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Abstract

Investigations into and modification of electrochemical, photoelectrochemical, and

photovoltaic systems using surface plasmons

by

William Scott Elliott

A great deal of scientific research in recent decades has been focused on bringing new

and more efficient forms of solar energy to market, as well as making existing solar energy

technology more viable. Two of the central issues in this research have been energy stor-

age, to account for the discrepancy between hours peak production and hours of usage,

and the efficiency of photovoltaic devices. Coming from an infrastructure built off of

burning chemical fuels, storing solar energy in chemical bonds to make so-called ’solar

fuels’ has been one of the major area of research. This involves both photovoltaic and

electrocatalytic aspects, which can be incorporated into single devices or implemented

separately with a discrete photovoltaic driving an electrochemical reaction. We have

used in-operando Raman spectroscopy to to improve understanding of a popular anode

material for the splitting of water, Manganese Oxide, as it undergoes structural changes

during operation; with implications for the production of more efficient anodes.

Further, we have the sought to improve the functionality of existing materials by

the use of oscillations of electrons in metal nanostructures. The collective oscillations of

conduction electrons at the surface of metals, called surface plasmons, induce an electric

field in surrounding dielectric materials called the surface plasmon polariton. This can be

tuned by manipulation of the structure of the metal on the length scale of the mean free

path of electrons in the metal. By careful manipulation of noble metal nanostructures,
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we have been able to manipulate the properties of semiconductor electrodes - shifting

the product distribution of CO2 reduction on Cu2O. Additionally, we have been able

to use plasmonic nanoparticles to make pan-chromatic light aborbers for photovoltaic

applications.
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Chapter 1

Introduction

1.1 Electrocatalysis for Renewable Energy

1.1.1 Renewable energy sources

To address the growing concerns about the ecological repercussions of the techno-

logical age, there has been great interest and investment in renewable energy sources.

Possibly the highest-profile renewable energy technology is “Solar Energy”, usually re-

ferring to photovolataics, though there has been significant research done in alternative

means of solar energy conversion, such as using heat from solar radiation to generate

so-called ”Solar-Thermal” power [1].

The subject matter of this thesis is greatly concerned with solar energy conversion

by means of the photovoltaic effect as well as its fundamental limitations, and as such it

is necessary to have a working knowledge of how these devices operate.
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Introduction Chapter 1

Operating principles of photovoltaics

All bulk solids are made up of individual atoms or molecules, with their own indi-

vidual electronic stucture. As the structure becomes larger and larger, the individual

contributions of each atom become less dominant and it begins to make more sense to

consider the electronic states available in the entire solid. While electronic states are

quantized, the large number contributed to any bulk solid leads to groupings of allowed

states near one another in energy that broadly fall into two categories: lower-energy, less

mobile states, and higher energy, mobile states (Figure 1.1). These groupings are collec-

tively referred to as the valence band and conduction band, respectively and within them

there is essentially a continuum of available states. In semiconductors, the conduction

band is not populated under ambient conditions, and is separated from the filled valence

band by a large energy gap, called the band gap, Eg [2].

When a semiconductor absorbs a photon with energy equal to or in excess of Eg, an

electron is excited across the band gap into the conduction band and leaves behind a hole

in the valence band. Because of the continuum of states available within the conduction

band, any additional energy above the lowest available conduction band state can be

easily shed in small amounts as heat by collisions with the lattice. As a result, all

energy that light has in excess of Eg is lost almost immediately and cannot be effectively

harvested. Because relaxation of the excited electron back into the valence band requires

losing Eg, these states are longer-lived and can be harvested.[3]

2



Introduction Chapter 1

Figure 1.1: Schematic representation of a junction between p-type and n-type materials.

To accomplish charge separation, junctions between materials with different Fermi

levels are made, requiring them to equalize the chemical potential of electrons at their

interface. The resulting buildup of charge carriers in the materials near the interface

generates an electric field which ”bends” the bands near the interface, inducing motion

in charge carriers to prevent recombination. Such junctions are typically made between

electron-rich (n-type) and hole-rich (p-type) materials, called PN-Junctions[4] (Figure

1.1).

3
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1.1.2 Limitations on efficiency of photovoltaics

Because Eg sets a minimum threshold of energy for the light that a solar cell can

absorb, and all energy in excess of Eg is lost, there is a fundamental tension in selecting

materials between absorbing the most light and absorbing the highest energy light. These

directly correspond the number of carriers produced per unit area (current density, j) and

the potential of those carriers (voltage, V), and have a direct impact on the power output:

P = Re(j × V )

This fact has enormous impact on the ultimate efficiency of photovoltaic devices,

which is calculated by considering the current and voltage at maximum power output

from a photovoltaic as fraction of the power incident on the device from the sun [3] :

η =
jmpVmp∫∞

0
~ωdjγ,Sun (~, ω)

Where jmp and Vmp are the current density and voltage of a solar cell at maximum

power, and
∫∞
0

~ωdjγ,Sun is the solar power incident on the device.

A model system for PN junction photovoltaics of a 300K black body absorber with

infinite carrier mobility and perfect absorption of all photons with E > Eg under diffuse

illumination of a 6000K black body sun was proposed in 1961 by Shockley and Queisser

[5] (Figure 1.6). In the intervening years the field has come to more carefully consider

the effects of the atmosphere on scattering light coming from the sun. Different spectra

for light incident on Earth are referred by by their ”Air Mass Coefficient” which reflects

the direct path taken by light in the spectrum through Earth’s atmosphere to account

for its effect. This length can be is defined as:

4
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Figure 1.2: Original result of detailed balance limit calculations for ultimate efficiency
u of a single pn-junction photovoltaic as a function of band gap Vg, and Xg, the ratio
of band gap energy to thermal energy of the sun by Shockley and Queisser. Reprinted
from [5] with permission from the Journal of Applied Physics.

l =
l0

cos θ

Where l is the path length through the atmosphere,l0 is the thickness of the atmo-

sphere, and θ is the angle of the of incident light from normality with the absorber. From

this we get the air mass coefficient:

AM =
l

l0
(1.1)

Air Mass 0 (AM0), then, would refer to the solar spectrum outside the atmosphere,

which was well represented in Schockley and Queisser’s original work and AM1 referring

to the path taken by light though the atmosphere from a source directly overhead, which

is useful for modelling photovoltaic performance in equatorial regions. However, for the

majority of the Earth at most times, light is not directly incident on the Earth’s surface.

The standard for testing is therefore the AM1.5 spectrum, defined for an angle of which

5



Introduction Chapter 1

is for an angle of irradation (zenith angle) of 48.2◦.

Figure 1.3: Plots of spectral irradiance as a function of wavelength for a 6000K black-
body, the AM0 spectrum, the AM1.5G spectrum, and the AM1.5D spectrum. The
AM1.5G spectrum is the one of interest to the material in this thesis. The AM1.5D or
”Direct” spectrum is modified for absorbers that can only make use of light only from
the sun and a small area around it in the sky, primarily systems which concentrate
light rather than using diffuse light. Image reproduced from [6] with permission from
Solar Energy.

The AM1.5 spectrum differs significantly from the 6000K blackbody spectrum origi-

nally used by Shockly and Queisser,so the detailed balance limit calculation has redone in

subsequent years for the AM 1.5 spectrum, and recently to include greater consideration

for non-radiative pathways for electron-hole recombination [6] (Figure 1.4). There has

been a great deal in trying to optimize materials with near-optimal band gaps, concen-

trating light, and stacking multiple junctions in so-called ”tandem” cells.

1.1.3 Storage of renewable energy using solar fuels

While work has been ongoing to produce ever more efficient photovoltaics, and though

solar power has seen significant adoption in certain markets, even relatively mature tech-

6
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Figure 1.4: Plot of modified Shockley-Queisser limit for AM 1.5 spectrum with con-
sideration for non-radiative exiton recombination. Image reproduced from [6] and
reproduced with permission from Solar Energy.

nologies suffer from a major problem: their intermittent nature. Renewable energy tech-

nologies generally, and solar power in particular, have peak production hours that vary

and rarely coincide with peak use, and their output cannot be scaled on demand to meet

the requirements of the grid.Storage of power for the grid is a persistent and difficult

problem to address, requiring rapid delivery of large amounts of power, storage times

on the order of hours or days, and the ability to withstand many charge and discharge

cycles of low depth many times each day [7].

