3.5). 

Here, the spectrum is solely determined by the silica contribution and found to be well represented 

by an exponential growth function (extinction vs energy). The shape of the silica extinction 

spectrum (represented by the parameters bs and ys) did not change during silica growth, so these 

parameters were fixed in the fits of silica growth on the AuNPs. Overall, there are four time-

dependent parameters to be extracted from each spectrum, namely, the three parameters for the 

plasmon (cp, γp, and Ep) and one for the scattering intensity (amount) of the silica (cs). As seen in 

Figure 4.16a,b and A3.6, this model very accurately reproduces the experimental data except for 

the weak shoulder at ∼1.8 eV that is related to a small amount of aggregation induced by the 

change in the AuNP environment upon addition of IPA and NH4OH. The aggregation process was 

effectively instantaneous and had completed before the addition of TEOS, so it did not contribute 

to the dynamics of silica formation. The accuracy of the fitting model and the time dependence of 

the parameters were further tested by fitting a series of spectra calculated using Mie theory (Figure 

A3.7). The model reproduces the calculated spectra well and provides shell thickness-dependent 

parameters that agree well with time-dependent parameters extracted from fitting of the 

experimental spectra (Figure 4.16i). 
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Examples of deconvoluted in situ spectra are presented in Figure 4.16f–h, showing the LSPR on 

top of the interband transition to which a contribution from silica is added. Figure 4.16i shows the 

evolution of the four fitting parameters from equation 4.1 during a representative Au@SiO2 NP 

synthesis with ∼80 s time resolution. Here, the three distinct stages are clearly observed. Stage 1 

(S1) is dominated by plasmon broadening, stage 2 (S2) is dominated by rapid plasmon redshift 

and intensity increase, and stage 3 (S3) is dominated by a continuous increase in the silica 

contribution. The fits show that the decrease in LSPR peak intensity in S1 (Figure 4.16a) does not 

arise from a reduced intensity of the LSPR (cp does not decrease) but rather from peak broadening 

and redshifting down the sloping interband transition (Figure 4.16j). 

S2 and S3 correlate well with observations of LSPR dependence on silica thickness by Liz-Marzán 

and Mulvaney,128 and others.129,134,135,137,146  Initially, a redshift occurs followed by increased 

intensity. This can be explained by changes to the dielectric function of the medium, εm, as the 

silica shell is growing and can be reproduced by Mie theory (as seen in figure A3.7 and shown 

previously128). Changes to εm do not explain the behavior observed during S1, which has not yet 

been described in the literature. 

 

4.5.3. Kinetics analysis of Au@SiO2 NP formation 

In order to better understand the chemistry of S1–S3, the reaction kinetics were investigated by 

varying the TEOS concentration (1–15 mM) and reaction temperature (20–60 °C). The limits for 

these parameters were set by the stability of the AuNP sol. The time dependence of all parameters 

at all experimental conditions is given in Figure A3.8-12. In Figure 4.17, the effect of reaction 

conditions on the evolution of the LSPR energy is represented by the Ep time curves and on the 

formation of silica by the cs time curves. While these parameters do not have direct interpretations 
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as concentrations of reactants or products, apparent process rates can be extracted from the time 

curves, and their dependence on experimental conditions is evaluated. The inverse sigmoidal shape 

of the Ep time curves can be viewed as three approximately linear segments with intersections that 

indicate the transitions between reaction stages, that is, t1 (S1 → S2) and t2 (S2 → S3). These 

transition times together with the maximum rate of the LSPR energy shift (middle of S2) can be 

conveniently extracted by fitting the first derivative of Ep(t) with a Gaussian function with full 

width at half-maximum, w, and center, tmax, as illustrated in Figure A3.13. An additional kinetic 

parameter describing S3 is taken as the maximum rate of increase in silica scattering, that is, the 

maximum of the first derivative of the cs time traces. 
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Figure 4.17 Kinetics analysis of Au@SiO2 NP formation.  (A,B) Normalized time-

dependence of LSPR energy, Ep, (C,D) silica scattering intensity, cs, and (E,F) kinetic 

parameters, at varying [TEOS] at r.t. (left column), and various reaction temperatures at 10 

mM TEOS (right column). In (A,B), the transitions times t1 and t2 are indicated with markers 

for the slowest reaction (black). In (E,F), rapp are determined by the duration of S1 (black), 

the duration of S2 (red), the max rate of change of S2 (blue), and the max rate of change of 

S3 (green).  

 

The four apparent rates, rapp, are thus defined as below. 

 

 

 

 



 

101 

 

These four kinetic parameters can be considered as apparent rates for S1, S2, and S3, that is, the 

inverse of the duration of S1 and S2 and the maximum rates of change for S2 and S3. Plotting the 

rates against the TEOS concentration provides insights into the reaction order, Figure 4.17e. S1 

and S3 display approximately linear dependence on the TEOS concentration, indicating that these 

processes are of first order in TEOS. However, the S2 (and to some extent S1) rates show a 

diminishing increase with increasing TEOS concentrations. This can be understood as S2 

representing a surface reaction occurring on the AuNPs that is limited by the reactant concentration 

on the surface rather than that in solution. The reaction order thus approaches zero at high TEOS 

concentrations since the fixed number of surface sites on the AuNPs are all occupied, and an 

increase in the TEOS concentration no longer leads to a rate increase. This surface reaction (S2) 

may be attributed to the formation of silica through condensation, as shown in Figure 4.16a, 

agreeing with the emergence of SiO2 scattering in this phase. This further indicates that S1 

describes a step that precedes silica formation, which may be the association of silica precursor 

species with the AuNP surface and formation of partly hydrolyzed/condensed pre-silica networks. 

