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Solar fuel generation via artificial photosynthesis is a promising pathway to a clean and 

sustainable source of energy. Nanoscale (Ga1-xZnx)(N1-xOx) has been synthesized in the solid state 

in order to answer the call for new multinary semiconductors for use in solar fuel generation. 

Herein, the solid-state mechanism of (Ga1-xZnx)(N1-xOx) nanocrystal formation involving phase 

transformation of cubic spinel ZnGa2O4 to wurtzite (Ga1-xZnx)(N1-xOx) and diffusion of the 

elements combined with nitrogen incorporation will be discussed. Understanding how multinary 

semiconductor compounds function and drive multi-electron photochemical reactions is of the 

utmost importance for potentially using them in solar applications. One goal is to utilize (Ga1-

xZnx)(N1-xOx) nanocrystals for solar photochemistry and understand why their efficiencies have 

been historically low. The use of (Ga1-xZnx)(N1-xOx) nanocrystals for photochemical H2 generation 

in an aqueous system with a redox mediator will be discussed. The four-part H2 generation system 

uses (Ga1-xZnx)(N1-xOx) nanocrystals as a light absorber, methyl viologen as an electron relay, Pt 

nanoparticles as a cocatalyst, and dithioerythritol as a sacrificial hole scavenger. Each charge-

transfer step is studied in isolation in order to evaluate the factors that determine the overall 

photochemical efficiency. It is concluded that electron transfer from (Ga1-xZnx)(N1-xOx) to MV2+ 

is likely the most limiting step for the overall system. To date, little analysis has been done on the 

electronic structure of (Ga1-xZnx)(N1-xOx), particularly for samples with different elemental 

distributions. How the electronic structure changes when comparing homogeneous and 
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heterogeneous (Ga1-xZnx)(N1-xOx) nanocrystals and how the electronic structure changes spatially 

throughout a single particle will be investigated. It is found that the heterogeneous (Ga1-xZnx)(N1-

xOx) nanocrystals show two energy transitions, one in the UV region and one in the visible region, 

while the homogeneous particles only show a visible transition. Additionally, the shape of the 

energy loss spectrum stays constant throughout a particle indicating that the electronic structure is 

constant in a single particle. 
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Chapter 1: Introduction 

 

1.1  Motivation 

1.1.1  Solar Fuel Production 

As overpopulation and a lack of sufficient natural resources are a growing problem, the 

need for clean and renewable energy is increasing. Humans rely mainly on fossil fuels to power 

their lives, from cars and household power to the production of meat and plastics. However, in 

recent years technological strides have made solar energy and other renewable and sustainable 

forms of energy generation more feasible. With the population on Earth growing exponentially, it 

is incredibly important to support renewable energy research so that we can stop relying on the 

Earth’s finite resources and start relying on sustainable resources like the sun. In order to 

accomplish this, it is necessary to make technological advances and continue researching 

renewable energy.1  

One promising direction that scientists are investigating that uses the sun’s energy to 

produce power is artificial photosynthesis to produce solar fuels. Solar fuel production generally 

relies on the Sun’s light energy to drive a chemical reaction, producing a useable fuel. One of the 

most popular fuels is hydrogen gas (H2). H2 is an excellent fuel source because the only chemical 

byproduct of the combustion of hydrogen and oxygen is water.2 Most other fuels produce some 

kind of hydrocarbon or carbon dioxide upon combustion; these byproducts can have unwanted 

consequences when released, such as pollution and the greenhouse gas effect. H2 is usually 

produced by water splitting, where a molecule of water is split into H2 and O2. There are a variety 

of different methods to do this reaction, but almost all use energy in the form of electric current or 
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sunlight to split water molecules into H2 and O2. The two gas products can then be separated and 

H2 used as a fuel.  

One popular scheme used to perform water splitting is to use a semiconductor material 

which can serve a reaction site for the water reduction and water oxidation reactions, lowering the 

barrier to the reaction.2-3 However, the conduction band (CB) and valence band (VB) of the 

semiconductor material must be at the proper energy levels in order to participate in the water 

oxidation and reduction reactions, and to find a semiconductor whose bands align for both 

reactions is rare. Figure 1.1, from reference 4, shows two possible configurations for a 

photocatalytic H2 production system. The first shows a single light absorber with CB and VB 

aligned so that they span both the water oxidation and reduction reactions. The other configuration 

shows a two-part photocatalytic system using two separate light absorbers, one with bands that are 

only aligned for the water oxidation reaction and one with bands that are only aligned for the water 

reduction reaction.4 The importance of band alignment for water splitting has led to a large body 

of research dedicated to synthesizing materials with or altering materials to have ideal band 

alignments for water splitting.2-3, 5-15  



 

3 

 

 

Figure 1.1: Energy diagrams showing two different photocatalytic H2 production schemes, a one-

step and a two-step photocatalytic system. C.B. indicates the conduction band, V.B. the valence 

band, and Eg the band gap. From reference 4.  

 

1.2  Background 

1.2.1  (Ga1-xZnx)(N1-xOx) Nanocrystals 

One semiconductor that has been proposed for water splitting is Gallium Zinc Oxynitride, 

(Ga1-xZnx)(N1-xOx).
16 Oxynitride materials are useful for photocatalysis because oxides are 

resistant to oxidation while nitrides absorb in the visible region. Mixing an oxide and a nitride 

together has the potential to benefit from both the stability characteristics of oxides and the visible 

absorption characteristics of nitrides. 15, 17-18 (Ga1-xZnx)(N1-xOx) is a semiconductor that is a solid 

solution of GaN and ZnO. It has a wurtzite crystal structure, can be made at the nanoscale, and can 
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have the amounts of GaN and ZnO in the material tuned to different ratios.19 As (Ga1-xZnx)(N1-

xOx) is a solid solution, its atoms all exist in the same crystal lattice without any phase differences. 

Since the Domen group’s first successful synthesis of bulk (Ga1-xZnx)(N1-xOx) in 2005,16 many 

researchers have published various methods of (Ga1-xZnx)(N1-xOx) bulk synthesis and nanoscale 

synthesis.16, 20-29  

In addition to the synthesis of (Ga1-xZnx)(N1-xOx), researchers have also investigated the 

photochemical and water splitting potential of (Ga1-xZnx)(N1-xOx), including the Domen group.9, 

30-35 A common use for (Ga1-xZnx)(N1-xOx) today is as a light absorber for photochemical H2 

generation, often through proton reduction instead of water splitting.18, 27, 36-38 Many researchers 

have used bulk (Ga1-xZnx)(N1-xOx) for photochemical H2 production;24, 27, 30, 34, 39-40 however,  

nanoscale (Ga1-xZnx)(N1-xOx) was of great interest for these applications, since nanoparticles tend 

to exhibit more reactivity and a higher surface-to-volume ratio than bulk materials. 

With the goal of exploring the potential of nanoscale (Ga1-xZnx)(N1-xOx), our group 

developed a solid-state synthesis method using nanoscale precursors which produced (Ga1-

xZnx)(N1-xOx) nanoparticles.19 One discovery that the Domen group made in their early work was 

that during (Ga1-xZnx)(N1-xOx) synthesis, the reaction goes through an intermediate phase, which 

was identified as spinel ZnGa2O4.
28 Our group used knowledge of the ZnGa2O4 intermediate to 

designed a solid state reaction using nanoscale ZnGa2O4 and ZnO as precursors. Both nanoscale 

precursors were synthesized in separate solution phase reactions and then dried into a powder. The 

two powders were physically mixed and then heated in a quartz tube furnace under a flow of NH3 

(g). The resulting reaction produced (Ga1-xZnx)(N1-xOx) nanoparticles. The mechanism, shown in 

Figure 1.2, is thought to involve topotactic nucleation between the ZnO and ZnGa2O4 nanoparticle 

precursors, with ZnO serving as the wurtzite template and ZnGa2O4 diffusing into the ZnO 
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particles, along with nitrogen being incorporated from the reactive NH3 (g).41 One major benefit 

of using nanoscale precursors is that nanoparticles are more reactive due to the large surface-to-

volume ratio, which allows the nanoscale solid state reaction to be performed at lower temperatures 

than the original bulk syntheses. Lower synthesis temperatures played a key role in the ability to 

synthesize (Ga1-xZnx)(N1-xOx) particles in a full range of x-values, since Zn becomes volatile at 

higher temperatures.9, 25, 35 Previously, the bulk synthesis methods only allowed for synthesis of x-

values in the 0-0.4 range,4, 9, 35, 42 whereas the nanoscale solid state synthesis allows for a full range 

of x-values to be synthesized, 0.06<x<0.98.20, 27, 43  

 

Figure 1.2: Scheme showing the proposed formation mechanism of (Ga1-xZnx)(N1-xOx) 

nanocrystals at 650 °C and 800 °C with ZnO, ZnGa2O4 and NH3 as precursors. From reference 41. 

 

The ability to synthesize (Ga1-xZnx)(N1-xOx) in the full range of x-values allowed us to 

study the different physical and photochemical properties of (Ga1-xZnx)(N1-xOx) at different x-

values. Transmission electron microscopy (TEM) studies played a key role in our group’s research 

into how the elements are distributed in the (Ga1-xZnx)(N1-xOx) particles and how the physical 

elemental distribution affects the energy levels important for photochemical H2 generation. 

Scanning transmission electron microscopy-energy dispersive X-ray spectroscopy (STEM-EDS) 
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studies done by our group helped characterize the elemental composition of the particles, leading 

to the discovery that when synthesized at 650 °C, a heterogeneous “core/shell” like elemental 

distribution results, but when synthesized at 800 °C, a homogeneous elemental distribution is 

produced.41 The overall goal of studying (Ga1-xZnx)(N1-xOx) nanoparticles is to investigate how 

and why they can be used to produce solar fuels by understanding their optical properties and their 

relationship to solar fuel production.  

1.2.2  Photochemical H2 Generation with Redox Mediators 

In Chapter 3, efforts to understand how (Ga1-xZnx)(N1-xOx) nanocrystals can be used for 

photochemical H2 generation will be described. Photochemical H2 generation can be accomplished 

with a variety of different systems. One type of system architecture consists of a light absorber 

(usually a nanoparticle semiconductor), a redox mediator (like methyl viologen), a solution-phase 

cocatalyst (Pt nanoparticles), and a hole scavenger (like 3-mercaptopropionic acid (3-MPA) or 

dithioerythritol (DTE)).44-45 In this system, the semiconductor nanoparticles absorb light, 

producing an excited electron and hole. The electron then transfers to the redox mediator, which 

subsequently transfers the electron to the cocatalyst where proton reduction occurs. The 

photoexcited hole is consumed by the hole scavenger; the system can then turn over again. A 

system like this benefits from having the photoexcited electron and hole removed from the light 

absorber very quickly, protecting the light absorber from photooxidation and degradation as well 

as allowing it to efficiently excite more carriers. However, having so many components in a system 

means that there may be multiple rate-limiting steps. For example, these systems can be limited 

by the hole scavenger if it is not removing holes fast enough.44, 46 Alternatively, even if the electron 

and hole transfer from the light absorber are both optimized, often the cocatalyst can limit 

performance, as Zhu et al. saw in their system with CdS, methyl viologen, 3-MPA, and Pt.44   
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One of the main characteristics governing the efficiencies of redox mediated H2 production 

systems is the driving force and band potential alignments, illustrated in Figure 1.3. Ideally, the 

CB of the semiconductor light absorber would be more negative than the redox potential of the 

mediator, which would be more negative than the band potential/Fermi level of the cocatalyst. 

This allows for the electron to flow “down-hill”, or in a thermodynamically favorable direction. 

The VB of the semiconductor light absorber should be more positive than the redox potential of 

the hole scavenger so that the hole can flow “up-hill”, which is most favorable. When the driving 

forces for charge transfer are optimized, the system can perform at its highest efficiency.  

 

Figure 1.3: Band diagram showing the ideal band alignment and photoexcited electron and hole 

transfer in a H2 production system with a light absorber, redox mediator, cocatalyst, and hole 

scavenger. 

 

There are some complicating factors that can affect system performance and lead to non-

ideal band alignments. One thing to consider is the pH of the system. Depending on the 

semiconductor being used as the light absorber, pH changes can cause the CB and/or VB to shift 

in energy, leading to non-ideal band alignment with the redox mediator and/or the hole 

scavenger.47-50 Certain redox mediators like methyl viologen have redox potentials that are pH 
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independent,51-54 but the redox potential of the hole scavenger could change with pH, causing the 

driving force for hole scavenging to increase or decrease.55 The Fermi level of the cocatalyst can 

also change with pH. For example, the Fermi level of Pt nanoparticles can shift with pH, causing 

the driving force for electron transfer from the redox mediator to change.56-57 Additional 

complications that can affect system performance include degradation of the light absorber, H2-

consuming back reactions on the cocatalyst, and minor electron and hole transfer pathways that 

take away a small percentage of the electrons and holes from the main H2 production pathway. 

These limitations will be studied and discussed as they pertain to the (Ga1-xZnx)(N1-xOx) H2 

production system in Chapter 3.  

1.2.3  Electron Energy Loss Spectroscopy 

Chapter 4 will discuss electron energy loss spectroscopy (EELS) studies done on (Ga1-

xZnx)(N1-xOx) nanocrystals to investigate the single particle electronic band structure. EELS is a 

technique in electron microscopy that is typically paired with STEM and used to measure the 

spatially-resolved electronic structure of a sample.58-60 EELS is performed by inserting a sample 

into a TEM and collecting the inelastically scattered electrons from the primary electron beam with 

an EELS detector. Figure 1.4, from reference 61, shows how an EELS detector can be interfaced 

with a TEM instrument, with the EELS detector attached below the viewing chamber.61  
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Figure 1.4: Diagram showing how an EELS detector can be interfaced with a TEM column. This 

figure is from reference 61. 

 

At the top of the TEM column, an electron gun produces a beam of electrons, which pass 

through various lenses and apertures designed to focus the beam before hitting the sample. After 

the electron beam hits the sample, the TEM camera can detect which electrons were absorbed by 

the sample and which were transmitted, creating a transmission image of the sample. In addition 

to normal TEM imaging, when the electron beam hits the sample, various other events can occur, 

as shown in Figure 1.5 from reference 61.  
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Figure 1.5: A diagram showing signals that can be generated when an electron beam interacts 

with a sample. This figure is from reference 61. 

 

The events in Figure 1.5 generate a variety of signals that can be collected with the proper 

detectors. Characteristic X-rays can be collected with an EDS detector and used to create elemental 

composition maps.41, 62-64 The visible light emitted can be collected for cathodoluminescence 

measurement, which give information on low-energy phenomena like the band gap and defect 

states.65 Another example is the EELS signal, when electrons from the primary electron beam 

collide with the electrons in the sample inelastically, lose energy, and are scattered. The 

inelastically scattered electrons can be collected and an EELS spectrum can be generated. An 

example of an EELS spectrum is given in Figure 1.6, which shows the various regions in an EELS 

spectrum and the possible excitation processes that can occur.66 
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Figure 1.6: EELS spectrum of GaN, which shows the different excitation processes that can occur 

in electron energy loss spectroscopy. This figure is from reference 66. 

  

The first and most obvious feature in an EELS spectrum is the zero-loss peak (ZLP), which 

is due to the electrons from the primary electron beam that did not lose energy, instead passing 

straight through the sample. The region from about 0-50 eV is called the low-loss region and it 

contains information about the bandgap, interband transitions, and plasmon excitations. The higher 

energy region from ~100 eV and above is the core-loss region, which gives information on the 

elemental composition of the sample due to the higher energy core electron ionization.59 EELS 

helps characterize the energy transitions between the energy levels of the particles for both the 

heterogeneous and homogeneous (Ga1-xZnx)(N1-xOx) nanoparticles, providing an understanding of 

the electronic structure of (Ga1-xZnx)(N1-xOx) nanoparticles, allowing us to develop a suitable 

system for photochemically producing H2, as discussed in Chapter 3. The low-loss EELS spectra 

of (Ga1-xZnx)(N1-xOx) nanocrystals will be discussed and analyzed in Chapter 4.  
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1.3  Summary 

 

Solar fuel production via artificial photosynthetic systems can be an alternative to fossil 

fuel use, allowing us to potentially avoid catastrophically damaging Earth’s ecosystems further. 

However, further investigation is needed in order to improve efficiencies. Ideal photocatalytic 

materials must have the proper band alignment for one or both water splitting half reactions and a 

band gap capable of utilizing large portions of solar irradiation, in addition to resistance to 

photooxidation. Efforts are still being made to find ideal photocatalytic materials; solid-state 

synthesis offers a promising avenue to produce new materials with optimally engineered band gaps 

and stability.  

