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ABSTRACT. The adaptation of colloidal semiconductor nanocrystals (NCs) in applications like
displays, photovoltaics, and photocatalysis relies primarily on the core electronic structure of NC
materials that give rise to desirable optoelectronic properties like broad absorption and size-tunable
emission. However, reduction or oxidation events at localized NC surface sites can greatly affect
sample stability and device efficiencies by contributing to NC degradation and carrier trapping.
Understanding the local composition, structure, and electrochemical potentials of redox-active NC
surface sites continues to present a challenge. In this perspective, we discuss how NC surface
reduction, oxidation, and electrostatics contribute to NC electronic properties that include
photoluminescence quenching or brightening and shifts in NC band edge potentials, among others.
Recent efforts toward combining spectroscopic, electrochemical, and computational methods to
characterize redox-active surface sites and trap states are highlighted, including developing

methods in the field and future opportunities.

1. Introduction



Colloidal semiconductor nanocrystals (NCs) are nanoscale semiconductor materials capped by
supporting ligands that assist in maintaining colloidal stability. Quantum confinement imparts
size-tunable optical properties that enable possible applications in modern lighting, imaging, and
energy storage. While NCs have been known in various forms for decades, their more recent
adoption in these technologies and subsequent commercialization have been facilitated by
advances in NC synthetic methods that permit improved control over NC size, monodispersity,
composition, and morphology.!? These improvements have also extended synthetic access to
materials beyond II-VI and IV-VI lattices to III-V materials,>> halide lattices,® and ternary
compounds,’® among others.

Figure 1 diagrams notable aspects of a colloidal NC. First, nanomaterials exhibit high surface-
to-volume ratios. For example, a spherical zinc blende CdSe NC with a diameter of 4 nm would
be calculated to have ca. 1200 atoms/NC, of which ca. 800 reside in the outermost monolayer of
CdSe unit cells. This high proportion of surface atoms means that NC surfaces — that is, the
semiconductor atoms that lie at the semiconductor-ligand or the semiconductor-solution interface
—contribute strongly to NC physical and electronic properties.”!'! Second, the atoms at NC surfaces
display very different coordination environments compared to those within the NC core. These
sites can be subject to reorganization, can display lower coordination numbers, or can be

coordinated by supporting ligands or other ions.
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Figure 1. Schematic of a spherical zinc blende CdSe NC, showing surface and core atom

geometries (left) and ligand coordination modes (right).

Figure 1 also diagrams ligand coordination at NC surfaces. Owen has popularized the
categorization of these ligands by Green’s covalent bond classification system, which include X-
type anionic ligands, L-type neutral Lewis basic ligands, and Z-type Lewis acidic electron acceptor
ligands.'?"!® This nomenclature will be used throughout this perspective. For NCs suspended in
nonpolar organic solvents like hexanes or toluene, ligands are often long chain carboxylates (X-
type), amines (L-type), or phosphonates (X-type), although neutral metal carboxylate or metal
halide salts have been used as Z-type ligands.'* Use of zwitterionic or charged inorganic ligands
permit NC suspension in more polar solvents (e.g. formamide) or in water.!*> Ligands have also
been demonstrated to contribute to the electronic structure of the NC itself through exciton
delocalization or through enhancement of high energy absorption bands.!®!” The dynamic nature
of ligand-surface interactions for different NC materials has also been analyzed using NMR
spectroscopy methods and by studying surface trap passivation through photoluminescence (PL)
enhancement.'*!* It is therefore important to consider NC surfaces as hybrid materials, with

contributions from both surface-localized semiconductor atoms and from the coordinating ligands.



For a number of reasons, the reactivity of NC surfaces is an important consideration. First, as
the surface is more exposed to solvent or other diffusing chemical species, dynamic exchange
processes like ligand association and dissociation occur in solution.'3! This behavior may permit
access to reactive surface species under room temperature conditions. Second, the different
possible coordination geometries and compositions of NC surface sites result in a distribution of
localized orbital energy levels, meaning that they can react as localized sites separately from the
delocalized electronic band structure of the nanocrystal. Here, we will define nanocrystal surface
redox as reduction or oxidation of these sites at the NC surface/ligand interface. While these
processes can include ligand-centered reactions, we will primarily highlight reactions at the
semiconductor atoms themselves.

In this perspective, we will discuss characteristics of NC surface redox reactions. As binary
metal chalcogenide and metal oxide NCs (II-VI and IV-VI lattices) have been the most studied
materials, their reactions will constitute the majority of the discussion. Additional results from
recent materials like ITI-V materials or halide lattices will also be included when relevant. We will
present optical and electrochemical evidence for surface redox processes in NC materials, both in
solution and as deposited films or as part of larger assemblies. These data will be compared to
those from measurements of NC surface electrostatics. The contributions of these surface-centered
processes to NC stability, PL, carrier trapping, charge transfer, and band edge potentials will be
included. Last, we will discuss ongoing questions and future areas of interest in NC surface redox
chemistry. This perspective assumes a passing familiarity with a number of NC characterization
methods. The interested reader is encouraged to access recently published reviews on these
methods, which include NMR spectroscopy, X-ray photoelectron spectroscopy (XPS), and

electrochemical methods.?-%3



2. NC Surface Redox Chemistry

2.1. Irreversible surface oxidation and reduction. In semiconductor materials, surface redox has
long been associated with irreversible chemical changes that are detrimental to targeted
semiconductor applications in photovoltaics and photoelectrochemical cells. For example, Si and
other main group semiconductor electrodes commonly form insulating oxide layers that can result
in poor interfacial charge transfer.?* In binary and higher order semiconductor materials, oxidation
of surface anions initiates anodic corrosion processes. For example, oxidation of CdS

photoelectrodes has been demonstrated to proceed by the decomposition pathways shown in

Equations 1 and 2, releasing Cd*" ions and oxidized chalcogen products.?>-%’
light )
CdS +2H,0 — Cd” (aq) + S+ H, + 2 OH (1)
ligh
CdS + 20, =5 Cd*'(aq) + SOF )

Metal oxide materials, although more stable than the chalcogenides, can similarly undergo
photocorrosion processes under certain conditions.?8?° In these systems, surface states have also
been shown to contribute to other electronic changes within the semiconductor material, including
Fermi level pinning.*°

A number of strategies have been implemented to combat photocorrosion and other redox
degradation in bulk semiconductor materials. For main group semiconductor electrodes, chemical
functionalization of the semiconductor electrode surfaces has been employed to combat surface
oxidation.*!** For CdS and CdSe electodes, redox-active electrolytes (e.g. polysulfide solutions
and [Fe(CN)s]*/[Fe(CN)s]* solutions, among others) that remove photogenerated holes from the
3435

material have been used to prevent anodic corrosion and to improve photostability.