The rate dependence on temperature was studied in a similar fashion between 20 and 60 °C at a 

fixed TEOS concentration of 10 mM (right column in Figure 4.17). The Arrhenius-style plot in 

Figure 4.18f shows that the temperature dependence of the rates are slightly larger for S1 than S2 

and S3. This is in good agreement with the generally accepted vitreophobic nature of citrate-

stabilized AuNPs and the larger energy barrier associated with the adsorption of silica precursors 

on the citrate-terminated surface than with growth of the resulting vitreophilic silica shell. Our 

data thus indicate that the rate of Au@SiO2 formation is limited by adsorption of molecular silica 

precursors and/or formation of pre-silica networks. The LSPR broadening of the colloid during S1 

further support this interpretation, in agreement with previous reports showing a strong correlation 
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between the LSPR width and the nature of the chemical interface at the surface of the plasmonic 

metal.147148 This mechanism of LSPR broadening was associated with both charge transfer to 

adsorbates and induction of surface dipoles.148 

4.5.4. Time dependance of silica growth 

A comparison of the Au@SiO2 NP morphology at different temperatures was made by quenching 

the silica formation reaction by 10-fold dilution in water after 30 min (Figure A3.14). At 20 °C, 

30 min corresponds to the beginning of S3. These NPs showed only thin or partial SiO2 shells. 

These shells provided insufficient stabilization, and the NPs had therefore aggregated during 

centrifugation. However, thick SiO2 shells had formed after 30 min at 40 °C, where the reaction 

had progressed well into S3. These observations suggest that SiO2 formation starts in S2 and 

continues through S3. 

The correlation between optical properties and NP size/morphology was further verified by in situ 

monitoring of the hydrodynamic NP diameter and TEM imaging of quenched reaction products 

around the S2/S3 transition (Figure 4.18 and A3.16). The hydrodynamic diameter, dh, does not 

change significantly during S1. In fact, dh follows very closely the time curve of cs, supporting the 

correlation between cs and the growth of the SiO2 shell. The quenched reaction products exhibited 

highly non-uniform SiO2 shells at early reaction times. As the final Au@SiO2 NPs appear nearly 

perfectly spherical, this was unexpected. The non-uniform growth was especially obvious on the 

small fraction of AuNPs that are anisotropic (e.g., truncated prisms), as seen in Figure 4.18 b-f. 

During S2, SiO2 forms in patches that are localized at AuNP vertices and edges, indicating that 

nucleation happens preferentially at sites of high local curvature. This may be due to curvature-

dependent chemical properties of the ligand shell149  or lower local ligand densities, which has 

been used in similar systems to selectively coat gold nanorod tips.140,150  We note that SiO2 
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nucleation in solution (rather than on the AuNP surface) followed by attachment to the NP surface 

is unlikely. First, empty SiO2 particles in the final product are rare (∼10%), and primary SiO2 

nuclei are only found associated with the AuNPs, and second, SiO2 formation (the rise of cs) is 

significantly slower in the absence of AuNPs, indicating the primarily heterogeneous SiO2 

nucleation on AuNP surfaces. 

 

 

Figure 4.18 Silica coating mechanism at initial stage.  (A) Comparison of the time-

dependence of silica shell thickness determined by TEM, ds  (symbols), hydrodynamic 

diameter, dh (red), and the silica component from in situ spectra, cs (blue). (B–F) TEM 

micrographs of individual-faceted AuNPs at different times of Au@SiO 2 formation in 

complete darkness (green squares in A). (G,H) TEM micrographs of fractions taken during 

an in situ spectroscopy experiment (cyan triangles in A). [TEOS] = 2 mM.  
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Through in situ UV–vis spectroscopy, we have identified three reaction stages in the formation of 

Au@SiO2 NPs via SiO2 growth on cit-AuNPs and associated them with distinct processes. S1 

appears as an induction phase where no SiO2 forms, but the sensitive LSPR probe reports 

significant changes on the AuNP surface. We assign the LSPR broadening to adsorption of silica 

precursor species on the citrate-terminated gold surface, such as orthosilicate anions, and 

formation of low-density pre-silica networks of partly condensed structures. This process is a 

prerequisite for shell formation and may influence the properties of the core–shell product, 

highlighting the importance of being able to probe this step and the merits of our approach. The 

subsequent condensation and densification, forming SiO2 patches, change the dielectric function 

of the surroundings, causing the LSPR to redshift and intensify during S2, as has been reported 

previously.134135129128137146 This process is accelerated on vertices possibly because their lower 

density of citrate ligands facilitates the adsorption of SiO2 precursor species. In the final stage (S3), 

the SiO2 shell grows approximately isotropically until it terminates when the TEOS is consumed. 

The LSPR only changes slightly in this phase as further Shell growth happens too far from the 

AuNP surface to affect the plasmon 

4.6. Temperature accelerated passivation 

The primary idea is to selectively excite the gold NC dimers, allow conversion of electronic energy 

into lattice heat and then use this heat to accelerate passivation chemistries selectively on NC dimer 

surface to arrest their further aggregation. It is a good check to ensure that passivation rates can be 

successfully increased upon increasing the temperature and this can be utilized to arrest the 

aggregation. Below is the data to ensure both click chemistry as well as silica growth can passivate 

the nanocrystals and arrest the aggregation at an elevated temperature.  
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4.6.1. Click chemistry led passivation 

HEGDT DEE reaction at . The peak at 8.5 ppm is standard sodium oxalate. The peaks between 6 

and 6.5 are the alkene peaks of DEE. HEGDT -DEE reaction is bimolecular and is most likely 

second order reaction. The concentrations die in an inverse [x] fashion and it should not complete 

ever. It does not complete in a week, but majority of concentration reduces substantially in around 

17 hours. DEE reacts substantially with HEGDT at 80 C within first 5 minutes and not an 

appreciable change happens in DEE concentration after heating it for 55 minutes more. Point to 

be noted is that there will always be some unreacted HEGDT left even at 80C.  

 

Figure 4.19 HEGDT-DEE reaction at 80 °C. a) chemical structure of DEE with 1H NMR 

chemical shifts, b) NMR data for HEGDT-DEE reaction at 80 °C, and c) passivation profile 

at 80 °C (for 3 hours) 

Upon increasing the temperature this system gets complicated. Multiple rates increase with 

increased temperature for example, HEGDT -DEE reaction rate, thiol place exchange reaction rate, 

Brownian motion of nanocrystals and aggregates, etc. Net effect is the result of all these processes. 
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It should be noted that electrostatically, the desired product – DEE passivated NC oligomers are 

electrostatically less stable than the citrate capped monomer due to lack/absence of negative 

charge.   