The purpose of the research in this dissertation is to understand how solid-state synthesis 

can be used to create novel materials for use in photochemical solar fuel production, how those 

materials function as light absorbers, and to characterize the physical and electronic properties of 

the materials. Chapter 2 will discuss the synthesis and surface functionalization of (Ga1-xZnx)(N1-

xOx) nanocrystals, while Chapter 3 will detail their use as a light absorber for a photochemical H2 

production system. Chapter 4 includes electron energy loss spectroscopy studies of (Ga1-xZnx)(N1-

xOx) nanocrystals, which shed light on the electronic band structure of the material with 

implications for its use as a light absorber in solar fuel production systems.  
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Chapter 2: Synthesis and Surface Functionalization of (Ga1-

xZnx)(N1-xOx) Nanocrystals 

 

 

2.1  Introduction 

 

(Ga1-xZnx)(N1-xOx) is a solid solution of GaN and ZnO that is capable of splitting water 

under visible light irradiation.1-6 Originally (Ga1-xZnx)(N1-xOx) was made via a typical solid-state 

synthesis with powder precursors being heated in a furnace under a flow of ammonia.7 Since then, 

many researchers have come up with various other solid state methods to synthesize (Ga1-xZnx)(N1-

xOx).
8-16 This exploration of solid-state synthesis technique has created an interesting survey of 

synthesis options for this one material that could potentially be used to create other more 

compositionally complex multinary materials with more than four components.17-19  

In this chapter, the synthesis mechanism of nanoscale (Ga1-xZnx)(N1-xOx) is studied, the 

precursor choice is analyzed and varied, and the surface functionalization of the nanoscale product 

is investigated in various ways. Understanding the synthesis mechanism can help inform whether 

or not this specific synthesis path can be used to create (Ga1-xZnx)(N1-xOx) of different size and 

shape and would allow the investigation of whether differently sized and shaped nanoscale (Ga1-

xZnx)(N1-xOx) would show different photocatalytic properties. Additionally, surface 

functionalization plays a key role in product utilization; surface ligands will determine in which 

solvents the product can be dispersed in, how the product can be studied, and how it can be used 

in different systems and devices.  

Throughout the investigation, the data supported a synthesis mechanism involving 

topotactic nucleation of (Ga1-xZnx)(N1-xOx) at the interface between the nanoscale precursors of 
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ZnO and ZnGa2O4. Data suggests that the ZnO acts as the template for the Ga from the ZnGa2O4 

precursor and the N from NH3 to diffuse into.20 Following the natural next step, a different size 

and shape of ZnO was tested as a precursor and it was found that changing the size and shape of 

ZnO at that scale did not change the (Ga1-xZnx)(N1-xOx) product morphology. Additionally, the 

surface functionalization of the nanoscale (Ga1-xZnx)(N1-xOx) was experimented with in an attempt 

to solubilize the product in multiple different solvents. To date, only one functionalization attempt 

has been successful for our group and it uses trimethoxy(octadecyl)silane (ODTMS) as a ligand 

that attaches to OH groups on the (Ga1-xZnx)(N1-xOx) surface resulting in the product being semi-

soluble in toluene.21  

What follows are synthesis and surface functionalization procedures, both successful and 

unsuccessful. The synthesis procedures include three different kinds of ZnO precursors, which 

were used to test the effect of precursor size and shape on the final (Ga1-xZnx)(N1-xOx) product. 

These precursors are 10 nm ZnO nanoparticles, 4 nm ZnO particles, and ZnO nanorods. I tried six 

different surface functionalizations to improve solubilization yield, and I tried two different 

methods of attaching a Pt cocatalyst for H2 production experiments described in Chapter 3.  

 

2.2  Materials and Methods 

2.2.1  Chemicals 

Zinc acetate (Zn(OAc)2, 99.99%), nitrosyl tetrafluoroborate (95%), trioctylphosphine 

oxide (TOPO, 99%), (3-aminopropyl)triethoxysilane (98.0%), butylamine (99.5%), L-ascorbic 

acid (AA, 99.0%), trimethoxy(octadecyl)silane (ODTMS, 90%), trichloro(octadecyl)silane (OTS, 

90%), 3-mercaptopropionic acid (3-MPA, ≥99.0%), hexane (99%), toluene (99.5%), 1,2-

hexadecanediol (90%), dioctyl ether (99%), benzyl ether (98%), 1-undecanol (99%), oleic acid 
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(≥99.0%), oleylamine (70%), pyridine (99.8%), tetramethylammonium hydroxide pentahydrate 

(TMAH, ≥97%), chloroplatinic acid hydrate (H2PtCl6, 99.9%), potassium tetrachloroplatinate(II) 

(98%, K2PtCl4), zinc acetylacetonate hydrate (Zn(acac)2, 99.995%), gallium acetylacetonate 

(Ga(acac)3, 99.99%), and zinc chloride (ZnCl2, ≥98%), were purchased from Sigma-Aldrich. 

Dichloromethane (Certified ACS), dimethylformamide (Certified ACS), dimethyl sulfoxide 

(Certified ACS), 2-propanol (99.9%), methanol (99.9%), and sodium hydroxide (NaOH pellets, 

99.3%) were purchased from Fisher. Octadecylphosphonic acid (ODPA, 99%) and 

tetradecylphosphonic acid (TDPA, 99%) were purchased from PCI Synthesis. 1,2-ethanediol 

(99.8%) was purchased from Macron Fine Chemicals. Ethyl acetate (99.5%) was purchased from 

EMD. Ethanol (95%) was purchased from Decon Labs. Ammonia (99.99%) was purchased from 

Airgas. All chemicals were purchased commercially and used without further purification. 

2.2.2  ZnO Nanocrystal Synthesis (10 nm diameter) 

As published previously,22 10 nm ZnO NCs were synthesized as follows. 40 mmol of ZnCl2 

was added to 200 mL of 1,2-ethanediol and stirred until dissolved. The mixture was heated to 150 

°C in air. Once at 150 °C, 16 mL of 5 M NaOH in water was added dropwise at a rate of about 1 

drop/second while stirring and maintaining the reaction temperature at 150 °C. When all the 5 M 

NaOH was added the solution was removed from heat and cooled to room temperature. The white 

powder product was washed in the reaction beaker initially via sedimentation, discarding the 

supernatant, and filling the beaker with 18 MΩ water to remove NaCl. The sedimentation process 

was repeated five times. The resulting white powder was collected via centrifugation (5000 rpm 

for 20 minutes) and washed an additional three times with water. After the supernatant was 

discarded for the final time, the remaining white powder was dried in the centrifuge tube in a 

vacuum desiccator. 
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2.2.3  ZnO Nanocrystal Synthesis (4 nm diameter) 

4 nm ZnO NCs were synthesized following the procedure of Schwartz et al.23 90 mL of 

0.101 M Zn(OAc)2 in DMSO was prepared in a tall ~400 mL beaker with a stir bar. Next, 30 mL 

of 0.552 M TMAH in ethanol was prepared and added dropwise to the Zn(OAc)2 solution at a rate 

of ~2 mL/min under constant stirring. Once all the TMAH was added, the ZnO NCs were crashed 

out using ethyl acetate. ~300 mL of ethyl acetate was added to the reaction beaker while stirring. 

A cloudy white precipitate forms. Using two 50 mL centrifuge tubes, equal amounts of the crashed-

out ZnO solution was poured into each tube and centrifuged at 5000 rpm for ~5 min. The 

supernatant liquid was discarded and more crashed-out ZnO solution was added until all crashed 

out ZnO particles were at the bottom of the two centrifuge tubes. The ZnO NCs were washed once 

with ethyl acetate by adding ~45 mL of ethyl acetate to each centrifuge tube and sonicating for 

~30 min to break-up the solid at the bottom of the tube, then the tubes were centrifuged and the 

liquid discarded. The ZnO NCs at the bottom of the centrifuge tubes were dried under vacuum in 

a vacuum desiccator.  

2.2.4  ZnO Nanorod Synthesis 

ZnO nanorods were synthesized as published previously.24 1 mmol Zn(OAc)2, 0.45 mmol 

TDPA, 3 mmol TOPO, and 7.5 mL of dioctyl ether were combined in a 25 mL 3-neck round 

bottom flask with a stir bar under Ar (g).  Next, O2 and H2O were removed by putting the reaction 

under vacuum and heating to 100 °C for 30 min. Then, the reaction was put back under Ar (g) and 

heated to 200 °C and held at 200 °C for 1 hour. The reaction was then cooled to 60 °C and 6 mmol 

of 1-undecanol was injected into the reaction via an Ar (g) purged syringe. Next, the reaction was 

heated to 250 °C and held at 250 °C for 2 hours. The reaction was then cooled to room temperature 

and the ZnO nanorods were transferred to a 50 mL centrifuge tube, washing the reaction flask with 
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methanol three times (~20-25 mL of methanol total). The tube was centrifuged at 5000 rpm for 15 

min. The methanol was discarded and ~20 mL of hexanes was added and the tube was sonicated 

until the solid at the bottom broke up (~2 min). Then the tube was centrifuged at 5000 rpm for 10 

min. After centrifugation, the ZnO nanorod product was contained in the supernatant liquid layer.  

2.2.5  ZnGa2O4 Nanocrystal Synthesis 

As reported previously,22 to synthesize ZnGa2O4 NCs, 1 mmol Zn(acac)2, 2 mmol 

Ga(acac)3, 5 mmol 1,2-hexadecanediol, 6 mmol oleic acid, and 6 mmol oleylamine were combined 

in 10 mL of benzyl ether in a 3-neck round bottom flask, stirred under Ar (g) until combined and 

heated to 40 °C. Then, the reaction was put under vacuum and the temperature was increased to 

100 °C to remove O2 and H2O. Once bubbling of the reaction was minimal, the reaction was put 

back under Ar (g) and the temperature was increased to 200 °C. After the reaction was at 200 °C 

for 30 minutes, the temperature was increased to 280 °C and held for 2 hours. After 2 hours, the 

reaction was cooled to room temperature and the NC product was collected by centrifugation and 

washed three times by dissolving in 5 mL of hexanes and precipitating with 45 mL of ethanol.  

2.2.6  (Ga1-xZnx)(N1-xOx) Nanocrystal Synthesis 

(Ga1-xZnx)(N1-xOx) NCs were synthesized as reported previously.22 Briefly, a total of ~200 

mg of ZnGa2O4 NC capped with 3-MPA and ZnO NC precursors was heated in a quartz tube 

furnace at 650°C for 10 hours or 800 °C for 2-10 hours under a flow of NH3 (g) at ~150 mL/min. 

The furnace was set to turn off after the desired reaction time and the sample was left in the furnace 

overnight to cool under flowing NH3 (g). In the morning, the NH3 (g) was turned off and the 

furnace was purged with Ar (g) before opening. The alumina boats containing the product were 

removed from the furnace and the product in the boats was carefully poured into a 4 mL 

borosilicate vial. For (Ga1-xZnx)(N1-xOx) NC synthesis using ZnO nanorods as the ZnO precursor, 
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the ZnO nanorods and the ZnGa2O4 nanocrystals were mixed together as liquids first, then the 

mixed liquid was dried on a glass slide on a hotplate and scrapped off the glass slide into the 

alumina boat for nitridation. The (Ga1-xZnx)(N1-xOx) NCs were characterized using inductively 

coupled plasma-mass spectrometry (ICP-MS) to analyze for the content of Zn and Ga, diffuse 

reflectance spectroscopy (DR) to obtain a reflectance spectrum which was converted using the 

Kubelka-Munk equation into the equivalent of an absorbance spectrum, powder X-ray diffraction 

(XRD) to analyze the crystal structure and crystallite domain size, and transmission electron 

microscopy (TEM) to obtain particle size and morphology data. 

2.2.7  Functionalization with ODTMS 

The procedure for functionalizing the (Ga1-xZnx)(N1-xOx) NC surface with ODTMS ligands 

is from Chuang et al.,21 and is as follows. About 20 mg of (Ga1-xZnx)(N1-xOx) powder is measured 

into a 15 mL centrifuge tube and 6 mL of toluene is added. The mixture of (Ga1-xZnx)(N1-xOx) and 

toluene is sonicated for 25 minutes at room temperature. Then 0.40 mL of ODTMS is added with 

continuous sonication. After 5 minutes, 0.15 mL of butylamine is added and the reaction is 

sonicated for 4.5 hours at 25-40°C. The water in the sonicator bath heats up over time, so 

periodically the sonicator water bath is changed out so that the temperature does not exceed 40 °C. 

After the 4.5 hours of sonication, the reaction is centrifuged at 5000 rpm for 2 minutes. The liquid 

layer is saved and any precipitate at the bottom is leftover (Ga1-xZnx)(N1-xOx) that was not 

successfully solubilized. The collected liquid layer is washed using 14 mL of isopropyl alcohol, 

which precipitates the (Ga1-xZnx)(N1-xOx) NCs and leaves excess ligand in solution. The 

precipitated solution is centrifuged at 5000 rpm for 10 minutes and the liquid layer is discarded, 

while the crashed out (Ga1-xZnx)(N1-xOx) NC product is resuspended in 1 mL of toluene.  
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2.2.8  Functionalization with APTES and attachment of metal cocatalyst 

To functionalize the (Ga1-xZnx)(N1-xOx) NC surface with APTES ligands various 

procedures were consulted and modified.25-28 Overall, 100 mg of (Ga1-xZnx)(N1-xOx) powder is 

weighed into a 3-neck round bottom flask with a stir bar. 10 mL of toluene is added and the mixture 

is stirred. 0.2 mL of APTES is added and the reaction is refluxed for 4 hours at 100 °C under Ar 

(g). Then, the reaction is cooled to room temperature and washed with ethanol, which crashes out 

the (Ga1-xZnx)(N1-xOx) product. The crashed-out product is dried under a vacuum.  

Following the functionalization with APTES, a metal cocatalyst can be attached to the end 

of the APTES ligand. To accomplish this, 100 mg of APTES-(Ga1-xZnx)(N1-xOx) powder is 

measured into a 15 mL centrifuge tube with a stir bar and 10 mL of water is added. 0.02 g of 

K2PtCl4 is added to the tube, the lid is secured, and the entire centrifuge tube is wrapped in Al foil. 

The tube is set in a rack on top of a stir plate and the mixture is stirred for 12 hours, or overnight. 

The reaction is washed with water by filling the tube to the top with water, mixing, and then 

centrifuging for 2 minutes at 5000 rpm. The liquid is discarded and the solid is washed with 

ethanol. After centrifuging for 2 minutes and discarding the liquid, the resulting solid is dried under 

vacuum.   

2.2.9  Functionalization with NOBF4 

The procedure for the experiments done to try and functionalize (Ga1-xZnx)(N1-xOx) using 

NOBF4 was adapted from Dong et al.,29 and involved dispersing 25 mg of (Ga1-xZnx)(N1-xOx) 

powder in 5 mL of either hexanes, acetonitrile, or dimethyl formamide. Separately, between 6 and 

14 mg of NOBF4 was dissolved in either dichloromethane, ethanol, acetonitrile, or dimethyl 

formamide. The NOBF4 solution was added to the (Ga1-xZnx)(N1-xOx) dispersion and mixed in 

various ways. The first attempt shook the vial for 5 minutes, the second sonicated for 2 hours, the 
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third sonicated for 6 hours and stirred overnight, and the last one stirred for 23 hours. After mixing, 

the reaction is centrifuged and the solid collected contains the unsuccessfully solubilized particles. 

To the remaining liquid, a 1:1 mixture of toluene and hexane is added to crash out the successfully 

solubilized particles. The mixture is centrifuged for 5 minutes and the liquid is discarded, and the 

precipitated particles can be dispersed in acetonitrile or dimethyl formamide.   

2.2.10  Functionalization with OTS 

The procedure used for the OTS functionalization experiments were adapted from the 

ODTMS procedure21 and involved measuring out 10 mg of (Ga1-xZnx)(N1-xOx) powder into a 

plastic vial or 15 mL centrifuge tube. Note, glass cannot be used because the OTS will react with 

the glass surface. OTS is a very reactive chemical in general, so any water or air will cause it to 

polymerize. A stir bar was added to the plastic centrifuge tube and the tube was capped with a 

rubber septum. The tube was flushed with Ar (g) for 20-30 minutes. Anhydrous toluene was 

injected into the tube and the toluene-(Ga1-xZnx)(N1-xOx) mixture was stirred for 25 minutes. 0.12 

mL of OTS was added and after about 2 minutes, 0.23 mL of anhydrous pyridine was added. The 

vent needle and Ar (g) needle were removed from the tube and the reaction was stirred for a total 

of 20-40 hours. The stirring was stopped, and the reaction was left to settle for about 45 minutes. 

The Ar (g) and vent needles were put back into the centrifuge tube with the reaction and another 

15 mL centrifuge tube was purged with Ar (g). Transfer the supernatant from the reaction into the 

newly Ar-purged centrifuge tube. About 10-11 mL of chloroform is added to the supernatant and 

the tube is centrifuged for 2 minutes at 5000 rpm. The Ar (g) and vent needles are reinserted into 

the tube and the chloroform is removed with an Ar-purged needle and syringe. Then, 3 mL of 

toluene is added and the tube is sonicated for 5-10 seconds. Once the toluene is added, the Ar (g) 

and vent needles can be removed.  
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2.2.11  Functionalization with ODPA 

The procedure followed for ODPA functionalization experiments is from Yee et al.,30 and 

is as follows. A 1:1 or 1:2 mole ratio of (Ga1-xZnx)(N1-xOx) powder to ODPA was measured out 

into separate 50 mL centrifuge tubes and 20 mL of ethanol was added to the ODPA to dissolve it. 

The ethanol-ODPA solution was added to the (Ga1-xZnx)(N1-xOx) powder and sonicated for 30 

minutes. A large and a small stir bar were added to the centrifuge tube and the reaction stirred 

overnight (16-20 hours). After stirring overnight, the tube was centrifuged for 13 minutes at 5000 

rpm and then washed with ethanol four times. After the last wash with ethanol, the ethanol was 

decanted, and 5 mL of hexanes or toluene was added and the tube was sonicated to disperse the 

particles. 