Nanoscale semiconductor materials employed in similar photoelectrochemical applications such
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as photocatalytic H2 formation

or in quantum dot sensitized solar cells are similarly



susceptible to anodic photocorrosion.***} In II-VI, IV-VI, and III-V materials (e.g. CdS, CdSe,
PbS, PbSe, InP), the main group anions (e.g. S*, Se*, P*, etc.) readily form oxide layers that have
been observed by surface-sensitive elemental analysis methods like XPS and Auger electron
spectroscopy (AES).**? For example, exposure of CdSe NCs to air both with and without
irradiation for 20-24 hours results in the formation of SeO2, as measured by XPS.3->* This
photocorrosion has been suggested to occur due to surface adsorption of dioxygen as well as at
surface defects that facilitate reactions with air.>® For binary semiconductor NCs, redox reactions
at the metal cations are less common, although some metal oxide materials can undergo metal
cation reduction to metal(0) under some circumstances. For example, Cu2O NCs prepared under
anaerobic conditions have been shown to exhibit a surface layer of Cu’.>® This strategy has also
been used to decorate ZnO and TiO2 nanostructures with noble metal nanoparticles (e.g. Ag, Au,
Pd) for photocatalysis.’’*

Strategies similar to those used for bulk materials have been implemented to improve the surface
stabilities of nanomaterials. For example, redox-active sulfide/polysulfide electrolytes have been
used to combat surface oxidation in NC photoelectrodes.’*® Additional NC-specific strategies
have included the addition of protective surface ligands or the growth of additional shell layers.*>
33,61 For example, CdSe/CdS core-shell NCs showed no surface oxidation upon irradiation under
air, in comparison with unshelled CdSe NCs that underwent etching and surface oxidation.®?
Similar shelling methods have also been used to protect more sensitive NC materials like InP.%!

2.2 “Reversible” surface reduction and oxidation. Beyond irreversible NC surface oxidation or
reduction that results in NC size changes or other corrosion/deposition processes, semiconductor
NCs can be considered to undergo “reversible” redox reactions. For example, carrier trapping at

mid-gap energy levels implicitly reduces or oxidizes a localized orbital. Scheme 1A compares hole



trapping and electron trapping processes in a typical NC. As these mid-gap trap states in NCs are
typically proposed to reside at the NC surface, these reactions must therefore be “surface redox”
changes. These processes must also be reversible, as carrier de-trapping or other recombination
processes have been observed spectroscopically. Additional surface redox reactions have been
proposed upon chemical and electrochemical treatments of NCs. In this section, spectroscopic
evidence for these redox reactions for different NC materials will be discussed.

Scheme 1. (A) Comparison of electron and hole trapping processes. (B) Surface states are reduced

prior to n-type doping.
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Surface redox should be distinguished from other types of redox processes like NC doping, in
which the NC conduction band is occupied by electrons or the valence band is occupied by holes
(n-type or p-type doping, respectively). In II-VI and IV-VI NC materials (e.g. ZnO, CdS, CdSe,
PbS, etc.), spectroscopic signatures of n-type doping include bleaching of the excitonic absorption
features, accompanied by a rise of lower energy bands corresponding to intraband transitions.®
This n-type doping has been experimentally accomplished in colloidal solution by the addition of
strongly reducing chemical reagents [e.g. sodium biphenyl (E° = -3.10 V vs. the

ferrocenium/ferrocene couple, Fc¢'/Fc, in DMF), sodium naphthalenide (E° = -3.10 V vs. F¢'/Fc¢



in THF), or cobaltocene (E° = —1.33 V vs. Fc'/Fc in CH2Cl2)],%*%" through photochemical
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)

electronic doping (“photodoping or by using electrochemically applied potentials.

During the above reduction experiments, surface-centered reduction occurs before doping. A
complete bleach of the lowest energy excitonic feature in CdSe or CdS NCs (1S32m—>1Se) should
require only two electrons in the 1Se energy level. However, both chemical and photodoping
methods require the addition of excess reducing agent (>10 equiv/NC) prior to the observation of
a bleach in the excitonic absorption feature. Solvent and ligand reduction have been ruled out
experimentally, suggesting that NC surface states are the acceptors of these “extra” electrons.”
Similar effects have been observed in spectroelectrochemical studies, in which 10-150 electrons
can be injected into colloidal CdSe NCs prior to absorption band bleaching that indicates
conduction band occupation.”! Scheme 1B diagrams this proposal. When the the Fermi level (EF)
of the solution or of the NC film is raised by the addition of reducing equivalents or by a negative
applied potential, lower energy mid-gap surface states are first reduced prior to occupation of the
conduction band.

Both steady-state and time-resolved emission spectroscopy can be used to indirectly observe
surface redox processes. Examples discussed here will be limited to steady-state PL. measurements,
as the PL lifetimes of NCs (ns—us) are often far shorter than the timescales of chemical reactions
(ms—s). Although these methods do not yield structural or compositional information about traps,
when used in tandem with chemical, electrochemical, and photochemical techniques, PL can be
used to probe the NC surface. Gamelin and co-workers showed that addition of NaKz, a chemical
reductant, to colloidal Mn?*-doped ZnSe NCs (Mn?*:ZnSe) results in brightening of the
manganese-centered PL (“T1>%A1) by up to 25-fold (Fig. 2A). This effect was rationalized as

occupation of surface electron traps upon surface reduction; this occupation lowers the probability



of electron trapping and increases NC photoluminescence quantum yield (PLQY).”® The addition
of other reductants with different reduction potentials [e.g. cobaltocene and sodium anthracenide
(E° = —2.47 V vs. Fc'/Fc in glyme)]®’ resulted in different PL brightening responses, with the
addition of sodium anthracenide (300 equiv/NC) achieving a maximum PLQY of 80%. These
results suggest that these surface levels exhibit a range of reduction potentials. In related
experiments, electrobrightening (40-fold) of Mn**:ZnSe NCs films deposited on fluorine-doped
tin oxide (FTO) electrodes was observed upon electrochemical application of negative (reducing)
potentials (—1.5 V vs. Ag"/Ag®).7*

The PL response to surface reduction or oxidation is material-dependent. Application of
reducing potentials (<-1.5 V vs. Ag*/Ag") to colloidal CdSe/ZnS or CdSe NCs results in PL
quenching assigned as electron injection to the conduction band (Fig. 2B).”"7° This n-type doping
results in PL quenching via a trion Auger mechanism.”® However, when the potential is reset to 0
V vs Ag'/Ag’ and the NCs are no longer n-doped, the NC PL recovers only slowly. This slow NC
PL recovery appears to correspond to slow removal of electrons from surface mid-gap states.”’
This behavior is therefore consistent with surface-charge-induced PL quenching, which has been

proposed to occur by trion Auger via surface-trapped carriers.””°
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Figure 2. (A) Addition of NaK: increases PL of colloidal Mn*":ZnSe NCs. Adapted with
permission from Rinehart, J. D., Weaver, A. L., Gamelin, D. R. J. Am. Chem. Soc. 2012, 134,

16175-16177. Copyright 2012 American Chemical Society. (B) Negative applied potentials



decrease PL of colloidal CdSe NCs prior to conduction band occupation. Adapted with permission
from Ashokan, A., Mulvaney, P. Chem. Mater. 2021, 33, 1353-1362. Copyright 2021 American
Chemical Society. (C) Exposure of ZnO NCs to Oz under UV irradiation results in increased trap
emission (green) compared to as-prepared ZnO NCs that primarily exhibit excitonic emission
(red). Adapted with permission from Zhang, W., Chen, X., Ma, Y., Xu, Z., Wu, L., Yang, Y.,
Tsang, S.-W., Chen, S. Positive Aging Effect of ZnO Nanoparticles Induced by Surface
Stabilization. J. Phys. Chem. Lett. 2020, 11, 5863-5870. Copyright 2020 American Chemical

Society.

