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INVESTIGATIONS OF STRUCTURE-DEPENDENT PHOTOPHYSICAL 

PROPERTIES OF METAL, METAL OXIDE, AND SEMICONDUCTOR 

NANOSTRUCTURES 

Sarah A. Lindley 

 

ABSTRACT 

On the nanoscale, size and structure are powerful dictators of optical and 

electronic response. As such, they may be rationally manipulated in order to obtain 

desired properties for specific applications. The dissertation projects herein are aimed 

toward understanding how structure affects the photophysical properties of three 

nanoparticle systems: hollow gold nanospheres (HGNs), doped α-Fe2O3 nanostructures, 

and PbS/CdS core/shell quantum dots (QDs). The dissertation is divided into two parts: 

Part I: The Highly Tunable Hollow Gold Nanosphere: Synthesis, Size, and Surface 

Morphology and Part II: Ultrafast Charge Carrier Dynamics of Hematite 

Nanostructures and PbS/CdS Quantum Dots 

Part I focuses on synthetic control and characterization of HGNs, solvent-filled 

plasmonic shells of gold ranging from 20-200 nm in diameter. HGNs have shown 

promising performance in drug loading, targeted delivery, surface-enhanced Raman 

scattering, and photothermal therapy. Their optical properties are very sensitive to their 

aspect ratio, the ratio of diameter to shell thickness. As such, a well-controlled synthesis 

is highly desired. In Chapter 1, the HGN synthesis was updated to enable simultaneous 

control of both diameter and SPR while maintaining monodispersity and uniformity of 
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the resultant shells. This was possible through a detailed and systematic investigation 

of the synthesis of the sacrificial cobalt-based scaffolds onto which HGNs are formed 

through galvanic exchange. 

In Chapter 2, additional synthetic adjustments were introduced to 

systematically control the HGN surface morphology from smooth to very bumpy. 

Rugose structures are perhaps the most versatile nanoparticles, with an increased 

density of active sites for catalysis as well as local electric field enhancement around 

the surface features for sensing and detection. As hollow particles have displayed 

enhanced plasmonic performance in comparison with their solid counterparts for a 

number of applications, the combination of hollow cores and rugose surfaces is highly 

attractive. One of the most attractive applications of HGNs is plasmonic photothermal 

therapy (PTT). In this application, plasmonic nanoparticles are targeted to cancer cells 

where they convert incident light to heat, raising the temperature of their environment 

above the point of cell viability. A systematic comparison of HGNs with different 

surface morphologies revealed that bumpy HGNs retain the excellent photothermal 

conversion efficiency (PCE) of their smooth counterparts. Next, in Chapter 3, PCE was 

investigated for HGNs of different diameters, theoretically and experimentally. The 

findings revealed that 50 nm HGNs generate ~2 times the heat per µg gold as their 70 

nm counterparts and ~1.5 times the heat per µg gold as their 30 nm counterparts. In 

vitro HGN-mediated PTT of oral squamous cell carcinoma was also carried out. 

Ongoing efforts are needed to assess the PCE and potential size dependence of HGNs 

in vitro and in vivo. 
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In Part II, transient absorption spectroscopy (TAS) is used to probe the charge 

carrier dynamics in α-Fe2O3 (hematite) and PbS/CdS nanostructures. In both systems, 

structural modification has been crucial for obtaining enhanced photophysical 

performance. Hematite is considered to be an especially promising material for solar 

water splitting due to its chemical stability, abundance, and non-toxicity. Additionally, 

its band gap of approximately 2.0–2.2 eV facilitates the absorption of about 40% of 

incident solar light. However, it suffers from a number of limitations which hinder its 

practical implementation as a photoanode material. Chapter 4 discusses these 

limitations and structural approaches to overcome them, including nanostructuring and 

doping to facilitate charge transfer and improve PEC performance. Charge carrier 

recombination dynamics are investigated before and after doping to aid understanding 

of the mechanism of performance enhancement in Zr and Ti-doped hematite films. 

Although nanostructuring and doping are beneficial, performance gains have been 

modest and a review of the current approaches for the rational design of hematite 

heterostructures is provided in Chapter 5. In these reports, TAS has been employed as 

a useful tool to gain deeper insight into the mechanisms of photogenerated electron-

hole recombination and their relation to PEC performance. 

Finally, in Chapter 6, the passivation of PbS QDs with a CdS shell, and the 

dependence of the passivation on particle size, is investigated. Semiconductor QDs like 

PbS are highly attractive components in solar cells, sensing, and detection due to their 

size-dependent optical and electronic properties. Broad absorption, narrow 

photoluminescence (PL), and high PL quantum yield arise from quantum confinement. 
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The formation of a thin shell atop the QD core has become a common method for 

passivating the surface bonds and thereby enhancing and stabilizing resultant PL. In 

this work, it was found that surface passivation of PbS with a CdS shell is core-size-

dependent; ultrasmall PbS QDs did not benefit from CdS passivation like their larger 

counterparts, but instead experienced a decrease in PL. Coupling TAS with steady state 

PL and QY measurements enabled a comprehensive understanding of the radiative and 

nonradiative relaxation pathways of the PbS/CdS nanosystem. Insights into the size-

dependent variation in trap state density and relaxation pathways may serve as a guide 

for future structural modification. 
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CHAPTER 1: Highly Tunable Hollow Gold Nanospheres: Gaining Size Control 

and Uniform Galvanic Exchange of Sacrificial Cobalt Boride Scaffolds 

 

1.1 Abstract 

In principle, the diameter and surface plasmon resonance (SPR) frequency of 

hollow metal nanostructures can be independently adjusted, allowing the formation of 

targeted photoactivated structures of specific size and optical functionality. Although 

tunable SPRs have been reported for various systems, the shift in SPR is usually 

concomitant with a change in particle size. As such, more advanced tunability, 

including constant diameter with varying SPR or constant SPR with varying diameter, 

has not been properly achieved experimentally. Herein, we demonstrate this advanced 

tunability with hollow gold nanospheres (HGNs). HGNs were synthesized through 

galvanic exchange using cobalt-based nanoparticles (NPs) as sacrificial scaffolds. 

Co2B NP scaffolds were prepared by sodium borohydride nucleation of aqueous cobalt 

chloride and characterized using UV−vis, dynamic light scattering, X-ray absorption 

spectroscopy, and X-ray photoelectron spectroscopy. Careful control over the size of 

the Co2B scaffold and its galvanic conversion is essential to realize fine control of the 

resultant HGN diameter and shell thickness. In pursuit of size control, we introduce 

B(OH)4
- (the final product of NaBH4 hydrolysis) as a growth agent to obtain 

hydrodynamic diameters ranging from ∼17−85 nm with relative standard deviation 

<3%. The highly monodisperse Co2B NPs were then used as scaffolds for the formation 

of HGNs. In controlling HGN shell thickness and uniformity, environmental oxygen 
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was shown to affect both the structural and optical properties of the resultant gold shells. 

With careful control of these key factors, we demonstrate an HGN synthesis that 

enables independent variation of diameter and shell thickness, and thereby SPR, with 

unprecedented uniformity. The new synthesis method creates a truly tunable plasmonic 

nanostructure platform highly desirable for a wide range of applications, including 

sensing, catalysis, and photothermal therapy. 

 

1.2 Introduction 

Plasmonic metal nanostructures exhibit beneficial optical properties owing to 

their surface plasmon resonance (SPR), the collective oscillation of conduction band 

electrons that manifests as strong absorption and/or scattering at the oscillation 

frequency.1,2 As oscillation frequency is structure dependent, the SPR may be tuned by 

changing the size or shape of the nanoparticle.3-5 This tunability positions plasmonic 

metal nanoparticles as highly attractive components in nanomedicine,6-12 

optoelectronics,13-18 sensing,6-9,13,18,19 and solar energy conversion.20-24 In these 

applications, hollow metal nanostructures have distinct advantages over their solid 

metal counterparts, including lower mass per particle for reduced material costs, higher 

surface-area-to-volume ratio for increased density of loading or catalytic sites, and 

enhanced plasmonic performance in applications like SERS, drug delivery, and 

catalysis.25-30 Furthermore, the SPR of hollow structures are more tunable as the hollow 

core provides an additional parameter to modify the overall electronic structure. For 

one structure of note, the hollow gold nanosphere (HGN), the SPR may be tuned across 
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the visible wavelengths and into the near-infrared by adjusting the ratio of outer 

diameter to shell thickness (the aspect ratio).31 Increasing the aspect ratio, effectively 

red-shifting the SPR, may be accomplished by either increasing the diameter or 

thinning the shell. Because of this twofold tunability, the diameter and SPR frequency 

can in principle be independently adjusted, allowing for the formation of targeted 

photoactivated structures of specific size and optical functionality. As such, HGNs 

could therefore become a powerful platform for a variety of nano-enabled applications. 

Since the introduction of HGNs in 2005, much work has been done to elucidate their 

structure-dependent optical properties,31-35 gain reproducibility of synthesis,36,37 and 

demonstrate their use in a variety of applications.38-41 However, their formation 

mechanism has not yet been controlled to the point of achieving independent selection 

of both size and SPR. To this end, the synthesis must be investigated and improved to 

enable a high degree of control over diameter and shell thickness. 

HGN diameters are determined by those of their cobalt-based nanoparticle 

scaffolds, sacrificial templates onto which shells of gold are formed through galvanic 

exchange.31,42 These scaffolds are commonly made through sodium borohydride 

nucleation of aqueous cobalt salt. Although this reaction is often studied, it is not yet 

well understood. Disagreement exists in the literature over the identity of the main 

product (e.g., various cobalt-boron alloys have been reported) and size control methods 

remain elusive. In 2006, Schwartzberg et al. reported that small adjustments in overall 

scaffold diameter may be made by changes to the volume of both the sodium 

borohydride reducing agent and sodium citrate capping ligand used in scaffold 
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synthesis, but larger sizes proved difficult to achieve reproducibly.31 In 2009, a 

combination of alcohol solvents and triblock copolymer surfactant were used to 

synthesize Co2B nanoparticles from 3.2 to 171.4 nm, but the larger size regime was 

plagued by broad size dispersion and precipitation, and analysis of the mid-range size 

regime reveals large relative standard deviations.43 In 2011, silica-coated Co-B 

nanoparticles were synthesized from 50 to 250 nm in diameter with improved relative 

standard deviation (15-19%) by adjusting the ratio of surfactant to cobalt salt precursor, 

but silica coating was required for particle stability and small size regimes were not 

demonstrated.44 Recently, Pu et al. showed that reaction temperature may be used to 

slow nucleation and promote growth from 24 to 122 nm in diameter, but resultant 

particles were polydisperse and exact sizes difficult to control.45 Although progress has 

been made, size control methods for cobalt-based nanoparticle systems remain limited 

and fine adjustments over a large size range have not been realized experimentally. 

While the HGN diameter is determined by that of its scaffold, the SPR 

frequency and full width at half maximum (FWHM) are determined by shell thickness 

and uniformity, structural parameters that are governed by the galvanic exchange 

process. Previously, Schwartzberg et al. showed that shell thickness could be increased 

simply by providing more gold during galvanic exchange,31 but other factors affecting 

shell structure and uniformity have not been explored. One such factor is environmental 

oxygen. Galvanic exchange in HGN synthesis has traditionally been performed in 

aerobic conditions31-37,39-42 with cobalt as a starting template because of its favorable 

reduction potential and ease of oxidation in air.46-49 This ease of oxidation allows facile 
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removal of residual core material after shell formation without relying on post 

processing techniques like wet chemical etching. However, competition between the 

oxidation of the scaffold into solution via galvanic replacement and direct oxidation in 

air can potentially disrupt the exchange and thus the shell uniformity.  

In this work, we first investigate the formation of Co2B nanoparticle (NP) 

scaffolds made from sodium borohydride nucleation of aqueous cobalt chloride. In 

pursuit of size control, we introduce B(OH)4
- (the final product of BH4

- hydrolysis) as 

a growth agent, capable of slowing nucleation of cobalt ions and promoting 

coalescence, thereby increasing the final size of the particles. Using this new protocol, 

we demonstrate the synthesis of highly monodisperse scaffolds, achieving incremental 

increases in diameter over a ~17-85 nm hydrodynamic diameter range. To our 

knowledge, this is the first demonstration of fine control of Co2B NP diameter while 

maintaining monodispersity. Second, in pursuit of shell control, we investigate the role 

of environmental oxygen in the galvanic exchange process. Finally, combining insight 

from all results, we demonstrate a well-controlled synthesis of HGNs, enabling high 

quality, monodisperse HGNs with twofold tunability over a range of selected diameter 

and SPR combinations. 

 

1.3 Experimental 

1.3.1 Synthesis of Co2B NP Scaffolds and Control of the Co2B NP Diameter 

 Cobalt(II) chloride hexahydrate (CoCl2·6H2O) was purchased from Sigma-

Aldrich, trisodium citrate dihydrate (Na3C6H5O7·2H2O) was purchased from VWR 
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International, and sodium borohydride (NaBH4) was purchased from Fisher Scientific. 

All water used in synthesis was ultrapure in quality, with a resistivity of 18.3 MΩ-cm. 

Co2B NP scaffolds were synthesized via the well-established reduction of Co2+ 

ions with NaBH4, using citrate as a capping ligand. Briefly, a 100 mL solution of 0.40 

mM CoCl2·6H2O and 4.0 mM Na3C6H5O7 was prepared in a 500 mL round bottom 

flask and deaerated by bubbling with nitrogen for 1 hour. During this time, the solution 

was stirred at 700 rpm with a magnetic stir bar. Then, a given volume of freshly 

prepared aqueous 1.0 M NaBH4 (25-200 µL) was injected while the solution continued 

to stir under nitrogen protection. After addition of NaBH4, the solution turned from pale 

pink to brown, indicating the reduction of Co2+ ions and the formation of the Co2B NP 

scaffold. After 2 minutes, the stir bar was magnetically suspended above the solution 

and the Co2B NPs were subsequently allowed to stand under constant nitrogen flow for 

2 hours to ensure complete hydrolysis of the borohydride reducing agent. 

 To synthesize larger Co2B NPs, a given volume of B(OH)4
- (20-200 µL) was 

added to the freshly prepared aqueous 1.0 M NaBH4 and quickly mixed before injection 

into the cobalt salt solutions. The presence of B(OH)4
- prolonged the onset of color 

change from pale pink to brown/grey. To obtain B(OH)4
-, a 1.0 mL aliquot of aqueous 

1.0 M NaBH4 was prepared and allowed to hydrolyze in ambient conditions for 48 hr. 

1.3.2 Co K-Edge XANES and X-ray Photoelectron Spectroscopy 

The Co K-edge XANES spectra were collected at the Stanford Synchrotron 

Radiation Lightsource (SSRL) on beamline 7-3 with an average current of 300 mA at 

an electron energy of 3.0 GeV. The radiation was monochromatized using a Si (220) 



7 
 

double crystal monochromator, which was detuned to 50% of its maximum at the Co 

K-edge. The intensity of the incident X-rays (I0) was monitored by a N2-filled ion 

chamber in front of the sample. The monochromator energy was calibrated by using 

the first peak maximum of the first derivative of the Co foil spectrum (7,709.5 eV). The 

solution based samples were collected using a sealed glass cell with a silicon nitride 

window covering a hole in the glass cell through which the X-rays were incident into 

the solution. The sample was placed in a N2-purged box fitted with kapton tape 

windows. The sample fluorescence signal was recorded using a 30-element Ge detector 

(Canberra) with the samples at 45° to the incident beam. Co K-edge data were collected 

for solutions of 0.4 M CoCl2, 0.4 M CoCl2 + 0.8 M NaBH4. A powdered reference 

sample of commercially available Co(OH)2 was collect without further purification by 

dilution in boron nitride (~1% w/w) and then packed into 0.5 mm-thick aluminum 

sample holders using kapton film windows on both sides. Data reduction of the XAS 

spectra was performed using SamView (SixPack software, Samuel M. Webb, SSRL). 

Athena software (IFEFFIT package) was used to subtract the pre-edge and post-edge 

contributions, and the results were normalized with respect to the edge jump. 

XPS was performed using a monochromatized Al Kα source (hν = 1486.6 eV), 

operated at 225 W, on a Kratos Axis Ultra DLD system at a takeoff angle of 0º relative 

to the surface normal, and pass energy for narrow scan core level and valence band 

spectra of 20 eV. A tungsten filament charge neutralizer was utilized for the powered 

samples. Spectral fitting was done using Casa XPS analysis software. Spectral 

positions were corrected using adventitious carbon by shifting the C 1s core level 
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position to 284.8 eV and curves were fit with quasi-Voigt lines following Shirley 

background subtraction.  The samples were prepared in a nitrogen glove box. 

1.3.3 UV−Visible Spectroscopy and Dynamic Light Scattering 

UV-Vis spectra were recorded with an Agilent Technologies Cary 60 UV-Vis 

spectrophotometer using a 700 µL quartz cuvette with standard 10 mm optical path 

length. For measurement, 500 µL aliquots were extracted from the solutions under 

nitrogen protection and immediately transferred to the spectrophotometer. 

 DLS was performed on a Dyna Pro NanoStar from Wyatt Technology using 

Dynamics software version 7.1.7. Data acquisition parameters were set to water solvent, 

spherical radius of gyration (Rg) model, temperature of 20.000 C, and 30 acquisitions. 

The reported ± values represent one standard deviation from the mean. Relative 

standard deviation (RSD) represents one standard deviation as a percentage of the mean, 

using unrounded values for calculation. For measurement, 200 µL aliquots were 

extracted from the solutions under nitrogen protection and immediately transferred to 

the DLS instrument. 

1.3.4 Cyclic Voltammetry and 11B NMR 

Cyclic voltammograms (CVs) of NaBH4 were taken on a Pine potentiostat 

(Model AFCBP1) using an Au wire working electrode, a Pt coil counter electrode, and 

an Hg/HgO (1.0 M KOH) reference electrode. To hydrolyze the sample, 1.0 mL of 1.0 

M aqueous NaBH4 was prepared and left sitting in ambient conditions. At each 

timepoint, a 100 µL aliquot was transferred to 9.90 mL of 0.10 M KOH to suppress 
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continued hydrolysis during measurement. CVs were taken at three timepoints (0 hr, 

24 hr, and 48 hr) and a 2.500 V/s sweep rate. 

 Proton-coupled 11B NMR was performed on a Bruker 500 MHz NMR using 5 

mm thin wall Quartz NMR tubes (Wilmad, 528-PP-7QTZ) to eliminate extraneous 

boron signal. At each timepoint, an 80 µL aliquot of the 1.0 M aqueous NaBH4 was 

transferred to 720 µL of 0.10 M KOH to create a 0.10 M NaBH4 solution. A 720 µL 

aliquot of this solution was added to 80 µL D2O to make a final 10% v/v deuterated 

solution for frequency locking. 

1.3.5 Synthesis of HGNs 

Chloroauric acid (HAuCl4) was purchased from Fisher Scientific. All water 

used in synthesis was ultrapure in quality, with a resistivity of 18.3 MΩ-cm. For 

anaerobic galvanic exchange, a given volume (1.00-10.0 µL) of 0.10 M HAuCl4 was 

added to 15 mL ultrapure water and deaerated by bubbling with nitrogen gas for one 

hour under magnetic stirring at 700 rpm. Once deaerated, galvanic exchange was 

initiated by transferring 15 mL of the Co2B NP solution to the stirring gold solution via 

air-free cannula transfer. The resultant core/shell Co2B NP/Au particles were stirred for 

two minutes under nitrogen protection at 700 rpm before final oxidation of the 

remaining Co2B NP cores. The residual cobalt cores were fully oxidized either by 

removing the septa and stirring at 700 rpm for three minutes under ambient conditions 

or transferring a 3.0 mL aliquot to a vial and vortexing for 10 seconds. For aerobic GE, 

a given volume (1.00-10.0 µL) of 0.10 M HAuCl4 was added to 15 mL ultrapure water 

and stirred for 60 min (for consistency with the anaerobic protocol) in ambient 
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conditions. GE was initiated by transferring 15 mL of the Co2B NP solution to the 

stirring gold solution via cannula transfer in air. The resultant Co2B NP/Au core/shell 

particles were stirred for five minutes at 700 rpm under ambient conditions to ensure 

complete oxidation of the residual Co2B NP cores. 

1.3.6 Electron Microscopy 

SEM was performed at the W.M. Keck Center for Optofluidics at the University 

of California Santa Cruz on an FEI Quanta 3D field emission microscope operated at 

5.00 kV acceleration voltage. Since the Co2B NP scaffolds are air-sensitive, great care 

was taken in preparing them for SEM. The as-formed Co2B NP scaffolds, synthesized 

under nitrogen protection, were transferred into an air-free glove box where they were 

centrifuged at 5000 rpm for 15 minutes. After removing the supernatant, the 

concentrated solution was dropped onto a hexagonal, 400 mesh copper grid with carbon 

support film of standard 5-6 nm thickness (Electron Microscopy Sciences, CF400H-

Cu-50) and allowed to dry in the glove box under vacuum and nitrogen protection. 

When dry, the grid was immediately transferred to the microscope. HGN solutions 

were centrifuged twice in ambient conditions at 13000 rpm for 2 minutes and 

resuspended in ultrapure water. HRTEM was performed at the National Center for 

Electron Microscopy (NCEM) at the Lawrence Berkeley National Laboratory 

Molecular Foundry on an FEI UT Tecnai microscope operated at 200 kV acceleration 

voltage. Diameter measurements were taken directly from HRTEM images using 

ImageJ software. For each sample, at least 50 HGNs were used to calculate the average 

diameter ± one standard deviation. Additionally, 12 shell thickness measurements were 
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taken for each HGN measured. Individual HGNs were matched with their associated 

shell thickness measurements to determine aspect ratio. 

 

1.4 Results and Discussion 

1.4.1 Identity of the Co2B NP Scaffold 

Co2B NPs were synthesized through the well-established reaction between 

aqueous cobalt chloride and sodium borohydride in the presence of a citrate capping 

ligand.31,42 Although the NPs produced by this method have often been described as 

elemental cobalt, various cobalt borides have been experimentally identified as the 

main products.50-52 In agreement with these reports, in-situ X-ray absorption 

spectroscopy (XAS) collected at the Co K-edge before and after the addition of 

borohydride confirm that Co0 is not produced. X-ray photoelectron spectroscopy (XPS) 

collected on the isolated brown cobalt-based product confirms the lack of metallic 

character. Taken together, these results are in better agreement with what has been 

reported in the literature for Co2B. 

X-Ray photoelectron spectroscopy (XPS) and X-Ray absorption spectroscopy 

(XAS) were used to investigate the chemical composition of the cobalt-based 

nanoparticle (NP) scaffolds made from reacting CoCl2 with NaBH4 in the presence of 

a citrate capping ligand. The XPS Co 2p spectrum of the resultant product is shown in 

Figure 1a. The binding energy of the Co 2p3/2 peak is slightly shifted from that of 

elemental cobalt (777.3 eV).53 The Co 2p3/2 peak at 778.3 eV and the Co 2p1/2 peak at 

793.4 eV are in good agreement with what has been previously observed for Co2B.52,54 
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The remaining Co 2p3/2 and Co 2p1/2 peaks indicate the presence of a Co2+ oxidation 

state.52,54,55 This could mean that an oxide layer formed, potentially due to atmospheric 

exposure during sample transfer to the instrument. The B 1s spectrum (Figure 1b) 

echoes these findings. The binding energy of 188.33 eV is slightly shifted from that of 

elemental boron (187 eV) and agrees with what has been previously reported for Co2B 

or Co-B compounds.52,53,55 The feature at 192.41 eV agrees with what has been 

previously reported for boron oxides.52,53,55 For ease of reference, peak binding energies 

and comparison to previous reports are tabulated in Table 1. The results clearly 

demonstrate that the scaffold is not elemental cobalt, but a type of Co-B compound. 

The XPS results were supported with XAS analysis. The X-ray absorption near 

edge structure (XANES) spectrum for the as-synthesized scaffold solution and select 

Co references are compared in Figure 1c. The pre-edge position for the scaffold (blue 

line) matches well with that of Co Foil (black line) and can be attributed to a 1s to 3d 

electron transition. However, the intensity and slope of the feature confirm that the 

average oxidation state of Co in the scaffold is greater than 0, as would be expected for 

Co-B and in agreement with previous reports.52 The feature at greater energy (~7725 

eV) agrees well with that of CoCl2 and Co(OH)2 and could therefore arise from the 

presence of unreacted CoCl2 or oxidized cobalt, in accordance with the XPS analysis. 