2.2.12  Surface Hydroxylation of (Ga1-xZnx)(N1-xOx) 

The procedure used to attempt to hydroxylate the surface of (Ga1-xZnx)(N1-xOx) was as 

follows. About 9 g of NaOH was dissolved in 20 mL of water in a beaker. Once the NaOH solution 

had cooled to room temperature, it was added to 5 mg of (Ga1-xZnx)(N1-xOx) powder in a 50 mL 

centrifuge tube. The tube was shaken gently for 10 minutes and briefly sonicated twice for 1 minute 

each time. Next, the particles were centrifuged for 10 minutes and washed with 20 mL of water 

three times and then the powder was dried in a vacuum desiccator.  

2.2.13  Pt Photodeposition on (Ga1-xZnx)(N1-xOx) 

The Pt photodeposition, from Carabineiro et al.31 and Cavalca et al.,32 was performed by 

measuring 1 mg of (Ga1-xZnx)(N1-xOx) powder into a small 1.5 mL glass vial and secured with a 

rubber septum. The vial was transferred into a glovebox where 10 µL of the Pt precursor solution 

(20 mg of H2PtCl6 in 2 mL of methanol) was added along with 290 µL of methanol and a stir bar. 

The septum was secured on the vial and the vial was removed from the glovebox. Next, the vial 
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was sonicated for 30 minutes and then illuminated for 1 hour with a 405 nm diode laser at a power 

of 88 mW.  

 

2.3  Observations and Hypotheses 

 

One of the main goals when studying the (Ga1-xZnx)(N1-xOx) solid-state synthesis was to 

try and change the size or shape of the final product by changing the synthesis conditions and 

components. Some of the different conditions and components we have control over in the 

synthesis are the furnace temperature, the amount of precursor, and the identity of the two 

nanoscale precursors, ZnO and ZnGa2O4.  

2.3.1  Temperature Dependence of (Ga1-xZnx)(N1-xOx) Synthesis 

In our group’s 2017 ACS Nano publication,20 we discuss the (Ga1-xZnx)(N1-xOx) solid-state 

synthesis mechanism of topotactic nucleation and growth and how reaction temperature plays a 

key role in the final elemental distribution in the product. One key takeaway from that publication 

is that during topotactic nucleation, the ZnO precursor acts as the template for Ga and N to diffuse 

into. Another key takeaway is that the reaction temperature determines the amount of diffusion of 

Ga and N that is possible in the ZnO precursor. We found that at a reaction temperature of 650 °C 

there is not enough thermal energy for Ga and N to diffuse fully through the ZnO particle; however, 

we saw that at 800 °C there was enough thermal energy for Ga and N to diffuse fully throughout 

the ZnO precursor. Therefore, at reaction temperatures like 650 °C, we are left with heterogeneous 

“core/shell-like” nanocrystal products and at a reaction temperature of 800 °C the result is a 

homogeneous nanocrystal with Zn, Ga, N, and O all distributed evenly throughout the particle. 

This difference is depicted in Figure 1, which shows EDS maps of (Ga1-xZnx)(N1-xOx) synthesized 

at 650 °C and 800 °C.20  
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Figure 2.1: Schematic illustration showing the different elemental distributions in the (Ga1-

xZnx)(N1-xOx) product that can result when different synthesis temperatures (650 °C and 800 °C) 

are used.20  

 

At 650 °C we see a (Ga1-xZnx)(N1-xOx) product that has a heterogeneous distribution of Ga 

and N in the ZnO template. In general, the Ga and N concentrates towards the edges of the particle, 

while the ZnO is concentrated in the core. We hypothesize that this happens because there is not 

enough thermal energy at 650 °C for the Ga and N to fully diffuse through the ZnO particle. 

Conversely, at 800 °C we see homogeneous (Ga1-xZnx)(N1-xOx) particles, where the Ga, N, Zn, and 

O are all evenly distributed throughout the particle. We hypothesize that this is the case because 

at 800 °C there is enough vacancies, NH3 decomposition, and thermal energy for the Ga and N to 

diffuse fully throughout the ZnO particle.  

In conclusion, we have observed that different reaction temperatures can be used to alter 

the elemental distribution in (Ga1-xZnx)(N1-xOx) nanocrystals, with 650 °C resulting in 

heterogeneous “core/shell-like” particles and 800 °C resulting in homogeneous particles due to the 

difference in thermal energy available for ion diffusion. However, the reaction temperature did not 

appear to change the size or shape of the (Ga1-xZnx)(N1-xOx) product, it only changed the elemental 

distribution, so in our continued quest to change the size and shape of the (Ga1-xZnx)(N1-xOx) 

product, we moved on to changing the precursor size and shape. 
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2.3.2  Dependence on ZnO Precursor Size and Shape  

One of the other ways we can change the synthesis conditions is to change the precursor 

size and shape. We targeted the ZnO precursor since we believe that it is the template which Ga 

and N diffuse into. Our aim is to see if the (Ga1-xZnx)(N1-xOx) product will change shape or size if 

the ZnO precursor template’s shape or size is changed. 

The first attempt to change the ZnO precursor involved synthesizing 4 nm ZnO 

nanoparticles which were used in the synthesis in place of the 10 nm ZnO nanoparticles. Some 

considerations for smaller nanoparticle precursors are whether or not the zinc will evaporate faster 

if the particle is smaller, also whether more or less ZnGa2O4 particles come in contact with ZnO 

nanoparticles if they are smaller. The (Ga1-xZnx)(N1-xOx) synthesis was done with both the 10 nm 

and the 4 nm ZnO precursors and the results were compared. Figure 2 shows TEM images of the 

4 nm ZnO nanoparticles and both final (Ga1-xZnx)(N1-xOx) products.  

 

Figure 2.2: TEM images of (a) 4 nm ZnO nanoparticle precursor, (b) x=0.56 (Ga1-xZnx)(N1-xOx) 

synthesized using the 4 nm ZnO, and (c) x=0.54 (Ga1-xZnx)(N1-xOx) synthesized using the 10 nm 

ZnO.  
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By analyzing the TEM images taken, samples of which are shown in Figure 2, it was 

determined that using the 4 nm ZnO instead of the 10 nm ZnO did not seem to make a difference 

in the size or shape of the final (Ga1-xZnx)(N1-xOx) product, shown in Figure 2(b) and (c). We 

hypothesized that the reason changing the size of the ZnO nanoparticle precursor had no effect is 

because at such high synthesis temperatures the precursors must fuse together in some way. So, 

having a slightly smaller ZnO nanoparticle may not have made a difference if, for example, two 4 

nm ZnO nanoparticles fused together, in which case the starting size of the ZnO precursor 

effectively would not have changed much. Moving forward, we aimed to study if changing the 

shape of the ZnO precursor could change the (Ga1-xZnx)(N1-xOx) product. 

The attempt at changing the ZnO precursor shape was accomplished by synthesizing ZnO 

nanorods and attempting to use them in place of the 10 nm nanoparticles. We hypothesized that 

perhaps the ZnGa2O4 would attach at multiple points along the ZnO nanorod allowing not only for 

a different product shape, but also perhaps a different elemental distribution in the product. The 

ZnO nanorods were synthesized via a solution phase hot-injection synthesis which produced the 

carrot-shaped nanorods, seen in Figure 3(a). The ZnO nanorods in Figure 3(a) were used as the 

ZnO precursor for a (Ga1-xZnx)(N1-xOx) synthesis, the product of which is shown in the TEM image 

in Figure 3(b).  
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Figure 2.3: TEM images of (a) ZnO nanorod precursor made via hot-injection synthesis, (b) 

x=0.52 (Ga1-xZnx)(N1-xOx) product synthesized with ZnO nanorods as the ZnO precursor, and (c) 

x=0.54 (Ga1-xZnx)(N1-xOx) synthesized using the 10 nm ZnO nanoparticles. 

  

Comparing the (Ga1-xZnx)(N1-xOx) product in Figure 3(b) and (c), there do not appear to be 

any major differences, which is similar to what we saw when 4 nm ZnO was used as the ZnO 

precursor. The (Ga1-xZnx)(N1-xOx) product made with the ZnO nanorods (Figure 3(b)) does not 

show any size or shape difference from the (Ga1-xZnx)(N1-xOx) made with 4 nm ZnO (Figure 3(b)) 

or from the (Ga1-xZnx)(N1-xOx) made with 10 nm ZnO (Figure 3(c)). This finding supports the 

hypothesis that at such high reaction temperatures, all of the precursors may be fusing together, so 

changing the ZnO precursor size or shape might not affect the (Ga1-xZnx)(N1-xOx) product, since 

multiple ZnO precursors could be fusing together, or the ZnO nanorod could fuse into a more 

spherical particle shape at the high reaction temperatures.  
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2.3.3  Surface Functionalization of (Ga1-xZnx)(N1-xOx) with Ligands 

In addition to investigating the (Ga1-xZnx)(N1-xOx) synthesis, we also wanted to investigate 

how we can functionalize the (Ga1-xZnx)(N1-xOx) surface. In nanoscience this usually means 

attaching some kind of ligand to the surface of the nanocrystal, but it can also mean attaching a 

cocatalyst or metal nanoparticle. One of the biggest challenges throughout our research into (Ga1-

xZnx)(N1-xOx) has been trying to attach a ligand to the nanocrystal surface. We have found two 

ligands that will bind to the surface to some extent which allows some solution dispersion, but 

even those ligands do not result in fully soluble particles. Below we will investigate what worked, 

what did not work, and why we are having trouble functionalizing the surface. 

2.3.3.1  ODTMS 

 

We will begin with ODTMS because it has been the most successful ligand and the one we 

use the most in our experiments. As depicted in Figure 4, the ODTMS molecule has a long alkane 

tail with 18 carbons and a head group of Si with three methoxy groups attached. The long alkane 

chain is what allows the modified particles to be soluble in non-polar solvents, while the head 

group is the part of the molecule that attaches to the (Ga1-xZnx)(N1-xOx) surface.  

 

Figure 2.4: Illustration of how the ODTMS molecule attaches to the (Ga1-xZnx)(N1-xOx) surface. 
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Functionalization with ODTMS was semi successful for our purposes because it reacts with 

the OH groups on the (Ga1-xZnx)(N1-xOx) surface. However, it was only partially successful 

considering that we see about a 20-30% yield of solubilization. We hypothesize that this low yield 

of solubilization is because there are most likely NH groups on the (Ga1-xZnx)(N1-xOx) surface in 

addition to the OH groups and the ODTMS does not react with the NH groups. One of the benefits 

of ODTMS is that it is in an ideal reactivity range of silanes because it is reactive enough to interact 

with the (Ga1-xZnx)(N1-xOx) surface, but not so reactive that it prefers to polymerize instead of 

attaching to the (Ga1-xZnx)(N1-xOx) surface.  

2.3.3.2  APTES 

 

APTES is a similar ligand to ODTMS. They both have very similar reactivities, similar 

head groups, but different tail groups – APTES has an aminopropyl tail. The main use we have for 

the APTES ligand is to use it to functionalize the (Ga1-xZnx)(N1-xOx) surface and then deposit a 

metal nanoparticle cocatalyst on the amine at the end of the APTES tail group. This is an indirect 

way to attach a metal nanoparticle cocatalyst to the (Ga1-xZnx)(N1-xOx) surface and can be useful 

for comparisons in photocatalytic studies. Figure 5 shows an example of how APTES can be used 

to functionalize a surface and then have Pt attached to the amine end of the APTES ligand. ZnO is 

used in place of (Ga1-xZnx)(N1-xOx) as a model system. 
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Figure 2.5: TEM image of ZnO functionalized with APTES ligands which subsequently had Pt 

attached to the amine end of the APTES ligand. 

 

2.3.3.3  OTS 

 

OTS was investigated as a possible ligand for (Ga1-xZnx)(N1-xOx) due to ODTMS having 

low yields. The initial hypothesis was that since OTS is more reactive than ODTMS it might have 

a greater number of successful molecules that would bind to the (Ga1-xZnx)(N1-xOx) surface than 

ODTMS. However, this was not the case. In fact, due to OTS being more reactive than ODTMS, 

it preferred to react with itself and polymerize than to react with the (Ga1-xZnx)(N1-xOx) surface. 

This was evidence that the poor yield of ODTMS attachment did not have to do with the reactivity 

of the ligand and led us to wonder if it was more to do with what was on the (Ga1-xZnx)(N1-xOx) 

surface. This supported our thoughts that maybe there were not enough OH groups on the (Ga1-

xZnx)(N1-xOx) surface because there were also NH groups that the OTS and ODTMS could not 

react with.  

2.3.3.4  NOBF4 
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NOBF4 functionalization experiments were based on the paper by Dong et al.,29 which 

offered a facile way to ligand exchange colloidal nanocrystals from non-polar to polar phases and 

back. The premise is that if one has nanocrystals already soluble in a non-polar solvent, most likely 

because they have native ligands on them, then NOBF4 can be added to the solution and it will 

exchange with the non-polar ligand and make the nanocrystals soluble in a polar solvent. From 

there the researcher is free to ligand exchange the nanocrystal to a different ligand, or to keep the 

NOBF4 functionalized particles. NOBF4 functionalization was not successful with (Ga1-xZnx)(N1-

xOx), no soluble particles were obtained. Our hypothesis for why the NOBF4 functionalization did 

not work for (Ga1-xZnx)(N1-xOx) is because the nanocrystals were not soluble to begin with, so 

there was no ligand exchange that could happen. The only groups available for exchange would 

be OH and/or NH and it would be unlikely for the OH or NH groups on the (Ga1-xZnx)(N1-xOx) 

surface to participate in a ligand exchange process considering it would be less favorable for the 

OH and NH groups to detach from the (Ga1-xZnx)(N1-xOx) surface and be free in solution than it 

would be for them to stay on the surface. Conversely, when colloidal Cd chalcogenide 

nanocrystals, for example, are synthesized they tend to be functionalized with long-chain alkane 

ligands that are more stable as free molecules in solution, so would be more likely to ligand 

exchange with something like NOBF4.  

2.3.3.5  ODPA 

 

Surface modification using ODPA as a ligand was attempted using a previously reported 

process by Yee et al.,30 which states that a sulfonic acid group binds to the Fe2O3 nanoparticle 

surface through an acid-base reaction between the Fe-OH and S-OH groups, and the reader is left 

to assume that the binding of the phosphonic acid group may occur through an acid-base reaction 

between Fe-OH and P-OH groups as well. Since Yee et al.30 reported the successful 
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functionalization of the Fe2O3 surface with ODPA, we hypothesized that we might be able to use 

ODPA to functionalize the (Ga1-xZnx)(N1-xOx) surface. However, just like other techniques failed, 

the ODPA did not appear to bind to the (Ga1-xZnx)(N1-xOx) surface and no usable functionalized 

(Ga1-xZnx)(N1-xOx) particles were produced. Again, the hypothesis for why this functionalization 

failed is based on the assumption that there probably are not enough OH groups on the (Ga1-

xZnx)(N1-xOx) surface to react with the ODPA ligands. We presume that ODTMS and APTES are 

semi-successful because they may be more reactive with the few OH groups that are on the (Ga1-

xZnx)(N1-xOx) surface than the other ligands are. The failure of ODPA functionalization heavily 

emphasized the need to hydroxylate the (Ga1-xZnx)(N1-xOx) surface with more OH groups.   

2.3.3.6  Hydroxylating the (Ga1-xZnx)(N1-xOx) Surface 

 

Due to the lack of any ligands besides ODTMS and APTES successfully attaching to the 

(Ga1-xZnx)(N1-xOx) surface, we investigated the possibility of hydroxylating the (Ga1-xZnx)(N1-xOx) 

surface by treatment with concentrated NaOH. Treating the (Ga1-xZnx)(N1-xOx) surface with 

concentrated NaOH was the simplest procedure for hydroxylating the surface that could be found 

considering that other procedures involved either plasma treatment or treatment with Piranha 

(H2SO4 and H2O2). However, it is important to note that (Ga1-xZnx)(N1-xOx) will be digested by 

concentrated NaOH with long enough exposure times (>18 hours). The hydroxylation experiments 

were attempted but a balance between enough time for hydroxylation and not enough time for 

digestion was not found. The hydroxylation experiments were attempted in conjunction with other 

functionalization experiments whose mechanisms involved reaction with OH groups, but the 

NaOH treatment did not appear to help any of the other functionalization processes succeed. The 

final assumption was that the amount of concentrated NaOH and time necessary to start to 

hydroxylate the (Ga1-xZnx)(N1-xOx) surface was too close to the point where the (Ga1-xZnx)(N1-xOx) 
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would start to be digested by the base. It is possible that the plasma treatment or the Piranha 

treatment might be more successful because those treatments are much more intense than NaOH, 

and it might be possible to do them for significantly less time, which could help avoid the digestion 

of the (Ga1-xZnx)(N1-xOx) particles.  

2.3.3.7  Pt Photodeposition on (Ga1-xZnx)(N1-xOx) Surface 

 

Another option for surface functionalization besides attaching ligands is to deposit a metal 

nanoparticle cocatalyst on the (Ga1-xZnx)(N1-xOx) surface. This was accomplished by 

photodepositing Pt nanoparticles on the (Ga1-xZnx)(N1-xOx) surface. Figure 6(a) shows high-

resolution TEM images of Pt nanoparticles photodeposited on (Ga1-xZnx)(N1-xOx) particles and 

Figure 6(b) shows the crystal lattice of the Pt nanoparticle attached to the crystal lattice of the (Ga1-

xZnx)(N1-xOx) with the lattice lines emphasized in yellow. The d-spacing measured for (Ga1-

xZnx)(N1-xOx) is 2.6 Å and for Pt is 2.28 Å.  