Surface-trapped charges can be optically active. Guyot-Sionnest and co-workers reported that
the electronic absorption spectrum of CdSe NCs treated with sodium biphenyl shows a broad tail
to the CdSe excitonic absorption band.”® This feature persists after recovery of the excitonic bleach
associated with n-type doping and is assigned to excitation of surface localized electrons to vacant
higher energy levels in the conduction band. The intensity of this broad feature was used to
quantify 8-10 electrons trapped on the surface. In some situations, NC samples with surface-
trapped carriers can display lower energy emission bands that correspond to “trap emission,” or
radiative recombination from trap states. Characteristically broad trap luminescence has been
observed in materials CdSe,®' CdS,* and ZnO NCs.3% 838 Because trap emission arises from
trapped electrons and holes, surface reduction or oxidation can be used in some cases to enhance
or mitigate this process. For example, oxidation of selenium at CdSe NC surfaces has been shown
to enhance both band edge and trap emission; this effect was proposed to occur due to passivation
of hole traps at facets that are likely to undergo nonradiative relaxation.®> Figure 2C shows a
second example, in which the addition of Oz to ZnO NCs resulted in increased trap emission

compared to band edge emission. The authors proposed that this effect occurs due to reduction of
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adsorbed O2 molecules to superoxide anions, followed by the formation of surface zinc hydroxide
moieties that have been previously correlated with greater trap emission.?% 83
Under prolonged irradiation, photoinduced surface redox or NC charging can result in changes

86-88 or photodarkening ! These effects

to NC PLQY, which can manifest as photobrightening
have been primarily studied with CdSe NCs, but photobrightening or photodarkening processes
have been reported for other materials like PbS,”? InP,** and Si.”* Proposed mechanisms suggest
involvement of the NC surface, although the precise origin of these effects remains under debate.
For example, oxidation of the surface under Oz and passivation by water have been proposed to

result in photodarkening® and photobrightening,®®%3

respectively. Photoinduced charge trapping
has also been proposed to induce surface rearrangement or ligand desorption, causing a change in
PLQY.”® Often these PLQY changes are described as “irreversible,”** °’ but some photobrightened
or photodarkened samples have been demonstrated to undergo slow recovery processes (hours to
days). 5798

Lastly, fluorescence intermittency, or “blinking,” has also been associated with NC surface
defects and photoionization. In CdSe NCs, blinking statistics have been shown to be sensitive to
ligand passivation® and to surface charging.'® Bawendi and co-workers have also shown that
spectral diffusion and blinking can be affected by applied electric fields.!?''? As with
photobrightening and photodarkening, however, multiple surface-centered mechanisms have been
proposed to explain the microscopic chemical origins of blinking, with little consensus.

2.3. Structures of redox-active surface sites. As described above, the molecular nature of the
surface-localized electron acceptors or donors involved in trapping or other NC surface redox

processes is not yet well understood, but is critical for rational control over NC properties. In this

section, we will discuss current proposals of chemical species that may be involved in NC surface
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redox reactions. Most trivially, surface ligands and adsorbates can be redox-accessible molecules
that may influence surface-mediated reduction and oxidation pathways. For example, ligands like
thiolates and chalcogenide anions are readily oxidized by photogenerated holes, resulting in PL
quenching.!-1% Similarly, surface-adsorbed oxygen can effect both PL quenching or brightening

via competing mechanisms;!%-197

under photoexcitation, oxygen can oxidize surface
chalcogenides of CdSe NCs, forming new surface defects that can trap photoexcited carriers and
quench PL. However, Oz has also been proposed to act to remove surface-trapped electrons and to
eliminate competing negative trion Auger recombination in photoreduced CdSe NCs, resulting in
PL enhancement.®” These opposing observations highlight the major challenges in systematically
studying NC surfaces, given the variety of samples and experimental conditions that have been
published in the literature.

When considering NC surfaces from a “molecular-level” perspective,?’ there are a number of
possible structural motifs that the NC surface atoms themselves can access that may be redox-
active. Scheme 2 shows a selection of possible molecular structures at an example metal
chalcogenide NC surface that have been proposed from computational and experimental studies,
as well as how they may interconvert due to reduction or oxidation. Whereas cations and anions
within the NC lattice itself are coordinatively saturated (e.g. 6-coordinate octahedral for cubic
lattices like rock salt PbS, or 4-coordinate tetrahedral for wurtzite or zinc blende lattices like
CdSe), the localized structures of NC surface atoms are necessarily different. These sites can have
coordination spheres that are often completed by supporting ligands; for example, metal cations at
NC surfaces can also be coordinated by X-type or L-type ligand donors."® Alternatively, surface

sites can display geometries that have lower coordination numbers or that have undergone

chemical rearrangement or other structural changes such as oxidative or reductive dimerization.
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Scheme 2. Surface reduction and oxidation can occur at different sites of metal chalcogenide (ME)
NC surfaces. (A) Reduction of the metal cation has been proposed to form metal(0) dimers and

dissociate anionic ligands. (B) Oxidation of surface chalcogenide sites has been proposed to form
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Reduction of metal ions at NC surfaces has been proposed to occur (Scheme 2A); for example,
photoirradiation of CdS and CdSe NC suspensions in aqueous solutions of sulfite or other
reductants was first observed to form a brown color assigned to reactive Cd® deposits.!%-10
Dempsey and co-workers demonstrated that treatment of oleate-capped CdSe NCs (d ~ 3.4 nm)
with sodium naphthalenide as a chemical reductant formed resonances in the '"H NMR spectrum
corresponding to dissociated anionic oleate ligands prior to NC conduction band occupation.®* The
authors proposed that oleate anions dissociate as a charge-balancing mechanism upon localized
reduction of surface Cd** ions. Pb*" reduction to Pb° at PbS NC surfaces was similarly assigned
upon treatment of the NC sample with CoCpz; intriguingly, this reduction is dependent on NC size,
suggesting that Pb?>" ions at edges may be more reducible than those at (100) facets.®

Metal cation reduction has not yet been directly observed experimentally, however. As of yet,

XPS measurements have not been sensitive enough to observe Cd” or Pb® at CdSe or PbS NC
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surfaces. DFT studies suggest that low-coordinate (e.g. two- and three-coordinate) Cd** ions only
minimally contribute to surface sites that result in mid-gap levels, as these species would display
linear or trigonal planar geometries, respectively.'!” Nevertheless, computational work on PbS and
CdTe NCs have proposed the formation of Pb-Pb and Cd-Cd dimers upon injection of electrons.'!!-
112 Related DFT studies of CdSe NCs showed that photoexcitation results in electron localization
at cadmium and the formation of transient metal-centered trap states.'!?