Although precautions were taken to ensure the sample remained as air-free as possible, 

the presence of a surface oxide layer could explain these results. Overall, the XPS and 

XANES results are in good agreement with what has been reported in the literature for 

Co2B. 
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Figure 1. (a) Co 2p and (b) B 1s XPS spectra of isolated scaffold product. (c) XANES 

spectra of as-synthesized scaffold solution (blue) as well as Co Foil (black), Co(OH)2 

(green), and CoCl2 (red) references. 

 

Table 1. XPS Co 2p and B 1s binding energies (BE) for the isolated scaffold product 

and comparison with literature references. 

 

 

Level BE (eV) Reference BE (eV) Reference Species Reference 

B 1s 188.3 188.3 Co2B 54 

  187.7 Co2B 52 

  189.0 Co-B 55 

B 1s 192.4 191.3 Oxidized Co2B 54 

  191.5 Boron-oxo 52 

  191.2 B2O3 55 

Co 2p3/2 778.3 777.6 Co2B 54 

  778.07 Co2B 52 

Co 2p3/2 781.4 781.0 Co(OH)2 55 

  780.83 CoO or Co(OH)2 52 

 786.4 786.4 Co(OH)2 53 

Co 2p1/2 793.4 793.19 Co2B 52 

Co 2p1/2 797.4 796.9 Co(OH)2 53 

  796.75 CoO or Co(OH)2 52 

 803.0 802.6 Co(OH)2 53 
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1.4.2 Optical and Structural Characterization of Co2B NP Scaffolds Made with 

BH4
- Reducing Agent 

A commonly accepted reaction mechanism with Co2B as the final product is 

shown in Equation 1.50  

2CoCl2 + 4NaBH4 + 9H2O → Co2B + 4NaCl + 12.5H2 + 3B(OH)3 Equation (1) 

To control the size of nanoparticles, an understanding of their nucleation and growth 

processes is essential. In classical nucleation theory as set forth by LaMer in the 1950s, 

particle diameter is said to be governed by the extent of initial nucleation.56,57 To 

investigate the effect of initial nucleation on final Co2B NP diameter, Co2B NP 

syntheses were carried out with BH4
-:Co2+ molar ratios ranging from 0 to 5.00. 

According to Equation 1, two moles of BH4
- are needed to reduce every one mole of 

Co2+, so only BH4
-:Co2+ mole ratios greater than 2.00 will provide BH4

-
 in excess of 

what is required for full reduction of cobalt ions.   

The resultant scaffolds were monitored by their extinction spectra, as shown in 

Figure 2a. In absence of reducing agent, the extinction spectrum consisted only of a 

large signal at ultraviolet (UV) wavelengths due to citrate and a small peak ~500 nm 

due to the 4T1g(f) → 4T1g(p) d electron transition of hydrated Co2+ ions (red curve).58 

When reducing agent was provided, the cobalt solution turned from pale pink to brown 

and the extinction spectrum gained low signal throughout the visible range, indicating 

formation of Co2B NPs (Scaffold 2-5). The increasing extent of nucleation with 

increasing BH4
-:Co2+ mole ratio is apparent by the gradual increase of the Co2B-related 
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extinction. Saturation is observed between 1.25 and 2.50 BH4
-:Co2+, consistent with 

Equation 1. Resultant hydrodynamic diameters were then assessed with dynamic light 

scattering (DLS), as tabulated in Table 2. Importantly, the hydrodynamic diameters of 

all Co2B NPs agree to within one standard deviation. Because the reaction between 

BH4
- and CoCl2 is fast, nucleation occurs rapidly but growth cannot proceed due to the 

lack of additional reactant after the initial injection. Thus, simply increasing or 

decreasing the amount of sodium borohydride may affect extent of nucleation, but is 

not enough to appreciably control the resultant nanoparticle size for this system. 

Many recent studies into the formation mechanism of colloidal metal NPs from 

wet chemical reduction of metal salt precursors have reported mechanisms that deviate 

from classical nucleation theory.59-65 For instance, for the reduction of HAuCl4 with 

NaBH4, a two-step mechanism has been described: metal ions are swiftly reduced to 

small clusters that then rapidly coalesce to form the final particles. A similar 

mechanism was reported for the reduction of AgClO4 with NaBH4 and it was found 

that clusters aggregate and coalesce until reaching a size at which there is sufficient 

stability to halt the process. In both reports, the extent of aggregation and coalescence, 

as opposed to the extent of initial nucleation, was determined to be the controlling 

factor in final nanoparticle size. Interestingly, in the case of AgClO4 reduction, the 

onset of aggregation and coalescence was shown to arise from a destabilization of 

colloidal stability correlated to the hydrolysis of excess BH4
- to B(OH)4

-. In contrast, 

for our cobalt system, the conversion of residual BH4
- to B(OH)4

- does not promote 

additional coalescence; the resultant scaffold size is the same whether BH4
- is in excess 
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or not. However, the presence of B(OH)4
- during initial nucleation may indeed affect 

the formation of Co2B NPs. It has been recently shown that decomposition of sodium 

borohydride during storage leads to significant changes in the resulting Co2B 

particles.66 As B(OH)4
- is the final decomposition product, we investigated its role in 

Co2B formation and its effect on the final particle diameter. 

1.4.3 Optical and Structural Characterization of Co2B NP Scaffolds Made with 

B(OH)4
-
 Growth Agent 

To investigate the potential effect of B(OH)4
- on Co2B NP formation, syntheses 

were repeated with B(OH)4
- provided alongside the BH4

- reducing agent. Table 2 

displays DLS results for Co2B NPs made with B(OH)4
-:BH4

- molar ratios ranging from 

0.500 to 2.00 and a molar excess of BH4 (Scaffolds 6-9). In all cases, the addition of 

B(OH)4
- during initial nucleation of cobalt ions resulted in an increase in scaffold 

diameter. In fact, the resultant scaffold is largest for large B(OH)4:BH4
- ratios and small 

BH4
-:Co2+ ratios (Scaffold 9). Importantly, the extinction spectrum can be used as an 

indicator of scaffold size. The extinction spectra for ~20 nm scaffolds followed normal 

exponential decay (Figure 2a), but an inflection ~240 nm was apparent in the extinction 

spectrum for the 43 ± 2 nm scaffold (Figure 2b, Scaffold 6). For larger sizes, the 

inflection grew into a small extinction feature that broadened and red shifted with 

increasing diameter (Figure 2b, Scaffolds 7-9). To our knowledge, this is the first 

experimental evidence of a size-dependent extinction feature in Co2B NPs. 
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Figure 2. (a) Extinction spectra for Co2B NPs made with BH4
-:Co2+ molar ratios 

ranging from 0 to 5.00 (Scaffolds 1-5). With no reducing agent, Scaffold 1 represents 

only aqueous citrate and CoCl2. As such, an extinction feature for hydrated Co2+ ions 

can be seen at 500 nm, as highlighted in the inset. (b) Co2B NP extinction for scaffolds 

made with B(OH)4
-:BH4

- ratios of 0.500, 1.00, and 2.00 (Scaffolds 6-9). Associated 

synthetic parameters are reported in Table 2. 

 

Table 2. Synthetic parameters and resultant hydrodynamic diameter (mean ± one 

standard deviation) for Co2B NP scaffolds. 

Scaffold BH4
-:Co2+ B(OH)4

-:BH4
- Hydrodynamic Diameter (nm) 

1 0 0 NA 

2 0.625 0 19 ± 3 

3 1.25 0 21 ± 2 

4 2.50 0 19 ± 2 

5 5.00 0 23 ± 3 

6 5.00 0.500 43 ± 2 

7 5.00 1.00 56 ± 1 

8 2.50 1.00 61 ± 1 

9 2.50 2.00 76 ± 2 
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1.4.4 Hydrolysis of BH4
- to B(OH)4

- 

To obtain B(OH)4
-, aqueous 1M NaBH4

 was prepared and left to hydrolyze 

under ambient conditions. Proton-coupled 11B NMR was used to identity the 

hydrolyzed BH4
- species over the course of 48 hr. To inhibit continued hydrolysis 

during NMR measurements, aliquots at each timepoint were transferred to a 0.1 M 

KOH solution immediately before measurement as self-hydrolysis of borohydride is 

negligible above pH 13.67 NMR results for 0 hr, 24 hr, and 48 hr hydrolysis timepoints 

are shown in Figure 3a,b. 

Before hydrolysis, the 11B NMR spectra showed a symmetric quintet centered 

~-41.7 ppm with 1:4:6:4:1 relative amplitude, indicating four magnetically equivalent, 

tetrahedrally arranged H atoms (Figure 3a,b, red curve). We can confidently assign this 

signal to the borohydride anion, BH4
-, in agreement with previous reports.68-70 No other 

NMR signals were present for the 0 hr sample.  At 24 hr hydrolysis, the BH4
- quintet 

was still present but reduced to 13% of its original amplitude. A broad, low-field singlet 

also appeared ~1.7 ppm, which has previously been assigned to B(OH)4
-.68 At 48 hr 

hydrolysis, the NMR quintet was no longer discernible, and the singlet increased in 

amplitude. Thus, a timespan of 48 hours is enough for full conversion of BH4
- to the 

final hydrolysis product. It should be noted that these measurements and all syntheses 

reported herein were performed with newly received NaBH4 which was kept in a dry 

environment under nitrogen protection and opened sparingly. Because NaBH4 reacts 

readily with moisture in the air, exact results may vary depending on chemical age and 

storage conditions. 



19 
 

 

Figure 3. (a) Low-field 11B NMR and (b) high-field proton-coupled 11B NMR spectra 

of aqueous NaBH4 after hydrolyzing for 0 hr, 24 hr, and 48 hr. (c) Proton-coupled 11B 

NMR of aqueous NaBH4 after hydrolyzing for 1 hr showing an intermediate quartet 

attributed to BH3OH-. (d) Cyclic voltammogram of aqueous NaBH4 after hydrolyzing 

for 0 hr and 48 hr, 2500 mV/s sweep rate. 

 

Although only two species were observable in our NMR measurements, the 

conversion of BH4
- to B(OH)4

- likely proceeds through a number of short-lived 

intermediates. Without KOH, self-hydrolysis progressed and an intermediate quartet 

appeared downfield, centered ~-12.7 ppm with relative intensity of 1:3:3:1, as seen in 

Figure 3c. This signal arises from three magnetically equivalent protons, suggesting a 
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BH3 moiety, and has been attributed in previous work to a short-lived BH3(OH)- 

hydroxyborate.68 For our system, we conclude that BH4
- fully converts to B(OH)4

- 

within 48 hrs, potentially through a chain of hydroxyborate intermediates, with B-OH 

bonds replacing B-H bonds. As such, 48 hr BH4
- was used as the source of B(OH)4

- for 

scaffold synthesis. 

Cyclic voltammetry was also used to monitor the hydrolysis conversion. The 

cyclic voltammogram (CV) at 0 hr hydrolysis showed one singular anodic peak at 0.0 

V, attributed to BH4
- (Figure 3d, red curve). By 48 hr hydrolysis, the BH4

- peak was 

essentially completely diminished (Figure 3d, dark blue curve). An understanding of 

the relative reduction potentials of BH4
- and its hydrolysis products can be used to 

understand the role of B(OH)4
- in the nucleation and growth of CoNPs. Because a new 

peak does not appear in this range by 48 hr hydrolysis, we conclude that the final 

hydrolysis product is not electrochemically active within our measurement parameters. 

Therefore, B(OH)4
- must have a role in scaffold formation other than the initial 

reduction of cobalt ions to form nucleation centers. 

1.4.5 Elucidating the Role of B(OH)4
- in the Co2B NP Growth Mechanism 

 To better understand the role of B(OH)4
-
 as a growth agent, Co2B NP formation 

was investigated by time-resolved UV-Vis for Scaffolds 5 and 7. These scaffolds had 

equivalent amount of BH4
- (5.00 BH4

-:Co2+) but varying amounts of B(OH)4
- (0 and 

1.00 B(OH)4
-:BH4

-, respectively). Three dimensional extinction spectra are displayed 

in Figures 4a,c for the first 20 minutes of scaffold formation. In these figures, the 
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spectral contribution of citrate has been subtracted to better highlight the appearance of 

features below 300 nm. 

The growth processes are visibly different with addition of B(OH)4
-. When no 

B(OH)4
- was added during nucleation, the absorption related to Co2B formation formed 

in less than 1 minute and remained unchanged for the length of the observation (Figure 

4a, Scaffold 5: 23 ± 3 nm). No appreciable broadening of this signal occurred, 

suggesting the reaction was complete within the first minute. When the same synthesis 

was performed with a B(OH)4
-: BH4

- ratio of 1.00, the scaffold formation was 

significantly delayed (Figure 4c, Scaffold 7: 56 ± 1 nm). Instead, almost immediately, 

a small absorption edge appeared at 220 nm and remained stable until minute 4. This 

edge then broadened and increased in intensity through minute 8 after which time the 

spectrum remained relatively unchanged for the remainder of the observation. 

To better understand the growth process and the significance of the 220 nm 

signal, three wavelengths of interest are monitored over time in Figure 4b,d: 500 nm to 

probe the disappearance of hydrated Co2+ ions, 230 nm to probe the appearance of the 

Co2B NP scaffold, and 220 nm to probe the proposed Co2+ + B(OH)4
- complex. The 

220 and 230 nm spectral contributions were deconvolved with singular-value 

decomposition (SVD). 
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Figure 4. (a) Time-resolved extinction spectra for the formation of Scaffold 5: 23 ± 3 

nm Co2B NPs over the course of 20 min. (b) Two wavelengths of interest are monitored 

for the first 10 min: 500 nm to highlight disappearance of hydrated Co2+ ions and 230 

nm to highlight formation of Co2B NPs. (c) Time-resolved extinction spectra for the 

formation of Scaffold 7: 56 ± 1 nm Co2B NPs over the course of 20 min. (d) Three 

wavelengths of interest are monitored for the first 10 min: 500 nm to highlight 

disappearance of hydrated Co2+ ions, 230 nm to highlight formation of Co2B NPs, and 

220 nm to highlight interaction of Co2+ with B(OH)4
- in the presence of citrate. The 

220 and 230 nm spectral contributions were deconvolved using singular value 

decomposition. For all spectra, the citrate contribution has been subtracted to better 

reveal the appearance of extinction below 300 nm. 
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SVD enables factorization of the spectral evolution of Scaffold 7 by the 

following equation: 

 

M = UΣVT      Equation (2) 

 

where M represents the original Scaffold 7 spectrotemporal matrix, U comprises 

eigenvectors of MMT, Σ is a singular value matrix comprising the square roots of 

nonzero eigenvalues of MMT and MTM, V comprises eigenvectors of MTM, and VT is 

the conjugate transpose of V. 

All SVD calculations were carried out in MatLab. The extracted time-

independent vectors, U1 and U2, are shown in Figure 5b.  Based on their spectral 

profiles, we can correlate U1 to the Co2+ + B(OH)4
- complex and U2 to the Co2B scaffold. 

The time component for each (the corresponding wavelength-independent basis vectors, 

V1 and V2) are also shown. The Σ matrix included singular values of 14.6379 and 

0.8163 for σ1,1 and σ2,2, respectively. Figure 5c represents a recreation of M using the 

first two basis vectors extracted by SVD. Comparison of the recreation with the original 

spectra (Figure 5a) reveal that this is a good interpretation of the data. The residual is 

provided in Figure 5d. 
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Figure 5. SVD of Scaffold 7. (a) Spectral evolution of Scaffold 7: 56 ± 1 nm extinction 

over the course of 20 minutes. (b) Time-independent (U) and wavelength-independent 

(V) basis vectors extracted from SVD of (a). (c) SVD representation of the data using 

two basis vectors in (b). (d) SVD residual. 
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With successful deconvolution, the spectral contribution of the Co2B scaffold 

at 230 nm was then determined by multiplying the V1 vector by two scalers: the 

associated singular value (σ1) and the associated time-dependence at 220 nm (u1,220nm). 

The spectral contribution of the Co2+ + B(OH)4
- complex at 220 nm was also 

determined in this manner. Associated equations are provided below, and results are 

shown in Figure 4d. 

 

Co2B230nm = u1,230 nm σ1,1V1   Equation (3) 

Co2+ + B(OH)4
-
220nm = u2,220 nm σ2,2V2   Equation (4) 

 

In the case of Scaffold 5, when no B(OH)4
- is present, Figure 4b confirms that 

the reaction between BH4
- and CoCl2 is rapid; hydrated Co2+ were no longer discernible 

in the spectrum within the first minute. In the case of Scaffold 7, the presence of 

B(OH)4
- hindered the borohydride from reacting with cobalt ions as quickly and 

spectral contribution from hydrated Co2+ was still clearly visible until minute 6. When 

the Co2B NP scaffold did begin to form, it did so at a slower rate, requiring almost 4 

minutes for full growth. For both scaffolds, spectral contribution from the Co2B NPs 

began to appear only when the cobalt ions began to be consumed. SVD results also 

support the classification of the 220 nm edge as arising from interaction between Co2+ 

and B(OH)4
- as its appearance is strongly correlated with the presence of hydrated 

Co2+and its depletion with the appearance of the Co2B scaffold.  
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A similar intermediate 220 nm feature was previously reported in the formation 

of silver nanoparticles and was hypothesized as arising from the association of 

borohydride with the surface of primary monomers. However, in our system, the edge 

near 220 nm cannot be due to borohydride. Instead, it was identified as being related to 

an interaction between B(OH)4
- and hydrated Co2+ ions. In a separate experiment, when 

B(OH)4
- and Co2+ ions were combined in the presence of citrate, the hydrated Co2+ 

feature red-shifted from ~500 to 520 nm and the UV absorption of B(OH)4
- also red-

shifted, increasing the signal around 220 nm. Related extinction spectra are shown in 

Figure 6a,b. Importantly, this data suggests a complex between B(OH)4
- and Co2+ ions 

with citrate are formed in solution. The formation of this complex can be used to 

explain the growth process of larger Co2B NPs. 

 

 

 

Figure 6. (a) Extinction spectra for aqueous CoCl2, B(OH)4
-, and the combination of 

CoCl2 and B(OH)4
- in the presence of citrate. The hydrated Co2+ feature ~500 nm is 

highlighted in the inset. (b) For all spectra, spectral contribution from citrate was been 

removed to highlight the appearance of extinction below 300 nm. 
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In summary, the growth of Co2B NP scaffolds may be promoted by addition of 

B(OH)4
- alongside BH4

-. While B(OH)4
- is not a reducing agent, it does indeed affect 

the initial nucleation of cobalt ions, simply by slowing the process. When B(OH)4
- is 

present, a complex is formed with the hydrated cobalt ions which hinders the BH4
- from 

normal nucleation. In addition to slowing the initial reduction, B(OH)4
- aids particle 

growth, likely through destabilization of primary clusters and promotion of coalescence 

processes. It has been well-established that BH4
- serves as a stabilizing agent for 

nanoparticles through electrostatic adsorption onto the particle surface.47-49 If BH4
- 

access is hindered, the stabilization of as-formed clusters could also be hindered. The 

less-stable clusters are more likely to aggregate and coalesce, resulting in the formation 

of larger particles. While beyond the remit of this primarily synthetic investigation, 

further studies are needed to add insight to the Co2B NP growth mechanism, 

particularly to separate growth by coalescence of as-formed clusters from growth by 

additional reduction of ions in the electronical double layer. 

1.4.6 Demonstrating Fine Control of Co2B NP Diameter while Maintaining 

Monodispersity 

We have shown that B(OH)4
- may be employed as a growth agent in the 

synthesis of Co2B NPs. As demonstrated in Figure 7, high quality Co2B NPs ranging 

from ~17-85 nm in diameter may be prepared with this method, all with relative 

standard deviation (RSD) <3% and many with RSD <2%. In general, a greater 

B(OH)4
-:BH4

- ratio results in larger Co2B NP diameters. However, this process is not 

without limit. There exists a threshold after which size can no longer be increased by 
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increasing B(OH)4
- alone. At this point, larger sizes may be accessed by a reduction in 

BH4
-. In this way, resultant Co2B NP size represents a delicate interplay between extent 

of nucleation and amount of growth agent. In Figure 7, the B(OH)4
-: BH4

-  ratio ranges 

from 0 (red histogram) to 4.00 (neon green histogram) while the BH4
-:Co2+ ratio ranges 

from 5.00 to 1.00, respectively. 

 

 
 

Figure 7. Fine control of Co2B NP diameter over a large size range achieved with 

different BH4
-: B(OH)4

- nucleation agent:growth agent ratios. Generally, smaller 

BH4
-:Co2+ ratios and larger B(OH)4

-: BH4
- ratios produce larger Co diameters. Here, 

the B(OH)4
-:BH4

- ratio ranges from 0 (red histogram) to 4.00 (neon green histogram) 

while the BH4
-:Co2+ ratio ranges from 5.00 to 1.00, respectively. Hydrodynamic 

diameter is reported with one standard deviation. RSD values are all under 3%, 

indicating high monodispersity of resultant scaffolds. 
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1.4.7 Synthesis of HGNs: Galvanic Exchange and Controlled Oxidation of Co2B 

NP Scaffolds 

When using Co2B NP scaffolds for the formation of HGNs, our findings reveal 

that the shell structure may be dictated not only by the starting scaffold (to control the 

overall size and shape) and amount of metal provided for galvanic exchange (to control 

the shell thickness), but also by the extent of competing oxidation reactions due to the 

presence of environmental oxygen. To demonstrate this, two protocols for HGN 

synthesis are illustrated in Figure 8. Both protocols involve the same steps: Co2B NPs 

are prepared as previous described, galvanic exchange is carried out between the Co2B 

NP scaffold and chloroauric acid, and the residual Co2B NP cores are oxidized into 

solution by exposure to environmental oxygen to leave behind solvent-filled shells of 

gold. However, the protocols differ in the timing of oxygen introduction. In the aerobic 

protocol, galvanic exchange and environmental oxygen exposure occur 

simultaneously. In the anaerobic protocol, these are separated into independent steps. 

In this way, a Co2B/Au core/shell NP is allowed to form before interaction of Co2B 

with environmental oxygen. A scanning electron microscopy (SEM) image is provided 

for the Co2B NP scaffolds and a high-resolution transmission electron microscopy 

(HRTEM) image is provided for the Co2B/Au core/shell NPs formed after galvanic 

exchange as well as the HGNs formed after oxidation of the residual Co2B cores. 
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Figure 8. Galvanic exchange protocols for HGN synthesis. (a) Aerobic protocol: Co2B 

NP scaffolds are prepared by wet chemical reaction between cobalt ions and sodium 

borohydride, galvanic exchange is carried out by introduction of Co2B NP scaffolds to 

aqueous gold ions, and the Co2B NP core is simultaneously oxidized out of the shell 

by interaction with environmental oxygen. (b) Anaerobic protocol: the galvanic 

exchange and oxygenation steps are separated and the gold salt deaerated so galvanic 

exchange may be carried out in absence of environmental oxygen.  A representative 

SEM image is provided for the Co2B NPs formed in Step 1 and representative HRTEM 

images are provided for the Co2B NP/Au core/shell structures and resultant HGNs 

formed in Steps 2 and 3, respectively. 

 

To assess the effect of environmental oxygen on shell formation, Scaffold 7 was 

taken through galvanic exchange with 0.10-1.0 µmol HAuCl4 using aerobic and 
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anaerobic protocols. The optical and structural properties of the resultant HGNs were 

characterized with UV-Vis and HRTEM, as shown in Figure 9. In Figure 9a, the 

wavelength of SPR maximum is plotted as a function of gold amount for each protocol. 

As expected, regardless of protocol, when less gold was provided for galvanic 

exchange, the SPR was red-shifted, due to the formation of thinner shells. However, 

for given amounts of HAuCl4, the anaerobic protocol produced a redder SPR than the 

aerobic protocol. The extinction spectra for HGNs made with 0.30 µmol HAuCl4 is 

provided as a representative example in Figure 9b. When oxygen was present during 

galvanic exchange, the SPR was centered at 665 nm (dashed line). When galvanic 

exchange was instead carried out in absence of oxygen, the SPR was stronger and 

relatively red-shifted, centered at 760 nm (solid line). HRTEM reveals that these optical 

differences arise from structural ones. The aerobic shells are not continuous, but 

resemble a patchwork collection of smaller gold particle domains (Figure 9c). The 

anaerobic shells, on the other hand, are smoother and more intact (Figure 9d). 

Extinction spectra and HRTEM images for HGNs made with the other amounts of 

HAuCl4 are provided in Supporting Information Section 1.6.4. 