One method of achieving this goal is to store energy in chemical bonds for later use

by the creation of so-called ”Solar Fuels”. The use of solar energy for the production of

chemical fuels not only allows an efficient method of storage, but it provides one that

compatible with our current infrastructure, making this an extremely attractive option.

With the ability to choose what the fuel made will be, we also have the opportunity to

create clean fuels with non-polluting combustion products. Of primary interest as a solar

fuel is the production of hydrogen from water. The supply of feedstock is essentially

7
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unlimited and widely distributed, unlike coal or oil, which both consume a great deal

of energy just to be transferred to where they will ultimately be consumed. Further,

hydrogen fuel is truly renewable, as its combustion product is simply water:

2 H2 + O2 −−→ 2 H2O

This has then naturally been a topic of intense research interest for decades [7], and

will likely continue to be such for reasons which will be further discussed in chapter 2.

Also popular as candidate solar fuels are small molecule organics, produced from the

reduction of CO2. However, this faces significant technical challenges surpassing those of

water reduction that will be addressed further in chapter 4.

There is a significant drawback to the storage of solar energy in chemical fuels, how-

ever. By adding a chemical reaction step to the conversion of solar energy we also lower

the efficiency of the overall system. This hits when a photovoltaic is used to power an

electrochemical device in transmission, the faradaic efficiency of the electrochemical pro-

cess, and again when the fuel is consumed. Depending on the efficiency of these process,

this can be crippling to the overall system, as efficiencies are multiplicative:

ηoverall = η1η2η3...

A number of technologies seek to ameliorate factors limiting specific efficiencies in spe-

cific, such as the use of proton-exchange membrane fuel cells to circumvent carnot limits

on the efficiencies in utilizing hydrogen fuel, but the issue of transmission losses when

connecting photovoltaics and electrochemical cells has created a fork in the technologies

between coupled photovoltaic/electrochemical cell systems or photoelectrochemical cells.

The former offe4w the ability to tune both photovoltaic and electrocatalyst indepen-

dently, but the latter removes a term from the overall efficiency calculation and fewer

possible failure points in application.

8
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1.1.4 Photoelectrochemistry

Since Fujishima and Honda first demonstrated autonomous water electrolysis with

TiO2 [8], photoelectrochemistry has seen a great deal of interest as a possible avenue

for the production of solar fuels. These devices take the same physical principles of

photovoltaics and directly apply it to driving chemical reactions.

As in the case of a separate photovoltaic device, an exiton is generated by the ab-

sorption of the light in a semiconductor. As in a photovoltaic, the electron and hole need

to be separated as quickly as possible to prevent recombination. A standard solar cell

would achieve this by creating a junction, as shown previously with a pn junction (Figure

1.1), or similarly with a metal to create a Schottky junction[4]. A photoelectrochemical

cell has a junction between an electrode and an electrolyte solution. In an electrolyte

solution, the equilibrium between the reduced and oxidized species defines a chemical

potential for electrons, called the redox level, which is analogous to the fermi level in a

solid.

A+ + e– −−⇀↽−− A

The redox level and the fermi level of the semiconductor will reach equilibrium at

the surface, but due to the ability of the electrolyte solution to move charge carriers

in solution, there can be no accumulation of charge in the electolyte. However, the

semiconductor will accumulate electrons or holes, depending on its majority character

and the relative energies of the semiconductor fermi level and redox level, creating band

bending to facilitate charge separation [9][10](Figure 1.5).

9
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Figure 1.5: Schematic energy diagram of an n-type semiconductor placed into an
electrolyte solution, after equilibration of electron chemical potential with solution.

Meeting all the requirements for the photovoltaic effect, it would then seem that

photoelectrochemical devices could be used to directly convert solar eenrgy into fuels,

or even to drive other difficult but useful chemical processes. However, the drawback to

such devices is that in combining the functions of multiple devices into one, the tunability

of each device specifically is limited wihtout compromizing the entire device. The ur-

example of a photoelectrocatalytic that a split water when exposed to UV illumination

[8]. Though these devics are remarkably active and have even begun to see commercial

applications. Still the polymorph found to be most active for water splitting, has been

identified as anatase. While this information is generally useful, it has serious negative

consequences for the application of such devices, as anatase has a band gap of 3.2eV[11]

- over twice what the Shockley-Queisser limit suggests[6] for a pn junction cell. Indeed,

this is necessary for running such a high-energy process, as thermodynamically water

electrolysis requires 1.27V [10], it necessarily requires charge carriers with high potential

energy. While the Shockley-Queisser limit is calculated for pn-junctions and is not di-

rectly applicable to this system, the balance between Vmax and jmax discussed in 1.1.2.

If a photon must excite an electron across the band gap Eg, then it must have energy

eEg, where e is the fundamental charge. Therefore, the minimum wavelength of light

10
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that can be absorbed is:

λ =
hc

eEg
≈ 390nm

Which limits this only to using ultraviolet light and misses the vast majority of

spectral irradiance from the sun as shown in Figure 1.3.

1.2 Plasmons

While there has been a great deal of interest in manipulating the design of photo-

electrochemical devices and systems to increase efficiency, the bulk of the work presented

in this thesis concerns the manipulation of the electrical and optical properties of semi-

conductor properties by creation of metal/semiconductor nanostructures. To discuss

the design, construction, and operation of such systems, it’s first necessary to discuss

plasmons: the fundamental physical phenomenon which makes it all possible.

1.2.1 Degenerate Fermi Gasses and Bulk Plasmons

Metals are distinguished from other materials by their electronic structure, having

electrons populating conduction states even in their electronic ground state. Electrons,

having spin s = 1
2
, electrons obey Fermi-Dirac statistics with their occupation of states

based on thermal energy being described the function:[12]

f (ε) =
1

e
(ε−εF )
kT + 1

at the ground state, all single-particle electronic states with energy below the Fermi

energy, εF , are occupied by one and only one electron, and all states above are unoc-

cupied. Systems in which this is approximately the case are said to be degenerate[13],

11
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and under ambient conditions this is the dominant regime (Figure 1.6).Such systems can

be modeled as ideal gases of electrons, with non-interaction of particles enforced by the

Pauli Exclusion Principle. This is the so-called ”Free-Electron Model”[12] proposed by

Sommerfeld in 1928 [14].

Figure 1.6: Fermi-Dirac distribution for Au at various temperatures. ε are in units of eV.

As the free electron gas moves in the solid, energy is exchanged between electrostatic

potential and kinetic energy of the electrons in the gas. This can be modeled as a complex

potential wave of the form[15]:

Φ (r, t) = Φ0 exp i(k · r − ωt) (1.2)

Where k is the propogation vector and ω is the frequency. Given the dielectric

function, εr, of a material, the potential distribution will be given by the Laplacian:

∇ · [εr (k, ω)∇Φ] = 0 (1.3)

12
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for which when combined with 1.2, we find that solutions can only occur when

εr (k, ω) = 0, and so the dispersion relation for the plasmon will then be defined by

its roots.

1.2.2 Surface Plasmons

Plasmons propogating near the surface of a material are called ”surface plasmons”

and induce electromagnetic waves above the surface of the material, propogating into any

surrounding dielectric, called a Surface Plasmon Polariton. It is through these waves that

plasmons polaritons that plasmons may interact with incident light.

The absorption of light by noble metal nanoparticles this causes has been known for

centuries, used by the Romans and observed by Michael Faraday in colloidal suspensions

of Gold nanoparticles [16]. The wavelength of light absorbed by such nanoparticles is

heavily dependent upon the aspect ratio of that nanoparticle. Leveraging this fact for

the enhancement of photovoltaics and photoelectrochemical devices has become an active

area of study in recent years[17][18] due to the ability of surface plasmons, when stimu-

lated to excite charge carriers. These ”hot” electrons and holes may then be extracted

across a junction and used to do work as from a photovoltaic[19] or to perform a chemical

reaction as in a traditional photoelectrochemical system[20].