Reduction or oxidation at surface anions has also been proposed (Scheme 2B). Computational
studies of CdSe NCs have assigned two-coordinate selenide ions as hole traps; these locally Cav-
symmetric sites would be expected to display readily oxidized selenium-centered non-bonding
orbitals.'” Figure 3 shows the MO diagram of such a site, in which the Cd and Se valence orbitals
of a localized site, labeled with their corresponding Mulliken symbols (e.g. a1, b1, etc.), combine
to form molecular orbitals; the HOMO of such a species would be an entirely Se-centered orbital.
Hole trapping (and subsequent oxidation) of Se* (or S*) by a single electron could form a
chalcogen radical — such selenium or sulfur-centered radicals have been previously detected in
molecular systems as thiyl or polysulfur radicals.!'* Coupling of radicals could form Se-Se and S-
S dimers that have been computationally proposed.!''?> The presence of such oxidized chalcogen
species has been inferred experimentally from chemical reduction of CdSe and PbS NC surfaces.”?
64,108 1t should be noted, however, that the redox chemistry of chalcogens might also mean that
higher oxidation state species are reversibly accessible, including polychalcogenides, zero-valent
species (e.g. Se’ and S°), or oxides. As with metal-centered reduction, however, direct
experimental confirmation of these species is limited.

For lattices containing other anions, similar anion redox may be possible. In metal oxide

materials, oxygen-centered redox (for example, to form peroxides) have been invoked during
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battery applications.!'> Group V anions like nitrides, phosphides, and arsenides are also sensitive
and prone to oxidation, degrading to the corresponding metal oxides; in these systems, however,
intermediate oxidation states have not been observed or proposed.** 31116 Last, in halide lattices,

iodide oxidation to release molecular I> has been proposed with halide perovskite materials.'!’-1!8
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Figure 3. Diagram of relevant orbitals of two-coordinate surface selenium sites that have been
proposed to act as hole traps. Mulliken symbols (a1, b1, etc.) correspond to the symmetries of the

component atomic orbitals and of the resulting molecular orbitals.

2.4. Electrochemical potentials of surface sites. Molecular species at NC surfaces like those
discussed above, whether ligand-centered or localized at the semiconductor cations or anions,
undergo discrete redox events separated from the delocalized energy levels within NC bands.
These redox potentials are related to chemical composition and structure and therefore may be
useful for analyzing the atomistic structure of these surface states. The potentials of surface states
relative to the band edges also dictates “shallow” and “deep” trap states that exhibit different
carrier trapping/detrapping and thermalization processes and therefore different effects upon NC

emission. For that reason, methods that can quantitatively measure the potentials of these mid-gap
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orbitals and their distributions are important for distinguishing different possible trapping
processes.

Electrochemical and spectroelectrochemical methods have been used to study the electronic
structures of NCs (e.g. CdS, CdSe, CdTe, ZnS), and this area has been discussed in a number of
recent reviews and perspectives.?> 2> ' These methods have largely been applied toward
determining the NC band gap and the band edge potentials, and are attractive because they have

120-122 and in film.” '2* Figure 4A shows the cyclic

been applied to NC samples both in solution
voltammogram (CV) of a film of stearate-capped CdSe NCs (d ~ 7.6 nm) deposited on a glassy
carbon working electrode,'?* and Figure 4B shows the CV of colloidal thioglycerol-capped CdS
NCs (d ~ 3.9 nm) in DMF.!? In these voltammograms, irreversible cathodic and anodic waves
(C1 and A1, respectively) are assigned as conduction band reduction and valence band oxidation,
respectively. The potential difference between these two features is called the electrochemical
band gap, which can differ from the optical band gap by as much as 0.31 eV due to Coulombic
effects that arise from NC charging that occurs while scanning the electrochemical potential.'>126

This charging behavior can in some cases be avoided using differential pulse voltammetry (DPV)

rather than CV.'%¢
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Figure 4. (A) Cyclic voltammogram of a thin film of stearate-capped CdSe NCs (d ~ 7.6 nm) drop
cast on a glassy carbon electrode. The CV was measured in 0.1 M [BusaN]PFs in MeCN against a
AgNOs/Ag reference electrode. Adapted from Liu, J., Yang, W., Li, Y., Fan, L., Li, Y. Phys. Chem.
Chem. Phys. 2014, 16, 4778-4788 with permission from the Royal Society of Chemistry. (B)
Cyclic voltammogram of colloidal thioglycerol-capped CdS NCs (d ~ 3.9 nm) at a Pt electrode.
The CV was measured in a 0.05 M THAP (THAP = tetrahexylammonium perchlorate) solution in
DMF against a Ag wire quasi-reference electrode, then corrected to NHE. Adapted with

permission from Haram, S. K., Quinn, B. M., Bard, A. J. J. Am. Chem. Soc. 2001, 123, 8860-8861.

Copyright 2001 American Chemical Society.

Voltammograms of NC samples also display multiple additional features whose potentials lie

between those of the band edges. For example, in Fig. 4A, the feature marked A2 at 1.23 V vs.
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Ag'/Ag is an anodic wave that has been assigned as irreversible surface Se* oxidation. Similar
oxidation features have been observed in other materials, including CdS (Fig. 4B, A2 and A3: —
0.05 and —0.54 V. NHE, respectively),'?° PbS,'?! and CdTe.'?’ The potentials and peak widths of

these features are highly variable, however, and can shift significantly depending on NC size,'**

125,128 124,129

capping ligands, as well as the solvent or electrolyte used.'?* The number of mid-gap
redox features is also sample- and experiment-dependent. This variability has been proposed in
some cases to arise from different facet-dependent electrochemical potentials as well as from a
distribution of multiple surface oxidation states.'?> 13% Despite the common assignment of mid-gap
redox waves in NC voltammograms as reduction and oxidation of surface sites on the NCs,?% 13
it should be noted that voltammetry only measures electron transfer processes and cannot
distinguish between charge transfer to surface states, ligands, or other NC electronic states.
Typically, voltammograms of II-VI and IV-VI materials show large, electrochemically
irreversible, anodic waves, and any cathodic processes assigned as surface reduction exhibit much
smaller currents. The irreversibility of these features suggests that fast electron transfer can be
coupled to slower chemical reactions, that is, an EC process, or other related mechanisms.'*! These
coupled mechanisms may therefore indicate that the reversible picosecond dynamics that have
been spectroscopically observed do not show the full chemical picture of surface redox. Along
similar lines, Cossairt and co-workers have demonstrated that photoinduced charge transfer from
NCs to molecular charge acceptors occur at rates on the order of 0.1 s™!, many orders of magnitude
slower than those of ultrafast spectroscopic dynamics that have been previously reported.'*
Other electrochemical methods that were previously applied toward the analysis of bulk

semiconductor materials have been recently turned toward the analysis of NC films. For example,

surface photovoltage spectroscopy (SPV)!33-13% has been used to measure both the carrier type and
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potentials of surface traps in relation to band edge potentials. In one study, Brutchey and Osterloh
demonstrated that halide-terminated CdSe(CdX2) NC films (X = CI, Br’, I') displayed halide-
dependent hole trap potentials (140-210 meV), and that the coordination or removal of butylamine

changed the distribution and density of electron trap states.'?