Although the red-shift between protocols was observed for the majority of 

HAuCl4 amounts investigated, it is not without limit. The SPR of HGNs for both 

protocols are in close agreement for the high and low HAuCl4 amounts, which can also 

be explained from a structural standpoint. At high gold volumes, the anaerobic shell 

thickens and becomes more irregular, resembling the structure of the thick aerobic shell 

(e.g., the results for 1.0 µmol HAuCl4 in Figure 9a). On the other hand, if the volume 
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of gold is too low, the shell begins to resemble a cage structure, with missing portions 

of the shell wall. When the gold volume is lowered even further, there is not sufficient 

material for the shell to retain structural integrity once the residual Co2B NP core is 

oxidized out. In this case, only large gold fragments remain and the SPR blue shifts to 

~600 nm for both protocols (e.g., the results for 0.10 µmol HAuCl4 in Figure 9a). 

Importantly, the anaerobic galvanic exchange was able to produce and stabilize 

relatively thinner shells before they lost structural integrity. The degree to which the 

SPR red-shifted as the amount of HAuCl4 was decreased is much greater for the 

anaerobic galvanic exchange protocol overall. For instance, the anaerobic SPR shifted 

to 870 nm while the aerobic SPR was only able to reach 670 nm. We propose that 

because anaerobic galvanic exchange allows the scaffold to be protected while it 

exchanges with gold, no competition exists between gold and oxygen during shell 

formation and gold is therefore able to reduce onto the scaffold in a more uniform 

manner. The uniformity of plating enables thinner shells to form and be continuous 

enough to remain intact. This is especially advantageous for tuning the SPR of small 

HGNs to longer wavelengths, which has been a difficult task as red-shifting a small 

particle requires the formation of a very thin shell. The red-shift in SPR with anaerobic 

galvanic exchange is demonstrated for the smaller diameter Scaffold 5 in Supporting 

Information (Section 1.6). 
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Figure 9. Optical and structural effects of oxygen during galvanic exchange (GE) with 

Scaffold 7. (a) SPR peak wavelengths of HGNs made via aerobic (dashed line) and 

anaerobic (solid line) GE protocols using 0.10-1.0 µmol HAuCl4. (b) Example 

extinction spectra for HGNs made with 0.30 µmol HAuCl4 using aerobic (dashed line) 

and anaerobic (solid line) protocols. (c) and (d) Corresponding HRTEM images, scale 

bar 10 nm. 

 

1.4.8 The Effect of Environmental Oxygen During Residual Core Oxidation in the 

Formation of HGNs from Co2B NP Scaffolds 

In the conversion of a Co2B NP to an HGN, we have shown that oxygen is a 
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reactant in galvanic exchange, affecting the structural and optical properties of the final 

product. To this end, we also assessed the effect of oxygen during the final synthesis 

step, the residual Co2B NP core oxidation. Specifically, we looked at the rate of Co2B 

NP removal from the Co2B NP/Au structures. To do so, aliquots of the same Co2B 

NP/Au solution were oxidized with either 700 rpm stirring for 3 minutes (the normal 

method utilized for the previously reported syntheses) or with vortexing for 10 seconds. 

Vortexing maximizes the Co2B NP/Au solution-air interface and thus represents a 

relatively instantaneous oxidation. This was done for Co2B NP/Au solutions made from 

Scaffold 7 Co2B NPs taken through anaerobic galvanic exchange with 0.40 and 0.50 

µmol HAuCl4. Resultant extinction spectra are shown in Figure 10a,b, where the solid 

line represents the 700 rpm oxidation protocol and the circle markers represent the 

vortex oxidation protocol. The dashed lines in Figure 10a,b represent the previously 

discussed aerobic oxidation method and are added for ease of SPR comparison. 

HRTEM images corresponding to Figure 10a are provided for structural comparison 

(Figure 10c,d). 
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Figure 10. Optical and structural effects of rate of oxygenation after GE. (a) Extinction 

spectrum for HGNs made from Scaffold 7 and (a) 0.40 and (b) 0.50 µmol HAuCl4 with 

anaerobic GE with subsequent vortex oxidation (open circles) and anaerobic GE with 

subsequent stirring at 700 rpm (solid line). Aerobic GE with subsequent stirring at 700 

rpm (dashed line) is also provided for comparison. (c,d) Corresponding HRTEM 

images for 0.40 µmol HAuCl4 results, scale bar 10 nm. 

 

For HGNs made with 0.40 µmol and 0.50 µmol HAuCl4 (Figure 10a,b, 

respectively), vortex oxidation resulted in an additional, non-negligible red-shift of the 

SPR: a 35 nm shift for the 0.40 µmol HAuCl4 HGNs and a 45 nm shift for the 0.50 
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µmol HAuCl4 HGNs. This suggests that the shell is still alterable even after galvanic 

exchange. The corresponding HRTEM images reveal that the vortex protocol produced 

shells with many thin and holey areas. It could be the case that the vortex protocol 

removes the cobalt from the core so quickly that a greater number of routes of cobalt 

extraction are accessed/created. In total, we show that a range of SPR frequencies, 

spanning upwards of 100 nm, may be accessed from the same starting Co2B NP scaffold 

and gold solutions through different routes of oxygen introduction. It is possible that 

larger shifts in SPR are obtainable with more finely controlled oxygenation during and 

after galvanic exchange. 

1.4.9 Demonstrating Twofold Tunability: Independent Control of HGN Diameter 

and SPR. 

With control of Co2B NP diameter and an understanding of how to achieve high 

quality, uniform shells, we demonstrate the twofold tunability of HGNs. As shown in 

Figure 11a, by controlling both diameter and shell thickness, we have synthesized 

HGNs with the same outer diameter with different SPRs. Conversely, as shown Figure 

11b, we have also synthesized HGNs of different outer diameters with the same SPR 

by keeping the aspect ratio constant. This degree of tunability is unique to date and is 

especially advantageous for HGN use in applications that are sensitive to both size and 

SPR. Furthermore, our approach provides opportunities to investigate fundamental 

size-dependence of photophysical and photocatalytic properties, such as those for 

plasmonic hot carriers, by enabling uniform energy distributions for a range of 

nanoparticle sizes. 
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Figure 11. Demonstration of twofold tunability. (a) Normalized extinction for HGNs 

with the same outer diameter but different SPR: 48 nm HGNs with 635 nm, 700 nm, 

and 765 nm SPR. (b) Corresponding HRTEM images with average diameter (d), shell 

thickness (t), and aspect ratio (AR) as indicated, scale bar 10 nm. (c) Normalized 

extinction for HGNs with different outer diameter but the same SPR: 73 ± 6 nm, 48 ± 

6 nm, and 37 ± 4 nm HGNs with 700 nm SPR. After normalization, the 48 ± 6 nm and 

73 ± 6 nm extinctions were offset on the y-axis by 0.25 and 0.50 OD, respectively. (d) 

Corresponding HRTEM images with average diameter, shell thickness, and aspect ratio 

as indicated, scale bar 10 nm. 
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1.5 Conclusion 

To control HGN diameter, we have introduced an improved size control method 

for Co2B NP scaffolds. By varying the relative amounts of BH4
- reducing agent and 

B(OH)4
- growth agent, high quality Co2B NPs ranging from ~17-85 nm in 

hydrodynamic diameter were prepared with relative standard deviation (RSD) <3%. To 

control HGN shell thickness and uniformity, oxygen must be regarded as a reactant in 

galvanic exchange as it affects both the structural and optical properties. These findings 

provide important new insight into the mechanism of growth of HGNs with controlled 

SPRs, and have broader implications for the growing field of conversion chemistry, 

particularly for the formation of hollow metal nanostructures through galvanic 

exchange with cobalt or other air-sensitive materials. Finally, with this level of 

synthetic control, high quality HGNs over a range of desired size and shell thickness 

combinations can be obtained, an achievement critical to many applications that require 

specific particle size or SPR wavelength. 

 

1.6 Supporting Information: Additional Extinction Spectra and HRTEM Images 

We have demonstrated the optical and structural effects of environmental 

oxygen during galvanic exchange. In Figure 12, additional extinction spectra and 

HRTEM images are provided for galvanic exchange between Co2B Scaffold 7 and 

HAuCl4 amounts ranging from 0.20 to 1.0 µmol. Co2B Scaffold 7 was made with 5.00 

BH4
-:Co2+ and 1.00 B(OH)4

-:BH4
- molar ratios and had a hydrodynamic diameter of 56 

± 1 nm. 
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Figure 12. Optical and structural effects of environmental oxygen during galvanic 

exchange (GE). Extinction spectra are displayed for HGNs made via galvanic exchange 

between Co2B Scaffold 7 (56 ± 1 nm) and (a) 0.20, (b) 0.30, (c) 0.40, (d) 0.50, (e) 0.70, 

and (f) 1.0 µmol HAuCl4. Results for aerobic (dashed line) and anaerobic (solid line) 

GE protocols are shown, as well as corresponding HRTEM images, scale bars 10 nm. 

  

The stabilization of thinner shells with the anaerobic galvanic exchange 

protocol is especially advantageous when trying to red-shift smaller diameter HGNs. 

This is demonstrated in Figure 13, where Co2B Scaffold 5 was taken through galvanic 

exchange with 0.30 µmol HAuCl4, using both aerobic and anaerobic protocols. Co2B 

Scaffold 5 was made with 5.00 BH4
-:Co2+, included no B(OH)4

- growth agent, and had 
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a hydrodynamic diameter of 23 ± 3 nm. 

 

 

Figure 13. Extinction spectra for HGNs made via galvanic exchange between Co2B 

Scaffold 5 (23 ± 3 nm) and 0.30 µmol HAuCl4. Results for aerobic (dashed line) and 

anaerobic (solid line) GE protocols are shown. 
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CHAPTER 2: Bumpy Hollow Gold Nanospheres and the Effect of Surface 

Morphology on Photothermal Conversion Efficiency 

 

2.1 Abstract 

The combination of hollow core and rugose surface morphology is highly 

attractive for photoactive near-infrared (NIR) nanomaterials. Here, we present a facile 

pH modification to hollow gold nanosphere (HGN) synthesis to enable controlled 

tuning of the surface morphology from smooth to very bumpy. Unlike other methods, 

the synthetic protocol does not require harsh surfactants, secondary reducing agents, or 

organic solvents. The resultant bumpy HGNs (bHGNs) are highly monodisperse with 

little variation in protrusion length from particle to particle. Mechanistic studies suggest 

that the surface morphology is mainly controlled by the presence of free OH- ions in 

solution. We also present the first systematic investigation into the effect of surface 

morphology on the photothermal conversion efficiency (PCE) of smooth and bumpy 

structures. Although expected to have a higher scattering component, the bHGNs retain 

the excellent PCE of their smooth counterparts, which may be due to efficient 

reabsorption of scattered light. 

 

2.2 Introduction 

Plasmonic nanostructures are attractive components in a variety of applications 

because of their tunable optical and electronic properties, particularly due to their 

structure-dependent surface plasmon resonance (SPR) enabling strong absorption and 

scattering of specific wavelengths of incident light.1-7 For biomedical applications in 
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particular, much effort has been focused on fabricating particles with SPR frequencies 

in the near-infrared (NIR) to be compatible with the transparency window of biological 

tissue. This effort has resulted in a recent proliferation of NIR gold nanostructures in 

the literature, including rods, bipyramids, octahedra, shells, cages, and hollow 

nanospheres.8-13 Hollow structures have proven to be especially advantageous as the 

core provides an additional structural parameter by which to modify the optical 

properties. For instance, the SPR frequency of the hollow gold nanosphere (HGN) may 

be red-shifted by either an increase in outer diameter or a decrease in shell 

thickness.13,14 This enables a broad range of biocompatible sizes to be prepared with 

NIR SPR frequencies. In addition to greater tunability, hollow structures have exhibited 

better photophysical performance than their solid counterparts in applications spanning 

drug delivery, sensing, and catalysis.15-23 

Particle surface morphology can also be engineered to obtain NIR photoactivity.  

To date, NIR multibranched or star-shaped solid gold nanoparticles have primarily been 

prepared through seed-mediated and/or surfactant-directed growth.24-27 A variety of 

urchin, flower-like, and highly dendritic nanostructures have been synthesized through 

these methods.28-37 Gold nanoshells with controllable surface roughness have also been 

prepared on silica cores using template-directed growth methods38-41 or postfabrication 

etching.42 Importantly, in addition to red-shifting the optical response, the creation of 

surface rugosity has the added benefit of increasing surface area for catalytic reactions 

or drug delivery and creating large electric field enhancements around the surface 

features for sensing or detection. 
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Combining the benefits of a hollow core with those of controlled surface 

morphology could enable powerful theranostic platforms for nanomedicine 

applications. Yet, compared to the volume of work covering synthesis and 

characterization of rugose solid structures, that for hollow rugose structures has only 

recently been explored.43-46 In 2015, Blanch et al used an aggregative growth 

mechanism to form highly branched hollow gold nanoparticles, but core diameter and 

branch length were not uniform.45 Template-driven formation methods like galvanic 

exchange can afford greater uniformity. Previous reports have used galvanic exchange 

with silver templates followed by secondary chemical reduction to form hollow flower-

like Au-Ag nanostructures47 or hollow Au-Ag nanourchins.48 However, hollow Au-Ag 

nanoshells have been shown to be unstable in low pH as well as in human serum at 

physiological pH, potentially limiting the biological application of these alloys.49 

HGNs, on the other hand, are made through galvanic exchange with cobalt-based 

templates, which are easily oxidized in air and do not result in alloy formation.13,14,50 

HGNs have shown excellent in vivo biocompatibility and promising performance in 

drug loading, targeted delivery, surface-enhanced Raman scattering, and photothermal 

therapy.16,51-56 Although much work has been done to gain size control and shell 

uniformity,14 controlling HGN surface morphology has not yet been achieved. 

Furthermore, while many studies have focused on the excellent scattering and sensing 

abilities of bumpy particles, few have focused on an understanding of how surface 

morphology affects light-to-heat conversion, an important parameter for applications 

like photothermal therapy. A previous theoretical report suggested that structures with 
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corners, edges, or thinner, elongated features may be beneficial for heat generation,57 

but systematic experimental comparisons are still needed. 

In this study, we introduce a pH modification to HGN synthesis in order to 

systematically tune the surface morphology from smooth to very bumpy. The facile 

protocol generates controllable surface structure without the need for harsh surfactants, 

secondary reducing agents, or organic solvents. The resultant bumpy HGNs (bHGNs) 

are highly uniform, even those that are highly dendritic, and do not require any 

postfabrication size separation. Utilizing this synthetic control, we investigate the light-

to-heat conversion of a series of HGNs with the same inner diameter but different 

degrees of surface rugosity. Our studies show that HGNs are excellent photothermal 

coupling agents, with up to 99% photothermal conversion efficiency. Furthermore, 

bHGNs are capable of nearly equivalent heat generation as their smooth counterparts, 

positioning them as promising candidates for multimodal theranostic applications. 

 

2.3 Experimental 

2.3.1 Synthesis of Cobalt-Based Scaffolds 

 Cobalt(II) chloride hexahydrate (CoCl2·6H2O) was purchased from Sigma-

Aldrich, trisodium citrate dihydrate (Na3C6H5O7·2H2O) was purchased from VWR 

International, and sodium borohydride (NaBH4) was purchased from Fisher Scientific. 

All water used in synthesis was ultrapure in quality, with a resistivity of 18.3 MΩ-cm. 

CoxBy NP scaffolds were synthesized according to our previous report via the 

well-established nucleation of Co2+ ions with NaBH4, using citrate as a capping 
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ligand.14 Briefly, a 100 mL solution of 0.40 mM CoCl2·6H2O and 4.0 mM 

Na3C6H5O7·2H2O was prepared in a 500 mL round-bottom flask and deaerated by 

bubbling with nitrogen for 1 hour. During this time, the solution was stirred at 700 rpm 

with a magnetic stir bar. Next, 120 μL of freshly prepared aqueous 1.0 M NaBH4 

nucleation agent gently mixed with 200 μL B(OH)4
- growth agent was then injected 

into the stirring solution. The B(OH)4
- agent was prepared in advance by hydrolyzing 

aqueous 1.0 M NaBH4 in ambient conditions for 48 hours. After addition of the 

nucleation and growth agent mixture, the solution turned from pale pink to grey brown, 

indicating the nucleation of Co2+ ions and the formation of the CoxBy NP scaffold. After 

2 minutes, the stir bar was magnetically suspended above the solution and the NPs were 

subsequently allowed to stand under a constant nitrogen flow for 2 hours to ensure 

complete hydrolysis of borohydride. 

2.3.2 Synthesis and PEGylation of HGNs and bHGNs 

Chloroauric acid (HAuCl4) was purchased from Fisher Scientific. 

Heterobifunctional polyethylene glycol (PEG) functionalized with orthopyridyl 

disulfide (OPSS) and succinimidyl valerate (SVA) was purchased from Laysan Bio, 

Inc. All water used in synthesis was ultrapure in quality, with a resistivity of 18.3 MΩ-

cm. Smooth HGNs were synthesized with anaerobic galvanic exchange, according to 

our previous report, with slight modification.14 Briefly, 4.0 µL of 0.10 M HAuCl4 was 

added to 15 mL ultrapure water and deaerated by bubbling with nitrogen gas for 1 hour 

under magnetic stirring at 700 rpm. Once deaerated, galvanic exchange was initiated 

by transferring 15 mL of the CoxBy NP solution to the stirring gold solution via air-free 
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cannula transfer. The resultant CoxBy NP/Au core/shell particles were stirred for 2 

minutes under nitrogen protection at 700 rpm before final oxidation of the remaining 

CoxBy NP cores. Residual cores were fully oxidized by removing the septa and stirring 

at 700 rpm for an additional 3 minutes under ambient conditions. The resultant smooth 

HGNs were centrifuged at 13000 rpm for 3 minutes and resuspended in ultrapure water. 

The bHGNs were synthesized with aerobic galvanic exchange. A given volume 

(8.0 µL or 40.0 µL) of 0.10 M HAuCl4 was added to 15 mL ultrapure water and stirred 

at 700 rpm. The pH of the resultant gold solution was adjusted by addition of a given 

volume (4.0 µL, 10 µL, 20 µL, or 30 µL) of 1.0 M NaOH. The solution was allowed to 

equilibrate for 60 seconds while stirring. Equilibration time was adjusted to 1 hour as 

noted. Galvanic exchange was then initiated by transferring 15 mL of the CoxBy NP 

solution to the stirring pH-modified gold solution via cannula transfer. The resultant 

CoxBy + Au3+ solution was kept stirring for five minutes during which time galvanic 

exchange produced CoXBy NP/Au core/shell particles and oxidation in air removed the 

residual CoxBy core. The resultant bHGNs were centrifuged at 13000 rpm for 3 minutes 

and resuspended in ultrapure water. 

For PEGylation, 100 µl of 1.0 mg/mL OPSS-PEG-SVA was added to 500 µL of 

4.0 optical density (OD) HGNs and shaken overnight. The resultant HGN-PEG solution 

was centrifuged once at 13000 rpm for 3 minutes to remove residual PEG and 

resuspended in ultrapure water. 

2.3.3 UV-Visible Spectroscopy and Dynamic Light Scattering 

 UV–vis spectra were recorded with an Agilent Technologies Cary 60 UV–vis 
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spectrophotometer using a 700 μL quartz cuvette with 10 mm optical path length. For 

CoxBy NP extinction measurement, 500 μL aliquots were extracted from the solutions 

under nitrogen protection and immediately transferred to the spectrophotometer. 

Dynamic light scattering (DLS) was performed on a DynaPro NanoStar from Wyatt 

Technology using Dynamics software version 7.1.7. Data acquisition parameters 

included water solvent, spherical radius of gyration (Rg) model, 20.000 °C temperature, 

and 30 acquisitions. The reported ± values represent one standard deviation from the 

mean. For measurement, 200 μL aliquots were extracted from the CoxBy solution under 

nitrogen protection and immediately transferred to the DLS instrument. 

2.3.4 Electron Microscopy and Inductively Coupled Plasma Optical Emission 

Spectrometry (ICP-OES) 

Scanning electron microscopy (SEM) was performed on an FEI Quanta 3D field 

emission microscope operated at 10.00 kV acceleration voltage. HGN solutions were 

dropped onto a hexagonal, 400 mesh copper grid with a carbon support film of standard 

5–6 nm thickness (Electron Microscopy Sciences). Transmission electron microscopy 

(TEM) was performed on an FEI UT Tecnai microscope operated at 200 kV 

acceleration voltage. Diameter measurements were taken directly from SEM images 

using ImageJ software. For each sample, at least 100 HGN diameters were used to 

calculate the average diameter ± one standard deviation. For rugose particles, outer 

diameter was measured from tip to tip. ICP-OES was performed on a Thermo iCAP 

7400 ICP-OES. Gold standards at 0 ppm (blank), 2 ppm, 5 ppm, 10 ppm, and 20 ppm 

were made using HAuCl4 and ultrapure water with 5% v/v HCl. For sample 
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preparation, 200 µL HGN was added to 1800 µL blank to create a 1:10 dilution. Internal 

standardization was carried out with Sc and Y internal references. Two Au wavelengths 

(242.795 nm and 267.595 nm) and two Co wavelengths (238.892 nm and 237.862) 

were used for analysis. 

2.3.5 Evaluation of Photothermal Coupling 

 For assessment of photothermal conversion, 1 mL of HGN-PEG was placed in 

a quartz cuvette and exposed to a 790 nm NIR continuous wave laser with spot size of 

7 mm and power density of 1.0 Wcm-2. The solution was stirred at 300 rpm over the 

course of the experiment. The laser was incident upon the sample for 30 minutes 

(heating cycle) and then blocked for 30 minutes (cooling cycling). The temperature of 

the solution was measured with a 33-gauge hypodermic thermocouple (Omega) and 

recorded with a data logger (Supco) at a rate of one readout per second. The 

thermocouple was placed directly into solution and the solution remained capped for 

the entirety of the measurement. For each sample, heat generation measurements were 

taken on two particle concentrations, corresponding to optical extinctions of 0.50 OD 

and 0.20 OD, as measured at 790 nm. 

 

2.4 Results and Discussion 

2.4.1 Optical and Structural Properties of CoxBy Scaffolds and Resultant HGNs 

HGNs are synthesized through galvanic exchange with sacrificial cobalt-based 

NP templates. The synthesis involves three main steps: 1. CoxBy NPs are prepared 

through the well-established reaction between aqueous cobalt chloride and sodium 
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borohydride in the presence of a citrate capping ligand, 2. galvanic exchange is carried 

out between the CoxBy NP scaffold and chloroauric acid, and 3. the residual CoxBy NP 

cores are oxidized into solution by exposure to environmental oxygen, leaving behind 

solvent-filled shells of gold. 

In this work, CoxBy NP scaffolds were prepared with BH4
-:Co2+ and 

B(OH)4
-:BH4

- molar ratios of 3.00 and 1.67, respectively. We have previously 

demonstrated that BH4
-:Co2

+ and B(OH)4
-:BH4

- ratios may be used to control scaffold 

size and monidispersity.14 The resultant scaffolds were characterized using dynamic 

light scattering (DLS) and UV-Vis spectroscopy. The hydrodynamic diameter of the 

scaffolds was 63 ± 1 nm and the extinction spectrum followed normal exponential 

decay with a feature appearing ~280 nm, as expected for this size (Figure 1a). 

In converting the scaffolds to bumpy HGNs, an aerobic protocol was used for 

galvanic exchange as it promotes patchwork deposition of gold and can therefore 

facilitate the formation of rugose structures.14 In this protocol, Steps 2 and 3 occur 

simultaneously. Additionally, a large amount of HAuCl4 was used to ensure enough 

material was available for the formation of highly rugose shells. Since pH-mediated 

HAuClxOH4-x speciation has previously been implicated in surface morphology 

control,57 the addition of NaOH during galvanic exchange was assessed. 

We found that NaOH may be used during galvanic exchange to controllably 

tune the surface features of HGNs.  In absence of NaOH, the resultant shells were thick 

and nodular due to the large amount of Au3+ provided, as seen in Figure 1c (HGN1). 

When 10 µmol NaOH was added to the gold solution before galvanic exchange, the pH 
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of the gold solution increased from 3.33 to 4.16 and the nodules of the resultant shells 

were elongated into protrusions, as shown in Figure 1d (HGN2). When 20 µmol NaOH 

was used, this effect was exaggerated; the pH of the gold solution increased to 10.5 and 

the resultant protrusions became even more elongated, creating highly rugose surfaces 

(HGN3). Because these structures were synthesized from the same sacrificial scaffold, 

their hollow cores can be expected to have similar dimensions. The creation of surface 

features, however, increased the outer diameter from 70 ± 10 nm to 90 ± 10 nm for 

HGN1 and HGN3, respectively. The low relative standard deviation for these structures 

indicates a high degree of uniformity. Although the surfaces are highly rugose, and 

although the bumps seem randomly distributed, all protrusions reach similar lengths 

from their common core and are thus well-controlled. When 30 µmol NaOH is used, 

resulting in a pH of 11.0, the resultant HGNs are so bumpy that they lose structural 

integrity and comprise a mixture of gold fragments loosely held together in spherical 

superstructures (Figure 1f, HGN4). 