Our hypothesis was that incomplete reaction between HEGDT and DEE will lead to enhanced 

thiol place exchange reaction at an elevated temperature. eventually, so I worked out things like 

cocktail effect with cocktailing monothiol providing charge stability and is far smaller in size than 

HEGDT-DEE combo and thus, would take preference in case of thiol place exchange reactions. 

Since, cocktail effect slows down the aggregation rates, pH effect was worked out to tune the 

aggregation rates as per our needs. 

 

 

Figure 4.20 Aggregation profile with acrylate, cocktail, and pH effect  at a) room 

temperature and b) at 80 °C.  

On increasing temperature, aggregation rates increase substantially at first within first 10 minutes, 

but then stabilize due to the combination of HEGDT-DEE click reaction and place exchange of 

longer HEGDT or HEGDT-DEE combo with smaller MPA. It should be noted that with substantial 
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MPA on the surface, our product is almost equally stable (electrostatically) as our reactant, if not 

more.  

4.6.2. Silica growth led passivation 

The conditions for silica growth were optimized to ensure no silica growth at room temperature. 

TEOS concentration was kept high at 10 mM and NaOH catalyst concentrations were tuned to 0.5 

mM to control the silica growth rate. At room temperature, aggregation goes normally however at 

an elevated bulk temperature of 80 °C, aggregation stops within first 15 minutes. It should be noted 

the bulk heating happens through conduction or convection and may take a few minutes for the 

system to be a steady state, whereas the local heating due to illumination is expected to happen in 

nanoseconds. Another point to note is that dithiol linking is specific to gold and it does not bind or 

aggregate silica coated gold.  

 

Figure 4.21 Thermal driven arrest of gold NP aggregation via silica growth on NP 

surface. Aggregation profile with gold NC, linker  and silica precursor at a) room 

temperature and b) at 80 °C.  
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4.7. Illumination accelerated passivation 

We need a light source that can delivers sufficient pulse energy (0.15 mJ) to increase the peak 

surface temperature of the dimers Tpeak by ~100 °C (ΔTpeak = Eabs/C, where Eabs is the pulse energy 

absorbed by a dimer and C is the heat capacity of the dimer)151
 and trigger the passivating surface 

reaction. A pulsed laser is required because the power density of continuous wave light sources is 

too low to significantly increase the dimer surface temperature unless the beam is focused on just 

a small region of the sample.152
 Pulsed illumination also achieves much higher temperature 

confinement around the dimers, minimizing bulk heating of the solution.151
 The hot dimers will 

cool within a few ns after each pulse,93 but this should be enough time for at least a few thiol-ene 

reactions to occur on each dimer when the alkene concentration is sufficiently high (10-100 mM). 

Alkene molecules in proximity to a hot dimer can diffuse 5-10 nm during this time, guaranteeing 

collisions with the dimer surface. We estimate that if an average of just one thioether linkage forms 

per pulse, the dimers will be passivated and protected from further aggregation in ~30 s (using a 1 

Figure 4.22 Laser driven arrest of gold NP aggregation.  a) extinction spectra of a 

system of gold nanocrystals, 10uM HEGDT and 10mM DEE under illumination with 120 

mW 640 nm fs laser, b) SEM images of gold aggregates from a system kept in dark, and 

c) SEM images of a system under illumination    
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kHz rep rate). As discussed below, this is significantly faster than the time needed for a dimer to 

collide with a monomer or another dimer to form unwanted larger oligomers. 

A system with gold NC, 10uM HEGDT and 10mM DEE was illuminated with 120mW, 640 nm, 

1 kHz, femtosecond laser. A broad hump in the IR and a shoulder around 640 nm start to form 

within 10 minutes of illumination. The shoulder around 640 nm develops into a full peak at time 

progresses. The broad hump in the near infrared first increases and then blue shifts. (Figure 4.21a) 

Figure 4.21b shows the systems kept in the dark whereas figure 4.21c shows the system kept under 

illumination for 70 minutes.  

4.8. Outstanding challenges 

There are several outstanding challenges that still need redressal for achieving deterministic 

dimerization of gold nanocrystals. First, femtosecond laser does passivate the gold NC surface, 

however it also causes morphological damage by causing necking and coalescence in the particles 

that can be observed both in SEM images as well as in the broad IR band. Second, gold 

nanocrystals are not completely monodispersed and dimers with very large or very small size 

might still undergo further aggregation. Third, currently the particle heating happens in picosecond 

and majority of this heat is dissipated into the solution by nanoseconds. The two fall outs are 1) 

we  cannot use slower reactions like silica growth with this mode of illumination and 2) In order 

to get a large lifetime for a hot dimer, we’ll need very high peak powers that can lead to effect like 

non thermal necking, hot electrons generation reacting with surface ligands, thus leading to 

illumination induced disaggregation. One solution to this challenge can be the use of 80 MHz 

broad band light sources. The broadband nature will compensate for any polydispersity in the gold 

NCs. Lower peak power will minimize the chances of illumination and hot electrons related 
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damage  and high rep rate will ensure that thermal energy builds up from pulse to pulse, thus 

allowing even slower chemistries like oxide growth to be used for passivation. 

4.9. Experimental 

Materials: HAuCl4·3H2O (Aldrich, ≥99.9%), trisodium citrate (TSC, MP Biomedicals, LLC, 

99.8%), 2-propanol (IPA, Fischer Scientific, HPLC grade), TEOS (Aldrich, 99.999%), and 28–

30% NH4OH in water (Fischer Chemicals) were used as received. Ultrapure water (18.2 MΩ) was 

obtained from a Milli-Q system from Millipore. 

Au NP Synthesis: Synthesis of spheroidal AuNPs with controlled size was based on the protocol 

by Bastús et al.153 First, AuNP seeds were prepared by injection, and subsequent reduction, of 

aqueous HAuCl4 into TSC solution with final concentrations of 165 μM and 2.2 mM, respectively, 

at 95–100 °C and heating for 25 min. Then, a seeded-growth process was undertaken by 

sequentially injecting HAuCl4, removing a fraction of the growth solution after three HAuCl4 

injections, and adding more TSC solution. This produced a series of fractions of AuNPs of 

increasing size, Figure A3.1. A fraction consisting of 36 ± 9 nm AuNPs was used for the present 

study. 