Electrochemical impedance
spectroscopy (EIS)!*®!137 has been similarly used to analyze the potentials and density of states of
NC films. While these studies have been primarily used to compare to data acquired using
voltammetry and to study the band edge potentials, studies of PbS NC films were able to identify
a trap state manifold 190 meV below the conduction band edge and to measure its density of
states.'*® Further measurements were used to assign the mechanism of PbS charging and electron
trapping as a PbS NC dimerization model rather than other surface site rearrangements.'>* In the
long term, these methods will likely provide deeper insight into NC surface chemistry compared
to standard voltammetric techniques.

Table 1 lists variations in these mid-gap redox potentials of selected NC samples, calculated
here as the difference between the potential of the mid-gap anodic feature (Es.) and the anodic

wave assigned as valence band oxidation (Evs). Additional parameters, including the NC size,

capping ligand, electrochemical method used, and both the optical and electrochemical band gaps
(AEg Pt and AEgle, respectively) are included. The absence of a clear trend in these data or these

features demonstrate the high sample-to-sample variability in surface state potentials measured
using this method, supporting a need in the field toward NC surface standardization.

Table 1. Comparison of the electrochemically measured trap depth, Evs — Es., for different NC

samples.
Material d Capping Method  Eve— Esa A E;”t A Egle Ref
Ligand®
(nm) (meV) (eV) (eV)
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CdSe 3.23 TOPO! Cv 700 2.17 2.10 [128]

3.48 TOPO cv 900 2.13 2.03
3.73 TOPO Y 950 2.08 1.99
a ODPA + Cl Y 700 [130]
a ODPA + Cl cv 300
b ODPA cv 300
4.54 CdCl SPV 450 2.08¢ 207 [129]
4.54 CdBr> SPV 250 2.08° 2.05
CdTe 2.8 TGA cv 520 2.26 195 [125]
3.3 TGA cv 465 2.13 1.91
3.6 TGA Y 380 1.96 1.85
ZnSe 2.1 TGA cv 555 [140]
1.9 TGA cvV 400
PbS 3.24 Methanethiol EIS 190 1.14 1.0 [138]

“Pyramidal-shaped NCs. ’Rod-shaped NCs. ‘ODPA = octyldecylphosphonic acid, TGA =
thioglycolic acid, TOPO = trioctylphosphine oxide. “It has been noted that “TOPO”-capped NCs
are likely supported by phosphonate and other phosphinic acid impurities in the commercial TOPO
reagent.'*! ¢Estimated from reported NC size.

2.5. Toward better characterization of surface redox. Spectroscopic techniques for NC surface
characterization continue to advance, and we expect that a number of methods will soon enable
deeper understanding of the molecular structures and dynamics of localized surface sites.

NMR spectroscopy. Solution NMR spectroscopy has long been used to study ligand
coordination to colloidal NCs.!'*? In particular, 'H NMR spectroscopy distinguishes ligands that
are bound to NC surfaces from those free in solution.!*> ® 2D NMR methods provide additional
information. For example, nuclear Overhauser effect spectroscopy (NOESY) gives information on

ligand-NC interactions through space,'® while diffusion ordered spectroscopy (DOSY) can be used
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to quantify ligand binding by the calculation of diffusion constants.'*3-14* These methods have also
been applied toward studying NC ligand exchange reactions,'* and can also indicate the relative
purity of NC samples.'*® Heteronuclear NMR spectroscopy can be applied to study certain NC
ligands; for example, 3'P NMR spectroscopy has been used to study the coordination of
phosphorus-containing ligands such as phosphines or substituted phosphonic acids.'*’ ''3Cd NMR
spectroscopy has also been used to characterize cadmium carboxylate complexes that can in
principle act as Z-type ligands.'*® This method has not yet been applied to studying surface ligand
binding, but has been used to study the mechanism of NC formation.'%’

Beyond '"H NMR spectroscopy of NC ligands, there have been efforts to use heteronuclear NMR
spectroscopy of spin-active nuclei comprising the NC lattices themselves. These experiments are
often conducted using solid-state NMR (ssNMR) techniques, particularly when coupled with
magic angle spinning (MAS).!>" For example, *'P NMR spectroscopy has been used to characterize
InP NCs to identify oxidized phosphorus sites.!>!!2 MAS experiments and 2D NMR methods
have also been used with ''*Cd and "’Se nuclei to characterize CdSe NCs.!33"1>* While these did
not explicitly address surface redox, multiple "’Se resonances were observed, some of which were
assigned as different surface sites. Despite the utility of ssNMR MAS, there are a number of
drawbacks. Even with the resolution enhancement offered by MAS, the method itself has low
sensitivity and requires hundreds to thousands of scans and many hours. 3% 155158

In recent years, dynamic nuclear polarization (DNP) enhanced MAS NMR spectroscopy has
been used to overcome the sensitivity issues of MAS NMR methods.!*>1®* Transfer of spin
polarization from added stable organic radicals to the nuclear spin enhances the measurement up
to 100-fold, resulting in shorter measurement times by 2-4 orders of magnitude and experiment

times of tens of minutes.'®'"1%2 Importantly, DNP enhanced NMR increases the intensity of
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resonances corresponding to nuclei at the NC surface. Studies by Kovalenko, Rossini, and others
of CdSe NCs have been able to reveal the coordination environment of core and surface Cd*" and
Se? centers.!6!: 163-164 These methods have also been applied toward other materials such as lead
halide perovskite films'® and alkaline earth chalcogenide NCs.'%¢

DNP surface enhanced MAS NMR methods will likely soon provide opportunities to
characterize NC surface redox chemistry. While these methods are not fast enough to be used yet
for in situ measurement of chemical reactions, (i.e. seconds or faster), it would still be possible to
induce surface changes via chemical, photochemical, or electrochemical treatment prior to NMR
measurement.

EPR spectroscopy. Electron paramagnetic resonance (EPR) spectroscopy has long been applied
to semiconductor materials, beginning with measuring defects in silicon.!®’ In binary materials,
microcrystalline and nanocrystalline ZnO has been observed to display EPR signals assigned as
oxygen vacancies.'%170 In TiO2, paramagnetic Ti** formed from electron trapping at Ti*" was also
observed at 4.2 K.!”! EPR spectroscopy of metal chalcogenide semiconductor materials is less
common, although CdSe NCs have been shown to form hydroxyl radicals in aqueous solution
under irradiation.!”

