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 This thesis presents investigations for two related fields of semiconductor 

electrochemistry: redox potential determination of colloidal semiconductor nanocrystals, and 

mechanistic analysis of photoelectrochemical water oxidation with electrocatalyst modified 

mesostructured hematite photoanodes.  

 Adapting electrochemical techniques to colloidal semiconductor nanocrystals (SC NC) is 

a long-standing challenge for this class of materials. Subject to a variety of complications, 

standard voltammetric techniques are not as straight forward for SC NCs as they are for small 

molecules. As a result, researchers have developed creative ways to side step these complications 

by coupling electrochemistry with NC spectroscopy. Chapter 1 discusses the fundamental 

electronic and spectroscopic properties of SC NCs at different redox states. We present a brief 



 

review of some of the notable studies employing SC NC spectroelectrochemistry that provide the 

theoretical and experimental context for the following chapters. Chapter 2 presents an 

investigation on NC redox potentials of photochemically reduced colloidal ZnO NCs using a 

solvated redox-indicator method. In the one electron limit, conduction band electrons show 

evidence of quantum confinement, but at higher electron concentrations, the NC Fermi-level 

becomes dependent on the electron density across all NC sizes. Chapter 3 outlines a 

poteniometric method for monitoring the NC redox potentials in situ. NC redox potentials for 

ZnO and CdSe are measured, and as predicted from these measurements, spontaneous electron 

transfer from CdSe to ZnO is demonstrated. Chapter 4 details the impact of the surface of CdSe 

NCs on the NC redox potentials. We find that the ratio of Cd
2+

:Se
2-

 on the surface of CdSe NCs 

changes both the NC band edge potentials, as well as the maximum electron density achievable 

by photochemical reduction. These changes are proposed to arise from interfacial dipoles when 

CdSe has a Se
2-

-rich surface. 

 Chapters 5 and 6 examine the mechanistic pathways of solar water oxidation on Co-Pi 

modified α-Fe2O3 photoanodes. A rate constant analysis of water oxidation and electron-hole 

recombination paired with the identification of surface-morphology-dependent current-voltage 

characteristics reveal new insights into the role of the semiconductor/electrocatalyst interface on 

the overall solar water oxidation efficiency. These findings reconcile disparate observations from 

previous studies.  
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Chapter 1. A Review on the Spectroelectrochemistry of Semiconductor 

Nanocrystals 

1.1 Introduction 

 Since the development of simple solution-based syntheses of nearly monodisperse 

semiconductor nanocrystals (SC NCs),
1-3

 these materials have gained popularity in both 

fundamental and applied research fields. The size tunable optical and electronic properties of SC 

NCs as well as their ease of synthesis and device integration offer advantages for large-scale 

manufacturing in applications such as photocatalysis,
4-6

 photovoltaic solar energy conversion,
7-10

 

photoelectrochemical cells,
11

 battery materials,
12

 photo-detection, and LED technology
13

 that is 

unmatched by their bulk SC counterparts. Research into this promising class of materials has 

made tremendous strides elucidating the parameters that affect the SC NC physical properties, 

but simple and effective means for quantifying NC redox potentials remains a challenge. Before 

the unique electronic properties of these materials can be utilized on a large scale, they must be 

better defined.  

 Characterizing the redox chemistry of SC NCs is one of the most challenging aspects of 

colloidal SC NC research.
14

 Ex situ characterization such as scanning tunneling microscopy,
15

 

atomic force microscopy, and photoelectron spectroscopy,
9,16,17

 has been carried out to define the 

electronic energy levels in SC NCs. While these methods provide insight into the absolute 

energies of isolated SC NCs, the NCs must be taken from their native solution environment and 

placed in air or under high vacuum. As a result, critical information is lost on the solution 

chemistry of SC NCs such as surface reconstruction, ion adsorption/desorption processes, 

equilibrium processes, and solvation energies. Further investigations into the redox properties of 

suspended colloidal SC NCs are thus warranted.  

 Traditional solution based electrochemical methods have proven difficult to adapt to SC 

NCs. Cyclic voltammetry (CV), for example, is a widely used electrochemical technique to 

quantify the redox potentials of solvated small molecules. Applied to SC NCs, CV can provide 

fair agreement between the electrochemical bandgap potentials and the optical gap, but 

complications arising from irreversible redox chemistry, redox active surface states, low signal to 
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noise ratios, NC solubility, and NC colloidal instability under applied bias all hinder the use of 

CV for colloidal NCs.
14,18,19

 Additionally, variations in the SC NC band edge potentials for a 

single material as large as 1V have been reported leading to the general conclusion that CV is not 

as straightforward on NCs as it is for small molecules. Alternatively, differential pulse 

voltammetry (DPV) improves signal-to-noise ratios, and has made progress on narrowing the 

uncertainty in the assignment of band edge potentials.
20,21

 However, DPV suffers from problems 

similar to CV as the NC colloids are often unstable under bias, and the voltammogram can be 

convoluted with redox active NC surface states. Thus, classical voltammetric methods may not 

be stand-alone techniques for measuring SC NC redox potentials in situ. 

 An important and useful feature of SC NCs is their predicable spectroscopic changes 

upon introduction of band-like charge carriers: an absorption bleach of excitonic transitions and 

a simultaneous growth of comparably intense NIR-IR absorption features. Photoluminescence 

and electron-paramagnetic resonances also change upon carrier injection. These spectroscopic 

characteristics present the opportunity to discern between injection of band-like carriers and all 

other redox processes, and when coupled with solution-based electrochemistry, provide the level 

of precision required to accurately describe SC NC redox properties. The remainder of this 

chapter will focus on recent accounts of using spectroelectrochemistry as a tool to study 

electronic and optical properties of SC NCs.  

1.2 The Electronic Properties of Excess Charge Carriers in Semiconductor 

Nanocrystals.  

 It is instructive to first discuss the electronic properties and definitions of reduced and 

oxidized SC NCs. The Fermi-level (EF) is a measure of the chemical potential of the frontier-

orbital electron density in semiconductors.
22,23

 Defined as the energy at which the normalized 

probability of finding an electron at 0 K is 0.5, EF is the common formalism used to discuss the 

energetic state of a system relative to a static reference point. Figure 1.1 schematically illustrates 

EF of SC NCs at different redox states.  

 Intrinsic SC NCs are pure, stoichiometric materials with a non-zero energetic separation 

between the fully occupied valence band (VB) and the electron vacant conduction band (CB). At 

0 K, EF of intrinsic SC NCs (EF, i)
 
is positioned exactly half way between the two bands. If an 

electron is added to the SC NC, it must occupy the lowest energy unoccupied orbital, in this case, 
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the CB minimum. As a result, the SC NC is now considered n-type degenerately doped, and EF 

now resides within the CB (EF,n). The opposite is true for extracting an electron from the VB and 

forming p-type NCs (EF, p). In either n- or p-type SC NCs, the excess charge carriers occupy 

delocalized electronic bands and not localized surface states. This is an important distinguishing 

characteristic for spectroelectrochemical measurements; SC NCs often contain localized redox-

active surface states that chemically change based on the material, exposed crystal facet, and the 

ligation shell. These states can alter EF, but are practically invisible to electronic absorption 

spectroscopy, indicating that there is no carrier exchange between surface states and the 

delocalized bands (vida infra). Therefore, SC NCs are defined explicitly as n- or p-type when 

charge carriers occupy delocalized, spectroscopically active SC bands.  

 

 

Figure 1.1. Schematic illustrations of intrinsic, n-type, and p-type colloidal 

nanocrystals. 

1.3 The Spectroscopic Properties of Charge Carriers in Semiconductor 

Nanocrystals.  

 The spectroscopic characteristics of delocalized charge carriers present a useful handle 

for quantifying changes in the SC NC redox state. Figure 1.2a plots the absorption spectrum of 

colloidal CdSe NCs being gradually ‘reduced’ by populating the conduction band with 

electrons.
24-26

 Upon electron injection into the conduction band (CB), the first excitonic (inter-

band) absorption feature bleaches due to Pauli-blocking. Also known as the Moss-Burstein 

effect, the degree of the excitonic absorption bleach is a product of both the electronic 

degeneracy of the SC band edge, and the number of additional charge carriers occupying that 

band. For example, the conduction band minimum of CdSe NCs have two-fold degeneracy (1Se) 

such that when the average number of conduction band electrons (<n>) is 1, the first excitonic 
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transition bleaches by 50%.
27

 This bleach scales linearly with the number of excess carriers. If 

two electrons reside in the SC NC CB, the first excitonic transition is fully bleached. Further NC 

reduction then populates the next lowest energy (1Pe) orbital and, spectroscopically, presents as a 

bleach in higher energy transitions.
28

 In most quantum-confined SC NCs, the SC band edges are 

composed of discrete states that can be energetically resolved by absorption spectroscopy. This 

property is useful for quantifying <n>. 

 While inter-band transitions are blocked and the excitonic absorption is bleached with 

carrier introduction, intra-band electronic transitions become available. For example, the same 

1Se CB electron in reduced CdSe NCs may be photoexcited to 1Pe. The spectroscopic 

manifestation of these transitions is a NIR/IR absorption feature that gains intensity as the NCs 

become increasingly n or p-type as shown by the increasing low energy absorption feature in 

figure 1.2a. These NIR/IR transitions too can be used to quantify the number of excess carriers.  
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Figure 1.2. Spectroscopic signatures of band-like carriers in semiconductor 

nanocrystals.  

(a) The addition of CB electrons to CdSe nanocrystals bleaches band-edge absorption and 

introduces new IR intraband absorption. Visible and IR absorption as a function of 

photodoping level. The arrows show increased electron accumulation up to an average of 

two electrons NC
-1

. These data were adapted from ref. 24 and 25. (b) Photoluminescent 

decay trace for intrinsic CdSe NCs (red) and n-type CdSe NCs (blue). The inset scheme 

shows the negative trion Auger process with accelerates the non-radiative excitonic 

relaxation. These data were adapted from ref. 24 and 26. 

 

 In addition to the electronic absorption changes, the photoluminescence (PL) 

recombination dynamics change as well.
24,29,30

 Excess delocalized carriers in SC NC bands 

promote trion Auger recombination; the excitonic energy is transferred to the excess delocalized 

carrier resulting in non-radiative excitonic recombination and promotion of the excess carrier to 

a ‘hot’ state. Macroscopically, this phenomenon dramatically decreases photoluminescence 

quantum yield (PLQY) relative to the NC's intrinsic state. Although the change in PLQY 

qualitatively indicates injection of excess charge carriers, other factors that alter PLQY with 

changes in EF, such as mid-gap surface-state passivation,
31,32

 complicate the quantitative 
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analysis. Therefore, electronic absorption spectroscopy is the primary spectroscopic tool used to 

analyze the redox state of SC NCs.  

 The faithful spectroscopic signatures of n- or p-type SC NCs are integral to studying NC 

redox properties, as well as utilization for applications involving NC chromatics.   

1.4 Spectroelectrochemistry of Semiconductor Nanocrystals 

 Spectroelectrochemistry of SC NCs simultaneously employs both spectroscopy and 

electrochemistry to analyze either the electrochemical potential or spectroscopic changes of SC 

NCs both under equilibrium and non-equilibrium conditions. A schematic illustration of a typical 

spectroelectrochemical cell is shown in figure 1.3. The electrochemical portion of this 

experiment uses a three-electrode configuration comprising a working, counter, and reference 

electrode, which are submerged in an organic electrolyte medium with the NCs. The working 

electrode can range in material from transparent conducting oxides (TCOs) to a simple platinum 

wire. The important criterion of the working electrode is that the electrochemical potential of the 

electrode/electrolyte junction under potentiostatic bias is equal to the input bias of the 

potentiostat relative to the reference electrode (i.e. the electrode must be an electrical conductor), 

and the NC surface must be able to sample this electrified interface. The reference electrode can 

range in material as well. Because SC NC spectroelectrochemical experiments are often carried 

out in organic electrolyte media, the typical reference electrode of choice is a silver wire pseudo-

reference, but Ag/AgCl leakless electrodes, and Ag/AgNO3 electrodes can be used as well. Silver 

wire pseudo-reference electrodes are generally preferred as problems arising from junction 

potential build-up and electrolyte-leakage are alleviated. As the name implies however, pseudo-

reference electrodes do not have a well-defined redox potential, and are subject to change in 

different electrolytes based on the Ag|Ag
+
 equilibrium in the particular medium. Thus internal 

standards, such as ferrocinium/ferrocene, are added to the solution as an internal reference.  The 

counter electrode is, in most cases, a platinum wire that provides a conductive channel for a 

continuous circuit. Figure 1.3 schematically illustrates a typical spectroelectrochemical setup. In 

this configuration, the electrodes may be used to perturb the SC NCs while light is passed 

through the sample as a probe, or vice versa. Several configurations of SC NC 

spectroelectrochemistry have been carried out, and a few are discussed below. 
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Figure 1.3. Schematic illustration of a typical spectroelectrochemical apparatus. 

  

 The first comprehensive and unambiguous spectroelectrochemical investigation of 

colloidal SC NCs came from Guyot-Sionnest and coworkers in 2001.
33

 EF of colloidal CdSe and 

CdSe/ZnS core/shell NCs were voltammetrically controlled while electronic reflectance spectra 

were recorded. Figure 1.4 shows the UV/vis/NIR electronic reflectance spectra of colloidal CdSe 

NCs at open-circuit and under negative bias. At open circuit, the NCs are approximately intrinsic 

SCs, but upon application of a negative bias, the first excitonic transition bleaches, and growth of 

the NIR absorption feature becomes apparent. Both spectral phenomena are fully reversible 

when the electrochemical cell is brought back to open circuit, indicating reversible CB electron 

injection into the colloidal NCs.  

 To test the effects of quantum confinement on electron injection, the authors measured 

the electrochemical potential of the integrated NIR absorbance for different CdSe NC sizes. 

These data are shown in figure 1.4b. Consistent with predictions from Brus,
34

 the authors found 

that the necessary electrochemical potential for CB electron injection was dependent on the NC 

size. The normalized NIR/IR absorption plotted as a function of the applied potential shows 

similar sigmoidal shapes for all NC sizes, but the NIR/IR onset shifts cathodically (negative) as 

the size of the CdSe NC decreases. Modeling these data, the authors show that the negative shift 

is in good agreement with the predicted CB energy shifts from quantum confinement, as shown 

in the inset in figure 1.4b.  
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Figure 1.4. Absorption spectra of colloidal CdSe NCs under voltammetric bias  

(a) Electronic absorption spectra of 5.8 nm diameter CdSe nanocrystal film at 0 V 

(dashed line) and -1.7 V (solid line). The inset shows IR spectra of 5.0 nm CdSe NC film 

at 0 and -1.221 V. (b) Potential dependence of IR absorption of 4.2 nm (open triangles), 

5.4 nm (solid triangles), 5.8 nm (open circles), and 6.8 nm (solid circles) diameter CdSe 

nanocrystal films. The lines are least-squares fits from quasi-equilibrium approximations. 

The inset shows the dependence of the reduction potentials of nanocrystals on the 

confinement energy, (Ex-Eg). Ex is the first exciton transition energy measured from the 

optical absorption spectrum. Eg is the room temperature bulk band gap. VR is with respect 

to Standard Hydrogen Electrode. Solid and open circles are results from the measurement 

of nanocrystal films and solutions. These data were adapted from refs. 33 and 35. 

 

 The third spectroscopic signature of electron injection, photoluminescence, was also 

investigated. Figure 1.5 plots the PL of core/shell CdSe/ZnS NCs at different NC redox states. 

Upon application of a negative bias, the PLQY nearly instantaneously drops by ~60 %. When the 

electrochemical cell is brought back to open circuit, the PL slowly recovers over the period of 

~60min. This process was repeated several times and is shown to reach nearly the same level of 

PL quench and recovery for each cycle, indicating the reversibility of electron injection. The 

authors did note, however, that the PL was not as quantitatively reproducible as the absorption 

spectroscopy experiments, and that the PLQY did gradually decrease over multiple cycles. These 

changes were attributed to the formation of mid-gap surface-trap states (which are well known to 

alter the PLQYs of semiconductor nanocrystals) upon electrochemical cycling. Nevertheless, the 

combination of excitonic, and intra-band absorption, paired with the PL changes of NC size 
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dependent electron injection unambiguously demonstrate the electrochromism of CdSe NCs, and 

the utility of spectroelectrochemistry for SC NC materials.  

 

 

  

Figure 1.5. Photoluminescence of colloidal CdSe NCs under voltammetric bias  

(a) Integrated photoluminescence intensity of CdSe/ZnS core/shell nanocrystals (core 

diameter 4 nm) at different potentials. The photoluminescence is quenched at −1.5 V and 

recovers at 0 V. The photoluminescence may be quenched further at longer duration of 

applied potential or at higher potentials. (b) Photoluminescence spectra at 0 V (i), at 3 

min after setting the potential to −1.5 V (ii), and at 25 min after resetting the potential to 

0 V (iii). (c) Photographs of the sample cell illuminated by a handheld UV lamp at 0 V 

(i), 3 min after applying a potential of −1.5 V (ii), and 25 min after resetting the potential 

to 0 V (iii). The exposure time is the same in all three images. These data were adapted 

from ref. 33. 

 

 Since this pioneering investigation many subsequent reports have employed 

spectroelectrochemistry to elucidate the physical properties of SC NCs. In the following sections 

we compare different spectroelectrochemical configurations of SC NCs, namely NC thin films 

versus NC colloids, and discuss the experimental detection of different NC properties.  
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1.5 Thin films. 

 SC NC thin films are ubiquitous in nano-materials research.
12,13,36-44

 As a colloidal 

suspension, SC NCs can be directly deposited onto conductive surfaces and still retain their 

spectroscopic and electronic properties, making them solution-processable building blocks for 

higher order electronic and optoelectronic architectures.
36,45

 The ability of SC NCs to maintain 

their unique physical properties when transformed from colloidal suspensions to solid-state 

devices is one of the most important aspects of this class of materials for many of their proposed 

applications. In the following section, we present a brief summary of the methodological 

development of SC NC spectroelectrochemistry for oxide and chalcogenide NC thin films, and 

discuss some of the significant findings.  

1.5.1 Oxides 

 Some of the earliest accounts of spectroelectrochemical analysis of SC NCs employed 

ZnO NCs deposited onto transparent conducting oxide electrodes. Originally, these experiments 

sought to clarify the origin of a blue shift in the excitonic absorbance when colloidal NCs were 

mixed with organic free radicals.
46

 In 1995 Hoyer and Weller studied the electrochromism of 

sol-gel derived nanocrystalline ZnO thin films.
47

 They observed a reversible blue shift in the 

excitonic absorbance spectrum and electrochemical capacitive charging upon application of 

negative potential to the ZnO NC thin film. However, due to large size dispersion of the ZnO 

NCs, the authors could not conclude definitively whether electrons were deposited in the ZnO 

CB, or localized surface trap states. Nevertheless, Hoyer and Weller first demonstrated that the 

spectroscopic properties of ZnO NCs could be controlled electrochemically in a thin film 

configuration.  

 Meulenkamp, Vanmaekelbergh and coworkers later confirmed that CB electrons could 

indeed be electrochemically injected into the ZnO NC CB.
48-53

 Adapted from ref. 51, figure 1.6a 

plots the differential capacitance (ΔQ(μe)) of ZnO NC thin films in an electrochemical field 

effect transistor device (also known as electrochemical gating
54

) from these experiments. Here, 

ΔQ(μe) coincides with a bleach in the ZnO NC excitonic transition, indicating an increasing CB 

electron population. Fit to an orbital-filling model (S-P-D) of quantum confined ZnO NCs, 

ΔQ(μe) was deconvoluted into individual atomic-like orbitals (shown by the dashed and dotted 
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lines in fig. 1.6a). The energetic contributions of orbital filling, electron-electron repulsion (Ee-e), 

and NC dielectric polarization from electron injection (Epol) could then be ascertained. The S-P-

D orbital filling energies were concluded to be size dependent, as expected, and were in fair 

agreement with those obtained from IR spectroscopy.
50

  

 In addition to the capacitive charging, the authors also measured changes in film 

conductivity (R
-1

) and electron mobility (μe) as a function of NC electron injection (figure 1.6b). 

From these data, R
-1

 increases with an increasing number of conduction band electrons (<n>), 

and μe exhibits several maxima when the ZnO films are charged to different degrees. Plotting μe 

as a function of <n>, μe maximizes when the ZnO NC CB orbitals (1Se, 1Pe) are partially filled. 

The highest electronic mobility in an otherwise insulating material exists when no thermal, or 

electronic barrier blocks the electron-transport mechanism. In the case of these ZnO NCs, that 

criterion is met when the CB orbitals are partially filled.
49

 Thus R
-1

 and μe show the expected 

pattern of conduction for these quantum confined ZnO NCs. Despite some controversy,
55,56

 the 

correlation between the spectroscopic and electrochemical signatures as well as the electron 

mobility changes associated with charge injection allowed the authors to firmly conclude that 

electrons were in fact injected in the ZnO NC CB upon an electrochemical bias. Similar results 

were obtained for CdSe NC thin films.
57

 

 

 

Figure 1.6. Electron injection into ZnO NC thin films  

(a) Differential capacitance measurements (closed circles) ΔQ(μe), expressed in electrons 

per dot of d = 3.9 nm ZnO NC thin films permeated with water with a phosphate buffer. 

The solid lines give the best fit obtained with the sum of single-electron addition 

functions (example ΔQ(S
0
S

1
)) calculated from quantum confined shell filling model. 

(b) The source/drain conductance (R
-1

) and the corresponding electron mobility (μ) as a 

function of <n> of d =3.9 nm ZnO in aqueous phosphate electrolyte. (c) The relative 

absorbance as a function of the average number of electrons for the water and PC 
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systems. The relative absorbance is defined as the quenching of the absorbance between 

3.3 and 4.0 eV divided by the total absorbance between 3.3 and 4.0 eV at 0 V. The IR 

absorbance is shown in the inset as a function of <n>. These data were adapted from ref. 

51. 

 Interestingly, the electrolyte in these experiments strongly influenced the electrochemical 

properties of the ZnO NCs; the electron injection potential into the 1S orbital of ZnO varied by 

several hundred mV for water versus propylene carbonate (PC). Additionally, the maximum 

number of conduction band electrons <nmax> was shown to nearly double in water vs PC. The 

authors rationalized these observations by considering Ee-e
 
to change in the different electrolyte 

media. From the modeled differential capacitance data in aqueous/phosphate vs 

PC/[Bu4N][ClO4] solutions, the authors found that Ee-e < kT (kT ~25 meV) in water, whereas Ee-e 

= 200 meV in PC. The authors propose that protons in water adsorb to the surfaces of ZnO NCs 

and reduce Ee-e within the bulk of the NCs.
 
Conduction band electron charge compensation later 

became a topic of great interest in n-type ZnO NCs.
24,58-61

 The conclusion that conduction band 

electrons in ZnO NCs could be controlled by means of electrochemistry provided a strong 

foundation for future spectroelectrochemical investigations on oxide NCs, and experimentally 

verified the theoretical framework for electronic conduction in NC thin films.  

 While these earlier studies of oxide NCs relied on spectroscopy of the excitonic 

absorption bleach to characterize CB electrons, recent investigations have switched focus to the 

NIR/IR intra-band absorption feature, also described as localized surface plasmon resonances 

(LSPR).
42,62

 The broad and intense NIR/IR absorption band that grows in with increasing carrier 

density can be exploited for both fundamental and applied objectives. Indeed one of the most 

promising aspects of doped oxide NC assemblies is the possibility of utilizing their 

electrochromic properties for smart window applications.
13,37,42

 With the ability to accommodate 

carrier densities on the order of 10
21 

cm
-3

, manipulation of the NIR/IR absorption band of oxide 

NCs can be achieved through synthetic, post-synthetic, and electrochemical means.
42

 An 

example of both synthetic and electrochemical modulation of the NIR/IR absorption band is 

plotted in Figure 1.7 from the Milliron group.  

 Figure 1.7a plots the optical density of d = 4.1 nm tin doped indium oxide (ITO) 

nanocrystals deposited onto a glass substrate in LiClO4/PC electrolyte at various applied 

potentials. Here, CB electron charge compensation is afforded internally through aliovalent Sn
4+
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dopants within the In
3+

 lattice, and conduction band electrons are therefore present at open 

circuit giving rise to the broad and intense NIR/IR absorption. As either anodic (positive) or 

cathodic (negative) bias is applied to the NC thin film, modulation of the NC CB electron density 

is observed via a change in the peak position and intensity of the NIR/IR absorption band. This 

modulation is described by a modified form of the Drude equation.
62

 At the most oxidizing 

potential measured, 4.0V vs Li
+
/Li, the NIR/IR absorption feature is nearly eliminated indicating 

a near complete extraction of majority charge carriers relative to the equilibrium electron 

concentration. Due to the extraction of electrons upon positive bias and the static arrangement of 

the Sn
4+

 dopants within the NC, the authors propose that ITO NCs develop a depletion region 

near the surface of the NCs under positive bias. While typically reserved for bulk SCs, this 

hypothesis predicts that, given a constant donor density, the size of the ITO NC dictates the 

amount of charge extracted at a given potential, which is reflected in the NIR/IR absorption.
63,64

 

To test this, the authors performed spectroelectrochemical measurements on three different sizes 

of identically doped ITO NCs. The results are presented in figure 1.7b.  

 

 

Figure 1.7. LSPR modulation of ITO NC thin films  

(a) Optical density at different applied voltages of an ITO nanocrystal network film with 

4.1 nm diameter, 16.8% Sn nanocrystals. (b) Change in optical density between 1.5 V 

and 4 V (vs. Li/Li+) for various nanocrystal sizes, each with 4.65 ± 0.25% Sn. The ITO 

films were prepared from formic acid capped ITO NCs spin cast onto a glass slide and 

were measured in a LiClO4 propylene carbonate electrolyte. These data were adapted 

from ref. 42 and 65. 

 

 Figure 1.7b plots the change in the optical density between 1.5 V and 4 V for the three 

different sizes of ITO NCs of the same tin content. In accord with their proposed depletion 
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region hypothesis, the change in the OD between 1.5 and 4V decreases as the size of the NC 

increases. The dielectric screening from a depletion region within ITO NCs limits the effective 

potential of the electrochemical bias to a finite distance within the NC. As the size of the NC 

increases, the depletion region becomes smaller than the radius of the NC and the donor density 

near the center of the NC is decoupled from the applied bias resulting in a decreased modulation 

of the NIR/IR absorption band. Depletion region effects have also been proposed to account for 

non-ideal NIR/IR absorbance modulation in antimony doped tin oxide (ATO).
66

 

 LSPR modulation with doped SC NC oxides has garnered increasing attention for 

applications in smart window technology. Including ITO, nanocrystal materials such as 

aluminum doped zinc oxide (AZO),
67

 antimony doped tin oxide (ATO),
66

 cesium doped tungsten 

oxide (Cs:WO3),
68

 and niobium doped titanium oxide (Nb:TiO2)
69

 show promising 

electrochromic properties for such applications. Indeed tuning the spectroscopic properties of 

doped SC NC oxide thin films under electrochemical bias is a scientifically rich field that will 

likely see increasing attention as NC thin-film technology matures.  

1.5.2 Chalcogenides 

 Since the initial report by Guyot-Sionnest and coworkers on the electrochromic 

properties of CdSe NCs, several experimental bottlenecks have been identified with using 

voltammetry on colloidal NCs for NC spectroelectrochemistry. In particular, the NC 

charge/discharge time is diffusion-limited when the NCs are suspended in solution, where tens of 

minutes are required for full reduction and recovery of NCs suspended in a 300 μM thick 

electrochemical cell.
33,70

 Practical optoelectronic devices require charge/discharge times to be 

nearly instantaneous to the human eye (ms), and thermodynamic measurements of NC electronic 

properties require limited kinetic interference from processes such as diffusion. Therefore, NC 

chalcogenide thin films became of great interest for research into these materials. 

  Deposited as thin-films without post-treatment surface modification, the 

spectroelectrochemical charge/discharge response of CdSe NC redox processes was improved to 

the single minute timescale,
35

 however still lacking the desired functionality. Further 

improvements came with post-synthetic interparticle cross-linking treatments.
57,71

 NCs treated 

with diamine or dithiol terminated linear hydrocarbons of various lengths tether the SC NCs both 

to the conductive substrate, and to one another, resulting in a semi-ordered NC super lattice that 
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is conductive and permeable to charge-balancing counter-ions. Through cross-linking, the 

charge/discharge times improved to the ms timescale, film conductivity improved by ~3 orders 

of magnitude (depending on the degree of NC reduction and the specific cross-linking ligand), 

and the NC film assembly could be electrochemically cycled more than 10,000 times with 

minimal signs of degradation.
71

 Cross-linking is now instrumental for NC based solar cell, field-

effect transistor, and photoconductive technologies.
13,37

  

 In the years since the advent of NC cross-linking, various chalcogenide NC materials 

have been measured in this configuration including CdSe,
57,72-76

 CdTe,
77,78

 PbS,
79

 PbSe,
80-83

 as 

well as inter-particle electron-transfer studies of heterogeneous cross-linked NC thin films.
80,84

 

Indeed, modifying the electronic structure of the cross-linking ligands themselves to manipulate 

the NC thin film characteristics is a field in and of itself.
85

 As NC cross-linking is still relatively 

new, however, the properties of these structures are still under investigation. One such property, 

the inter-particle void volume, was investigated by Houtepen and coworkers in 2013 for 

electrochemically reduced CdSe NCs.
73

  

 Figure 1.8a shows the excitonic absorption spectrum of d = 8nm CdSe NCs cross-linked 

with 1,8-octanediamine (8DA) in an anhydrous solution of deaerated acetonitrile with LiClO4 as 

the electrolyte. At open circuit the NC film is nearly intrinsic, but upon step-wise application of a 

negative bias, the excitonic feature bleaches, and a capacitive current is recorded, both 

observations indicative of CB electron injection. NC CB electron injection was found to be 

reversible when the negative bias was removed. To quantify <n> (V), the authors modeled the 

excitonic absorbance spectrum (accounting for CB state-filling) at each potential step and 

calculated the differential relative bleach. Comparing several NC sizes in these thin films, the 

authors found a strong correlation between the NC size and <nmax>. The authors hypothesized 

that the size dependent <nmax> is not intrinsic to the CdSe NCs, but instead is a result of the 

geometric dimensions of the inter-particle void volume within the NC thin film that limits the 

intercalation of CB electron charge-compensating ions. To test this hypothesis, the authors 

examined the effects of extrinsic factors on CdSe NC reduction, such as the size of the charge-

balancing counter-ion, and the length of the cross-linking ligand. Their results are plotted in 

figure 1.8b and c.  
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Figure 1.8. Spectroelectrochemistry of cross-linked CdSe NCs  

(a) The absorption spectrum of 1,8-octanediamine-cross-linked (8DA) d = 8 nm CdSe 

NC (black continuous line) thin film fitted by multiple Gaussians (black dashed lines). 