Au@SiO2 NP Synthesis: For a 6 mL total volume of Au@SiO2 sol prepared with 10 mM of TEOS, 

0.7 mL of ultrapure water was added to 1 mL of AuNPs under stirring, followed by 4.1 mL of IPA 

and 150 μL of 14.5 M NH4OH (28% ammonia water). After mixing for 2–5 min, 60 μL of 1 M 

TEOS (in IPA) was injected. To adjust the TEOS concentration, the added volume of 1 M TEOS 

was modified, and that of IPA adjusted to compensate. Au@SiO2 NP formation was performed at 

room temperature (r.t., 20 ± 1 °C) unless otherwise stated. Representative transmission electron 

microscopy (TEM) samples at given reaction times were obtained by quenching the reaction by 

extracting 100 μL of the reaction mixture and injecting it into an Eppendorf tube with 1–1.5 mL 
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of water. The colloid was sedimented by centrifugation (16k rcf, 15 min), the supernatant reaction 

mixture was discarded, and the colloids redispersed in ultrapure water, which was then dropcast 

onto a TEM grid. For Au@SiO2 NP synthesis in complete darkness, the synthesis was carried out 

in a dark laboratory in a foil-wrapped vial. Fractions were extracted into Al foil-wrapped 

Eppendorf tubes, and the TEM samples were covered while drying to exclude light. 

Characterization: UV–vis extinction spectroscopy was carried out using a LAMBDA 950 

spectrophotometer from PerkinElmer. For in situ spectroscopy, AuNP sol, ultrapure water, IPA, 

and NH4OH were mixed in this order in a glass vial with constant stirring to ensure quick mixing 

and avoid AuNP destabilization due to IPA and NH4OH addition. After stirring for 2–5 min, the 

desired amount of TEOS was added to the vial, the solution was quickly mixed with a pipette, 

poured into a glass cuvette, and then capped and immediately placed in the spectrometer, at which 

point continuous UV–vis measurements were initiated. The time delay between addition of TEOS 

and recording of the first spectrum was typically 10–20 s. For syntheses at controlled temperature, 

the sample cuvette was placed in a metal compartment cooled/heated by water from a circulating 

bath (Grand LT Ecocool 150),Figure A3.4. 

TEM data were acquired on a JEOL 2800 microscope equipped with a 4k × 4k Gatan Oneview 

camera at 200 kV accelerating voltage at the Irvine Materials Research Institute, UC Irvine. Data 

were processed using ImageJ.154 

In situ hydrodynamic size information was obtained with a Malvern Zetasizer Nano DLS 

instrument at the Laser Spectroscopy Labs, UC Irvine. 
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Appendix 1 (A1) 
 

 

 

Figure A1. 1 High-resolution synchrotron powder XRD of a powderized  β-MVO film. The 

film was 580 nm thick, made on FTO-coated glass substrates using a 30 minute calcination 

at 500 °C (the “standard” films). λ = 0.458092 Å. All peaks index to β -MVO (grey bars).  
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Figure A1.2 Characterization of nanostructured MVO films on quartz substrates.  (a) 

Photograph of a 570 ± 35 nm thick MVO film on a 1×1 inch quartz substrate. (b) XRD 

pattern of a duplicate film. All peaks index to β-Mn2V2O7 (PDF# 01-089-0484, grey bars) 

and the sample appears to be phase pure. The broad peak at 23° is due to the quartz substrate. 

(c-d) Plan view and cross-section SEM images of the film. 
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Figure A1.3 Raman spectra of β-MVO films on FTO-coated glass and quartz substrates. The 

spectrum of a bare FTO-coated glass substrate is also shown.  
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Figure A1.4 Characterization of a representative MVO film made without the Pluronic F -

108 triblock copolymer. (a-b) Plan view and cross-section SEM images of an MVO film 

made without the polymer. The film is nonporous and thin. The substrate is FTO -coated 

glass. (c-d) Corresponding SEM images of a standard β-MVO film. (e) XRD patterns of the 

two films. Reference patterns for β-MVO (grey bars) and α-MVO (orange bars) are also 

shown. 
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Figure A1.5 XPS analysis of a standard β-MVO film on an FTO-coated glass substrate.  (a) 

Indexed survey scan. The only elements detected were Mn, V, O, C, K (origin unknown), 

and Sn (from the substrate). (b) Mn 2p region. (c) Mn 3s region. (d) V 2p and O 1s region. 

(e) C 1s and K 2p region. Each high-resolution spectrum shows the raw data (solid lines),  

background (dashed black line), peaks (colored dashed lines), and sum (heavy dashed red 

line). A Mn:V atomic ratio of 1.09 was measured for this sample (see Table 2).  
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Table A1.1 Ink composition and fabrication conditions for the different MVO films. 

Film 

Thickness/ 

Grain Size 

(nm) 

Mn 

(mmol) 

V 

(mmol) 

HNO

3 (g) 

H2O/E

G (g) 

F-108 

(g) 

Annealing  

Spin Speed 

(sec) 
Temp 

(°C) 

Tim

e 

(min

) 

260/61 1 1 0.32 1.5/1.5 0.4 500 30 
5000 (20) 

6000 (40) 

575/64 1 1 0.32 1.5/1.5 0.4 500 30 
2000(20) 

3000(40) 

1000/61 1 1 0.32 1.0/1.0 0.4 500 30 
2000(20) 

3000(40) 

3200/66 1 1 0.32 0.5/0.5 0.4 500 30 
1500(20) 

2200(40) 

4650/66 1 1 0.32 0.5/0.5 0.4 500 30 
750(20) 

1200(40) 

557/39 1 1 0.32 1.5/1.5 0.4 500 15 
2000(20) 

3000(40) 

537/89 1 1 0.32 1.5/1.5 0.4 500 60 
2000(20) 

3000(40) 

570/110 1 1 0.32 1.5/1.5 0.4 500 120 
2000(20) 

3000(40) 
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Figure A1.6 β-MVO films of different thickness. (top) Plan view and cross -section SEM 

images of films with a thickness of 260, 575, 1000, 3200, and 4650 nm.  All films have an 

average crystallite diameter of 55-65 nm and were grown on FTO-coated glass substrates. 