In this work we expand upon these applications of surface plasmons to function, first

by the creation of plasmonically-sensitized absorber layers for photovoltaic devices in

chapter 3, and then by the reduction of CO2 on metal and hybrid metal/metal oxide

nanorods, showing a modulation in reduction products in chapter 4.

13
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1.3 Permissions and Attributions

1. The content of chapter 4 is the result of a collaboration with Professor Syed Mubeen

of the University of Iowa and figures concerning electrocatalytic experiments were

prepared by him.

2. Various figures have been reproduced from journal articles with the permission of

the copyright holder and are attributed as such in their captions.

3. The python library MatPlotLib[21] has been used to prepare the majority of data

figures in this thesis.

4. The program Imagej[22] was used to perform size analysis of items in electron

micrographs in this thesis.

5. Thank you to the development team behind Inkscape, which is the program used

to prepare schematic SVG images.
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Chapter 2

In-Operando characterization of

Manganese Oxide water oxidation

electrocatalysts.

2.1 Background and introduction

2.1.1 Water oxidation catalysis and Photosystem II

One of the most popular and persistent items for study in the production of solar fuels

has been the production of hydrogen from water[23]. The great abundance of hydrogen

on the Earth in the form of water, combined with its benign combustion product, high

energy density by mass, and the robust preparations made for the coming of the hydrogen

economy, hydrogen shows great promise as the successor for the replacememnt our current

energy economy[7].

With current technology, it is possible to electrolyze water on a large scale, but it is

held back by from adoption not primarily by the efficiency of the reduction process, but

15
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the oxidation. Unfortunately, though there are a number of highly-active water reduction

catalysts available that operate at low overpotential (the additional potential that must

be supplied to the system to drive the reaction above and beyond the thermodynamic

potential). The oxidation product of water being oxygen, which is already highly abun-

dant in the atmosphere and with low resale value to help recoup operating costs has

made been one of the largest factors in preventing widespread use.

To this end, the production of catalysts for the oxidation of water has been an

extremely active area of research. Despite their high activity, the high cost of no-

ble metal oxides has driven research in finding less expensive transition metal oxide

catalysts[24][25].

This is not without precedent, as in nature, water splitting occurs in photosynthesis

and in handled in plants by Photosystem II. Photosystem II (PSII) is a protein complex

utilized by many plants and cyanobacteria in oxygenic photosynthesis. Within PSII the

oxygen evolving complex (OEC) is a manganese oxide structure containing Ca and likely

Cl as well[26]. As a result, manganese oxide has long been a popular target of study for

water oxidation catalysis. [25][27][28][29]

2.1.2 Manganese Oxide as a bifunctional catalyst for water ox-

idation and oxygen reduction

Despite its use in nature, Manganese Oxide is not the most efficient known oxide

for the alkaline oxidation of water[30]. It does have a unique advantage, however: like

nobel metal oxide catalysts, it is bifunctional for the oxidation of water and reduction

of oxygen[25]. The Oxygen Reduction Reaction (ORR) is a critical component of the

operation of proton exchange membrane (PEM) fuel cells, which likely factor into any

future hydrogen economy. Most fuel cells are reliant on a previous metal However, these
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devices typically employ Pt catalysts for both anode and cathode [31][32]. In addition

to presenting a non-noble metal alternative to platinum, as Manganese Oxide can be

bifunctional it is a presents an opportunity for the creation of regenerative fuel cells

capable of both combining oxygen and hydrogen, but also of electrolyzing water[25][33].

2.1.3 Characterization of materials without long-range order

by Raman spectroscopy

Though it is a promising material, manganese oxide can be found in at least 30

different structures[34]. The high degree of polymorphism has significant implications for

catalytic activity, and there has consequently been a great deal of interest in determining

the active phases of manganese oxide as an OER catalyst[34][35], and it has even been

shown that the way in which the reaction is carried out affects which polymorph will be

the most active[36]. However, it has also been found that ”amorphous” manganese oxide

can be highly effective as a catalyst as well [37]. In these cases ”amorphous” is determined

by x-ray diffraction (XRD). XRD modelling using the Bragg law depends on the presence

of a large number of repeating unit cells of a crystal structure such that crystallographic

planes may exist on length scales such that incident x-rays have a high probability of

interacting with them[2]. Such structures are said to have long-range order. Conversely, a

structure with few repeating unit cells in any given direction would be said to have short

range order, which while not easily detectable by XRD, do still have structure that could

impact their catalytic activity and differentiate different ”amorphous” phases. While a

great deal of good work has been done to identify active crystalline phases for water

oxidation, it has been reported that not only are certain types of amorphous MnOx good

catalysts, but that they actually seem to improve slightly when used [36][37].

Raman spectroscopy, a form of vibrational spectroscopy, can be used to interrogate
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structures with short-range order[38][39]. Though they are dependent on a large number

of structures to give signal, and thusly would be inappropriate for truly amorphous

structures, the lack of a need for long-range continuity of structure allows for structures

enables short range order to still appear.

In this chapter, I will discuss the work we did in helping to clarify the active species of

MnOx for electrochemical water oxidation under basic conditions by using In-Operando

Raman spectroscopy to monitor small structural changes in ”amorphous” MnOx films.

2.2 Sample preparation

Substrates were prepared by evaporating 20nm Ti followed by 200nm Au onto 〈100〉

silicon wafers by electron beam evaporation. These were later cleaned by successive

sonication in Acetone, Isopropanol, and water, for 5 minutes each. for electrodeposi-

tion attaching a piece of copper tape to act as a lead, and by masking with 3M 470

electropalting to control surface area (Figure 2.1 ).

All electrodepositions were carried out in a standard 3 electrode cell configuration

with a Au working electrode using a saturated calomel reference electrode and Pt-wire

counter electrode using a Biologic VSP-300 potentiostat.

Figure 2.1: Left: Diced or scribed Si/Ti/Au electrode with Cu tape lead attached.
Right same, masked with electroplating tape.
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Two different deposition techniques were employed in the preparation of MnOx elec-

trodes. First, samples were prepared by galvanostatic deposition was performed from an

aqueous 0.9mM KMnO4 solution prepared in distilled water (18.2MΩ.cm) at a constant

current density of 1.3mA/cm2. Though the remainder of the chapter these will be re-

ferred to as samples of 1. Additionally, samples were deposited potentiostatically from

a solution prepred by dissolving 3.75g Manganous Acetate and 2.15g sodium sulfate in

150mL distilled water, adapted from literature techniques [25]. Electrodeposition was

completed by holding the working electrode to -0.45V vs SCE until a total charge of

20.85 mC
cm2 had been past. These films will be referred to as 2 for the remainder of the

chapter. Samples of both were analyzed by XRD and showed no peaks not associated

with substrate (Figure A.1).

Reference samples of α-MnO2 and amorphous MnOx were also prepared. α-MnO2

(also known as cryptomelane) was prepared using a literature procedure[40], by solid state

reaction between 6mmol KMnO4 and 9 mmol Mn(CH3COO)2, ground in a mortar and

pestle for 20 minutes, placed in a scintillation vial, and heated in an oven at 120◦C for four

hours, washed several times with millipore water, and dried in an oven at 80◦ C overnight.

The amorphous MnOx sample was prepared by adaptation of literature procedure[41].

Potassium Hydroxide was dissolved in an ethanol/water mixture by adding 33.6g KOH

to 92mL Ethanol and adding Millipore water until the solution had a reached a volume

of 200mL. After the KOH had dissolved, the ethanol/water solution was then added

to a 150mL solution of 9.48g Potassium Permanganate and stirred vigorously for an

hour, after which the material was placed in an 80◦ oven for 48 hours. After drying had

completed, both samples were examined by XRD to confirm their identities (Figure A.2).

Finally, prior to use, electrodes were also examined by scanning electron microscopy

(SEM). Films both appeared polycrystalline with very small crystallites, roughly spher-

ical in 1 and needle-like in 2 (Figure A.3).
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2.3 Experimental methods

Prior to collection of structural data in-operando, a test of the quality of both 1

and 2 as water oxidation catalysts as prepared. Measurements were carried out with a

saturated calomel electrode (SCE) a Biologic VSP-300 potentiostat and pt wire counter

electrode without stirring. Current densities (J) were calculated using the geometric

surface area of what was exposed by the mask, and measurements were carried out in a

Nalgene beaker to avoid contamination by silicon dioxide slowly dissolving from exposure

to strong base.