The change in surface morphology of HGNs in turn affects their optical 

properties. For HGN1 with no addition of NaOH, the SPR was strong and symmetric, 

centered at 630 nm. As the structure became bumpier, the SPR broadened and red-

shifted. When the shells lost structural integrity, the resultant extinction was lower and 

broader, barely resembling an SPR (blue line). For all samples, synthetic parameters, 

structural dimensions, and peak SPR wavelength are tabulated in Table 1 and 2. The 

reported pH measurements were taken on the gold solutions 60 seconds after NaOH 

addition and immediately before initiating cobalt transfer. 
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High resolution TEM (HRTEM) analysis showed that the protrusions for all 

samples were polycrystalline. HRTEM of the surface protrusions at two magnifications 

are provided in Figure 2 for HGN2-5. The bumpy features are crystalline with large 

grain sizes and a low number of grain boundaries per protrusion. The overall shape of 

each protrusion is much rounder than those of the classic nanostar or nanourchin. The 

protrusions seem to bend at the tips in random directions, which is also in contrast to 

the usual straight and radial nature of the more spike-like structures. Because the shapes 

of the features are visibly different than the common spears or tips, they likely arise 

from a different mechanism of formation. 

2.4.2 Mechanism of Surface Structuring 

 The presence of Na+ ions and HAuCl4
- speciation have been suggested in 

previous reports as tools for morphology control. To investigate the mechanism behind 

bHGN formation, 30 µmol NaOH was allowed to equilibrate with 4.0 µmol HAuCl4 

for 1 hour before galvanic exchange. During this time, the pH dropped from 11.0 to 

7.60. Interestingly, the resultant HGNs were not destabilized into gold fragments like 

those in Figure 1f. Instead, they were bumpy shells more closely resembling those of 

Figure 1c,d in both structure and extinction. The SPR was centered at 675 nm (HGN5, 

purple line) and far narrower than the previous 30 µmol NaOH, pH 11.0 sample (HGN4, 

blue line). This result indicates that Na+ is not responsible for the change in morphology; 

the same amount of Na+ is present in both 30 µmol NaOH samples (Figure 1f and 1g). 

Furthermore, the additional Na+ from NaOH is small in comparison to what is already 

in solution from the sodium citrate capping agent and sodium borohydride nucleation 
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and growth agents. Thus, the morphology change must be due to the addition of OH-. 

 

 

Figure 1. Optical and Structural Characterization. Extinction spectra of (a) sacrificial 

CoxBy NP scaffold and (b) resultant HGNs. HGN1-5 were made with equivalent amount 

of gold and increasing amounts of NaOH, with resultant pH as indicated in Table 1. (c-

g) Corresponding SEM and TEM images of HGN1-5 showing surface morphology 

control. SEM scale bars 100 nm, TEM scale bars 50 nm. 
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The decrease in pH while OH- is allowed to equilibrate with the gold salt 

solution is due to OH- ligands replacing the Cl- ligands of HAuCl4. Studies have shown 

that the speciation of HAuCl4 is pH dependent, moving through HAuCl3OH, 

HAuCl2OH2, HAuClOH3, and HAuOH4, with greater replacement favored with 

increased basicity. The speciation of HAuCl4 affects its reactivity and has been 

suggested as a possible explanation for morphology changes in similar systems.57 

However, it is not likely to be the cause for the morphology change in our system. 

When the NaOH was initially added, there was a high concentration of free OH- in 

solution (and thus a high pH). As the solution equilibrated over the course of an hour, 

the pH steadily dropped, indicative of OH- displacement of the Cl- ligands and therefore 

less free OH- in solution. Because the resultant HGNs were less bumpy when 

displacement occurred, and pH dropped (Figure 1g vs. Figure 1f), we conclude that 

bump formation is not due to HAuClxOH4-x speciation or the associated change in 

reactivity. Instead, the surface morphology must be mainly controlled by the presence 

of free OH- in solution. 

We propose that with high levels of free OH-, liberated Co2+ may react with OH- 

to form a hydroxide layer around the scaffold NP, limiting further access by Au3+ and 

promoting the growth of bumpy surface features.  At higher levels of free OH-, the layer 

becomes more complete, only allowing small areas of gold reduction, resulting in the 

loosely spherical collection of gold fragments once the core is oxidized. 

It should be noted that this method enables tunable surface features and tunable 

SPR. The amount of gold can be increased or decreased for relatively thicker or thinner 
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shells and the amount of OH- added (and resultant pH) can be used to select the degree 

of resultant surface protrusions. The method is also generally applicable. It can be used 

to form hollow rugose structures of other metals as long as the reduction potential is 

favorable for galvanic exchange with cobalt. 

 

 

Figure 2. HRTEM images of HGN2-5 surface protrusions and crystal lattice at two 

magnifications. Scale bars 5 nm. 

 

2.4.3 Select Structures for Photothermal Comparison 

With an understanding of how to control surface morphology, three structures 

were synthesized for a systematic investigation into the effect of surface morphology 

on heat generation (HGNA-C). HGNA-C were made from the same scaffold using 

different volumes of HAuCl4 and NaOH. As such, they have equivalent inner diameters 
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but vary in shell morphology and thickness. Extinction curves for each and structural 

schematics are provided in Figure 3a and Figure 3b-d, respectively. HGNA has a smooth 

shell with inner diameter of 46 ± 8 nm and outer diameter of 56 ± 9 nm (Figure 3b). 

HGNB has a bumpy shell with outer diameter of 70 ± 10 nm (Figure 3c). HGNC has a 

thicker, bumpier shell with an outer diameter of 90 ± 10 nm (Figure 3d). HGNC is 

equivalent to HGN3 above. Synthetic parameters, structural dimensions, and peak SPR 

wavelength are tabulated in Table 1 and 2. 

 

 

Figure 3. Optical and Structural Characterization of Structures Selected for Heat 

Generation Comparison. (a) Extinction spectra of HGNA-C. Schematic representation 

of resultant shells with corresponding SEM images for (b) HGNA: smooth surface with 

56 nm outer diameter, (c) HGNB: bumpy surface with 70 nm outer diameter, (d) HGNC: 

bumpy surface with 90 nm outer diameter. Scale bars 50 nm. HGNA-C have equivalent 

inner diameter but vary in shell morphology. Synthetic parameters are provided in 

Table 1 and resultant structural properties are provided in Table 2. 
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Table 1. Synthetic Parameters for Galvanic Exchange for HGN1-5 and HGNA-C. 

 

HGN GE Protocol 
HAuCl4 

(µmol) 

NaOH 

(µmol) 
Time (min) pH 

1 Aerobic 4.0  0   1   3.33 

2 Aerobic 4.0 10.   1   4.16 

3 Aerobic 4.0 20.   1 10.5 

4 Aerobic 4.0 30.   1 11.0 

5 Aerobic 4.0 30. 60   7.60 

A Anaerobic   0.40  0 - - 

B Aerobic   0.80     4.0   1   9.45 

C Aerobic 4.0 20.   1 10.5 

 

 

Table 2. Resultant Structural Properties for HGN1-5 and HGNA-C. 

HGN 
Surface 

Morphology 

Inner 

Diameter (nm) 

Outer 

Diameter (nm) 

1 Nodular 46 ± 8 70 ± 10 

2 Bumpy 46 ± 8 80 ± 10 

3 Bumpy 46 ± 8 90 ± 10 

4 Fragmented - - 

5 Bumpy 46 ± 8 70 ± 10 

A Smooth 46 ± 8 56 ±   9 

B Bumpy 46 ± 8 70 ± 10 

C Bumpy 46 ± 8 90 ± 10 

 

 

2.4.4 Heat Generation and Calculation of Photothermal Conversion Efficiency 

To assess the effect of surface morphology on the ability of the particles to 

convert light to heat, the change in temperature was recorded for 1.0 mL solutions of 

HGN samples illuminated by a 790 nm CW laser with 7 mm spot size and 1.0 Wcm-2 

power density. After 30 minutes of irradiation, the laser was blocked and the samples 

were allowed to cool for 30 minutes. Two concentrations were assessed for each sample: 
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0.20 OD and 0.50 OD extinction at 790 nm. Resultant heating curves and cooling 

curves are displayed in Figure 4a,b.  

 

 

Figure 4. Heat generation and cooling curves for HGNA-C at (a) 0.20 OD and (b) 0.50 

OD extinction, as measured at 790 nm. (c) Experimental PCE values. 

 

Given equivalent optical extinction, HGNA-C resulted in essentially equivalent 

temperature increase, regardless of surface morphology. The 0.20 OD samples 

generated 6.3-6.5 C° and the 0.50 OD samples generated 11.5-11.9 C°. To further 

characterize the photophysical performance of smooth and bHGN, PCE was calculated 

following the reports of Roper et al and Chen et al.58,59 

The energy balance of the system can be written as  

 

 (𝑚𝑆𝑐𝑝,𝑆 +  𝑚𝐶𝑐𝑝,𝐶)
𝑑∆𝑇

𝑑𝑡
= 𝑄𝐿𝑎𝑠𝑒𝑟 − 𝑄𝐿𝑜𝑠𝑠   Equation (1) 

 

where 𝑚𝑆 is the mass of the solution, 𝑐𝑝,𝑆 is the specific heat capacity of the solution 
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at constant pressure, 𝑚𝐶  is the mass of the quartz cuvette, 𝑐𝑝,𝐶  is the specific heat 

capacity of the quartz cuvette, 𝑡 is time, ∆𝑇 is the difference in temperature between 

time 𝑡 and time 0, 𝑄𝐿𝑎𝑠𝑒𝑟 is the energy generated by laser illumination, and 𝑄𝐿𝑜𝑠𝑠 is the 

energy lost to the surroundings. 

 When the sample is illuminated, there are two contributions to 𝑄𝐿𝑎𝑠𝑒𝑟 : the 

energy due to light interaction with the particles (𝑄𝐻𝐺𝑁) and the energy due to light 

interaction with everything else, namely the cuvette walls and water solvent 

(𝑄𝑂𝑇𝐻𝐸𝑅 ). 𝑄𝐻𝐺𝑁  may be described in terms of the heat dissipation due to electron-

phonon relaxation of surface plasmons and 𝑄𝑂𝑇𝐻𝐸𝑅 may be described as a fraction of 

incident energy. This can be written as 

 

𝑄𝐿𝑎𝑠𝑒𝑟 = 𝑄𝐻𝐺𝑁 + 𝑄𝑂𝑇𝐻𝐸𝑅 = 𝐼(1 − ξ)(1 − 10−𝐸𝜆)η + 𝐼ξ   Equation (2) 

 

where 𝐼 is the reflection-corrected incident laser power, ξ is the fraction of laser energy 

absorbed by the cuvette and water solvent, 𝐸𝜆  is the extinction at the illumination 

wavelength, and η is the photothermal conversion efficiency. 

 Energy is dissipated to the surroundings through heat conduction and radiation 

from the surface. It may be modeled with a Taylor series as 

 

𝑄𝐿𝑜𝑠𝑠 = 𝐵∆𝑇 + 𝐶(∆𝑇)2 + ⋯    Equation (3) 

 

where 𝐵 and 𝐶 are coefficients. 
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During steady state, 𝑄𝐿𝑎𝑠𝑒𝑟 = 𝑄𝐿𝑜𝑠𝑠 , which provides an equation for η 

according to 

𝐼(1 − ξ)(1 − 10−𝐸𝜆)𝜂 +  𝐼ξ = 𝐵∆𝑇 + 𝐶(∆𝑇)2  Equation (4) 

 

η =
𝐵∆𝑇+𝐶∆𝑇2−𝐼ξ

𝐼(1−𝜉)(1−10−𝐸𝜆)
    Equation (5) 

 

Thus, η may be calculated using Equation 5 once 𝐵, 𝐶, and 𝜉 are determined. 

𝐵 and 𝐶 may be determined by temporal analysis of the cooling curves when 

laser illumination is ceased. During cooling, 𝑄𝐿𝑎𝑠𝑒𝑟 = 0 , and Equation 1 may be 

written as 

 

(𝑚𝑆𝑐𝑝,𝑆 +  𝑚𝐶𝑐𝑝,𝐶)
𝑑∆𝑇

𝑑𝑡𝑐
= −𝐵∆𝑇 − 𝐶(∆𝑇)2   Equation (6) 

 

where 𝑡𝑐 is cooling time. Integrating ∆𝑇 with respect to 𝑡 provides an exponential fit 

equation for the temperature decay. Letting 𝑏𝑓𝑖𝑡 =
𝐵

𝑎
  and 𝑐𝑓𝑖𝑡 =

𝐶

𝑎
   where 𝑎 =

𝑚𝑆𝑐𝑝,𝑆 +  𝑚𝐶𝑐𝑝,𝐶, we may write 

 

𝑑∆𝑇

𝑑𝑡𝑐
= −𝑏𝑓𝑖𝑡∆𝑇 − 𝑐𝑓𝑖𝑡(∆𝑇)2    Equation (7) 

 

Now, Equation 7 may be integrated with respect to 𝑡𝑐 in order to fit the cooling curves. 

This produces the following fit equation, 
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∆𝑇(𝑡𝑐) =
−𝑏𝑓𝑖𝑡𝑒

𝑏𝑓𝑖𝑡𝑘

𝑐𝑓𝑖𝑡𝑒
𝑏𝑓𝑖𝑡𝑘

−𝑒
𝑏𝑓𝑖𝑡𝑡𝑐

    Equation (8) 

 

where 𝑘 is a constant of integration. 

In this work, 𝐵 and 𝐶 were determined to be 2.00 x 10-2 ± 0.05 x 10-2 WK-1 and 

2 x 10-5 ± 1 x 10-5 WK-2, respectively. For ease of comparison with published studies 

reporting in minute timescales, this equates to 1.20 ± 0.03 Jmin-1K-1 and 1.2 x 10-3 ± 

0.6 x 10-3 Jmin-1K-2, respectively. 𝐶 being relatively negligible supports the truncation 

of the Taylor series after two terms. The cooling curve for HGNC with 𝐸𝜆 = 0.50 OD 

and its associated fit are shown in Figure 5 as a representative example. 

 

 

Figure 5. Representative example of fitting of the cooling curve for HGNC at 0.50 OD 

extinction (at 790 nm). The temperature decay was fit with Equation 8, fit shown in red. 
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Both  𝐼  and 𝜉  were determined by repeating the photothermal experiment in 

absence of HGNs. The incident laser power on the system was 0.385 W. After insertion 

of a cuvette with water solvent, the transmitted power decreased to 0.345 W. The lost 

40 mW was extinct by the water and cuvette alone and thus not available to HGNs. The 

steady state temperature achieved upon water illumination is usually used to determine 

𝜉 . For the current work, however, illumination of water produced no measurable 

temperature increase. Considering 0.3 C° as our measurable limit, we conclude that at 

most 6 mW of the incident light contributed to heat generation, while the remaining 34 

mW was extinct through nonabsorptive means (like reflection). Thus, 6 mW was taken 

as the I𝜉 term and 0.351 W was used as the reflection-corrected incident laser power. 

Other system parameters include 𝑚𝑆 =  1.000 g, 𝑐𝑝,𝑆 =  4.184 J/gK, 𝑚𝐶 = 

3.466 g, 𝑐𝑝,𝐶 = 0.740 J/gK, 𝐼 = 0.351 W, and 𝜉 = 0.0171. It should be noted that 𝑚𝐶 

is the effective mass of the cuvette. The total cuvette mass was 6.331 g. This was 

corrected because a temperature gradient was measured along the height of the cuvette 

at steady state. For instance, when a 0.50 OD sample was at steady state with a 12 C° 

temperature increase, only the portion of the cuvette touching the solution was elevated 

by 12 C°. Above this point, the cuvette temperature dropped steadily by an exponential 

decay along the remaining height of the cuvette, from 12 C° to 2 C° temperature 

increase. The 10 C° temperature gradient affects the 𝑚𝐶𝑐𝑝,𝐶
𝑑∆𝑇

𝑑𝑡
 term in Equation 1 as 

the entire mass of the cuvette was not elevated to the same final ∆𝑇 . The original 

cuvette mass of 6.331 g was corrected to an effective thermal mass of 3.466 g to account 

for this gradient. Without this correction, the PCE would be overestimated (an 𝑚𝐶 that 
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is falsely large would mean an 𝑎 that is falsely large, resulting in a 𝐵 and 𝐶 that are 

falsely large, and finally resulting in an η  that is falsely large). No gradient was 

observed over the width of the cuvette walls. 

With all parameters determined, average PCE values for HGNA-C were 

calculated to be 99%, 96%, and 97%, respectively. These values are shown in the 

column chart in Figure 4c.  

Two checks were implemented to verify the results. The first check was 

verification that the Taylor series coefficients 𝐵  and 𝐶  remained constant between 

samples. This is expected as they are related to energy loss which should be a relatively 

consistent value for a given setup. The second check was verification that the k values 

were also relatively constant for samples with similar ∆𝑇 . At 𝑡𝑐 = 0 , ∆𝑇  is at its 

maximum and k is expected to be constant for samples with equivalent 𝑏𝑓𝑖𝑡, 𝑐𝑓𝑖𝑡, and 

∆𝑇. 

2.4.5 Photothermal Conversion Efficiency and Transmitted Light 

Interestingly, PCE may also be understood through analysis of transmitted light. 

For the 0.20 OD samples, the denominator for Equation 5 reveals that 127 mW of 

incident light was made extinct by the HGNs. As described above, of the 385 mW 

incident light, 40 mW was extinct by the cuvette and solvent system alone. For the 0.2 

OD samples, 220 mW of incident light was transmitted, indicating that 125 mW was 

made extinct by the HGNs. This number is in good agreement with the 127 mW 

determined through Equation 5. Likewise, for the 0.50 OD measurements, transmitted 

power analysis reveals 235 mW of extinct light which is again in very good agreement 
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with the Equation 5 denominator of 236 mW. This agreement serves not only as 

validation for the method of calculation, but also allows us to propose an alternate 

expression for PCE: 

 

η =
𝐵∆𝑇+𝐶∆𝑇2−𝐼ξ

𝐼−𝐼𝑡𝑟
    Equation (9) 

 

where 𝐼𝑡𝑟  represents the transmitted power and 𝐼  represents the reflection-corrected 

incident power, as usual. This new equation may be especially useful in situations 

where Eλ is unknown or cannot be easily measured, like during an in situ or in vitro 

experiment, provided transmitted light can be measured. It also allows determination 

of sample concentration for materials with known η , which may also be useful for 

determining the concentration of particles at tumor sites during in vitro photothermal 

conversion through the following relationship 

 

𝐸𝜆 = 𝑙𝑜𝑔 (
𝐼−𝐼𝑡𝑟

𝐼(1−𝜉)
− 1)    Equation (10) 

 

 

2.4.6 Photothermal Conversion Efficiency Comparison to Other Nanosystems 

For comparison, a comprehensive collection of Au nanostructures with 

previously reported PCE is displayed in Table 3.36,46,60-68 The smooth and bumpy HGNs 

assessed in this study represent the highest reported PCE for Au nanostructures to date.  
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Comparison to the PCE of other common photothermal nanomaterials like metal 

sulfides and related heterostructures is provided in Table 4.60,69-81  

PCE is intended to be an experimental measurement of the ratio of absorption 

to extinction. Although we would expect an increase in diameter to correspond with a 

decrease in the scattering component of extinction (and thereby a decrease in the 

absorption component and resultant PCE), we do not see this experimentally. The PCE 

values for HGNA and HGNC are not appreciably different even though the particle 

diameter increases from 56 ± 9 nm to 90 ± 10 nm. It may be the case that the HGNC 

does indeed scatter more incident light, but is able to reabsorb the scattered light very 

efficiently, limiting the effect of increasing size on PCE. Reabsorption has been 

suggested as an explanation for similar observations in other nanoparticle systems, such 

as nanobipyramids which showed experimental PCE greater than what would be 

expected for the large size regime.60  

It is clear that HGNs are highly efficient light-to-heat converters and the 

formation of bumps on the HGN surface does not detract from their photothermal 

conversion performance in solution, at least for this biocompatible size regime. It 

should be noted that the PCE of nanorods, nanobipyramids, and solid nanostars has 

been shown to be dimension-dependent with reported PCE values range from 22.1-95% 

for nanorods and 50-90% for nanobipyramids.60,81 Further investigation is needed to 

reveal how diameter and aspect ratio affect PCE for HGNs. 
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Table 3. Comparison of Photothermal Conversion Efficiencies for Gold Nanostructures. 

The SPR column represents the reported λmax. If no λmax was reported, NIR-I denotes 

SPR occurring in the first NIR window (~650-950 nm) and NIR-II denotes SPR 

occurring in the second NIR window (~950-1350nm). 

 

Gold Nanostructure PCE (%) SPR (nm) λexc (nm) Reference 

Hexapod       29.6 805-810 808 61 

Biodegradable Nanovesicle    37 Broad NIR-I 808 62 

Nanocup       38.5 Broad NIR-I 808 63 

Nanoshell    39 800 810 64 

Nanospike       50.3 670 808 65 

Branched Nanoparticle    56 840 808 66 

Branched Nanostructure    61 740 808 36 

Nanomatryoshka    63 800 810 64 

Nanocage       63.6 805-810 808 61 

Bellflower    74 Broad NIR-I 808 67 

Branched Nanoporous 

Nanoshell 

      75.5 Broad NIR-I 808 46 

Spiky Nanoparticle       78.8 Broad NIR-II 980 68 

Nanobipyramid    50-90 809 809 60 

Nanorod 22.1-95 805-810,809 808,809 60,61 

bHGN   96-97 Broad NIR-I 790 This Study 

Smooth HGN        99 790 790 This Study 
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Table 4. Comparison of Photothermal Conversion Efficiencies for Common 

Nanostructures. The SPR column represents the reported λmax. If no λmax was reported, 

NIR-I denotes SPR occurring in the first NIR window (~650-950 nm) and NIR-II 

denotes SPR occurring in the second NIR window (~950-1350nm). Vis denotes SPR 

occurring in the visible region (450-650 nm). 

 

Nanostructure PCE (%) SPR (nm) λexc (nm) Reference 

Cu9S5 Nanocrystal    25.7 Broad NIR-II   980 69 

Au-Cu2-xSe Heterodimer 32 Broad NIR-II   980 70 

AgS Nanodot    35.0 Broad Vis, NIR-I   795 71 

Hollow MoSx Nanoparticle    39.6 Broad NIR-I   670 72 

Bi2S3 Nanoparticle 51 Broad Vis, NIR-I   808 73 

Pd Nanosheet    52.0 Broad NIR-I   808 74 

Au Nanorod-Cu7S4 Dumbell    55.8 809   808 75 

Multi-walled Carbon Nanotubes 53 

49 

56 

Broad Vis, NIR-I,II   808 

 980 

1090 

76 

Cu7.2S4 Nanocrystal    56.7 Broad NIR-II   980 77 

Cu-Ag2S Nanoparticle    58.2 Broad NIR-II   808 78 

Au Nanorod-CuS Yolk-Shell      61.34 980   980 79 

Au-Cu7S4 Core-Shell    62.0 803   808 75 

Au-ZnS Core-Shell 64 770   809 60 

Ag@Ag2S Core@Shell Octopod    63.7    

   64.7 

   79.3 

Broad Vis, NIR-I,II   635 

  808 

1064 

80 

Au-Ag2S Core-Shell 86 770 809 60 

Porous Pt Nanoparticle    89.9 

   97.0 

Broad Vis, NIR-I,II 980 

809 

81 

bHGN    96-97 Broad NIR-I 790 This 

Study 

Smooth HGN    99 790 790 This 

Study 

 

 

Finally, it is important to note that although a previous study has suggested that 

a substantial amount of residual cobalt may become trapped inside HGNs during shell 

formation,82 ICP-OES reveals that is not the case for our system. For the 0.20 OD 

solutions, gold concentrations were on the ppm level, with 5.0 ± 0.9 µg/mL, 17.1 ± 0.9 
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µg/mL, and 17.3 ± 0.9 µg/L for HGNA-C, respectively. Cobalt concentrations for the 

same samples were on the ppb level, with 200 ± 100 µg/L, 210 ± 80 µg/L, and 80 ± 70 

µg/L, respectively. Since the initial cobalt concentration for each sample exceeds 

10,000 µg/L, this result indicates that virtually all residual cores oxidize into solution 

and ~98% is subsequently removed during post-synthetic washing of the HGNs. Thus, 

we can be confident that the resultant optical and structural properties studied herein 

arise from the gold shells themselves and are not convoluted by the presence of residual 

cobalt. 