(bottom) Grazing-incidence XRD patterns of the thinnest and thickest films (red and blue 

traces, respectively). Both films are phase-pure β-MVO. Asterisks denote substrate peaks. 

Reference patterns for β-MVO (grey bars) and α-MVO (orange bars) are also shown. The 

angle of incidence was 0.2° and 1.5° for the 260 and 4650 nm thick films, respectively. Film 

thickness was tuned by changing the solvent volume and spin coating parameters (Table S1)  
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Figure A1.7 β-MVO films with different crystallite size. (top) Plan view and cross -section 

SEM images of films calcined at 500 ºC for e ither 15, 60, or 120 minutes, resulting in an 

average crystallite diameter of ~39 nm, ~89 nm, and ~110 nm, respectively.  The films have 

a thickness of 520-580 nm and were made from a single sample deposited on an FTO -coated 

glass substrate and then diced into three pieces prior to calcination. (bottom) XRD patterns 

of the three films. All films are phase-pure β-MVO except for a small shoulder at ~28.2º in 

the 15-min calcined film that may be due to α-MVO (labelled in the figure). Asterisks denote 

substrate peaks. Reference patterns for β-MVO (grey bars) and α-MVO (orange bars) are 

also shown. 
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Figure A1.8 Optical properties of MVO films on FTO. (a-f) Absorptance, reflectance, and 

transmittance spectra of MVO films of various thickness grown on FTO-coated glass 

and quartz substrates. (g) Compiled absorptance spectra of these samples. The 

spectrum of a bare FTO-coated glass substrate is also shown for reference. Figure S9 

shows the full data for the bare substrate. (h) Absorptivity spectra of the samples and 

the bare FTO-coated glass substrate. The absorptivity of the MVO samples was 

calculated using only the MVO film thickness, without including the thickness of the 

FTO layer. The absorptivity of the bare FTO substrate w as calculated using the 

thickness of the FTO layer (~500 nm). (i -k) Fitted Tauc plots for the MVO films on 

FTO-coated glass substrates.  
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Figure A1.9 (a) Measured transmittance, reflectance, and absorptance spectra and (b) 

absorptivity spectrum of a clean FTO-coated glass substrate. 
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Figure A1.10 Photoelectrochemical J-E and J-t data for BiVO4 (BVO) films measured in 

0.1 M aqueous borate buffer (pH 9) with (a) 0.1 M potassium iodide and (b) 0.1 M sodium 

sulfite as a hole scavenger. The J-t data were acquired at 1.23 V vs. RHE using chopped 

illumination 
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Figure A1.11 Photoelectrochemical (PEC) data for MVO films in 0.1 M aqueous borate 

buffer at pH 9. Current-potential (J-E) and current-time (J-t) plots and optical extinction 

spectra immediately before and after PEC measurements for (a) iodide oxidation, (b) sulfite 

oxidation, (c) water oxidation, (d) iodate reduction, and (e) water reduction. J-E data were 

acquired at a potential sweep rate of 50  mV/s. J-t data were acquired at either 1.23 V vs. 

RHE (for oxidations) or -0.6 V vs. RHE (for reductions) using chopped illumination (1.25 

Hz) in the SE geometry. PEC data required ~20 minutes to collect per sample, so Δ t ~ 20 

minutes for each set of optical spectra. All of the MVO films were 580 ± 60 nm thick except 

for the film tested in iodate, which was ~450 nm thick.  See Methods for other details.  
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Figure A1.12 Photoelectrochemical (PEC) data for MVO films in 0.1 M aqueous phosphate buffer 

at pH 9. Current-potential (J-E) and current-time (J-t) plots and optical extinction spectra 

immediately before and after PEC measurements for (a) iodide oxidation, (b) sulfite oxidation, (c) 

water oxidation, (d) iodate reduction, and (e) water reduction. J-E data were acquired at a potential 

sweep rate of 50 mV/s. J-t data were acquired at either 1.23 V vs. RHE (for oxidations) or -0.6 V 

vs. RHE (for reductions) using chopped illumination (1.25 Hz) in the SE geometry. PEC data 

required ~20 minutes to collect per sample, so Δt ~ 20 minutes for each set of optical spectra. All 

of the MVO films were 400 ± 60 nm thick. See Methods for other details. 
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Figure A1.13 Photoelectrochemical data for MVO films in 0.1 M aqueous phosphate buffer at pH 

7. Current-potential (J-E) and current-time (J-t) plots and optical extinction spectra immediately 

before and after PEC measurements for (a) iodide oxidation, (b) sulfite oxidation, (c) water 

oxidation, (d) iodate reduction, and (e) water reduction. J-E data were acquired at a potential sweep 

rate of 50 mV/s. J-t data were acquired at either 1.23 V vs. RHE (for oxidations) or -0.6 V vs. RHE 

(for reductions) using chopped illumination (1.25 Hz) in the SE geometry. PEC data required ~20 

minutes to collect per sample, so Δt ~ 20 minutes for each set of optical spectra. All of the MVO 

films were 580 ± 60 nm thick. See Methods for other details. 
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Figure A1.14 Photoelectrochemical data for MVO films in 0.1 M aqueous NaOH solution 

(pH 13). Current-potential (J-E) and current-time (J-t) plots and optical extinction spectra 

immediately before and after PEC measurements for (a) iodide oxidation, (b) sulfite 

oxidation, and (c) water oxidation. J-E data were acquired at a potential sweep rate of 50 

mV/s. J-t data were acquired at 1.23 V vs. RHE using chopped illumination (1.25 Hz) in the 

SE geometry. PEC data required ~20 minutes to collect per sample, so Δ t ~ 20 minutes for 

each set of optical spectra. All of the MVO films were 580 ± 60 nm thick except for the film 

tested in iodate, which was ~480 nm thick.  See Methods for other details.  
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Figure A1.15 Photoelectrochemical data for a blank FTO-coated glass substrate (no MVO film) in 

0.1 M aqueous borate buffer containing 0.1 M iodide at pH 9. J-E data were acquired at a potential 

sweep rate of 50 mV/s. J-t data were acquired at 1.23 V vs. RHE using chopped illumination (1.25 

Hz) in the SE geometry. The photocurrent was only ~0.3 μA cm-2. See Methods for experimental 

details. 
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Figure A1.16 Photoelectrochemical (PEC) data for MVO films of different thickness.  