The colored spectra show the differential absorbance upon application of an increasingly 

negative bias. The CB electron orbitals are indicated by vertical dashed lines. The 

supporting electrolyte is 0.1 M LiClO4 in anhydrous acetonitrile. (b) Bleaching of an 

8DA-linked d = 8nm CdSe NC film in acetonitrile electrolytes using cations of increasing 

size: from lithium (Li
+
, squares) to tetrabutylammonium (TBA, upward triangles) to 

tetraoctylammonium (TOA, downward triangles). (c) Experimentally determined <nmax> 

(bars) and calculated void volume assuming stiff ligands (line with crosses) and flexible 

ligands (line with open circles), respectively. The films are categorized by their diameter 

and their ligand length, the latter ranging from two (2DA) to eight (8DA) CH- units. (d) 

Potential dependent relative absorption bleach for NC films of d = 8 nm CdSe NCs with 

8DA ligands, grown for three (triangles), ten (squares) and twenty (circles) layer-by-layer 

cycles, respectively. These data were adapted from ref. 73. 

 

 From figure 1.8b, as the size of the electron charge-compensating counter-ion increases 

from lithium (Li
+
) to tetra-octylammonium (TOA), the onset potential for CB electron injection 

is shifted cathodically (negative) and the differential relative bleach profile broadens. This shift 

and broadening with increasing counter-ion size is consistent with a counter-ion diffusion barrier 

within the NC film as a result of finite void volumes. Figure 1.8c plots the dependence of <nmax> 
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on the ligand length for four sizes of CdSe NCs. Decreasing the length of the cross-linking chain 

was found to decrease <nmax> and cathodically shift the onset potential for CB electron injection, 

again consistent with void-volume-limitations. In the absence of effective coulombic charge 

stabilization for CB electrons from solution-based cations, the CdSe NC reduction potential 

shifts cathodically and <nmax> decreases. Such an effect is observed here as <nmax> and EF 

change by tuning the inter-NC-void-to-cation-size ratio. The implications of such an observation 

are important for understanding the spectroelectrochemical properties of NC thin films; the 

electron injection potential for cross-linked NC films are not strictly NC dependent, but are 

conflated with properties of the NC film, such as void volume. The consequences of such a 

conclusion are nicely illustrated by the NC film thickness dependence, plotted in figure 1.8d.   

 From figure 1.8d, the onset potential for CB electron injection in an otherwise identical 

CdSe NC thin film is shifted cathodically by ~400 mV as the film thickness increases from 3 to 

20 deposition cycles (1 cycle = 1 NC monolayer addition). Changes in the slopes are also 

observed, where, the thinnest NC film (3 cycles) shows the steepest slope and the thickest (20 

cycles) shows the flattest slope, thus altering the differential relative bleach. Conflating thin-film 

effects, such as inter-NC void volume, thus hinders the interpretation of electrochemical values 

for NC reduction in a thin film configuration.  

 One possible way to circumvent thin-film-induced effects such as inter-particle void 

volume, and isolate the electrochemical properties of the NCs themselves, is to measure NC 

redox potentials in the limit of one NC monolayer. Due to the small absorption cross-section of 

SC NCs, however, perpendicular optical transmission experiments are difficult to conduct in this 

limit. Instead, utilizing the electro-active substrate as an optical waveguide through attenuated 

total internal reflectance spectroscopy (ATR) can sidestep this limitation by providing a larger 

optical cross-section for a single monolayer of SC NCs. Saavedra and coworkers applied this 

technique to sub-monolayer thick CdSe NCs and nanorods tethered to an ITO coated ATR 

substrate.
86,87

 Figure 1.9 shows a schematic illustration of potential modulated attenuated 

reflectance spectroscopy (PM-ATR) of CdSe NCs. 

 In this configuration, the CdSe NCs are tethered to the surface of an ITO electrode by a 

thiolate-terminated olifatic acid, which is pre-deposited onto an optical waveguide. Prismatic 

direction of the absorbance probe beam through the waveguide induces total internal reflection 

along the length of the substrate, and the NC absorbance is sampled several times. When the 
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probe beam reaches the end of the waveguide, the remaining light is detected with a 

photomultiplier tube, and converted into absorbance. Connected to an external potentiostat, the 

ITO-ATR substrate provides a conductive medium to apply an electrochemical bias to the NCs. 

In this particular study, the authors modulate the potential through a range of frequencies to 

quantify the sample impedance and consequently the electron transfer rate constants to and from 

the CdSe NCs. 

 

 

Figure 1.9. PM-ATR of monolayer thick CdSe NCs  

(a) Schematic view of PM-ATR spectroelectrochemistry for monolayer-tethered NCs. 

Light is prism-coupled into and out of an ITO-coated waveguide, with CdSe NCs 

chemisorbed at the electrode/solution interface. The ITO electrode potential is modulated 

±50 mV about −1.47 V vs Fc/Fc
+
, which is the midpoint potential (Eapplied) for reversible 

electron injection into the tethered NCs. The real (Re) and imaginary (Im) components of 

the ac portion of the electroreflectance response (Rac) are monitored as a function of the 

modulation frequency, which is varied from 0.1 Hz to 1 kHz. (b) Representative ATR 

spectra obtained for a submonolayer film of d = 5 nm CdSe NCs adsorbed on 3-

mercaptopropionic acid-modified ITO, immersed in 0.1M TBAClO4/acetonitrile 

electrolyte, as a function of applied potential. The first excitonic transition is reversibly 

bleached at a midpoint potential of −1.47 V vs Fc/Fc
+
 (−1.1 V vs normal hydrogen 

electrode (NHE)). Above the spectra is a schematic view of estimated frontier orbital 

energies of these 5.0 nm NCs with respect to vacuum. These data were adapted from ref. 

86. 
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 Figure 1.9b shows the absorption spectra of increasingly negatively biased CdSe NCs. At 

open circuit, the NC film is nearly intrinsic, but as the ITO is biased negatively, a bleach of the 

first excitonic absorbance becomes apparent. The authors report the value of the one electron 

reduction in these CdSe NCs as -1.47 V vs Fc
+
/Fc. Importantly, this reduction potential is 

independent of the length of the molecular tether indicating that the measured redox potential is 

indeed a property of the SC NC and not the thin film architecture. Such a configuration, while 

complex and delicate, provides architecture-independent redox potential measurements that 

thicker films cannot attain.  

 SC NC thin film spectroelectrochemistry is indeed a powerful tool for investigating the 

physical properties of these materials.  While not discussed in detail here, the photoluminescent 

properties of SC NC thin films have also been explored using spectroelectrochemistry. 

Electrochemical control of SC NCs immobilized onto films has enabled researchers to 

investigate the effects of redox active surface-states, and the non-radiative relaxation pathways 

both in ensemble,
32,77,78,88,89

 and single particle measurements.
29,90-92

 Coupling electrochemistry 

to PL spectroscopy has shed light onto the photophysical processes of non-equilibrium SC NCs 

that would otherwise be extremely difficult to probe. 

 Spectroelectrochemistry of SC NC thin films is an increasingly popular method of 

quantifying the redox potentials of NC optical and electronic properties. The fast voltammetric 

response coupled with the ease of measurement and device fabrication makes these 

configurations a popular choice for NC interrogation. However, information on the interaction of 

NCs with their native solution environment is lost. Questions pertaining to NC equilibria, surface 

reconstruction, and solvent interactions require SC NCs to remain suspended during experiment. 

In the following section we discuss a few examples of NC redox potential measurement of 

solvated NCs.  
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1.6 Spectroelectrochemistry of Nanocrystal Colloids. 

 Investigating the physical properties of SC NCs without introducing effects related to 

cross-linking or film deposition has proven difficult. However, several groups have devised 

creative methods for interrogating such properties. For example, Bard and coworkers exploited 

SC NC luminescence to measure their redox properties through electrochemiluminesce (ECL).
93-

96
 ECL relies on radiative inter-particle electron-transfer reactions between electrochemically 

generated reduced and oxidized NCs. Probing the NC luminescence during voltammetric sweeps 

thus provides a spectroscopic indication of electron injection or extraction from NCs. An 

example of this work is shown in figure 1.10.  

 Figure 1.10a plots the CV curve of colloidal CdSe NCs overlaid with the ECL curve. 

From the CV, no clear redox features are evident in the measured potential range as is common 

for colloidal SC NC CV. The ECL curve, however, shows a sharp onset in both the cathodic and 

anodic sweep directions. The voltage difference in the onset for ECL between the anodic and 

cathodic sweeps is in close agreement with the NC optical band gap, and the observation that the 

both anodic and cathodic voltage sweeps generate luminescence suggests that both the CB and 

VB are voltammetrically reduced and oxidized. From uni-directional sweeps (only generating 

one charged NC species) however, ECL is still generated. Because only one NC redox state 

(either reduced or oxidized) is generated from a uni-directional sweep, the authors speculate that 

under their circumstances, the annihilation mechanism that generates luminescence may arise 

from NCs with band-like carriers interacting with solution impurities and/or other NCs with mid-

gap redox active surface states.  
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Figure 1.10. Electrochemiluminescence of collidal CdSe NCs  

(a) Cyclic voltammogram (scan rate 1V/s, solid line) and ECL curve (dotted line) of 

CdSe NCs in 0.1M TBAP CH2Cl2 electrolyte. (b) Photoluminescence (dashed) and ECL 

(solid) spectra of CdSe NCs at +2.3 and – 2.3V. These data were adapted from ref. 93. 

  

 To investigate the origin of the annihilation mechanism in more detail, the authors 

compare the ECL spectrum with the PL spectrum, plotted in figure 1.10b. Comparing these two 

spectra, there is a clear red-shift in the ECL spectrum relative to the PL spectrum, leading to the 

conclusion that the ECL of these CdSe NCs arises from band-like carriers interacting with NC 

surface-states or solution impurities rather than other band-like carriers. In a follow-up study, the 

ECL spectrum of surface-passivated core/shell CdSe/ZnS colloidal NCs was investigated.
95

 The 

authors found that the core/shell ECL spectrum matches closely with the excitonic PL spectrum, 

ruling out the possibility of solution-impurity-based annihilation mechanisms, and revealing that 

the bare CdSe NC ECL annihilation mechanism arises from the interaction of band-like carriers 

with NC surface states. Between the ECL studies on CdSe and CdSe/ZnS NCs, the authors show 

that the ECL signal is sensitive to the NC surface and can be used to probe the electrochemical 

potential of surface states as well as the electrochemical band gap. ECL studies were also carried 

out on colloidal CdTe
96

 and Si
94

 NCs, and has been found to be valuable in biological sensing 

applications.
97

 Although ECL methods have realized some success for measuring NC redox 
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properties in solution, complications similar to those experienced with CV measurements arise, 

thus requiring alternative methods to quantify NC redox potentials.  

 The robust charge-transfer characteristics of semiconductor surfaces coupled with SC 

NCs' ability to accommodate several excess charge carriers per NC make them ideal candidates 

for direct chemical reduction, otherwise known as remote chemical doping.
24

 Indeed some of the 

earliest accounts of carrier introduction into SC NCs involved chemical reduction.
46,98

 When 

molecular species with a well-defined redox couple and colloidal NCs are mixed together, a 

redox-equilibrium is established. This equilibrium can be described by the Nernst equation to 

ascertain the electrochemical potential of band-like carriers in colloidal SC NCs. Though this 

method lacks the convenience of a potentiostat, it supplants the need for making NC/electrode 

contact thus bypassing several difficulties associated with NC voltammetry. An example of this 

technique from the Klimov group is shown in figure 1.11 where PbSe and PbS NCs are 

chemically reduced using solvated cobaltocene (Cp2Co).
99

 

 Figure 1.11a shows absorption spectra for a size-series of colloidal PbSe NCs with and 

without Cp2Co. Without Cp2Co, the absorbance of the NCs indicates that all of the PbSe NCs are 

nearly intrinsic, but when Cp2Co is added to the solution, a bleach of the excitonic transition 

becomes apparent, indicative of electron injection. For a given Cp2Co/NC ratio, the magnitude of 

this bleach is proportional to NC size. A full bleach of the 8-fold degenerate 1Se state is apparent 

for the largest PbSe NC sample (d = 7.9 nm), and no bleach is observed for the smallest PbSe 

NCs (d = 2.7nm). The authors invoke quantum confinement as the limiting factor for electron 

accumulation in PbSe of different sizes. Figure 1.11b plots the experimentally determined 

conduction band-edge potential as a function of NC size,
16

 as well as the redox potential of 

Cp2Co. Plotted in this manner, the data in figure 1.11a follow the expected trend for size-limited 

equilibrium charge injection into PbSe NCs.  
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Figure 1.11. Equilibrium charge injection into PbSe NCs  

(a) PbSe NC-size dependent electronic absorption spectra before (solid lines) and after 

(dashed lines) treatment with cobaltocene; color-coding matches that in panel b. (b) The 

redox potential of cobaltocene (dashed gray line) in comparison to the conduction band 

states in PbSe (solid black line) and PbS (dashed-dotted black line) NCs. The colored 

ovals correspond to the samples from panel a. (c) Normalized absorption intensity 

Δαi/αi (i = 1, 2, 3) in each transition (α1: red squares; α2: green circles; α3: blue triangles) 

for PbSe NCs as a function of the cobaltocene concentration. Inset: PbSe NC absorbance 

spectrum deconvoluted into individual NC transitions (α1, α2, and α3). These data were 

adapted from ref. 99.  

 

 To gain deeper insight into the effects of equilibrium charge injection, the authors carried 

out an analysis of the Cp2Co/NC concentration dependence. Figure 1.11c plots the spectrally 

deconvoluted PbSe NC excitonic bleach fraction for the three lowest energy transitions (Δαn/α0 n 

= transition number 1,2,3) as a function of the Cp2Co concentration. From figure 1.11c Δα1/α0 

shows a strong dependence on the Cp2Co concentration between 10 μM and 100 μM where this 

transition is near completely bleached at 100 μM. Δα2/α0
 
follows the same trajectory as Δα1/α0, 

but saturates at Δα2/α0 = 0.5. The authors argue that Δα2/α0 derives a portion of its absorption 

intensity from the 1Ph1Se transition, thus electrons occupying the 1Se orbital partially block 

the α2 transition. The highest order optical transition measured, Δα3/α0, shows little or no 

dependence on the Cp2Co concentration indicating that the 1Pe orbitals are indeed electron 

vacant. Thus all CB electrons reside in the 1Se states, lending credence to the argument that the 

α2 spectral feature is composed of more than one electronic transition.   

 While the authors do not carry out a detailed analysis on the change in EF as a function of 

increasing <n>, EF may be estimated from their data. For the d = 7.9nm PbSe NCs, <nmax> 
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occurs at a Cp2Co/Cp2Co
+
 ratio of ~100:1. Using the Nernst equation (EF = E

0
 – 0.0257* ln 

[Cp2Co/Cp2Co
+
] and E

0
 = -1.33V vs Fc

+
/Fc

100
) we estimate that EF ~ -1.31V vs Fc

+
/Fc when <n> 

= 8, whereas EF = -1.28 V at <n> = 1, resulting in an observed change of 30 mV between <n> = 

1 and <n> = 8. Indeed, a 30mV range for a full 1Se bleach is much less then that observed on NC 

cross-linked films,
81,82

 but this difference may be related to film-induced void-size limitations as 

discussed above. Similar discrepancies in the potential of sequential electron injection have been 

observed in ZnO NCs between colloids
60,101

 and thin films.
49,52

 Comparison of NC redox 

potentials between colloids and thin films thus requires further exploration to reconcile these 

observations.  

 Spectroelectrochemical measurements of colloidal NCs are still a relatively unexplored 

field, and may offer an alternative to the thin film configuration for investigating the redox 

properties of SC NCs. For developing fields such as NC solar photocatalysis, colloidal NC redox 

potentials are of great interest. A portion of this thesis is dedicated to the spectroelectrochemical 

investigation of colloidal SC NCs. 

 

1.7 Conclusions 

 Spectroelectrochemistry of semiconductor nanocrystals is a powerful technique for 

elucidating the physical properties of this class of materials. With comparative instrumental ease, 

spectroelectrochemical measurements offer information similar to vacuum ionization 

measurements, but in a more flexible manner. The ability to perturb EF through an external bias 

while monitoring the spectroscopic properties of the SC NCs provides researchers the ability to 

probe these materials under many different experimental conditions. Currently, however, it is 

unclear if the measured properties of NCs immobilized onto thin films translate to those 

suspended in solution. This thesis will examine the electrochemical properties of n-type SC NCs 

suspended in solution, as well as introduce new methods for the perturbation and detection of NC 

EF without the use of an external electrochemical bias.  
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Chapter 2. Redox Potentials of Colloidal n-Type ZnO Nanocrystals: 

Effects of Confinement, Electron Density, and Fermi-Level 

Pinning by Aldehyde Hydrogenation 

 
Adapted from: Carroll, G. M.; Schimpf, A. M.; Tsui, E. Y.; Gamelin, D. R. J. Am. Chem. Soc. 

2015, 137, 11163. 
 

2.1 Overview 

 Electronically doped colloidal semiconductor nanocrystals offer valuable opportunities to 

probe the new physical and chemical properties imparted by their excess charge carriers. 

Photodoping is a powerful approach to introducing and controlling free carrier densities within 

free-standing colloidal semiconductor nanocrystals. Photoreduced (n-type) colloidal ZnO 

nanocrystals possessing delocalized conduction-band (CB) electrons can be formed by 

photochemical oxidation of EtOH. Previous studies of this chemistry have demonstrated 

photochemical electron accumulation, in some cases reaching as many as >100 electrons per 

ZnO nanocrystal, but in every case examined to date this chemistry maximizes at a well-defined 

average electron density of <Nmax> = ~1.4 ± 0.4 × 10
20

 cm
−3

. The origins of this maximum have 

never been identified. Here, we use a solvated redox indicator for in situ determination of 

reduced ZnO nanocrystal redox potentials. The Fermi levels of various photodoped ZnO 

nanocrystals possessing on average just one excess CB electron show quantum-confinement 

effects, as expected, but are >600 meV lower than those of the same ZnO nanocrystals reduced 
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chemically using Cp*2Co, reflecting important differences between their charge-compensating 

cations. Upon photochemical electron accumulation, the Fermi levels become independent of 

nanocrystal volume at <N> above ~2 × 10
19

 cm
-3

, and maximize at <Nmax> = ~1.6 ± 0.3 × 10
20

 

cm
−3

. This maximum is proposed to arise from Fermi-level pinning by the two-electron two-

proton hydrogenation of acetaldehyde, which reverses the EtOH photooxidation reaction. 

2.2 Introduction 

 Photodoping offers a convenient method for tuning carrier densities in colloidal 

semiconductor nanocrystals. Photochemical n-doping to yield excess delocalized band-like 

electrons has been studied for a variety of colloidal nanocrystals including ZnO,
1-6

 In2O3,
7
 and 

CdE (E = S, Se, Te),
8
 and with a variety of hole quenchers.

6
 The most thoroughly investigated 

system has been colloidal ZnO nanocrystals reduced using ethanol (EtOH) as the hole 

quencher.
1,3-6

 Upon nanocrystal photoexcitation, an electron is excited from the valence band 

(VB) to the conduction band (CB). The photogenerated hole is then quenched within 

picoseconds,
9
 leaving the electron in the ZnO CB. EtOH oxidation liberates protons (H

+
) that 

compensate the CB electron charges, with acetaldehyde as the two-electron two-proton oxidation 

product
10,11

 according to the stoichiometry of eq 2.1.  

ZnO + ½ CH3CH2OH  e
-
CB:ZnO-H

+
 + ½ CH3CHO  (Equation 2.1) 

 

 In this system, multiple delocalized CB electrons per ZnO nanocrystal can be 

accumulated photochemically, with the average (<n>) reaching as high as >100 in some cases.
6
 

Under rigorously anaerobic conditions, the CB electrons are stable after terminating the 

nanocrystal photoexcitation,
5
 making these n-doped ZnO nanocrystals well suited for further 

spectroscopic or chemical investigations. The average maximum number of electrons per 

nanocrystal (<nmax>) was found to be proportional to nanocrystal volume, such that the average 

maximum electron density is constant for all sizes at <Nmax> = ~1.4 × 10
20

 cm
−3

 for ZnO 

photodoped using EtOH.
6
 The microscopic origin of this maximum remains unidentified, and 

both kinetic and thermodynamic limitations to further electron accumulation can be postulated.
2,6

  

Photoluminescence measurements
12,13

 and electron-transfer chemistries
14,15

 provide strong 

evidence that the potentials of CB electrons in colloidal ZnO nanocrystals are subject to quantum 

confinement effects, but these measurements have only probed the limit of <n> = 1. The ability 

hn 
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to accumulate tens to hundreds of excess CB electrons per nanocrystal via photodoping raises 

intriguing questions about how to describe the redox potentials and Fermi levels (EF) of such 

heavily reduced ZnO nanocrystals, and the dependence of these parameters on the method of 

reduction.  

 Here, we report contactless in situ determination of the redox potentials of n-type 

colloidal ZnO nanocrystals using an optical redox indicator. The data show that EF is subject to 

quantum confinement effects in the limit of one electron per nanocrystal, as anticipated from 

prior results. With further electron accumulation, however, EF becomes independent of quantum 

confinement and depends only on electron density. EF is shown to depend strongly on the 

identity of the charge-compensating cation, spanning a range of ~600 meV when only one 

electron per nanocrystal is present, consistent with previous reactivity studies.
16

 <Nmax> and 

EF
max

 are found to be determined by electron Fermi-level pinning, which occurs at the same 

potential for all nanocrystal sizes. Aldehyde hydrogenation, i.e., the two-electron two-proton 

reaction that reverses the EtOH photooxidation, is proposed to be the microscopic origin of this 

Fermi-level pinning. 

2.3 Experimental Details 

ZnO nanocrystal synthesis. Colloidal ZnO nanocrystals were synthesized by base-initiated 

hydrolysis and condensation of Zn
2+

 as detailed previously.
17,18

 In a typical synthesis, a solution 

of 22 mmol of TMAH in 40 mL of EtOH was added drop wise to a stirred solution of 13 mmol 

of Zn(OAc)2 in 135 mL of DMSO at room temperature. Nanocrystals were grown for ~1 hr, after 

which the reaction was stopped by precipitation with 300 mL of ethyl acetate. Nanocrystals were 

collected via centrifugation and resuspended in EtOH, followed by precipitation with heptane. 

To suspend the nanocrystals in nonpolar solvents, the surface ligands were exchanged by 

suspending the nanocrystals in excess of dodecylamine (DDA) that had been heated above the 

melting point (29 °C), followed by precipitation with EtOH. Finally, the nanocrystals were 

heated in trioctylphosphine oxide (TOPO, 90%) at 130 °C for 30 min. The resulting TOPO-

capped nanocrystals were then washed with 3:1 EtOH/toluene and resuspended in toluene. The 

largest ZnO nanocrystals were made in a similar manner but were heated under N2 in DDA at 

180 °C for ~24 h prior to TOPO capping to promote growth to various sizes.  
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Physical characterization. UV-Vis-NIR absorption spectra were collected in a 1 cm air-free 

quartz cuvette using a Cary 500 spectrometer, with typical nanocrystal concentrations of 5-20 

μM. The radii of small nanocrystals (r ≤ 2.8 nm) were determined from the empirical correlation 

between radii and absorption spectra.
13,19

 The radii of larger nanocrystals (r = 3.7 nm) were 

determined by statistical analysis of transmission electron microscope (TEM) images collected 

using a FEI Tecnai G2 F20. ZnO nanocrystal concentrations were determined analytically. 200 

μL of the nanocrystal suspension was dried and digested in 200 μL of ultrapure nitric acid 

(TraceSELECT, Fluka). The resulting solution was diluted with a known amount of ultrapure 

water (10.00 g, measured to two decimal places on a balance), and the Zn
2+ concentration was 

measured using inductively coupled plasma atomic emission spectroscopy (Perkin-Elmer 8300). 

The nanocrystal concentration was then calculated using the known dilution factors and 

nanocrystal radii to convert from Zn
2+ concentration to nanocrystal concentration.  

Photodoping. ZnO nanocrystals were suspended in dry, anaerobic toluene/THF (1:14) solutions 

and prepared in a 1 cm air-free cuvette, then photodoped to their maximum level by prolonged 

exposure to UV irradiation from a 100 W Hg/Xe Oriel broad-band photolysis lamp (2 W/cm
2
, 

1.5 cm illumination diameter) in the presence of EtOH and [Cp2Co][PF6] (0.233‒0.633 mM). 

THF was used to aid the solubility of [Cp2Co][PF6]. The UV-Vis-NIR absorption was collected 

periodically during the photodoping process. When the NIR absorption did not change over 20 

min of UV exposure, the nanocrystals were considered to have reached their maximum 

photodoping level. Maximum photodoping was typically achieved within 90 min of UV 

irradiation. 

Electron counting by titration. The average number of photodoped electrons per ZnO 

nanocrystal (<n>) was determined by titration with [FeCp*2][BArF] (Figure S1).
6,20,21 Aliquots of 

[FeCp*2][BArF] in THF were added to the maximally photodoped nanocrystals and the reduction 

of the NIR absorption was monitored. After complete elimination of the NIR absorption, 

additional aliquots led to growth of FeCp*2
+
 absorption centered at 700 nm. The data were then 

fit with a linear function and the maximum number of photodoped electrons was determined 

from the x-intercept of the fitted line. 

Electron counting from NIR absorption. The average number of electrons per nanocrystal, 

<n>, was determined spectroscopically from the NIR absorption involving intraband transitions 

of the CB electrons. For this, molar extinction coefficients (ε) were determined for each ZnO 
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nanocrystal size at five different wavelengths (500, 778, 1000, 1300, and 1600 nm) and at 

various values of <n>, by [FeCp*2][BArF] titration. These ε values were fit to a power function 

with the general form ελ = Qλ × <n>p (Figure S1b), where Q (M
-1 

cm
-1 

electron
-1

) and p (unitless) 

are constants. Substitution into the Beer's-law equation and rearranging for <n>, the expression 

becomes <n> = Absλ × exp (p) × Qλ
−1

 × b
−1

 × C
−1

, where b is the optical pathlength (cm) and C is 

the concentration (M). Values of <n> calculated from the absorption at 778, 1000, 1300, and 

1600 nm were averaged together to obtain the reported values of <n>, with error bars reported as 

±σ from the mean value of <n>. The <n> values reported here were measured without UV 

illumination. Under these conditions, <n> is constant. 

Optical Fermi-level measurements. Fermi levels (EF) were measured using Cp2Co as an in situ 

optical redox indicator. Measurements of EF were performed in the absence of UV 

photoexcitation. Under these conditions, <n> and EF are stable. Cp2Co concentrations were 

measured spectroscopically using the absorption feature at 500 nm (ε500 = 301 M
−1

cm
−1

),
22

 

accounting for overlapping ZnO intraband absorption. Cp2Co concentrations were then 

determined using Beer's law, and EF was calculated from the Nernst equation. The EF values 

reported here are thus equilibrium values measured without UV illumination and are stable under 

rigorously anaerobic conditions. 

2.4 Results and Analysis 

 Figure 2.1.A plots electronic absorption spectra of colloidal ZnO nanocrystals (r = 1.9 

nm) collected at various stages of nanocrystal photodoping using EtOH as the hole quencher. In 

these measurements, [Cp2Co][PF6] (Cp2Co
+ 

= cobaltocenium, PF6
−
 = hexafluorophosphate) has 

been added to the reaction mixture for use as an optical redox indicator. As detailed previously, 

photodoping leads to bleaching of the ZnO band-edge absorption (inset) and growth of a 

comparably intense IR intra-band absorption feature, both indicating a growing population of 

delocalized CB electrons (e
−

CB).
1-3,5,6,14-16,23-26

 The IR absorbance can be analyzed to provide the 

average number of electrons per ZnO nanocrystal (<n>) at each level of photodoping. In the 

present experiments, new absorption features at 390 and 500 nm are also observed upon 

photodoping, attributable to the LMCT and d‒d transitions of cobaltocene (Cp2Co), 

respectively.
22

 The concentration of Cp2Co is determined from the Cp2Co absorbance at 500 nm 

and its extinction coefficient (ε500 = 301 M
−1

cm
−1

) using Beer's law. Using the Nernst equation 
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(eq 2.2) and the experimental Cp2Co redox potential (E
o
 = −1.37 V vs Fc

+
/Fc, see Appendix A), 

the solution potential (Ecell) may then be calculated. As measured by the quotient 

[Cp2Co]/[Cp2Co
+
], Ecell directly reports the electron Fermi level (EF) of the ensemble of ZnO 

nanocrystals, which are in thermodynamic equilibrium with the Cp2Co
+
/Cp2Co couple.

27,28
 The 

solution potential therefore equals the ZnO electron Fermi level. 

  (Equation 2.2) 

  

 Figure 2.1b plots EF vs <n> for the entire data set of Figure 2.1.A. Initially, mixing 

undoped ZnO nanocrystals with Cp2Co
+
 yields no detectable Cp2Co, indicating that EF of the 

undoped ZnO nanocrystals is far more positive than –1.37 V (the Cp2Co
+
/Cp2Co redox couple). 

Upon UV photoexcitation of this mixture, EF increases rapidly in concert with ZnO photodoping, 

growing from −1.28 to ~ −1.35 V, where its value levels off until <n> ~ 3.7, at which point EF 

increases sharply to reach its maximum value of EF
max

 ~ −1.37 V at <n> = 4.3. This value of <n> 

is the maximum number of electrons (<nmax>) that can be introduced under these conditions.
6
 

Further UV irradition yields no change in <n> or EF. The full range of EF in these data is ~90 

meV, smaller than the ~350 meV range measured in electrochemical ZnO nanocrystal reduction 

experiments.
29

 This difference is in large part due to the absence of an EF data point prior to 

photodoping, and it may also relate to the different counterions of the two measurements (vide 

infra). 

𝐸F(𝑉) = 𝐸cell(𝑉) = 𝐸o − 0.02568 × 𝑙𝑛
[Cp2Co]

[Cp2Co+]
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Figure 2.1. Electronic absorption of increasingly photodoped ZnO with Cp2Co

+
 as 

an optical redox indicator.  