 

2.5 Conclusion 

Through pH modulation during galvanic exchange, we have created HGNs with 

systematic variation in surface roughness. Although bHGNs would be expected to have 

a larger scattering component than their smooth counterparts, our results show they are 

capable of equivalent heat generation, given equivalent OD. A bumpy morphology may 

be more beneficial than a smooth shell; in addition to excellent photothermal 

conversion properties, the presence of bumps increases surface area, an important 

feature for catalysis or drug loading, and the presence of the hollow core further 

increases the effective surface area as compared to solid nanostructures with similar 

bumps or spikes. Thus, bHGNs are not only efficient heat generators, but possess highly 

attractive properties that are useful for a number of applications and could therefore be 

particularly powerful when serving as multimodal theranostic agents. More broadly, 

our work further establishes the HGN as a highly customizable particle platform, 
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offering tunable size, SPR, and now surface morphology with minimal and facile 

synthetic adjustment. The enhanced tunability of the HGN platform will enable 

optimized performance in applications spanning plasmonic photothermal therapy, 

imaging, sensing, and catalysis. 
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CHAPTER 3: Effect of Size in Photothermal Coupling: The Optimal Hollow Gold 

Nanosphere Size for Nanoparticle-Mediated Photothermal Therapy of Oral 

Squamous Cell Carcinoma 

 

3.1 Abstract 

Nanoparticles can both absorb and scatter incident light, with 

absorption/scattering ratios that are size- and structure- dependent. In plasmonic 

photothermal therapy (PTT), the ability of plasmonic nanoparticles to convert light to 

heat is used to selectively destroy cancer cells. Because it is the absorbed light that is 

converted to heat, it is imperative to optimize nanoparticle structure to maximize the 

absorption component of light extinction. Hollow gold nanospheres (HGNs) are ideal 

candidates for fundamental investigations into the size dependence of extinction and 

photothermal conversion because their overall diameter may be tuned while keeping 

their surface plasmon resonance (SPR) constant. In this work, discrete dipole 

approximation (DDA) was used to model the extinction, absorption, and scattering of 

HGNs of different diameters. Results indicated that diameters ~50 nm will maximize 

the absorption component and could therefore maximize heat generation. To investigate 

size dependence experimentally, HGNs of different outer diameters were synthesized 

with equivalent SPR and heat generation studies were carried out to compare the 

photothermal conversion efficiency of the particles. The findings reveal that 50 nm 

HGNs generate ~2 times the heat per µg gold as their 70 nm counterparts and ~1.5 

times the heat per µg gold as their 30 nm counterparts. Preliminary studies with oral 
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squamous cell carcinoma indicate that some size effects may be observed during in 

vitro PTT. In one study, 50 nm HGNs resulted in a 40 ± 10% increase in cell death 

using 30% less gold as compared to 70 nm HGNs. 

 

3.2 Introduction 

Plasmonic nanomaterials continue to position themselves as vital components 

in light-driven applications spanning photocatalysis,1-4 optoelectronics,1,5-10 solar 

energy conversion,1,11-15 sensing,1,12-24 and nanomedicine.1,25-27 Since nanomaterials 

can both absorb and scatter incident light, with absorption/scattering ratios that are size- 

and structure-dependent,28-37 a high degree of optical and structural tunability is 

necessary to optimize their performance for a given application. For instance, strong 

scattering would be desirable for applications like surface-enhanced Raman scattering 

whereas strong absorption would be desirable for applications like plasmonic 

photothermal therapy (PTT). In PTT, plasmonic nanoparticles are targeted to cancer 

cells where they act as nanoscale light-to-heat converters, absorbing incident light and 

converting it to heat, raising the temperature of the cancerous environment above the 

point of cell viability. This application is both size-restrictive and SPR-restrictive: 

particle diameters should be below 100 nm for optimum biocompatibility38,39 and have 

a surface plasmon resonance (SPR) in the near-infrared (NIR) to match the NIR 

window of biological tissue. 

A number of NIR gold nanostructures have been investigated for PTT, including 

nanoshells, nanorods, nanocages, and hollow gold nanospheres (HGNs).40-50 A few 
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reports have focused on comparing the photothermal conversion efficiency (PCE) of 

the different particle shapes.48,51,52 However, these comparisons are inherently complex. 

Because it is absorbed light that is converted to heat, and because absorption/scattering 

ratios are dimension dependent, the dimensions of each nanostructure should be 

optimized for maximum absorption at the wavelength of illumination before 

comparison to ensure a meaningful result. Indeed, the PCE of gold nanorods has been 

found to vary from 13-96%, depending on particle volume and aspect ratio (and thus 

SPR wavelength).53 Before effective and meaningful comparison between disparate 

nanoparticle systems, more work needs to be done on structural optimization within 

single nanoparticle systems. Recently, Mackey et al. compared the PCE of three sizes 

of gold nanorods to identify 28 nm x 8 nm nanorods as the best choice for photothermal 

coupling, outperforming both smaller and larger nanorods. However, the nanorods 

experimentally investigated were different aspect ratios and thus the peak SPR was not 

consistent between the samples.54 

We have recently demonstrated that HGNs are highly tunable, allowing 

independent control over both diameter and SPR.55 As such, the formation of different 

diameters with equivalent NIR SPR is possible. HGNs may thus be studied as model 

systems for experimental investigation of the size dependence of extinction, absorption, 

scattering, and photothermal conversion, and the size that maximizes absorption may 

be identified. Furthermore, HGNs are ideal candidates for plasmonic PTT. They are 

nontoxic, highly biocompatible in terms of composition and size range, and can be 

made with a strong SPR in the NIR.49,50,55,56 Optimizing photothermal conversion and 



86 
 

identifying the particle parameters which generate the most heat using the least amount 

of material is crucial for future clinical application from both a financial and biological 

perspective as it will allow lower cost of treatment and less foreign material in the body. 

In this work, discrete dipole approximation (DDA) was used to model HGNs 

of different diameters, each with shell thickness selected for 795 nm SPR. The results 

indicate that diameters ~50 nm maximize the absorption component of the extinction 

and could therefore maximize heat generation. HGNs of different sizes were 

synthesized with the shell thickness tuned for SPR ~795 nm for each size, to be 

compatible with NIR laser excitation. Heat generation studies were carried out to assess 

and compare the photothermal coupling ability of the particles. For each size, PCE was 

determined and heat generation was compared as a function of amount of gold. The 

experimental findings reveal that 50 nm HGNs generate ~2 times the heat per µg gold 

as their 70 nm counterparts. The particles were then conjugated with anti-EGFR 

antibody for targeting the epidermal growth factor receptors (EGFR) overexpressed on 

the cell membrane of oral squamous cell carcinoma (cell line A-431) and in vitro PTT 

experiments were performed. 

 

3.3 Experimental 

3.3.1 DDA Simulation of HGN Extinction 

 Extinction simulation was carried out using the DDA method with the latest 

version of DDSCAT 7.3 software. The HGNs were modeled as solvent-filled shells of 

gold, with outer diameter of 25 nm, 30 nm, 35 nm, 40 nm, 45 nm, 70 nm, and 90 nm 
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and shell thickness of 1.4 nm, 1.7 nm, 2.0 nm, 2.3 nm, 2.6 nm, 4.3 nm, and 5.7 nm, 

respectively. In each case, the shell thickness was selected to generate SPR ~795 nm. 

Absorption and scattering contributions were calculated separately. The dielectric 

function of gold was chosen from Johnson and Christy’s study57 and the refractive 

index of water was chosen for that of the inner and outer surrounding medium. 

3.3.2 Synthesis of Cobalt-Based Scaffolds 

 Cobalt(II) chloride hexahydrate (CoCl2·6H2O) was purchased from Sigma-

Aldrich, trisodium citrate dihydrate (Na3C6H5O7·2H2O) was purchased from VWR 

International, and sodium borohydride (NaBH4) was purchased from Fisher Scientific. 

All water used in synthesis was ultrapure in quality, with a resistivity of 18.3 MΩ-cm. 

CoxBy NP scaffolds were synthesized according to our previous report via the 

well-established nucleation of Co2+ ions with NaBH4, using citrate as a capping 

ligand.55 Briefly, a 100 mL solution of 0.40 mM CoCl2·6H2O and 4.0 mM 

Na3C6H5O7·2H2O was prepared in a 500 mL round-bottom flask and deaerated by 

bubbling with nitrogen for 1 hour. During this time, the solution was stirred at 700 rpm 

with a magnetic stir bar. Next, a given volume of freshly prepared aqueous 1.0 M 

NaBH4 nucleation agent (80-400 µL) was gently mixed with B(OH)4
- growth agent 

(20-200 µL) and then injected into the stirring cobalt solution. To obtain B(OH)4
-, a 1.0 

mL aliquot of aqueous 1.0 M NaBH4 was prepared and allowed to hydrolyze in ambient 

conditions for 48 hours. After 2 minutes, the stir bar was magnetically suspended above 

the solution and the CoxBy NPs were subsequently allowed to stand under constant 

nitrogen flow for 1 hour to ensure complete hydrolysis of the borohydride before 
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combining with aqueous chloroauric acid for galvanic exchange. 

3.3.3 Synthesis and PEGylation of HGNs 

Chloroauric acid (HAuCl4) was purchased from Fisher Scientific. 

Heterobifunctional polyethylene glycol functionalized with orthopyridyl disulfide and 

succinimidyl valerate (OPSS-PEG-SVA) was purchased from Laysan Bio, Inc. All 

water used in synthesis was ultrapure in quality, with a resistivity of 18.3 MΩ-cm. 

HGNs were synthesized according to our previous report with slight modifciation.55 A 

given volume (3.6-10.0 µL) of 0.10 M HAuCl4 was added to 30 mL ultrapure water 

and deaerated by bubbling with nitrogen gas for 1 hour under magnetic stirring at 700 

rpm. Once deaerated, galvanic exchange was initiated by transferring 30 mL of the 

CoxBy NP solution to the stirring gold solution via air-free cannula transfer. The 

resultant core/shell Co NP/Au particles were stirred for 2 minutes under nitrogen 

protection at 700 rpm before final oxidation of the remaining CoxBy NP cores. The 

residual cobalt cores were fully oxidized by removing the septa and stirring at 700 rpm 

for 5 minutes under ambient conditions. Resultant HGNs were centrifuged twice at 

13000 rpm for 3 minutes and resuspended in ultrapure water to a concentration of 4.0 

OD. For PEGylation, 100 µl of 1 mg/mL OPSS-PEG-SVA was added to 500 µL of 4.0 

OD HGN and shaken overnight. The resultant HGN-PEG solution was centrifuged 

once at 13000 rpm for 3 minutes to remove residual PEG and resuspended in ultrapure 

water. 

3.3.4 UV-Visible Spectroscopy and Dynamic Light Scattering 

 UV–vis spectra were recorded with an Agilent Technologies Cary 60 UV–vis 
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spectrophotometer using a 700 μL quartz cuvette with 10 mm optical path length. For 

CoxBy NP extinction measurement, 500 μL aliquots were extracted from the solutions 

under nitrogen protection and immediately transferred to the spectrophotometer. 

Dynamic light scattering (DLS) was performed on a DynaPro NanoStar from Wyatt 

Technology using Dynamics software version 7.1.7. Data acquisition parameters 

included water solvent, spherical radius of gyration (Rg) model, temperature of 20.000 

°C, and 30 acquisitions. The reported ± values represent one standard deviation from 

the mean. RSD represents one standard deviation as a percentage of the mean, using 

unrounded values for calculation. For the measurement, 200 μL aliquots were extracted 

from the solutions under nitrogen protection and immediately transferred to the DLS 

instrument. 

3.3.5 Electron Microscopy and Inductively Coupled Plasma Optical Emission 

Spectrometry (ICP-OES) 

Scanning electron microscopy (SEM) was performed on an FEI Quanta 3D field 

emission microscope operated at 10.00 kV acceleration voltage. HGN solutions were 

dropped onto a hexagonal, 400 mesh copper grid with a carbon support film of standard 

5–6 nm thickness (Electron Microscopy Sciences). High-resolution transmission 

electron microscopy (HRTEM) was performed on an FEI UT Tecnai microscope 

operated at 200 kV acceleration voltage. Diameter measurements were taken directly 

from HRTEM images using ImageJ software. For each sample, at least 50 HGN 

diameters were used to calculate the average diameter ± one standard deviation. 

Additionally, 12 shell thickness measurements were taken for each HGN measured. 
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Individual HGNs were matched with their associated shell thickness measurements to 

determine aspect ratio. ICP-OES was performed on a Thermo iCAP 7400 ICP-OES. 

Gold standards at 0 ppm (blank), 2 ppm, 5 ppm, 10 ppm, and 20 ppm were prepared 

using HAuCl4 and ultrapure water. For sample preparation, 200 µL HGN was added to 

1800 µL blank to create a 1:10 dilution. Internal standardization was carried out with 

Sc and Y references. Two Au wavelengths (242.795 nm and 267.595 nm) and two Co 

wavelengths (238.892 nm and 237.862) were used for analysis. 

3.3.6 Evaluation of Photothermal Coupling 

For assessment of photothermal conversion, 1 mL of HGN-PEG was placed in 

a quartz cuvette and exposed to a 795 nm NIR CW laser with spot size of 7 mm and 

power density of 1.0 W/cm2. The solution was stirred continuously at 300 rpm. The 

laser was incident upon the sample for 25 minutes (heating cycle) and then blocked for 

25 minutes (cooling cycling). The temperature of the solution was measured 

continuously with a 33-gauge hypodermic thermocouple (Omega) and data logger 

(Supco) at a rate of one readout per second. The thermocouple was placed directly in 

the solution and the solution remained capped for the entirety of the measurement. For 

each size, heat generation measurements were taken on four particle concentrations 

(corresponding to extinctions of 1.0 OD, 0.50 OD, 0.25 OD, and 0.125 OD, as 

measured at 795 nm). 

3.3.7 Antibody Conjugation and in vitro PTT 

FITC-labeled anti-EGFR Rat monoclonal [ICR10] antibody (ab) was purchased 

from Abcam Inc., Henry’s Balanced Salt Solution (HBSS) was purchased from Life 
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Technologies Corporation, and human oral squamous cell carcinoma cell line (A-431) 

was purchased from ATCC. As-prepared HGN-PEG solutions were centrifuged once 

for 3 min at 13000 rpm and resuspended in 500 µL of water. 100 µL of ab was added 

to the HGN-PEG and shaken overnight. The resultant HGN-PEG-ab solutions were 

centrifuged three times at 13000 rpm for 3 minutes to remove unbound antibody and 

resuspended in water to an OD of 4.0. 

A-431 cells were cultured in HBSS according to previously published protocols 

and kept in a 37 °C, 5% CO2 humidified incubator. Cells were grown in 96-well tissue 

culture plates overnight. After removing the growth media, 25 µL of the 4.0 OD HGN-

PEG-ab solutions were added to 75 µL HBSS and immediately transferred to the cells. 

After loading, the cells were incubated for 1 hour. For in vitro PTT treatment, the cells 

were exposed to a 795 nm NIR CW laser at 1.0 W/cm2 for 5 minutes and then returned 

to the incubator. Cell viability was determined 24 hours after treatment using cell 

counting and propidium iodide markers for cell damage. 

 

3.4 Results and Discussion 

3.4.1 Simulation of Size-Dependent Extinction 

DDA was used to model the optical extinction, absorption, and scattering for 

HGNs from 25 nm to 90 nm in diameter. Simulation results are shown in Figure 1a-h 

for HGNs with 25 nm, 30 nm, 35 nm, 40 nm, 45 nm, 70 nm, and 90 nm outer diameter 

and 1.4 nm, 1.7 nm, 2.0 nm, 2.3 nm, 2.6 nm, 4.3 nm, and 5.7 nm shell thickness, 

respectively. For each diameter, the shell thickness has been selected for 795 nm SPR, 
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to be compatible with the NIR window of biological tissue. The extinction increases 

with size, from ~16 au for the 25 nm HGN to ~35 au for the 70 nm HGN. The extinction 

then decreases and broadens slightly as the HGN diameter increases to 90 nm. It is 

apparent that 25 nm HGNs are almost entirely absorbing, with absorption accounting 

for 97.5% of the extinction. As the particle diameter increases, however, the scattering 

component increases. Once the particle reaches 90 nm, absorption accounts for only 

43.8% of the extinction. It is not likely that HGNs above 90 nm will be efficient heat 

generators as scattering becomes a major contributor to total extinction. Figure 1i 

shows percent absorption (%A) and percent scattering (%S) for each size. Absorption 

as a function of diameter peaks ~50 nm, as seen in Figure 1j. Thus, it appears there is 

an optimum HGN diameter for light absorption. This result is consistent with a previous 

theoretical study using Mie theory to compare heat flux for nanoshells of different 

diameters and aspect ratios, indicating that surface heat flux is maximized for gold 

nanoshells with 50 nm diameter and 2.5 nm shell thickness.58 

 

 



93 
 

 

Figure 1. DDA simulation of the absorption and scattering components of extinction 

for a single HGN with outer diameter, shell thickness combinations of (a) 25 nm, 1.4 

nm, (b) 30 nm, 1.7 nm, (c) 35 nm, 2.0 nm, (d) 40 nm, 2.3 nm, (e) 45 nm, 2.6 nm, (f) 70 

nm, 4.3 nm, and (g) 90 nm, 5.7 nm. In each case, shell thickness was selected for SPR 

~795 nm. (h) Relative absorption (% A) and scattering (% S) as a function of diameter, 

as measured at 795 nm. (i) Extinction (E), absorption (A), and scattering (S) values as 

a function of diameter. Guidelines are provided between data points. 
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3.4.2 Structural and Optical Characterization of CoxBy Scaffolds and Resultant 

HGNs 

To explore the size-dependence of absorption and heat generation 

experimentally, HGNs of three diameters (30 nm, 50 nm, and 70 nm) were synthesized 

with SPR ~795 nm. HGNs were synthesized through galvanic exchange with sacrificial 

cobalt-based NP templates according to our previous report.55 Briefly, CoxBy NPs were 

prepared through the well-established reaction between aqueous cobalt chloride and 

sodium borohydride in the presence of a citrate capping ligand. BOH4
- was added to 

the borohydride to serve as a growth agent to control scaffold size and monodispersity. 

Next, galvanic exchange was carried out between the CoxBy NP scaffold and 

chloroauric acid in absence of oxygen to create a CoxBy NP/Au core/shell intermediate.  

Finally, residual CoxBy NP cores were oxidized into solution by exposure to 

environmental oxygen, creating solvent-filled shells of gold. In this process, the 

BH4
-:Co2

+ and B(OH)4
-: BH4

- molar ratios are used for scaffold size control and the 

amount of HAuCl4 provided for galvanic exchanged is used for shell thickness control. 

Air-free galvanic exchange promotes the formation of uniform and smooth shells.  

SEM images and resultant extinction spectra are displayed in Figure 2. Each 

sample has a strong and symmetric SPR peak ~795 nm, as desired. HRTEM images 

reveal monodisperse HGNs with smooth and uniform shells. Diameters were measured 

to be 30 ± 5 nm, 50 ± 6 nm, and 70 ± 10 nm for the three samples. Reagent information 

and structural results for each HGN and their corresponding CoxBy NP scaffold are 

provided in Table 1. 
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Figure 2. Structural and optical characterization of HGNs. HRTEM images of (a) 30 ± 

5 nm, (b) 50 ± 6 nm, and (c) 70 ± 10 nm HGN and (d) extinction spectra confirming 

~795 nm SPR for each size. Scale bars 50 nm. 

 

Table 1. Synthetic Parameters and Structural Results for 30 nm, 50 nm, and 70 nm 

HGNs. 

 

BH4
-:Co2

+ 

Molar 

Ratio 

B(OH)4
-: 

BH4
- Molar 

Ratio 

CoxBy 

Hydrodynamic 

Diameter (nm) 

Au3+ 

(µmol) 

HGN 

Diameter 

(nm) 

9.0 0.11 37 ± 1 0.36 30 ±   5 

5.0 1.0 60 ± 1 0.55 50 ±   6 

2.5 2.0 77 ± 2 0.75 70 ± 10 
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3.4.3 Heat Generation and Calculation of Photothermal Conversion Efficiency 

To assess the effect of particle diameter on photothermal conversion, 1 mL 

solutions of HGN samples were placed in a stoppered quartz cuvette and illuminated 

by a 795 nm CW laser with 7 mm spot size and 1.0 Wcm-2 power density. The change 

in solution temperature was recorded at a rate of one readout per second. After 25 

minutes of irradiation (heating curve), steady state was reached. The laser was then 

blocked and the samples were allowed to cool for 25 minutes (cooling curve). Resultant 

heating and cooling curves are displayed in Figure 3a. It is apparent that 30 nm and 50 

nm HGNs were capable of nearly equivalent heat generation. At steady state, the 30 

nm HGNs reached a temperature increase of 15.5 C° and the 50 nm HGNs reached a 

temperature increase of 14.9 C°. The 70 nm HGNs, however, only reached a 

temperature increase of 11.4 C°. For each size, the heat generation experiment was 

repeated for three additional sample concentrations. All results are compiled in Figure 

3b which compares steady state temperature increase as a function of optical extinction 

and HGN diameter. 
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Figure 3. Photothermal heating and cooling comparison. (a) Heating and cooling 

curves for 30 ± 5 nm, 50 ± 6 nm, and 70 ± 10 nm HGNs with 1.0 OD extinction at 795 

nm. In each case, the laser was incident on the sample from 0 to 25 min (heating curve) 

until the sample reached steady state, and then blocked from 25 to 50 min (cooling 

curve). (b) Comparison of the steady-state temperature increase (ΔT) as a function of 

sample concentration (extinction at 795 nm) for the three diameters. 

 

Raw heating and cooling curve data for all diameters and concentrations are 

provided for reference in Figure 4. Red curves represent 1.00 OD, orange curves 

represent 0.50 OD, yellow curves represent 0.25 OD, and green curves represent 0.125 

OD, as measured at 795 nm. 
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Figure 4. Photothermal heating and cooling curves for (a) 30 ± 5 nm, (b) 50 ± 6 nm, 

and (c) 70 ± 10 nm HGNs at four concentrations: 1.00 OD (red curves), 0.50 OD 

(orange curves), 0.25 OD (yellow curves), and 0.125 OD (green curves). In each case, 

the laser was incident on the sample from 0 to 25 min (heating curve) and blocked from 

25 to 50 min (cooling curve). 

 

In photothermal conversion, one figure of merit is photothermal conversion 

efficiency (PCE). Following the methods of Roper et al59 and Chen et al,53 PCE was 

calculated using Equation 1 

 

η =
𝐵∆𝑇+𝐶∆𝑇2−𝐼ξ

𝐼(1−𝜉)(1−10−𝐸𝜆)
    Equation 1 

 

where η is PCE, B and C are Taylor series coefficients related to energy dissipation, ∆𝑇 

is the change in temperature of the solution,  𝐼 is the reflection-corrected incident laser 

power, ξ is the fraction of laser energy absorbed by the cuvette and water solvent, and 

𝐸𝜆  is the extinction at the illumination wavelength. PCE can be understood as the 

percentage extinct light (denominator) that is ultimately converted to heat energy by 
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the HGNs (numerator). 

To solve for η, 𝐵 and 𝐶 were extracted from exponential fitting of the cooling 

curves, in accordance with our previous report. 𝐶 being relatively negligible supports 

the truncation of the Taylor series after two terms. Although 𝜉 is usually determined 

from the steady state temperature increase in absence of plasmonic particles, there was 

no observable temperature increase for our system in absence of HGNs. Out of the 

original 385 mW of incident laser light, 40 mW was extinct through nonabsoptive 

interaction with the cuvette and water solvent (likely through reflection). Thus, 𝐼 was 

determined to be 345 mW. With these values, Average PCE was calculated to be 99%, 

97%, and 81% for the 30 nm, 50 nm, and 70 nm HGNs, respectively. These values are 

displayed in the column chart in Figure 5a. 