Current-potential (J-E) and current-time (J-t) data for iodide oxidation in pH 9 borate buffer 

for films with a thickness of (a) 150 nm and (b) 580 nm. J-E data were acquired at a potential 

sweep rate of 50 mV/s. J-t data were acquired at 1.23 V vs. RHE using chopped illumination 

(1.25 Hz) in the SE geometry. See Methods for other details.  
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Figure A1.17 Photoelectrochemical (PEC) data for MVO films as a function of MVO annealing 

time. Current-potential (J-E) and current-time (J-t) data for iodide oxidation in pH 9 borate buffer 

for films annealed at 500 ºC for (a) 15 minutes, (b) 30 minutes, and (c) 120 minutes. J-E data were 

acquired at a potential sweep rate of 50 mV/s. J-t data were acquired at 1.23 V vs. RHE using 

chopped illumination (1.25 Hz) in the SE geometry. All of the MVO films were 580 ± 60 nm thick. 

See Methods for other details. 
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Figure A1.18 Photoelectrochemical (PEC) data for MVO films as a function of MVO 

annealing temperature. Current-potential (J-E) and current-time (J-t) data for iodide 

oxidation in pH 9 borate buffer for films annealed at (a) 450 ºC, (b) 500 ºC, and (c) 550 ºC 

for 30 minutes. J-E data were acquired at a potential sweep rate of 50 mV/s. J-t data were 

acquired at 1.23 V vs. RHE using chopped illumination (1.25 Hz) in the SE geometry. All 

of the MVO films were 580 ± 60 nm thick.  See Methods for other details.  
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Figure A1.19 Non-aqueous photoelectrochemical data for an MVO film in 0.1 M 

tetrabutylammonium bromide (TBABr) in dry acetonitrile.  Current-potential (J-E), current-

time (J-t), and optical extinction spectra immediately before and after PEC measurements 

for bromide oxidation. J-E data were acquired at a potential sweep rate of 50 mV/s. J-t data 

were acquired at 1.23 V vs. NHE using chopped illumination (1.25 Hz) in the SE geometry. 

PEC data required ~20 minutes to collect per sample, so Δt ~ 20 minutes for the two optical 

spectra. The MVO film was 580 ± 60 nm thick.  See Methods for other details.  
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Figure A1.20 Photoelectrochemical J-E and J-t data for a BiVO4 (BVO) film measured in 0.1 M 

tetrabutylammonium bromide in acetonitrile. A photocurrent of ~0.75 mA cm-2 was measured at 

1.23 V vs. NHE (1 Sun AM1.5G illumination). The J-t data were acquired at 1.23 V vs. NHE using 

chopped illumination (1.25 Hz) in the SE geometry. 
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Figure A1.21 XPS data for standard β-MVO films immersed in various aqueous solutions for 20 

hours unbiased in the dark. The solutions did not contain added Mn or V species. (a) Indexed 

survey scans. The only elements detected were Mn, V, O, C, K (origin unknown), Sn (from the 

substrate), P in the two films immersed in phosphate buffer, and Na on the film aged in 0.1 M 

NaOH. (b) Mn 2p region. The films aged in pure water (pH 5.8) and 0.1 M borate solution at pH 

9 have nearly the same spectrum as the dry control film. The film aged in 0.1 M phosphate solution 
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at pH 9 shows the appearance of higher-energy 2p3/2 and 2p1/2 peaks consistent with partial 

conversion of Mn2+ to Mn3+, possibly in the form of amorphous Mn2O3, Mn3O4, and/or Mn(III)-

containing phosphates.155,100,99 The film aged in 0.1 M phosphate solution at pH 7 appears to 

contain mostly Mn3+, but broadening of the Mn 3s peaks (see below) suggests that substantial Mn2+ 

is still present. Finally, the spectrum of the film treated in 0.1 M NaOH (pH 13) is characteristic 

of Mn4+, which is mostly likely present in the form of amorphous MnO(OH)2 and MnO2. (c) Mn 

3s region. The energy separation between the two multiplet-split components decreases from 6.2 

eV (characteristic of Mn2+) for the control film to 4.8 eV (characteristic of Mn4+) for the film aged 

at pH 13.98 There is also substantial peak broadening in the film aged in pH 7 phosphate solution 

that is consistent with the presence of both Mn3+ and Mn2+. (d) V 2p and O 1s region. The O 1s 

spectrum of the control film features a strong, narrow peak originating from the lattice oxygen of 

MVO. There is also a very weak high-energy tail probably caused by surface hydroxides. This tail 

becomes a small shoulder at ~532 eV in the film aged in water. The shoulder is more prominent 

for the film treated in borate solution. Immersion in pH 9 phosphate solution results in the 

appearance of an O 1s peak at 531 eV due to PO3
4-.156 Both phosphate and metal oxide lattice 

oxygen are present in this sample, as is the high-energy shoulder. Meanwhile, the vanadium peaks 

are significantly reduced in intensity, consistent with partial loss of vanadium and formation of 

Mn phosphates. The film aged in pH 7 phosphate solution exhibits a single oxygen peak at 531.0 

eV due to phosphate. The metal oxide peak is largely gone. The high-energy shoulder is still 

present but weaker. Furthermore, the vanadium signal is almost gone (dashed oval). This is 

consistent with extensive conversion of the sample to Mn phosphates. Aging at pH 13 causes loss 

of all vanadium signal and a sharp oxygen peak at 529.9 eV with weak high-energy features that 

we assign to the bulk oxygen of MnO2 plus surface hydroxides. (e) C 1s and K 2p region. (f) P 2s 

region. The binding energy of 190.7 eV is consistent with phosphate (PO3
4-).157 See Table 2 in the 

text for the Mn:V atomic ratio of each sample. 
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Figure A1.22 (a) Current-potential (J-E) and (b) current-time (J-t) plots for iodide oxidation by β-