 

39 

 

 

Figure 2.6: (a) High-resolution TEM image showing Pt nanoparticles photodeposited on (Ga1-

xZnx)(N1-xOx) particles. (b) High-resolution TEM image showing the Pt nanoparticle crystal lattice 

attached to the (Ga1-xZnx)(N1-xOx) crystal lattice. The lattice lines are emphasized in yellow and 

the d-spacings are notated, 2.6 Å for (Ga1-xZnx)(N1-xOx) and 2.28 Å for Pt. 

 

Figure 6(b) shows that the Pt photodeposition was successful, with the crystal lattices of 

the Pt and the (Ga1-xZnx)(N1-xOx) clearly merging. Unfortunately, H2 production attempted with 

the photodeposited sample was not successful. The lack of H2 production success was likely due 

to the lack of an efficient hole scavenger and being in a non-ideal pH range. Follow up experiments 



 

40 

 

with more efficient hole scavengers in a pH 3 buffer are predicted to yield better H2 production 

results, however these experiments have not been attempted yet.  

 

2.4  Conclusion and Outlook 

 

Throughout the study of (Ga1-xZnx)(N1-xOx) synthesis and surface functionalization we 

have learned that the reaction temperature can change the elemental distribution in the (Ga1-

xZnx)(N1-xOx) particles, with lower temperatures (650 °C) resulting in heterogeneous “core/shell-

like” particles and higher temperatures (800 °C) resulting in homogeneous particles. We also 

learned that changing the ZnO precursor size and shape does not affect the size or shape of the 

(Ga1-xZnx)(N1-xOx) product. Two separate syntheses were attempted, one using 4 nm ZnO 

nanoparticles and the other using ZnO nanorods, neither of which resulted in a different (Ga1-

xZnx)(N1-xOx) product than the original synthesis using 10 nm ZnO nanoparticles. Attempts to 

functionalize the (Ga1-xZnx)(N1-xOx) surface led to the hypothesis that the surface may have NH 

groups in addition to OH groups on it, which can limit the effectiveness of surface functionalization 

techniques that depend on a reaction with a OH group. The two semi-successful surface 

functionalization procedures use ODTMS and APTES as ligands, and it is hypothesized that these 

ligands were successful because they may react more strongly with the OH groups that were 

present than the other ligands that were investigated. The ligands that failed to functionalize the 

(Ga1-xZnx)(N1-xOx) surface include ODPA, NOBF4 and OTS. Additionally, attempting to 

hydroxylate the (Ga1-xZnx)(N1-xOx) surface with concentrated NaOH was also unsuccessful 

because it digested the (Ga1-xZnx)(N1-xOx) particles before it effectively hydroxylated their surface. 

Lastly, functionalizing the (Ga1-xZnx)(N1-xOx) surface with a metal nanoparticle cocatalyst was 

successful. Pt nanoparticles were successfully photodeposited on the (Ga1-xZnx)(N1-xOx) surface 



 

41 

 

using a photochemical deposition technique.31-32 It was confirmed that the Pt nanoparticles were 

directly attached to the (Ga1-xZnx)(N1-xOx) through HRTEM, which showed the two crystal lattices 

merging. These studies have served to emphasize the need to more successfully functionalize the 

(Ga1-xZnx)(N1-xOx) surface, whether it is by finding a ligand that will react with both NH and OH 

groups, or whether it is by finding a way to successfully hydroxylate the (Ga1-xZnx)(N1-xOx) surface 

without destroying the particles. Additionally, the limitations of the solid-state synthesis have been 

highlighted by the inability to change the size or shape of the (Ga1-xZnx)(N1-xOx) product. It is 

necessary to investigate other synthesis techniques like solution-phase and solvothermal synthesis 

in order to be able to control the size and shape of the (Ga1-xZnx)(N1-xOx) product more readily.  
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Chapter 3: Understanding Photochemical H2 Generation from (Ga1-

xZnx)(N1-xOx) Nanocrystals 

 

 

3.1  Introduction 

 

As the demand for renewable energy intensifies, a variety of different semiconductors are 

being synthesized for use in renewable energy production.1 Semiconductors are widely used in 

renewable energy applications ranging from battery development and photovoltaics to solar fuel 

generation.2-5 Recently, solid-state, multinary compounds have become a popular path for 

synthetic investigation for use in these applications.6 One of these modern, multinary compounds 

is (Ga1-xZnx)(N1-xOx), a solid solution of GaN and ZnO, first synthesized in the bulk by the Domen 

group in 2005.7 Early studies of (Ga1-xZnx)(N1-xOx) showed optimistic performance in light-driven 

water splitting when modified with appropriate cocatalysts.8-18 (Ga1-xZnx)(N1-xOx)  has a bandgap 

in the visible region, even though the parent materials, GaN and ZnO, have bandgaps in the UV 

region.19-31 A visible bandgap is more useful for solar fuel and photovoltaic applications than a 

bandgap in the UV because it allows the material to use a greater percentage of solar radiation.32 

(Ga1-xZnx)(N1-xOx) is also interesting in terms of synthesis because most researchers who have 

synthesized it have used solid state techniques.15, 33-36 These syntheses afford diverse options for 

synthetic control over materials such as elemental and compositional distribution control. Learning 

how to implement materials synthesized via solid state techniques in solar applications could 

unlock a new category of materials for solar energy applications. 

We recently succeeded in synthesizing nanoscale (Ga1-xZnx)(N1-xOx), in the form of 

wurtzite nanocrystals (NCs) that are ~20 nm in diameter.37 After successfully synthesizing 
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nanoscale (Ga1-xZnx)(N1-xOx) in the solid state and characterizing the NC product,38 we ventured 

into studying (Ga1-xZnx)(N1-xOx) as a light absorber for photochemical H2 generation. While, (Ga1-

xZnx)(N1-xOx) is a promising light absorber for photochemical systems due to its relatively large 

molar absorptivity,39 it has so far shown poor solar conversion efficiencies and researchers report 

poor quantum yields (QYs) of water splitting.14, 40-43 One contributor to the poor QY of water 

splitting by (Ga1-xZnx)(N1-xOx) could be a lack of catalytic surface sites to catalyze the H+ reduction 

and water oxidation reactions. However, researchers found that even when both water oxidation 

and H+ reduction reactions are catalyzed, the QYs of water splitting were still low compared to 

other results from the solar community.44 Therefore, we investigated the factors that determine the 

overall efficiency.  

In this Chapter, we quantify the rates of the elementary charge-transfer steps involved in 

photochemical H2 production by (Ga1-xZnx)(N1-xOx) in order to evaluate the factors that determine 

the overall QY. The H2 production system consists of (Ga1-xZnx)(N1-xOx) as the light absorber, 

methyl viologen (MV) as the electron shuttle/redox mediator, Pt as the cocatalyst, and 

dithioerythritol (DTE) as the sacrificial hole scavenger. H2 production in this system relies on 

several elementary steps: electron transfer from (Ga1-xZnx)(N1-xOx) to MV2+, subsequent electron 

transfer from MV+• to Pt nanoparticle (NP) cocatalyst, H2 production catalyzed by the Pt NP 

cocatalyst, and hole scavenging by DTE. We isolate each of these processes and determine the 

rates of each charge-transfer event as well as the catalysis. We find that while electron transfer 

from the redox mediator to the cocatalyst is fast and efficient, electron transfer from the (Ga1-

xZnx)(N1-xOx) NP to the redox mediator is inefficient and the turnover of the cocatalyst to produce 

H2 is average. We hypothesize that this inefficiency is due to a conduction band minimum energy 

that is too low to drive efficient electron transfer. This indicates that electron transfer from the 
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(Ga1-xZnx)(N1-xOx) NP to the redox mediator is the most significant contributor to the overall poor 

efficiency of H2 production.  

 

3.2  Materials and Methods 

3.2.1  Chemicals 

3-mercaptopropionic acid (3-MPA, ≥99.0%), 1,2-hexadecanediol (90%), benzyl ether 

(98%), oleic acid (≥99.0%), oleylamine (70%), tetramethylammonium hydroxide pentahydrate 

(≥97%), zinc acetylacetonate hydrate (Zn(acac)2, 99.995%), gallium acetylacetonate (Ga(acac)3, 

99.99%), zinc chloride (ZnCl2, ≥98%), poly(vinyl alcohol) (avg MW 13,000-23,000 Da, 98% 

hydrolyzed), sodium oxalate (99.99)%, oxalic acid (98%), sodium formate (99.998%), L-cysteine 

(98%), 1,4-dithioerythritol (DTE) (≥99.0%), triethanolamine (≥99.0%), 2-mercaptoethanol 

(≥98%), chloroplatinic acid hydrate (99.9%), citric acid trisodium salt (≥98%), methyl viologen 

dichloride hydrate (98%), sodium hydrosulfite (dithionite) (85%), hexane (99%), toluene (99.5%), 

4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES, ≥99.5%), and 

tris(hydroxymethyl)methylamino]propanesulfonic acid (TAPS, ≥99.5%) were purchased from 

Sigma-Aldrich. 2-(N-morpholino)ethanesulfonic acid (MES Free Acid Monohydrate, 98%), 2-

propanol (99.9%), methanol (99.9%), and sodium hydroxide (NaOH pellets, 99.3%) were 

purchased from Fisher. 1,2-ethanediol (99.8%) was purchased from Macron Fine Chemicals. 

Ethanol (95%) was purchased from Decon Labs. Ammonia (99.99%) was purchased from Airgas.  

Sodium borohydride (≥98%) was purchased from VWR. D, L-dithiothreitol (DTT) (≥99%) was 

purchased from Research Products International. All chemicals were purchased commercially and 

used without further purification. 
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3.2.2  ZnGa2O4 Nanocrystal Synthesis 

ZnGa2O4 NCs were synthesized as detailed in Chapter 2.  

3.2.3  (Ga1-xZnx)(N1-xOx) Nanocrystal Synthesis 

(Ga1-xZnx)(N1-xOx) NCs and precursors were synthesized as reported previously.37 Briefly, 

~200 mg of ZnGa2O4 NC precursor was heated in a quartz tube furnace at 650°C for 10 hours 

under a flow of NH3 (g) at ~150 mL/min. After 10 hours, the furnace was set to turn off and the 

sample was left in the furnace overnight to cool with NH3 (g) still flowing. The next morning, the 

NH3 (g) flow was turned off and the furnace was purged with Ar (g) before opening the furnace. 

The boats containing the product were removed from the furnace and the powder product in the 

boats was carefully poured into a 4 mL borosilicate vial. Once synthesized, the (Ga1-xZnx)(N1-xOx) 

NCs were characterized using inductively coupled plasma-mass spectrometry (ICP-MS) to analyze 

the Zn and Ga content, diffuse reflectance (DR) to obtain a reflectance spectrum which was 

converted using the Kubelka-Munk equation into the equivalent of an absorbance spectrum, 

powder X-ray diffraction (XRD) to analyze the crystal structure and crystallite domain size, and 

transmission electron microscopy (TEM) to obtain particle size and morphology data.  

3.2.4  PVA-capped Pt Nanoparticle Synthesis 

Poly(vinyl alcohol) (PVA)-capped Pt NPs were synthesized following the procedure by 

Wu and coworkers.45 Briefly, 38 mL of 18 MΩ water was added to a beaker along with 1 mL of 

16 mM H2PtCl6, and 1 mL of 40 mM trisodium citrate. The contents of the beaker were stirred for 

30 minutes at room temperature and then 200 µL of 50 mM NaBH4 was added dropwise and the 

mixture was allowed to stir and react at room temperature for 1 hour. Next, the Pt NPs were ligand 

exchanged from citrate to the protective agent PVA. PVA was added in a 1:1 mass ratio with Pt 

by first dissolving the solid PVA in water using sonication and then adding it to the completed 
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reaction vessel and stirring overnight to ligand exchange. Lastly, the ligand-exchanged particles 

were purified with water using molecular weight (MW) cutoff filters and centrifugation. The Pt 

NP product was added to a 30 kDa MW cutoff filter and centrifuged at 4000 rpm for 10 minutes 

to concentrate the Pt NP product. This step was repeated until all of the NP product was in the top 

part of the filter and then the concentrated product was washed five times with 18 MΩ water, 

centrifuging at 4000 rpm for 10 minutes each time. The washed, concentrated product was diluted 

in 18 MΩ water and used without further modification. 

3.2.5  Characterization 

XRD patterns were collected with a PANalytical Empyrean diffractometer utilizing a Cu 

Kα radiation source (λ=0.15406 nm). Patterns were collected with a 2θ range of 20-85° and a step 

size of 0.029° 2θ. Diffuse reflectance spectra were collected using an Agilent Cary 60 UV-Vis 

spectrophotometer with the Agilent Cary 60 Remote Diffuse Reflectance Accessory (DRA). A 

Spectralon puck was used as the reference and the diffuse reflectance spectra were converted to 

Kubelka-Munk plots using the Kubelka-Munk equation: F(R∞)=(1-R∞)2/2R∞, where 

R∞=Rsample/Rreference. UV-visible absorption spectra were collected on an Agilent Cary 60 UV-Vis 

spectrophotometer using 1 cm quartz cuvettes. A Thermo Finnigan Element2 magnetic sector ICP-

MS was used to determine the amount of Zn and Ga in the sample, which was used to calculate 

the x-value. High-resolution TEM images were taken on a FEI Tecnai ST20 microscope operating 

at 200 kV. Low-magnification TEM images were taken on a FEI Tecnai T12 Spirit microscope 

operating at 100 kV. 

3.2.6  Photocurrent onset and open circuit potential measurements 

Experiments estimating the flat band potential via photocurrent onset were performed as 

described previously,46 with a three-electrode cell utilizing (Ga1-xZnx)(N1-xOx)/FTO as the working 
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electrode, a Pt counter electrode, and Ag/AgCl as the reference electrode. The light source was a 

300 W Xe-arc lamp (Newport 67005). An intensity of 1 sun was approximated by adjusting the 

distance between the working electrode and the light source using a GaP0.98N0.02 detector to 

determine the electrode location. The distance between the lamp and the electrode was set by 

choosing the distance at which the GaP0.98N0.02 detector read the same current as when it is under 

AM1.5G illumination. Next, the light was passed through a 435 nm long pass filter. The 

photocurrents were recorded from an oxidation sample in an aqueous 0.5 M Na2SO4 solution in 

phosphate buffer at pH 7.0. The photocurrent was collected by scanning the voltage from +1.0 V 

to -1.0 V at a rate of 10 mV/s with the light being chopped manually. Flat band potential values 

were calculated where the dark current and photocurrent intersected. Experiments estimating the 

flat band potential using open circuit potential measurements were performed in 0.1 M Na2SO4 at 

pH 7 in phosphate buffer with the same three electrode system described for the photocurrent onset 

experiments. A fiber optic illuminator was used as the light source which had tunable power 

between 0-8 sun. Open circuit potential values were gathered as the light power was increased. A 

final open circuit potential value was taken when the light power was strong enough to make the 

band bending flat. Flat band potentials were estimated by subtracting the difference between the 

final open circuit potential and the dark open circuit potential from the potential of the hydrogen 

half cell.  

3.2.7  Light absorption by (Ga1-xZnx)(N1-xOx) and electron transfer to MV2+ 

Experiments studying the reduction of MV2+ by (Ga1-xZnx)(N1-xOx) were performed in a 2 

mm, air-free cuvette with a Kontes valve screw top cap and a stir bar. The total volume of the 

samples was 600 µL and each sample contained 2 mg of (Ga1-xZnx)(N1-xOx) powder, 5 mM MV2+, 

200 mM DTE, dispersed in either pH 3, 6, 7, or 8 100 mM MES/HEPES/TAPS buffer. Each sample 



 

51 

 

was stirred while it was illuminated with a 447 nm diode laser (Laserglow LRD-0447 Collimated 

Diode Laser). Periodically, a UV-vis spectrum of the sample was collected using an Agilent Cary 

60 UV-vis spectrophotometer. Using the absorbance at 604 nm of the characteristic MV+• peak 

(ε604=13,600 M-1cm-1 )47 and Beer’s Law, a [MV+•] vs. time plot can be created. The UV-vis spectra 

were gathered at different time spacings depending on the sample pH. Since the higher pH samples 

reduced MV2+ more quickly than the pH 3 sample, spectra were gathered more quickly (30 seconds 

to 1 or 2 minutes between spectra) at high pH than the spectra for the lower pH samples (15 minutes 

between spectra). The time spacings also elongated as the illumination time increased and the 

[MV+•] started to saturate.  

3.2.8  Electron transfer from MV+• to Pt nanoparticle cocatalyst 

To study the electron transfer from MV+• to the Pt NP cocatalyst, experiments were 

performed in a 1 cm FUV cuvette with a stir bar and sealed with a rubber septum. Each sample 

contained MV+• in the desired pH MES/HEPES/TAPS buffer. 50 µL of PVA-capped Pt NPs were 

injected after a baseline reading of MV+• signal at 604 nm was obtained. While stirring, the decay 

of the absorption signal at 604 nm was monitored using kinetics mode on an Agilent Cary 60 UV-

visible spectrophotometer and fit to an exponential decay function. This experiment was carried 

out at all four pH values (3, 6, 7, and 8), however, to make the MV+• starting solution, different 

reducing agents were necessary. For pH 6, 7, and 8, dithionite was used as the reducing agent to 

reduce MV2+ to MV+•. However, dithionite’s low solubility at pH 3 rendered it unable to reduce 

MV2+ at pH 3, instead, NaBH4 was employed as the reducing agent at pH 3.  