Along with studying defects such as vacancies, EPR spectroscopy has also been used to detect
transition metal ion dopants (e.g. Mn*", Co?") in semiconductor materials, also called dilute

173-174 a5 well as surface impurities.'”> Gamelin and co-

magnetic semiconductor (DMS) materials,
workers showed that for Mn?>*-doped ZnO NCs (Mn?":Zn0O), the EPR signals of surface-bound
Mn?* ions are broadened in comparison to Mn?" in the ZnO lattice due to inhomogeneity in

environments at the surface.'”> Similar spectra were observed for Mn>*:CdSe NC samples.!”®

While EPR spectroscopy of these doped DMS NC materials would not necessarily provide
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information regarding surface redox, it may in the future be possible to use these paramagnetic
centers at NC surfaces to report on the different electronic environments at the NC surface.

There have also been a number of elegant experiments using EPR spectroscopy of NC ligands
that display unpaired electrons. Separately, Scaiano and Beaulac have studied CdSe NCs modified
with radical ligands (4-carboxyphenylnitronyl nitroxide and 4-amino-TEMPO radicals).'””-!"
These show an interaction between the unpaired electron of the ligand and the NC which results
in fast PL quenching. For these systems, EPR spectroscopy was primarily used to confirm that the
radical-containing ligands were unmodified prior to photoexcitation. Scaiano and co-workers also
showed that EPR spectroscopy can be used to monitor the kinetics of disulfide addition to CdSe
NC surfaces.'® Prior to disulfide S-S bond cleavage, the radical-modified substituents exhibit a
coupled diradical EPR spectrum. When coordinated to the NC surface, they exhibit free S = '
signals. Last, Gamelin and co-workers have shown that irradiation of CdSe NCs in the presence
of a spin trap (N-tert-butyl-o-phenylnitrone) forms a nitroxyl radical associated with the NC
surface. '8!

Transmission electron microscopy (TEM). TEM has long been a tool for studying the sizes
and morphologies of NCs,'®? and high-resolution TEM can distinguish different facets and
atomically resolve the surfaces of the NCs.!®*1® TEM has been most commonly conducted under
high vacuum conditions that are not well suited for studying surface redox processes, particularly
of colloidal systems. Better surface-centered characterization may soon be possible, however, due
to development of liquid phase TEM measurements, also called liquid cell electron microscopy,
in which samples can remain suspended in solution phase through the use of low-vapor-pressure
solvents like ionic liquids or using special TEM holders or other setups.'®® This method has already

been applied toward imaging NC diffusion and growth.'3¢-187 More recently, liquid cell electron
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microscopy has been interfaced with electrochemical perturbations or with redox control of the
electrochemical potentials within the cell;!®3!% these techniques have been applied toward
understanding nanocrystal etching or other degradation processes in metal nanocrystals and toward
operando measurements of catalysts.'¥-1%" As these techniques continue to advance and resolution
increases, we expect that this technique will be extremely powerful when used in tandem with
other methods.

3. NC Surface Electrostatics

3.1. Factors contributing to surface electrostatics. Because surface redox events change the overall
NC charge and therefore the surrounding electric field, NC surface electrostatics are intimately
linked with these processes. Because colloidal semiconductor NCs are hybrid materials, the
electrostatics and charge at the NC surface-solution interface is governed by multiple factors.
Figure 5 diagrams some of these components, which include contributions from the surface cations
and anions, the supporting ligands, and the solution media itself. We note that the complexity of
the NC surface-solution interface presents challenges toward quantitative analysis of surface
electrostatics, and much of the literature reports qualitative trends.
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Figure 5. The surface dipole moment/electrostatic field can be tuned through post-synthetic
modification of surface stoichiometry, ligands, and screening ions, among many other factors. The

arrows indicate the total NC surface dipole moment.

First, for different crystal structures, particularly in anisotropic structures like nanorods,
nanoplatelets, tetrapods, and others, greater exposure of different facets can contribute to a net
surface dipole moment, as some facets (e.g. the (111) facet in zincblende structures) are non-
centrosymmetric. This facet dependence has been applied toward understanding ligand
coordination and promoting NC reactivity.!1-192

Second, NC surface electrostatics would also be affected by the ratios between charged
components and their spatial separation. For II-VI or IV-VI NCs, these would include the metal
cations, chalcogenide anions, and any charged supporting ligands such as carboxylates or
phosphonates. From previous studies, I[I-VI, IV-VI, and III-V NCs are known to be cation-rich
rather than completely stoichiometric;!® this additional positive charge is balanced by the
coordination of negatively-charged X-type ligands. Additional charge compensation can occur by

a number of different mechanisms, including by the formation of vacancies,'®?

or by the
intercalation or surface adsorption of ions (e.g. H*, Li*, etc.).!”*1®” Surface charge can therefore
be changed by altering the density of these charged ligands. An alternative way of framing NC
non-stoichiometry has been in considering the stoichiometric NC in which the surface anions are
coordinated by electron-accepting Z-type neutral MXz species (for example, cadmium carboxylate
compounds).!® Variation in Z-type ligand density could also be expected to change the surface
dipole moment through interactions with polar facets, as discussed above.

One major challenge in the area of NC synthesis has long been variation between synthetic

batches of NC size and dispersity; this variability also can extend to NC surface stoichiometry and

25



ligand coverage, which can also vary depending on the NC purification method or even upon
sample dilution.'”®!* The NC surface should be considered to be dynamic, with multiple species
exchanging at equilibrium. This behavior is particularly important for more ionic lattices like
cesium lead halide perovskites, in which it has been shown that charged ligands exchange with ion
pairs in solution, among other processes.!® Ultimately, improved understanding over these
processes is needed for greater synthetic control over NC surface electrostatics.

Third, ligands with similar charge can be tuned to affect the surface electrostatic field. Equation
3 expresses the net dipole moment normal to the NC surface (pz) induced by surface ligands.

Pz = Dligandz + Pindz 3)

This dipole moment is a sum of contributions from an intrinsic ligand dipole moment (piigand,z) and
an induced dipole moment from coordination of the ligand donor groups to the NC surface (pind,z).
To vary the intrinsic ligand dipole moment, Sellinger and others have synthesized series of
substituted cinnamate and substituted styrylphosphonic acids in which the arene substituents vary
from electron-withdrawing trifluoromethyl groups to electron-donating methoxy or amino
substituents.??-2%! Typical nonpolar ligands with hydrophobic tails can also be exchanged for
zwitterionic or inorganic ligands that greatly tune the surface charge and permit dispersion in polar
solvents. Talapin and co-workers have shown that the surface electrostatic potentials of NCs can
be tuned through ligand exchange with main group anions like S~ or with thiometallate anions.'™
202 Different short-chain ligands with polar functional groups (e.g. cysteamine, mercaptopropionic
acid, etc.) permit NC suspension in water.?®> As such, the dielectric of the supporting ligands and
of the solvent are also key considerations for modification of the electrostatic field near the surface.
3.2. Effects of surface electrostatics. Surface electrostatics contribute to the colloidal stability of

charged nanoparticles. In stable colloidal suspensions of charged particles, repulsive double layer
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effects overcome attractive van der Waals forces that promote particle aggregation. DLVO
(Derjaguin, Landau, Verwey, and Overbeek) theory has been used to relate the interparticle
electrostatic force to the surface charge density, the solvent dielectric, and the solution ionic
strength, in which the latter two properties describe the Debye length and solution charge
screening.?** Figure 6 shows a diagram of the double layer of a charged particle that results in

electrostatic repulsion for colloidal stability.
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Figure 6. Charge layers around a negatively-charged colloidal NC.