MVO films in Mn- and V-saturated electrolyte. The electrolyte composition was 0.149 ± 0.006 

mM Mn, 0.239 ± 0.008 mM V, 0.1 M NaCl, and 0.1 M KI at pH 9. J-E data were acquired at a 

sweep rate of 50 mV/s. J-t data were acquired at 1.23 V vs. RHE using chopped illumination (1.25 

Hz) in the SE geometry. (c) Representative spectral time series for films aged unbiased in the dark 

for 20 hours in 0.1 M NaCl containing 0.013 ± 0.001 mM Mn and 0.247 ± 0.009 mM V at pH 9 

and (d) 0.1 M NaCl containing 0.1 M KI, 0.149 ± 0.006 mM Mn and 0.239 ± 0.008 mM V at pH 

9 (the same electrolyte used in panels (a-b)). Scans were acquired every 15 minutes for 20 hours. 

The MVO films were 520 ± 60 nm thick. See Methods for other details. 

 

 

 

 

 



 

136 

 

 

Figure A1.23 MVO film stability in pH 9 borate buffer solution in the absence of light and applied 

bias. No Mn or V was added to the initial solution. (a) Photographic time series of a film from 0 

min to 20 hours of immersion in the solution. (b) Plan-view and cross-section SEM images of films 

aged in solution for 0 min, 2 hrs, 6 hrs, 15 hrs, and 20 hrs. Some minor surface roughening and 

etching of the crystallites occurs, but the gross film morphology is unchanged. (c) XRD patterns 

of an MVO film before immersion (red), an MVO film after 20 hrs of immersion (orange), and a 

clean FTO-coated glass substrate (black). The pattern of the aged film is nearly identical to that of 

the control film, with no new peaks. 
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Figure A1.24 MVO film stability in pH 9 phosphate buffer solution in the absence of light and 

applied bias. No Mn or V was added to the initial solution. (a) Photographic time series of a film 

from 0 min to 20 hours of immersion in the solution. The color of the immersed part of the film 

begins to fade within several hours and becomes significantly lighter after 20 hours, consistent 

with partial dissolution and/or phase transformation. (b) Plan-view and cross-section SEM images 

of films aged in solution for 0 min, 2 hrs, 6 hrs, 15 hrs, and 20 hrs. The nanostructured film is 

gradually etched and slowly collapses into a dense, thinner layer within 15-20 hours. (c) XRD 

patterns of an MVO film before immersion (red), an MVO film after 20 hrs of immersion (green), 

and a clean FTO-coated glass substrate (black). The pattern of the aged film shows much smaller 

MVO peaks and the appearance of a weak, very broad feature at ~33 degrees (labelled with an 

arrow), which we assign to the 222 reflexion of α-Mn2O3 (PDF # 00-041-1442). Overall, these 

changes are qualitatively the same as in pH 7 phosphate solution, only slower. 
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Figure A1.25 MVO film stability in pH 7 phosphate buffer solution in the absence of light 

and applied bias. No Mn or V was added to the initial solution.  MVO film stability in pH 7 

phosphate buffer solution in the absence of light and applied bias. No Mn or V was added 

to the initial solution. (a) Photographic time series of a film from 0 min to 20 hours of 

immersion in the solution. The color of the immersed part of the film be gins to fade within 

1-2 hours and becomes very faint after 20 hours, consistent with dissolution and/or phase 

transformation. (b) Plan-view and cross-section SEM images of films aged in solution for 0 

min, 5 min, 15 min, 4 hrs, and 20 hrs. The nanostructur ed film collapses into a dense, much 

thinner layer within a few hours. This layer continues to slowly thin out to at least 20 hours. 

(c) XRD patterns of an MVO film before immersion (red), an MVO film after 20 hrs of 

immersion (grey), and a clean FTO-coated glass substrate (black). The pattern of the aged 

film shows a complete loss of MVO peaks and the appearance of a weak shoulder at 33.0 

degrees (labelled with an arrow), which we assign to the 222 reflexion of α-Mn2O3 (PDF # 

00-041-1442). 
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Figure A1.26 . Effect of borate ion concentration on film stability.  S26Spectral time series 

for a standard MVO film immersed in (a) 0.1 M, (b) 0.5 M and (c) 1 M borate buffer at pH 

9 for 20 hours. [Mn] = [V] = 0.  
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Figure A1.27 Film stability in pure ethanol and acetonitrile. Spectral time series for a 

standard MVO film immersed in (a) neat ethanol and (b) neat acetonitrile for 20 hours. 

[Mn] = [V] = 0. 

 

 

Figure A1.28 GIXRD pattern of a β-MVO film aged in pH 13 electrolyte for 5 minutes. The 

MVO peaks disappear. The angle of incidence was 0.79° for the aged film and 0.85° for the 

control film. The β-MVO reference pattern (grey bars) is al so shown. 
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Figure A1.29 Representative photoelectrochemical data for MVO films in 0.1 M aqueous NaOH 

(pH 13) containing 50 mM [Fe(CN)6]3-/4- redox couple. Current-potential (J-E) and current-time 

(J-t) plots for (a-b) a fresh film and (c-d) a film after 20 hours of immersion in the electrolyte (dark 

and unbiased). J-E data were acquired at a potential sweep rate of 50 mV/s. J-t data were acquired 

at 1.23 V vs. RHE using chopped illumination (1.25 Hz) in the SE geometry. Data acquisition for 

the fresh film started within 3-4 minutes of immersion in the electrolyte and required ~15 minutes 

to complete, during which time the film degraded significantly (see Fig. 5). The MVO films were 

580 ± 60 nm thick. See Methods for other details. 
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Figure A1.30 . (a-b) Mid-IR transient absorption spectra and (c) kinetics for a dry MVO 

film pumped at 400 nm and probed at 4.2 μm. The spectral features are convoluted with the 

features of the mid-IR continuum probe. 