Figure 2.2: Activity for KMnO4-derived (1) and Mn(CH3COO)2-derived (2) films for
OER in 0.1M KOH
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Figure 2.3: Schematic diagram showing overhead and cross-sectional side view of
teflon cell aparatus. Screws are made from PTFE, but are shown as grey here for
visual clarity.

To take in-operando measurements in a Raman spectrometer, a test cell was con-

structed from PTFE blocks with an aperature on top and a recess for setting in an

electrode and a recess for a viton o-ring to hold solution over the electrode (Figure 2.3).

The counterelectrode, a platinum wire, was run across the masked face of the electrode

on over the opposide side o the o-ring from the working electrode’s face to secure the

counter electrode in place and prevent shorting.

In-operando Raman measurements were carried out with 1M KOH electrolyte and a

2 electrode setup, with Pt wire acting as both counter and reference electrode. Potentials

were stepped up from 0V vs Pt to 1.8V vs. Pt in increments of 200mV, each held for 5

minutes. The measurements were repeated at three locations on the film for each value
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and Raman measurements were taken only three minutes after the each potential had

been established to allow the the system to equilibrate.

Raman spectra were colleced with a HORIBA Jobin Yvon Raman Microscope using

a 633nm laser with an incident power of 8.08mW on the surface of the sample and a

Biologic VSP-300 potentiostat was used for these measurements as well.

Chemometric analysis was performed on the Raman spectra by my collaborator, Reza

Salemmilani by constructing a classical least squares (CLS) model of the spectra as a

linear combination of the Raman spectra of the reference samples prepared, using only

the 465-830 cm−1 region of the spectrum, where the main feaures of manganese oxide

phases are present. Each spectrum was smoothed with a 5-point Savistky-Golay filter

followed by normalization to area under the spectrum.

Additionally, OER data was collected samples of 1 and 2 when held at 0.8V vs Pt

wire for 2 hours in 0.1M KOH to attempt to replicate the claims of increased activity

over use time.

Figure 2.4: Current density of OER on 1 and 2 over 2 hours in 0.1M KOH electrolyte.
Collected using a PARSTAT 273A potentiostat controlled with the Corrware software
suite. Experiment was performed in a nalgene beaker to avoid contamination from
glass etching.
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2.4 Results and discussion

We see immediately from 2.2 that 1 is significantly more active as a water oxidation

catalyst than 2, and reaches a current density of 1mA/cm2 at at a full 311 mV lower

applied overpotential. This fairly dramatic difference is most likely attributable to dif-

ferent short-range structure. SEM data shows nothing that clearly indicates a significant

difference in effective surface area. Instead, it seems most likely that this has to do with

the inherent differences in properties of the manganese oxide phases that ended up being

deposited. This can first be reasoned simply from the conditions of the two deposition.

Deposition 1 uses a MnVII source and reduces it, whereas 2 oxidizes MnII or otherwise

incorporates lower-oxidation-state Manganese atoms. The current consensus of the liter-

ature [36][37] is that the most active phases for water electrochemical water oxidation are

MnO2 and in particular the cryptomelane structure. It seems likely that this is due to

a simple difference in the proportion that makes it to the MnIV oxidation state affecting

the proportion of favored sites depending on starting material. Using the reference data

from [10], we can investigate this idea thermodynamically:

Mn3+ + e– −−⇀↽−− Mn2+ ∆E = −1.18V

MnO2 + 4 H+ + 2 e– −−⇀↽−− Mn2+ + 2 H2O ∆E = 1.23V

MnO4
– + 8 H+ + 5 e– −−⇀↽−− Mn2+ + 4 H2O ∆E = 1.5V

We can immediately see that the deposition used for 2 should, thermodynamically,

result in Mn3+ species. Indeed, that’s what it’s meant to do. The literature source from

which the deposition was adapted is producing Mn2O3[25].

For MnO4
– thermodynamics would favor reduction down to MnIII or MnII, however,

unless the current literature is wrong and a MnIIO species is a fantastic water oxidation

catalyst, that doesn’t seem a good fit to the results. In reality, we should expect an

outer sphere electron transfer such as electrochemical reduciton of KMnO4 should have
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a strongly favor the converstion of KMnO4 to MnO2 over the conversion to Mn2+ due

to the Franck-Condon princple[10][42][43]. The large change in valence combined with

the large change in solvation sphere would make such a transformation very difficult. As

such, going from a peroxide to an oxide with a smaller change in valence should be the

expected outcome.

We see experimental evidence of this in Figure 2.4. When the freshly deposited sam-

ples of both 1 and 2 are run in oxidizing conditions, samples of 2 give an extremely short

lived burst of current that quickly levels off in a few seconds. This would be consistent

with an oxidation of Mn3+ to Mn4+. A number of studies employing x-ray spectroscopy

to to identify the oxidation state of manganese at the active sites in Manganese oxide

electrocatalysts beginning in the MnIII have found it remains after reaction, but also

that it appears to begin to oxidize towards MnIV[44][45][35]. Though it is worth noting

that these techniques have been used to attempt to tie electrochemical oxygen evolution

activity to the presence of MnIII, which is somewhat in dispute [36].

Though the sample of 1 does have current die off on the scale of hours, this is due

to simple delamination of the film. The agitation from producing oxygen bubbles at

the surface of the electrode is enough to remove the film, which adheres poorly. This is

experienced by both films of 1 and 2 at 1.8V vs Pt during in-operando measurements,

so it seems likely that the lower activity of 2 is what allows it to avoid this fate.
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Figure 2.5: Stacked Raman spectra as a function of applied voltage vs Pt wire and
cryptomelane score from CLS fitting for material 2 (A,C) and 1 (B,D)

More noteworthy, however, is that in Figure 2.4 we see that 2 does actually increase

in activity over time before leveling off, as had been reported in the literature [36]. Both

Pokhrel and Meng attribute this to a structural change in the amorphous MnOx catalyst.

Fortunately, this can now be interrogated with our Raman data (Figure 2.5).

This result shows an increase in similarity of the vibrational spectrum to that of

α-MnO2 with increasing oxidizing potential applied, cryptomelane score saturating for

both compounds at around 0.8V vs Pt with a score of roughly .23. This score cannot

and should not be taken as a fraction of cryptomelane in the structure. It is from a

binary model that employs one pure phase sample and one amorphous sample that most

likely mixes multiple states. However, this does prove that two different manganese oxide

catalysts, with very different functional behavior and initial oxidation state, do undergo
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a similar structural transformation.

This is an exciting result as we clearly see structural changes occuring which reflect

a change towards a structure of which crystalline samples appear to be the most active

of all Manganese oxide phases for water oxidation[36][37]. We have also demonstrated

an increase an activity seen elsewhere in literature can be replicated by applying the

potentenial which seems to saturate the Cryptomelane phase in MnOx films. This seems

to suggest that the amorphous MnOx species arrange to become more closely resemble

the most active crystalline phase for electrochemical water oxidation.

There is some apparent tension between our results and the literature concerning

Mn2O3 electrocatalysts. A number of studies have claimed that the presence of MnIII

is in fact a critical component of the OER in this system [25][37][44][45][35]. However,

where in-situ studies were used in those cases, they showed at least partial conversion to

MnIV, a result which was reported ex-situ in some cases as well[45].

2.5 Conclusions and Future Work

So what are we to make of this? Well, at this point it’s critical to keep in mind that

what has been demonstrated in this work is not a necessarily a complete conversion to

MnIV, but a change in the short-range structure of amorphous solid toward something

more closely resembling a phase which more recent work in the field identifies as being

most active specifically for electrocatalysis.

However, those studies that found that were operating with samples which began

as pure-phase α-MnO2. The earlier works took samples which began as pure phases of

Mn2O3, usually the α- phase, and observed some signs of oxidation under OER conditions.