3.2.9  Pt nanoparticle cocatalyst H2 production 

H2 production catalyzed by the Pt NPs was monitored directly from the samples used to 

study electron transfer from MV+• to Pt NPs by measuring the H2 produced after the latter 
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experiment was complete. During the study of the electron transfer from MV+• to the Pt NPs, once 

the Pt NPs were injected and the signal at 604 nm had decayed, the amount of H2 in the headspace 

of the cuvette was measured using a gas chromatograph with thermal conductivity detector (GC-

TCD). 200 µL of the sample vial’s headspace was removed using a gas-tight glass syringe and 

injected into the GC-TCD. QYs of H2 production were calculated as a quantitative measure of the 

Pt NP H2 production efficiency.  

3.2.10  Hole scavenging 

It was necessary to study the hole scavenging step in multiple ways. Firstly, a wide variety 

of hole scavengers were tested for H2 production performance in order to select the most efficient 

hole scavenger for the system (Figure 3.3). These H2 production experiments were carried out in 

standard opening 2 mL crimp-top vials (Fisher Scientific) with a stir bar and 7.1 mm ID rubber 

septa (Cole-Parmer). Each sample contained 1 mg of (Ga1-xZnx)(N1-xOx) powder, 73.3 µM Pt NPs, 

5 mM MV2+, excess of the hole scavenger (>100 mM), in pH 3 MES/HEPES/TAPS buffer with a 

total sample volume of 300 µL. The exact concentration of hole scavenger in each sample varied 

based on the solubility limit of each hole scavenger in water. In each case, several concentrations 

near and at the solubility limit were tested. Once DTE was chosen as the preferred hole scavenger, 

the experiment studying reduction of MV2+ by (Ga1-xZnx)(N1-xOx), with the 2 mm cuvette with the 

Kontes valve top, was performed with and without DTE (200 mM) in the sample, as described 

above, and the MV2+ reduction rates were compared.  
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3.3  Results and Discussion 

3.3.1  Pt Nanoparticle Characterization 

Pt NPs were chosen as a cocatalyst for this H2 production system because Pt is a well-

known H2 production catalyst.5, 48-49 The Pt NPs used as solution phase cocatalysts in this study 

are 3.5 ± 0.6 nm in diameter. Figure 3.1 shows the UV-visible absorption spectrum and a TEM 

image for the Pt NPs. 

 

Figure 3.1: (a) UV-visible absorbance spectrum, (b) TEM image of Pt NP cocatalyst with 

diameters of 3.5 ± 0.6 nm, n=152.  

 

The sample in Figure 3.1(a) has a [Pt] of ~0.14 mM, which is about double the [Pt] in a 

typical reaction solution. At 447 nm, the wavelength at which the reaction solutions are 
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illuminated, the absorbance of the Pt NPs in a reaction solution is about half of what is seen in 

Figure 3.1(a), about 0.06. This absorbance is suitably low and therefore any absorbance screening 

of the (Ga1-xZnx)(N1-xOx) NCs by the Pt NPs should be negligible.  

3.3.2  (Ga1-xZnx)(N1-xOx) Characterization 

Prior work from the Domen group and others found that low x-values of (Ga1-xZnx)(N1-

xOx) are more efficient light absorbers for photochemical systems; therefore, we use a low x-value 

to attempt to maximize the system’s efficiency.7-9, 13-14, 17-18, 35, 40, 50-52 The sample used in this study 

is (Ga1-xZnx)(N1-xOx) NCs with x=0.17 and ~5 nm in diameter. Figure 3.2 shows the XRD pattern, 

high-resolution TEM image, and Kubelka-Munk plot for the sample being studied. The Kubelka-

Munk plot is generated by taking diffuse reflectance data to obtain a reflectance spectrum which 

is converted using the Kubelka-Munk equation (F(R∞)=(1-R∞)2/2R∞, where R∞=Rsample/Rreference) 

into the equivalent of an absorbance spectrum. ICP-MS was performed to determine the x-value, 

or Zn content, of the sample, which is x=0.17. The Kubelka-Munk plot shows that the (Ga1-xZnx-

)(N1-xOx) NCs absorb visible and UV light. The high-resolution TEM image shows that particles 

are approximately 5 nm in diameter and single-crystalline.  
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Figure 3.2: (a) Kubelka-Munk plot, (b) high-resolution TEM image, and (c) powder XRD pattern 

of (Ga1-xZnx)(N1-xOx) NCs. 

 

The XRD pattern shows broad peaks that match the reference patterns of GaN and ZnO 

wurtzite particles as well as some of the precursor ZnGa2O4 spinel particles. While some of the 

wurtzite and spinel reference lines overlap, there are a few distinct features that suggest the 

particles have a wurtzite crystal structure, for example: the shoulder around 32°, which is most 

likely part of the wurtzite triplet that also includes the peaks around 34° and 36°, all of which have 

been broadened into one large peak. Also of note are the features around 47° and 68°, which are 

distinct to the wurtzite references. Because the high-resolution TEM indicates that the particles are 

single crystalline, most of the peak broadening in the XRD pattern is attributed to the small particle 

size.37-38, 46 

3.3.3  H2 Production 

The H2 production system studied in this paper uses (Ga1-xZnx)(N1-xOx) NCs as the light 

absorber, MV2+ as the electron relay, Pt NPs as the H2 production cocatalyst, and DTE as the hole 
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scavenger.  Although (Ga1-xZnx)(N1-xOx) is known to be a strong light absorber, having a large 

molar absorptivity (ε),39 in this H2 production system it has a poor external quantum yield (EQY) 

of H2 production. Possible explanations for this poor performance include the excited carriers 

being trapped in defects and vacancies before being transferred, unfavorable band potential 

alignments for driving electron transfer, or inefficient charge transfer from (Ga1-xZnx)(N1-xOx) to 

the catalyst. To investigate this, we developed the system in Scheme 3.1 to separate the charge 

transfer and catalysis steps in order to determine how each contributes to the overall H2 production 

efficiency. The design of this system allows each major step or pathway involved in the H2 

production cycle, from charge transfer to catalysis, to be studied independently, allowing us to 

investigate how much and in what ways each step contributes to the overall chemistry of the 

system. 

 

Scheme 3.1: Four-step photochemical H2 production system. 

 

 

The overall system utilizes (Ga1-xZnx)(N1-xOx) NCs (x=0.17, 5 nm diameter) as the light 

absorber. MV2+ was chosen as the electron mediator because it is a well-known electron acceptor 

and has previously been used to efficiently shuttle electrons from light absorbers to cocatalysts 

through solution.53-60 Preliminary tests were positive and confirmed that electrons could be 
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transferred from the (Ga1-xZnx)(N1-xOx) NCs to the MV2+ molecules (the solution turned blue under 

illumination). Another important role that needed to be filled was that of the hole scavenger. 

Screening tests were done (Figure 3.3) to find the optimal hole scavenger for the system and DTE 

was chosen as the hole scavenger for the overall system. Lastly, since most of the steps in the 

system are pH dependent, a buffer cocktail with a wide pH range was required. In order to achieve 

a large pH buffering range and maintain continuity between samples, a buffer cocktail containing 

MES, HEPES, and TAPS was created. MES, HEPES, and TAPS are all sulfonic acid buffers and 

combining them allowed for maximum buffering capacities at pH 3, 6, 7, and 8 which provided a 

large pH range for studying the overall system.  

 

Figure 3.3: Amount of H2 produced vs. concentration of hole scavenger for 8 different hole 

scavengers. Sample conditions: 2 mL vial with stir bar, 7.1 mm ID rubber septa, 1 mg of (Ga1-

xZnx)(N1-xOx) powder, 73.3 µM Pt NPs, 5 mM MV2+, excess of hole scavenger (>100 mM), in pH 

3 MES/HEPES/TAPS buffer, total sample volume of 300 µL. 

 

The hole scavengers tested in Figure 3.3 were ruled out for several reasons. Firstly, because 

some of them showed poor H2 production performance (triethanolamine) or mediocre H2 

production performance (3-MPA, cysteine, 2-ME). Secondly, some were ruled out because they 

produce H2 in a side reaction (sodium formate) and were therefore unreliable for the experiment. 
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Lastly, some were ruled out due to solubility issues (oxalate and oxalic acid). In the end, DTE and 

DTT, which are epimers of each other, were left as the possible candidate. On the average, both 

DTE and DTT performed similarly as hole scavengers so the choice came to convenience and 

availability in the lab, and therefore DTE was chosen as the hole scavenger for the system. 

When the overall system is illuminated with a 447 nm diode laser at ~142 mW, it produces 

H2. As shown in Figure 3.4, the H2 production is pH dependent, with the largest amount of H2 

produced at pH 3; however, even that maximum amount of H2 produced by the system is very 

small compared to other H2 production systems utilizing (Ga1-xZnx)(N1-xOx). There have been QYs 

reported for other (Ga1-xZnx)(N1-xOx) H2 production systems as high as 17.3%40 for hollow sphere 

x=0.18 (Ga1-xZnx)(N1-xOx) particles decorated with Rh2O3-Cr2O3 as a cocatalyst and 5.9%14 for 

x=0.18 (Ga1-xZnx)(N1-xOx) particles with Rh2−yCryO3 as a cocatalyst. In contrast, the approximate 

EQY of H2 production for this system at pH 3 is 0.084% ± 0.005%, two to three orders of 

magnitude smaller than other reported values for (Ga1-xZnx)(N1-xOx). The EQY for this experiment 

is calculated by the following equation: 𝐸𝑄𝑌 = 2 (
𝑚𝑜𝑙 𝐻2

𝑚𝑜𝑙 𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑝ℎ𝑜𝑡𝑜𝑛𝑠
) × 100%, which gives a 

lower limit for the EQY because the sample is a powder slurry and not optically clear, causing 

some of the photons to be lost due to scattering off of the powder particles. We aim to understand 

the contributions of the material properties and the catalysis to the low EQY of H2 production 

observed. 
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Figure 3.4: pH dependence of overall H2 production system. Sample contained 1 mg of (Ga1-

xZnx)(N1-xOx) powder, 5 mM MV2+, 66 µM Pt NPs, 0.2 M DTE, in either pH 3, 6, 7, or 8 100 mM 

MES/HEPES/TAPS buffer. 

 

3.3.4  Light absorption by (Ga1-xZnx)(N1-xOx) and electron transfer to MV2+ with and 

without DTE:  

 

In order to investigate how each step in the H2 production system performed when isolated 

from the other steps, electron transfer from photoexcited (Ga1-xZnx)(N1-xOx) to MV2+ was studied 

with and without DTE. A UV-vis kinetics experiment examining the reduction of MV2+ by (Ga1-

xZnx)(N1-xOx) with and without DTE is shown in Figure 3.5 (a-e). As the sample is illuminated, 

UV-vis spectra are taken to investigate the MV+• feature at 604 nm that grows in over time (Figure 

3.5(a)). MV2+ is colorless, while MV+• is blue/purple and absorbs strongly at 604 nm, which is 

what makes monitoring its formation through UV-vis measurements possible. As the (Ga1-

xZnx)(N1-xOx) particles absorb the 447 nm laser light, excited electrons are transferred from the 

(Ga1-xZnx)(N1-xOx) particles to the MV2+ molecules, reducing them to MV+•. Photoexcited holes 

are scavenged from the (Ga1-xZnx)(N1-xOx) particles by a sacrificial hole scavenger, DTE. This 

experiment was performed with samples of pH of 3, 6, 7, and 8 with DTE (Figure 3.5(b-e), blue 

traces) and without DTE (Figure 3.5(b-e), black traces). Once the UV-vis data was analyzed and 

the [MV+•] was calculated using Beer’s Law (ε604 = 13,600 M-1cm-1),47 the plots in Figure 3.5(b-
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e) were generated. Figure 3.5(b-e) show the entirety of each data set being fit to an exponential 

rise; however, the initial rate of MV2+ reduction was calculated by fitting only the early time points 

and an EQY of MV2+ reduction was calculated by taking the initial rate of MV2+ reduction in moles 

MV+•/s divided by moles of incident photons/s and multiplying by 100%. The initial rates and 

EQY of MV2+ reduction are shown in Figure 3.5(f), which compares the initial rate and EQY of 

MV2+ reduction with and without DTE for the four different pH samples.  

 

Figure 3.5: (a) UV-vis spectra taken over time (arrow indicates increasing illumination time) of 

the pH 3 sample. (b-e) Traces illustrating the production of MV+• over time with (blue) and without 

(black) DTE at pH 3 (b), 6 (c), 7 (d), and 8 (e). (f) Plot of initial rate of MV+• production and EQY 

at pH 3, 6, 7, and 8 with and without DTE. 

 

The initial rates and the magnitude of final [MV+•] from the exponential growth curves in 

Figure 3.5(b-e) also indicate that the reduction of MV2+ to MV+• by (Ga1-xZnx)(N1-xOx) particles 

gets faster and more extensive as the pH increases. The reduction of MV2+ is the slowest at pH 3, 

with the smallest magnitude of final [MV+•], and the fastest at pH 8, with the largest magnitude of 

final [MV+•]. The EQYs of MV2+ reduction given in Figure 3.5(f) show that the EQY of MV2+ 
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reduction is the smallest for pH 3 and largest for pH 8. The changing values of EQYs of MV2+ 

reduction, initial rates, and final [MV+•] support the idea that the (Ga1-xZnx)(N1-xOx) conduction 

band (CB) is shifting with pH while the redox potential of the MV2+/MV+• stays constant. Shifting 

of the (Ga1-xZnx)(N1-xOx) CB would change the driving force for the electron transfer from (Ga1-

xZnx)(N1-xOx) to MV2+. The CB and valence band (VB) of metal oxide particles are known to shift 

with pH due to a change in surface charge and proton intercalation.61-64 

Knowing that the EQY of MV2+ reduction is very low for all of the samples (about 0.013% 

at pH 3) supports the hypothesis that the (Ga1-xZnx)(N1-xOx) CB could be positioned poorly for 

electron transfer in reference to the MV2+/MV+• redox potential. Our group has done 

photoelectrochemical studies to determine the flat band potential via open circuit potential and 

photocurrent onset measurements. The CB energy determined from the open circuit potential 

experiments is –0.15 V vs. NHE and the CB energy determined from the photocurrent onset 

measurements is –0.39 V vs. NHE for x=0.23. Other CB values from the literature include –0.78 

V vs. NHE (x=0.42, bulk particles) from photocurrent onset data from Hashiguchi et al.,65 –0.97 

eV vs. NHE (x=0.31, CVD nanowires) and –1.01 eV vs. NHE (x=0.09, CVD nanowires) from 

subtracting the VB value determined by valence-band X-ray photoelectron spectroscopy from the 

bandgap value from Ren et al.,66 and about –0.7 V vs. NHE (x=0.18, hollow spheres) from UV 

photoelectron spectroscopy data from Li et al.40 The difference in reported CB values from the 

literature and those determined by our group can be due to various things including the synthesis 

method, x-value, and the data collection method, none of which are the same. Both of our 

experiments suggest that the (Ga1-xZnx)(N1-xOx) CB in our material is more positive than the 

MV2+/MV+• redox potential. If that is the case, it is possible that electrons would need to build up 

in the CB to overcome the small barrier to the MV2+/MV+• redox potential and there would be little 
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driving force for electron transfer before enough electrons accumulate. This could cause the 

efficiency of MV2+ reduction by (Ga1-xZnx)(N1-xOx) to be poor, which could significantly limit the 

overall H2 production efficiency. 

Another factor that contributes to the efficiency of MV2+ reduction is the hole scavenging 

via sacrificial hole scavenger DTE. Figure 3.5 shows a trend in the effectiveness of DTE as a hole 

scavenger. Looking at the black traces in Figure 3.5(c-e), it’s clear that each one saturates at a 

similar maximum [MV+•]. This confirms the necessity of using a hole scavenger like DTE, because 

without DTE, the hole scavenging is limiting the MV2+ reduction. Comparing the blue traces in 

Figure 3.5(b-e) to the black traces, there is a dramatic increase in MV2+ reduction due to the 

addition of DTE. There is also a pH dependent increase in the maximum [MV+•] saturation point 

with DTE. As the pH increases, the reduction of MV2+ to MV+• saturates at a larger [MV+•] 

indicating that DTE could be scavenging holes more efficiently at higher pH. This is not 

unexpected since DTE has two thiol groups responsible for the hole scavenging and as the pH 

increases closer to the pKa of the thiol groups (about pH 9 and 10), the proton on the thiols is more 

likely to be unbound, improving the hole scavenging ability of DTE. 

Hole scavenging would be particularly important in the instance that it is necessary to build 

up electrons in the (Ga1-xZnx)(N1-xOx) CB, because the hole scavenging would need to be fast and 

efficient in order to achieve a build-up of electrons in the CB. Plots (c)-(e) in Figure 3.5 all show 

a faster initial rate of MV2+ reduction when DTE is present (blue) as opposed to when DTE is not 

present (black), with the pH 3 sample (Figure 3.5(b)) unable to reduce a measurable amount of 

MV2+ without DTE. The higher initial rates of MV2+ reduction indicate that DTE does participate 

in the reaction. Due to energy level alignment, we propose that DTE is scavenging holes from the 

(Ga1-xZnx)(N1-xOx) NCs, which are reducing the MV2+. The slower initial MV2+ reduction rate in 
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the sample without DTE suggests that a hole scavenger is necessary to reduce the build-up of holes 

in the (Ga1-xZnx)(N1-xOx) VB in order for the NCs to continue to be excited. Alternatively, the 

slower initial rate without DTE might indicate that electrons must build up in the CB in order to 

overcome the possible barrier to the MV2+/MV+• redox potential. By using enough DTE so that 

the hole scavenger is in excess, the limiting effects of hole scavenging can be minimized. However, 

without comparing this rate to the rates of the other steps in the system, it is unclear if slow MV2+ 

reduction is the only source of low EQY of H2 production in this system. 