(A) Representative differential electronic absorption spectra collected at various 

illumination times between 0 and 1 hr during photochemical reduction of 9.45 μM 

colloidal ZnO (r = 1.9 nm) nanocrystals in the presence of 466 μM [Cp2Co][PF6] in a 

14:1:0.5 THF/toluene/ethanol mixture. The main panel shows the visible spectral range, 

and the inset shows the UV (ZnO interband) range. Note the different y-axis scaling. The 

arrows indicate the direction of increased photodoping. (B) Plot of electron Fermi level 

(EF, black triangles) vs average number of CB electrons per nanocrystal (<n>), calculated 

from the Cp2Co absorbance at λ = 500 nm (ε500 = 301 M
−1

cm
−1

) at each stage of 

photodoping. EF values are referenced to the ferrocenium/ferrocene (Fc
+
/Fc) redox 

couple. The error bars indicate ±σ from the mean value of <n>. The quotient 

[Cp2Co]/([Cp2Co] + [Cp2Co
+
]) is ~0.5 at <nmax> in these measurements. 

 

Measurements under the same photodoping conditions but using different Cp2Co
+
 concentrations 

all yield the same values of EF vs <n> (see Appendix A). Additionally, when the weaker oxidant 

decamethylcobaltocenium (Cp*2Co
+
, E

o
 = −1.91V vs Fc/Fc

+
 in MeCN

30
) is added instead of 

Cp2Co
+
, no formation of decamethylcobaltocene (Cp*2Co) is observed (see Appendix A). 



 

 39 

Together, these results confirm that the Cp2Co
+
/Cp2Co redox couple is indeed in equilibrium 

with the ZnO nanocrystals. 

 We have previously reported that <nmax> in photodoped ZnO nanocrystals scales with 

nanocrystal volume,
6
 but the fundamental origins of this scaling have not been identified. It is 

possible that <n> is limited kinetically, for example by the lifetimes of photogenerated holes, but 

it is also possible that <n> is limited thermodynamically, for example by reductive metallization 

of the ZnO nanocrystals at high carrier densities.
6
 To address this issue, we have used this redox-

indicator method to measure changes in EF with changes in <n> for ZnO nanocrystals of three 

different sizes, and the results are summarized in Figure 2.2. From Figure 2.2.A, the largest ZnO 

nanocrystals (r = 3.7 nm) show the least negative EF value at <n> = 1, followed by the 

intermediate (r = 2.8 nm) and then the smallest (r = 1.9 nm) nanocrystals. From the optical 

bandgap energies of this series of nanocrystals (see Appendix A) and the optically deduced ratio 

of CB-to-bandgap shifts with quantum confinement,
12,15

 the CB energy is predicted to shift 

negatively by ~76 meV going from r = 3.7 to 1.9 nm. In good agreement with this prediction, the 

data in Figure 2.2.A show a shift of ~60 meV at <n> = 1, the two values being indistinguishable 

within the uncertainty in <n> ( = ±0.2 electrons at <n> = 1). The effect of quantum confinement 

on EF in the one-electron limit is thus well understood from optical studies. Beyond <n> = 1, the 

plots of EF vs <n> in Figure 2.2.A all show similar asymptotic curvature, and notably, each curve 

plateaus at a similar potential near −1.37 V. Figure 2.2.B plots the same EF data vs average 

electron density (<N>). Remarkably, all three curves are now superimposable within 

experimental uncertainty. EF increases by < 25 meV going from <N> = 2 × 10
19

 cm
−3

 to 5 x 10
19

 

cm
−3

, which agrees well with previously reported values for electron-electron repulsion in ZnO 

nanocrystals with H
+
 counter ions.

31
 Like <Nmax>, EF

max
 is thus also independent of nanocrystal 

size for a given hole quencher. For all three nanocrystal sizes, EF maximizes near −1.37 V at 

<Nmax> = ~1.6 ± 0.3 × 10
20

 cm
−3

. The data in Figure 2.2 provide a strong indication of Fermi-

level pinning during nanocrystal photodoping. This result points to the conclusion that <Nmax> in 

photodoped ZnO nanocrystals is determined specifically by the electron Fermi level, rather than 

by kinetic limitations. 
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Figure 2.2. Size dependence of ZnO NC Fermi-levels with increasing <n> and <N>.  

(A) EF values for r = 1.9 nm (5 μM, black triangles), 2.8 nm (8 μM, blue circles), and 3.7 

nm (6 μM, red squares) ZnO nanocrystals photodoped with ethanol, plotted vs <n>. (B) 

The same EF data plotted vs average electron density (<N>). EF values are referenced to 

the ferrocenium/ferrocene (Fc
+
/Fc) redox couple. 

 

 It is important to note that all values of <N> and EF reported here have been measured in 

the absence of ZnO UV photoexcitation. Under these conditions, and when rigorously anaerobic, 

<N> and EF (or <Nmax> and EF
max

) remain constant for very long times (e.g., kdecay < ~0.01/week 

at 298 K).
5
 Kinetic contributions to <N> and EF are observed under continuous UV 

photoexcitation, of course, where their precise steady-state (photostationary) values depend on 

the ZnO photoexcitation rate. Under illumination, steady-state values of <N> can exceed <Nmax>, 

and electron quasi-Fermi levels can exceed EF
max

 (see Appendix A). Upon termination of the UV 

illumination, however, <N> and EF both relax quickly in the dark to <Nmax> and EF
max

, at which 

point they are stable. Resuming the UV illumination again raises <N> and EF to some steady-

state values that depend on the UV irradiation parameters, but after terminating the UV 

illumination they again return to the same <Nmax> and EF
max

 (see Appendix A). <Nmax> and EF
max
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are thus independent of the ZnO photoexcitation parameters. These observations strongly support 

the conclusion that <Nmax> and EF
max

 are determined thermodynamically, not kinetically. 

 We propose that the limit to EF
max

 arises from the existence of a side redox reaction that 

occurs spontaneously at more reducing values of EF. Specifically, we propose that EF
max

 (and 

hence <Nmax> and also <nmax>) under the present photodoping reaction conditions is pinned by 

the reversibility of the EtOH oxidation reaction, i.e., by the spontaneous two-electron/two-proton 

transfer from heavily reduced ZnO nanocrystals to acetaldehyde. This back reaction should occur 

at the same potential regardless of the nanocrystal radius, consistent with the size-independent 

EF
max

 observed in Figure 2.2. Experimentally, detection of EtOH formed from the proposed back 

reaction is not trivial, so to test the hypothesis of aldehyde hydrogenation by photoreduced ZnO 

nanocrystals, two sets of experiments were performed that indirectly probe the role of 

acetaldehyde. In the first, ZnO nanocrystals were photodoped to <Nmax> in the presence of 

different amounts of added acetaldehyde. Figure 2.3 reveals that <Nmax> decreases nearly 

linearly with added acetaldehyde, consistent with the hypothesized aldehyde hydrogenation 

chemistry. 

 
Figure 2.3. Maximum electron density dependence on the acetaldehyde 

concentration.   

Maximum average electron densities (<Nmax>) achievable in colloidal ZnO nanocrystals 

photoreduced using EtOH as the hole scavenger, measured in the presence of added 

acetaldehyde. Data for r = 1.9 nm (5 μM, black triangles) and 3.7 nm (6 μM, red squares) 

ZnO nanocrystals are plotted. The error bars indicate ±σ from <N>. 

 

In the second, benzaldehyde was used as a surrogate for acetaldehyde. In these experiments, ZnO 

nanocrystals were photodoped using EtOH as described above, but now in the presence of added 

benzaldehyde (see Appendix A). Hydrogenation of benzaldehyde generates benzyl alcohol, 
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which can be identified by its characteristic 
1
H NMR peak at 4.2 ppm (vs TMS) arising from its 

α-CH2 protons. 
1
H NMR spectroscopy thus offers a convenient and sensitive probe of this 

chemistry. Figure 2.4.A plots 
1
H NMR data collected after various durations of UV illumination 

under the normal photodoping conditions, but now in the presence of added benzaldehyde. 

<Nmax> is reached after ~45 min of UV excitation in these measurements (see Appendix A), but 

over longer illumination times the formation of benzyl alcohol becomes evident from the 

appearance and growth of the broad α-CH2 signal at 4.22 ppm, accompanied by a concomitant 

decrease in the intensity of the α-CH signal of benzaldehyde at 9.63 ppm. The broadening of the 

4.2 ppm signal relative to that of neat benzyl alcohol (see Appendix A) is likely due to 

association of the benzyl alcohol with the ZnO surface
32

 or surface-capping ligands. Figure 2.4.B 

plots integrated benzaldehyde and benzyl alcohol NMR intensities as a function of UV 

illumination time, showing that the changes in the concentrations of these two species are 

inversely correlated. Benzyl alcohol formation was confirmed by GC-MS. Importantly, benzyl 

alcohol is not formed under the same conditions when benzaldehyde is irradiated by extensive 

UV illumination in the absence of the ZnO nanocrystals (see Appendix A). We thus conclude 

that photoreduced ZnO nanocrystals can indeed hydrogenate aldehydes to form alcohols. 

Combined with the data from Figure 2.3, these results provide strong support for the conclusion 

that acetaldehyde hydrogenation is responsible for Fermi-level pinning during ZnO photodoping 

when using EtOH as the hole quencher, explaining at a microscopic level one of the more 

striking features of this nanocrystal redox chemistry. 
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Figure 2.4. Hydrogenation of benzaldehyde with photodoped ZnO.  

(A) 
1
H NMR spectra (500 MHz) of TOPO-capped ZnO nanocrystals (r = 1.9 nm, 94 μM) 

in 1:3 toluene-d8/benzene-d6 spiked with ethanol and benzaldehyde in ~10
4
x excess (per 

ZnO NC) at 0 hr (red), 1 hr (yellow), 2 hr (green), 4 hr (blue), and 24 hr (violet) of UV 

illumination. Control measurements show no benzyl alcohol formation under UV 

irradiation in the absence of the ZnO nanocrystals (see Appendix A). For clarity, the 

spectra are offset vertically and each side is normalized to the TOPO ligand signal at 2.5 

ppm (not shown, see Appendix A). (B) Integrated intensities of the α-CH benzaldehyde 

(9.8 ppm) and α-CH2 benzyl alcohol (4.3 ppm) 
1
H NMR signals relative to the TOPO 

CH2 signal (2.5 ppm). These data are normalized to the benzaldehyde integrated intensity 

at 0 hours. The presence of two α-CH2 protons per benzyl alcohol was accounted for by 

halving the total normalized intensity for this signal. For reference, <Nmax> is reached 

after ~45 min of UV excitation in these measurements. 

 

 Finally, we address the influence of charge-compensating cations on EF. Charge-

compensating cations play an integral role in the formation, stabilization, and reactivity of 

reduced ZnO nanocrystals.
6,16,31

 In particular, protons greatly facilitate the reduction of ZnO NCs 

electrochemically
31

 and by chemical reductants,
16

 displaying exceptional effectiveness in 
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stabilizing reduced ZnO nanocrystals relative to bulkier cations. To quantify the effects of 

protons, EF values were measured for colloidal r = 1.9 nm ZnO nanocrystals reduced either 

photochemically (using EtOH) or chemically (using Cp*2Co). Figure 2.5 summarizes these 

results. Strikingly, EF is nearly 600 meV more negative for the chemically reduced nanocrystals 

than for the photodoped nanocrystals, and photodoping can introduce more than four times as 

many CB electrons as achieved by chemical reduction under these conditions. If EF were 

determined solely by factors intrinsic to ZnO, such as the initial one-electron orbital energies or 

unscreened electron-electron repulsion, no difference in EF would be observed with different 

reductants. The data in Figure 2.5 thus demonstrate and quantify the very large difference 

between CB electrons stabilized by H
+
 and those stabilized by Cp*2Co

+
.  

 

 
Figure 2.5. Comparison of charge compensating counter ion on ZnO EF.  

Comparison of EF values measured for colloidal ZnO nanocrystals (r = 1.9 nm) reduced 

chemically using Cp*2Co (blue circles) and photochemically using EtOH (black 

triangles), both measured using the Cp2Co
+
/Cp2Co couple as an optical redox indicator. 

The error bars indicate ± from the average value of <n>. 

 

2.5 Discussion 

 Figure 2.5 summarizes the changes in ZnO nanocrystal Fermi level during progressive 

photodoping using EtOH as the hole quencher and relates them to the changes observed upon 

chemical reduction by electron transfer from Cp*2Co. For the same nanocrystals reduced 

photochemically and chemically, comparison of EF values measured at <n> = 1 (Figure 2.5) 
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reveals that electrons compensated by H
+
 are nearly 600 meV more stable than those 

compensated by Cp*2Co
+
, a remarkably large difference. This difference could arise from more 

effective Coulombic stabilization (screening) of CB electrons by protons than by the bulky 

Cp*2Co
+
 counter ions, especially if protons are able to diffuse into the internal volumes of the 

nanocrystals, but it likely also reflects the formation of a strong O‒H bond upon nanocrystal 

reduction using EtOH. Formation of a strong ZnO-H bond stabilizes the reduced nanocrystal 

product, lowers the electron's chemical potential, and in turn allows greater maximum electron 

densities to be attained in the same ZnO nanocrystals via photodoping than via reduction by 

Cp*2Co. 

 
Figure 2.5. Schematic representation of increasingly negative EF in photodoped 

ZnO. 

 

 With extended photodoping (eq 2.1), EF becomes dominated by electron-electron 

repulsive interactions that scale with electron density, yielding a single relationship between EF 

and <N> that holds for all nanocrystal sizes. Between <N> = 2 x 10
19 

cm
-3

 and 5 x 10
19

 cm
-3

, EF 

rises with a slope of ca. −130 meV/(10
20

 cm
-3

), but subsequently shows asymptotic behavior 

indicative of Fermi-level pinning. The microscopic origin of the Fermi-level pinning has been 

identified as the acetaldehyde hydrogenation reaction, which at low electron densities is 

negligible but becomes more favorable as EF increases. When EF reaches ca. −1.37 V vs Fc
+
/Fc 

(EF
max

), at <Nmax> = ~1.6 x 10
20

 cm
−3

, UV illumination yields no further stable electron 

accumulation within the ZnO nanocrystals. At this point, further EtOH photooxidation is 

followed by spontaneous (dark) aldehyde hydrogenation (eq 2.3). The EF
max

 values reported here 

are thus dictated by the dark reverse reaction of eq 2.1. 
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e
-
CB:ZnO-H

+
 + ½ CH3CHO   ZnO + ½ CH3CH2OH         (Equation 2.3) 

  

 It is possible that this reaction continues on an imperceptibly slow timescale (> days) 

after its apparent equilibration within seconds or minutes. Strictly speaking, these photodoped 

nanocrystals would then be kinetically stable but not at a true equilibrium. This scenario could 

arise from proton diffusion. For example, it is possible that the correct proton configurations at 

the nanocrystal surfaces do not exist in these reduced nanocrystals because of proton diffusion 

into the internal nanocrystal volumes, driven by the greater electron density within the 

nanocrystal cores and by proton-proton repulsion in these types of structures where two proximal 

protons are required for aldehyde hydrogenation. At this time, the details of this reaction remain 

poorly understood. Clarification of such details will be the focus of future studies with this 

system. 

 Heterogeneous catalytic hydrogenation of aldehydes by ZnO has been reported 

previously, but the reaction generally takes place at elevated temperature (~650 K) under 

continuous H2 flow,
32,33

 or requires a noble metal co-catalyst,
34

 and it is not driven by photons. 

Here, aldehyde hydrogenation occurs as the result of a very negative EF in ZnO achieved by 

extensive nanocrystal photoreduction. Although further analysis of this aldehyde hydrogenation 

reactivity is beyond the scope of the present study, this observation of multi-electron/multi-

proton chemistry involving heavily reduced semiconductor nanocrystals generated 

photochemically could have interesting implications in the area of solar fuels.
35,36

  

 Finally, recent work has demonstrated analogous photodoping of colloidal In2O3 

nanocrystals using EtOH as the hole quencher,
7
 as well as photodoping of ZnO

6
 and CdE (E = S, 

Se, Te)
8
 nanocrystals with a variety of hydride hole quenchers (e.g., Li[Et3BH]). Although 

beyond the scope of the present study, it is interesting to consider the possibility that Fermi-level 

pinning might also be responsible for the maximum photodoping levels observed in these 

nanocrystals. In2O3 is most similar to ZnO. In2O3 nanocrystals can be photodoped using EtOH to 

comparable maximum electron densities as in ZnO nanocrystals, which would be consistent with 

a similar limiting mechanism, but the different surface chemistries of In2O3 and ZnO 

nanocrystals can reasonably be anticipated to lead to different hydrogenation catalysis and hence 

different limiting Fermi levels. In contrast with ZnO nanocrystals, CdE nanocrystals often have 

mid-gap surface electron traps that may impact photodoping, and these nanocrystals also do not 
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form strong bonds with protons, suggesting unrelated redox chemistries may instead dominate. 

Overall, while the specific redox processes described here for ZnO may not be central in these 

other photodoping chemistries, the concept of photodoping limited by competing redox reactions 

rather than by photophysical recombination kinetics may be general. Future studies on 

photodoping involving these other materials will address these interesting open questions. 

2.6 Conclusion 

 A simple optical method employing a solvated redox indicator has been applied for in 

situ determination of reduced ZnO nanocrystal redox potentials. These measurements reveal that 

the Fermi levels of solutions of nanocrystals possessing an average of just one CB electron per 

nanocrystal can vary by over 600 meV depending upon the method of charge compensation, and 

also reveal electron quantum-confinement effects for a fixed charge-compensating cation (H
+
) 

but different nanocrystal sizes. For ZnO nanocrystals photodoped using EtOH as the hole 

quencher, the Fermi level becomes independent of nanocrystal size at average electron densities 

of ~2 × 10
19

 cm
-3

. The maximum carrier densities achievable via photodoping, ~2 × 10
20

 cm
-3

, 

are found to be determined by electron Fermi-level pinning. Microscopically, this Fermi-level 

pinning is identified as arising from the spontaneous two-electron two-proton hydrogenation of 

acetaldehyde, which reverses the EtOH photooxidation reaction. This hydrogenation reaction, 

and hence the maximum nanocrystal photodoping level, occurs at the same potential for all 

nanocrystal sizes, explaining the microscopic basis for the maximum electron densities 

achievable via this photochemistry. 
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Chapter 3. Potentiometric Measurements of Semiconductor Nanocrystal 

Redox Potentials 

 

 
 

Adapted from: Carroll, G. M.; Brozek, C. K.; Hartstein, K. H.; Tsui, E.Y; and Gamelin, D. R. 

JACS. 2016, 138, 4310. 

 

3.1 Overview 

A potentiometric method for measuring redox potentials of colloidal semiconductor nanocrystals 

(NCs) is described. Fermi levels of colloidal ZnO NCs are measured in situ during photodoping, 

allowing correlation of NC redox potentials and reduction levels. Excellent agreement is found 

between electrochemical and optical redox-indicator methods. Potentiometry is also reported for 

colloidal CdSe NCs, which show more negative conduction-band-edge potentials than in ZnO. 

This difference is highlighted by spontaneous electron transfer from reduced CdSe NCs to ZnO 

NCs in solution, with potentiometry providing a direct measure of the inter-NC electron-transfer 

driving force. Future applications of NC potentiometry are briefly discussed. 
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3.2 Introduction 

 The redox potentials of colloidal semiconductor nanocrystals (NCs) play central roles in 

many current and envisioned technologies. For example, electron-transfer (ET) kinetics and 

reaction spontaneity for NC-sensitized solar photocatalysis are governed by the redox potentials 

of the NC photo-absorbers.
1-6

 Likewise, relative potentials of band-like and surface-trapped 

electronic configurations dictate NC electronic doping,
7
 which governs the utility of NCs for 

electronic and opto-electronic technologies such as photovoltaics.
8,9

 Although critical for many 

target applications, in situ measurements of colloidal NC redox potentials have proven 

challenging. 

 Cyclic voltammetry (CV) is the most commonly employed electrochemical technique for 

measuring colloidal NC redox potentials.
10-12

 Irreversibility of NC CV waves, low current-to-NC 

ratios, redox-active surface states, and surface-composition inhomogeneities have all been found 

to complicate solution-phase NC electrochemistry. CV measurements of NCs immobilized on 

electrode surfaces have been successful,
12-15

 but NC redox potentials are very sensitive to their 

surface chemistry,
16,17

 and the redox potentials of the same NCs as free-standing colloids may 

therefore differ substantially. As a consequence of these complications, it is common for driving 

forces of ET reactions involving colloidal semiconductor NCs to be discussed in terms of band-

edge potentials estimated from vacuum ionization and electron-affinity measurements, often of 

the corresponding bulk material. Although this approach has powerful intuitive value, 

observations
16,18

 that altering surface ligation alone can shift NC band edges by as much as 1 eV 

highlight the need for in situ redox measurements of colloidal NCs in their native form. Here, we 

report a potentiometric method for measuring colloidal NC redox potentials. Potentiometry has 

been a valuable tool in metal nanoparticle research.
19

 By coupling potentiometry with optical 

detection of conduction-band (CB) electrons in colloidal semiconductor NCs generated via 

photodoping,
20,21

 redox potentials associated with these electrons can be deduced. As a simple 

proof of concept, we show that our colloidal CdSe NCs have CB-edge potentials more negative 

than our ZnO NCs, leading to spontaneous inter-NC ET from photoreduced CdSe NCs to ZnO 

NCs in solution. Additional mechanistic details are revealed by the transient open-circuit 

potentials. 
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Figure 3.1. Schematic illustration of optical potentiometry.  

Apparatus used to collect potentiometric and absorption data during colloidal NC 

photodoping (left). Set to 0 amps, the galvanostatic cell measures the solution potential 

during NC photodoping. NC absorption is measured simultaneously. The working 

electrode (grey) responds to changes in Fermi level upon NC photodoping. 

 

 Figure 3.1 illustrates the apparatus used to measure Fermi levels (EF) during NC 

photodoping. In an air-tight optical cuvette, solutions of NCs under N2 atmosphere are 

photoreduced using hole quenchers.
7
 The average number of CB electrons per NC (<n>) is 

quantified during photodoping using absorption spectroscopy. Simultaneously, electrodes in the 

NC solution track changes in EF under galvanostatic (I = 0 amps) control, i.e., the potentiostat 

biases the working electrode in response to the photo-induced increase in EF (Figure 3.1, right). 

The electrode and solution EF remain equivalent at all times. Consequently, no depletion region 

at the electrode/electrolyte interface develops, and the recorded half-cell potential represents EF 

of the NC suspension.
19

 From these combined data, NC redox potentials at various electron 

densities can be determined. Accurate transient potentiometry requires a stable reference 

electrode. We use a leakless Ag/AgCl reference electrode, which avoids instabilities due to 

solution contamination, ionic activity, or electrode/electrolyte junction potentials (see Appendix 

B). To account for possible electrochemical drift, CVs of an internal standard (cobaltocenium 

hexafluorophosphate, [Cp2Co][PF6]) were collected before and after most experiments. Drift was 

generally very small (< ~10 mV). All data are referenced experimentally to the 

ferrocenium/ferrocene couple (Fc
+
/Fc, see Appendix B). 
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3.3 Results and Analysis 

 
Figure 3.2. Comparison of optical potentiometry and optical-redox-indicator 

methods of photodoped ZnO  

(A) Potentiometry (blue) and electronic absorption (black,  = 1000 nm) data collected 

during photodoping of d = 6.8 nm ZnO NCs (2 M) using EtOH as the hole quencher. A 

14:1 THF/toluene solution of 0.1 M tetrabutylammonium hexafluorophosphate ([Bu-

4N][PF6]), 660 M [Cp2Co][PF6] was irradiated at 340 nm (12 mW) while stirring. The 

inset shows NIR absorption spectra of the same ZnO NCs growing with increasing <n>. 

(B) Plot of EF vs <n> for photodoped ZnO NCs derived from potentiometric (curve) and 

ORI (circles) methods. <n> was determined spectroscopically (see Appendix B). The 

error bars represent ± from the mean. EF is referenced to the Fc
+
/Fc redox couple. 

  

 Figure 3.2.A plots EF and the absorbance at  = 1000 nm (A1000) measured simultaneously 

during ZnO NC photodoping using ethanol as the hole quencher.
22,23

 A1000 increases with ZnO 

photoexcitation, reflecting photodoping.
21,24-26

 Concomitantly, EF becomes more negative. From 

the per-electron extinction at λ = 1000 nm (1000 = 1097<n>
0.7

 M
-1

 cm
-1

, see Appendix B), <n> ≈ 
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20 e
-
CB/NC at its maximum (<nmax>), corresponding to an average electron density of <Nmax> ≈ 

1.21 x 10
20

 cm
-3

, in agreement with previous reports.
7,21,23,26

 Because EF and A1000 were measured 

simultaneously, it is valuable to plot EF against <n> as shown in Figure 3.2.B. EF rises steeply at 

~ –70 mV/<n> between <n> = 0 and 2, after which its rise decreases to ~ –4 mV/<n> until 

photodoping is complete. 

  It is instructive to compare these potentiometric data with those obtained using a 

solvated optical redox indicator (ORI),
1-3

 an approach we applied recently to monitor ZnO NC 

photodoping.
27

 Here, EF is measured during photodoping using the optically detected equilibrium 

constant of a solvated redox couple that is also in equilibrium with the NCs. For the present 

comparison, ORI data were collected while photodoping the same ZnO NCs as probed 

electrochemically, under the same experimental conditions, and the ratio [Cp2Co
+
]/[Cp2Co] 

measured spectrophotometrically to determine EF. These results are included in Figure 3.2.B. 

The two methods yield nearly indistinguishable results.  
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Figure 3.3. Potentiometric measurement of photodoping CdSe NCs 

(A) Electronic absorption spectra of as-prepared (solid) and photodoped (dashed) d = 4.1 

nm CdSe NCs. Experiments were performed using a 2:1 THF:toluene solution of NCs 

(0.9 M), 0.05 M [Bu4N][PF6], and 0.15 M trioctylphosphineoxide (TOPO). Photodoping 

used continuous 50 mW/cm
2
 405 nm irradiation and Na[Et3BH] (200 M) as the hole 

quencher. CB electrons are compensated by Na
+
 and H

+
.
21

 (B) Transient potentiometric 

(EF, solid) and excitonic absorption (A/A0, dashed,  = 590 nm) data collected 

simultaneously, using 0 (red) and 60 M (black) [Cp2Co][PF6], before (t < 0) and during 

(t ≥ 0) 405 nm irradiation with constant stirring. EF is referenced to the Fc
+
/Fc couple. (C) 

Plot of EF vs <n> from the data of panel B. <n> was calculated from <n> = 2 x (1 - A/A0).   

 

 Despite yielding the same results, potentiometry offers an important advantage over the 

ORI method: Potentiometry circumvents the need for a transparent spectroscopic window in 

which to monitor the ORI (e.g., for Cp2Co, probe ≈ 500 nm). Because of this advantage, the 

redox potentials of narrower-gap NCs can be readily monitored potentiometrically, making this 
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the more general approach. As proof of concept, potentiometry and absorption were measured 

simultaneously during photodoping of CdSe NCs (with absorption overlapping that of Cp2Co). 

Figure 3.3.A plots electronic absorption spectra of undoped and maximally photodoped d = 4.1 

nm CdSe NCs, photoexcited at 405 nm in the presence of Na[Et3BH] (hole quencher
20

), 

[Bu4N][PF6] (electrolyte), and TOPO (NC stabilizer). Photodoping causes the first NC excitonic 

transition to bleach to A/A0 ≈ 0.3 (A0 = absorbance before photodoping) and redshift slightly, 

consistent with prior results.
20

 From the established linear relationship between <n> and 

A/A0,
20,29

 these data imply <nmax> = 1.4, again consistent with previous results.
20

 Note that the 

CdSe NC photodoping experiment is considerably quicker than the ZnO NC photodoping 

experiment (Figure 3.2) because of ~5 times greater photoexcitation rates, greater conversion 

yields using [Et3BH]
-
 hole quenchers,

21
 and smaller <nmax> in the CdSe NCs. 

 Figure 3.3.B plots EF and A/A0 data collected transiently during CdSe NC photodoping 

for two experiments, one performed with Cp2Co
+
 as an internal redox standard and the other 

without Cp2Co
+
. Prior to irradiation, EF and A/A0 are both constant, but EF is ~100 mV more 

positive in the sample containing Cp2Co
+
. This difference reflects a small amount of Cp2Co

+
 

reduction prior to deliberate CdSe irradiation. Upon irradiation of the sample without Cp2Co
+
, EF 

immediately shifts more negative, reaching a value near –1.52 V vs Fc
+
/Fc after 4 min. 

Similarly, A/A0 decreases immediately, reaching a new value of ~0.3. Upon irradiation of the 

sample with Cp2Co
+
, EF again immediately shifts more negative, reaching a similar value near –

1.52 V vs Fc
+
/Fc after 4 min. Interestingly, the onset of CdSe photodoping (as indicated by the 

inflection in A/A0) is clearly delayed by ~40 s in the presence of Cp2Co
+
, even though EF starts 

shifting more negative immediately upon photoexcitation. This delayed photodoping reflects 

electron equilibration between the CdSe NCs and Cp2Co
+
/Cp2Co redox couple, which initially 

strongly favors Cp2Co
+
 reduction. Reduction of Cp2Co

+
 by photodoped CdSe NCs continues 

until the CdSe CB-edge potential is reached, at which point both Cp2Co
+
 reduction and CdSe NC 

electron accumulation proceed simultaneously with further photoexcitation. This observation is 

an example of the new insights that can be gained from potentiometry in the time domain. 

 Figure 3.3.C plots EF vs <n> for both experiments of Figure 3.3.B. Although EF is very 

different for the two samples prior to photodoping, the onset of CdSe NC reduction occurs at ~ –

1.47 V (± 0.01 V) in both experiments. Once CB electrons begin to accumulate, the change in EF 

between <n> = 0 and <n> = 1 is small, with a slope of ~ –10 mV/<n>. The slope of EF vs <n> 
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increases as <nmax> is approached, and photodoping maximizes at <nmax> ~ 1.4 and ~ –1.52 V (± 

0.01 V) for both experiments. Plotted in this manner, the electrochemical data from these two 

experiments, which initially appeared markedly different (Figure 3.3.B), are now essentially 

superimposable. From this result we conclude that the CdSe CB-edge potential is independent of 

the presence of Cp2Co
+
 under these conditions.  