Figure 5a also shows a comparison between experimental PCE and 

simulated %A. The overall trend is consistent: as particle size increases, PCE and %A 

decrease. This trend is expected as an increase in diameter corresponds with an increase 

in the scattering component of extinction (causing a decrease in relative absorption and 

thus PCE). It should be noted that PCE is often thought of as an experimental 

measurement of the ratio of absorption to extinction. Indeed, extinction is the 

denominator of both terms. The numerators of %A and PCE would also be equivalent 

if all absorbed light is converted to heat. If conversion of absorbed light is less than 

100%, experimental PCE would be less than the simulated %A value. In our case, 

experimental PCE and %A are in good agreement for the 30 nm HGN. However, the 

experimental PCE exceeds %A for the 50 nm and 70 nm diameters. One possible 
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explanation for the higher than expected performance is reabsorption of scattered light. 

Similar results have been observed for high aspect ratio nanorods and 

nanobypiramids.52 

Another figure of merit that is potentially more relevant to clinical application 

is heat generation per mass unit of gold. ICP-OES was used to determine the gold 

concentration of each sample used for photothermal measurement. Results for the 1.0 

OD samples are shown in Figure 5b. The 50 nm HGNs generate ~2 times the C°/µg Au 

as the 70 nm HGNs and ~1.5 times that of the 30 nm HGNs. 

 

 

 

Figure 5. Photothermal conversion comparison for 30 nm, 50 nm, and 70 nm HGNs, 

including (a) experimental and simulated PCE values and (b) heat generation per mass 

unit gold (C°/µg Au). 
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3.4.4 Evaluation of in Vitro Photothermal Therapy of Oral Squamous Cell 

Carcinoma 

To investigate if differences in photothermal conversion would affect the in 

vitro efficacy of PTT, HGNs were conjugated for attachment to oral squamous cell 

carcinoma (cell line A-431). Because most oral tumors are not diagnosed until they are 

in the advanced stages, prognosis is poor, conventional treatments like chemotherapy 

and radiation have limited success, and 5-year survival rates are low (~50%).60,61 The 

death rate for oral cancer is higher than Hodgkin’s lymphoma, thyroid cancer, and 

cervical cancer. Incidence and death toll are particularly high for less developed regions 

of the world. Oral squamous cell carcinoma represents ~95% of all cases and is great 

candidate for PPT because it is a surface cancer and the oral cavity is easily accessible 

to incident laser light. 

For active delivery to A-431, HGNs were conjugated with anti-epidermal 

growth factor receptor antibody (anti-EGFR) to target the EGFR overexpressed on A-

431 membranes.62 Heterobifunctional polyethylene glycol (PEG) was used as a linker, 

with an orthopyridyl disulfide (OPSS) functional group for attaching gold and a 

succinimidyl valerate (SVA) functional group for attaching an amine group on the 

antibody. A schematic of the two-step conjugation protocol is provided in Figure 6a. 

After conjugation, confocal microscopy was used to confirm successful delivery of 

HGNs to their cell targets. Figure 6b,c show confocal images of A-431 cells before and 

after incubation with HGN-PEG-ab. Cell nuclei are labeled with DAPI and shown in 

blue. Cell cytoskeletons are labeled with rhodamine phalloidin and shown in red. HGN 
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signal is shown in green. 

 

 
 

Figure 6. (a) Conjugation protocol for attachment of anti-EGFR antibody to HGN 

using a heterobifunctional OPSS-PEG-SVA linker. Confocal microscopy images of  A-

431 oral squamous cell carcinoma (b) before and (c) after addition of HGN-PEG-ab, 

showing good delivery of HGNs to the cells. Cell nuclei are labeled with DAPI (shown 

in blue) and cell cytoskeleton is labeled with rhodamine-phalloidin (shown in red). The 

signal in green is associated with the presence of HGNs. 
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After confirming successful conjugation and delivery of HGNs to A-431, in 

vitro PTT was carried out for cells incubated with 50 nm and 70 nm HGNs. After 

incubation, 795 nm laser light at 1.0 Wcm-2 was applied for 5 min. The spot size was 7 

mm in diameter to illuminate the entire well. The low laser power density and short 

treatment time was selected to avoid damage to the cells from the laser alone. 

Fluorescence microscopy was used before and after laser treatment for cell counting 

and determination of treatment efficacy. Figure 7a,b shows the results of two 

experiments using 50 nm and 70 nm HGNs. DAPI-labeled cell nuclei are shown in blue 

and propidium iodide (PI)-labeled cells are shown in pink. PI, a DNA stain, is often 

used to indicate cells that are dead or dying as it cannot pass the cell membrane of 

living, intact cells. 

The relative lack of PI markers in the Cell Only column of Figure 7a,b gives a 

clear indication that laser treatment alone is not harmful to the cells. Additionally, no 

appreciable cell damage occurs from incubation with the HGNs, as seen in the Before 

Laser Cell + 50 nm and Cell + 70 nm images. It is only when laser treatment is 

combined with HGNs that cell death appreciably occurs; the HGNs, activated by NIR 

illumination, serve as nanoscale light-to-heat converters and raise the temperature of 

their cancerous surroundings above the point of cell viability. Efficient cell death was 

seen after PTT treatment with either 50 nm or 70 nm HGNs, and is qualitatively 

observed as overwhelming pink signal in the After Laser row of Figure 7a,b. 
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Figure 7. Qualitative comparison of PTT efficacy for 50 nm and 70 nm HGNs using 

(a) high (55K) and (b) low (20K) cell confluence. In each case, cell images obtained 

with fluorescence microscopy are shown for the same well area before and after laser 

treatment. Cell-only controls (no HGNs) are also provided. Cell nuclei are labeled with 

DAPI (shown in blue) and damaged cells are labeled with PI (shown in pink). 
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Figure 7a and b differ in initial cell confluence, which proved to be an important 

factor in determining and comparing PTT efficacy. When 55K cells were plated, there 

was no observable difference between treatment with 50 nm or 70 nm HGNs (Figure 

7a). When 20K were plated, however, the PI signal was not as prominent for the cells 

treated with 70 nm HGNs (Figure 7b). A significant number of the treated cells 

remained intact and were unstained by PI. 

Cell counting before treatment and 24 hours after treatment was used to 

compare the results quantitatively. Additionally, ICP-OES was employed to determine 

the amount of gold used in each treatment. Cell death as an average of three trials is 

reported in Figure 8 for PTT with 50 nm and 70 nm HGNs at both high and low 

confluences. As expected, for 55K cell confluence, treatment efficacy reached 100% 

for both particle sizes. When cell confluence is high, crowding and resource 

competition may cause the cells to be more susceptible to treatment damage. If 

treatment is saturated, all cells die, and no difference can be seen between the 50 and 

70 nm HGNs. For lower cell confluence, the cell death numbers showed significant 

differences. Laser treatment with 50 nm HGNs resulted in 90 ± 6% efficacy while laser 

treatment with 70 nm HGNs resulted in only 51 ± 9% efficacy. Combining with ICP-

OES results, we conclude that the 50 nm HGNs produced a 40 ± 10% increase in cell 

damage using 1/3 less gold. 
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Figure 8. Results for in vitro HGN-mediated PTT of oral squamous cell carcinoma 

using 50 nm or 70 nm HGNs and 55K or 20K cell confluence.  Cell death is reported 

as an average of three trials. 

 

3.5 Conclusion 

Because multiple diameters can be synthesized with equivalent SPR, HGNs are 

model systems for fundamental studies into the size dependence of photophysical 

properties. When using HGNs as photothermal coupling agents, we have shown 

theoretically and experimentally that diameters ~50 nm are the most advantageous, 

producing the most heat per mass unit of gold. This work has great implication for 

future PTT with HGNs as well as other photothermal coupling nanoparticle systems; 

size effects must be taken into account when pursuing PTT, especially when comparing 

the efficacies of disparate nanoparticle systems. Our in vitro studies show a difference 

in PTT efficacy between 50 nm and 70 nm HGNs for certain ranges of cell confluence. 
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More studies are needed to assess size-dependent PCE values in vitro and if size-effects 

extend to in vivo treatment efficacy. Furthermore, cellular location of the particles 

should be assessed in future studies to investigate if any difference in efficacy can be 

explained by differences in particle location in addition to differences in the ability of 

the particles to absorb light and generate heat. 
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Chapter 4: Assessing the Charge Carrier Dynamics of Doped Hematite 

Nanostructures for Improved Photoelectrochemical Water Splitting 

4.1 Abstract 

This work investigates the charge carrier recombination dynamics of doped 

hematite (α-Fe2O3) films and nanorod arrays for application as photoanodes in 

photoelectrochemical (PEC) water splitting. It was demonstrated that Ti and Zr doping 

significantly improved PEC activity; the photocurrent at 1.0 V vs. Ag/AgCl electrode 

for the Ti-doped film (0.66 mA cm2) was found to be ~14 times higher than that of an 

undoped film (0.045 mA cm2) and the photocurrent for the Zr-doped α-Fe2O3 film (0.33 

mA cm2) was ~7.2 times higher than that of the undoped film. The films were 

characterized by ultrafast transient absorption spectroscopy (TAS) to obtain 

information about their charge carrier dynamic properties. It appears that the 

photocurrent enhancement is related to an increase in charge carrier density or reduced 

electron–hole recombination. The highest incident photon conversion efficiency (IPCE) 

measured for this system was 27.0% at 360 nm at a potential of 1.23 V vs. reversible 

hydrogen electrode (RHE).  

 

4.2 Introduction 

Metal oxides have attracted a great deal of attention as photoelectrodes for 

photoelectrochemical (PEC) water splitting since the work of Fujishima and Honda in 

1972.1 Hematite (α-Fe2O3) is considered to be an especially promising material for 

solar water splitting photoanodes due to its chemical stability, abundance, and non-

toxicity.2-7 Additionally, its band gap is approximately 2.0–2.2 eV, which facilitates the 
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absorption of about 40% of incident solar light,3 bringing the maximum theoretical 

efficiency for hematite photoanode solar energy conversion to 14–16.8%.4,5 To date, 

however, reported efficiencies have not attained these values. 

As an indirect semiconductor, α-Fe2O3 is a weak light absorber. Thick films are 

required for sufficient absorption of incident light, especially at longer wavelengths. 

However, thick samples will limit charge carrier collection due to the short transport 

length of photoexcited holes in α-Fe2O3. Thus, pristine α-Fe2O3 generally faces several 

limitations including poor charge transfer and separation, accumulation of 

photoinduced holes at surface states, and slow water oxidation kinetics. The structural, 

electronic, and optical properties of hematite are discussed in detail below, along with 

the limitations that must be addressed for its use as a PEC photoanode. 

4.2.1 Properties of Hematite and Inherent Limitations 

4.2.1.1 Crystal structures 

Iron oxide is a naturally occurring compound that has found use in a number of 

applications, including catalysis, steel manufacturing, gas sensing, and optoelectronics, 

largely due to its widespread abundance and stability.8 It exists as amorphous Fe2O3 as 

well as four crystalline polymorphs (α, β, γ, and ε), the structures of which have been 

extensively studied and reported in detail.9 α-Fe2O3, also called hematite, is the most 

common naturally-occurring Fe2O3 polymorph. It crystallizes in a rhombohedral lattice 

system of the corundum type, with O2- ions arranged in a hexagonally close-packed 

lattice along the [001] direction and Fe3+ ions occupying octahedral interstices in the 

(001) basal planes.10 It belongs to the space group R3
-

c, with six formula units per unit 
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cell, and lattice parameters of a = 5.0356 Å and c = 13.7489 Å.11 The unit cell is shown 

in Figure 1 (left). Pairs of FeO6 octahedra form Fe2O9 dimers, sharing edges inside the 

basal (001) plane and one face along the [001] c-axis.10 These dimers form chain-like 

structures along the c-axis. Notably, Fe3+ occupies only two-thirds of the available 

octahedral interstitial sites. As illustrated in detail in Figure 1 (right), due to 

electrostatic repulsion between the Fe3+
 cations, the Fe-O bonds exist in two different 

lengths, the longer of which stretch to the O atoms on the shared face of the octahedral 

dimer. 

 

 

Figure 1. The unit cell (left) of α-Fe2O3 shows the octahedral face-sharing Fe2O9 

dimers forming chains in the c direction. A detailed view (right) of one Fe2O9 dimer 

shows how the electrostatic repulsion of the Fe3+ cations produce long (yellow) and 

short (orange) Fe-O bonds. Reprinted with permission from Reference 10, copyright 

(2010) American Chemical Society. 
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Among the four crystalline iron oxide polymorphs, α-Fe2O3 is one of the most 

stable and versatile, and can form diverse nanostructures, many of which are being 

developed as cost-effective materials for photocatalysis owing to their stability and 

favorable optical properties.  

4.2.1.2 Optical properties 

α-Fe2O3 exhibits transmission from orange to infrared wavelengths, 

manifesting in a characteristic red color, and absorption from ultraviolet to yellow 

wavelengths. Figure 2 shows a typical absorption spectrum of an α-Fe2O3 film 

deposited on a F-doped SnO2 (FTO) substrate by radiofrequency magnetron 

sputtering.12 It has been generally accepted that the strong absorption ~400 nm (3.1 eV) 

corresponds to direct transitions from below-valence band nonbonding O 2p orbitals to 

empty conduction band Fe3+ d orbitals, involving charge transfer. The weaker 

absorption ~590 nm (2.1 eV) corresponds to indirect transitions from valence band 

edge Fe3+ 3d orbitals to empty conduction band Fe3+ d orbitals.13 While it has been 

traditionally accepted that this absorption is weak because it involves spin-forbidden 

d-d transitions, theoretical and experimental studies have indicated that the valence 

band is strongly hybridized and may be mostly O 2p in character.14,15 

 

 



117 
 

 

Figure 2. Absorbance spectrum for a typical α-Fe2O3 film deposited on FTO by 

radiofrequency sputtering. Reprinted with permission from Reference 12, copyright 

(2014) Royal Society of Chemistry. 

 

Fabrication method may affect bandgap energy due to differences in 

crystallinity of the resultant material, with higher degree of crystallinity and less 

disorder generally correlated with smaller bandgap energy.16 For a given 

semiconductor, the absorption coefficient is dependent upon the energy of incident light, 

according to the following relationship: 

 

(αhν)n=B(hν-Eg)    Equation (1) 

 

where α is the absorption coefficient, B is a material-dependent constant, hν is the 

incident light energy, Eg is the optical bandgap energy, and the constant n = 1/2, 2 for 

indirect and direct allowed transitions, respectively.16 The bandgap energy may be 

determined by plotting (αhν)n against hν. For α-Fe2O3, reported indirect bandgaps have 

ranged from ~1.9-2.2 eV. 
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Because its bandgap is well-suited for absorption of the solar spectrum, α-Fe2O3 

has been extensively studied as a promising material for PEC water splitting. In fact, 

studies have shown that it can theoretically produce a possible photocurrent density of 

12 mA cm-2 under the AM 1.5 solar spectrum.17 However, other constraints have 

limited its success to date and this theoretical performance has not been achieved. 

Ultimately, a given material is only able to absorb a fraction of incident photons, 

dependent upon material parameters according to the following relationship: 

 

f = 1-e-αl (neglecting reflectance)  Equation (2) 

 

where f is the fraction of real photon absorption, α is the absorption coefficient, and l 

is the optical path length.17 In the case of α-Fe2O3, a small absorption coefficient 

necessitates long optical path length (thick film) for α-Fe2O3 to absorb a substantial 

fraction of incident photons. 

4.2.1.3 Electronic properties 

The electronic properties of α-Fe2O3 including conductivity and charge carrier 

lifetime are of great importance to PEC performance. α-Fe2O3 has very low 

conductivity on the order of 10-14-10-6 Ω-1 cm-1.18,19 Moreover, a high degree of 

anisotropy exists in the direction of charge carrier mobility; studies have shown that 

conductivity within the iron bilayers along the (001) basal plane is substantially favored 

(by 3-4 orders of magnitude) over mobility across basal oxygen planes in the [001] 

direction.20,21 This anisotropy has been classically explained by spin considerations as 
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a migrating electron is only allowed to pair with an electron of opposite spin. However, 

subsequent ab initio calculations have demonstrated that anisotropy is present for both 

electron and hole mobilities and is largely explained by differences in electronic 

coupling and, to a lesser degree, reorganization energy.21 The electron transfer has been 

proposed to occur between neighboring Fe atoms through Fe2+/3+ valence alternation, 

as illustrated in Figure 3. The extra electron is initially associated with the donor site 

in reactant configuration qA. After receiving adequate activation energy, the system 

goes through a crossing point configuration qC to a final product configuration qB where 

the electron has transferred to the donor atom.22 Thermal fluctuations in the crystal 

lattice provide the activation energy needed for this transition. Because the extra 

electron converts an Fe3+ atom to an Fe2+ atom, it effectively increases the ionic radius 

of the iron site. This induces a distortion and polarization of the local lattice that 

migrates with the migrating charge. The polarized local structure, termed a polaron, 

exhibits a higher effective mass than the free electron itself. Because of this, the 

electron experiences a lower mobility. 
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Figure 3. Depicting a Fe2+/3+ valence alternation in the electron transfer reaction 

between nearest-neighbor iron atoms (black) in the α-Fe2O3 structure. Longer Fe-O 

bonds are associated with the larger Fe2+ cation. Reprinted with permission from 

Reference 22, copyright (2003) American Institute of Physics. 

 

In addition to poor conductivity, the overall charge carrier decay for α-Fe2O3 is 

extremely fast (dominated by an ultrafast decay of less than 1 ps), as will be discussed 

in detail in the Results and Discussion Section 4.4. Ultimately, low carrier mobility and 

ultrafast charge carrier recombination manifest in the traditionally low efficiencies of 

α-Fe2O3 PEC photoanodes. 

4.2.1.4 Surface energetics 

In PEC water splitting, photogenerated charge carriers must be efficiently 

separated and extracted to solution in order to participate in their respective oxidation 

and reduction reactions. The energetics and kinetics at the photoelectrode/electrolyte 

interface are critical to these processes. It has been established that differences in Fermi 
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levels relative to the band edges at the semiconductor/electrolyte interface may induce 

band bending that serves to separate charge carriers and drive them in opposite 

directions.23 However, for α-Fe2O3, low charge carrier mobilities and fast 

recombination have resulted in minority carrier diffusion lengths of just 2-4 nm.24 A 

diffusion length of 20 nm has also been calculated.25 These lengths are extremely short 

in comparison to light penetration depths of hundreds of nanometers. Indeed, 

photogenerated charge carriers may extensively recombine in the bulk before reaching 

the interface.26 Many reports have emerged on nanostructuring hematite photoanode 

materials in attempts to match the material dimensions with the short diffusion length 

to prevent premature recombination losses.2,27 However, even when the charge carriers 

reach the interface, a high density of defects (surface traps) can result in additional 

recombination losses, as depicted in Figure 4. Furthermore, the Faradaic rate constant 

for water oxidation over α-Fe2O3 is small, leading to slow oxygen evolution kinetics.25 

In all, low minority carrier concentrations at the α-Fe2O3/electrolyte interface, high 

density of surface traps, and slow kinetics for the oxygen evolution reaction have 

greatly restricted the PEC performance of α-Fe2O3 photoanodes. 
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Figure 4. The effect of surface states in the band structure in a water-splitting PEC cell. 

CB: conduction band, VB: valence band. 

 

4.2.2 Modifications to hematite 

In order to address some of the limitations of α-Fe2O3, significant research 

efforts over the past decade have focused on improving charge separation and transfer. 

Under reaction conditions, electron transport occurs in this material via the small 

polaron hopping mechanism.28 Impurities may serve to improve the electrical 

conductivity of α-Fe2O3 by increasing electron donor density for promoted charge 

transfer ability.29-31 Thus, foreign ion doping has become a general and effective 

approach. It is now common to introduce metal ion impurities into α-Fe2O3, such as 

Ti4+, Sn4+, Pt4+, Ta5+, and W6+, to reduce the electron–hole recombination rate.32-43 

Recently, Ti-doped α-Fe2O3 photoanodes prepared by a deposition-annealing process 

showed greatly improved photocurrent and incident photon to current conversion 

efficiency (IPCE) at lower bias voltages, which was attributed to improved donor 
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density and a reduced electron–hole recombination rate at a time scale beyond a few 

picoseconds.33 Similarly, Si incorporation has been reported to effectively enhance the 

photocurrent density of α-Fe2O3 photoanodes which was also found to favorably 

influence the grain size.44,45 

Nanostructuring, reducing sample feature dimensions to the nanoscale, to 

match the short minority carrier diffusion length in α-Fe2O3 has also been an effective 

approach for improving PEC performance.33 For example, a water splitting 

photocurrent of over 3 mA/cm2 at an applied potential of +1.23 V vs. reversible 

hydrogen electrode (RHE) under AM 1.5G 100 mW/cm2 simulated sunlight was 

achieved with a cauliflower-type α-Fe2O3 nanostructure with an IrO2 catalyst.45 One-

dimensional α-Fe2O3 nanostructures (e.g., nanorods) have also been designed to reduce 

the transport distance required for charge carriers to reach the 

semiconductor/electrolyte interface.46-48 

The combination of doping for improved electronic properties and 

nanostructuring for efficient charge collection has been shown to greatly improve α-

Fe2O3 photoanode performance in PEC water splitting.34,41,49,50-52 For example, urchin-

like Ti-doped α-Fe2O3 nanorod films have shown much higher photocurrent density 

than undoped α-Fe2O3 nanorod films. 34 The highest IPCE measured for the Ti-doped 

sample was about 60% (at 350 nm), which was comparable to the highest values in the 

literature. The high IPCE was be attributed to both the favorable morphology and Ti 

doping, which increases the effective surface area, reduces electron–hole 

recombination, and increases the donor density in α-Fe2O3. Motivated by these results, 
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this study examined the influence of Ti and Zr impurities on the physical properties 

and PEC activity of nanostructured hematite photoelectrodes for PEC water oxidation. 

Photoanode fabrication and characterization of morphology, charge carrier dynamics, 

and PEC performance were carried out by collaborators. Using transient absorption 

spectroscopy (TAS), we probed the charge carrier relaxation dynamics of the films to 

assess if the enhancement in PEC performance upon doping was due to improvements 

in charge carrier lifetimes. 

4.2.3 Transient Absorption Spectroscopy 

 When developing new PEC materials, it is increasingly imperative to establish 

a growing understanding of the fundamental optoelectronic properties and 

photophysical processes governing performance in the water oxidation reaction. While 

electrochemical techniques such as photocurrent and impedance measurements are 

traditionally employed to gauge the performance of photoanode materials in PEC water 

splitting,24,25,42,45 these techniques are limited as they only monitor extraction of the 

photogenerated electrons travelling from the photoanode to the external circuit. In 

contrast, TAS monitors the absorption and thereby concentration of photogenerated 

charge carriers over time and is unique in that it can provide insight into the fates of 

both photogenerated carriers, the electron and the hole. The latter is especially 

important in assessing the performance of PEC materials as it is the photogenerated 

holes that are ultimately responsible for water oxidation. As such, TAS has been 

employed in a number of works to investigate the recombination dynamics and thus 
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lifetimes of photoexcited charge carriers in α-Fe2O3 materials including thin films and 

nanostructures.4,53-55  

TAS is commonly performed in a pump-probe configuration, where the pump 

pulse used to photoexcite the material is followed by a probe pulse used to interrogate 

the charge carriers after a given time delay. Excitation with a pulse energy in excess of 

the bandgap (λ < 620 nm in the case of α-Fe2O3) generates an exciton comprising a 

promoted conduction band (CB) electron and corresponding valence band (VB) hole. 

The absorption, and thereby concentration, of both charge carriers are monitored over 

time from visible to near infrared (NIR) probe wavelengths. In this way, TAS directly 

measures the lifetime of the photogenerated charge carriers. 

  

4.3 Experimental 

4.3.1 Zr-Doped, Ti-Doped, and Pristine α-Fe2O3 Films 

All films investigated in this study were prepared by collaborators. Typically, 

two back-to-back FTO substrates (Pilkington, TEC7) were inserted into a cap-sealed 

glass bottle containing an aqueous solution of 0.15 M ferric chloride (FeCl3·6H2O), 

1.0 M sodium nitrate (NaNO3), and desired amounts of zirconyl nitrate 

(ZrO(NO3)2·xH2O). The pH values of these aqueous solutions were set at ~1.4. The 

glass bottles were then transferred into a regular oven and kept at 100 °C for 24 h before 

naturally cooling to room temperature. The obtained yellow films were washed with 

distilled water and dried, then annealed at 750 °C for 5 min with a ramping rate of 

25 °C min-1. The resultant Zr-doped α-Fe2O3 nanorod arrays were denoted ZrFe-x, 
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where x = 0.002 and 0.005 and represents the weight (g) of (ZrO(NO3)2·xH2O) 

dissolved in the precursor solution. Similarly, various amounts of 20 wt% TiCl3 

aqueous solution (ranging from 0 mL to 35 mL) were added to the growth solution to 

create a series of Ti-doped α-Fe2O3 photoanodes, denoted xTiFe, where x represents the 

added volume of TiCl3. 