Charged nanoparticle suspensions are often characterized using zeta potential (C-potential)
analysis, which measures the electrochemical solution potential as a function of the NC electrical
double layer.?>2% For semiconductor NCs, {-potentials have been measured in the context of
understanding NC colloidal stability in water for drug delivery and imaging applications. Ligand-
exchanged CdSe NCs have been shown to be colloidally stable when |{-potential| > 30 mV.2%
However, both DLVO theory and {-potential analysis are most reliable in aqueous solutions or in

polar organic solvents with high dielectric constants; in more nonpolar organic solvents, other
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forces such as solute-solvent interactions have a larger effect.?’” Additionally, NCs suspended in
nonpolar organic solvents are often terminated by long chain ligands; for these samples, steric
repulsion by these large organic ligands may have greater contribution than electrostatic repulsion
toward preventing NC aggregation. Nevertheless, if the NC surface charge is post-synthetically
modified via surface reduction/oxidation or ligand exchange, it is likely that these electrostatic
changes may have a non-negligible effect upon colloidal stability.

Changes to NC surface electrostatics also affect their optical features. For example, surface
reduction of CdSe NCs results in red-shifting and broadening of the excitonic absorption
features.®> 2%® This change has been assigned to Coulombic (electrostatic) interactions between
surface-localized electrons and excitons, resulting in an apparent shift of the band edge energies.?%
This electrostatic-induced change to the observed optical band gap can also be observed during
NC voltammetry experiments.'?® Electrostatics also has a strong effect on NC emission, as electric
fields have been shown to quench PL by a quantum-confined Stark effect (QCSE).!"! This effect
extends to surface charges. In CdSe or CdSe/ZnS NCs, PL emission has been demonstrated to be
highly correlated to the zeta potential of the resulting NC sample.?*!° In one example, ligand
functional groups at the NC surface were varied, and lower absolute C-potentials were observed to
correspond to longer average radiative lifetimes and higher PLQY.?” While the absolute
mechanism of this behavior is still not completely clear, this dependence was attributed to greater
trion formation with more charged NCs, resulting in Auger recombination and PL quenching.

Due to this relationship between surface charge and PL, post-synthetic modification of NC
surface charge or electrostatics has been used to control PLQY. For example, the introduction of

different redox-inactive metal ions (e.g. Na®, AI**, In**, Ca?’, etc.) to sulfide-capped CdSe NCs

resulted in control over both NC {-potentials and PL efficiency.?'® Similarly, Mulvaney and co-
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workers demonstrated that changing the surface stoichiometry of CdSe NCs from Cd-rich to Se-
rich resulted in PL quenching, although addition of phosphines reversed this process.”” This effect
of surface stoichiometry has also been extended to other materials, including CdS and Ag:S
NCs.2!212 In the above studies, PLQY changes were attributed to trap formation, but these effects
cannot be readily deconvoluted from other electrostatic contributions.

Lastly, the surface dipole moments at NC surfaces have been correlated to shifts in the band
edge potentials. Figure 7 diagrams how surface dipole moments are expected to shift the absolute
energies of the valence and conduction bands without changing the band gap. CV experiments and
ultraviolet photoelectron spectroscopy (UPS) or XPS methods have been used to measure the
valence band maxima for NC samples (InAs, CdSe, PbS, etc.) after ligand exchange both in
solution and in film.2%%213-216 Although the optical band gaps for these samples remained the same,
the band edges of PbS NC films were observed to shift by over 1 eV upon ligand exchange,
indicating high sensitivity to ligand effects. From calculations, these large shifts of band edge
energies has been assigned to an electrostatic effect due to a surface dipole associated with the
ligands.?!” Beard and co-workers have shown that substituted cinnamate ligands with dipole
moments spanning from —2 to +6 Debye on PbS NCs (d ~ 3.2 nm) can result in a shift in band
edge potentials of over 2.0 eV.?® In a similar approach, Gamelin and co-workers used a
potentiometric approach to measure shifts in colloidal CdSe NC conduction band edge potentials
upon n-type doping.?!® For these samples, variation of the surface stoichiometry (from Cd**-

enriched to Se’>-enriched) was shown to shift the band edge potentials by over 400 meV.?"”
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Energy

Figure 7. Changes to the total surface dipole of NCs result in shifts in the absolute energy positions

of the valence band and conduction band. Diagram is not to scale.

The various methods of perturbing NC surface electrostatics therefore provide a powerful
method of controlling NC band edge potentials. These shifts can be mathematically predicted using

the Helmholtz equation (Eq. 4):

AV, = -2z (4)

Aggg
where AV, is the shift in the valence band potential induced by the NC surface dipole moment, p.
is the surface dipole moment encompassing the ligand contributions, 4 is the surface area of the
ligand, and ¢ is the dielectric constant of the ligand layer. Thus far, this post-synthetic modification
approach have been used to target redox-shifted layers for the fabrication of solar cell devices
exhibiting greater efficiency and lower rates of charge recombination,?!® but has implications for
many other NC applications (vide infra). Many aspects regarding standardized conditions for
controlling these band edge potential shifts (e.g. solvent, additives, ligand dielectric, etc.) remain

underexplored, however.
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3.3. Spectroscopic reporters for surface characterization. Although the surface charge of NC films
are readily measured using well-established solid-state electrochemical methods,??° the multiple
factors that can contribute to colloidal semiconductor NC surface electrostatics and the inorganic-
organic hybrid nature of many sample-solution interfaces make solution-phase surface
electrostatic/charge measurement more challenging. For example, as discussed above, C-potential
analysis is most reliable in aqueous solution or in polar solvents (e.g. formamide) with low ionic
strength, complicating analysis of NC samples that are coordinated by hydrophobic ligands and
suspended in nonpolar hydrocarbon solvents.