 Comparing EF data (Figures 3.2.B and 3.3.C), we note that the CdSe NCs at <n> = 1 are 

~260 mV more reducing than the ZnO NCs at <n> = 1 (–1.48 vs –1.22 eV, respectively). This 

difference is notably smaller than would be estimated from bulk data (~1.47 eV, see Appendix 

B), but it still indicates a driving force for inter-NC ET. To illustrate, a mixture of similar CdSe 

and ZnO NCs was prepared containing Li[Et3BH] as the hole quencher, with all conditions 

similar to those of Figures 3.2 and 3.3. Figure 3.4 shows absorption spectra of this solution 

collected after selective CdSe photoexcitation for various durations. The broad NIR (< 2 eV) 

absorption characteristic of n-ZnO (Figure 3.2.A) grows with photoexcitation time. The CdSe 

excitonic absorption maximum redshifts by ~20 meV over the same time window, but there is no 

evident bleach, allowing attribution of this shift to a Stark effect tentatively associated with 

surface charge redistribution. Control experiments performed in the absence of CdSe NCs (see 

Appendix B) show no spectroscopic changes, ruling out direct ZnO photodoping under these 

conditions. The absence of CdSe excitonic absorption bleach and growth of ZnO NIR 

absorbance indicate that photodoped CdSe NCs indeed transfer their electrons to ZnO NCs under 

these conditions, as anticipated from the favorable ET driving force measured electrochemically. 

 
Figure 3.4. CdSe-ZnO inter particle electron transfer  

Top: Electronic absorption spectra of a mixture of d = 3.8 nm CdSe NCs (1.25 M), d = 

9.6 nm ZnO NCs (2 M), and Li[Et3BH] (660 M), collected after various durations of 
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selective CdSe NC photoexcitation (broad-band,  > 480 nm). Bottom: Difference 

spectra (A - A0). For clarity, the data are plotted against energy (eV). 

  

 During the course of these experiments, several interesting complexities were noted. 

First, as anticipated from prior observations,
16,18

 CdSe NC redox potentials are found to be 

extraordinarily sensitive to sample preparation and measurement conditions, varying 

reproducibly by hundreds of mV depending on the specific details. Consequently, the redox 

potentials reported here reflect the particular reaction conditions employed, just as standard 

reduction potentials (E°) of molecular reagents correspond to a standard set of conditions. These 

observations will be described in detail in a subsequent report, but this preliminary observation 

already highlights the utility of this technique for identifying sample-specific redox potentials 

through in situ measurements. Additionally, we found it possible to measure the potentials of 

sub-CB electron traps in CdSe NCs by combining potentiometry with photoluminescence 

spectroscopy (PL, see Appendix B). Here, we observe PL brightening as EF is raised, starting at 

least 120 mV below the CB edge, before the characteristic darkening that coincides with CB 

filling and the resulting Auger recombination.
20

 NC PL brightening at sub-CB potentials is 

consistent with several recent observations
32-35

 and indicates reductive passivation of surface 

electron traps. We note that in some cases CdSe NC surface-trap reduction appears to have 

exactly the opposite effect of quenching PL,
18,20,36

 reflecting the complexity of these surface 

chemistries and highlighting the need for in situ electrochemical measurements. 

3.4 Conclusion 

 Overall, the results presented here demonstrate potentiometry as a powerful and broadly 

applicable approach to semiconductor NC electrochemistry. With this approach, it is possible to 

quantify band-edge potentials in situ, without special apparatus or modification of NC surface 

chemistries. The impact of NC composition (isovalent or aliovalent impurities, etc.),
37-39

 charge-

compensating cations (H
+
, Li

+
, [CoCp2]

+
, etc.),

1,2,7,40
 or NC surface ligands (with dipoles, 

conjugation, etc.)
16,18,41

 should be readily quantified, and extension to other redox-active NC 

heterostructures
3,23

 or non-photochemical reductants appears equally promising. The transient 

potentiometry described by Figures 2 and 3 further suggests interesting possibilities for probing 
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dynamical processes. NC potentiometry thus opens new opportunities for future fundamental and 

applied research involving redox-active colloidal semiconductor NCs. 
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Chapter 4. Spectroelectrochemical Measurement of Electrostatic Surface 

Dipole Contributions to Colloidal CdSe Nanocrystal Band-

Edge Potentials. 

 
Adapted from: Carroll, G. M.; Tsui, E.Y; Brozek, C. K.; and Gamelin, D. R. Submitted 

 

4.1 Overview 

 Understanding and controlling the redox properties of colloidal semiconductor 

nanocrystals is critical for application of this class of materials in many proposed technologies. 

Here, we use spectroelectrochemical potentiometry to analyze the redox potentials of free-

standing colloidal n-type CdSe nanocrystals. We show that both the redox potentials and the 

maximum number of conduction-band electrons that can be accumulated through photodoping 

are strongly affected by the nanocrystal's surface stoichiometry, varying reproducibly by over 

400 meV with changes in relative Cd
2+

:Se
2-

 surface concentration. The data suggest that Se
2-

 

binding induces surface dipoles that shift the CdSe nanocrystal band-edge potentials more 

negative, and that these dipoles are eliminated upon Cd
2+

 binding. These results demonstrate the 

importance of nanocrystal surface stoichiometry in applications involving tuned nanocrystal 

redox potentials, band-edge alignment, or electron-transfer driving forces. 
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4.2 Introduction 

 The band-edge potentials of semiconductor nanocrystals (NCs) are critical parameters in 

NC-based optoelectronic,
1,2

 photovoltaic,
3-6

 and photocatalytic
7-10

 technologies. Although the 

effects of quantum confinement on NC band-edge potentials are well understood,
11-13

 the roles of 

the surfaces are less clear. Photoelectron spectroscopy has revealed that surface ligands on PbS 

NCs can shift the NC band-edge potentials as much as 1 V, interpreted in terms of the 

magnitudes and directions of interfacial dipoles.
5
 This unique tunability has been exploited to 

tailor the band-edge offsets in NC photovoltaic devices, enabling high power-conversion 

efficiencies for PbS NC-based PV.
3,4,14,15

 Similarly, electronic doping of colloidal semiconductor 

NCs is also extremely sensitive to the NC surface chemistries.
16-20

 Differences in charge-

compensating counter ions (e.g., Li
+
, H

+
, [CoCp2]

+
) can tune the band-edge potentials of free-

standing colloidal ZnO NCs by as much as 0.5 V,
19

 and surface Hg
2+

 or S
2-

 enrichment can shift 

the band-edge potentials of HgS NC films by over 300 mV.
18

 These effects rival or exceed the 

magnitude of band-edge potential tuning accessible via quantum confinement. Quantifying the 

shifts in NC band-edge potentials is not trivial, however. Typical solution-based voltammetric 

techniques provide fair agreement between electrochemical and optical bandgap energies,
11,21-24

 

but complications from NC insolubility, inhomogeneity, redox irreversibility, and NC surface 

defects frequently lead to imprecise or irreproducible values of the band-edge potentials.
11

 

Voltammetric spectroelectrochemical measurements of NC films on electrodes provide a 

valuable measure of NC band-edge potentials,
25-28

 but these measurements can be strongly 

influenced by parameters of the films, such as thickness or inter-particle void sizes,
25

 and these 

measurements often require ligand exchange to improve carrier mobility or cross-link NCs, 

limiting the ability to probe the effects of the NC surfaces themselves.  

 Here, we describe the effects of surface-ion stoichiometry on the redox properties of free-

standing colloidal CdSe NCs. CdSe NC photodoping
29

 with borohydride reductants (e.g., 

Na[Et3BH]) is used as a contactless way to tune the NC Fermi level (EF). In situ 

spectroelectrochemical potentiometry
29,30

 is then used as a non-invasive probe of NC Fermi 

levels and average conduction-band (CB) electron occupancies (<n>), allowing quantification of 

the effects of surface perturbations on the NC redox properties. Using this approach, we quantify 

the Fermi levels of free-standing colloidal CdSe NCs as their surface compositions are tuned 
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from Se
2-

-enriched to Cd
2+

-enriched. We find that the maximum EF (EF
max

) and the maximum 

average number of CB electrons (<nmax>) achievable via photodoping are both strongly 

dependent on the surface densities of Se
2-

 and Cd
2+

 ions. We show that CdSe NC band-edge 

potentials can be shifted reproducibly by ~400 mV with changes in surface stoichiometry. By 

measuring EF at different electrolyte concentrations, we show that this band-edge tuning is linked 

to interface dipoles. These results demonstrate facile tuning of CdSe NC band-edge potentials via 

NC surface stoichiometry, with broad implications for application of NCs as photo-redox or 

electron-transfer reagents.  

4.3  Results and Analysis 

 Figure 4.1a plots the electronic absorption spectra of undoped and maximally photodoped 

d = 5.4 nm Se
2-

-enriched (1.39:1 surface Se
2-

:Cd
2+

, see Appendix C) CdSe NCs. Prior to 

photoexcitation, the NCs are undoped, but upon illumination in the presence of the reductant 

Na[Et3BH], the first excitonic absorption band bleaches slightly to reach a new value of A/A0 = 

0.9 (A0 = absorbance before photodoping) at maximum photodoping, indicating the introduction 

of delocalized CB electrons into the ensemble of CdSe NCs.
17,31,32

 Repeating the same 

experiment on the same NCs but in the presence of excess Cd(oleate)2 results in a much greater 

excitonic bleach, reaching A/A0 = 0.2 at maximum photodoping. A small redshift of the exciton 

is observed with photodoping and tentatively attributed to a Stark shift (see Supporting 

Information).
29,30

 Similar red shifts have been observed in the trion photoluminescence of 

transiently charged CdSe quantum dots.
33,34

 From the linear relationship between the excitonic 

bleach and the average electron occupancy (average number of CB electrons per NC, <n>),
29,35

 

these values of A/A0 reflect maximum electron occupancies of <nmax> = 0.2 and 1.6 for the Se
2-

-

enriched and Cd
2+

-enriched NCs, respectively. 
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Figure 4.1. Surface stoichiometry dependence on n-type CdSe NCs 

 (a) Electronic absorption spectra of Se
2-

-enriched d = 5.4 nm CdSe NCs (0.3 μM) before 

photodoping (black) and after maximum photodoping (blue). The red curve shows the 

absorption spectrum of the same NCs photodoped to the maximum extent in the presence 

of 1500 equiv. of Cd(oleate)2 per NC. (b) Transient potentiometric (EF, solid) and 

excitonic absorbance (A/A0, dotted, λ = 620 nm) data measured before (t < 0) and during 

(t ≥ 0) 405 nm photoexcitation of the same d = 5.4 nm CdSe NCs from panel (a). The 

blue curve describes the Se
2-

-enriched NCs and the red curve describes the same NCs in 

the presence of 1500 equiv. of added Cd(oleate)2. (c) Plot of EF vs <n> from the data of 

panel (b). <n> was calculated as <n> = 2(1 − A/A0). The NCs were suspended in 2:1 

THF/toluene with 0.05 M [Bu4N][PF6], 0.15 M trioctylphosphine oxide (TOPO), 30 μM 

Na[Et3BH] as the reductant, and 60 μM [Cp2Co][PF6] as an internal electrochemical 
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standard. Experiments were performed under continuous stirring. EF is referenced to the 

Fc
+
/Fc couple.  

 

Figure 4.1b plots EF and A/A0 data collected during photodoping for the same two CdSe NC 

samples as used for Figure 4.1a. Prior to photodoping (t < 0), EF is ~300 mV more negative for 

the Se
2-

-enriched NCs than for the Cd
2+

-enriched NCs. This difference is attributed to a small 

amount of photodoping by exposure to room light; EF of Se
2-

-enriched CdSe NCs kept in the 

dark does not change when Cd(oleate)2 is added (see Appendix C). Upon NC photoexcitation (t 

≥ 0), EF becomes increasingly negative for both samples. EF for the Se
2-

-enriched CdSe NCs 

shifts by ~ -250 mV, from -1.52 to a maximum of EF
max

 = -1.77 V, whereas EF for the Cd
2+

-

enriched NCs shifts by only ~ -180 mV, from -1.22 V to EF
max

 = -1.43 V. In agreement with 

Figure 4.1a, A/A0 for the Se
2-

-enriched CdSe NCs decreases steadily until it plateaus at ~0.95 

(<nmax> ≈ 0.1), and for the Cd
2+

-enriched CdSe NCs it plateaus at ~0.2 (<nmax> ≈ 1.6). These 

results show a striking dependence of the NC photodoping on surface stoichiometry. 

 To examine the difference between the photodoping of Se
2-

- and Cd
2+

-enriched CdSe 

NCs in more detail, Figure 4.1c plots EF vs <n> for each sample from the data in Figure 4.1b. 

From Figure 4.1c, photoexcitation of the Se
2-

-enriched CdSe NCs initially raises EF slightly 

without depositing any CB electrons. Then, at EF ~ -1.68 V, electrons begin to appear in the 

CdSe NC CB, reaching <nmax> ~ 0.1. Continued photoexcitation does not deposit more CB 

electrons, but EF continues to shift increasingly more negative. We interpret this observation as 

reflecting surface electron trap formation upon Se
2-

 surface enrichment.
36

 The shift of EF with 

surface electron trapping is discussed below. For the Cd
2+

-enriched CdSe NCs, photoexcitation 

again raises EF slightly without depositing CB electrons, and then at EF ~ -1.28 V, CB electrons 

begin to appear. The slope of EF vs <n> is relatively shallow (~40 mV/e
-
CB) between <n> = 0.3 

and 1.5, at which point the NCs reach their photodoping maximum.  

 Quantum confinement alone cannot account for the large differences in EF and <nmax> 

between the Se
2-

- and Cd
2+

-enriched CdSe NCs described in Figure 4.1. Increasing the NC 

diameter through Cd
2+

 adsorption should shift the CB band-edge potential more positive by 

relaxing quantum confinement, and larger CdSe NCs do indeed show larger values of 

<nmax>,
25,29

 but the first excitonic absorption band shows only a relatively small decrease in 

energy upon addition of Cd(oleate)2 (Figure 4.1a), and the estimated CB shift upon addition of 
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one Cd
2+ 

monolayer to d = 5.4 nm CdSe NCs is < 20 meV,
12

 well below the difference of ~350 

mV in CB band-edge potentials observed in Figure 4.1c. Instead, the data in Figure 4.1 indicate 

that the CB band-edge potential is strongly dependent upon the NC surface stoichiometry.  

 To probe the effects of CdSe NC surface composition systematically, experiments were 

performed in which different amounts of Cd
2+

 were added to Se
2-

-enriched CdSe NCs, and the 

photodoping examined by spectroelectrochemical potentiometry. Figure 4.2 summarizes data 

collected for NCs of two sizes. Figure 4.2a plots EF
max

 (measured when EF
 
no longer changes 

from increased photoexcitation) for each NC sample as a function of added Cd
2+

. Notably, the 

dependence of EF
max

 on added Cd
2+

 is nearly identical for the two CdSe NC samples when the 

data are plotted normalized to NC surface area (or surface density of added Cd
2+

), as shown here. 

For comparison, the same data plotted against the number of Cd
2+

 per NC are presented as 

Appendix C. Figure 4.2a shows that without any added Cd
2+

, EF
max

 reaches ~ -1.75 V vs Fc
+
/Fc 

for both NC sizes. As Cd
2+

 is added, EF
max

 becomes more positive with a slope of ~ -39 mV Cd
-

1
nm

-2
, eventually plateauing at -1.4 V when the added Cd

2+
 concentration equals ~10 nm

-2
. 

Above 10 nm
-2

, addition of more Cd
2+

 results in no change to EF
max

. The relationship between 

EF
max

 and surface density of added Cd
2+

 is discussed below. 
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Figure 4.2. Cd

2+
 titration of photodoped Se

2-
-enriched CdSe NCs 

(a) Maximum Fermi level (EF
max

) measured potentiometrically during photodoping of d = 

4.4 nm (blue, triangles) and d = 5.4 nm (red, squares) Se
2-

-enriched CdSe NCs, plotted vs 

added Cd(oleate)2 in units of added Cd
2+

 per NC surface area. The error bars indicate the 

uncertainty in the Cp2Co
+
/Cp2Co half-wave potential. (b) Average maximum electron 

density (<Nmax>) in photodoped d = 4.5 nm (blue, triangles) and 5.4 nm (red, squares) 

Se
2-

-enriched CdSe NCs plotted vs added Cd
2+

 per NC surface area. The inset shows the 

same data plotted as <nmax> vs added Cd
2+

 per NC surface area. (c) Plot of the EF
max

 data 

from Figure 2a vs the <Nmax> data from Figure 2b. The colors of the markers relate to the 

scale bar shown in the inset and indicate added Cd
2+

 per NC surface area. (d) Plots of EF 

vs added Cd(oleate)2 Cd
2+

 per NC surface area for Se
2-

-enriched d = 5.4 nm CdSe NCs, 

measured at <N> = 1.2 x 10
18

 cm
-3

 (<n> = 0.1) (black circles) and at <Nmax> (red 

squares). All experiments were carried out under continuous 405 nm photoexcitation in 

air-free 2:1 THF/toluene solutions with 0.03 μM CdSe NCs, 0.05 M [Bu4N][PF6], 100 

μM [Cp2Co][PF6] as an internal electrochemical standard, 0.15 M trioctylphosphine 

oxide (TOPO) as a stabilizer, and 30 μM Na[Et3BH] as the reductant. EF is referenced to 

the Fc
+
/Fc redox couple. 

 

 Figure 4.2b plots the maximum average electron density (<Nmax>) for the same NC 

samples from Figure 4.2a, measured as a function of added Cd
2+

 per NC surface area. Before 
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Cd
2+

 addition, <Nmax> for both NC diameters is ~2 x 10
18

 cm
-3

. Upon addition of Cd
2+

, <Nmax> 

increases steadily for both NC diameters, eventually plateauing at <Nmax> = 2.2 x 10
19

 cm
-3

 

above ~10 Cd
2+

 nm
-2

. Plotting the same data as <nmax> vs added Cd
2+

 per NC surface area yields 

different maxima for the two NC diameters (Figure 4.2b, inset), consistent with our prior 

observations.
29

 Volumetric scaling of <nmax> has also been reported for both photodoped and 

chemically reduced colloidal ZnO NCs,
19,37,38

 but no analogous dependence on surface 

stoichiometry has been described. Figure 4.2 demonstrates that in these CdSe NCs, the surface 

stoichiometry appears to dictate both EF
max

 and <Nmax>. Figure 4.2c plots the EF
max

 data from 

Figure 4.2a against the <Nmax> data from Figure 4.2b, with color coding to indicate Cd
2+

 

enrichment level. This plot reveals a size-independent linear relationship between EF
max

 and 

<Nmax>, with both properties dictated by the surface stoichiometry.  

 The (111) and (100) facet-averaged density of ions in stoichiometric zinc-blende CdSe 

corresponds to ~5.8 nm
-2

, split evenly between cations and anions. From energy dispersive X-ray 

analysis (see Appendix C), the Se
2-

 surface densities of the Se
2-

-enriched d = 5.4 and 4.4 nm 

CdSe NCs are 4.0 and 3.1 nm
-2

, respectively, confirming Se
2-

 enrichment. As an independent 

confirmation, 
1
H NMR measurements on d = 4.4 nm Se

2-
-enriched CdSe NCs show a combined 

oleate and oleylamine surface ligand density of ~2.7 nm
-2

 (see Appendix C). These ligands are 

expected to bind exclusively to surface Cd
2+

 ions, and this result therefore suggests that the Se
2-

 

surface density
 
is between 3 and 4 nm

-2
. Importantly, the surface Se

2-
 density represents an upper 

limit for additional Cd(oleate)2 binding. Steric constraints and ligand crystallization limit the 

maximum total Cd(oleate)2 surface density to ~3-4 nm
-2

,
39

 which implies that only an additional 

~1-2 Cd(oleate)2 nm
-2

 can be added to the surfaces of our Se
2-

-enriched NCs. The observation in 

Figure 4.2 that both EF
max

 and <Nmax> vary nearly linearly between an equivalent surface density 

of 0 and 10 Cd
2+

 nm
-2

 thus indicates that the binding efficiency of Cd(oleate)2 is not unity. 

Neutral, two-electron L-type donor ligands such as oleylamine are known to remove Z-type 

metal-carboxylate units (Cd(oleate)2) at the surfaces of CdSe NCs via the formation of soluble 

LnCd(oleate)2 species.
39,40

 Competitive binding reactions between oleylamine, TOPO, and the 

added Cd(oleate)2 are therefore expected. Given that EF
max 

and <Nmax> stop changing at an 

equivalent surface density only ~3-4 times greater than the theoretical maximum, the equilibrium 

binding constant for surface-bound Cd(oleate)2 must be reasonably large.  
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 For the same d = 5.4 nm CdSe NCs, Figure 4.2d plots EF vs added Cd
2+

 measured (i) at 

<Nmax>, which is different for each Cd
2+

 addition, and (ii) at a fixed value of <N> (<N> = 1.2 x 

10
18

 cm
-3

), corresponding to <n> = 0.1. EF at <n> = 0.1 is taken as a measure of the band-edge 

potential, ECB. In both representations, EF shows a dramatic positive shift as Cd
2+

 is added. The 

total shift in EF at <Nmax> is +380 mV, and in EF at <N> = 1.2 x 10
18

 cm
-3

 is +440 mV. The raw 

data plotting EF vs <N> for several Cd
2+

 additions are provided as Supporting Information in 

Appendix C. 

 Collectively, the data in Figure 4.2 demonstrate that NC surface composition plays an 

integral role in determining the band-edge potentials of colloidal CdSe NCs. Through the 

empirical relationship between CdSe NC diameter and the quantum confined band-edge 

potential, ECB = 2.97d
-1.24

 - 3.49,
12

 the calculated shift in ECB between d = 4.4 and 5.4 nm CdSe 

NCs resulting from quantum confinement effects is ~110 meV, whereas the electrochemical 

range in ECB for NCs of the same diameter but different surface stoichiometries is > 400 mV 

(Figure 4.2d). Moreover, EF
max

 and <Nmax> are indistinguishable for these two NC sizes when 

compared at any specific surface ion stoichiometry and under otherwise identical experimental 

conditions, indicating that surface stoichiometry overwhelmingly dominates the redox properties 

of these NCs. 

 Several factors could conceivably contribute to the positive shift in EF with added 

Cd(oleate)2. In bulk semiconductors, surface traps can pin Fermi levels near their own 

potentials.
41,42

 Fermi-level pinning is not observed in bulk CdSe photoelectrodes at potentials < -

1 V vs Fc
+
/Fc when the surface is tuned from Cd

2+
- to Se

2-
-enriched,

43
 however, arguing against 

this interpretation. Alternatively, ligands or NC surface stoichiometries are known to alter NC 

band-edge potentials through electrostatic surface dipoles.
5,12,15,18,44-46

 The impact of surface 

dipoles on semiconductor band-edge potentials can be described using the Helmholtz 

relationship (eq. 4.1), where ΔVn is the surface-potential change due to modification of the 

surface dipoles,  describes the magnitude of the net dipole moment, Nss is the dipole surface 

density (m
-2

), cosϴ accounts for dipole orientation relative to the surface, 0 is the permittivity of 

free space, and d is the medium dielectric constant.
18,47,48

  

 

ΔEF (<n>) ≈ΔVn =  × Nss × cosϴ/0d    (4.1) 
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The net dipole moment, μ, has contributions from interfacial dipoles formed between NC surface 

ions and bound ligands, intrinsic ligand dipole moments, and dipoles of other molecules 

interacting with the NC surfaces. In the present experiments, surface modification likely alters 

both the interfacial and intrinsic ligand dipole moments. As shown by photoelectron 

spectroscopy, electron affinities of d = 4.7 nm CdSe NCs ligated by primary amines can differ by 

~200 meV from those of the same NCs ligated by oleates.
12

 Although the NC ligand shell does 

indeed change from an amine/oleate mixture (Se
2-

-enriched) to primarily oleates (Cd
2+

-enriched) 

in these experiments, the magnitude of the shift observed here is even greater. We propose that 

NC surface-ion-induced electrostatic dipole moments are primarily responsible for the changes 

in EF reported here. We hypothesize that surface Se
2-

 anions introduce dipoles pointing toward 

the CdSe NC center, destabilizing CB electrons and shifting EF to more negative potentials. 

Upon Cd
2+

 binding, the Se
2-

-induced dipole is reduced and EF shifts positively. 

 To probe these electrostatic effects further, the dependence of EF
max 

and <nmax> on 

electrolyte concentration was examined. Figure 4.3a plots EF
max

 and <nmax> against the 

concentration of [Bu4N][PF6], for the same photodoped d = 5.4 nm Se
2-

- and Cd
2+

-enriched CdSe 

NCs as in Figures 4.1 and 4.2 (11 Cd
2+

 nm
-2

). In the dilute limit of [Bu4N][PF6] (4 mM, 

log([Bu4N][PF6] NC
-1

) = 4.3), EF
max

 for the Se
2-

-enriched NCs is ~400 mV more negative than 

for the Cd
2+

-enriched NCs, while <nmax> = 0.1 and 1.5 for the Se
2-

-
 
and Cd

2+
-enriched NCs, 

respectively. As the concentration of [Bu4N][PF6] is increased, EF
max

 of the Se
2-

-enriched NCs 

becomes more positive with an apparent logarithmic dependence of ~160 mV/decade. This slope 

is independent of the NC concentration (see Supporting Information). In stark contrast, for the 

Cd
2+

-enriched NCs, increasing the [Bu4N][PF6] concentration causes no change to EF
max

 within 

experimental uncertainty. Because the NC ligation is largely unchanged in these experiments, 

changes in ligand-specific dipole moments can be ruled out as the cause of the shift in EF
max

. 

Moreover, the positive shift in EF
max

 with increasing [Bu4N][PF6] concentration observed for the 

Se
2-

-enriched CdSe NCs is strong evidence for surface dipole moments associated with Se
2-

 

surface ions. Increasing the electrolyte concentration stabilizes the CdSe NCs electrostatically 

and shifts EF
max

 to more positive potentials, as illustrated schematically in Figure 4.3b. The 

electrolyte ions do not bind to the NC surfaces, and this effect can thus be interpreted as a 

manifestation of changes in the NC electrical double layer. For Cd
2+

-enriched NCs, the 

observation that EF
max

 does not change with increasing [Bu4N][PF6] suggests not only that 
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surface dipoles are largely eliminated by addition of Cd
2+

, but also that the CB electrons are well 

screened from the external environment in these Cd
2+

-enriched NCs.  

 
Figure 4.3. Electrolyte dependence variable surface n-type CdSe NCs 

(a) Top: EF
max

 values measured for photodoped Se
2-

-enriched d = 5.4 nm CdSe NCs with 

(red, squares) and without (black, circles) the addition of excess Cd(oleate)2 (11.2 nm
-2

), 

plotted as a function of the ratio of the concentrations of electrolyte ([Bu4N][PF6]) and 

CdSe NCs. The dashed lines show linear best fits to the experimental data, and the error 

bars represent the uncertainty in the Cp2Co
+
/Cp2Co half-wave potential. Bottom: <nmax> 

for the same Se
2-

-enriched d = 5.4 nm CdSe NCs with (red, squares) and without (black, 

circles) added Cd(oleate)2, again plotted vs electrolyte concentration. All experiments 

were carried out in THF with 30 μM Na[Et3BH] as the reductant. The CdSe NC 

concentration is 0.2 μM and the concentration of [Bu4N][PF6] ranges from 4 to 100 mM. 

[Fc*][PF6] was added after the experiment as an internal electrochemical standard. EF is 

referenced against the Fc
+
/Fc redox couple. (b) Schematic illustration of the surface 

dipole reduction and concomitant band-edge shift observed for photodoped Se
2-

-enriched 

CdSe NCs upon increasing the electrolyte concentration. 
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4.4 Discussion 

 Figure 4.4 summarizes the effect of surface stoichiometry on EF and <N> in colloidal 

CdSe NCs. When the CdSe NC surfaces are Se
2-

-enriched, the electrons from the reductant 

occupy localized NC surface traps
36

 rather than the NC CB. The reduced surface sites introduce 

electrostatic dipoles at the NC surfaces. From the Helmholtz equation, the change in potential 

should scale with the density of surface dipoles. When the NC surfaces are Cd
2+

-enriched, the 

band-edge potentials shift more positive by ~400 mV. Despite a 20-fold increase in <Nmax> upon 

Cd
2+

 surface enrichment, EF
max

 for the Cd
2+

-enriched CdSe NCs is insensitive to the electrolyte 

concentration, indicating effective screening of the delocalized CB electrons from the NC 

environment in this limit.   

 

Figure 4.4. Schematic illustration of NC redox potential modulation from surface 

composition 

 

 The observation of widely tunable redox potentials in free-standing colloidal 

semiconductor NCs without corresponding changes in size or absorption spectra has important 

implications for understanding and controlling charge flow in photoinduced electron-transfer 

reactions, for example in quantum-dot-sensitized solar cells or solar H2 generation.
10,49

 In 

photochemical proton reduction to form H2, the driving force for electron transfer between the 

NCs and protons
 
reflects the potential difference between the CB edge and the proton reduction 

potential, and the results presented here thus suggest that this driving force may be tunable over 
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hundreds of meV through simple surface composition changes. It is reasonable to expect that 

other surface modifications will also affect such driving forces. For example, many recent 

descriptions of H
+
 reduction with colloidal CdSe NCs involve surface-bound catalysts.

7,10,50
 It is 

likely that catalyst attachment to the NC surface may itself alter the NC band-edge potentials and 

hence the driving force for proton reduction.  

4.5 Conclusion 

 The redox potentials of colloidal n-type CdSe NCs have been measured in situ using 

potentiometry coupled with electronic absorption spectroscopy and NC photodoping. The CdSe 

NC band-edge potentials can be tuned by hundreds of meV through systematic alteration of the 

NC surface composition, corresponding to tunability of the maximum CB electron densities by 

over an order of magnitude under otherwise identical conditions. A linear relationship between 

EF
max

 and <Nmax> that is controlled by the ratio of surface Cd
2+

:Se
2-

 ions has been identified. 

These changes in EF are shown to originate from Se
2-

-induced electrostatic dipoles at the NC 

surfaces. 
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Chapter 5. Mechanistic Insights into Solar Water Oxidation by Cobalt-

Phosphate-Modified α-Fe2O3 Photoanodes 

 
 

Adapted from: Carroll, G. M.; Zhong, D. K.; Gamelin, D. R. Energy Environ. Sci. 2015, 8, 577. 