As the work presented here has not established the reversibility, spontaneous or non-

spontaneous, of the observed change; there is no inherent conflict in these data. Further,
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it this result cannot necessarily be generalized outside of amorphous solids. Already

being in a stable -or at least a metastable under the conditions of the OER- state, there

is no reason to believe the energetic barrier faced α-Mn2O3 towards such a structural

transformation would allow it to occur.under OER conditions, which is a truly fascinating

result.

What these results do suggest, is that the α-MnO2 phase is at last partially stabilized

relative to the amorphous phases under OER conditions.

To make any strong statements on that statement, however, would require additional

testing. Pokhrel et. al. observed the same increase in activity for pure-phase α-MnO2

and γ-MnO2 that we observed in amorphous manganese oxide. This suggests a more

complicated regime under OER conditions.

A fruitful future direction for this work would be to repeat the same experiment, but

with a greater number of reference samples for MnOx materials. Given the resolution we

observed in-situ, it’s unlikely that it would be possible to produce meaningful results by

fitting 20+ phases of manganese oxide at once, but repeating the methodology here and

tracking the change in similarity to a given phase vs an amorphous sample could be a

first step. If there are relatively few phases which show a strong increase, then CLS or

Principle Component Analysis could be employed to approximate relative contributions.

Due to the questions regarding the persistence of MnIII, this experiment should be

repeated for the return sweep- stepping down potentials. This was actually attempted,

but films were found to delaminate significantly at the higher potentials, to the point

films did not survive long enough to get to potentials below the 0.8V vs Pt wire threshold.

If when analyzed with reference spectra for other manganese oxide phases it were found

that there was similarly little change with respect to other phases, the experiment could

be re-done with a maximum oxidizing potential of 0.8V vs Pt wire to observe changes as

potentials are swept downwards. Preferably this would also go on to reducing potentials
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to observe any changes during the ORR, as well as performing the experiments in reverse

order: first reducing oxygen and then oxidizing it.

It is also known that this reaction is highly pH dependent. Manganese oxide has

been investigated under neutral[46] and acidic[47] as well as alkaline conditions, though

it has been generally found unstable for water oxidation under neutral conditions and

reports at low pH are somewhat mixed[47][36]. However, of special note is that an

in-operando investigation of Manganese Oxide as a pseudocapacitor has been performed

using methodologies similar to those employed here, but under neutral pH conditions[48].

In that study, the authors noted an increase in the similarity of the structure to Birnessite

(δ-MnO2). However, this claim is made solely on the basis of visual inspection of the

spectra and not using any chemometric technique like CLS modelling of the spectra.

Repeating the experiments described here at pH 7 and pH 1 would provide useful insight

into the evolution of the structure of active phases of MnOx films at low pH, where the

mechanism and most active phases for OER and ORR appear to be different[36][46].

28



Chapter 3

Scalable production of

plasmonically-photosensitized

pan-chromatic Cadmium

Sulfide/Gold Nanoparticle absorbers

for photoelectrochemical

applications

3.1 Background and motivation

3.1.1 Overcoming the Shockley-Queisser limit

With the limitations on the efficiencies of solar power conversion discussed in 1.1.2,

there has naturally been great interest not only making the most efficient pn junction

29



Scalable production of plasmonically-photosensitized pan-chromatic Cadmium Sulfide/Gold
Nanoparticle absorbers for photoelectrochemical applications Chapter 3

solar cells possible, but in circumventing the Shockley-Queisser limit entirely[3][49]. As

the detailed balance limit ultimately derives from showing the ultimate dependence of

the maximum photocurrent jmax and the maximum photovoltage Vmax on band gap

energy Eg, such efforts are often concerned with either increasing the incident light on an

absorber which energy hν ≥ Eg, or with incorporating multiple aborbers with different

band gaps[50]. Both approaches allow for circumvention of the limit, but with their

own drawbacks. Concentrator cells necessarily take in light from fewer angles, needing

to track the sun on its course through the sky over each day and only taking in the

light from sources within a narrow viewing angle around it in the sky. This limitation

results in concentrator cells effectively having a different amount of incident solar power.

Whereas the typical pn-junction photovoltaic uses light incident upon it from all angles

in the AM1.5 spectrum, called the AM1.5G or AM1.5 global spectrum, a concentrator

cell only absorbs light within around viewing angle from the disk of the sun, and utilizes

light better modelled by the AM1.5D or AM1.5 ”Direct” spectrum as shown in the

introduction[51] (Figure 1.3)

Devices using multiple absorbers together are referred to as ”tandem” cells, which

circumvent the traditional Shockley-Queisser limit by being several different devices in

series, each only being concerned with absorbing a portion of the visible spectrum, each

thick enough in accordance with their absorption depth to ensure that they all produce

the same number of excited carriers. Because voltages add in series, this approach in

principle eliminates the consideration of balancing Vmax with jmax, as a sufficiently large

number of cells with small voltages will ultimately add to produce a device with a high

voltage. Such devices in principle only need to maximize for photocurrent, as the cell

with the lowest current in series would dictate max for each. To increase utilization of

the solar spectrum without simply using a greater surface area, cells must be in stacks

on top of one another, with each absorbing a portion and allowing sub-band gap energy
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light to pass through to the next layer. Each successive device built in series is dependent

upon the perfect functioning of all others, as photocurrent for the entire device is limited

to the worst performer. This makes the production of tandem photovoltaics exacting

and extracts a high price. Such a high price that applications of such devices outside of

research are exceedingly rare [52].

3.1.2 Senitizing wide-bandgap semiconductors

This problem has led to a great deal of interest in trying to utilize sub-bandgap light

in wide-bandgap semiconductors by means of up-conversion. Having been suggested first

by Bloembergen in 1959[53], this technique has seen what is probably its most popular

form in the last few decades after Grätzel and coworkers created the dye-sensitized so-

lar cell (DSSC), a wide band-gap semiconductor, is coated with organic dye molecules

that absorb visible light in a process where electrons in the molecule are promoted from

the highest-energy occupied molecular orbital (HOMO) to the lowest energy unoccupied

molecular orbital (LUMO) with the excited electrons being transferred into the conduc-

tion band of the semiconductor[54]. However, these devices as they have become popular

are less an attempt to overcome Shockley-Queisser than an attempt to produce a low-

cost photovoltaic device. Beginning from devices created using chlorophyll-derivatives as

dyes attached to TiO2 electrodes with efficiencies of 7.2% and in subsequent years have

reached activities exceeding 10% using ruthenium-based dyes[55], and in excess of 14%

power conversion efficiency by use of perovskite sensitizers as the ”dye”[56].
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Figure 3.1: Schematic representation of a dye sensitized solar cell. Reproduced from
[57] with the permission of the publisher.

More recently there has been interest in sensitizing photovoltaics and photoelectrodes

with plasmonics. As mentioned in 1.2.2, plasmons at the surface of a material can interact

with light incident upon that material. This can take several forms, including trapping or

redirecting light[58] or for concentration of light at material interfaces[59][60][61] which

hold great promise for thin-film photovoltaics, but also for hot carrier injection in close

analogy to dye-sensitized solar cells[62][63][64], or less directly by enhancement of charge

separation in semiconductors[65]. Our group has previous shown that it is possible to

build devices in which, like a DSSC, all charge carriers derive from light absorption by

the plasmonic ”dye” rather than by a semiconductor[66][67][68]. Further, it has been

shown that the the plasma frequencies of these plasmonic nanostructures depend on

their geometry[69], a fact which we have previous shown to be useful in sensitization of

photoelectrodes[70].

However, in these examples, interest has been primarily invested in sensitizing materi-

als such as TiO2, a very wide bandgap semiconductor that cannot absorb visible light, but

is notable for its ability to electrolyze water, and the use of batch chemistry or cleanroom
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techniques to build devices. Herein we describe the creation of plasmonically-sensitized

CdS absorbers produced only by means of electrodeposition.

3.2 Experimental methods

All materials were prepared by electrodeposition onto commercial F:SnO2-coated

quartz (FTO) substrate purchased from Sigma-Aldrich using a PARTSTAT 270A po-

tentiostat from Princeton Applied Research. UV-Visible Spectra were aquired with an

Agilent 4853 spectrophotometer using the same background and blank.