4.3.2 Transient Absorption Spectroscopy 

Ultrafast transient absorption studies were carried out on a Quantronix-

designed femtosecond laser system consisting of an Er-doped fiber oscillator, a 

regenerative amplifier, and a diode-pumped, Q-switched, second-harmonic Nd:YLF 

pump laser (527 nm, 750 Hz, 10 W). After amplification, the as-generated fundamental 

beam (~800 nm, 750 Hz repetition rate) was beam-split in order to generate both a 

white light continuum probe pulse and a tunable pump from an optical parametric 

amplifier. For these measurements, the pump output was tuned to 500 nm with a pulse 

duration of ~180 fs. The pump and probe were overlapped spatially and temporally at 

the sample. The spectra were recorded after excitation with the 500 nm pump and 

interrogation by a probe spanning the visible range of wavelengths (450–800 nm) over 

a temporal delay between the pump and probe pulses. This delay was varied by a motor-

controlled translation stage from 0–1000 ps with 1 mm (3 fs) resolution. The difference 

absorption of each sample was measured over the aforementioned delay interval four 

times and the data were averaged to achieve lower overall noise. 
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4.4 Results and Discussion 

4.4.1 Charge Carrier Dynamics of Pristine α-Fe2O3 Films 

Several TAS studies of α-Fe2O3 photoanode materials have reported significant 

and fast electron-hole recombination occurring on the ultrafast timescale. A 

representative, three-dimensional TAS difference absorption (dA) spectrum for α-

Fe2O3 nanostructured films is shown in Figure 5a. The spectrum reveals a dA feature 

centered around 580 nm with a slight tail extending into the NIR. The ultrafast 

recombination of charge carriers is apparent as the majority of the dA signal decays 

within a few ps across the spectral range probed. To extract charge carrier lifetime, the 

signal decay is usually fit to a double or triple exponential decay function. A variety of 

nanostructured α-Fe2O3 photoanode materials have exhibited ultrafast decays with time 

constants < 1 ps and < 100 ps, attributed to relaxation of hot electrons to the CB edge 

and their subsequent recombination with holes and trap states, respectively. These time 

constants are similar to those found for bulk α-Fe2O3, confirming that the ultrafast 

recombination characteristic of these nanostructures is intrinsic to the α-Fe2O3 material 

itself. Furthermore, the decays are found to be independent of pump power, with little 

to no dependence upon probe wavelength. Although the fate of the majority of charge 

carriers in α-Fe2O3 is ultrafast recombination, it should be noted that for nanostructured 

α-Fe2O3 an appreciable fraction persists and is subject to a slower decay. These trapped 

carriers lie below the bandgap with absorption usually centered ~580 nm. This can be 

observed in Figure 5a, where ~25% of the initial signal at 580 nm is still present 1000 

ps after excitation. Signal extrapolation during fitting procedures estimates that this 
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persistent offset is governed by a time constant > 1000 ps and is attributed to trapped 

electrons relaxing to the ground state. 

4.4.2 Charge Carrier Dynamics of Zr-Doped α-Fe2O3 Films 

Ultrafast TAS was used to investigate the effect of Zr doping on the charge 

carrier dynamics in α-Fe2O3 films following photoexcitation with a 500 nm pump. The 

spectral evolution of the dA signal for ZrFe-0.005 and ZrFe-0.02 films is presented in 

Figure 5b,c, respectively. As can be seen for each sample, there is a blue shift of the 

maximum transient signal, from ~590 nm to ~580 nm, over the full 1000 ps delay time. 

This indicates that initial relaxation processes occur at a lower energy than those of 

longer time scales.  

 

 

Figure 5. Three-dimensional representation of the transient dA of (A) α-Fe2O3, (B) Zr-

doped α-Fe2O3 (ZrFe-0.005), and (C) Zr-doped α-Fe2O3 (ZrFe-0.02) films. A pulse-

width-limited (<180 fs) rise is followed by a triple exponential fast decay and illustrates 

the probe wavelength-dependence of the transient absorption kinetic decay processes 

across part of the visible spectrum. 
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Figure 6 shows the normalized, single wavelength ultrafast transient absorption 

profiles of undoped and Zr-doped (ZrFe-0.005 and ZrFe-0.02) α-Fe2O3 films for 0–10 

ps and 0–300 ps time windows. These kinetic traces were fitted to a triple-exponential 

convolved with a Gaussian, representing the cross-correlation of the 500 nm pump and 

587 nm probe pulses. Time constants of 0.55 ± 0.05 ps, 8.5 ± 4.5 ps, and 3300 ps were 

obtained for α-Fe2O3. Time constants of 0.40 ± 0.05 ps, 11 ± 3 ps, and 7000 ps, and 

0.50 ± 0.05 ps, 12.0 ± 3 ps, and 7000 ps were obtained for ZrFe-0.005 and ZrFe-0.02, 

respectively. It should be noted that in each case, the longest time constant is not 

considered an accurate value as it exceeds the time delay at which the data was 

collected. 

The overall charge carrier decay for α-Fe2O3 is very fast, with relatively low 

transient absorption levels remaining after 300 ps. Indeed, there is a rapid loss of 

photoexcited electrons within the first few ps for each of the three films, indicating 

significant and swift electron-hole recombination. This observation is commonly 

observed for α-Fe2O3 nanostructures and is typically attributed to the high density of 

electronic states in the band gap caused by both internal and surface defects. Thus, the 

early time dynamics of each system are dominated by the intrinsic properties of α-

Fe2O3 and not strongly influenced by the morphology or thickness of the films.4 Indeed, 

the time constants extracted for each decay profile were approximately equivalent. At 

timescales above a few ps, however, the absorption intensities of both Zr-doped films 

are higher than that of the undoped sample. This result may indicate a reduction in 

electron–hole recombination in Zr-doped α-Fe2O3 films at long time scales. Reduced 
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electron-hole recombination could contribute significantly to the enhanced PEC 

performance associated with doping, a result which was previously reported for Ti-

doped α-Fe2O3 films.33 

 

 

Figure 6. Normalized ultrafast transient absorption decay profiles of undoped and Zr-

doped α-Fe2O3 (ZrFe-0.005 and ZrFe-0.02) films in 0–10 ps (inset) and 0–300 ps 

windows. The decay profiles are fitted simultaneously using a nonlinear least squares 

fitting algorithm to a triple-exponential decay convolved with a Gaussian, representing 

the cross correlation of the 500 nm pump and 587 nm probe pulses. 

 

Further comparison between the two Zr-doped α-Fe2O3 films shows that the 

absorption signal on the 100 ps time scale for the ZrFe-0.005 sample is higher than that 

of the ZrFe-0.02 sample, which also correlates with their PEC performance. Briefly, 
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the proposed mechanism for the enhanced PEC performance could be explained by a 

reduced electron–hole recombination, mainly due to the increased electrical 

conductivity induced by Zr doping. Meanwhile, film thickness also affects the optical 

absorption and charge extraction. Overall, the PEC performance of the Zr-doped α-

Fe2O3 nanorod arrays as photoanodes was reasonably altered depending on the mass of 

the Zr dopant precursor. 

4.4.3 Charge Carrier Dynamics of Ti-Doped α-Fe2O3 Films 

Ultrafast TAS was performed to study the charge carrier dynamics in undoped 

and Ti-doped α-Fe2O3
 films in order to verify the possible effect of Ti-doping on the 

photoexcited electron lifetimes of α-Fe2O3. Transient dA was recorded after 

photoexcitation with a 500 nm pump pulse and interrogation with a 450–800 nm white 

light probe pulse. The spectral evolution of the 0TiFe and 5TiFe films is shown in 

Figure 7A and B, respectively. Overall, the charge carrier decay for both undoped and 

Ti-doped α-Fe2O3 films is very fast; a rapid loss of photoexcited electrons occurs within 

the first few ps for each of the films, indicating rapid electron-hole recombination. This 

recombination is most evident in the 0–10 ps windows of the topographical plots shown 

in Figure 7C and D. 

Such an observation is common for hematite nanostructures and typically 

attributed to the high density of electronic states in the bandgap caused by both internal 

and surface defects56 as well as a high density of intrinsic electronic states.57 Thus, the 

early time dynamics of both films are dominated by intrinsic properties of α-Fe2O3. For 

both films, there is a blue shift in maximum transient dA signal from ~593 nm to ~582 
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nm over the 0–1 ns time delay, indicating that initial relaxation processes occur at lower 

energies than those of longer time scales. Furthermore, the transient absorption feature 

of the 5TiFe film appears broader than that of the 0TiFe film, prompting quantitative 

comparison of charge carrier decays. 

 

 

Figure 7. Three-dimensional spectral evolution of the transient dA profiles for (A) 

0TiFe and (B) 5TiFe. Two-dimensional top-down views of the transient dA profiles for 

(C) 0TiFe and (D) 5TiFe, 0–10 ps windows. 

 

Normalized, single wavelength decay profiles for the λmax of the transient 

absorption features were investigated for both films. These kinetic traces were fit to a 

triple-exponential convolved with a Gaussian, representing the cross-correlation of the 
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500 nm pump and 593 nm probe pulses. Time constants of 0.4 ± 0.1 ps, 6 ± 2 ps, 

and >1000 ps and 0.3 ± 0.1 ps, 6 ± 2 ps, and >1000 ps were obtained for 0TiFe and 

5TiFe, respectively. It should be noted that in each case, the longest time constant is 

not considered a true value as it exceeds the 1 ns time delay at which the data were 

collected. Single wavelength decay profiles were also examined at longer wavelengths, 

where the difference in dA between films appears most evident. Figure 8 shows the 

decay profiles for the films at 660 nm. At this wavelength, the fitting procedure 

described above returned time constants of 0.2 ± 0.1 ps, 4 ± 2 ps, and >1000 ps and 0.2 

± 0.1 ps, 3 ± 1 ps, and  >1000 ps for 0TiFe and 5TiFe, respectively. Again, the longest 

time constant is not considered a true value. Although the 5TiFe film appears to have 

slightly higher dA at longer wavelengths, the extracted time constants are not different 

enough to warrant claims of any decrease in electron hole recombination upon doping 

on the ultrafast time scale. 

As is characteristic of α-Fe2O3, changes in morphology and composition had 

little effect on the dynamics at both short and long time scales and were not wavelength-

dependent.4 Increased dA upon doping has been observed in a previous study on Ti-

doped α-Fe2O3 films,33 and theoretically could contribute to the enhanced PEC 

performances of the Ti-doped α-Fe2O3 films since the photoactivity may be sensitive 

to the carrier lifetimes. However, we did not observe increased dA with decreased 

electron–hole recombination upon Ti doping on the time scale studied. Significant 

changes in lifetime may occur on much longer time scales (microseconds to 

milliseconds) with Ti doping and warrant future investigation. 
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Figure 8. Normalized ultrafast transient absorption decay profiles of pristine (black, 

0TiFe) and Ti-doped α-Fe2O3 (red, 5TiFe) films at 660 nm over 0–30 ps (inset) and 0–

300 ps delay times. The decay profiles are fit using a nonlinear least-squares fitting 

algorithm to a triple-exponential decay convolved with a Gaussian, representing the 

cross-correlation of the 500 nm pump and 660 nm probe pulses. The fits are solid 

curves. 

 

4.5 Conclusion 

In this study, the influence of Zr and Ti incorporation on the physical and PEC 

properties of α-Fe2O3 nanorod arrays were investigated. Both dopants were found to be 

effective in enhancing the photocurrent for water splitting. Ultrafast TAS 

measurements show that there is significant decay of photoexcited charge carriers, 

indicative of significant electron-hole recombination, on early time scales regardless of 

morphology or thickness. However, the results also suggest that Zr doping may 
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influence PEC performance by reducing the rate of electron–hole recombination on a 

longer time scale. We did not observe increased dA with decreased electron–hole 

recombination upon Ti doping on the time scale studied. Thus, from the TAS 

perspective, it is clear that nanostructuring and doping alone are not enough to 

significantly alter the charge carrier recombination dynamics in α-Fe2O3 photoanode 

materials. Indeed, alternative approaches like creation of α-Fe2O3 heterostructures are 

warranted for continued efforts toward improved PEC performance. 
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Chapter 5: Hematite Heterostructures for Improved PEC Performance 

5.1 Abstract 

With a bandgap suitable for absorption of the solar spectrum, hematite (α-Fe2O3) 

is ideally suited for use as a photoanode material in photoelectrochemical (PEC) solar 

to hydrogen conversion via water splitting. α-Fe2O3 offers a number of additional 

advantages, including excellent stability in alkaline solution, earth abundance, and 

nontoxicity. However, its real application has been hindered. Low hole mobility, short 

hole lifetime, high density of surface states, and slow kinetics for oxygen evolution at 

the α-Fe2O3/electrolyte interface have limited the PEC performance of α-Fe2O3 

photoanodes to date. Along with numerous reports on doping and nanostructuring 

photoanode materials, increased attention has been paid to rational heterostructure 

design to overcome the aforementioned limitations and improve PEC performance. 

This review article introduces four main approaches to rational heterostructure design: 

coupling α-Fe2O3 with (1) an n- or p-type semiconductor for promoting charge 

separation, (2) a nanotextured conductive substrate for efficient charge collection, (3) 

a surface/interface passivation layer for reduced surface/interface charge 

recombination, and (4) a catalyst for accelerated water oxidation kinetics. In addition, 

we review time-resolved laser techniques used to probe the charge carrier dynamics of 

these heterostructures. Dynamic studies have provided insight into the mechanisms 

responsible for the improvement in PEC performance. A better fundamental 

understanding of the charge carrier dynamics in turn helps to guide rational design of 

future α-Fe2O3 heterostructures for further enhancement of PEC water splitting. 
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5.2 Introduction 

Hematite has been considered to be one of the most promising photoanode 

candidates for PEC solar water splitting.1-3 However, real application of α-Fe2O3 

photoanodes remains in question, as it has struggled to achieve high PEC performance 

experimentally. The limitations α-Fe2O3 faces in use as a PEC photoanode arise from 

the electronic structure of the material. α-Fe2O3 suffers from a high density of mid 

bandgap trap states arising from closely-spaced d levels that result in closely spaced 

optical transitions spanning the visible and into the near-ultraviolet regions. This leads 

to low carrier mobilities and short hole lifetimes.4 Transient absorption spectroscopy 

(TAS) has been employed as a useful tool to directly probe charge carrier dynamics to 

help gain deeper insight into the mechanisms of photogenerated electron-hole 

recombination and their relation to PEC performance. 

Early TAS studies focused on ultrafast timescales (fs to ns)5-8 and reported very 

fast decay dynamics attributed to charge carrier recombination, with only a small 

percentage of initial photogenerated carrier absorption remaining at the end of the time 

window studied.  Interestingly, this significant and swift recombination has proven to 

be largely independent of nanostructure shape. For instance, Fan et al. showed that the 

excited-state lifetime of α-Fe2O3 nanotubes and nanorings is essentially the same.9 This 

conclusion was supported in an additional study by Fitzmorris et al. that investigated 

four α-Fe2O3 structures, including nanocubes, nanorhombohedra, nanorice, and 

spheroidal nanoparticles. Although the transient absorption spectral profiles varied 

among the structures, the extracted charge carrier lifetimes were very similar for all 
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shapes studied.10 Similarly, although foreign ion doping was shown to increase PEC 

performance,10-15 the ultrafast dynamics of doped α-Fe2O3 nanostructures have been 

found to be largely unchanged from their pristine counterparts.16-18 For these studies, it 

is believed that the improved PEC performance is attributed to increased conductivity, 

which improves the collection of separated electrons and holes, and not to any increase 

in exciton lifetime. For approaches that have focused on a single aspect of modification, 

either doping or altering the nanostructure morphology of α-Fe2O3 itself, performance 

improvements have been limited. Thus, from the TAS perspective, it is clear that 

nanostructuring and doping alone are not enough to significantly alter the charge carrier 

recombination dynamics in α-Fe2O3 photoanode materials. Alternative approaches like 

creation of α-Fe2O3 heterostructures are warranted for continued efforts toward 

improved PEC performance. 

Four types of heterostructures have shown striking improvement in PEC water 

splitting performance. First, forming heterojunctions at the nanoscale by coupling α-

Fe2O3 to a second semiconductor has proven to be an effective way to engineer band 

structure for enhanced optical absorption and promoted charge separation. Second, 

depositing α-Fe2O3 on nanotextured conducting substrates enables photoexcited charge 

carriers to be efficiently collected and transported to the external circuit. Third, 

modifying the surface and/or interface with passivation layers has been shown to 

reduce charge recombination at surface trapping states. Finally, decorating the surface 

with water oxidation catalysts accelerates water oxidation kinetics. In recent years, 

significant advances in PEC water splitting performance have been achieved with these 
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α-Fe2O3-based heterostructures. The achievements demonstrate that α-Fe2O3 with 

rational heterostructure design could be a promising photoelectrode material for 

applicable solar hydrogen conversion. Understanding the charge carrier dynamics at 

the various heterostructure interfaces is of great importance to guide continued 

heterostructure design. TAS of hematite heterostructures and associated insights are 

reviewed herein. 

 

5.3 Charge Carrier Dynamics in Hematite Heterostructures 

5.3.1 Incorporation of applied bias, hole scavengers, and spectral assignment of 

charge carriers 

Early TAS of hematite focused on the ultrafast fs to ns timescale, but recent 

studies have probed out to the μs to ms time scale, a time frame that not only spans the 

complete charge carrier decay but is also more suited to the relatively slow water 

oxidation kinetics.19 In fact, the presence of long-lived charge carriers has been shown 

to be strongly correlated with PEC enhancement. Additionally, since an external bias 

is typically required for solar water splitting with an α-Fe2O3 photoanode, the 

incorporation of other methods, like electrochemistry, during TAS measurement has 

been pursued to more closely mimic the environment of a working PEC cell.20 Because 

the conduction band edge of α-Fe2O3 lies below the proton reduction potential,21 a 

positive bias is applied in order to increase the energy of cathode electrons to allow 

proton reduction. It has also been shown that the applied bias partially depletes the 

electrons in the α-Fe2O3 photoanode film, which serves to increase the lifetime of the 
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photogenerated holes as fewer electrons are available for recombination.20 The use of 

applied bias during TAS data collection has emerged as a way to study the material 

under working conditions and has also enabled assignment of spectral signals to 

photogenerated charge carriers of α-Fe2O3 photoanode materials. 

The Durrant group performed a thorough TA investigation of nanoporous α-

Fe2O3 films on the μs to s timescale as a function of hole scavengers and applied bias.22 

As shown in the inset of Figure 1a, the TA spectrum is consistent with previous works, 

showing a strong absorption peak at 580 nm and a tail extending into the NIR. In 

contrast to what is observed for TiO2 photoanodes,23 the presence of hole scavengers 

alone does not alter the recombination dynamics of α-Fe2O3 films; the transient decays 

of the α-Fe2O3 film in common hole scavenging solutions like methanol and iodide are 

unchanged from that of the film in an Ar environment. For these various solvent 

environments, the TA signal probed at 580 nm undergoes nearly identical electron-hole 

recombination, the charge carriers completely recombining within ~100 ms. Under an 

applied potential of +0.4 V vs. Ag/AgCl (equivalent to ~+1.35 V vs. the reversible 

hydrogen electrode (RHE)), however, the lifetime of charge carriers is greatly increased, 

with TA signal extending well beyond 2 s for the 580 nm probe, as shown in Figure 18c 

(black curve). Not surprisingly, the application of this bias also corresponds to 

increased photocurrent, as shown in Figure 1b. The applied bias decreases electron 

density in the photoanode, allowing preservation of charge separation. As such, longer-

lived holes may reach the surface and be involved in water oxidation. Because this 

extended lifetime is then reduced in the presence of a methanol hole scavenger in 
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Figure 1c (red curve), the TAS long-lived absorption signal at 580 nm was assigned to 

surface-active holes. Also, it was confirmed that a positive bias is necessary to generate 

the long-lived holes necessary for α-Fe2O3 photoanode materials to oxidize water 

(Figure 1b). Without this bias, the holes simply do not live long enough to oxidize their 

chemical environments. However, it should be noted that even under applied bias, the 

vast majority of charge carriers are still prone to ultrafast electron-hole recombination, 

evident from the relative amplitude of the long-lived holes as compared to the initial 

signal. The assignment of photogenerated hole absorption at 580 nm and correlation of 

long-lived holes with photocurrent generation has been supported in subsequent 

works.24,25  

The total charge carrier recombination in nanostructured α-Fe2O3 is considered 

to be bimolecular as it involves both electron and hole densities. The fast decay phase, 

similar to that of bulk α-Fe2O3, is attributed to electron-hole recombination while the 

slow decay phase is attributed to long-lived, surface-active holes which have not so 

immediately recombined with electrons and are available for water oxidation. 

Furthermore, the charge carrier dynamics are strongly dependent upon applied potential. 

Using a similar spectroelectrochemical approach, the Lian group was also able to assign 

spectral features to photoexcited charge carriers by examining α-Fe2O3 under water 

oxidation conditions over large spectral and temporal ranges, probing visible to mid-

IR wavelengths on the fs to ms timescale.24 Although photon to current efficiency 

increased with applied bias (from 0.90 to 1.43 V vs. RHE), the charge carrier 

recombination decay profiles were independent of applied potential for time delays up 
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to 6 μs. This led the Lian group to conclude that holes with lifetimes in excess of 6 μs 

direct the catalytic activity of the α-Fe2O3 photoelectrode. As more than 98% of charge 

carriers decayed within 6 μs, this work echoed the finding that the vast majority of 

charge carriers are prone to ultrafast recombination while a very small fraction of long-

lived holes are responsible for PEC activity. 

 

 

Figure 1. Effect of (a) various hole scavengers on charge carrier dynamics, as probed 

at 580 nm, (b) applied bias on current density, and (c) both hole scavenger (CH3OH) 

and applied bias on charge carrier dynamics, as probed at 580 nm, in nanostructured α-

Fe2O3 films for PEC water splitting. The applied potential of -0.1 V approximates open 

circuit where little to no photocurrent is observed. Reprinted with permission from 

Reference 22, copyright (2011) Royal Society of Chemistry. 

 

With the spectral assignment of photogenerated α-Fe2O3 charge carriers as a 

basis, TAS has been used to investigate the charge carrier dynamics of α-Fe2O3 

heterostructures in all four aforementioned categories, examples of which will be 

discussed herein. 

 



146 
 

5.3.2 TAS investigations of hematite heterostructures 

The effect of semiconducting α-Fe2O3 heterojunction formation on charge 

carrier dynamics has been investigated using TAS. For the previously studied α-

Fe2O3/WO3 core/shell heterostructure designed by Kronawitter et al.,7 TAS 

investigation revealed that the ultrafast component of the transient decay is independent 

of surface modification. However, at longer timescales, the absorption signal ~579 nm 

decays at a faster rate upon creation of the α-Fe2O3/WO3 interface. Based on previous 

work by the Durrant group, it was proposed that the faster decay of the signal at ~579 

nm corresponds to faster removal of surface-trapped holes from the probed α-Fe2O3 

system. It should be noted that the accelerated decay upon interface creation was only 

present for probe energies near the bandgap of the material; probe pulse of lower energy 

did not show accelerated decay. Overall, it was found that creation of the α-Fe2O3/WO3 

interface encouraged removal of surface-trapped holes on the ps timescale. In this way, 

the interface promoted charge separation for improved α-Fe2O3 photoanode 

performance. 

In the case of conductive substrate heterostructures, reduced graphene oxide 

(rGO), an electron acceptor, has been expected to serve as a pathway for charge carrier 

transport due to its high electron mobility.26 To gather the first direct experimental 

evidence of this proposed pathway, Meng et al. used TAS in combination with the 

closely related time-domain terahertz (THz) spectroscopy to analyze charge transport 

in α-Fe2O3/rGO composites.27 Based on the increase in relative transmission, a 

measurement proportional to the number of photogenerated charge carriers, the authors 
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concluded that electrons were indeed being transferred from α-Fe2O3 to rGO. 

Additional analysis with infrared probe wavelengths sensitive to GO and OH 

resonances confirmed that the composite retains the electronic structure of bare rGO. 

Thus, any difference in recombination was confidently attributed to charge transfer, as 

opposed to any structural alteration, upon interface formation. Ultimately, TAS 

investigation of charge carrier dynamics provided an understanding of the mechanism 

behind graphene-enhanced PEC water oxidation. It was determined that photoexcited 

electrons transfer from α-Fe2O3 to rGO where they are subsequently trapped, leading 

to reduced charge recombination and longer-lived holes available for water oxidation, 

as depicted in Figure 2. 