 

 

5.1 Overview 

 Interfacing α-Fe2O3 photoanodes with the water-oxidation electrocatalyst Co-Pi is known 

to enhance their photon-to-current conversion efficiencies by reducing electron-hole 

recombination near their surfaces, particularly at more negative potentials, but the mechanism by 

which Co-Pi modification achieves this enhancement remains poorly understood. Conflicting 

experimental observations have been recorded with respect to the role of Co-Pi thickness and 

even the participation of Co-Pi in catalysis, raising important general questions concerning the 

fundamental properties of catalyst-modified PEC water-oxidation photoanodes for solar energy 

conversion. In this chapter, results from electrochemical, spectroscopic, and microscopic 

measurements on mesostructured Co-Pi/α-Fe2O3 composite photoanodes are reported that reveal 

evolving pathways of water oxidation with increasing Co-Pi thickness. These results highlight 

major fundamental differences between structured and planar Co-Pi/α-Fe2O3 composite 

photoanodes and help to reconcile previously conflicting mechanistic interpretations. 
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5.2 Introduction 

 Photoelectrochemical (PEC) water splitting into hydrogen and oxygen is a promising 

strategy for capturing and storing the abundant solar energy incident upon the Earth’s surface.
1-6

 

Photoelectrolysis of water poses significant technical challenges, however. The oxidation half 

reaction is a four-proton, four-electron process that typically requires a large overpotential.
1-6

 

Additionally, PEC photoelectrodes must be efficient, stable under operating conditions, able to 

absorb a large fraction of the visible spectrum, possess properly aligned band edges for 

thermodynamically favorable charge transfer, and be cost effective.
4,5,7

 To date, no single 

material has demonstrated all of these characteristics. 

 With a band gap of 2.1 eV, stability under operating conditions, and a valence-band 

potential ~1.6 V more positive than the thermodynamic water-oxidation potential (+1.23 V vs 

RHE), hematite (α-Fe2O3) continues to attract attention as a model photoanode for PEC water 

oxidation.
7-11

 Owing to poor charge mobility (10
-2

 to 10
-1

 cm2s
-1

V
-1

),
12

 short hole-diffusion 

lengths (2-20 nm),
13,14

 and slow charge-transfer kinetics (10
-3

 sec to 1 sec),
15-22

 however, the 

solar-to-hydrogen efficiencies achieved with α-Fe2O3 photoelectrodes suffer greatly from 

electron-hole recombination, both within the bulk and at the semiconductor liquid junction 

(SCLJ). 

 Several strategies have been explored to reduce bulk electron-hole recombination in α-

Fe2O3, including doping with Si, Ti, Al, Ge, Sn, and Nb
23-28

 and nano-structuring.
9,23-26,29-33

 

Similarly, several groups have explored interfacing α-Fe2O3 with water-oxidation catalysts to 

reduce surface electron-hole recombination.
8,15,34-36

 In particular, the earth-abundant, self-healing 

water-oxidation electrocatalyst known as cobalt phosphate (Co-Pi)
37,38

 has received enormous 

attention since initial observations of water-oxidation onsets shifted to more negative potentials 

in Co-Pi/α-Fe2O3 composite photoanodes.
8,34,39

 As a "self-healing" catalyst,
38

 Co-Pi has practical 

advantages over other molecular or nanocrystalline catalysts, which may degrade or dissociate 

from the photoanode surface over time.  

 Since first reported,
34

 numerous studies have addressed optimization and mechanistic 

probing of the Co-Pi/α-Fe2O3 interface.
8,15,39-42

 Interestingly, these studies have generated 

seemingly incompatible models to explain the nature of the Co-Pi photocurrent enhancement on 

α-Fe2O3 photoanodes. For example, some of the most detailed insights into this interface have 
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come from studies of planar Co-Pi/α-Fe2O3 "model" systems
41

 but the experimental results from 

these model systems haven't been in full agreement with those from PEC studies of high-surface-

area Co-Pi/α-Fe2O3 composite photoanodes.
8,39

 Specifically, photoelectrochemical measurements 

on mesostructured α-Fe2O3 photoanodes have indicated an optimal Co-Pi thickness of only <~10 

nm, beyond which the PEC performance actually diminished because of a "kinetic 

bottleneck".
8,39

 In contrast, analogous PEC measurements on planar α-Fe2O3 photoanodes have 

showed continued PEC improvement with increasing Co-Pi thickness up to as thick as 425 nm.
41

 

One hypothesis
41

 to explain these contradictory observations is that the latter measurements 

involved backside illumination (i.e., through the substrate and α-Fe2O3, Figure 5.2a), whereas the 

former involved frontside illumination (i.e., through the Co-Pi); Frontside illumination is 

potentially subject to parasitic photon absorption by the Co-Pi itself,
43

 introducing new 

absorption losses with increasing Co-Pi thickness. This hypothesis has never been tested, and the 

stark contrast between mesostructured and planar Co-Pi/α-Fe2O3 composite photoanodes thus 

remains unexplained. Additionally, transient absorption measurements on mesostructured Co-

Pi/α-Fe2O3 composite photoanodes have revealed photogenerated holes with extended lifetimes 

apparently within the α-Fe2O3 itself, leading to the suggestion that Co-Pi does not directly 

participate in water-oxidation catalysis but instead plays an indirect role by inducing additional 

α-Fe2O3 band bending that reduces electron-hole recombination.
40,44

 This suggestion appears 

incompatible with observations of an "adaptive junction" formed between α-Fe2O3 and Co-Pi or 

related catalysts,
42,45

 and of capacitive hole storage within the Co-Pi layer.
41

 These mechanistic 

contrasts also remain unresolved. Further mechanistic studies of PEC water oxidation by Co-

Pi/α-Fe2O3 composite photoanodes are required to reconcile these divergent understandings of 

this important interface. 

 Here, we assess the influence of Co-Pi layer thickness on the PEC performance of 

mesostructured α-Fe2O3 photoanodes with the aim of consolidating the understanding of the role 

of Co-Pi in enhancing PEC water oxidation by α-Fe2O3 photoanodes. The results demonstrate the 

existence of an optimal Co-Pi thickness that is rather small (~2.5 nm, estimated from 

Coulometry) and independent of the illumination direction, confirming a non-trivial origin of the 

diminished PEC performance with thicker Co-Pi catalyst layers. This bottleneck with thick Co-Pi 

layers is proposed to stem from the texturing of these mesostructured α-Fe2O3 photoanodes, 

which enhances surface electron-hole recombination relative to planar α-Fe2O3 photoanodes. 
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Furthermore, mechanistic insights gained from measuring the pH dependence of this PEC 

activity as a function of Co-Pi thickness reveal that at large Co-Pi thicknesses, all water 

oxidation proceeds via Co-Pi, whereas at the optimal Co-Pi thickness, charge transfer to water 

occurs through Co-Pi-catalyzed water oxidation and by direct α-Fe2O3 water oxidation, the 

relative importance of each pathway changing with applied potential. These findings shed new 

light on the role Co-Pi plays in improving the performance of these and related solar water-

splitting photoanodes, and highlight fundamentally important contrasts between planar and 

structured composite photoanodes. 

5.3 Experimental Details 

 Mesostructured α-Fe2O3 photoanodes were fabricated on fluorine doped tin oxide (FTO) 

coated glass (TEC 15, Hartford Glass Co.) by an atmospheric pressure chemical vapor deposition 

(APCVD) method described previously.
8,33,39

 The APCVD synthesis was modified to optimize 

α-Fe2O3 for backside illumination photocurrent densities by decreasing the deposition period to 

~70% of the typical deposition time, and thus producing thinner α-Fe2O3 films. To fabricate the 

Co-Pi/α-Fe2O3 composite photoanodes, Co-Pi was deposited onto α-Fe2O3 photoanodes by 

photo-assisted electrodeposition under AM1.5 simulated solar irradiation from the back of the 

sample (through the FTO). All Co-Pi depositions were carried out at a constant current of 6 

μA/cm
2
 from a solution of 0.5 mM cobalt nitrate in 0.1 M potassium phosphate buffer at pH 8. 

The Co-Pi thickness was controlled by varying the amount charge passed, i.e., the duration of 

deposition. Co-Pi thicknesses are reported as the average values estimated from the charges 

passed during deposition. Co-Pi dissolution was achieved by submerging Co-Pi/α-Fe2O3 

composite photoanodes in fresh aqueous 0.1M KPi (pH 8) solutions for fixed times.  

 Photoelectrochemcial (PEC) and electrochemical (EC) measurements were conducted in 

a three-electrode configuration, with the photoanode as the working electrode, Ag/AgCl as the 

reference electrode, and Pt as the counter electrode. A Gamry Series G 300 potentiostat with a 

frequency response analyzer was used for all measurements. Unless otherwise stated, all PEC 

measurements were performed in 0.1M KPi (pH8) using backside illumination (through the 

FTO, Figure 2a) with calibrated 1 sun AM 1.5 simulated sunlight irradiation using an Oriel 

96000 solar simulator equipped with a 150 W Xenon arc lamp and an Oriel AM 1.5 filter. 

Potentials vs the reversible hydrogen electrode (RHE) were calculated using the Nernst equation 
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as ERHE = EAg/AgCl + 0.0591(pH) + 0.1976 V. All photocurrent-voltage and current-voltage data 

were collected at a scan rate of 10 mV/s. Masks with 6 mm diameter apertures were applied onto 

all working electrodes for defined active surface areas. 

 Galvanostatic pH-dependent PEC measurements were performed by titrating aqueous 

0.5M KPi (pH 5) with aqueous 0.1M KOH. Incident photon-to-current conversion efficiency 

(IPCE) data were collected using a 250 W tungsten light source directed through an Oriel 

Cornerstone 74000 monochromator blazed at 350 nm. Spectral efficiency was calculated using 

the equation: IPCE(λ) = 1240*Current(A)/Power(W)*λ(nm). Light intensity was measured with 

a calibrated silicon detector with a maximum light output of ~6 mW/cm
2
 at 540 nm. The steady-

state dark current was collected prior to each IPCE measurement and was subtracted from the 

resulting spectrum. Scanning electron microscopy (SEM) images were collected using an FEI 

Sirion SEM at an accelerating voltage of 15 keV. 

5.4 Results and Analysis 

 Figure 5.1 compares scanning electron microscopy (SEM) images of an α-Fe2O3 

photoanode collected before and after photo-assisted electrochemical deposition of Co-Pi with 

backside illumination. Whereas photo-assisted electrochemical deposition of Co-Pi onto α-Fe2O3 

mesostructures using frontside illumination has previously been shown to yield uniform catalyst 

coverage across the entire α-Fe2O3 surface,
8
 Co-Pi deposition via backside illumination has not 

been explored. The bare α-Fe2O3 photoanode displays a highly structured surface with resolvable 

features on the order of ~10nm in diameter, typical for mesostructured α-Fe2O3 photoanodes 

prepared by APCVD.
33

 Following Co-Pi deposition, the smallest resolvable features grow to ~30 

nm. Assuming an average volume of ~125 Å
3
 per CoO6 subunit,

46
 and an α-Fe2O3 surface 

roughness factor of 20,
33

 an average Co-Pi thickness of ~25 nm can be estimated from the charge 

passed during deposition to make the composite photoanode in Figure 5.1b. Although it is 

difficult to extract the exact Co-Pi thickness from SEM, the loss of resolvable microstructure in 

Figure 5.1b is consistent with this estimated thickness. 
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Figure 5.1. SEM of bare and Co-Pi coated mesostructured α-Fe2O3.  

Scanning electron microscope images of (a) a bare mesostructured α-Fe2O3 photoanode, 

and (b) the same photoanode following deposition of a ~25 nm thick layer of Co-Pi via 

photo-assisted electrochemical deposition using backside illumination. The viewing angle 

is normal to the sample surface. 

  

 Figure 5.2b describes the photocurrent density–voltage (J-V) characteristics of an α-

Fe2O3 photoanode whose surface has been modified by deposition of a thick (~25 nm) layer of 

Co-Pi, illuminated with 1 sun, AM1.5 simulated sunlight from the back side. Remarkably, the 

onset potential for PEC water oxidation is approximately the same with and without the thick 

Co-Pi layer. The photocurrent density measured at +1.8 V is greater for the Co-Pi/α-Fe2O3 

photoanode than for the parent α-Fe2O3 photoanode, but close inspection reveals that this 

enhancement arises from direct electrocatalysis by Co-Pi (Fig. 5.2b, inset), instead of from 

enhanced photoelectrocatalysis as desired. Subtracting the steady state dark current yields a 

photocurrent density of only 1.2 mA/cm
2
 at +1.8 V for the composite photoanode, well below 

that of the parent α-Fe2O3 photoanode (1.5 mA/cm
2
 at +1.8 V). Interfacing with a ~25 nm Co-Pi 

layer thus actually diminishes the PEC performance of mesostructured α-Fe2O3 photoanodes 
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under backside illumination, confirming previous observations of a kinetic bottleneck in this 

regime. 

 
Figure 5.2. Dissolution of Co-Pi from α-Fe2O3.  

(a) Schematic illustration of front- and backside illumination. (b) J-V scans under 

simulated 1 sun AM 1.5 backside illumination of a bare α-Fe2O3 electrode (black) and 

following Co-Pi deposition (red, ~25 nm thick). Intermediate colors from orange to blue 

show the J-V scans of the same electrode after 

1|3|5|10|15|20|30|40|50|60|120|240|360|480|600 minutes of Co-Pi dissolution in fresh 

0.1M KPi (pH 8) electrolyte solution. The solid lines correspond to minima (bare α-

Fe2O3, and with ~25 nm-thick Co-Pi) and the maximum (after 30 min dissolution). Inset: 

Dark current response of the same anode at each of the same stages of Co-Pi dissolution. 

(c) Steady-state photocurrent densities (steady-state dark current subtracted) for front 

(black, closed circles) and backside (red, open circles) illumination measured at +1.7 V 
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(solid) and +1.23 V (dashed) vs RHE. All data were collected using 0.1M KPi (pH 8) 

buffer. 

 

 Co-Pi slowly disproportionates and dissolves in cobalt-free electrolyte under open-circuit 

conditions.
38

 Here, we show that this dissolution can be used to optimize the Co-Pi thickness in 

Co-Pi/α-Fe2O3 composite photoanodes. To illustrate this optimization, a series of PEC 

measurements was performed on the same photoanode in cobalt-free electrolyte, with deliberate 

Co-Pi dissolution steps performed between each pair of J-V measurements. Specifically, the 

composite photoelectrode was transferred to a cobalt-free aqueous solution following each PEC 

measurement, where dissolution was allowed to proceed for a fixed time, and the photoelectrode 

was then transferred back into the PEC cell and its J-V response measured again. From the initial 

thickness of ~25 nm (red trace), Figure 5.2b shows that the onset potential shifts to more 

negative potentials with Co-Pi dissolution until a maximum shift is reached at ~30 min 

dissolution time (green trace). Further dissolution then shifts the onset potential to more positive 

potentials again, until eventually all of the Co-Pi has been removed and the J-V curve converges 

on that of the parent α-Fe2O3 photoanode, measured prior to any Co-Pi deposition. From the inset 

in Figure 5.2b, the dark current density does not follow the same trend; its onset potential only 

increases with Co-Pi dissolution. Figure 5.2c summarizes steady-state photocurrent density data 

(see Appendix D) measured with both front- and backside illumination at +1.7 V and +1.23 V as 

a function of Co-Pi dissolution time. Both the front- and backside PEC follow the same trend, 

proceeding through a maximum at ~30 min dissolution. This trend illustrates the "kinetic 

bottleneck" effect described previously,
39

 but here is demonstrated with backside illumination. 

This result eliminates nonproductive photon absorption by Co-Pi as a viable hypothesis to 

explain the reduced PEC performance of composite Co-Pi/α-Fe2O3 photoanodes having thick 

Co-Pi layers. 

 Figure 5.3 shows incident-photon-to-current-conversion-efficiency (IPCE) curves 

measured for the same α-Fe2O3 photoanode with various Co-Pi thicknesses. The bare α-Fe2O3 

photoanode shows a typical response, with its photocurrent onset at the α-Fe2O3 absorption edge 

(λ ≈ 600 nm) and a maximum of 14% at λ = 450 nm. The decreasing IPCE at even shorter 

wavelengths is typical for backside illumination, and reflects bulk-recombination losses of 

photo-generated charge carriers created near the α-Fe2O3/FTO interface. Deposition of a thin Co-
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Pi layer (~2.3 nm) onto this photoanode's surface increases the IPCE values at all wavelengths, 

yielding a maximum of ~19% at 445 nm. Addition of more Co-Pi (to ~9.7 nm thick) causes a 

decrease in IPCE throughout the entire spectral window, however, and the IPCE curve is almost 

indistinguishable from that of the bare photoanode. Even further Co-Pi addition (to ~25 nm) 

decreases the IPCE values yet further, yielding an IPCE maximum of only 7% at λ = 445 nm. 

The uniform decrease in IPCE with thick Co-Pi deposition differs from what would be expected 

if this large reduction in PEC performance came from photon absorption by Co-Pi (dotted curve, 

transmittance), further arguing against the hypothesis of substantial non-productive light 

absorption by the catalyst. Instead, the results presented here indicate that a more complex and 

fundamentally important limitation is encountered with thick Co-Pi layers. 

 
Figure 5.3. IPCE of variable thickness Co-Pi on mesostructured α-Fe2O3.  

Incident photon to current conversion efficiency (IPCE) spectra for bare (black, open 

square), 2.3 nm (blue, closed circle), 9.7 nm (green, open circle) and 25 nm (red, closed 

square) thick Co-Pi on α-Fe2O3 in 0.1 M KPi at 1.7 V vs. RHE from backside 

illumination. For reference, the dashed line shows the transmittance spectrum of a ~25 

nm thick Co-Pi layer deposited on FTO.  

  

 In our experiments, the optimized thicknesses of the APCVD α-Fe2O3 photoanodes 

themselves for front- and backside illumination are ~600 and ~450 nm, respectively. Figure 5.4 

shows J-V curves measured for two Co-Pi/α-Fe2O3 composite photoelectrodes, with α-Fe2O3 

growth optimized for either front (~600 nm thick) or backside (~450 nm thick) illumination. 

Figure 5.4a shows that the thicker α-Fe2O3 photoanode achieves a lower plateau current density 

(~1 mA/cm
2
) than the thinner one (~2 mA/cm

2
) under backside illumination. Upon deposition of 

~25 nm (average) Co-Pi onto these two photoanodes, the photocurrent onset potential of the 
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thicker photoanode shifts to more negative potentials by ~200 mV, whereas that of the thinner 

photoanode actually shifts to more positive potentials. A close inspection of the SEM image of 

this Co-Pi/α-Fe2O3 photoelectrode (Figure 5.4a, inset) reveals that backside photo-assisted 

electrodeposition does not uniformly deposit Co-Pi onto the surface of the thicker α-Fe2O3 

photoanode. The nodules still show their fine microstructure whereas the dark regions in the 

valleys now appear flat, suggesting that Co-Pi deposits preferentially in the valleys. This result 

implies that the PEC activity of the thicker α-Fe2O3 photoanode is restricted to these valleys 

when using backside illumination, and the high-surface-area nodules do not participate equally. 

This loss of active surface area causes the thicker α-Fe2O3 photoelectrodes to behave like planar 

α-Fe2O3 photoanodes when interfaced with Co-Pi, showing continued shifting to more negative 

potentials of the onset potential even with application of thick Co-Pi layers (Figure 5.4a).
41

 In 

contrast, the thinner α-Fe2O3 photoanode shows evidence of substantial Co-Pi deposition onto 

the high-surface-area nodules (Figure 5.4b, inset) even with backside illumination, showing that 

the full surface area participates in water oxidation, as desired. In this limit, thick Co-Pi layers 

impair PEC performance (Figure 5.4b). 

 
Figure 5.4. Variations in the photoactivity of mesostructured α-Fe2O3 surfaces.  

J-V scans for bare (black) and ~25 nm Co-Pi-coated (red) α-Fe2O3 photoanodes measured 

in 0.1 M KPi (pH 8) with backside illumination. (a) Co-Pi/α-Fe2O3 optimized for 

frontside illumination (~600 nm thick α-Fe2O3). (b) Co-Pi/α-Fe2O3 optimized for 
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backside illumination (~450 nm thick α-Fe2O3). The insets show SEM images of the two 

Co-Pi/α-Fe2O3 photoelectrodes. 

 

 We now turn to the water oxidation catalysis itself. To probe this chemistry, galvanostatic 

pH titrations were conducted under illumination for four different Co-Pi thicknesses at two 

different current densities on the same 450 nm thick α-Fe2O3 photoanode (Fig. 5.5). As an 

electrocatalyst, Co-Pi is known to proceed through a proton-coupled electron-transfer step that 

precedes the rate-limiting O-O bond formation step.
46

 This mechanism yields a Nernstian pH 

dependence of -59 mV/pH. A pH dependence of ~-59 mV/pH would therefore be expected for a 

Co-Pi/α-Fe2O3 composite photoanode if PEC water oxidation proceeds exclusively via the Co-Pi 

electrocatalyst. For reference, the bare α-Fe2O3 photoanode was measured and shows a pH 

dependence of -97 mV/pH under AM 1.5 illumination from the backside (at both 35 and 700 

μA/cm
2
, Figure 5.5). Addition of 0.6 nm Co-Pi onto the bare α-Fe2O3 photoanode changes the 

pH dependence from -97 to -82 mV/pH at 35 μA/cm
2
, and -95 mV/pH at 700 μA/cm

2
. These 

changes indicate that Co-Pi is modifying the mechanism of water oxidation in these composite 

photoanodes, but does so more at low potentials (low currents) than at high potentials (higher 

currents). Further addition of Co-Pi continues to decrease the pH dependence until, at a Co-Pi 

thickness of ~25 nm, the slopes of both the 35 and 700 μA/cm
2
 data sets are both close to -59 

mV/pH, i.e., both resemble the inverse first order dependence on proton activity anticipated from 

water-oxidation catalysis by Co-Pi. Co-Pi/α-Fe2O3 composite photoanodes with thick Co-Pi 

catalyst layers thus appear to oxidize water solely via the Co-Pi electrocatalyst. 
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Figure 5.5. pH dependence of variable thickness Co-Pi on α-Fe2O3.  

(a) Galvanostatic pH titration taken at 35 μA/cm
2
 of bare α-Fe2O3 (black, open square), 

0.62 nm Co-Pi/α-Fe2O3 (blue, closed circle), 2.3 nm Co-Pi/α-Fe2O3 (green, open circle) 

and ~25 nm Co-Pi/α-Fe2O3 (red, closed square) in 0.5 M KPi under AM1.5 illumination 

from the backside. All pH data were collected on the same 450 nm thick α-Fe2O3 sample. 

(b) The fitted slopes from the galvanostatic pH titrations at 35 μA/cm
2
 (closed circles, 

solid line) and 700 μA/cm
2 

(open circles, dotted line) plotted vs Co-Pi thickness. Error 

bars indicate the uncertainty associated with the linear fit to the pH data.  

 

 The above data show that Co-Pi/α-Fe2O3 composite photoanodes prepared with the 

optimized Co-Pi thickness (~2.3 nm) exhibit a pH dependence that is intermediate between those 

of the bare α-Fe2O3 and thick-composite photoelectrodes. This intermediate regime is interpreted 

as reflecting a superposition of two mechanisms (see Appendix D), one involving water 

oxidation directly at the α-Fe2O3 surface (-97 mV/pH) and the other water oxidation by Co-Pi (-

59 mV/pH). The degree to which each mechanism participates varies with current density and 

hence with applied potential. At low potential (current), the majority of oxygen evolution occurs 

via Co-Pi, but at higher potentials (currents) the α-Fe2O3 surface mechanism dominates. The 
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optimized Co-Pi/α-Fe2O3 composite photoanodes thus rely on Co-Pi catalysis for activity at low 

potentials and on direct α-Fe2O3 water oxidation for activity at high potentials. To our 

knowledge, this result constitutes the first mechanistic evidence of water oxidation by Co-Pi in 

such composite photoanodes. 

5.5 Discussion 

Co-Pi can be described as forming an "adaptive Schottky junction"
42,45

 with the surface of the 

underlying α-Fe2O3 photoelectrode, in which the open circuit voltage and quasi-Fermi level 

splitting increase upon oxidation of the ion permeable electrocatalyst, increasing the driving 

force for electron-hole separation and reducing surface recombination. From this description, it is 

expected that increasing the thickness of Co-Pi should only improve the J-V characteristics of the 

composite photoelectrode. Such behavior is indeed observed in planar Co-Pi/α-Fe2O3 

photoanodes,
41

 but it is not observed with mesostructured Co-Pi/α-Fe2O3 photoanodes.
8,39

 

Although mesostructured α-Fe2O3 photoanodes yield substantially higher photocurrent densities 

than planar α-Fe2O3 photoanodes, the PEC performance of mesostructured Co-Pi/α-Fe2O3 

composite photoanodes maximizes at an intermediate Co-Pi thickness, implicating the existence 

of a new process that limits the overall performance. 

 We attribute this new limiting process (the "kinetic bottleneck"
39

) to increased interfacial 

recombination between conduction-band electrons and Co-Pi holes with increasing Co-Pi layer 

thickness in the mesostructures, ultimately arising from the inability to sweep electrons away 

from the SCLJ because of the α-Fe2O3 texturing. This interpretation is summarized in Figure 6a. 

Electron diffusion in a planar α-Fe2O3 photoanode is largely perpendicular to (away from) the 

SCLJ (Figure 5.6a, left). Increasing the surface area of an α-Fe2O3 photoanode increases the 

distance that photogenerated electrons must travel before they are no longer in proximity to this 

interface. Much of this added distance is actually parallel to the SCLJ (Figure 5.6a, right). The 

probability of electron recombination with holes stored within the Co-Pi layer increases in 

proportion to the time the electrons must reside near the SCLJ. This contrast results in the 

existence of the kinetic bottleneck only in highly structured Co-Pi/α-Fe2O3 composite 

photoanodes, and only when the entire high surface area participates in the photoelectrocatalysis 

(Figure 5.4). 
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 The pH data presented here (Figure 5.5) indicate that water-oxidation catalysis proceeds 

exclusively via Co-Pi when the Co-Pi layer is thick. Under these conditions, however, many 

oxidizing equivalents are stored in the Co-Pi layer at steady state, and surface electron-hole 

recombination in mesostructured photoanodes becomes overwhelmingly problematic. For 

mesostructured Co-Pi/α-Fe2O3 composite photoanodes, PEC performance is therefore optimized 

when the Co-Pi layer is thin. Interestingly, in these optimized mesostructured Co-Pi/α-Fe2O3 

composite photoanodes, water-oxidation catalysis proceeds via Co-Pi at low potentials but 

directly via the α-Fe2O3 surface at high potentials. In this way, Co-Pi improves the performance 

of mesostructured α-Fe2O3 photoanodes by catalyzing water oxidation at the lowest potentials, 

shifting their onset potentials more negative as desired for practical applications. These 

conclusions are summarized graphically in Figure 5.6b and highlight the important fundamental 

differences between mesostructured and planar PEC photoanodes for solar water oxidation. 

Importantly, these results shed new light onto the longstanding uncertainty about whether Co-Pi 

is an active catalyst or merely a spectator in such photoelectrochemistry.
47

 Because of the 

marked contrasts observed between mesostructured and planar Co-Pi/α-Fe2O3 photoanodes, the 

results here motivate a more comprehensive mechanistic investigation into the kinetic processes 

specific to mesostructured Co-Pi/α-Fe2O3 interfaces, and such experiments are currently 

underway in our laboratories. 



 

 92 

 
Figure 5.6. Summary of Co-Pi assisted α-Fe2O3 solar water oxidation. 

 (a) Schematic comparison of contrasting surface electron-hole recombination processes 

during photoelectrochemical water oxidation by mesostructured and planar Co-Pi/α-

Fe2O3 photoanodes. In planar photoanodes, electrons travel away from the SCLJ, and 

hence away from accumulated holes in the Co-Pi catalyst layer. This configuration 

minimizes surface electron-hole recombination. In mesostructured photoanodes, electrons 

spend more time traveling parallel to the SCLJ. When the Co-Pi catalyst layer is thick, it 

stores many oxidizing equivalents, and thicker Co-Pi deposition results in increased 

surface electron-hole recombination. (b) In PEC water oxidation by mesostructured Co-

Pi/α-Fe2O3 photoanodes, the water-oxidation mechanism depends on the catalyst 

thickness and the applied potential. For thick Co-Pi catalyst layers, water oxidation is 

always performed by Co-Pi. For thin (optimized) Co-Pi layers, water oxidation at low 

potentials is performed by Co-Pi, whereas water oxidation at high potentials and high 

currents is performed directly by the α-Fe2O3 surface. 
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5.6 Conclusion 

 Highly structured α-Fe2O3 photoanodes are susceptible to kinetic constraints when 

interfaced with thick Co-Pi catalyst layers. Optimization of the Co-Pi electrocatalyst thickness is 

necessary to achieve the maximum PEC efficiency at potentials <+1.6 V vs RHE. Attenuation of 

photocurrent with increasing Co-Pi thickness arises due to interfacial recombination between 

photogenerated conduction-band electrons and accumulated Co-Pi holes ("kinetic bottleneck"). 

The importance of such recombination depends on the texture of the underlying photoanode. For 

mesostructured α-Fe2O3 photoanodes, the overall PEC efficiency is optimized with rather thin 

Co-Pi layers (~2.5 nm) because of this recombination. At these optimal Co-Pi thicknesses, PEC 

water oxidation can occur from both the Co-Pi electrocatalyst, which dominates at low applied 

bias, and directly from the α-Fe2O3 surface, which dominates at high applied bias. For planar α-

Fe2O3 photoanodes, this recombination channel is no longer dominant, and very thick Co-Pi 

layers do not limit PEC performance.
41

 These results clarify the mechanistic role that Co-Pi plays 

in improving the PEC performance of composite Co-Pi/α-Fe2O3 photoanodes, and may have 

broad implications with respect to formation and optimization of related composite 

catalyst/photoelectrodes. 

 

5.7 References 

 (1) Fujishima, A.; Honda, K.: Electrochemical Photolysis of Water at a 

Semiconductor Electrode. Nature 1972, 238, 37-38. 

 (2) Lewis, N. S.; Nocera, D. G.: Powering the planet: Chemical challenges in solar 

energy utilization. PNAS 2006, 103, 15729-15735. 

 (3) Nocera, D. G.: Personalized Energy: The Home as a Solar Power Station and 

Solar Gas Station. ChemSusChem 2009, 2, 387-390. 

 (4) Bard, A. J.; Fox, M. A.: Artificial Photosynthesis: Solar Splitting of Water to 

Hydrogen and Oxygen. Acc. Chem. Res. 1995, 28, 141-145. 