3.2.1 Electrodeposition conditions

Cadmium sulfide films were deposited by potentiostatic electrodepositon from aque-

ous solutions 0.2M in CdCl2·2 H2O and 0.01M Na2S2O3 adjusted to pH 2 with hydrochlo-

ric acid. Cells were heated to 80◦C and temperature was maintained during deposition

with a water bath. A potential of -0.65V vs SCE was applied to deposit Cadmium Sulfide

using a graphite counter electrode with constant stirring at 300RPM.

Gold nanoparticles were electrodeposited from a solution of 0.12mM KAu(CN)2,

0.5mM KCN, and 50mM pH 7.4 phosphate buffer. Potential was cycled from -0.3 to

-1.25V vs SCE at a rate of 50mV/s over a variable number of cycles.

Absorbers were constructed by successive electrodeposition of a base layer of CdS,

gold nanoparticles, and top layer of CdS (Figure 3.2). Additionally, one sample without

gold nanoparticles was prepared for comparison, as was a sample of gold nanoparticles on

gold nanoparticles of FTO. Cadmium sulfide films were deposited until 770 mC
cm2 of charge

passed before deposition of the gold nanoparticles, after which a final layer of CdS was

deposited until a final charge of 385 mC
cm2 of charge passed, with the exception of the 60

cycle sample, which was deposited to a final charge of 185 mC
cm2 , but was analyzed along
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with the others.
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Figure 3.2: Visualization of deposition process

Initially, layers of gold nanoparticles in the sandwich configuration were prepared

by running the deposition over 20 cycles, 40 cycles, and 60 cycles. Initial UV-Visible

Spectroscopy shows increases in absorbance for all films, but with significant changes for

the sample prepared with 40 cycles of AuNP deposition (Figure 3.3).
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Figure 3.3: UV-Vis spectra of inital CdS/AuNP/CdS sandwich absorbers

To better characterize the morphological differences between gold nanoparticle layers,

samples were quickly prepared without a capping layer of CdS and a thinner bottom layer

35



Scalable production of plasmonically-photosensitized pan-chromatic Cadmium Sulfide/Gold
Nanoparticle absorbers for photoelectrochemical applications Chapter 3

of CdS, deposited to 330 mC
cm2 and coated with 20, 40, or 60 cycles of gold nanoparticle

deposition for analysis by scanning electron microscopy (Figure 3.4) using an FEI XL30

microscope, with particle sizes being analyzed using ImageJ.

Additionally, a UV-Visible spectrum was collected for the uncovered 40 cycle sample,

based on the optical characteristics of the prior sample (Figure 3.5).
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Figure 3.4: Micrographs of gold nanoparticles deposited onto films of CdS on FTO
substrate. From top to bottom: 20 cycles, 40 cycles, 60 cycles
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Figure 3.5: Uncovered gold nanoparticles deposited in 40 cycles.

3.3 Results and discussion

Immediately it is clear that the the absorption spectrum with gold nanoparticles

produced by 40 cycles of deposition differs dramatically from the films incorporating

layers produced by 20 or 60 cycles, which appear more similar to one another. But

we first note that absorption everywhere is higher for these films than in that of an

equivalent layer of pure CdS (Figure B.1). The construction used in this experiment

is not typical for one using light plasmonic light trapping devices. This is the case

both because the samples lack a reflective layer beneath the nanoparticle layer, and

because the nanoparticles themselves are not at the interface of two different materials.

However, being small compared to the wavelength of the incident light, the nanoparticle-

impregnated layer of CdS created by them would appear to light as one continuous layer

with a different refractive index from the surrounding CdS material, best described as

an effective medium[71] and prone to exhibiting exotic properties [59] and allowing them

to behave as subwavelength antennae for the CdS [58].

This does little by itself to explain the panchromatic absorbance observed for the
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40 cycle sample when the 20 and 60 cycle samples lack such a response. It is then

best to first consider the 20 and 60 cycle samples, as their spectra appear more similar

both to one another and to pure CdS films than they do to the 40 cycle sample. Wile

the 60 cycle sample exhibits weaker absorbance across the entire spectrum, as might be

expected from the slightly thinner layer of CdS, it does not do so uniformly across the

spectrum. Indeed, there is a substantial drop in relative response between 20 and 60

around 480nm, with the 60 cycle sample dropping below put CdS, despite being much

closer in response from 300-350nm. Though absorbances were measured in arbitrary

units, these spectra were collected at the same time with the same background, and as

such should be comparable to one another. This loss suggests the gold nanoparticles in

the 60 cycle sample truly do interact strongly with light between 300-450nm and very

weakly with longer wavelengths. If we compare their micrographs, the results become a

bit clearer. The predominant nanoparticle species in the 20 cycle sample has an average

diameter of 52nm, with some much larger aggregates. By the time 60 cycles of deposition

have occurred, what started off as aggregates of small particles seems to have nucleated

growth of large particles, with an average diameter of 154nm, but many particles are

visibly attached into larger aggregates with relatively few particles free, with aggregates

averaging 350nm in diameter. This puts the aggregates on the same length scale as the

light passing through, which disallows an effective medium approximation and suggests

that the interaction dominant in the 300-400nm portion of the spectrograph is likely

scattering and reflection.

Then this helps us to understand the behavior of the 40 cycle sample. There appears

to be a wider array of particle sizes, but with only one visible aggregate in 3.4 greater

than 200nm in diameter, with an average of around 120nm. While this micrograph is

very representative of the surface, detailed analysis of particle size by microscopy was

hindered by persistent charging issues on the sample. Nonetheless, it is clear that there
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are few aggregates as large as observed in 60 cycle deposition, while still observing a

greater variation than in 20 cycles and with larger average particles. This is important

because nanoparticle size is critical in determining the frequency of surface plasmons[70].

By having such a more varied mixture of particle and aggregate dimensions without be-

coming so large as to become possible for the interrogating light to resolve, these films

exhibit appear to exhibit a sort of ”Goldilocks” effect. Particles form an effective medium

capable of coupling their near-field with the surrounding semiconductor, but with a ma-

jority of particles and aggregates of dimensions to redshift their plasma frequency. This

interpretation is bolstered by the spectrum of deposition of gold nanoparticles deposited

directly onto FTO in a 40 cycle process (Figure B.2), which shows peak absorption at

570nm. Though this is not sufficiently red-shifted to explain the observed spectrum in

3.3, the surface plasmon frequency is shifted by the change in dielectric surrounding it[12]

when placed in CdS. This effect is evidenced by the redshift and broadening observed in

3.5.

The reason, then, that we see such a flat, pan-chromatic absorbance with the 40 cycle

gold nanoparticle samples is because the plasmon resonances of the nanoparticles are

very heavily red-shifted. If they were more evenly distributed, one would expect to see a

spectrum that traced the absorbance spectrum of CdS itself, but with greater intensity,

as in the 20 cycle samples.

3.4 Conclusion and future work

We have demonstrated a technique for the preparation of an absorber for photovoltaic

and photoelectrochemical applications with strong, pan-chromatic absorbance using only

electrodeposition. This presents a promising material for real-world application that can

be cheaply prepared from easily scalable methods.
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Though devices have not been created yet, this work is being shared with collaborators

at the Ulsan National Institute of Science and Technology in Ulsan, Korea to create

photovoltaic devices using this absorber material.

As it stands right now, though, the origins of the observed behavior are only generally

understood. Detailed analysis by UV-Visible spectroscopy performed with an integrating

sphere would allow for more certainty of the behavior observed at low wavelength in the

60 cycle film. Additionally, modelling UV-Visible spectra to extract optical constants by

modelling as an effective medium.

Additionally, to better understand what role injection of hot carriers into the CdS

from the nanoparticles across the Schottky barrier formed at their interface, electrical

characterization should be done, including photoconductivity measurements.
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Chapter 4

Reduction of CO2 and manipulation

of reduction product distributions

with nanostructured plasmonic

materials.

4.1 Introduction

4.1.1 CO2 reduction for renewable energy

In previous chapters work has been concerned with the electrolysis of water as a

source of hydrogen for use as a renewable fuel. While it does have many advantages as

previously mentioned, Hydrogen presents significant challenges for use as a fuel itself.

In particular, hydrogen is difficult to store and transport safely and efficiently at scale.