3.3.5  Electron transfer from MV+• to Pt and subsequent H2 production:  

Electron transfer from MV+• to the Pt cocatalyst is a key step in H2 production, as the H+ 

reduction reaction occurs at the Pt cocatalyst (Figure 3.6(a)). The efficiency of electron transfer 

from MV+• to Pt was studied by chemically reducing MV2+, injecting Pt NPs, and measuring the 

decay of the MV+• feature at 604 nm using steady-state UV-vis kinetics.  Figure 3.6(b) shows the 

[MV+•] decaying over time for three different samples. The samples are at pH 6, 7, and 8. Sodium 

dithionite was used to reduce MV2+ to MV+• for all samples except pH 3, as dithionite is unable to 

reduce MV2+ at this pH. The experiment started with the sample cuvette in the UV-vis 

spectrophotometer, which was in kinetics mode. The sample was being stirred and baseline 

absorbance signal at 604 nm was gathered for about 3 minutes. Each sample was injected with 50 

µL of Pt NPs (20 µM) after baseline signal was gathered. Once the Pt NPs were injected, the 

absorbance signal at 604 nm decayed and Beer’s Law was implemented to calculate [MV+•]. The 

initial decay rate was fastest for the sample at pH 6, slowest for the sample at pH 8, and the pH 7 

sample fell in between. The values for the rate constants also follow this trend. 

Directly following the electron transfer from MV+• to the Pt NP, Pt catalyzes H+ reduction 

to H2. The data in Figure 3.6(d) was gathered directly after the MV+• to Pt electron transfer 
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experiments were completed. After Pt NP injection and decay of the signal at 604 nm, aliquots of 

the headspace of the samples examined in Figure 3.6(b) and their controls were injected into a GC-

TCD to measure the amount of H2 produced. Total moles of MV+• consumed, calculated by taking 

the starting moles of MV+• - ending moles of MV+•, was used as the number of moles of available 

electrons for the calculation: 𝑄𝑌 = (2 (
𝑚𝑜𝑙 𝐻2 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑

𝑚𝑜𝑙 𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠
)) × 100%. The results of the QY 

calculation are shown in Figure 3.6(d). The control samples with dithionite and buffer produced 

no H2. 

 

Figure 3.6: (a) Scheme showing electron transfer from dithionite to MV2+ to Pt, which generates 

H2. (b) Decay of [MV+•] over time at pH 6, 7, and 8 after injection of Pt NPs. Data has been 

normalized and adjusted so traces start at same time point. (c) Initial rate of MV+• decay in M/s on 

the left axis (black) and rate constant of MV+• decay on the right axis (blue). (d) Plot of QY of H2 

production for Pt NPs at pH 6, 7, and 8.  

 

As the pH increases, the initial rate of electron transfer from MV+• to the Pt NPs is slower 

and the total amount of MV+• that decays decreases. The trend of QY data in Figure 3.6(d) follows 
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the trend of overall amount of oxidized MV+• shown in Figure 3.6(b) and the trends of initial rates 

of electron transfer and rate constants seen in Figure 3.6(c). As the pH increases, the rate of electron 

transfer, as well as the QY of H2 production, decreases. Miller et al. has also seen this same trend 

of the rate of H2 production decreasing with increasing pH in a similar system with MV and Pt but 

using a different light absorber and hole scavenger.67  

One possible explanation for the decrease in the rate of electron transfer and the QY of H2 

production with increasing pH is that the driving force for electron transfer between MV+• and Pt 

NPs may be decreasing with increasing pH. While the MV2+/MV+• redox potential remains 

constant with pH, the Pt NP Fermi level can shift with pH, decreasing the driving force for electron 

transfer. In the Perspective by Scanlon et al., the behavior of the Fermi level in metallic NPs in 

solution is thoroughly explained.68 They explain that the Fermi level of metallic NPs will  

equilibrate to the potential of the most prominent redox couple in solution. In this case that means 

the Fermi level of the Pt NPs will equilibrate with the potential of the MV2+/MV+• redox couple (-

0.45 V vs. NHE). Next, Scanlon et al. explains that as negative charges build up on the metallic 

NP surface, the Fermi level shifts to more negative potentials and as positive charges build up on 

the metallic NP surface, the Fermi level shifts to more positive potentials. In this system, if the 

Fermi level of the Pt NPs equilibrates with the MV2+/MV+• redox couple, then as the pH increases, 

more OH– ions will adsorb to the Pt NP surface, causing the Fermi level to shift to more negative 

potentials and reducing the driving force for electron transfer from the MV+• radical to the Pt NP. 

This would also account for the decrease in overall oxidized MV+•, as a smaller difference between 

the Pt NP Fermi level and the MV2+/MV+• redox potential could cause fewer electrons to be 

transferred from MV+• to Pt. Conversely, as the pH decreases, H+ ions will adsorb to the Pt NP 

surface and cause a positive charge to build up, which would shift the Fermi level to more positive 



 

66 

 

potentials (further away from the MV2+/MV+• redox couple), increasing the driving force for 

electron transfer from MV+• radical to Pt NPs.  Since the reduction potential for H+ reduction to 

H2 also decreases with increasing pH, this could contribute to the decrease in catalytic efficiency. 

As the [H+] is two orders of magnitude higher at pH 6 than at pH 8, the QY of H2 production 

should also be higher at the more acidic pH. We observe the highest QY of H2 production (23%) 

at pH 6, which fits with our observation of most efficient electron transfer at pH 6. Although 

background H2 production by the chemical reducing agent makes the data collected at pH 3 

unsuitable for quantitative analysis, it does show the same trend in QY of H2 production as the 

dithionite data, suggesting that pH 3 would follow the same trend and have the highest QY of H2 

production.  However, compared to other cocatalysts, a QY of 23% is somewhat low, which could 

contribute to lower efficiencies in this and other systems as noted by Zhu and coworkers,57 

indicating that QYs higher than 23% may be possible with more efficient cocatalysts. However, 

this change in efficiency due to pH is not as strong as the trend in efficiency with pH that is seen 

in the experiments studying electron transfer from (Ga1-xZnx)(N1-xOx) to MV2+, so overall, the QY 

of 23% for the Pt NPs is much more efficient than the 0.013% EQY of MV2+ reduction. 

Overall, the reduction of MV2+ by (Ga1-xZnx)(N1-xOx) NCs is very inefficient and slow 

(~0.013% at pH 3), the electron transfer from MV+• to the Pt cocatalyst is fast (rate constant of 

2.2×104 M-1s-1 at pH 6), the QY of H2 generation from the Pt cocatalyst is 23% at pH 6, and the 

hole scavenging by DTE is as optimized as possible. All of these individual efficiencies will 

contribute to the overall H2 production efficiency of the complete system. While each individual 

efficiency is important, it appears that the very low efficiency of MV2+ reduction by (Ga1-xZnx)(N1-

xOx) NCs affects the overall system efficiency the most. The <100% QY of H2 generation for the 

Pt cocatalyst and the hole scavenging by DTE can also incrementally lower the overall system 
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efficiency, while it seems like the electron transfer from MV+• to Pt should affect the overall system 

efficiency the least at low pH values. However, as the pH increases, the rate and magnitude of 

electron transfer from MV+• to Pt will start to limit the overall system efficiency more, as 

exemplified by the pH 8 data, which shows a very small magnitude of overall MV+• oxidation, 

meaning a small magnitude of electron transfer to Pt.  

Comparing the rate of MV+• generation and consumption at pH 6 vs. pH 8, there is a distinct 

difference. At pH 6, the rate of MV+• consumption is two orders of magnitude faster than the rate 

of MV+• generation. At pH 8, the rate of MV+• consumption and generation are the same order of 

magnitude. This means that at pH 6 (or pH 3 if we extrapolate the data), MV+• is being consumed 

much faster than it is being generated and at pH 8 MV+• is being consumed almost as fast as it is 

being generated. Therefore, at lower pH, the overall efficiency is clearly limited by MV+• 

generation, while at higher pH the electron transfer from MV+• to Pt is likely limiting the overall 

efficiency just as much as MV+ generation. Additionally, the catalytic efficiency of Pt for H+ 

reduction also decreases as pH increases, meaning Pt is also a less effective H2 production catalyst 

at pH 8, on top of the electron transfer from MV+• to Pt being slower. In summary, at lower pH, 

MV+• generation is the overwhelming cause of overall H2 production inefficiency, while at higher 

pH, MV+• generation and consumption rates are the same order of magnitude while the catalytic 

efficiency of Pt for H+ reduction is 10% lower than at more acidic pH, causing all three factors to 

be limiting the overall H2 production efficiency, not just one factor like at lower pH.  

Since the initial rate and EQY of MV2+ reduction are low at pH 3, it is possible that the 

(Ga1-xZnx)(N1-xOx) CB is very close to or more positive than the redox potential of MV2+/MV+• 

and therefore may require some sort of initial build-up of electrons in the CB before the electrons 

can transfer to the MV2+ molecule. Requiring a build-up of electrons before MV2+ reduction can 
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occur would help explain the low values of EQY of MV2+ reduction that are seen. This hypothesis 

is supported by our group’s photocurrent onset measurements that estimate the CB energy at –0.39 

V vs. NHE and open circuit potential measurements that estimate a CB energy of –0.15 V vs. NHE 

for x=0.23. Our CB estimate values are less negative than other CB estimates in the literature. 

Hashiguchi et al.65 estimate the CB of x=0.42 bulk particles as –0.78 V vs. NHE from photocurrent 

onset data. Ren et al.66 estimate the CB of x=0.31 CVD nanowires as –0.97 eV vs. NHE and –1.01 

eV vs. NHE for x=0.09 CVD nanowires by subtracting the VB value determined by valence-band 

X-ray photoelectron spectroscopy from the bandgap value. Lastly, Li et al.40 estimate the CB of 

x=0.18 hollow spheres as –0.7 V vs. NHE from UV photoelectron spectroscopy data. The 

difference between our group’s CB estimates and the other estimates reported in the literature 

could be due to a variety of things including the synthesis method, x-value, and data collection 

method, all of which are different. As the pH increases, the initial rate and EQY of MV2+ reduction 

also increase, indicating that the CB of the (Ga1-xZnx)(N1-xOx) could be moving to more negative 

potentials, possibly more negative than the MV2+/MV+• redox potential, increasing the driving 

force of electron transfer from (Ga1-xZnx)(N1-xOx) to MV2+.     

While electron transfer from MV+• to Pt seems favorable at low pH values, the turnover 

and QY of H2 generation of the Pt itself is still <100% efficient. This <100% efficient performance 

has been seen by others and it has been suggested the H2 production systems can be improved by 

using a better cocatalyst than Pt.57 In this particular system, while the Pt performance may 

contribute to lowering the overall efficiency, the main source of overall inefficiency still comes 

from the slow MV2+ reduction. Additionally, hole scavenging is a potential source of inefficiency, 

which we optimized by testing many types and concentrations of hole scavengers (Figure 3.3), 
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however we acknowledge that the hole scavenging step could still be contributing to the overall 

inefficiency.  

The EQY of H2 production for this system at pH 3 is 0.084% ± 0.005%, which is two to 

three orders of magnitude smaller than other reported values in the literature for (Ga1-xZnx)(N1-

xOx) H2 production. Other QYs reported in the literature for (Ga1-xZnx)(N1-xOx) H2 production 

systems include performances as high as 17.3%40 for hollow sphere x=0.18 (Ga1-xZnx)(N1-xOx) 

particles modified with Rh2O3-Cr2O3 as a cocatalyst and 5.9%14 for x=0.18 (Ga1-xZnx)(N1-xOx) 

particles with Rh2−yCryO3 as a cocatalyst. Both of these systems have cocatalysts directly deposited 

on the (Ga1-xZnx)(N1-xOx) surface, which eliminates the electron transfer step from (Ga1-xZnx)(N1-

xOx) to a redox mediator. This lack of an extra electron transfer step could be one key reason why 

these other (Ga1-xZnx)(N1-xOx) H2 production systems have significantly higher performance 

compared to our system.  

 

3.4  Conclusions 

 

After studying the four-part H2 production system containing (Ga1-xZnx)(N1-xOx) NCs as 

the light absorber, Pt NPs as the cocatalyst, DTE as the hole scavenger, and MV2+ as the redox 

mediator, we have found that it produces H2 with a maximum EQY of 0.084% at pH 3. The most 

limiting step in the system is the electron transfer from the (Ga1-xZnx)(N1-xOx) NC to the MV2+ 

molecule. Hole scavenging by DTE is also an important factor in H2 production efficiency; 

however, it is assumed that using an excess of DTE minimizes the limitations of hole scavenging. 

Electron transfer from the redox mediator, MV+•, to the Pt NP cocatalyst is one of the fastest steps 

in the system and does not appear to limit the system’s efficiency at lower pH values. Lastly, the 

production of H2 by the Pt NPs had QYs around 23%, which is much larger than the EQYs of 
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MV2+ reduction by (Ga1-xZnx)(N1-xOx) but is still relatively low overall. Therefore, the Pt NP 

performance is probably not limiting the system the most, with the QY being four orders of 

magnitude larger than EQY of MV2+ reduction by (Ga1-xZnx)(N1-xOx), but it does mean that Pt NPs 

may not be the most efficient cocatalyst to use in this type of system. While further optimization 

of the cocatalyst for this system may be possible, the low EQY of MV2+ reduction by (Ga1-xZnx-

)(N1-xOx) suggests that it is electron transfer from the light absorber that is limiting the overall 

system efficiency. We conclude that the CB potential of the (Ga1-xZnx)(N1-xOx) NC is too positive 

to provide a strong driving force for electron transfer to MV2+. With a different redox mediator, 

much higher QYs for H2 production with this system could be possible.  
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Chapter 4: Comparison of Electronic Structure in Heterogeneous 

and Homogeneous (Ga1-xZnx)(N1-xOx) Nanocrystals 

 

 

4.1  Introduction 

 

(Ga1-xZnx)(N1-xOx) is a solid solution of GaN and ZnO with a compositionally-tunable 

visible bandgap, making it an intriguing candidate for artificial photosynthesis applications.1-10 

The visible light absorption in (Ga1-xZnx)(N1-xOx) has been proposed to originate from the orbital 

repulsion caused by having Ga, N, Zn, and O in the same crystal lattice, specifically from the Zn 

3d and N 2p repulsion.11-16 It is proposed that the orbital repulsion causes the valence band to shift 

to higher energies, which narrows the bandgap and puts it into the visible region. The conduction 

band is thought to be made up of only GaN or ZnO orbitals but not both.17-18 Learning more about 

the electronic band structure of (Ga1-xZnx)(N1-xOx) is important for understanding how it behaves 

as a light absorber for photocatalysis.  

(Ga1-xZnx)(N1-xOx) was originally synthesized as a bulk material,19 but since then 

researchers have found a variety of ways to synthesize (Ga1-xZnx)(N1-xOx) on the nanoscale.11-12, 

15, 20-25 Working with nanoscale (Ga1-xZnx)(N1-xOx) is advantageous due to the higher surface to 

volume ratio found with nanoscale particles, which can increase catalytic activity. As published 

previously by our group,26 our nanoscale synthesis method results in (Ga1-xZnx)(N1-xOx) particles 

with a heterogeneous elemental distribution when performed at 650 °C and a homogeneous 

distribution when done at 800 °C. Having a heterogeneous sample could cause spatial variations 

in the bandgap or potentially lead to catalytic issues, such as grain boundaries. Presently, most 

studies of the optical properties of this material are accomplished using UV-visible diffuse 
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reflectance spectroscopy on (Ga1-xZnx)(N1-xOx) powders and tend to show a broad band of 

absorbance that spans the UV and goes into the visible region.14-15, 24, 27-29 It is possible that the 

absorbance is broad due to a distribution of bandgaps or because of the heterogeneity of the 

particles; however, the diffuse reflectance measurements can only provide ensemble data. Spatially 

resolved measurements of individual particles are needed to understand the mechanisms of 

broadening and effects of compositional inhomogeneity on light absorption.   

In order to study (Ga1-xZnx)(N1-xOx) on a single particle level, electron energy loss 

spectroscopy (EELS) was employed to investigate the electronic band structure. We find a 

consistent EELS spectrum throughout a particle implying that the electronic band structure is 

uniform; this is true whether the particle is homogeneous or heterogeneous. Additionally, the 

EELS spectrum for the heterogeneous (Ga1-xZnx)(N1-xOx) particles shows two distinct transitions 

in the UV and visible, while homogeneous (Ga1-xZnx)(N1-xOx) particles only show one transition. 

These findings suggest that inhomogeneity in (Ga1-xZnx)(N1-xOx) particles leads to two band-like 

transitions within the semiconductor, but these transitions do not show spatial localization to 

particular parts of the particle. This also suggests that despite the inhomogeneous nature of the 

synthesis, the particles have a relatively uniform electronic band structure. This increased 

understanding of compositional effects will enhance future ability to utilize (Ga1-xZnx)(N1-xOx) in 

light absorbing applications. 