 (5) Moomow, W.; Yamba, F.; Kamimoto, M.; Maurice, L.; Nyboer, J.; Urama, K.; 

Weir, T.: Introduction. In IPCC Special Report on Renewable Energy Sources and Climate 

change Mitigation; Edenhofer, O., Pichs-Madruga, R., Sokona, Y., Seyboth, K., Matschoss, P., 

Kadner, S., Zwickel, T., Eickemeier, P., Hansen, G., Schlömer, S., von Stechow, C., Eds.; 

Cambridge University Press: United Kingdom and New York, NY, USA, 2011. 

 (6) Khaselev, O.; Turner, J. A.: A Monolithic Photovoltaic-Photoelectrochemical 

Device for Hydrogen Production via Water Splitting. Science 1998, 280, 425-427. 

 (7) Grätzel, M.: Photoelectrochemical cells. Nature 2001, 414, 338-344. 



 

 94 

 (8) Zhong, D. K.; Cornuz, M.; Sivula, K.; Gratzel, M.; Gamelin, D. R.: Photo-assisted 

electrodeposition of cobalt-phosphate (Co-Pi) catalyst on hematite photoanodes for solar water 

oxidation. Energy Environ. Sci. 2011, 4, 1759-1764. 

 (9) Duret, A.; Grätzel, M.: Visible Light-Induced Water Oxidation on Mesoscopic α-

Fe2O3 Films Made by Ultrasonic Spray Pyrolysis. J. Phys. Chem. B 2005, 109, 17184-17191. 

 (10) Osterloh, F. E.: Inorganic Materials as Catalysts for Photochemical Splitting of 

Water. Chem. Mater. 2007, 20, 35-54. 

 (11) Osterloh, F. E.: Inorganic nanostructures for photoelectrochemical and 

photocatalytic water splitting. Chem. Soc. Rev. 2013, 42, 2294-2320. 

 (12) Gardner, R. F. G.; Sweett, F.; Tanner, D. W.: The electrical properties of alpha 

ferric oxide—I.: The impure oxide. J. Phys. Chem. Solids 1963, 24, 1175-1181. 

 (13) Kennedy, J. H.; Frese, K. W.: Photooxidation of Water at α-Fe2O3 Electrodes. J. 

Electrochem. Soc. 1978, 125, 709-714. 

 (14) Dare-Edwards, M. P.; Goodenough, J. B.; Hamnett, A.; Trevellick, P. R.: 

Electrochemistry and photoelectrochemistry of iron(III) oxide. J. Chem. Soc. Faraday Trans. 

1983, 79, 2027-2041. 

 (15) Le Formal, F.; Sivula, K.; Grätzel, M.: The Transient Photocurrent and 

Photovoltage Behavior of a Hematite Photoanode under Working Conditions and the Influence 

of Surface Treatments. J. Phys. Chem. C 2012, 116, 26707-26720. 

 (16) Upul Wijayantha, K. G.; Saremi-Yarahmadi, S.; Peter, L. M.: Kinetics of oxygen 

evolution at -Fe2O3 photoanodes: a study by photoelectrochemical impedance spectroscopy. 

Phys. Chem. Chem. Phys. 2011, 13, 5264-5270. 

 (17) Hamann, T. W.: Splitting water with rust: hematite photoelectrochemistry. Dalton 

Trans. 2012, 41, 7830-7834. 

 (18) Klahr, B.; Gimenez, S.; Fabregat-Santiago, F.; Bisquert, J.; Hamann, T. W.: 

Electrochemical and photoelectrochemical investigation of water oxidation with hematite 

electrodes. Energy Environ. Sci. 2012, 5, 7626-7636. 

 (19) Klahr, B. M.; Hamann, T. W.: Current and Voltage Limiting Processes in Thin 

Film Hematite Electrodes. J. Phys. Chem. C 2011, 115, 8393-8399. 

 (20) Barroso, M.; Mesa, C. A.; Pendlebury, S. R.; Cowan, A. J.; Hisatomi, T.; Sivula, 

K.; Grätzel, M.; Klug, D. R.; Durrant, J. R.: Dynamics of photogenerated holes in surface 

modified α-Fe2O3 photoanodes for solar water splitting. PNAS 2012, 109, 15640-15645. 

 (21) Barroso, M.; Pendlebury, S. R.; Cowan, A. J.; Durrant, J. R.: Charge carrier 

trapping, recombination and transfer in hematite (-Fe2O3) water splitting photoanodes. Chem. 

Sci. 2013, 4, 2724-2734. 

 (22) Pendlebury, S. R.; Cowan, A. J.; Barroso, M.; Sivula, K.; Ye, J.; Gratzel, M.; 

Klug, D. R.; Tang, J.; Durrant, J. R.: Correlating long-lived photogenerated hole populations 

with photocurrent densities in hematite water oxidation photoanodes. Energy Environ. Sci. 2012, 

5, 6304-6312. 

 (23) Chemelewski, W. D.; Hahn, N. T.; Mullins, C. B.: Effect of Si Doping and 

Porosity on Hematite’s (α-Fe2O3) Photoelectrochemical Water Oxidation Performance. J. Phys. 

Chem. C 2012, 116, 5255-5261. 

 (24) Hahn, N. T.; Mullins, C. B.: Photoelectrochemical Performance of 

Nanostructured Ti- and Sn-Doped α-Fe2O3 Photoanodes. Chem. Mater. 2010, 22, 6474-6482. 



 

 95 

 (25) Tang, H.; Matin, M. A.; Wang, H.; Deutsch, T.; Al-Jassim, M.; Turner, J.; Yan, 

Y.: Synthesis and characterization of titanium-alloyed hematite thin films for 

photoelectrochemical water splitting. J. Appl. Phys. 2011, 110, 123511. 

 (26) Wang, G.; Ling, Y.; Wheeler, D. A.; George, K. E. N.; Horsley, K.; Heske, C.; 

Zhang, J. Z.; Li, Y.: Facile Synthesis of Highly Photoactive α-Fe2O3-Based Films for Water 

Oxidation. Nano Lett. 2011, 11, 3503-3509. 

 (27) He, J.; Parkinson, B. A.: Combinatorial Investigation of the Effects of the 

Incorporation of Ti, Si, and Al on the Performance of α-Fe2O3 Photoanodes. ACS. Comb. Sci. 

2011, 13, 399-404. 

 (28) Zandi, O.; Klahr, B. M.; Hamann, T. W.: Highly photoactive Ti-doped [small 

alpha]-Fe2O3 thin film electrodes: resurrection of the dead layer. Energy Environ. Sci. 2013, 6, 

634-642. 

 (29) Sivula, K.; Zboril, R.; Le Formal, F.; Robert, R.; Weidenkaff, A.; Tucek, J.; 

Frydrych, J.; Grätzel, M.: Photoelectrochemical Water Splitting with Mesoporous Hematite 

Prepared by a Solution-Based Colloidal Approach. J. Am. Chem. Soc. 2010, 132, 7436-7444. 

 (30) Hahn, N. T.; Ye, H.; Flaherty, D. W.; Bard, A. J.; Mullins, C. B.: Reactive 

Ballistic Deposition of α-Fe2O3 Thin Films for Photoelectrochemical Water Oxidation. ACS 

Nano 2010, 4, 1977-1986. 

 (31) Gonçalves, R. H.; Lima, B. H. R.; Leite, E. R.: Magnetite Colloidal Nanocrystals: 

A Facile Pathway To Prepare Mesoporous Hematite Thin Films for Photoelectrochemical Water 

Splitting. J. Am. Chem. Soc. 2011, 133, 6012-6019. 

 (32) Le Formal, F.; Grätzel, M.; Sivula, K.: Controlling Photoactivity in Ultrathin 

Hematite Films for Solar Water-Splitting. Adv. Funct. Mater. 2010, 20, 1099-1107. 

 (33) Kay, A.; Cesar, I.; Grätzel, M.: New Benchmark for Water Photooxidation by 

Nanostructured α-Fe2O3 Films. J. Am. Chem. Soc. 2006, 128, 15714-15721. 

 (34) Zhong, D. K.; Sun, J.; Inumaru, H.; Gamelin, D. R.: Solar Water Oxidation by 

Composite Catalyst/α-Fe2O3 Photoanodes. J. Am. Chem. Soc. 2009, 131, 6086-6087. 

 (35) Riha, S. C.; Klahr, B. M.; Tyo, E. C.; Seifert, S.; Vajda, S.; Pellin, M. J.; Hamann, 

T. W.; Martinson, A. B. F.: Atomic Layer Deposition of a Submonolayer Catalyst for the 

Enhanced Photoelectrochemical Performance of Water Oxidation with Hematite. ACS Nano 

2013, 7, 2396-2405. 

 (36) Du, C.; Yang, X.; Mayer, M. T.; Hoyt, H.; Xie, J.; McMahon, G.; Bischoping, G.; 

Wang, D.: Hematite-Based Water Splitting with Low Turn-On Voltages. Angew. Chem. Int. Ed. 

2013, 52, 12692-12695. 

 (37) Kanan, M. W.; Nocera, D. G.: In Situ Formation of an Oxygen-Evolving Catalyst 

in Neutral Water Containing Phosphate and Co
2+

. Science 2008, 321, 1072-1075. 

 (38) Lutterman, D. A.; Surendranath, Y.; Nocera, D. G.: A Self-Healing Oxygen-

Evolving Catalyst. J. Am. Chem. Soc. 2009, 131, 3838-3839. 

 (39) Zhong, D. K.; Gamelin, D. R.: Photoelectrochemical Water Oxidation by Cobalt 

Catalyst (“Co−Pi”)/α-Fe2O3 Composite Photoanodes: Oxygen Evolution and Resolution of a 

Kinetic Bottleneck. J. Am. Chem. Soc. 2010, 132, 4202-4207. 

 (40) Barroso, M.; Cowan, A. J.; Pendlebury, S. R.; Grätzel, M.; Klug, D. R.; Durrant, 

J. R.: The Role of Cobalt Phosphate in Enhancing the Photocatalytic Activity of α-Fe2O3 toward 

Water Oxidation. J. Am. Chem. Soc. 2011, 133, 14868-14871. 



 

 96 

 (41) Klahr, B.; Giménez, S.; Fabregat-Santiago, F.; Bisquert, J.; Hamann, T. W.: 

Photoelectrochemical and Impedance Spectroscopic Investigation of Water Oxidation with “Co-

Pi” coated Hematite Electrodes. J. Am. Chem. Soc. 2012, 134, 16693-16700. 

 (42) Lin, F.; Boettcher, S. W.: Adaptive semiconductor/electrocatalyst junctions in 

water-splitting photoanodes. Nat. Mater. 2014, 13, 81-86. 

 (43) Trotochaud, L.; Mills, T. J.; Boettcher, S. W.: An Optocatalytic Model for 

Semiconductor–Catalyst Water-Splitting Photoelectrodes Based on In Situ Optical 

Measurements on Operational Catalysts. J. Phys. Chem. Lett. 2013, 4, 931-935. 

 (44) Cowan, A. J.; Durrant, J. R.: Long-lived charge separated states in nanostructured 

semiconductor photoelectrodes for the production of solar fuels. Chem. Soc. Rev. 2013, 42, 

2281-2293. 

 (45) Hamann, T. W.: Water splitting: An adaptive junction. Nat Mater 2014, 13, 3-4. 

 (46) McAlpin, J. G.; Surendranath, Y.; Dincǎ, M.; Stich, T. A.; Stoian, S. A.; Casey, 
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Chapter 6. Kinetic Analysis of Photoelectrochemical Water Oxidation by 

Mesostructured Co-Pi/α-Fe2O3 Photoanodes 

 

 
 

Adapted from: Carroll, G.M.; Gamelin, D.R. J. Mat. Chem. A. 2016, 4, 2986. 

 

6.1 Overview  

 Solar water splitting using catalyst-modified semiconductor photoelectrodes is a 

promising approach to harvesting and storing solar energy. Prior studies have demonstrated that 

modification of α-Fe2O3 photoanodes with the water-oxidation electrocatalyst Co-Pi enhances 

photon-to-current conversion efficiencies, particularly at less positive potentials, but the 

mechanism underlying this enhancement remains poorly understood. Different experimental 

techniques have suggested very different interpretations of the microscopic origins of this 

improvement. Here, we report results from photoelectrochemical and impedance measurements 

aimed at understanding the Co-Pi/α-Fe2O3 interface of mesostructured composite photoanodes. 

Contrary to expectations, these measurements reveal that α-Fe2O3 water-oxidation kinetics 

actually slow upon deposition of Co-Pi, but electron-hole recombination slows even more, 

resulting in a net enhancement of water-oxidation quantum efficiency. The negative shift in the 

J-V curve caused by Co-Pi deposition is found to result from the introduction of an alternative 

pathway for water oxidation catalyzed by Co-Pi, which allows the composite photoanode to 

avoid positive charge accumulation at the α-Fe2O3 surface. We detail the role of Co-Pi thickness 

optimization in balancing the slower recombination against the slower water oxidation kinetics to 
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achieve the lowest water-oxidation onset potential. These results provide new insights into the 

microscopic properties of the catalyst/semiconductor interface in Co-Pi/α-Fe2O3 composite solar 

water-splitting photoanodes. 

6.2 Introduction 

 Photoelectrochemical (PEC) water splitting has been proposed as a promising strategy for 

harvesting and storing solar energy.
1-6

 Hematite (α-Fe2O3) has emerged as a model system for the 

water-oxidation half reaction in PEC water-splitting cells. With a band gap of 2.1 eV, stability 

under operating conditions, and a valence-band potential ~1.6 V more positive than the 

thermodynamic water-oxidation potential (+1.23 V), α-Fe2O3 balances many of the necessary 

criteria for PEC applications.
7-11

 Owing to its poor electron mobility (10
-2

 to 10
-1 

cm
2
s

-1
V

-1
),

12
 

short hole-diffusion lengths (2-20 nm),
13,14

 and slow water-oxidation kinetics, however,
15-22

 the 

solar-to-hydrogen efficiencies of α-Fe2O3 PEC cells are typically low, suffering greatly from 

electron-hole recombination within the bulk and at the semiconductor/liquid junction (SCLJ). 

 Recently, the strategy of interfacing α-Fe2O3 and related photoanodes with water-

oxidation catalysts to improve their PEC performance has attracted tremendous attention.
23-26

 

Interfacing mesostructured α-Fe2O3 with the earth-abundant, self-healing, and ion-permeable 

amorphous water-oxidation electrocatalyst cobalt phosphate (Co-Pi)
27-30

 shifts the water-

oxidation onset potential in the negative direction by ~100-150 mV.
7,31,32

 Optimization of the Co-

Pi thickness is necessary because PEC water-oxidation onset potentials can actually increase 

when the Co-Pi layer is too thick, depending on the active surface area of the α-Fe2O3 

photoelectrode.
33

 

 Despite advances in the development of Co-Pi/α-Fe2O3 and related composite 

photoanodes showing improved water-oxidation current densities at more negative potentials, it 

remains unclear how Co-Pi enhances water-oxidation rates at low potentials. Initial reports 

hypothesized that Co-Pi catalyzes water oxidation at the α-Fe2O3 surface.
7,31,32

 An alternative 

hypothesis suggests that Co-Pi is instead a spectator in the water-oxidation catalysis, and its 

primary role is to increase α-Fe2O3 band bending near the SCLJ, resulting in reduced surface 

electron-hole recombination and a negatively shifted water-oxidation onset potential.
20,21,34,35

 

This hypothesis stems from transient absorption measurements on mesostructured α-Fe2O3 

photoanodes showing that Co-Pi prolongs the lifetimes of photogenerated holes to timescales 
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(0.1 - 1.0 s) which resemble those of the bare α-Fe2O3 photoanodes under positive bias.
20,21,34,36

 

Charge transfer from α-Fe2O3 to Co-Pi is not invoked in this hypothesis. Similar conclusions 

were drawn in an independent study employing intensity-modulated photocurrent spectroscopy.
37

 

α-Fe2O3 surface passivation with non-catalytic layers does shift the PEC water-oxidation onset 

potential more negative,
15

 confirming this general mechanism for α-Fe2O3,
38

 but impedance and 

transient photocurrent spectroscopies have also demonstrated capacitive charging of the Co-Pi 

layer in planar Co-Pi/α-Fe2O3 photoanodes, confirming hole transfer to Co-Pi.
39

 Similarly, dual-

potentiostat measurements have shown that Co-Pi forms an ‘adaptive junction’ with hematite, 

which relies on ion permeability and capacitive hole storage in Co-Pi.
24,40

 Measurements of the 

PEC water-oxidation pH dependence show a change in the microscopic mechanism with Co-Pi 

deposition, confirming water oxidation directly by Co-Pi in mesostructured Co-Pi/α-Fe2O3 

photoanodes.
33

 Lastly, the current-potential behavior with increasing Co-Pi thickness has been 

shown to depend strongly on the surface morphology of the underlying photoanode.
33

 This 

observation undermines assumptions that planar and highly structured Co-Pi/α-Fe2O3 

photoanodes behave in the same way.
18,35,38

 Additional characterization of mesostructured Co-

Pi/α-Fe2O3 photoanodes is therefore warranted. The role of Co-Pi thus appears more rich and 

complex than originally anticipated, and to date, no single model can account for all of the 

experimental observations made on Co-Pi/α-Fe2O3 composite water-oxidation photoanodes. 

 Here, we report the results of photoelectrochemical (PEC) and photoelectrochemical 

impedance spectroscopy (PEIS) measurements on mesostructured Co-Pi/α-Fe2O3 photoanodes 

aimed at understanding the impact of Co-Pi at this interface. The data suggest that the negative 

shift in onset potential with Co-Pi deposition is related to facile charge transfer to Co-Pi followed 

by Co-Pi-catalyzed water oxidation. At low potentials, the trap-state-mediated charge-transfer 

mechanism for water oxidation at the surface of α-Fe2O3 is bypassed upon Co-Pi addition, 

resulting in both an increase in band bending and a decrease in trap-centered surface 

recombination, confirming aspects of both hypotheses presented above. Contrary to expectations, 

the data show that the PEC water-oxidation kinetics actually slow upon addition of Co-Pi to the 

α-Fe2O3 surface, but the surface electron-hole recombination slows even more, such that the 

quantum efficiency for PEC water oxidation at low potentials increases. Finally, these 

measurements show that thick layers of Co-Pi inhibit catalytic turnover by allowing increased 

interfacial recombination between Co-Pi holes and α-Fe2O3 conduction-band electrons, a 
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behavior greatly exacerbated by the high surface areas of these mesostructured photoanodes. 

These results help tie together many of the disparate observations made in previous studies of 

Co-Pi/α-Fe2O3 composite water-oxidation photoanodes, improving the fundamental 

understanding of this complex interface. 

6.3 Experimental Details 

 Synthesis. Mesostructured silicon-doped α-Fe2O3 photoanodes were fabricated on 

fluorine-doped tin oxide (FTO) coated glass (TEC 15, Hartford Glass Co.) by an atmospheric 

pressure chemical vapor deposition (APCVD) method described previously.
7,31,41

 The APCVD 

synthesis was modified to yield α-Fe2O3 photoanodes optimized for backside illumination 

(through the FTO). This optimization was achieved by decreasing the deposition period to ~70% 

of the typical deposition time, thus producing thinner α-Fe2O3 films. To prepare the Co-Pi/α-

Fe2O3 composite photoanodes, Co-Pi was deposited onto α-Fe2O3 photoanodes by photo-assisted 

electrodeposition under calibrated 1 sun simulated AM1.5 solar irradiation through the back side 

of the sample. All Co-Pi depositions were carried out at a constant current of 6 μA/cm
2
 from a 

solution of 0.5 mM cobalt nitrate in 0.1 M potassium phosphate buffer at pH 8, where the Co-Pi 

thickness was controlled by varying the amount of charge passed, i.e., the deposition duration as 

described previously.
33

 Masks of black electrical tape with 6 mm apertures were applied onto all 

working electrodes for defined active surface areas.  

 Physical measurements. Photoelectrochemical (PEC), electrochemical (EC), and 

electrochemical impedance spectroscopy (PEIS) measurements were conducted in a three-

electrode configuration with the photoanode as the working electrode, Ag/AgCl as the reference 

electrode, and Pt as the counter electrode. A Gamry Series G 300 potentiostat with a frequency 

response analyzer was used for all measurements. All PEC measurements were performed in 

0.1M KPi pH8 under backside illumination with calibrated 1 sun simulated AM 1.5 irradiation 

using an Oriel 96000 solar simulator equipped with a 150 W Xenon arc lamp and an Oriel AM 

1.5 filter. Steady state photocurrent densities were taken as the current density after 100 seconds 

under illumination at a given applied potential. Impedance data were gathered using a 10 mV 

amplitude perturbation at frequencies between 20,000 and 0.01 Hz, with a 100 sec conditioning 

period prior to each potential measured to achieve a steady-state current density. Data were fit 

using Gamry Echem Analyst fitting software package. Potentials vs the reversible hydrogen 
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electrode (RHE) were calculated using the Nernst equation, VRHE = VAg/AgCl + 0.0591(pH) + 

0.1976 V. All photocurrent-voltage and current-voltage data were collected at a scan rate of 

10mV/s unless otherwise stated. Steady-state PEC current densities were collected after 60 sec. 

6.4 Results and Analysis 

 Figure 6.1 plots three photocurrent-voltage (J-V) response curves measured for the same 

α-Fe2O3 photoanode after deposition of Co-Pi at three different thicknesses, each under the same 

backside-illumination conditions (see Experimental). Upon deposition of ~2.3 nm thick 

(“optimized”
33

) Co-Pi, the photocurrent onset potential shifts in the negative direction by ~200 

mV relative to the bare α-Fe2O3. Increasing the Co-Pi thickness to ~24.6 nm (“bottlenecked”
31,33

) 

yields reduced PEC current densities at all potentials. The increased current density at ~1.8 V in 

the bottlenecked photoanode reflects the onset of dark current from Co-Pi-catalyzed water 

oxidation. Photoelectrodes with Co-Pi thicknesses in between these values show a progressive 

negative shift in onset potential as the Co-Pi thickness decreases from ~25nm (see Appendix E). 

These data are consistent with our previous observations.
31,33

  

 
Figure 6.1. J-V curves of variable thickness Co-Pi on α-Fe2O3.  

Photoelectrochemical current-voltage (J-V) curves measured for bare (black), optimized 

(~2.3 nm Co-Pi, blue), and bottlenecked (~24.6 nm Co-Pi, red) Co-Pi/α-Fe2O3 composite 

photoanodes in 0.1 M KPi buffer at pH 8. Measurements were performed using simulated 

AM 1.5 illumination of the photoanodes from the back side. The curves indicate data 

collected with a scan rate of 10mV/s. The + symbols indicate steady-state photocurrent 

densities after 100 seconds under illumination at the specified applied potential. 
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 To probe the effects of Co-Pi thickness in more detail, photoelectrochemical impedance 

spectroscopy (PEIS) was performed on each of the three samples. Figure 6.2a shows Nyquist 

plots measured for the bare α-Fe2O3 and optimized Co-Pi/α-Fe2O3 photoanodes under backside 

illumination at +1.25 V. Two domains are clearly visible for each sample. For reference, the blue 

data show a typical Nyquist plot for Co-Pi on FTO measured in the dark at +1.8 V vs RHE. 

Here, only a single semicircle is observed, similar to Co-Pi/α-Fe2O3 photoanodes under dark 

conditions. 

 Figure 6.2b shows the simplified equivalent circuit (SEC) frequently used to model α-

Fe2O3 electrochemical impedance data under illumination.
18,39,42,43

 This SEC consists of series 

resistance (Rs), resistance from trapping of photogenerated conduction-band electrons (Rtrap), and 

charge-transfer resistance from either α-Fe2O3 surface states or Co-Pi to water (RCT SS, Co-Pi). The 

SEC also includes two capacitor elements: the capacitance of the bulk space-charge region and 

Helmholtz layer (Cbulk), and the minority (hole) capacitance of the surface states associated with 

α-Fe2O3 (CSS) or Co-Pi (CCo-Pi). 

 

 
Figure 6.2. Nyquist plots of Co-Pi/α-Fe2O3 composite photoanodes.  

Nyquist plots for bare α-Fe2O3 (black, open circles) and optimized (~2.3 nm Co-Pi, blue 

open triangles) Co-Pi/α-Fe2O3 photoanodes measured at +1.25 V vs RHE, and for an 
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FTO electrode with a ~490 nm-thick Co-Pi layer measured at +1.8 V vs RHE (green, 

open diamonds). The solid lines show fits to the data using a standard capacitor element, 

and the dashed lines shows fits using a CPE. (b) The equivalent circuit used to model the 

impedance spectra when two domains are visible. A simple Randles circuit was used for 

the Co-Pi/FTO electrochemical impedance data, where only one domain is visible. 

 

 The asymmetries of the Nyquist plots (relative to semicircles) are due to frequency 

dispersion detected in the impedance measurement.
44,45

 Such dispersion is typical for rough 

surfaces with large populations of surface states. In light of this dispersion, the data were 

analyzed in two ways: (a) using a constant phase element (CPE), and (b) using a standard 

capacitor. The CPE analysis is often preferred for asymmetrical EIS data.
44,45

 We find that the 

CPE and capacitor analyses yield similar results here, lending credence to the conclusions drawn 

from these analyses. Although the capacitor model underestimates the resistance for the charge-

transfer semicircle slightly, it yields unique fits at low potentials (<+1.4 V) where the CPE 

analysis generally does not. In addition, modeling EIS data with a CPE contains an extra fitting 

parameter that damps –Z” relative to Z’ in the Nyquist plot but has no physical significance (see 

Appendix E). For these reasons, the results presented here are those obtained using the standard 

capacitor analysis. For completeness, however, the analogous results obtained from the CPE 

analysis and statistical significance plots are provided as Supporting Information in Appendix E. 

For the Co-Pi/FTO sample, where only a single semicircle is visible in the Nyquist plot, a simple 

Randles circuit consisting of a series resistance (RS) element followed by a parallel RC circuit 

(RCT, CTOT) was used. 

 Figure 6.3a plots RCT SS, CSS, and the J-V curve for the bare α-Fe2O3 photoanode 

measured under AM 1.5 backside illumination. Similar to planar α-Fe2O3 photoanodes,
17,18,42

 CSS 

maximizes and RCT SS drops at the onset potential for PEC water oxidation. The peak capacitance 

is ~1 mF/cm
2
, which is consistent with values measured for planar films

18
 after taking into 

account the surface roughness factor of ~20 in the present mesostructures.
41

 On planar α-Fe2O3 

photoanodes, PEIS measurements and spectroelectrochemical data have revealed that charge 

transfer from the semiconductor surface to the electrolyte proceeds through a series of surface-

state-mediated steps involving high-oxidation-state iron species (Fe
4+

, Fe
5+

).
17,18,39,42

 Surface 

states have also been observed on mesostructured α-Fe2O3.
15,20,21,37,46

 From the similarities in 
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CSS, RCT SS, and the PEC J-V curves between planar and mesostructured α-Fe2O3, we conclude 

that charge transfer at the mesostructured α-Fe2O3 surface proceeds through a similar pathway as 

at the planar α-Fe2O3 surface. 

 
Figure 6.3. EIS parameters for α-Fe2O3 and resistances of composite 

photoelectrodes.  

(a) Photoelectrochemical RCT SS (closed circles), CSS (open circles), and J-V (solid line) 

data measured for a bare α-Fe2O3 photoanode, plotted vs applied potential. The inset 

scale bar refers to CSS. The dashed line is a guide to the eye. The error bars represent 

uncertainties from the impedance fitting. (b) RCT SS, Co-Pi (solid symbols, solid lines) and 

Rtrap (open symbols, dashed lines) of 0 (bare α-Fe2O3, black circles), ~2.3 (optimized Co-

Pi/α-Fe2O3, blue triangles) and ~24.5 nm Co-Pi ("bottlenecked", red squares) on the same 

α-Fe2O3 photoanode, plotted vs applied potential. 

 

 Figure 6.3b plots RCT SS, Co-Pi and Rtrap vs applied potential for the bare α-Fe2O3 

photoanode as well as for the optimized and bottlenecked Co-Pi/α-Fe2O3 photoanodes. Apart 

from a -200 mV shift, RCT Co-Pi for the optimized composite photoanode closely resembles RCT SS 

for the bare α-Fe2O3 photoanode. In contrast, RCT Co-Pi for the bottlenecked photoanode exhibits 

behavior more characteristic of Co-Pi on FTO (see Appendix E). A similar evolution from α-
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Fe2O3-like to Co-Pi-like kinetics with increasing Co-Pi thickness was also observed in the pH 

dependence of Co-Pi/α-Fe2O3 PEC measurements.
33

 

 For all Co-Pi thicknesses, Rtrap behaves similarly at potentials more negative of ~+1.2 V, 

but as the potential is swept more positive, a clear dependence on Co-Pi thickness emerges. Rtrap 

of the optimized Co-Pi/α-Fe2O3 photoanode increases relative to the bare photoanode to a 

maximum of 2000 Ω/cm
2
 at +1.6 V, and Rtrap for the bottlenecked photoanode decreases. 

Because Rtrap probes conduction-band-electron trapping, changes in this parameter with the 

addition of Co-Pi suggest that Co-Pi influences surface electron-hole recombination (vide infra). 

As a cross check, the total resistance calculated from the PEIS analysis (RTOT = Rs + Rtrap + RCT 

SS, Co-Pi) was plotted vs applied potential and compared with the differential resistance (dV/dI) 

obtained directly from the J-V data, plotted in the same way. These two independent data sets 

agree well (see Appendix E). 

 Figure 6.4 compares capacitance values measured for illuminated Co-Pi/α-Fe2O3 

photoanodes with those of Co-Pi/FTO electrodes measured in the dark. Figure 6.4a plots CCo-Pi 

data overlaid with the J-V curves for optimized and bottlenecked Co-Pi thicknesses on the same 

α-Fe2O3 photoanode. As with the bare α-Fe2O3 photoanode, these data show maxima in CCo-Pi 

near the onset potentials for PEC water oxidation, where the maximum CCo-Pi scales with Co-Pi 

thickness. The increasing CCo-Pi with increasing Co-Pi thickness is interpreted as reflecting hole 

storage within Co-Pi. For example, if this increase in capacitance were the result of hole storage 

within α-Fe2O3 itself, then given an average unit cell volume of 34.8 nm
3
, six Fe2O3 formula 

units per unit cell, and a surface area-to-volume ratio of 20,
41

 every iron atom within ~3 nm of 

the surface must be formally oxidized to Fe
4+ 

to accommodate this charge accumulation. Similar 

capacitance values have been measured on planar Co-Pi/α-Fe2O3 films in which the charge 

capacity is nearly equal to the total number of Fe
3+

 atoms in the film.
39

  Such transformations 

would require a far greater applied potential, or the hematite surface would have to be permeable 

to electrolyte ions for charge compensation. Neither of these scenarios is considered probable 

given the close proximity and redox properties of Co-Pi. The increasing capacitance with 

increasing Co-Pi thickness is thus attributed to hole storage within Co-Pi, confirming hole 

transfer from α-Fe2O3 to Co-Pi. 
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Figure 6.4. Comparison of capacitance values for composite photoanodes and Co-Pi 

thin films.  