These factors are part of why hydrocarbon fuels are so difficult to replace, despite the

consequence of climate change from increased atmospheric CO2 [72].
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An attractive method for addressing both issues then is to store hydrogen in the form

of hydrocarbons, with the carbon backbone coming from reduction of CO2. This presents

the possibility of a sustainable fuel cycle highly compatible with current infrastructure

and technologies. However, there are significant barriers to implementation.

4.1.2 Difficulties in reduction of CO2

Carbon dioxide reduction is a particularly difficult reaction to carry out electrocat-

alytically. Especially in aqueous electrochemistry, wherein reduction of CO2 will always

been in competition with the hydrogen evolution reaction (HER)[73], which is much

faster kinetically and easily out-competes. Making this worse is the limited solubility

of CO2 in water. For metal electrodes, as are those in discussion here, there is also a

problem of adsorption. Few metals adsorb CO2 well, which is a critical step in enabling

the reduction process, as shown by Norskov et. al. [74].

4.1.3 Copper for CO2 reduction

Copper is one of the more popular potential candidates for a CO2 reduction catalyst

not only because of its relative abundance and low cost, but also because it has a proven

history of not only successfully reducing CO2, but also producing products with carbon-

carbon bonds as well [74][75][73]. In addition to producing carbon-carbon bonds, it has

demonstrated tunability in its products, as shown by Baltrusaitis et. al (Figure 4.1[76]).
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Figure 4.1: Visualization of product mixture produced by copper reduction catalysts
produced by electrochemical reduction of Cu2O films with uniform crystallographic
orientation. Adapted from [76].

The Baltrusaitis group created thin, polycrystalline films of Cu2O with different pre-

ferred crystallographic orientations, and then placed them in a bicarbonate solution to

begin reduction of CO2). However, as none of the copper oxide species were stable under

strong reducing conditions, all samples converted to metallic Cu. However, it was found

that even after this transition, they still produced different products of CO2 reduction in

different proportion.

We have used similar catalysts for aqueous CO2 reduction, employing both Cu2O and

metallic Cu in tandem to take full advantage of the plasmonic properties of the copper

nanostructures we produce.
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4.2 Experimental methods

4.2.1 Preparation of nanorods

Preparation of anodic alumina template

Substrates were prepared by electron beam evaporation of 20nm of Ti onto a 〈100〉

silicon wafer followed by 180nm of Au. This subsrtate was then cleaned by sonication

in acetone, followed by isopropanol and then milipore water, each for 5 minutes. The

sample was then blown dry with N2 and cleaned for 10 minutes in a UV/Ozone reactor

before deposition of 20nm TiO2 by atomic layer deposition as a ”stop layer”. Finally, 1

µm or 200nm of aluminum was desposited by electron beam evaporation.

AC anodization was carried out at 40V in 0.3M oxalic acid electrolyte maintained

at 2◦C with stirring. After the titania layer was reached, breakthrough was achieved by

slowly stepping down voltage until current recovered to its previous value. In samples

with 200nm Al, pores were widened by being placed in a phosphoric acid bath at 60◦C.

Electrodepositon of Cu/CuO nanowires

Adapting literature procedure[77], a solution 1.5M in lactic acid and 0.15M in CuSO4.

The solution was adjusted to pH 9.2 with 10M sodium hydroxide solution, added drop-

wise. Depositions were carried out galvanostatically at 60◦C, at a constant current density

of j = 4.6 mA
cm2 , and continued as long as oscillation was seen in the deposition potential

(Figure 4.2), after which current was decreased in increments of 0.2 mA
cm2 and the process

was repeated until it was no longer possible to achieve oscillation on three successive

current densities.

Cross-sectional SEM was performed on nanorods in both short and wide and tall and

narrow configurations (Figures 4.3,4.4,4.5).
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Figure 4.2: Cell potential as a function of time during Cu/CuO nanowire deposition.

Preparation of Ag samples

Silver nanowires were deposited potentiostatically from a solution of 0.5M Boric acid

and 50mM silver nitrate prepared in distilled (18.2MΩm) water. Potential was main-

tained at -0.75V vs SCE with a graphite counter electrode.

Silver films were electrochemically roughened by rapidly cycling potential in potas-

sium chloride solution to rapidly oxidize and then reduce silver, leaving a roughened

surface.

Figure 4.3: Wide view of 40nm-wide
Cu/Cu2O nanorods in anodic alumina tem-
plate.

Figure 4.4: Magnified view of 40nm-wide
Cu/Cu2O nanorods in which striation is
visible.
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4.2.2 CO2 reduction

Carbon dioxide reduction experiments were performed by the Mubeen group at the

University of Iowa using a closed pressure chamber. In the chamber samples were placed

in an acid solution and the chamber was backfilled with carbon dioxide to either 1 atmo-

sphere or 85 atmospheres of pressure and heated until the gas transitioned to a super-

critical fluid.

Samples were tested in both 1 atm CO2 and under supercritical CO2 in dark or

illumination from a Xenon lamp through either an AM1.5 or 600nm band-pass filter and

tested under an applied bias of -1.0 or -1.5V vs the reversible hydrogen electrode.

4.3 Results and discussion

4.3.1 Cu/Cu2O composite nanorods

Due to significant mass transport restrictions within the anodic alumina templates,

local deviations from the pH of the solution occur at the active deposition surface in this

process. The deposition product is, however, pH dependent. This is typically visualized

with a pourbaix diagram (Figure 4.6). By creating deposition conditions under which the

Figure 4.5: Cu/Cu2O nanorods produced in pore-widened templates, with a diameter
of 110nm
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solution is at the border of two predominance areas, and allowing cell potential to vary

by constraining current, non-equilibrium conditions can temporarily change the preferred

product between Cu2O and Cu. This is the origin of the oscillatory behavior observed

in (Figure 4.2).

Figure 4.6: Pourbaix diagram of aqueous copper oxide species under deposition con-
ditions. Constructed using thermodynamic data from [78]. Arrows indicate fluctions
in thermodynamically favored deposition product at active surface in deposition.

This algorithm was employed to reliably produce nanorods of appreciable length. It

is noted by Lee and coworkers[77] that it is possible increase the proportion of Cu metal

in the composite nanorods by increasing the current density passed during deposition.

While this degree of freedom wasn’t explored in detail here, it does imply the possibility

that nanorods had varying domain sizes, though this is not apparent from SEM analysis.

Large current densities are observed in both both sets of nanorods, with current

densities nearly doubling with the use of supercritical CO2. The difference in current

densities between 40nm- and 150 nm-diameter nanorod samples is likely due to the lower

true surface area of the 40nm rod samples. The templates for both are produced by the
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Figure 4.7: Linear sweep voltammagrams
for 110nm-diameter nanorods in dark.
Densities based on geometric surface area.

Figure 4.8: Linear sweep voltammagram
for 40nm-diameter nanorods in dark with
supercritical CO2. Density based on geo-
metric surface area.

same method, but with an additional widening step in the case of the thicker rods, and as

such the number of rods per unit area is static, while the surface area of the rods depends

linearly upon their diameter. Though the 40nm-diameter wire are nominally 500nm to

the 110nm-diameter wires’ 200, these wires are fragile and the process of liberating wires

from the template is somewhat destructive of the rods, as can be seen in figure 4.5, much

of the area near the top of rods is worn, and the thinner rods are subject to the same

difficulty.

More interesting, however, is the distribution of products produced by each sample. In

dark, 40nm-diameter nanorods produce a mixture of formate ions and methane (Figure

4.9) at both -1.5 and -1.0V vs RHE. In both cases, at 1 atm presure methane is the

preferred product, while producing a higher proportion of formate under high pressure.

The greater affinity for the formation of methane under stronger reducing potential is

attributable to the simple fact that methane is the more reduced species, and the shift

towards the production of formate under high pressure is likely entropically driven. For
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that matter, as the majority of current not reducing CO2 is reducing protons to H2,

entropy is likely a significant contributing factor to the increase in overall efficiency of

CO2 reduction in addition to the increase in addition to alleviating mass transport issues.

Figure 4.9: Product distributions from CO2 reduction on 40nm-diameter nanorods
under different conditions without illumination.