 

4.2  Materials and Methods 

4.2.1  Chemicals 

Benzyl ether (98%), hexane (99%), toluene (99.5%), zinc acetylacetonate hydrate 

(Zn(acac)2, zinc chloride (ZnCl2, ≥98%), gallium acetylacetonate (Ga(acac)3, 99.99%), 3-
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mercaptopropionic acid (3-MPA, ≥99.0%), 1,2-hexadecanediol (90%), oleic acid (≥99.0%), 

oleylamine (70%), and tetramethylammonium hydroxide pentahydrate (≥97%), 99.995%) were 

purchased from Sigma-Aldrich. Methanol (99.9%), 2-propanol (99.9%), and sodium hydroxide 

(NaOH pellets, 99.3%) were purchased from Fisher. 1,2-ethanediol (99.8%) was purchased from 

Macron Fine Chemicals. Ethanol (95%) was purchased from Decon Labs. Ammonia (99.99%) was 

purchased from Airgas.   All chemicals were purchased commercially and used without further 

purification. 

4.2.2  ZnO Nanocrystal Synthesis 

10 nm ZnO NCs were synthesized as detailed in Chapter 2. 

4.2.3  ZnGa2O4 Nanocrystal Synthesis 

ZnGa2O4 NCs were synthesized as detailed in Chapter 2.  

4.2.4  (Ga1-xZnx)(N1-xOx) Nanocrystal Synthesis 

(Ga1-xZnx)(N1-xOx) NCs were synthesized as detailed in Chapter 2.  

4.2.5  Diffuse Reflectance Spectroscopy and Kubelka-Munk Plots 

Diffuse reflectance measurements were done on an Agilent Cary 60 UV-Vis 

spectrophotometer with the Agilent Cary 60 Remote Diffuse Reflectance Accessory (DRA). A 

Spectralon puck was used as the reference and the diffuse reflectance spectra were converted to 

Kubelka-Munk plots using the Kubelka-Munk equation: F(R∞)=(1-R∞)2/2R∞, where 

R∞=Rsample/Rreference. 

4.2.6  Energy-Dispersive X-ray Spectroscopy Analysis 

The scanning transmission electron microscopy-energy dispersive X-ray spectroscopy 

(STEM-EDS) data was collected using an FEI Titan microscope operated at 80 kV and an FEI 
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Talos F200X microscope operated at 200 kV. Both microscopes were equipped with Super-X EDS 

systems with four silicon drift detectors (SDDs). The analysis of the STEM-EDS data was done 

on Bruker Esprit software as described previously.26  

4.2.7  Electron Energy Loss Spectroscopy Analysis 

EELS data was collected on an aberration-corrected FEI TEAM 0.5 Titan microscope 

operated at 80 kV and on an FEI Titan Themis STEM equipped with a monochromator and a Gatan 

Quantum ERS electron spectrometer operated at 80 kV with energy dispersion per channel of 0.01 

eV and a pixel dwell time of 0.002 s. TEM samples were prepared either by picking up dry powder 

onto a holey carbon film supported by a 300-mesh copper TEM grid or by dropping solutions on 

a ultrathin carbon film TEM grid. 

The EELS data was analyzed using a software package called Hyperspy. A general 

procedure for processing an EELS spectrum in Hyperspy starts with aligning the zero-loss peak 

for all of the pixels in the spectrum image followed by fitting the zero-loss peak tail to a power 

law near the energy transition of interest and subtracting the fitted zero-loss peak from the 

spectrum. Next, an optional spike removal tool is run to remove any spikes in the data. Lastly, 

non-negative matrix factorization (NMF) is used to denoise the data. After the data was processed 

in Hyperspy it was imported into MATLAB for further analysis including bandgap fitting and 

generation of bandgap maps. 

 

4.3  Results and Discussion 

 

The synthesis procedure employed here results in a (Ga1-xZnx)(N1-xOx) nanoscale product 

with different elemental distributions depending on the synthesis temperature. When performed at 
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650 °C, the synthesis results in heterogeneous “core/shell-like” particles seen on the left in Figure 

4.1. When performed at 800 °C, the result is homogeneous particles seen on the right in Figure 

4.1. We hypothesized that this is due to the topotactic nucleation mechanism of synthesis, the 

amount of thermal energy for diffusion available at 650 °C versus 800 °C,30-32 and an increase in 

Zn vacancies and NH3 decomposition at higher temperatures.32-33 With enough vacancies, NH3 

decomposition, and thermal energy for diffusion at 800 °C, the Ga and N ions are able to diffuse 

fully through the particles, while at 650 °C there is potentially not enough vacancies, or NH3 

decomposition, or thermal energy for full diffusion, so the Ga and N remain near the edges of the 

particle. 

 

Figure 4.1: HAADF-STEM image and EDS maps of an x=0.9 (Ga1-xZnx)(N1-xOx) sample 

synthesized at 650 °C (left) and an x=0.44 (Ga1-xZnx)(N1-xOx) sample synthesized at 800 °C (right). 

The EDS maps show individual elements Zn, O, Ga, and N, along with a map of Zn/Ga overlaid.  

 

Studies of the (Ga1-xZnx)(N1-xOx) material have been mostly limited to ensemble 

measurements and the bulk material.3, 19, 34-41 As the research in the area has progressed, there have 

been more nanoscale (Ga1-xZnx)(N1-xOx) materials created and studied.11-12, 15, 20-25 In terms of 

characterization, most data have been for ensemble measurements like UV-vis, diffuse reflectance, 
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XRD, etc.3, 19, 34-41 A few exceptions are some EDS studies of bulk and nanoscale (Ga1-xZnx)(N1-

xOx).
13, 16, 24, 26, 39, 42-44 A specific example of an ensemble measurement is the diffuse reflectance 

measurement that most researchers do for (Ga1-xZnx)(N1-xOx).
14-15, 24, 27-29 Since the product is 

usually a powder, diffuse reflectance is the technique of choice rather than UV-vis spectroscopy, 

which requires a dissolved solution. Figure 4.2 shows Kubelka-Munk plots of the two (Ga1-

xZnx)(N1-xOx) samples discussed in this study, whose EDS maps are shown in Figure 4.1. 

 

Figure 4.2: Kubelka-Munk plots of the x=0.9, 650 °C sample (black) and the x=0.44, 800 °C 

sample (red).  

 

The Kubelka-Munk plot of the x=0.9, 650 °C sample has two different optical transitions, 

one in the UV and one in the visible region, while the plot of the x=0.44, 800 °C sample has only 

one transition. This is interesting information considering that we know from our EDS studies 

(Figure 4.1) that the elemental distributions of the two samples are also different, the 650 °C 

sample having a heterogeneous “core/shell-like” distribution and the 800 °C having a 

homogeneous elemental distribution. The two features in the Kubelka-Munk plot for the 650 °C 

sample reflect the two regions of elemental distribution in the 650 °C particles. It is possible that 

this correlation is a feature of the fact that the Kubelka-Munk plot is an ensemble measurement 
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and not a single particle measurement; however, without single particle data it is difficult to know. 

This lack of single particle and spatially resolved characterization of (Ga1-xZnx)(N1-xOx) is one of 

the main factors motivating our investigation. By analyzing our (Ga1-xZnx)(N1-xOx) samples with 

EELS we can get single particle information and see how that information compares to the bulk 

ensemble measurements like Kubelka-Munk plots.  

EELS is a powerful technique to study single particles as evidenced by many nanoscale 

studies reported in the current EELS literature.45-52 EELS involves an electron beam being 

transmitted through a sample where the electrons from the beam interact with the electrons in the 

atoms of the sample via inelastic scattering, causing excitations within the particle and a loss of 

energy from the electron beam which is then detected and plotted as a spectrum of energy loss. 

One of the frequently studied features in a low-loss EELS spectrum is the bandgap energy 

transition, which is usually found at energy losses <10 eV.48 Some of the bandgap measurement 

studies in the current EELS literature are of CdSe quantum dots (QDs),51 PbS QDs,46 solar cell 

materials like CIGS53 and others.45, 52, 54-57 EELS is used to gather many other sets of data besides 

bandgap measurements including vibrational mode measurements,50, 58 plasmon energy 

measurements,47-49 and various core-loss measurements which give elemental composition 

information.47, 52, 56, 59  

A key feature that enables investigation of a wider range of energy losses through EELS is 

an electron beam monochromator.47-48, 50 In an electron microscope, a monochromator is either 

made up of a magnetic prism or a Wien filter which spatially disperse the electrons in the beam by 

energies, selects a narrow range of energies using a monochromating slit and then recompresses 

the selected electrons back into a beam. Monochromators are especially important for low-loss 

EELS, like bandgap measurements, because low-loss signals are close to the zero loss peak (ZLP) 
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and the monochromator not only reduces the (full width at half max) FWHM of the ZLP but it also 

helps minimize the length of the ZLP tail, both of which help resolve low-loss signals.48 

Monochromators help to improve EELS energy resolution because the energy resolution is limited, 

in part, by the dispersion width of electron energies coming out of the gun, which is commonly 

characterized as the FWHM of the ZLP peak.48 Components that impact the spatial resolution of 

EELS measurements include broadening due to elastic scattering that increases with sample 

thickness, the inherent delocalization of the inelastic scattering which comes from the limited 

angular range of inelastic scattering, and radiation damage to the sample from the electron beam.47  

One advantage of EELS is that it can give single particle information with nanometer 

spatial resolution by coupling it to a STEM, which allows the collection of data with high spatial 

resolution because the STEM raster-scans the electron beam across the sample. This results in an 

EELS spectrum being collected at each position of the electron probe beam.47 This can facilitate 

spatial investigation of single nanoparticles with heterogeneous compositions and can inform how 

the change in composition will change the electronic structure of the nanoparticle. This is one of 

the main reasons we are using EELS to investigate our material, so that we can study the electronic 

band structure of individual particles. 

4.3.1  Electronic Structure of Pure ZnO Nanoparticles 

In order to understand the electronic structure of (Ga1-xZnx)(N1-xOx) nanocrystals we start 

by studying the electronic structure of pure ZnO nanoparticles (d = ~10 nm), one of the precursors 

for the (Ga1-xZnx)(N1-xOx) synthesis. ZnO is an important precursor in the (Ga1-xZnx)(N1-xOx) 

synthesis because it serves as the template for the Ga and N ions to diffuse into.26 Additionally, 

for the samples synthesized at 650 °C, there tend to be regions of mostly ZnO, usually in the center 

of the particles. Hence, understanding what the ZnO EELS spectrum looks like can help us better 
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understand the EELS spectrum of (Ga1-xZnx)(N1-xOx), especially for the heterogeneous (Ga1-

xZnx)(N1-xOx) nanocrystals. 

The EELS spectrum in Figure 4.3(b) is point data taken on a ZnO nanoparticle, shown in 

Figure 4.3(a), which shows a single sharp, linear energy transition between 3.0-3.5 eV, which is 

the ZnO bandgap transition. The ZnO energy transition was linearly fit between ~3.1-3.6 eV and 

where the linear fit intersects the baseline (~2.2-3.0 eV) is the value of the bandgap for the sample. 

In this case the bandgap is 3.14 eV, which is a good approximation to the bulk bandgap of ZnO.60-

64  
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Figure 4.3: (a) EELS spectrum image with a red circle indicating where the point data was taken. 

(b) EELS spectrum of a pure ZnO nanoparticle. The intersection of the linear fit with the baseline 

gives a bandgap value of 3.14 eV. 

 

The spectrum shown in Figure 4.3(b) shows only one energy transition (one linear rise in 

the spectrum), just like there is only one compositional region, since the particles are pure ZnO 

and not a combination like (Ga1-xZnx)(N1-xOx). Having understood this type of homogeneous 

particle, we now move on to discuss the homogeneous (Ga1-xZnx)(N1-xOx) system.  

4.3.2  Electronic Structure in Homogeneous (Ga1-xZnx)(N1-xOx) Nanocrystals 

We begin by analyzing the homogeneous (Ga1-xZnx)(N1-xOx) particles synthesized at 800 

°C. The EDS elemental map in Figure 4.4(b) shows a homogeneous distribution of Ga and Zn 

throughout the (Ga1-xZnx)(N1-xOx) particle, which is characteristic to (Ga1-xZnx)(N1-xOx) samples 

synthesized at 800 °C. In order to obtain absorbance-proportional data, diffuse reflectance spectra 

were collected and converted using the Kubelka-Munk equation. Figure 4.4(c) compares the 

Kubelka-Munk spectrum (black trace) to EELS spectra (red series) gathered at various locations 

in a particle, which are denoted by the red boxes in Figure 4.4(d). Qualitatively, the Kubelka-Munk 

and EELS spectra have similar shapes, indicating that the electronic band structure in one single 

particle is similar to the optical response seen from the overall bulk ensemble sample. This 

correlation between the optical spectrum and the EELS spectrum has also been seen in other EELS 

studies.50, 65 The five EELS spectra taken from different locations in the particle qualitatively do 

not change shape, indicating that the electronic band structure stays relatively constant throughout 

a homogeneous particle. However, the spectra do shift in energy and intensity giving us an energy 

transition spread of about +/- 0.2 eV, which could be due to a variety of causes like Cherenkov 

radiation,50, 54-55 multiple scattering events,46 ZLP subtraction,59, 65 fitting range of the bandgap,47-

48 sample thickness increasing or decreasing which would cause an increase of decrease in 
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broadening, respectively,46 and changes in composition, lattice strain, and orbital repulsion.1-4 

Despite the energy and intensity shifting, particles with homogeneous elemental distributions also 

have homogeneous electronic band structures, as evidenced by the spectra only having one energy 

transition, similar to how the pure ZnO spectrum only has one energy transition. This correlates 

the single homogeneous compositional region with the single electronic transition as we have now 

seen in both the pure ZnO and the homogeneous (Ga1-xZnx)(N1-xOx) sample.  

 

Figure 4.4: (a) HAADF image and (b) EDS elemental map of a (Ga1-xZnx)(N1-xOx) sample with 

x=0.44 synthesized at 800 °C. (c) Plot comparing the absorbance-proportional Kubelka-Munk 

spectrum with EELS spectra at different locations in a (Ga1-xZnx)(N1-xOx) particle. The EELS 

spectra are normalized to the zero-loss peak intensity. (d) HAADF image with numbered boxes 

indicating the places from which the spectra in (c) were taken. 
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To visualize variation in the bandgap throughout a single particle, we determine the 

bandgap value at each pixel through iterative linear fitting and transform these values into a 

bandgap colormap using MATLAB. The colormaps are images created by assigning a certain pixel 

a color depending on the value of the bandgap obtained at that pixel. Figure 4.5 shows high angle 

annular dark field (HAADF)-STEM images and bandgap colormaps for the x=0.44 (Ga1-xZnx)(N1-

xOx) particles synthesized at 800 °C. The colormaps show that the bandgap energy has a range of 

± 0.1-0.3 eV throughout a particle. The colormaps reflect the distribution in bandgap values seen 

due to the shift in energy in the EELS spectra in Figure 4.5(c). Particularly, in colormap 3b in 

Figure 4.5, a larger range of bandgap values is seen. Colormap 3b contains two particles, the one 

on the right looks to have about the same bandgap values throughout; however, the particle on the 

left has a region on the bottom tip that is 0.2-0.3 eV more than the top end of the same particle. 

This difference could be due to thickness variation, but this is not seen in the HAADF-STEM 

image in colormap 3a. This larger difference could be due to compositional changes within this 

specific particle, although, in general these particular samples are expected to be homogeneous 

compositionally. To make a firm conclusion about this particle, it is necessary to have both low-

loss and core-loss EELS data, which would provide band gap data and elemental composition data 

at the same location. Without both core-loss and low-loss data, it is difficult to conclude why there 

is such a large band gap distribution in this particle.  
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Figure 4.5: (a) Dark field images of three different x=0.44, 800 °C (Ga1-xZnx)(N1-xOx) particles. 

(b) Colormaps of the bandgap energy transition values. Column 1 contains the dark field image 

and colormaps for one particle, while columns 2 and 3 both contain the dark field images and 

colormaps for two other, different particles. 

 

The bandgap colormaps show that two particles have a bandgap value range of about 0.1 

eV and two other particles have a range of about 0.2-0.3 eV. Based on the FWHM of the zero-loss 

peak, the energy resolution of the EELS measurement is about 0.11 eV, which would translate into 

an uncertainty of about ± 0.11 eV, meaning some of the distribution we see is within the 

uncertainty range. Also, the EELS signal changes depending on where the signal is taken in or 

around the particle. The closer the data is to the center of the particle or the more the thickness 

increases, the more the EELS signal will broaden and the more multiple scattering events can 

occur.46 Alternatively, the visible bandgap is hypothesized to come from the orbital repulsion and 

mixing that happens when GaN and ZnO are combined into one lattice.1-4, 6-10, 66-67 It is possible 

that the mixing and repulsion could change throughout a crystal lattice and therefore the bandgap 

value could change slightly over a particle. However, overall, we see that the homogeneous (Ga1-

xZnx)(N1-xOx) particles have a single electronic transition in the visible region and that the shape 

of that transition stays the same throughout an entire particle. Next, we can see how the 
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homogeneous (Ga1-xZnx)(N1-xOx) particle’s electronic structure compares to a heterogeneous (Ga1-

xZnx)(N1-xOx) particle’s electronic structure. 

4.3.3  Electronic Structure in Heterogeneous (Ga1-xZnx)(N1-xOx) Nanocrystals 

Next, we investigate how the electronic band structure changes when studying a 

heterogeneous “core/shell-like” (Ga1-xZnx)(N1-xOx) particle. When (Ga1-xZnx)(N1-xOx) particles are 

synthesized at 650 °C the resulting particles have a heterogeneous elemental distribution of Ga 

and Zn. The distribution of Ga and Zn is roughly “core/shell-like” but not exactly core-shell as 

many nanostructures are purposefully synthesized to be. The resulting heterogeneous (Ga1-

xZnx)(N1-xOx) particles still show visible absorption like the homogeneous particles do, however 

at high x-values (high ZnO content) the optical absorbance spectra show a UV absorption 

component in addition to the visible absorption component as seen in the black trace in Figure 4.6. 