(a) CSS Co-Pi (open symbols) and J-V (hash marks) data measured for ~2.3 nm (blue 

triangles) and ~24.5 nm (red circles) Co-Pi thicknesses on the same α-Fe2O3 photoanode, 

plotted vs applied potential. Measurements used backside AM 1.5 illumination in 0.1 M 

KPi at pH 8. The symbols on the J-V curves represent steady-state current densities. (b) 

CTOT (markers) and dark J-V (solid lines) data measured at 10 mV/s scan rate for ~1.2 

(black closed diamonds), ~24.5 (purple closed stars), ~46.8 (green closed pentagons), and 

~490 nm (red closed triangles) Co-Pi thicknesses on planar FTO, plotted vs applied 

potential. The dashed lines on the CCo-Pi, TOT data are guides to the eye. 

 

 The difference in potential between the two peak capacitances (~180 mV) is essentially 

the same as the difference in photocurrent onset potentials (~200 mV). Figure 6.4b shows the 

dark cyclic-voltammetry and EIS CTOT data for four Co-Pi thicknesses on FTO. These J-V curves 

follow the trends reported previously for Co-Pi electrocatalysis.
27,28,30,47

 For all Co-Pi 

thicknesses, electrocatalysis is preceded by a maximum in CTOT. Importantly, CTOT for the Co-

Pi/FTO electrodes maximizes at nearly the same applied potential regardless of Co-Pi thickness. 

In contrast, the maximum in CTOT shifts with Co-Pi thickness in the Co-Pi/α-Fe2O3 photoanodes 

(Fig. 6.4a). The shift in CSS Co-Pi between optimized and bottlenecked Co-Pi/α-Fe2O3 photoanodes 
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suggests that this PEC water oxidation is kinetically limited. Under thermodynamic control in the 

dark, the Fermi level of the electrocatalytic cell is dictated by the applied potential, and the peak 

capacitance therefore occurs at approximately the same potential regardless of Co-Pi thickness 

(Fig. 6.4b). Under AM 1.5 illumination in a thermodynamically limited regime, the driving force 

for catalytic turnover is determined by the potential of the holes entering the Co-Pi layer. In this 

case, the peak capacitance would also occur close to the same potential regardless of Co-Pi 

thickness. In a kinetically limited regime, however, the peak capacitance (and thus the current 

density) depends on the Co-Pi thickness. The positive shift in the peak CCo-Pi with increasing Co-

Pi thickness observed in Fig. 6.4a thus implicates a Co-Pi-induced kinetic barrier in the 

bottlenecked Co-Pi/α-Fe2O3 photoanodes, i.e., thick Co-Pi layers introduce kinetic limitations to 

the current densities achievable in mesostructured Co-Pi/α-Fe2O3 composite photoanodes.  

 Co-Pi shows first-order charge-transfer kinetics under electrochemical conditions, where 

a reversible proton-coupled electron transfer step is thought to precede the rate-determining O-O 

bond-formation step.
29,30

 The rate-determining electron-transfer step for water-oxidation 

catalysis at the surface of α-Fe2O3 has also been described by a phenomenological charge-

transfer rate constant (kCT).
22,48

 Likewise, recombination of photogenerated holes with 

conduction-band electrons can be parameterized phenomenologically by krec. Taking bulk 

recombination (>~5nm from the SCLJ) as independent of surface modification, PEC water 

oxidation is thus governed by the balance between kCT and krec. kCT can be obtained directly from 

PEIS data as the frequency at the maximum phase angle of the charge-transfer semicircle in the 

Nyquist plot (the RC time constant). 

 The resistance parameters measured by PEIS (Rtrap and RCT) and the rate constants kCT 

and krec are related as described by equation 6.1,
16,49

 where ktrap is the electron-trapping rate 

constant, n is the electron density (taken to be constant at constant illumination intensity), and 

(V) is the probability of electron-trap occupation at a given trap energy and applied potential 

(V). 

𝑅𝑡𝑟𝑎𝑝

𝑅𝐶𝑇
=

𝑘𝐶𝑇

(𝑛𝑘𝑡𝑟𝑎𝑝+𝑘𝑟𝑒𝑐)
= 𝛾(𝑉)

𝑘𝐶𝑇

𝑘𝑟𝑒𝑐
   (Equation 6.1) 

 
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 (V) has the functional form described by equation 6.2, where 𝐸𝐹0
 is the Fermi level at 

equilibrium, 𝐸𝑇 is the energy of the electron trap, q is the elementary charge, and kB is the 

Boltzmann constant. 

𝛾(𝑉) = [1 + 𝑒
𝐸𝐹0

−𝐸𝑇

𝑘𝐵𝑇 ∗ 𝑒
−𝑞𝑉

𝑘𝑏𝑇]

−1

   (Equation 6.2) 

 

 Electron traps at α-Fe2O3 surfaces lie within a few hundred meV of the conduction-band 

edge (< 300 meV),
21,36

 and consequently (V) is essentially unity at the potentials of interest 

(>+1.2 V vs RHE, see Appendix E for details), simplifying eq 6.1.  

 Figure 6.5 summarizes the PEIS results and analysis. From Fig. 6.5a, kCT for the bare 

electrode is constant at ~1 s
-1

 at potentials below +1.3 V vs RHE. When the potential is swept 

more positive, kCT increases to ~6.6 s
-1

 at +1.56 V vs RHE. At the ideal SCLJ, kCT would be 

independent of voltage. This change in kCT thus implicates a potential drop across the Helmholtz 

layer, likely because of Fermi-level pinning. By changing the electronic environment within the 

Helmholtz region, the transition-state energy is lowered and kCT increases.
16

 Fermi-level pinning 

in aqueous electrolyte has been observed with α-Fe2O3 photoelectrodes and is proposed to be a 

primary cause for the overpotentials required to drive PEC water oxidation.
16,18-21,39

 For the 

optimized composite photoelectrode, a similar increase with potential is seen, but kCT is smaller 

than in the bare electrode at all potentials. kCT decreases even further when a thick Co-Pi layer is 

deposited. This decrease in kCT with increasing Co-Pi thickness is surprising given that Co-Pi is a 

competent water-oxidation electrocatalyst
27,28,30

 and that at low applied potentials (> +1.3 V) 

PEC OER catalysis proceeds primarily through Co-Pi in mesostructured Co-Pi/α-Fe2O3 

composite photoanodes.
33

 

 The recombination rate constants (krec) for bare, optimized, and bottlenecked Co-Pi/α-

Fe2O3 photoanodes deduced from the PEIS analysis are plotted in Fig. 6.5b. Consistent with 

previous reports,
15,16,18,37

 krec of the bare α-Fe2O3 photoanode at +1.2 V vs RHE is one order of 

magnitude larger than kCT at the same potential (11 vs 1 s
-1

). This slow charge transfer relative to 

recombination prevents Faradaic current flow, as reflected in the very small PEC currents 

observed at these potentials (Fig. 6.1). As expected, krec decreases with increasing positive bias, 

and at +1.56V it is approximately equal to kCT. Meaningful values for krec at more positive 

potentials were not attainable. Interestingly, upon addition of Co-Pi at its optimized thickness, 
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krec is reduced by a factor of ~2 to 5 throughout the entire potential window. The bottlenecked 

photoelectrode shows an even greater decrease in krec, by a factor of ~10 to 50 relative to α-

Fe2O3. For both Co-Pi thicknesses, krec is largely independent of the applied bias. In the absence 

of Co-Pi, all recombination must occur either within the bulk or at the α-Fe2O3 surface, and krec is 

expected to decrease as potential is increased and the depletion region is expanded.
37

 When krec is 

independent of applied bias, however, the limiting recombination involves charges that are 

electronically decoupled from the semiconductor (e.g., stored within the Co-Pi). Electronic 

decoupling is expected of materials that form a so-called ‘adaptive junction’.
24,50

 Therefore, we 

assign krec to recombination at the Co-Pi/α-Fe2O3 interface that is limited by the flux of Co-Pi 

holes to the α-Fe2O3 surface.  

 

 
Figure 6.5. Charge transfer and recombination rate constants for Co-Pi/α-Fe2O3.  

(a) Charge-transfer rate constants (kCT), (b) recombination rate constants (krec), and (c) 

water-oxidation quantum efficiencies for bare α-Fe2O3 (black circles), 2.3 nm Co-Pi/α-
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Fe2O3 (blue triangles), and 24.5 nm Co-Pi/α-Fe2O3 (red squares) photoanodes determined 

from the analysis of PEIS data, all plotted vs applied potential. 

 

 The PEIS parameters detailed above now allow the water-oxidation quantum efficiency 

to be calculated as the charge-transfer branching ratio, as described by equation 6.3. 

𝜑 =
𝑘𝐶𝑇

𝑘𝐶𝑇+𝑘𝑟𝑒𝑐
     (Equation 6.3) 

 

 Figure 6.5c plots this quantum efficiency vs potential. These quantum-efficiency plots, 

deduced entirely from analysis of PEIS data, agree remarkably well with the J-V data for the 

same samples presented in Fig. 6.1. This agreement illustrates that the shapes of the PEC J-V 

curves with and without Co-Pi are determined by the competition between charge-transfer and 

recombination processes at the α-Fe2O3 surface. Analysis of the individual rate constants used to 

generate these curves thus provides valuable new insight into the microscopic effects of Co-Pi on 

α-Fe2O3 PEC water oxidation.  

 Consistent with previous reports,
15,16,18,37

 this analysis shows that the bare α-Fe2O3 

photoanode is limited by fast recombination (large krec) despite its relatively favorable charge-

transfer kinetics. Little photocurrent occurs at potentials where band bending is insufficient to 

slow this recombination. In contrast, the bottlenecked Co-Pi/α-Fe2O3 photoanode is limited by 

slow charge transfer (small kCT), in spite of a krec that has been substantially reduced relative to 

α-Fe2O3. The optimized Co-Pi/α-Fe2O3 photoanode balances this decrease in kCT against the 

concomitant decrease in krec to yield a net increase in photocurrent density at low potentials. The 

same conclusion is drawn when the EIS data are modeled using a constant phase element (CPE) 

instead of a capacitor (see Appendix E). 

6.5 Discussion 

 The primary function of the Co-Pi electrocatalyst when deposited on the surface of α-

Fe2O3 can now be understood. α-Fe2O3 is a self-limiting photoanode in which positive surface 

charge accumulation inhibits band bending through quasi-Fermi-level pinning, leading to rapid 

electron-hole recombination at low applied bias (Fig. 6.6). We propose that the primary role of 

Co-Pi is to provide an alternative pathway for water oxidation that avoids positive charge 

accumulation at the α-Fe2O3 surface. With thin Co-Pi layers, photogenerated holes can either be 
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transferred to Co-Pi or trapped at the α-Fe2O3 surface. Holes collected by Co-Pi reduce the 

surface hole concentration, relieving to a degree the pinned quasi-Fermi level, which in turn 

expands the depletion region and reduces surface electron-hole recombination at less positive 

potentials. Thicker Co-Pi layers almost completely eliminate the native surface-state charge-

transfer water-oxidation pathway, allowing the semiconductor to behave in a more ideal fashion, 

where VB holes are only transferred to Co-Pi. The slower water oxidation by Co-Pi relative to α-

Fe2O3 promotes interfacial recombination between photogenerated α-Fe2O3 conduction-band 

electrons and Co-Pi holes, however, leading to the "kinetic bottleneck" phenomenon observed in 

mesostructured Co-Pi/α-Fe2O3 photoanodes.
7,31,33

 

 

 
Figure 6.6. Schematic illustration of the relevant kinetic processes in Co-Pi/α-Fe2O3. 

Schematic illustration of the recombination and charge-transfer pathways of α-Fe2O3 

photoanodes with (a) no, (b) a thin (optimized), and (c) a thick (bottleneck) Co-Pi layer 

on their surfaces, each under illumination at potentials negative of +1.5 V vs RHE. For 

bare α-Fe2O3, charge transfer proceeds through a surface-state-mediated pathway that 

pins the hole quasi-Fermi level (pFE), resulting in fast recombination and little Faradaic 

current. For the same α-Fe2O3 photoanode with an optimized Co-Pi layer, an alternative 

water-oxidation pathway exists that decreases the surface charge, partially unpins the 

hole quasi-Fermi level, and promotes charge transfer from both α-Fe2O3 and Co-Pi to 

water. For the same α-Fe2O3 photoanode with a thick Co-Pi layer, the direct α-Fe2O3 

surface-mediated charge-transfer pathway is eliminated, completely unpinning the hole 

quasi-Fermi level, and all water oxidation proceeds through Co-Pi. From (b) to (c), the 

increased capacitive accumulation of Co-Pi oxidizing equivalents (Co
4+

) leads to 
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increased interfacial recombination with photogenerated α-Fe2O3 conduction-band 

electrons, limiting Faradaic current flow in (c) relative to (b). 

  

 Although it is not clear exactly why kCT decreases with increasing Co-Pi thickness, one 

hypothesis is that this decrease stems from a decrease in the Co-Pi hole density as the Co-Pi 

thickness (volume) is increased, which reduces the turnover frequency per cobalt and elongates 

the hole residence time. These changes create greater opportunity for interfacial recombination. 

Another possibility is that Co
4+ 

intermediates are stabilized in thick Co-Pi layers, increasing the 

barrier to O-O bond formation and hence again elongating the hole residence time. Long lived 

Co
4+

 intermediates in thick Co-Pi films have been observed by EPR and X-ray 

spectroscopies.
29,51

 In any case, it appears that Co-Pi thickness tunes the balance between surface 

recombination and charge-transfer kinetics, and in mesostructured α-Fe2O3 photoanodes the 

optimal balance occurs at small Co-Pi thicknesses. At this optimal thickness, water oxidation is 

catalyzed by Co-Pi at the onset potential and is catalyzed directly at the α-Fe2O3 surface at 

greater applied potentials.
29,33

 The picture that emerges from these studies thus contains elements 

from both leading hypotheses about the mechanism by which Co-Pi enhances the PEC 

performance of α-Fe2O3 photoanodes, and helps to reconcile the results from transient absorption 

and photoelectrochemical measurements within a unified interpretation. 

6.6 Conclusion 

 The primary function of Co-Pi when interfaced with α-Fe2O3 photoanodes is to provide a 

water-oxidation pathway that does not involve α-Fe2O3 surface hole traps. Bypassing these traps 

unpins the hole quasi-Fermi level and allows the semiconductor to behave more ideally at less 

positive potentials. At optimal Co-Pi thicknesses, water oxidation is competitive against surface-

state-mediated electron-hole recombination and oxygen evolution catalysis occurs. With thick 

Co-Pi layers, recombination between α-Fe2O3 electrons and Co-Pi holes attenuates photocurrents 

at low potentials because of slow Co-Pi reaction kinetics. Although the results presented here 

were obtained using mesostructured α-Fe2O3 photoanodes prepared by APCVD, these insights 

should apply to other catalyst-modified photoanodes investigated for solar-driven 

photoelectrochemical water oxidation. 
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Appendix A  

Supporting Information for: 

 

Chapter 2: Redox Potentials of Colloidal n-Type ZnO Nanocrystals: 

Effects of Confinement, Electron Density, and Fermi-Level 

Pinning by Aldehyde Hydrogenation 
 

Adapted from: Carroll, G. M.; Schimpf, A. M.; Tsui, E. Y.; Gamelin, D. R. J. Am. Chem. Soc. 

2015, 137, 11163. 

 

 

 
Figure A.1. Experimental determination of e

-
CB:ZnO extinction coefficients 

(a) Absorbance values of maximally photodoped ZnO nanocrystals (r = 1.9 nm) at 1600 

nm (red, open circles), 1300 nm (teal, open squares), 1000 nm (violet, open triangles), 

and 778 nm (green, hash marks), measured after addition of a known amount of 

[Cp*2Fe][BArF]. The solid lines are linear regression fits to the absorbance data nearest 

the intercept. The inset shows absorption spectra of the photodoped ZnO nanocrystals as 

[Cp*2Fe][BArF] is titrated in. (b) Nanocrystal molar extinction coefficients measured at 

1600 nm (red, open circles), 1300 nm (maroon, open squares), 1000 nm (blue, open 
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triangles), 778 nm (green, closed squares), and 500 nm (pink, closed diamonds) plotted as 

a function of <n>. The solid lines show best fits to the data with the power function λ = 

Qλ × <n>
p
, where Qλ and p are floating values (Table A.1). 

 

Table A.1. 3.7 nm ZnO extinction coefficient parameters.  

Fitting parameters used in Figure A.1.B. 

Q1600nm Q1300nm Q1000nm Q778nm p1600nm p1300nm p1000nm p778nm 

1297 808 460 337 1.8 1.5 1.4 1.0 

 

 
Figure A.2. Experimental determination of the Cp2Co

+
/Cp2Co redox potential.  

Cyclic voltammogram of Cp2Co
+
/Cp2Co and Fc

+
/Fc couples dissolved in a solution of 

deaerated, dried THF/toluene (14:1) with 0.1M TBAPF6 as the supporting electrolyte and 

measured in a N2 glovebox. The CV was measured using a three-electrode cell with Pt 

wire working and counter electrodes and an Ag wire pseudo-reference. The scan rate was 

100 mV/s. From this measurement, ΔE
o
 = -1.37 V (E1/2(Cp2Co

+
/Cp2Co) – E1/2(Fc

+
/Fc)). 
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Figure A.3. Cp2Co
+
 concentration dependence on measured e

-
CB:ZnO EF. 

 EF values determined from optical redox indicator measurements using three different 

concentrations of [Cp2Co][PF6], plotted at increasing photodoping levels of ZnO 

nanocrystals using EtOH as the hole quencher. EF values are referenced to ferrocene, and 

the error bars represent ±σ from <n>. 

 
 

Figure A.4. Photodoping ZnO with Cp2Co* as the redox indicator.  

Differential electronic absorption spectra of photochemically doped colloidal ZnO (r = 

1.9 nm) nanocrystals with [Cp*2Co][PF6] (E
o
 = - 1.91 V vs Fc

+
/Fc) in 14:1:0.5 

THF:toluene:EtOH mixture after 10 min (red), 20 min (green), and 1 hr (blue) of UV 

irradiation.  

 

 
Figure A.5. Excitonic absorption spectra for 1.9, 2.8, and 3.7nm ZnO.  

Excitonic absorption spectra of the three different sizes of TOPO-capped colloidal ZnO 

nanocrystals in 14:1:0.5 THF:toluene:ethanol mixture. The average radii of the smaller 

nanocrystals (r ≤ 2.8 nm) were determined from empirical correlations between radii and 

absorption spectra.
1,2

 The average radii of the larger nanocrystals (r = 3.7 nm) was 
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determined by powder X-ray diffraction and by analysis of transmission electron 

microscope images. 

 
Figure A.6. Formation of benzyl alcohol from benzaldehyde with and without ZnO. 

1
H NMR spectra (500 MHz) of (A)TOPO-capped ZnO nanocrystals (r = 1.9 nm) in 1:3 

toluene-d8/benzene-d6 spiked with ethanol and benzaldehyde at 0 hr (red), 1 hr (yellow), 

2 hr (green), 4 hr (blue), and 24 hr (violet) of UV irradiation. The black dashed lines 

show an identical solution without ZnO nanocrystals at 0 hr (bottom) and 24 hr (top) of 

UV irradiation. (B) The same control data without ZnO from panel A with a 20 x 

magnification and zoomed in on the benzyl alcohol region of the NMR spectrum. 
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Figure A.7. 

1
H NMR spectra of benzaldehyde and benzyl alcohol standards.  

1
H NMR spectra (500 MHz) of benzaldehyde and benzyl alcohol standards in benzene-

d6. 

 
Figure A.8. Absorption spectra of photodoping ZnO in the presence of 

benzaldehyde.  

Differential electronic absorption spectra of photochemically doped colloidal ZnO 

nanocrystals (r = 1.9 nm, 94 μM) in 14:1:0.5:0.5 THF:toluene:EtOH:benzaldehyde 

mixture at various UV irradiation times. The increasing IR absorbance shows that the 

ZnO nanocrystals are being photodoped in the presence of benzaldehyde. The maximum 

photodoping level was reached after ~45 min. 
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Figure A.9. Photostationary state exceeding Nmax and EF

max
 in doped ZnO. 

Differential absorption spectra of (red) maximally photodoped ZnO NCs (r = 1.9 nm, 5.2 

μM in 14:1:0.5 THF:toluene:EtOH solvent mixture) collected without UV illumination, 

(blue) the same sample while subsequently held under continuous UV illumination, and 

(black) the same sample after termination of the continuous UV illumination, all 

measured in the presence of Cp2Co
+
 (0.145 mM). The quantity of Cp2Co reflected in the 

red curve corresponds to the values of EF
max

 and <Nmax> reported in the main text. 

Growth of both Cp2Co (390 and 500 nm) and ZnO (>700nm) absorption while under UV 

illumination indicates establishment of a photostationary state in which additional 

electrons occupy the ZnO NCs, yielding a more negative photostationary cell potential 

(E'F). The return of the absorption spectrum to overlay the red spectrum when the UV 

irradiation is terminated (black) reflects spontaneous relaxation of this photostationary 

state back to the same equilibrium EF
max

 and <Nmax> found for the red curve. 

 

 
Figure A.10. Electronic absorption spectrum of cobaltocene.  

Electronic absorption spectrum of cobaltocene in THF (6.4 x 10
-4

 M). 
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Appendix B 

Supporting Information for: 

 

Chapter 3: Redox Potentials of Colloidal n-Type ZnO Nanocrystals: 

Effects of Confinement, Electron Density, and Fermi-Level 

Pinning by Aldehyde Hydrogenation 
 

Adapted from: Carroll, G. M.; Brozek, C. K.; Hartstein, K. H.; Tsui, E.Y; and Gamelin, D. R. 

JACS. 2016, 138, 4310. 

 

Experimental Methods 

 CdSe nanocrystal synthesis. CdSe nanocrystals of various diameters were prepared by 

an adaptation of a previously reported "heat-up" synthesis method.
1
 Briefly, CdO (0.195 g, 1.52 

mmol), oleic acid (1.6 mL, 5 mmol), and octadecene (36 g) were combined in a three-necked 

round bottom flask equipped with a stir bar and condenser and degassed under vacuum at 115 °C 

for 30 min. Under nitrogen, the mixture was heated to 300 °C until it became optically clear and 

colorless. The mixture was cooled to 115 °C, and SeO2 (0.170 g, 1.53 mmol) was added under 

nitrogen flow. The mixture was then heated to 240 °C for 10 min, becoming an orange solution. 

This reaction mixture was cooled to room temperature, and the nanocrystals were precipitated 

using ethanol and then washed via repetitive dispersion/precipitation using toluene/ethanol. 

Nanocrystal sizes and concentrations were determined from UV/vis absorption spectra. 

 ZnO nanocrystal synthesis. Colloidal ZnO nanocrystals were synthesized by base-

initiated hydrolysis and condensation of Zn
2+

 as detailed previously.
2,3

 A solution of 22 mmol of 

tetramethylammonium hydroxide (TMAH) in 40 mL of EtOH was added drop wise to a stirred 

solution of 13 mmol of Zn(OAc)22H2O  in 135 mL of dimethyl sulfoxide (DMSO) at room 

temperature. The reaction was stopped by precipitation with ethyl acetate. Nanocrystals were 

collected via centrifugation and resuspended in EtOH, followed by precipitation with hexanes. 

To suspend the nanocrystals in nonpolar solvents, the surface ligands were exchanged by 

suspending the nanocrystals in excess dodecylamine (DDA) that had been heated above the 

melting point (~29 °C), followed by precipitation with EtOH. Finally, the nanocrystals were 
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heated in trioctylphosphine oxide (TOPO, 90%). The resulting TOPO-capped nanocrystals were 

then washed with 3:1 EtOH/toluene and resuspended in toluene. Nanocrystal sizes were 

determined from Scherrer analysis of X-ray diffraction patterns and UV/vis absorption spectra, 

and concentrations were determined by ICP-OES analysis. 

 Nanocrystal photodoping. ZnO and CdSe nanocrystals were photodoped according to 

previously reported methods.
4,5

 (CdSe) CdSe nanocrystals were photodoped using Na[Et3BH] as 

the hole quencher, as detailed previously.
5
 CdSe nanocrystals (~1 M) were suspended in 

anaerobic 2:1 THF:toluene solvent with Na[Et3BH] (~100 Na[Et3BH]/nanocrystal), 

tetrabutylammonium hexafluorophosphate, and trioctylphosphineoxide (TOPO). The 

nanocrystals were illuminated with a 405 nm photodiode (50 mW/cm
2
). Note that the specific 

maximum number of electrons per nanocrystal (<nmax>) that is achieved in a given experiment 

depends on the concentration of Na[Et3BH], and too much Na[Et3BH] causes nanocrystal 

etching and precipitation. The ratio of ~100-200 Na[Et3BH]/nanocrystal used here was found to 

give stable CdSe NCs and approximately the largest values of <nmax>. (ZnO) ZnO nanocrystals 

(~2 M) were photodoped using ethanol as the hole quenching reagent, as detailed previously.
4
 

ZnO nanocrystals were suspended in anaerobic mixtures of ethanol, tetrabutylammonium 

hexafluorophosphate, and 14:1 THF:toluene. The nanocrystals were then photodoped by 

illuminating them with a 340 nm photodiode (12 mW/cm
2
) or a 2 W broad band Xe-arc 

photolysis lamp.  

 The proposed overall chemical reactions are shown in eqs B.1 and B.2.
4,5

 From these 

reactions, the charges of the nanocrystal conduction-band electrons are compensated by the H
+
 

and Z
+
 cations (Z

+
 = Li

+
, Na

+
, K

+
, etc.) also liberated photochemically. 

 

e
-
, h

+
:CdSe + Z[Et3BH]  2e

-
:CdSe + Et3B + H

+
 + Z

+
  eq B.1 

 

e
-
, h

+
:ZnO + CH3CHOH 2e

-
:ZnO + 2H

+
 + CH3CHO  eq B.2 

 

 ZnO electron counting by redox titration. The average number of electrons per 

photodoped ZnO nanocrystal (<n>) was determined by titration using [FeCp*2][BArF] as 

detailed previously.4,6,7 Aliquots of [FeCp*2][BArF] in THF were added to photodoped ZnO 

nanocrystals and the reduction of the NIR absorption was monitored with each equivalent 

addition. After complete elimination of the NIR absorption, additional aliquots led to growth of 

FeCp*2+ absorption centered at ~700 nm. The number of ZnO conduction-band electrons 
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introduced via photodoping was determined from the x-intercept of these data and converted to 

<n> using the analytical ZnO nanocrystal concentration. 

 Electron counting by absorption spectroscopy. (ZnO) The average number of 

electrons per nanocrystal (<n>) was determined from the near-IR absorption spectra of ZnO 

nanocrystals as detailed previously.
8
 Briefly, molar extinction coefficients (ε) were determined 

for each ZnO nanocrystal sample at five different probe wavelengths (850, 900, 1000, 1500, and 

2100 nm) and at various values of <n>, using [FeCp*2][BArF] titration. These ε values were then 

fit to a power function: ελ = Qλ × <n>
p
 (Figure S1),

8
 where Q (M

-1 
cm

-1 
electron

-1
) and p 

(unitless) are constants. Substitution into Beer's law and rearrangement yields <n> = Aλ × exp(p) 

× Qλ
−1

 × b
−1

 × C
−1

, where b is the optical path length (cm) and C is the concentration (M). <n> 

values determined from the data at these 5 wavelengths were averaged to obtain the reported 

values of <n>, with error bars representing ±σ from the mean. (CdSe) <n> was determined 

spectroscopically through the linear relationship: <n> = 2 × (1 - A/A0), where A is the peak 

absorbance at the first exciton for the photodoped nanocrystals and A0 is the peak absorbance at 

the first exciton for the undoped nanocrystals. Full absorption spectra were also fit with multiple 

gaussians to quantify A/A0 (Figure S4), yielding similar results. 

 ZnO optical-redox-indicator (ORI) measurements. Fermi levels (EF) were measured 

using the Cp2Co
+
/Cp2Co redox couple as an in situ optical redox indicator as described 

previously.
8
 ZnO NCs were photodoped in the presence of [Cp2Co][PF6]. Reduction of Cp2Co

+
 

to Cp2Co occurs in equilibrium with ZnO photodoping. Cp2Co concentrations were measured 

spectroscopically using the absorption feature at 500 nm (ε500 = 301 M
−1

cm
−1

),
9
 after accounting 

for overlapping ZnO intra-band absorption. Then, using Beer's law, EF was calculated from the 

Nernst equation: Ehalf-cell (T = 298 K, <n> = 1) = E°´ – 0.0257 × ln([Cp2Co]/[Cp2Co
+
]), where 

formal potential, E°´ = –1.33 V vs Fc
+
/Fc (figure S2). 

 Transient photo-potentiometric measurements. An air-free septum-capped quartz 

cuvette was modified by inserting two platinum wires (working and counter electrodes) and a 1 

mm leakless (edaq) Ag/AgCl reference electrode through the septum cap to make a standard 

three-electrode electrochemical cell. Typically, Ag/AgCl reference electrodes are unsuitable for 

electrochemistry in organic media due to the high junction potentials associated with an 

aqueous/organic interface and the lack of electrolyte equilibrium. These problems are alleviated 
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by using leakless Ag/AgCl reference electrodes, where the junctions are non-porous but 

electronically conductive. 

Solutions of 2:1 THF:toluene for CdSe, or 14:1 THF:toluene for ZnO, with tetrabutylammonium 

hexafluorophosphate ([Bu4N][PF6]) as the electrolyte, cobaltocenium hexafluorophosphate 

([Cp2Co][PF6]) as the internal standard, and the respective hole quenchers (Na[Et3BH] for CdSe 

and EtOH for ZnO) were prepared in the cuvette in an N2 glovebox. The samples were then 

irradiated with supra-band-gap light (λ = 405 nm, 50 mW for CdSe and λ = 340 nm, 12 mW for 

ZnO). The solution Fermi level (EF) was recorded under galvanostatic control at I = 0 amps 

during illumination with a computer-controlled Eco Chemie Autolab II potentiostat. At the same 

time, the transmittance was measured using a 250 W tungsten halogen lamp directed through an 

Oriel Cornerstone 74000 monochromator at a specific wavelength (590 nm for CdSe, and 1000 

nm with a 600 nm long-pass cutoff filter for ZnO) and passed through the sample perpendicular 

to the photodoping excitation source. The transmitted probe light was detected with a Thorlabs 

PDA 55 Si diode and converted into absorbance through the equation A = –log(T/T0), where T is 

the transmittance through the sample and T0 is the transmittance absent the sample. T0 was 

collected prior to the experiment. A constant baseline measured independently was subtracted 

from this absorbance, and the resulting absorbance values were then used to calculate <n>. The 

solution was stirred continuously with a magnetic stir bar throughout the measurements. 