 

 

Figure 2. TA spectra for α-Fe2O3, rGO, and α-Fe2O3/rGO composite after excitation 

with a 400 nm pump and interrogation with a (a) 0.5 – 3 THz probe and (b) 700 nm 

visible light probe, where |ΔT/T| is relative transmission. (c) Mechanism of rGO-

enhanced PEC water splitting in α-Fe2O3/rGO composites. Reprinted with permissions 

from Reference 27, copyright (2013) American Chemical Society. 
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To investigate charge carrier dynamics in surface-modified α-Fe2O3 

heterostructures, the Durrant group performed a spectroelectric TAS investigation of α-

Fe2O3 before and after surface treatment with CoOx and Ga2O3,
20 overlayers known to 

exhibit surface passivation and catalytic properties, respectively. Although it was 

previously shown that creation of these overlayers could indeed enhance PEC 

performance,28 the mechanism behind the enhancement remained elusive. In this study, 

the CoOx surface treatment itself resulted in a significant increase in the lifetime of 

photogenerated holes (by three orders of magnitude) but Ga2O3 surface treatment 

resulted in no appreciable change. In the case of CoOx, the enhanced carrier lifetime 

was attributed to depletion of electron density in α-Fe2O3 upon overlayer addition. The 

CoOx overlayer was said to produce an oxidizing environment, depleting α-Fe2O3 

electrons. The Ga2O3 layer, on the other hand, is not redox active and was thus unable 

to have the same effect. The application of applied bias furthered the understanding of 

the charge carriers in these systems. 

As seen in Figure 3, creation of the oxide overlayers cathodically shifted the 

photocurrent onset to lower applied potential. Interestingly, although the overlayers 

resulted in different recombination kinetics in absence of applied bias, they had a 

similar effect on the charge carrier dynamics of α-Fe2O3 when a potential was applied. 

This was attributed to surface passivation of trap states serving as recombination 

centers. Passivation leads to increased electron depletion within α-Fe2O3 under a given 

applied bias, manifesting as a cathodic shift in the photocurrent onset. This shift was 

correlated with a similar cathodic shift in TAS signal in the case of each overlayer. As 
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the dA signal probed arises from long-lived photogenerated holes, this phenomenon 

was attributed to slower electron-hole recombination kinetics due to electron depletion 

in the α-Fe2O3 photoanode upon overlayer addition. In this way, the reason for the 

decrease in applied potential necessary for photocurrent generation upon overlayer 

addition was revealed.  

 

 

 

Figure 3. Effect of overlayer addition on both current density (a, b) and amplitude of 

the TAS signal as probed at 700 nm with time delay of 50 ms after laser excitation (c, 

d) as a function of applied bias. Spectra are shown for APCVD hematite (a,c) and 

ultrathin USP hematite (b, d) before (black curves) and after (red curves) addition of 

CoOx and Ga2O3 overlayers, respectively. The dotted lines are present to guide the eye. 

Reprinted with permission from Reference 20. 
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When a positive potential was applied, enhanced depletion of electrons in the 

photoelectrode decreased the number of electrons available for recombination with 

holes, ultimately reducing losses due to recombination and increasing both dA signal 

from photogenerated holes and photocurrent density for a given potential. Surface 

treatments are thus important considerations in heterostructure design as they allow 

passivation of surface traps and/or electron depletion of the photoanode material, both 

contributing to longer-lived holes and thus higher photocurrent densities. 

 

5.4 Summary and Future Perspective 

Despite the significant improvements achieved with α-Fe2O3 heterostructures 

for PEC water splitting, the highest STH efficiencies reported are still far from the 

theoretical value of ~16%.29 Substantial improvements in both photocurrent densities 

and onset potentials are needed for α-Fe2O3 to become a viable photoanode for practical 

water oxidation applications. It is clear that a single and isolated modification approach 

is far from enough to meet the rigorous demands of high efficiency PEC water 

oxidation. We suggest that combining different modification strategies (e.g., coupling 

of doping and heterostructure design, or coupling of substrate texturing, surface 

passivation and catalyzation, etc.) may help to generate strong synergistic effects for 

further improvement.  

TAS investigation of ultrafast carrier dynamics has enabled deeper 

understanding of the α-Fe2O3 band structure. Although analysis of TAS signals in these 

materials is often hindered by the convoluted α-Fe2O3 bandgap, one benefit of TAS is 
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that it can easily be combined with other methods, like electrochemistry, to provide 

complementary information.24 It is thus becoming standard to subject the films to an 

applied bias during TAS measurement, which mimics the environment of a working α-

Fe2O3 photoanode PEC cell.20-22,25 It is also becoming standard to probe out to the ms 

to s timescale,20,22,24,25 a time frame more suited to relevant PEC kinetics.19 Indeed, the 

short-lived carriers which recombine on the ultrafast fs to ns timescale are not likely to 

be involved in the relatively slow water oxidation reaction. These application-mindful 

data collection parameters have enabled assignment of spectral signals to 

photogenerated charge carriers of α-Fe2O3 photoanode materials, information which is 

not only fundamentally important but also may be used to direct rational heterostructure 

design for continued PEC enhancement. 

When coupled with electrochemical investigations, TAS has allowed spectral 

assignment of photogenerated charge carriers and long-lived holes have been shown to 

be correlated with improved PEC performance. Strategies to increase the yield of these 

long-lived holes through heterostructure design should be aimed at increasing the 

extraction of electrons or slowing the recombination of electrons and holes by 

improved charge separation or electron depletion in α-Fe2O3 itself. The determination 

of charge transport and recombination dynamics has helped to reveal the mechanism 

behind PEC water oxidation enhancement in many of these composite structures. This 

mechanistic understanding may guide rational design of future α-Fe2O3 

heterostructures for more efficient photoanode materials. 
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Chapter 6: Towards Understanding the Unusual Photoluminescence Intensity 

Variation of Ultrasmall Colloidal PbS Quantum Dots with the Formation of a Thin 

CdS Shell 

 

6.1 Abstract 

The formation of a thin, passivating shell has been established as an effective 

strategy for increasing the photoluminescence (PL) of quantum dots (QDs). 

Nonetheless, an unusual PL decrease upon shell formation was observed for an 

ultrasmall PbS/CdS core/shell QD system. Ultrafast transient absorption (TA) analysis 

(fs–ns time scale) was performed to assess the early time dynamics for Pbs QDs of 

different sizes and their corresponding PbS/CdS core/shell QDs. Combining the early 

TAS results with PL lifetimes (ns-ms time scale) allowed for the formation of an 

energetic model and a better understanding of the overall size-dependent photophysics 

of the system. We describe the abnormal phenomenon from the perspective of trap 

density variation and the probability of charge carriers reaching surface defects.  

 

6.2 Introduction 

Semiconductor quantum dots (QDs) have found excellent use as components in 

photodetector, solar cell, and sensing devices due to their beneficial tunable optical and 

electronic properties arising from the quantum confinement effect.1-4 Their broad 

absorption and narrow photoluminescence (PL) are particularly advantageous. Because 

of their small size and high surface area to volume ratio, surface effects dominate their 

photophysical properties. Surface defects can lead to trap-state emission or non-
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radiative recombination, thereby decreasing the PL quantum yield (QY).5 Thus, 

effective surface passivation strategies are imperative for practical application. 

In the last two decades, the core/shell strategy has been widely employed as a 

useful means to enhance the photophysical properties of QDs.6,7 With appropriate 

alignment of conduction and valence band edges of the core and shell materials, Type-

I structures are used to confine electrons and holes to the core, improving PL QY and 

stability. This approach has been used successfully for a number of semiconductor 

core/shell systems, such as CdSe/ZnS, ZnSe/ZnS, CdTe/CdS, CdSe/ZnTe, PbS/CdS, 

and InPa/GaAs.8-13 Shell thickness has been shown to be an important parameter. If the 

shell is too thin, the surface may not be effectively passivated, limiting PL the 

enhancement. If the shell becomes too thick, lattice mismatch or interfacial stress may 

introduce new defects and decrease resultant PL to a level lower than that of the original 

core. It follows that an optimal shell thickness should exist for each core/shell system.14 

Recently, Ren et al utilized microwave irradiation in the cation exchange 

reaction for the synthesis of monodisperse PbS/CdS core/shell QDs with controlled 

shell thickness and high QY in accordance with their previous report.12 This method of 

shell addition had been shown to be successful in identifying the thickness that 

optimizes PL.14,15 For PbS/CdS QDs >3.4 nm diameter, when shell formation was 

initiated, the PL increased until it reached the optimal thickness, after which point it 

gradually decreased. Interestingly, when ultrasmall PbS QD cores (<3.4) were taken 

through the same process, a deviation occurred. PL increase was not observed during 
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the course of cation exchange and thus no optimal shell thickness could be identified. 

Instead, the onset of shell formation resulted in an immediate PL decrease by 20%. 

  To investigate this deviation and potentially identify a size-dependent 

phenomenon, Ren et al prepared a variety of PbS QD sizes and measured the QY before 

and after addition of a CdS shell. Time-resolved PL studies showed that, for the larger 

QDs, the initial PL enhancement was correlated with an increase in radiative 

recombination rates (kR) and a decrease in non-radiative recombination rate (kNR). On 

the other hand, for the ultrasmall QDs, the opposite occurred. Upon shell formation, kR 

decreased while kNR increased, resulting in the observed PL decrease. Although time-

resolved PL studies can be correlated directly to steady state PL, ultrafast TAS 

measurements can provide important and complementary information about early time 

dynamics, particularly non-radiative processes such as trapping and recombination, 

which may help to explain differences on longer timescales.16 

In this work, ultrafast TAS was used to probe the exciton dynamics in these PbS 

QDs and their corresponding PbS/CdS core/shell structures for both the ultrasmall and 

larger size regimes. The information on the fs-ns timescale was combined with the 

previous ns-µs timescale PL results to create a more complete understanding of the 

photophysics of this core/shell system a model was proposed to explain the size-

dependent optical observation. Taking all results into consideration, we conclude that 

it is mainly the presence and extent of surface traps that account for the change in QD 

PL during the cation exchange shell formation. 
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6.3 Experimental 

6.3.1 Materials: PbS and PbS/CdS Core/Shell QDs 

All QDs were synthesized by collaborators in the Ma Lab at The Institut 

national de la recherche scientifique-Énergie Matériaux Télécommunications at the 

Université du Québec. The PbS cores were synthesized using a previously described 

organometallic hot-injection method17-19 and CdS formation was achieved with 

microwave-assisted cationic exchange. The structures were characterized with TEM, 

XPS, steady-state PL, and time-resolved PL. 

6.3.2 Transient Absorption Spectroscopy 

Transient absorption (TA) spectroscopy was performed with a Quantronix-

designed femtosecond transient absorption laser system comprising an Er-doped fiber 

oscillator, regenerative amplifier, and a diode-pumped, Qswitched, second-harmonic 

Nd:YLF pump laser (527 nm, 10 W capacity). After amplification, the as-generated 

fundamental beam (∼800 nm, 760 Hz repetition rate) was split in a 1/9 ratio to generate 

a white light continuum probe pulse and a pump pulse, respectively. The pump pulse 

was subsequently routed through an optical parametric amplifier to generate the desired 

750 nm pump beam with a pulse duration of ∼180 fs. Pump power was modulated by 

the use of absorptive neutral density filters before the sample. The pump and probe 

beams were overlapped spatially and temporally at the sample and the spectra were 

recorded after excitation with the pump and interrogation with the probe over a delay 

interval of 0–1000 ps between the pump and probe pulses. Variation in time delay was 

achieved by a motor-controlled translation stage with 1 μm resolution (6 fs time 
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resolution). The difference absorption of each sample was measured over the 

aforementioned interval two times and the data averaged to achieve lower overall noise. 

The samples were excited with 750 nm, 2.5 μJ/pulse and probed from 480 – 720 nm. 

 

6.4 Results and Discussion 

6.4.1 Structural Properties and PL Lifetimes 

 The PbS QDs provided for measurement were 2.9 nm, 4.4 nm, and 6.0 nm in 

diameter. The diameter of the corresponding PbS/CdS core/shell QDs remained 

essentially the same as that of their initial core, as expected from cationic exchange in 

this system and consistent with previous reports.12,14,15,20 Thus, the corresponding 

PbS/CdS QDs were also 2.9 nm, 4.4 nm, and 6.0 nm, with shell thicknesses of 0.15 nm. 

The 2.9 nm QDs qualify as “ultrasmall”. 

The PL lifetimes were 2150 ± 50 ns, 1540 ± 70 ns, and 750 ± 30 ns for the 2.9 

nm, 4.4 nm, and 6.0 nm PbS QDs, respectively. After addition of the CdS shell, the 

PbS/CdS PL lifetimes became 2340 ± 50 ns, 1780 ± 80 ns, and 1040 ± 70 ns, 

respectively. These values are in good agreement with previous reports.21-24 

6.4.2 Size-Dependent Ultrafast Charge Carrier Relaxation 

To investigate the exciton lifetimes of the QDs on the ultrafast time scale (fs to 

ns), we performed fs TA pump-probe measurements using a 750 nm pump and a 480–

720 nm white light probe over a 0 to 1000 ps time delay between the pump and probe 

pulses. The 750 nm pump wavelength was chosen so as to excite only the PbS 

component of the QDs. 
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The resultant three-dimensional spectrotemporal transient signal is displayed in 

Figure 1 for each QD. Two-dimensional views are provided in Figure 2. Spectrally 

broad dA features can be observed for each of the three particle sizes studied. The 

observed TA signals are attributed to excitons or electron–hole pairs of PbS, and the 

decay behaviors are likely dominated by surface states or trap states.16,25–27 As 

compared to those of their PbS QD counterparts, the TA features of the PbS/CdS QDs 

were slightly shifted. For the 2.9 nm size, a single TA feature spanned almost the entire 

probed region. The absorption maximum occurred at λmax = 574 nm for the PbS QD 

and shifted to λmax = 541 nm upon CdS shell formation. For the 4.4 nm size, three broad 

TA features were apparent, occurring at λmax = 480 nm, 590 nm, and 680 nm for the 

PbS QD. Upon shell formation, however, only two features remained in the probed 

region; the feature at λmax = 480 nm was retained while a broader feature centered at 

λmax = 630 nm was formed. For the 6.0 nm size, two TA features were apparent, 

centered at λmax = 530 nm and 620 nm. Once again, upon shell formation, the higher 

energy feature at λmax = 530 nm was retained while the feature at λmax = 620 nm 

broadened and shifted to 634 nm. It should be noted that a third feature may exist just 

outside the 720 nm edge of the probe region. It is difficult to know the fate of the 

features at 700 nm, since they may be shifted to longer wavelengths outside of the 

probed region upon shell addition. 
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Figure 1. 3D transient absorption difference absorption spectra of (left) PbS QDs and 

(right) PbS/CdS QDs with (a) 2.9 nm, (b) 4.4 nm, and (c) 6.0 nm diameters at probe 

wavelengths spanning 480–720 nm after 2.5 μJ/pulse 750 nm excitation. 
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Figure 2. 2D transient difference absorption spectra of (left) PbS QDs and (right) 

PbS/CdS QDs with (a) 2.9 nm, (b) 4.4 nm, and (c) 6.0 nm diameters at probe 

wavelengths spanning 480–720 nm after 2.5 μJ/pulse 750 nm excitation. 

 

Overall, the spectral variation between the PbS and PbS/CdS QD TA features 

for a given size indicates that shell addition alters the energy level distribution of PbS 

in addition to passivating its surface states.26,27 Furthermore, the ultrasmall 2.9 nm QDs 

exhibited behavior slightly different from those of larger size QDs as there was only a 

single PbS absorption feature in the region probed, the maximum wavelength of which 

was blue-shifted instead of red-shifted after addition of the CdS shell. This not only 

suggests that the ultrasmall PbS cores are fundamentally different from their larger 
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counterparts, but also that the shell coating of ultrasmall particles may result in a 

different alteration of the PbS energy states than that of the larger PbS QDs. 

To assess if photogenerated charge carrier dynamics are altered upon shell 

addition, and if the extent of alteration varies with the size of the initial core, single 

wavelength fitting was carried out with a triple exponential decay. For each sample, the 

decay corresponding to λmax was chosen for analysis. Decays and associated fits are 

shown in Figure 3. For the ultrasmall size (2.9 nm), resultant lifetimes were 7 ps, 30 

ps,  and 12000 ± 5000 ps for PbS (λmax = 574 nm) and 5 ps, 40 ps, and 1680 ± 90 ps for 

PbS/CdS (λmax = 541 nm). For the medium size (4.4 nm), resultant lifetimes were 4 ps, 

40 ps, and 4400 ± 800 ps for PbS (λmax = 590 nm) and 4 ps, 40 ps, and 13000 ± 6000 

ps for PbS/CdS QDs (λmax=630 nm). For the large size (6.0 nm), resultant lifetimes 

were 5 ps, 50 ps, and 5000 ± 2000 ps for PbS (λmax = 620 nm) and  3 ps, 30 ps, and 

3000 ± 1000 ps for PbS/CdS (λmax = 634 nm). Thus, for all sizes, the lifetimes of the 

first and second time constants were relatively unchanged upon shell formation. This 

suggests that the ultrafast dynamics are not altered or affected in any significant way 

by introduction of the shell. Some differences may be noticed in the third lifetime. It 

should be noted that the longest time constants cannot be determined properly on the 

timescale studied, since the TA measurement system has a limited delay time of 1.5 ns 

and the longest time constants are outside of the time window studied. For this reason, 

the large uncertainty values have been reported. Nevertheless, the long time constant 

does seem to be affected by shell formation in a size-dependent manner that supports 

the previously discussed size-dependent PL findings. 
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For the ultrasmall 2.9 nm QDs, the third lifetime was reduced by a factor of 7.5 

± 3.5 (from 12000 ± 5000 ps to 1600 ± 90 ps) after the CdS shell was added. This can 

be visualized in Figure 3a where the signal for PbS/CdS decreased noticeably from that 

of PbS at longer time delays. Interestingly, this is in stark contrast to the other sizes. 

Instead of being reduced, the third lifetime was increased by a factor of 3.0 ± 1.9 (from 

4400 ± 800 ps to 13000 ± 6000 ps) upon shell formation for the 4.4 nm QD and 

relatively unchanged for the 6.0 nm QD. Again, this is reflected in Figure 3b,c. Thus, 

in contrast to the other sizes, the formation of a shell on ultrasmall PbS may lead to 

faster decay on the ns-ms timescale. 
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Figure 3. Normalized decay traces for TA of PbS QDs (black) and PbS/CdS QDs (red) 

with (a) 2.9 nm, (b) 4.4 nm, and (c) 6.0 nm diameters at probe wavelength of maximum 

absorption after 2.5 mJ/pulse 750 nm excitation. Fits are shown as solid curves. 
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Exponential decay is also governed by the amplitudes associated with the 

lifetime components. Small changes in amplitude also occurred upon shell formation. 

The amplitude for the fast lifetime (A1) increased upon shell formation for the 2.9 nm 

QD but decreased upon shell formation for the 4.4 nm and 6.0 nm QDs. On the other 

hand, the amplitude for the slow lifetime (A3) remained constant for the 2.9 nm QD 

but increased for the 4.4 and 6.0 nm QDs. This is further evidence that the ultrasmall 

2.9 nm QDs behave differently from their 4.4 and 6.0 nm counterparts upon shell 

formation; the fast decay becomes relatively more prominent for the 2.9 nm QD (shown 

by an increase in A1), while the slow decay becomes relatively more prominent for the 

4.4 and 6.0 nm QDs upon shell formation (shown by an increase in A3). 

 

Table 1. Lifetimes (τ1 – τ3) and associated relative amplitudes (A1 – A3) for triple 

exponential fitting of transient dA for the 2.9 nm, 4.4 nm, and 6.0 nm PbS QDs before 

and after CdS addition. 

Size 2.9 nm 4.4 nm 6.0 nm 

QD PbS PbS/CdS PbS PbS/CdS PbS PbS/CdS 

A1 0.29 0.33 0.43 0.41 0.61 0.57 

A2 0.31 0.27 0.34 0.30 0.32 0.33 

A3 0.40 0.40 0.23 0.29 0.07 0.10 

τ1 (ps) 7 5 4 4 5 3 

τ2 (ps) 30 40 40 40 50 30 

τ3 (ps) 12000 ± 

5000 

1680 ± 

90 

4400 ± 

800 

13000 ± 

6000 

5000 ± 

2000 

3000 ± 

1000 
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6.4.3 Decay Pathways and Proposed Energetic Model 

Based on previous studies, the probed signal of PbS QDs in the visible region 

can be attributed to the absorption of excitons or electron–hole pairs, especially at early 

times.25,26 The fastest decay component (hundreds of fs to a few ps) represents the 

cooling of photoexcited electrons and holes to the conduction band (CB) and the 

valence band (VB), respectively. The medium component (tens of ps to hundreds of 

ps) is attributed to the trapping of electrons and holes from the CB or VB to shallow 

trap (ST) states. The slow recovery component (ns to ms) represents the non-radiative 

recombination of trapped electron–hole pairs through surface trap states or the radiative 

recombination of electron–hole pairs from the CB to the VB. The decrease in the long 

time component (from 12000 ± 5000 to 1680 ± 90 ps) for the ultrasmall PbS QD upon 

shell formation could indicate that the cation exchange method indeed generated more 

surface defects to the QD. This would also support the previously described anomalous 

increase of KNR upon shell addition for the ultrasmall size QDs. For the 4.4 nm QDs, 

the increase in the long time component could indicate that the PbS core was adequately 

passivated by the CdS shell, supporting the decrease of KNR upon shell addition for this 

size. For larger QDs, the fitting results did not reveal any significant difference in time 

constants between PbS and PbS/CdS QDs on the timescale studied. However, in 

addition to an obvious spectral shift, the PL lifetime (ns–ms) was increased after shell 

formation for this size. A possible explanation for these results is that the CdS shell 

formation may influence the distribution of energy levels of PbS QDs while also 
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passivating the surface states. This would improve the contribution of radiative 

recombination of exciton relaxation on the longer time scale (ns–ms). 

Based on both the TA and PL decay fitting results, models to describe the 

energy levels and trap states for PbS/CdS of different sizes are proposed in Figure 4. 

First, Figure 4a shows the trap state addition or reduction upon shell formation for 

different size regimes. For the ultrasmall size QDs (≤3.4 nm), the initial PbS core has 

relatively few trap states but gains them upon shell addition. This is consistent with the 

decrease in PL and an increase in nonradiative charge carrier recombination rate after 

shell formation for the ultrasmall size regime. For the larger size QDs (>3.4 nm), the 

PbS core becomes better passivated upon shell formation, decreasing the number of 

trap states in the final structure, and resulting in enhanced PL. Figure 4b shows a 

general scheme for the electron hole recombination pathways in the PbS/CdS 

structures. 

The model comprises two major pathways for electron–hole recombination: 

radiative and nonradiative. The nonradiative pathway begins with the photoexcited 

electrons and holes cooling to the CB and VB band edges, respectively, with lifetime 

τ1. The charge carriers can then be trapped into STs with lifetime τ2. Finally, the trapped 

electrons and holes can recombine nonradiatively from ST to ST on the time scale of 

τ3. For the radiative pathway, the delocalized CB electrons can recombine with VB 

holes through radiative recombination, with a long lifetime of τrad. This model applies 

to each size, with the nonradiative τi (where i = 1, 2, 3) values based on the TA fitting 

results and the radiative τrad value extracted from the PL fitting results. 
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Figure 4. Schematic illustration of the (a) trap state addition and reduction upon shell 

formation for PbS/CdS QDs of ultrasmall and larger size regimes, respectively, and (b) 

proposed exciton relaxation processes in PbS/CdS QDs. 

 

6.5 Conclusion 

Unlike their larger counterparts, ultrasmall PbS QDs exhibited an immediate 

decrease in PL intensity upon shell formation, contrary to the common understanding 

that the core/shell passivation strategy can enhance PL. TAS in conjunction with QY 

measurements and time-resolved PL provided fundamental insights into the exciton 

dynamics on the relevant time scales from fs to ms. Essentially, it was found that the 

kNR increased, while the longtime component of maximum absorption decreased in 

ultrasmall QDs upon thin shell formation, indicative of the introduction of defects 

during the shell formation process for the ultrasmall QDs. Additionally, the krad 

decreased. Altogether, these phenomena contributed to the unusual decrease of PL 

intensity in ultrasmall QDs following thin-shell formation. 
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