Under AM1.5 illumination we see that this trend becomes more pronounced. Bizarrely,

the tend with respect to voltage is reversed under illumination, with a greater proportion

of current going towards the production of formate at -1.5V than -1.0 vs RHE.
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Figure 4.10: Product distributions from CO2 reduction on 40nm-diameter nanorods
under 85 atm and AM1.5 illumination.

Theory from the Norskov group predicts exactly the opposite trend for a copper elec-

trocatalyst [74](Figure 4.11). This result experimentally corroborated by the Jaramillo

group in 2012[75]. This leaves the possibilities only that the discrepancy in behavior is

due to the presence of the Cu2O, due to the surface plasmons in the Cu excited by inci-

dent light, or both. However, this is not generally a known property of this system[79],

and so it is attributed to plasmonic activity.
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Figure 4.11: Product distributions predicted by Norskov group in [74] for electrochem-
ical reduction of CO2 on Cu. Reproduced here by permission from the publisher.

Further evidence of this can be seen with the 110nm-diameter nanowires. Though in

dark the trend of ethylene still runs counter to that expected by Norskov and obserbed

by Jaramillo, the opposite trend is seen under 600nm illumination. Moreover, there

is a dramatic change observed in the product distribution from dark to light, which

logically must be attributed to plasmonic activity within the nanorods. However, this

doesn’t directly provide an explanation as to the origin of the differences between the

two Cu/Cu2O nanorod systems in the dark.

To explain this, it’s necessary to recall that plasmons are a fundamental property

of all metals below extreme temperatures, and are a property of the copper in these

nanowires even absent illumination. Surface plasmons propogate at the surface of the

material, and along with them their associated surface plasmon polariton. As discussed
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Figure 4.12: Product distributions from CO2 reduction on 110nm-diameter nanorods
under different conditions without illumination.

in the previous chapter 3, the dimensions of metal nanoparticles are critically important

in determining the frequency of the surface plasmons [69][70], which in turn effects the

surface plasmon polariton. As Norskov et. al showed4.13, the reaction pathways ex-

plored are highly dependent upon surface interactions, which themselves are influenced

by surface plasmon polaritons, both in light and dark. In essence, this is saying nothing

more than that the calculations performed for the bulk material fall into difficulty when

applied to nanostructures, and another characteristic likely modifying surface energies in

this way is the Schottky junction known to form between Cu and Cu2O [80]. However,

without the assumption that Cu and Cu2O domains are of different lengths, the space

charge region should have identical influence over both sets of rods, and they should then

produce identical results, but his is not what is observed.

Under illumination we again see a dramatic change in product distribution. This

time with a large increase in the production of ethanol. Though ethanol production was
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Figure 4.13: Reaction pathways leading to the formation of a) H2, b) HCOOH, c CO,
and d CH4. Reproduced here from [74] by permission from the publisher.

observed on bulk Cu electrodes[75], the proportion was much smaller, whereas it becomes

the plurality product in this system, displaying again a significant change in product

selection when surface plasmons are excited. This behavior is not only attributable to

the changes in surface energies, but also to the changes in the distribution energies of

hot electrons available to the system.

As the surface plasmon frequencies can be modified by the geometry of the metal

in which they propagate, so too can be modified the hot charge carrier produced by

them. The Nordlander group has done a great deal of theoretical work to describe

the energy distribution of so-called ”hot” charge carriers generated by the dephasing

of surface plasmons [81]. In this work they have demonstrated that the number and

energy of hot electrons are dependent upon ωp, the plasma frequency of the meta. This

creates another avenue for deviation- by manipulating the surface plasmons in catalytic

structures, charge carriers with energies far exceeding that to the system electronically,
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which makes it possible to explore different reaction pathways that might not otherwise

be possible to explore.

Figure 4.14: Product distributions from CO2 reduction on 110nm-diameter nanorods
under 85 atm and AM1.5 illumination.

4.3.2 Ag Nanostructures

Silver nanowires produced in the same templates as the 40nm-diameter Cu/Cu2O

templates and electrochemically roughened silver were tested for their electrocatalytic

activity in 1 atm CO2 in dark and under 3 sun illumination to investigate the poten-

tial of silver nanostructures for CO2 reduction catalysis due to increasing interest in

incorporation of silver into copper catalysts[82] or for standalone use[83].

By linear sweep voltammetry, roughened silver films were fournd to perform poorly

as catalysts, achieving low current densities and little separation between light and dark

current4.17. Though specific products were not identified, H2 gas was produced and
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Figure 4.15: Linear sweep voltammagrams
for roughened silver substrates.

Figure 4.16: Faradaic efficiencies for CO2

reduction, indirectly measured by measure-
ment of hydrogen produced.

the assumed to be the only competing process with CO2 reduction to determine overall

faradaic efficiency, which was found to fare much better at more reducing potentials 4.16.

Tests were repeated with silver nanowires. By this method, they were found to

produce comparable dark currents and substantially stronger light currents 4.17, indi-

cating a substantially stronger interaction with incident light. There is a similar change

in faradaic efficiencies as measured by the amount of hydrogen produced, with a pro-

nounced improvement at less reducing potentials when illuminated 4.18. Even without

characterizing the reduction products of CO2 reduction on these nanowires, the increase

in faradaic efficiency by this means shows a change in reaction occurs on the surface of

these silver nanostructures only due to excitation of its surface plasmons.

56



Reduction of CO2 and manipulation of reduction product distributions with nanostructured
plasmonic materials. Chapter 4

Figure 4.17: Linear sweep voltammagrams
for Ag nanowire arrays.

Figure 4.18: Faradaic efficiencies for CO2

reduction, indirectly measured by measure-
ment of hydrogen produced.

4.4 Conclusions and future work

These results strongly suggest that by careful engineering of plasmonic nanostruc-

tures, it is possible not only to sensitize photoelectrodes, but to control the reactions

that occur upon them. The presence of C-2 products (i.e. those with one a 2-carbon

chain) in the products of thicker Cu/Cu2O nanorod structures presents a particularly

tantalizing possibility: engineered photoelectrodes preferentially producing ethanol from

CO2.

These results are, however, still somewhat preliminary, and require further investi-

gation. A more systematic study of nanorod aspect ratio and product distribution is

warranted, and samples should all be tested again under AM1.5 illumination. Though it

is unlikely that differing height was a dominant factor given the striated structure of the

nanorods, this should be tested against.
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Further, high efficiency of silver nanorod catalysts suggests the design warrants fur-

ther study. Firstly, to repeat the presented experiments with identification of product

species, then to explore the impact of aspect ratio of pure silver nanorods on the prod-

ucts. This still leaves the issue of the comparatively low current densities, but in these

nanorods silver lacked one significant advantage that copper had: an interface with a

semiconductor. The Schottky barrier that formed between Cu and Cu2O was beneficial

for charge separation, which is a significant advantage when reactants have significant

mass transport barriers. The technique used for the creation of the copper composite

nanowires should be possible to adapt to silver, which could address this issue. Addi-

tionally, all experiments should be performed under supercritical CO2 as well to benefit

from the access to reactant. Given its high faradaic efficiency and the importance of

that factor for real-world deployment [73], every effort should be made to investigate the

possibility.
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Appendix A

Supporting data for In-Operando
characterization of Manganese Oxide
water oxidation electrocatalysts.
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A.1 XRD of as-deposited Manganese Oxide films

Figure A.1: XRD Spectra of as-deposited Manganese Oxide films and bare Ti/Au for
reference.
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A.2 XRD of Manganese Oxide References

Figure A.2: XRD Spectra of prepared Manganese Oxide references. Top: Amorphous
MnOx, bottom: α-MnO2
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A.3 SEM of MnOx films

Figure A.3: SEM images of films of a) 1 and b) 2
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Supporting Data for Scalable
production of
plasmonically-photosensitized
pan-chromatic Cadmium
Sulfide/Gold Nanoparticle absorbers
for photoelectrochemical
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applications

B.1 UV-Vis spectra of individual films

Figure B.1: CdS (deposited to 1150 mC
cm2 ) on FTO
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Figure B.2: Gold nanoparticles (40 cycles) on FTO
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