 Inter-nanocrystal electron transfer. A THF solution of 0.1 M [Bu4N][PF6], 2 μM ZnO 

nanocrystals (d = 9.4 nm), 1.25 μM CdSe nanocrystals (d = 3.8 nm), and 0.66 mM Li[Et3BH] 

was prepared under inert atmosphere and sealed in a quartz cuvette for optical measurement. 

Samples were irradiated with a 100 W Hg/Xe Oriel broadband photolysis lamp equipped with a 

480 nm long-pass filter to selectively excite the CdSe nanocrystals. Absorption spectra were 

collected at room temperature on a Cary 500 (Varian) spectrometer. A control sample without 

CdSe was prepared and irradiated in the same manner, and showed no ZnO conduction-band 

electrons. We note that the colloidal stability of the nanocrystal suspension improved with the 

addition of [Bu4N][PF6]. 

 Estimation of NC band-edge potentials from bulk band potentials. Chapter 3 argues 

that real nanocrystal redox potentials cannot be estimated from bulk band-edge potentials, but 

must be measured in situ on the actual nanocrystals in question. To illustrate this argument, the 

CB-edge potentials of CdSe and ZnO NCs can be estimated from previously determined bulk 
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band-edge potentials.
10

 At pH = 0 in aqueous media, the CB-edge potential of bulk CdSe = ~ -1 

V vs Fc
+
/Fc and of bulk ZnO  = ~ -0.1 V vs Fc

+
/Fc.

10
 For the NCs used here, only the CdSe NCs 

are expected to exhibit significant perturbation of the CB-edge potential due to quantum 

confinement; For the ZnO NCs of Figure 2, d = 6.8 nm whereas the electron Bohr radius is < 2.5 

nm.
11

 The bulk band gap of CdSe is 1.75 eV, and an optical band gap of 2.10 eV was measured 

for the d = 4.1 nm CdSe NCs of Figure 3. The ratio of the change in band-edge energies due to 

quantum confinement has been measured experimentally by ultraviolet photoelectron 

spectroscopy
12

 and is ΔECB/ΔEVB = ~5. Further, the direct coulomb stabilization energy from the 

electron-hole interaction is estimated at ~175meV for d = 4.1nm CdSe.
12

 These numbers lead to 

an estimate of the d = 4.1 nm CdSe NC CB-edge potential of ~ -1.47 V vs Fc
+
/Fc, yielding an 

electron-transfer driving force from these CdSe NCs to the d = 6.8 nm ZnO NCs of ~1.19 eV. 

The experimental potentiometry data in Figures 3.2 and 3.3 show that this estimated electron-

transfer driving force is far greater than the actual driving force (~0.25 eV). The calculation of 

electron-transfer driving forces from bulk band-edge potentials is inadequate for many reasons. 

For example, the band-edge potentials used for this calculation are derived from aqueous 

electrolyte at pH = 0, but the actual bulk band-edge potentials in organic media may vary 

significantly. ZnO band edges are known to shift with a Nernstian dependence of -59 mV/pH, 

while those of CdSe generally do not. In organic media, the proton activities are not well 

defined, so a pH appropriate for the real experimental conditions cannot be assumed. Moreover, 

surface perturbations (e.g., ion or ligand binding) are known to shift band-edge potentials of both 

bulk and nanoscale semiconductors significantly. This comparison illustrates the importance of 

in situ electrochemical measurement of nanocrystal redox potentials for understanding electron-

transfer driving forces in real systems.    
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Figure B.1. Experimental absorption coefficients for ZnO NCs.  

ZnO nanocrystal (d = 6.8 nm) molar extinction coefficients measured at 2100 (purple), 

1500 (dark blue), 1000 (light blue), 900 (green), and 850 nm (red) plotted as a function of 

<n>. <n> was determined by titration with [FeCp*2][BArF].
4,8

 The solid lines show best 

fits of the data to the function ε(λ) = Qλ × <n>
p
, where Qλ and p are floating parameters 

(Table B.1).  

 

 

Table B.1. List of absorption coefficients for ZnO NCs.  

Fitted parameters describing the near-IR extinction by d = 6.8 nm ZnO nanocrystal 

conduction-band electrons (see methods text and Figure S1). 

 

 

 

 

 

 

 

Q850 Q900 Q1000 Q1500 Q2100 P850 P900 P1000 P1500 P2100 

1107 1080 1097 1976 7060 0.58 0.62 0.70 0.95 0.91 
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Figure B.2. Cyclic voltammogram of the internal standards.  

Cyclic voltammogram of a mixture of [Cp2Co][PF6], decamethyl ferrocene (FeCp2*), and 

ferrocene (Fc) in an air-free THF solution with 0.1 M [Bu4N][PF6] as the supporting 

electrolyte. The trace has been shifted such that the half-wave potential of ferrocene = 0 

V. The scan rate was 100 mV/s. These data were collect with Pt wires as the working and 

counter electrodes and a Ag/AgCl reference. The arrows indicate the direction of the 

scan. 

 

 
Figure B.3. Absorption spectra of photodoped ZnO NCs.  

Electronic absorption spectra (red traces) of progressively photodoped d = 6.8 nm ZnO 

nanocrystals (using EtOH hole quencher) in a 1:3 toluene:THF solution of 0.1 M 

[Bu4N][PF6], 266 μM [Cp2Co][PF6] illuminated by a 2 W broad-band Xe-arc photolysis 

lamp. These spectra were used to generate the optical-redox-indicator (ORI) data 

presented in Figure 3.2. The black trace shows the absorption spectrum of maximally 

photodoped ZnO nanocrystals from the potentiometry measurement described in Figure 

3.2. 
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Figure B.4. Gaussian deconvolution of CdSe NC absorption spectra.  

(a) Absorption spectra of d = 4.1 nm CdSe nanocrystals before photodoping and at 

<nmax>. Multi-gaussian fits (thick black dashed) of the absorption spectra (thin black) 

before photodoping (b) and at <nmax> (c). The magnitudes, positions, and widths of all of 

the peaks were allowed to float during fitting, but only the absorbance of the first 

excitonic feature is evaluated quantitatively. Integrating the first absorption band in these 

spectra yields a value of A/A0 = 0.66, corresponding to <nmax> = 1.32. For comparison, 

the value obtained by the method described in chapter 3 (Figure 3.3) is <nmax> = 1.4, the 

difference attributed to experimental uncertainty. 
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Figure B.5. Cyclic voltammogram of Cp2Co during NC photodoping.  

Cyclic voltammogram of Cp2Co
+
/Cp2Co before (red) and during (blue) 405 nm 

photolysis of a solution of d = 4.1 nm CdSe nanocrystals (0.9 μM), [Bu4N][PF6] (0.05 

M), TOPO (0.15 M), and Na[Et3BH] (200 μM). The difference in the half-wave potential 

(E1/2) between the solution before and during photodoping is 10 mV. The scan rate was 

100 mV/s. 

 
Figure B.6. Na[Et3BH] concentration dependence of CdSe NC photodoping.  

Plot of EF vs <n> for d = 4.1 nm CdSe NCs (0.9μM) with Na[Et3BH] concentrations of 40 

μM (red), 100 μM (green), 200 μM (blue), and 350 μM (purple). Experiments were 

performed using a 2:1 THF:toluene solution 0.05 M [Bu4N][PF6], and 0.15 M 

trioctylphosphineoxide (TOPO). <n> was calculated from the relationship <n> = 2 x (1 - 

A/A0), where the absorbance (A) was monitored at λ = 590 nm and A0 was collected prior 

to the experiment. EF is referenced to the ferrocenium/ferrocene (Fc
+
/Fc) redox couple. 

Photodoping was performed using continuous 50 mW/cm
2
 405 nm irradiation.  
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Figure B.7. Control experiment for CdSe-ZnO NC ET.  

Electronic absorption spectra of d = 9.6 nm ZnO (2 μM) in a THF solution of 0.1M 

[Bu4N][PF6], and 660 μM Li[Et3BH]. Spectra were taken before irradiation (black trace), 

after 3 h of broad-band irradiation with a 480 nm long-pass filter (red trace), and after 1 

min UV irradiation (blue trace). The bottom panel shows difference spectra to highlight 

changes observed upon photoexcitation. No NIR absorption (no photodoping) is observed 

when using the 480 nm long-pass filter (red), indicating no direct ZnO nanocrystal 

photodoping with this excitation. Rapid photodoping is observed with direct UV 

irradiation (blue). 
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Figure B.8. Potentiometric measurement of surface states on CdSe NCs.  

Transient EF (red), A/A0 (black), and integrated excitonic photoluminescence (blue) data 

collected during photodoping of d = 3.4 nm CdSe nanocrystals (18 μM) using Na[Et3BH] 

(200 μM) as the hole quencher. The nanocrystals were in a 1:2 toluene:THF solution of 

0.05 M [Bu4N][PF6], 0.15 M TOPO, and 30 μM [Cp2Co][PF6]. Nanocrystal absorption 

was monitored at the peak of the first excitonic maximum (λ = 565 nm).  
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Appendix C 

Supporting Information for: 

 

Chapter 4: Electrochemical Measurement of Surface Composition 

Effects on Colloidal CdSe Nanocrystal Redox Potentials 
 

 

Experimental Methods 

 

CdSe NC synthesis. Zinc blende CdSe nanocrystals of various diameters were prepared by an 

adaptation of a previously reported heat-up synthesis method.
1
 As an example: CdO (0.195 g, 

1.52 mmol), oleic acid (1.6 mL, 5 mmol), and octadecene (36 g) were combined in a three-

necked round bottom flask equipped with a stir bar and condenser and degassed under vacuum at 

115 °C for 30 min. Under nitrogen, the mixture was heated to 300 °C until it became optically 

clear and colorless. The mixture was cooled to 115 °C, and SeO2 (0.170 g, 1.53 mmol) was 

added under nitrogen flow, and the mixture was heated to 240 °C for 10 min., becoming an 

orange solution. The reaction mixture was cooled to room temperature, and the nanocrystals 

were precipitated using ethanol and then washed via redispersion/precipitation with 

toluene/ethanol.  

Selenium surface enrichment. The ratios of Cd and Se were changed by an adaptation of the 

method published by Peng and co-workers.
2
 A toluene solution of CdSe NCs prepared as 

described above was added to a three-necked round-bottom flask equipped with a stir bar and 

condenser and charged with octadecene (8 mL) and oleylamine (2 mL). The mixture was 

degassed under vacuum at 100 °C for 30 min., then heated to 140 °C under nitrogen. A 

dispersion of Se (0.1 mL, ca. 0.1 M in ODE) was added via syringe, and the mixture stirred at 

140 °C for 10 min. This Se treatment was repeated three times. The mixture was precipitated 

with ethanol and resuspended in toluene three times.  

Cd(oleate)2 Synthesis. A 50ml methanolic solution containing 1.41g oleaic acid, and 0.2g 

sodium hydroxide was sonicated and heated to 60 C° while stirring. To this solution, a solution 

of 3.08g cadmium nitrate tetrahydrate dissolved in 8ml of methanol was added drop wise (1 drop 

s
-1

). Following total addition of the Cd(NO3)2 solution, the final solution was cooled in an ice 
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bath. The white precipitate was vacuum filtered, washed with cold methanol and dried under 

vacuum overnight. The powder was then dissolved in THF in an N2 glove box. Zn(oleate)2 was 

synthesized in the same way, only substituting  Zn(NO3)2 • 6H2O for Cd(NO3)2• 4H2O.  

CdSe Photodoping Suspension. Se-enriched CdSe nanocrystals were photodoped using 

Na[Et3BH] as the hole quencher, as detailed previously.
3,4

 CdSe nanocrystals (~ 0.2 M) were 

suspended in an anaerobic 2:1 THF:toluene solvent with Na[Et3BH] (~100 

Na[Et3BH]/nanocrystal), tetrabutylammonium hexafluorophosphate ([Et4N][PF6] as the 

supporting electrolyte), trioctylphosphineoxide (TOPO, as a NC stabilizer), and cobaltocenium 

hexafluorophosphate (as an internal standard). Predetermined amounts of Cd(oleate)2 were added 

to the photodoping mixture prior to photodoping.  

Transient potentiometric and A/A0 measurements. Transient potentiometric and A/A0 

measurements were carried out as previously detailed.
4
 An air-free septum-capped quartz cuvette 

was modified by inserting two platinum wires (working and counter electrodes) and a 1 mm 

leakless (edaq) Ag/AgCl reference electrode through the septum cap to make a standard three-

electrode electrochemical cell which was screwed onto a 1 cm optical cuvette with 4 polished 

sides containing the NC photodoping mixture. The photodoping mixture was prepared in an N2 

filled glovebox. The solution Fermi level (EF) was recorded under galvanostatic control at I = 0 

amps during 405 nm illumination with a computer-controlled Eco Chemie Autolab II 

potentiostat. The optical transmittance (T) at the peak of the first excitonic transition was 

measured using a 250 W tungsten halogen lamp directed through an Oriel Cornerstone 74000 

monochromator and passed through the sample perpendicular to the photodoping excitation 

source. The transmitted probe light was detected with a Thorlabs PDA 55 Si diode and converted 

into absorbance through the equation A = –log(T/T0), where T0 is the transmittance absent the 

sample. T0 was collected prior to the experiment. A constant baseline measured independently 

was subtracted from this absorbance, and the resulting absorbance values were then used to 

calculate <n> through the equation <n> = 2*(1-A/A0). The solution was stirred continuously 

with a magnetic stir bar throughout the measurements. Dark potentiometric experiments were 

carried out in the same way as photodoping experiments except that the NC suspensions were 

prepared in an electrochemical cell, which had been covered in black electrical tape to prevent 

room light exposure. 
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Elemental analysis of CdSe NCs. Energy Dispersive X-ray Spectroscopy (EDS) measurements 

were performed on both 5.4nm and 4.4nm Se
2-

 -enriched CdSe NCs, as well as 4.4 nm as-

prepared CdSe NCs with an FEI Sirion XL30 microscope and an attached Oxford EDS detector. 

The nanocrystals were washed via precipitation/redispersion with ethanol/toluene three times 

prior to the measurement. For EDS measurements, the accelerating voltage was 20 kV, with 0.6 

nA of current. The elemental excess of Se
2-

 was assumed to be surface-bound Se
2-

, while the core 

was assumed to be a 1:1 composition of Se
2-

:Cd
2+

.  

 

 

Sample Identification EDS ratio (Se
2-

/Cd
2+

) 

Calculated Se
2-

 surface 

coverage (%) 

5.4 nm Se
2-

 -enriched CdSe  0.525 67% 

4.4 nm Se
2-

 -enriched CdSe  0.506 55% 

4.4 nm as-prepared CdSe  0.480 42% 

 

Table C.1. Relative surface stoichiometry for CdSe NCs 

 

NMR Spectroscopy.
1
H NMR spectra were recorded on Bruker AV300 or Bruker AV500 

instruments. Samples in C6D6 (10−20 μM) were referenced to the solvent residual peak (7.16 

ppm). A 15 s relaxation delay was used. Ferrocene (0.15−0.35 mM) was included as an internal 

standard to quantify the ligand concentrations.  
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Figure C.1. Excitionic redshift for photodoped CdSe with increasing Cd(oleate)2 

(a) Electronic absorption spectra of maximally photodoped d = 5.4 nm Se-enriched CdSe 

NCs with increasing Cd(oleate)2 up to an equivalent 12 Cd(oleate)2 nm
-2

. (b) Plot of the 

peak of the first exciton as a function of the added Cd(oleate)2 (red, circles) and <nmax> 

(black, squares).  

 
Figure C.2. Dark potentiometric titration Se

2-
-enriched CdSe with Cd(oleate)2  

Dark potentiometric titration of a blank solution (red, squares), 0.3 μM 5.4 nm Se-

enriched CdSe (black, circles), and a Se-enriched CdSe/30 μM  Na[Et3BH] mixture (blue, 

triangles) with a 1mM solution of Cd(oleate)2 in THF.  All titrations were carried out in a 

2:1 THF:toluene solution with 0.05 M [Bu4N][PF6], 0.15 M trioctylphosphineoxide 
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(TOPO), and [Cp2Co][PF6] as an internal standard. The solution was kept in a rigorously 

dark environment to avoid light contamination. EF is referenced to the 

ferrocinium/ferrocene redox couple.  

 

 
Figure C.3. Absorption of photodoping CdSe with excess Zn(oleate)2  

Excitonic absorption spectrum of undoped (black, solid line), and maximally photodoped 

(black, dashed line) Se-enriched CdSe. The red dashed line shows the maximally 

photodoped Se-enriched CdSe in the presence of Zn(oleate)2 at an equivalent 10 

Zn(oleate)2 NC
-1

 nm
-2

. All experiments were carried out under continuous 405nm 

photoexcitation in an air-free 2:1 THF:toluene solution with 0.05 M [Bu4N][PF6], 100 

μM [Cp2Co][PF6] as an internal standard, 0.15 M trioctylphosphineoxide (TOPO) as a 

stabilizer, and 30 μM Na[Et3BH] as the hole quencher. EF is referenced to the 

ferrocinium/ferrocene redox couple. 

 
Figure C.4. PL increase with Cd(oleate)2 addition  

Integrated photoluminescence quantum yield of d = 5.4 nm Se
2-

enriched CdSe NCs 

(0.3μM) in a 2:1 THF:toluene solution with 0.05 M [Bu4N][PF6], 0.15 M 

trioctylphosphineoxide (TOPO) plotted as a function of the excess Cd(oleate)2. The NCs 
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were first photodoped to their maximum and then opened to air to remove all excess 

conduction band electrons.  

 
Figure C.5. EF

max
 of Cd(oleate)2 titration plotted against Cd NC

-1
 

(a) Plot of the maximum Fermi-level (EF
max

) for photodoping d = 4.4 nm (blue, triangles) 

and d = 5.4 nm (red, squares) Se-enriched CdSe NCs against the added Cd(oleate)2 NC
-1

. 

The error bars indicate the uncertainty in the Cp2Co
+
/Cp2Co half wave potential. (c) EF

max
 

data in figure 2a plotted against <nmax> for  d = 5.4 nm CdSe (squares) and d =4.4nm 

(circles). The color of the markers correspond to the scale bar which indicate the excess 

Cd(oleate)2 NC
-1

 nm
-2

. All experiments were carried out under continuous 405nm 

photoexcitation in an air-free 2:1 THF:toluene solution with 0.05 M [Bu4N][PF6], 100 

μM [Cp2Co][PF6] as an internal standard, 0.15 M trioctylphosphineoxide (TOPO) as a 

stabilizer, and 30 μM Na[Et3BH] as the hole quencher. EF is referenced to the 

ferrocinium/ferrocene redox couple. 
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Figure C.6. 

1
H NMR spectra of Se

2-
 and Cd

2+
-enriched CdSe NCs 

1
H NMR spectra in C6D6 of CdSe NCs out of synthesis (Cd

2+
-rich, top) and after Se

2− 

enrichment (bottom). 
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Figure C.7. 
1
H NMR spectra in C6D6 of oleylamine and Se

2−-enriched CdSe NCs. 

1
H NMR spectra in C6D6 of oleylamine (top) and Se

2−-enriched CdSe NCs. The CdSe NC 

sample contains some residual 1-octadecene (590 equiv/NC) that was not removed after 2 

cycles of ethanol-precipitation/toluene-redispersion. 

 
1
H NMR spectroscopy of CdSe NC samples (d ~ 4.4 nm, 10−20 μM in C6D6) with ferrocene as 

an internal standard was used to estimate the ligand coverage before and after surface selenide 

enrichment and nanocrystal purification. CdSe NCs out of synthesis were coordinated solely by 

oleate ligands (320 oleate ligands/NC, 5 carboxylates/nm
2
). After Se

2− enrichment and 

purification by two cycles of ethanol-precipitation/toluene-redispersion, ligand coverage 

decreased (~70 oleate ligands/NC, 1.2 carboxylates/nm
2
 and 90 oleylamine ligands/NC, 1.5 

oleylamines/nm
2
). Ligand coverages vary between batches and is purification-dependent. As an 

example, a separate sample of Se
2−-enriched CdSe NCs (d ~ 3.9 nm) that was purified by three 

cycles of ethanol-precipitation/toluene-redispersion was coordinated only by oleate ligands (~12 

oleates/NC, 0.3 carboxylates/nm
2
), with no oleylamine ligands. 

 

 

 
Figure C.8. Ratiometric dependence of NC EF

max
 on [Bu4N][PF6] 

(a) Plot of EF
max 

for photodoping 0.1 (red, square), 0.2 (black, circles), and 0.4 μM (blue, 

triangles) 5.4 nm Se-enriched CdSe NCs as a function of the [Bu4N][PF6] concentration. 
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(b) Plot of the same data in panel (a), but now plotted against the ratio of 

[Bu4N][PF6]:CdSe. Fitted to line, the slopes of all three NC concentrations are within 

20mV of the 160mV/decade slope reported in the main text. All experiments were carried 

out in THF with 30 μM Na[Et3BH] as the hole quencher. The CdSe concentration is 

0.2μM and the [Bu4N][PF6] ranges from 4mM to 100mM. [Fc*][PF6] was added after the 

experiment as an internal standard.  EF is referenced against the ferrociunium/ferrocene 

redox couple. 

 

 

 

 
 

Figure C.9. CV of Fc
+
/Fc at different electrolyte concentrations  

Cyclic voltammogram of decamethylferrocene/decamethylferrocinium redox couple in 

0.1M (red) and 0.004M (blue) [Bu4N][PF6] in THF. The half wave potential (E1/2) was 

used as the reference for placing EF
max

 of photodoped CdSe in figure 3 of the main text. 

The change in the half wave potential (ΔE1/2) for the two different electrolyte 

concentrations is 100mV, which corresponds to the error bars in fig 3 of the main text. 

The broadening of the redox waves with decreasing [Bu4N][PF6] is due to an increasing 

solution resistance.  
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Appendix D 

Supporting Information for: 

 

Chapter 5: Mechanistic Insights into Solar Water Oxidation by Cobalt-

Phosphate-Modified α-Fe2O3 Photoanodes 

 
Adapted from: Carroll, G. M.; Zhong, D. K.; Gamelin, D. R. Energy Environ. Sci. 2015, 8, 577. 

 

 
Figure D.1. Steady state photocurrent for variable thickness Co-Pi on α-Fe2O3.  

Steady state photocurrent density under simulated 1 sun AM 1.5 back-side illumination 

of a bare hematite electrode (black) and following Co-Pi deposition (red, 24.5 nm thick) 

at 1.7V vs RHE.  Intermediate colors from orange to blue show the J-V scans of the same 

electrode after |1|3|5|10|15|20|30|40|50|60|120|240|360|480|600 minutes of Co-Pi 

dissolution in fresh 0.1M KPi pH 8 electrolyte solution. Steady state dark current has 

been subtracted from the data.  
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Figure D.2. Double spot pH dependence for Co-Pi modified and bare α-Fe2O  

(a) Galvanostatic titration of double spot experiment at 700μA/cm2 showing two bare 

spots (black), only the Co-Pi covered spot (red) and both the bare and Co-Pi coated spots 

measured simultaneously (blue). (b) Plot of the slopes from the linear regression of the 

pH dependence data for: 700 μA/cm2 (open circle), and 35 μA/cm2 (closed circle).  The 

error bars indicate the error to the fits. 

 

Figure D2 shows the results from a double spot experiment in which two areas on the same 

photoanode were masked separately. By partitioning the sample into two spots, Co-Pi could be 

selectively deposited onto one and not the other, and the pH dependence of both spots measured 

separately or simultaneously.  From Figure D2b, when both spots are bare, the pH dependence is 

consistent with that of the data presented in Figure 4.5 (main text). When Co-Pi is deposited onto 

the surface of only one of the spots, the pH dependence for the current density 30μA/cm
2
 

increase from -90mV/pH to -62mV/pH, and for a current density of 700μA/cm
2
 the slope 

changes from -94mV/pH to -85mV/pH.  When only the spot with Co-Pi is measured, the slopes 

for 30 and 700μA/cm
2
 are -60 and -59mV/pH, respectively. Following the pH measurements, the 

region with no deposited Co-Pi was investigated with EDX measurements, and no cobalt was 

detected. This result indicates that an intermediate pH dependence slope is consistent with two 

simultaneous water oxidation mechanisms. 
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Appendix E 

Supporting Information for: 

 

Chapter 5: Mechanistic Insights into Solar Water Oxidation by Cobalt-

Phosphate-Modified α-Fe2O3 Photoanodes. 

 

Adapted from: Carroll, G. M.; Gamelin, D. R. J. Mat. Chem. A 2016. 

 

 

 
 

Figure E.1. SEM of representative photoelectrodes.  

SEM images of (a) bare α-Fe2O3 and (b) 24.6nm thick Co-Pi coated α-Fe2O3  

 

 
Figure E.2. J-V curves of α-Fe2O3 at various Co-Pi thicknesses.  

J-V curves for an α-Fe2O3 photoanode measured before (black) and after (red) photo-

assisted electrodeposition of a thick (~25nm) layer of Co-Pi. Additional curves were 
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measured after 1 (green), 2 (blue) and 3 (purple) hours of dissociative dissolution of Co-

Pi in aqueous electrolyte at open circuit in the dark. Data courtesy of Diane K. Zhong 

(UW 2012) 

 
Figure E.3. Nyquist plot of α-Fe2O3 at high potentials.  

Nyquist plot of the highest potential measured in the impedance analysis of a bare α-

Fe2O3 photoanode.  

 

 In planar α-Fe2O3 films, the capacitive feature of the low-frequency semicircle disappears 

at potentials more positive than +1.5 V vs RHE, attributable to fast (non-rate-limiting) hole 

transfer from surface states.
1-4

 Here, the capacitive feature at low frequencies is visible up to 

~+1.7 V vs RHE, suggesting that hole transfer to water remains rate limiting throughout the 

voltammetric window of interest. 

 

 
Figure E.4. RCo-Pi/FTO electrodes.  

Charge-transfer resistance (RCo-Pi) values of Co-Pi/FTO anodes, measured in 0.1M KPi, 

pH 8. The solid line is a guide to the eye. 
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Figure E.5. Differential resistance plots for Co-Pi/α-Fe2O3 photoelectrodes.  

Differential-resistance (dV/dI) data (dashed lines) and RTOT data (closed circles) for bare 

α-Fe2O3 (black), ~2.3 nm Co-Pi/α-Fe2O3 (blue), and ~24.6 nm Co-Pi/α-Fe2O3 (red) 

photoanodes, plotted vs applied potential. Experimental details are described in the main 

text of Chapter 6. 

 

 
Figure E.6. Goodness-of-fit plots for EIS modeling of Co-Pi/α-Fe2O3.  

Goodness-of-fit values between the experimental EIS data and the model for bare α-Fe-

2O3 (black circles), optimized Co-Pi/α-Fe2O3 (blue triangles), and bottlenecked Co-Pi/α-

Fe2O3 (red squares) photoanodes. (a) Values obtained from modeling with a standard 

capacitor model. (b) Values obtained from a constant phase element model. Values 
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between 0.001 and 0.01 correspond to between ~3 and 10% difference between the data 

and the fit.  

 

Capacitance values from models containing a constant phase element (CPE) were obtained using 

equation S1, where α is an empirical value obtained from the EIS fit and ωmax is the frequency at 

the maximum phase angle. 

 

𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑎𝑛𝑐𝑒 =  𝐶𝑃𝐸 × (𝜔max)𝛼−1   (Equation E1) 

 

 

 

 

 
Figure E.7. EIS parameters for α-Fe2O3 and resistances of composite 

photoelectrodes modeled with a CPE.  

(a) RCT SS (closed circles), CSS (open circles), and J-V (solid line) data obtained for a bare 

α-Fe2O3 photoanode. These RCT SS and CSS data were obtained from the PEIS data by 

fitting using a constant phase element. The linear inset scale bar refers to the CSS data. 

Error bars correspond to uncertainties from the impedance fitting. (b) RCT (closed shapes) 

and Rtrap (open shapes) data for the same α-Fe2O3 photoanode measured with 0 (black 

circles), ~2.3 (blue triangles), and ~24.5 nm Co-Pi (red squares) surface coverage. These 

data are presented for comparison with the data in Figure 3 of the main text. 
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Figure E.8. Comparison of capacitance values for composite photoanodes and Co-Pi 

thin films modeled with a CPE.  

(a) CSS Co-Pi (open shape) and J-V (solid line) data measured for the same α-Fe2O3 

photoanode with ~2.3 nm (blue triangle) and ~24.5 nm (red square) thick Co-Pi on its 

surface. Measurements were collected under AM 1.5 illumination from the back side in 

0.1 M KPi at pH 8 and fit using a constant phase element. The hash mark symbols on the 

J-V curves show steady-state current densities. (b) CTOT (closed shapes), and J-V (solid 

lines) data measured at 10 mV/s scan rate for the same FTO anode with ~1.2 nm (black 

diamond), ~24.5 nm (purple star), ~46.8 nm (green pentagon), and ~490 nm (red triangle) 

Co-Pi thickness on the surface. The dashed lines are guides to the eye. 
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Figure E.9. Potential dependent electron-trap occupation at different trap depths. 

 Calculated values of 𝛾(𝑉) as a function of applied potential. Electron trap energies 

between 100 and 800 meV more negative than the equilibrium Fermi level of the 

electrode are shown. 
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Figure E.10. Comparison of rate constants from capacitor and CPE analysis.  

(a,c) Charge-transfer rate constants, (b,d) recombination rate constants, and (c,e) water-

oxidation quantum efficiency plotted vs applied potential for bare α-Fe2O3 (black circles), 

2.3 nm Co-Pi/α-Fe2O3 (blue triangles), and 24.5 nm Co-Pi/α-Fe2O3 (red squares) 

photoanodes. Panels a, b, and c plot values obtained from fitting impedance data with a 

constant phase element for comparison with panels d, e, and f, which plot the results from 

Figure 5 in the main text.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Constant Phase Element Capacitor 
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