 

 

 

 

Table A1.2 Fit parameters for mid-IR PIA kinetics. 

 
 

A1 t1 (ps) A2 t2 (ps) 

4200 nm 

decay 
65% 197 (24) 35% 1389 (616) 
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Figure A1.31 Transient absorption spectra at selected delay times for an MVO film 

immersed in (a) 0.1 M KI in 0.1 M borate buffer at pH 9 and (b) 0.1 M NaIO3 in 0.1 M 

borate buffer at pH 9. 

 

Figure A1.32 (a) Steady-state variable-temperature optical extinction spectra of a β -MVO 

film on a sapphire substrate from 293-380 K. (b) Corresponding difference spectra. 

Fringes in the spectra are due to Fabry-Perot interference. 
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Figure A1.33 Comparison of the long-lived transient absorption (TA) spectrum (black), 

transient reflectivity (TR) spectrum (blue), and steady-steady extinction difference 

spectrum at 320 K (red) for a dry MVO film.  
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Figure A1.34 Kinetics of (a) the PIA at a 715 nm probe wavelength and (b) the GSB at 520 

nm under various sample conditions.  

 

 

 

 

Table A1.3 Fit parameters for PIA decay at 1100 nm.  

 
dry 0.1 M borate (pH 9) buffer + 0.1 M KI 

A1 93% 87% 100% 

t1 (ps) 0.43 (0.03) 0.43 (0.03) 0.101 (0.02) 

A2 7% 13% - 

t2 (ps) 176 (40) 377 (66) - 
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Appendix 2 (A2) 
 

Table 3.1 Film thickness as a function of growth current  

S no Growth time (min) Film thickness (nm) 

   

1 3 250 

2 6 600 

3 9 900 

4 12 1200 

5 15 1500 
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Appendix 3 (A3) 
 

 

Figure A3.1 Acid effect on citrate capped gold nanoparticles.  
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Figure A3.2 Acid effect on MPA capped gold nanocrystals  
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Figure A3.3 UV-vis extinction spectra of the different fractions obtained during seeded 

growth of citrate-capped AuNPs. The fraction G3 was used for the study of SiO2 growth 

on AuNPs. 

 

 

 

Figure A3.4 Photograph of the temperature-controlled sample compartment in the UV-vis 

spectrometer. 

  



 

150 

 

The in situ spectra of silica NP formation are fitted with the following expression: 

   

The spectral shape (determined by bs and ys) is independent of time and initial TEOS concentration.  

 

 

Figure A3.5 In situ UV-vis spectroscopy of SiO2 NP formation in the absence of AuNPs. 

(A) Experimental and (B) fitted spectra during SiO2 NP formation with 5 mM TEOS. (C) 

Time-dependence of cs with 5 mM (black) and 2 mM (red) TEOS, along with the fitted 

values of t 
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Figure A3.6 Raw In situ UV-vis data for Au@SiO2 NP formation with initial TEOS 

concentrations of (A) 2 mM, (B) 5 mM, (C) 10 mM, and (D) 15 mM. Insets show photographs 

of the final product dispersions.  
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Figure A3.7 Time-dependence of the fitting parameters for Au@SiO2 NP formation at various TEOS 

concentrations. (A-F) Overlays of normalized curves for individual experiments. (G-J) Overlays of curves 

for individual fitting parameters from different experiments. Rate vs. TEOS concentration of apparent rates 

extracted from the (K-M) Ep and (N) cs time dependence. Dashed lines represent linear fits corresponding 

to first-order kinetics. 
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Figure A3.8 (A) Initial UV-vis extinction spectra at different [TEOS] (in mM). Slight aggregation gives 

rise to small deviations in initial fitting parameters, especially γp. (B-H) Correlations between fitting 

parameters. Stages of Au@SiO2 NP formation appear as domains with coupled parameter behavior. 

 



 

154 

 

 

Figure A3.9 Time-dependence of fitting parameters for Au@SiO2 NP formation at various temperatures. (A-F) 

Overlays of normalized curves for individual experiments. (G-J) Overlays of curves for individual 

fitting parameters from different experiments. Arrhenius plots of apparent rates extracted from the 

(K-M) Ep and (N) cs time dependence. Dashed lines represent Arrhenius fits and the apparent 

activation energies, Ea,app, in arbitrary units are given in the panels. 
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Figure A3.10 . (A) Initial UV-vis extinction spectra at various temperatures (in °C). Slight aggregation 

gives rise to small deviations in the initial fitting parameters, especially γp. (B-H) Correlations between 

fitting parameters. The stages of Au@SiO2 NP formation appear as domains with coupled parameter 

behavior. 

 

 

Figure A3.11 Extraction of rate information from the Ep time curves. (A) Ep vs time for different TEOS 

concentrations (same as Figure S5E). (B) First derivative of the curves in (A) with Gaussian peak 

fits (dashed lines). The transitions between stages are identified as the left and right sides of the 

full-width at half maximum, w, as indicated for the 2 mM TEOS case (red). The duration of S1 is 

from 0 to t1, and the duration of S2 is w. The maximum rate of change during S2 is defined as the 

peak maximum as indicated for the 2 mM TEOS case. 
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Figure A3.12 TEM micrographs of quenched reaction products after 30 mi n with 10 mM 

TEOS and (A-B) 20 °C or (C) 40 °C. Panel B shows small SiO2 deposits on the AuNPs, 

indicated by red arrows. 

 

 

Figure A3.13 (A) SiO2 thickness vs. reaction time as measured from TEM images. 

Semitransparent green circles represent individual data points.  Red squares are averages 

with error bars indicating one standard deviation. The dashed line represents a fit 

with a logistic function where initial and final SiO 2 thicknesses are fixed at 0 and 45 

nm, respectively. (B) Time-dependent hydrodynamic diameter (black) and 

polydispersity index (red) from in situ Zetasizer measurements. [TEOS] = 2 mM.  
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Figure A3.14 TEM micrographs of quenched reaction products from a reaction in complete 

darkness with 2 mM TEOS. The reaction was quenched after (A) 42 min, (B) 52 min, and 

(C) 57 min. 
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