We will investigate the electronic band structure of a single (Ga1-xZnx)(N1-xOx) nanoparticle to see 

if we find the same UV and visible components as in the optical absorbance spectra and we will 

investigate how the electronic band structure changes throughout a heterogeneous particle.  

Figure 4.6 shows the HAADF image, EDS elemental map, Kubelka-Munk spectrum, EELS 

spectrum, and EELS spectrum image for a x=0.9 (Ga1-xZnx)(N1-xOx) sample synthesized at 650 

°C. The EDS elemental map shows a heterogeneous distribution of Ga and Zn, with Ga and N 

concentrated more towards the edges of the particle and Zn and O concentrated more in the center 

of the particle. The mechanism leading to heterogeneous or homogeneous elemental distribution 

is discussed in detail in our previous publication;26 however, the essential reasoning is that at 650 

°C there is not enough vacancies, NH3 decomposition, or thermal energy for the Ga and N to 

diffuse fully through the entire particle, but at 800 °C there is enough for complete diffusion. 

Figure 4.6(c) compares the absorbance-proportional Kubelka-Munk spectrum to EELS spectra 
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taken in various places in a particle, shown in Figure 4.6(d) with red boxes. As seen with the 

homogeneous particles above, here we also see that the Kubelka-Munk spectrum and the EELS 

spectra share a similar shape and that the shape is maintained throughout the particle, with some 

changes in intensity and shift in energy. 

 

Figure 4.6: (a) HAADF image and (b) EDS elemental map of a (Ga1-xZnx)(N1-xOx) particle with 

x=0.9 synthesized at 650 °C, scale bar is 20 nm. (c) Plot comparing the absorbance-proportional 

Kubelka-Munk spectrum with EELS spectra at different locations in a (Ga1-xZnx)(N1-xOx) particle. 

The EELS spectra are normalized to the zero-loss peak intensity. (d) EELS spectrum image with 

numbered boxes indicating the pixels from which the spectra in (c) were taken. 

 

The EDS map in Figure 4.6(b) shows that the (Ga1-xZnx)(N1-xOx) particle has two distinct 

compositional regions, a center that is mostly ZnO and the edges which are mostly (Ga1-xZnx)(N1-

xOx). This is reflected in the EELS spectra in Figure 4.6(c) where we see two distinct energy 
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transitions. The two different energy transitions could be directly correlated with the two different 

elemental distribution regions. A more intriguing finding is that the shape of the EELS spectrum 

doesn’t change when sampled in different parts of the particle, meaning that even if we are 

sampling in the ZnO center or the (Ga1-xZnx)(N1-xOx) edge, we still see the same shape of the EELS 

spectrum no matter what, indicating that the electronic band structure may be the same over the 

entire particle.  

The spectral shapes are the same for absorbance and EELS spectra throughout the 

heterogeneous particle, just as we saw with the homogeneous particle. Having corresponding 

spectral features supports the idea that the ensemble optical properties correspond to the single 

particle electronic properties, as we hypothesized with the homogeneous particles. Also, the EELS 

spectrum does not change shape as spectra are taken from different spatial areas in a particle. There 

is some inherent signal delocalization and limits to the spatial resolution;65 however, the particles 

are large enough that we would see some differences between the farthest points if there were any 

differences to detect. It also appears that the shape staying the same is a real phenomenon even 

accounting for delocalization and limits to the spatial resolution. Meaning that the electronic 

structure for a heterogeneous (Ga1-xZnx)(N1-xOx) particle appears to be similar throughout the 

particle and not different in the center vs the edge. However, as with the homogeneous (Ga1-

xZnx)(N1-xOx) particles, there is a shift in energies and a change in the intensity of the EELS 

spectrum in different locations in a particle, which results in a distribution of bandgap values. 

In order to visualize how much the bandgap is changing throughout a single particle, we 

can plot the bandgap value at each pixel and create a colormap as was done for the homogeneous 

particles. Figure 4.7 shows HAADF-STEM images and bandgap colormaps for the x=0.9 (Ga1-

xZnx)(N1-xOx) particles synthesized at 650 °C. There are two colormaps for each HAADF-STEM 
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image because the x=0.9, 650 °C sample has two different energy transitions in its EELS spectrum 

as shown in Figure 4.7(c) – therefore, there are colormaps for the lower energy transition (labeled 

visible) and for the higher energy transition (labeled UV). Both the visible and the UV colormaps 

show that the bandgap values have a range. The visible colormaps have a range of values of about 

0.1-0.2 eV, while the UV colormaps have a range of about 0.5-0.1 eV.   

 

Figure 4.7: (a) HAADF-STEM images of three different x=0.9, 650 °C (Ga1-xZnx)(N1-xOx) 

particles. (b) Colormaps of the visible, lower energy transition bandgap values. (c) Colormaps of 

the UV, higher energy transition bandgap values. Column 1 contains the dark field image and 

colormaps for one particle, while columns 2 and 3 both contain the dark field images and 

colormaps for two other, different particles.  

 

One notable thing is that the distribution in both the UV and visible bandgap values for the 

heterogeneous (Ga1-xZnx)(N1-xOx) particles is smaller than it was for the homogeneous particles. 
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This could perhaps be due to the particle only having (Ga1-xZnx)(N1-xOx) at the edges of the particle 

and not throughout the entire particle. Having a smaller (Ga1-xZnx)(N1-xOx) compositional region 

could lead to a smaller distribution of orbital repulsion and mixing differences, making it so that 

there is a narrower bandgap value distribution. As mentioned above for the homogeneous (Ga1-

xZnx)(N1-xOx) particles, the distribution in bandgaps could be because of how the visible bandgap 

is formed. Since the visible absorption comes from the repulsion of all of the orbitals mixing, and 

mostly Zn and N repelling, the local environment in the particle would have a lot to do with the 

exact bandgap value. So, if in one area there is a lot more repulsion and lattice strain, the bandgap 

might be smaller because that could cause the valence band (VB) to shift higher in energy. In 

another spot there might be less repulsion and strain, causing the VB to shift lower in energy and 

then there would be a slightly larger visible bandgap. Thus, the reason that the visible bandgap 

values could have a distribution is because there's a lot of variance in lattice strain and orbital 

repulsion in the particle, meaning there's slightly different mixing of the atoms and orbitals, 

causing the bandgap to vary. The same doesn't appear to be true for the UV bandgap, which could 

be because the UV bandgap comes from the pure ZnO regions and does not depend on orbital 

repulsion and strain to create the bandgap. Additionally, the variance could come from 

experimental uncertainty like the ZLP subtraction method, the bandgap fitting range, any sample 

thickness variations, or multiple scattering events, which would be more common in the center of 

the particles. 

To confirm that the electronic band structure is similar even in regions with different 

composition, core-loss and low-loss EELS data were gathered at two points in a x=0.89 (Ga1-

xZnx)(N1-xOx) particle as shown in Figure 4.8. Figure 4.8(d) shows the HAADF-STEM image of 

the cluster of (Ga1-xZnx)(N1-xOx) particles and the two points where core-loss and low-loss data 
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were collected. The data from the area denoted by the red circle is seen in Figure 4.8(a) and the 

red trace in Figure 4.8(c), which shows that there is nitrogen present at that location as evidenced 

by the small peak near 400 eV. The data from the area marked by the blue circle is shown in Figure 

4.8(b) and the blue trace in Figure 4.8(c), which shows that there is no nitrogen present at the 

location, deduced by the lack of a peak near 400 eV. Knowing that the red data is from a spot 

containing nitrogen ((Ga1-xZnx)(N1-xOx)) and the blue data is from a spot with no nitrogen (ZnO) 

allows us to compare the low-loss spectra Figure 4.8 (a) and (b) to see that even in locations with 

different composition, the shape of the EELS spectrum is still similar. This supports the hypothesis 

that the electronic band structure is similar throughout the particle regardless of elemental makeup.  

 

Figure 4.8: (a) and (b) show EELS spectra for two different spots denoted in (d). (c) is a plot of 

two core-loss spectra for the same two spots denoted in (d) indicating the presence (red) or absence 

(blue) of nitrogen. (d) shows a HAADF-STEM image of the cluster of (Ga1-xZnx)(N1-xOx) particles 

where the data in (a)-(c) were taken; the red circle shows the location where the spectrum in (a) 

and the red trace in (c) were taken, while the blue circle shows the location where the spectrum in 

(b) and the blue trace in (c) were taken. 
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From our EELS studies we found that the number of regions of different elemental 

distribution in the particles tends to correlate with the number of energy transitions in the EELS 

spectrum. The heterogeneous particles had two major regions of different elemental composition 

and had two different energy transitions in their EELS spectrum, whereas the homogeneous 

particles with only one compositional region only had one energy transition in their EELS 

spectrum. We also found that the EELS spectrum shape tends to be similar to the shape of the 

Kubelka-Munk plot, meaning that the single particle measurement qualitatively matches the bulk 

ensemble measurement. We confirmed that, regardless of the composition at the spot that the 

EELS spectrum was taken (with or without N), the EELS spectrum still had a similar shape and 

additionally, we confirmed that the EELS spectrum has a similar shape over the entire particle. 

Lastly, we found that there is a distribution in the bandgap values determined from fitting the EELS 

spectra. The visible bandgap values had a larger distribution (0.1-0.3 eV) than the UV bandgap 

values (0.05-0.1 eV). Factors contributing to the distributions include inherent uncertainty in the 

EELS measurement, thickness variations, fitting range of the bandgap, ZLP subtraction, 

Cherenkov radiation, multiple scattering events and changes in composition, lattice strain, and 

orbital repulsion. Possible explanations for the distribution in bandgap values besides uncertainty 

(FWHM of the ZLP) and thickness variations could be that the visible bandgap comes from orbital 

repulsion and mixing in the valence band, which causes the valence band to increase in energy, 

decreasing the bandgap and pushing it into the visible region. It is possible that since there can be 

local disorder in the crystal lattice that the orbitals would mix and repel each other slightly 

differently throughout the particle which could cause a distribution in bandgap values since the 

valence band could be shifting slightly, even though the electronic band structure is thought to be 

similar over the entire particle.   
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4.4  Conclusions 

 

Throughout this investigation of (Ga1-xZnx)(N1-xOx) nanocrystals using EELS, we have 

learned that the number of energy transitions in the EELS spectrum appears to correlate with the 

number of compositional regions in the particle and that the qualitative shape of the EELS 

spectrum is the same throughout the particle. This could have broader implications for the nature 

of excitation pathways in heterostructure nanomaterials and could confirm some hypotheses that 

their band structures are delocalized over the entire particle. Additionally, the single particle 

measurements qualitatively agree with the bulk ensemble measurement, which supports the idea 

that the phenomena that are seen in bulk ensemble measurements are meaningful on a single 

particle level. We did see energy shifting and that the intensity of the EELS spectrum changes for 

both homogeneous and heterogeneous (Ga1-xZnx)(N1-xOx) particles, which leads to a distribution 

in bandgap energy values. This could mean that, while the overall signal is delocalized, local 

signals could mix with neighboring signals to produce the overall distribution that we see in a 

particle. This is similar to having multiple scattering events occur inside a particle, which will alter 

the detected signal. The changing intensities could also be related to the hypothesis that the visible 

bandgap is formed due to orbital repulsion and mixing, causing the valence band to increase in 

energy and therefore decreasing the bandgap. It appears that the visible bandgap energy values 

have a slightly larger range than the UV bandgap values, which makes sense since the UV bandgap 

does not depend on orbital repulsion and mixing for its formation. 
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Chapter 5: Conclusions and Outlook 

 

Chapter 2 discussed the synthesis and surface functionalization of (Ga1-xZnx)(N1-xOx) 

nanocrystals, emphasizing the solid-state synthesis mechanism involving topotactic nucleation and 

the lack of surface OH groups leading to mostly unsuccessful surface functionalization attempts. 

It was found that the size and shape of the final (Ga1-xZnx)(N1-xOx) nanocrystal product is 

independent of the ZnO precursor size and shape, but that the synthesis temperature will change 

the elemental distribution in the final product. When the synthesis is performed at 650 °C, a 

heterogeneous “core/shell” like distribution results, with the (Ga1-xZnx)(N1-xOx) mostly towards 

the edges of the particle and ZnO in the center of the particle. Conversely, when the synthesis is 

done at 800 °C, a homogeneous product is produced with all four elements evenly distributed 

throughout the particle. It was hypothesized that the surface of (Ga1-xZnx)(N1-xOx) nanocrystals 

may have both OH and NH groups, leading to only semi-successful silanizations and other 

unsuccessful functionalizations. This hypothesis came from the lack of success with attaching 

ligands that were supposed to react with or attach to OH sites on the surface.  

Chapter 3 introduced a new H2 production system using (Ga1-xZnx)(N1-xOx) nanocrystals 

as a light absorber, methyl viologen as a redox mediator, Pt nanoparticles as a cocatalyst, and 

dithioerythritol as a hole scavenger. This system successfully produced H2 when irradiated with a 

447 nm diode laser. However, the efficiency of the system was very low, at least two orders of 

magnitude lower than other (Ga1-xZnx)(N1-xOx) H2 production systems and other redox mediator 

H2 production systems. The low efficiency was proposed to be due to poorly aligned band 

potentials between the conduction band of the (Ga1-xZnx)(N1-xOx) and the redox potential of the 
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methyl viologen. It is possible that the conduction band of the (Ga1-xZnx)(N1-xOx) could be more 

positive than the redox potential of methyl viologen, necessitating a buildup of electrons in the 

(Ga1-xZnx)(N1-xOx) conduction band to overcome the barrier of electron transfer to methyl 

viologen. On the contrary, it was found that electron transfer from methyl viologen to the Pt 

nanoparticles was fast and efficient, leading to the conclusion that it was not limiting the efficiency 

of the overall system.  

Chapter 4 discusses results from using electron energy loss spectroscopy to study the 

spatially-resolved electronic band structure of (Ga1-xZnx)(N1-xOx) nanocrystals. One major 

conclusion from the study was that the electronic spectrum qualitatively matches the optical 

absorbance spectrum, indicating that an ensemble measurement is reflecting the same qualities as 

a single particle measurement. This is especially significant for the samples synthesized at 650 °C 

because they are a mixture of nitrided zinc gallate particles that did not topotactically nucleate with 

ZnO and regular (Ga1-xZnx)(N1-xOx) nanocrystals. Therefore, it was always a question whether or 

not the ensemble optical measurements were a result of the two types of particles mixing together. 

The electron energy loss spectroscopy measurements show that the single particle electronic band 

structure and the ensemble optical measurement match, indicating that the ensemble optical 

measurement accurately reflects the single particle electronic band structure. Another conclusion 

from the study was that the energy loss spectrum, and therefore the electronic band structure, of 

the (Ga1-xZnx)(N1-xOx) nanocrystals was qualitatively the same shape no matter where in the 

particle the spectrum was taken. This means that whether or not the particles have a homogeneous 

or heterogeneous elemental distribution, the electronic band structure will be the same throughout 

the particle. Therefore, in the heterogeneous “core/shell” like particles, this means that the 

electronic band structure is not different in the center of the particle versus the edge.  
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In order to study (Ga1-xZnx)(N1-xOx) nanocrystals further, alternative synthesis techniques 

should be employed so that the size and shape of the (Ga1-xZnx)(N1-xOx) product can be controlled. 

Solution-phase synthesis would be particularly useful because not only would it potentially allow 

for more control over the product size and shape, but the product could be synthesized with native 

ligands, negating the need to figure out how to functionalize the surface of (Ga1-xZnx)(N1-xOx) 

nanocrystals. If a synthesis technique with native ligands is not found, further surface 

functionalization efforts should be made, particularly to hydroxylate the surface of the (Ga1-xZnx-

)(N1-xOx) nanocrystals so that ligands can more successfully be attached. Alternatively, one could 

find ligands that would react with both OH and NH groups. Functionalizing the surface of (Ga1-

xZnx)(N1-xOx) would allow for solution-phase measurements to be made and for less interference 

in H2 production measurements, which are currently done as a powder slurry.  

The next step for H2
 production studies would be to test H2 production using (Ga1-xZnx)(N1-

xOx) nanocrystals with Pt directly photodeposited on the surface. The procedure for Pt 

photodeposition is described in Chapter 2. This would remove the electron transfer step from (Ga1-

xZnx)(N1-xOx) to methyl viologen, thus eliminating the rate limiting step in the redox mediator 

system discussed in Chapter 3. If H2 production with the photodeposited Pt is successful, other 

cocatalysts could be investigated, particularly ones that contain an extra shell material that 

suppresses the backreaction of H2 to H2O.  

Lastly, further electron energy loss spectroscopy studies can be done on the entire range of 

x-values of (Ga1-xZnx)(N1-xOx) nanocrystals with core-loss and low-loss data being collected at the 

same point for each sample. This would allow an elemental map to be generated to show the 

elemental composition at the exact spot where the bandgap measurements were also taken. With 

this, the changes in elemental composition to be more strongly linked to changes in the energy loss 
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spectrum to shed light on the intricacies of the (Ga1-xZnx)(N1-xOx) band structure. Learning more 

about the band structure of (Ga1-xZnx)(N1-xOx) will inform further investigations into solid state 

synthesis of multinary materials, with the hopes of creating an ideal material for solar fuel 

generation.
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