Vibrational spectroscopic reporters have recently been used as an alternate method of
characterizing colloidal NC surface electrostatics of samples suspended in nonpolar organic
solvents.??!22* This approach is conceptually related to the analysis of heterogeneous materials or
films, in which molecules like carbon monoxide (CO) have long been used as probes to study
catalytically active surface sites (e.g. at Pt(111)).22#2% The frequencies and intensities of the CO
bond stretches enable characterization of the catalyst surfaces using vibrational spectroscopy.??®
As CO does not readily absorb at colloidal semiconductor NC surfaces, reduced metal carbonyl
species ([Fe(CO)4]*", [Co(CO)4]") were post-synthetically attached to NC surfaces (CdSe, CdS,
PbS, ZnS) through X-type and Z-type ligand exchange reactions (Fig. 8A). The solution-phase IR
spectra were used to assign coordination of these metal carbonyl fragments to trigonal bipyramidal

geometries (Fig. 8B).
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Figure 8. (A) Synthesis of metal carbonyl-functionalized NCs, and a diagram of the CO
vibrational response to the NC surface dipole moment. (B) Solution-phase IR spectrum of CdSe-
CdFe(CO)4 NCs with assigned normal modes. The energies of the Ai® vco bands of CdSe-
CdFe(CO)s NCs respond to (C) chemical surface reduction or oxidation or to (D) changes in
surface stoichiometry upon addition of octylamine. (C) was adapted with permission from Schival,
K. A., Gipson, R. R., Prather, K. V., Tsui, E. Y. Nano Lett. 2019, 19, 7770-7774. Copyright 2019
American Chemical Society. (D) was reprinted with permission from Prather, K. V., Stoffel, J. T.,

Tsui, E. Y. Chem. Mater. 2022, 34, 3976-3984. Copyright 2022 American Chemical Society.

The energies of IR vibrations have been demonstrated to be responsive to the nearby electric
Field; this phenomenon has been termed the vibrational Stark effect.??” Electrostatic effects have
also been demonstrated to affect metal carbonyl C-O stretching frequencies (vco) energies, in

addition to other electronic contributions such as n-backbonding or 6-donation.??® As the analysis
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of the vco of molecular metal carbonyl complexes is well precedented, the normal modes of
[Fe(CO)4]> functionalized CdSe NCs (CdSe-CdFe(CO)s NCs) could be assigned (Fig. 8B) and
normal coordinate analysis permits some quantification of the electronic effects of NC surface
coordination upon the metal carbonyl center.??? In these IR spectra, the highest energy vco band is
assigned to the all-symmetric A1® band, in which the axial CO ligand is normal to the NC surface
and therefore parallel to the NC surface dipole moment. As such, the energy of the Ai1® vco band
is expected to be sensitive to the NC surface electrostatic field. However, we note that these effects
are currently not deconvoluted from other NC surface properties, including ligand density and
solvent dielectric, etc.

Figure 8C shows the energies of the A1® vco band in CdSe-CdFe(CO)s NC samples upon
treatment with the chemical reductant Na[CioHs] or with the oxidant ferrocenium tetrakis(3,5-
bis(trifluoromethyl)phenyl)borate (FcBAr'4).>! Surface reduction shifts the vco band to lower
energies, which is reversed upon surface oxidation. These effects are well-behaved and size-
dependent, therefore enabling a qualitative measurement that can be used to standardize surface
electrostatic contributions to NCs. As a demonstration of an alternative method for post-synthetic
modification of NC surface electrostatics, similar shifts of the vco band of CdSe-CdFe(CO)s NCs
can be achieved upon changing the surface Cd*":Se’ stoichiometry by octylamine-mediated
removal of cadmium oleate (Cd(OA)2) Z-type ligands (Fig. 8D).??* Interestingly, the response of
the vco band varied upon dissociation of Cd(OA): from two different types of surface sites,
tentatively assigned as exposure of (111) and (100) facets that exhibit different surface dipole
moments.??’ Altogether, these results demonstrate that the use of alternate approaches based in
molecular inorganic chemistry can provide new spectroscopic methods for interrogation of

complex NC surfaces.
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3.4. Outlook: applications in photocatalysis. The tunable surface electrostatic dipoles of NC
materials clearly underpin many NC properties. While the relation between the NC surface dipole
moment and band edge potentials has been primarily used to control band edge alignment in
deposited films as components of photovoltaic devices,?'> we predict that this dependence could
be harnessed for additional solution-phase applications such as photocatalysis. The use of colloidal
semiconductor NCs as photocatalysts is a longstanding goal in the field, beginning with early
efforts in photoelectrochemical energy storage and in water splitting, as discussed earlier in this
perspective. This area has advanced significantly over the past decade, including efforts in
studying interfacial photoinduced charge transfer rates and the role of ligand shell permeability in
several different NC systems.”*° Colloidal NCs have also been used in more modern organic
photoredox reactions.”*!"** Opportunities and challenges in this area have been discussed in
recently published perspective articles.?33-2¥

Surface electrostatics are already known to impact photocatalysis by impacting chemisorption
of substrates. Weiss and co-workers have demonstrated that CdS NCs with chalcogenide-enriched
surfaces exhibit faster charge-transfer to methyl viologen. This effect was attributed to greater
adsorption of the substrate to the NC surface.?*® An opportunity here is that while it is challenging
to modify the surface metal:chalcogenide ratio in situ, it may be possible to tune catalytic rates
mid-reaction through surface reduction or oxidation. This process may therefore enable switchable
photocatalysis reactions.

The response of band edge potentials to the surface dipole moment likely plays a significant role
in NC photocatalysis. Given that band edge potentials can shift by more than 1 eV, such surface
modifications would greatly impact driving forces for the reactions, as the potentials of excited

states of photocatalysts are critical.>*® This may offer opportunities in targeting heavily studied,
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but currently challenging aspects of small molecule activation such as CO:z reduction or N2
reduction. In essence, tuning the potentials to more negative reduction potentials could facilitate
electron transfer to these difficult-to-reduce molecules. Post-synthetic surface modification and
NC electrostatic tuning may also prevent photocorrosion by shifting the band edges such that
anodic photocorrosion potentials do not lie within the band gap, therefore favoring intermolecular
charge transfer over surface degradation. Alternatively, there may be synthetic opportunities to
tune surface redox itself to favor reversible redox processes over irreversible surface
photodegradation like the formation of oxides.

4. Summary and Outlook

Although the field of colloidal semiconductor NCs is comparatively mature from optical
spectroscopy and synthetic perspectives, it is clear that understanding the chemical and
electrochemical reactions at NC surfaces remains an outstanding challenge. Questions still remain
for 1) identifying the compositions and structures that form redox-active surface sites and traps in
different NC materials, 2) understanding what factors govern their electrochemical potentials, and
3) deconvoluting the effects of different types of surface sites and surface electrostatics upon NC
PL and charge transfer.

While our understanding of NC surfaces has grown, achieving a comprehensive picture of
dynamic interplay between NC surface atoms, ligands, and charges, particularly for colloidal
samples, will likely require nanocrystal-specific techniques beyond standard materials
characterization methods. Developing new approaches that combine spectroscopic,
electrochemical, and computational methods and that can probe NC processes on the longer
timescales of chemical reactions is therefore a priority. One major challenge in this regard is

finding ways to study NC samples without perturbing the surfaces themselves, as NC surfaces are
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sensitive to solvent, concentration, size, ligand coverage, and solution resting potential, and can
vary greatly from sample to sample.
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