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ABSTRACT: Interest in metal oxide semiconductors for energy processes has increased due to their prominent
roles in photocatalysis, electrical energy storage, and conversion. However, an understanding of the thermochem-
istry of electron transfer (ET) reactions of these systems has lagged behind photophysical studies. This report in-
vestigates ET equilibria between reduced forms of well-characterized, ligated ZnO and TiO; nanoparticles (NPs)
suspended in toluene. Multiple electrons were added to each type of NP, either photochemically or with a chemi-
cal reductant. Equilibration experiments monitoring these added electrons are used to construct a qualitative band
diagram. Surprisingly, the difference between the ‘reducible’ oxide TiO; and the formally ‘non-reducible’ ZnO are re-
flected not in the relative band energies but rather in the relative width of the bands (the density of trap and/or band
states). Moreover, the position of the electron equilibrium shifts upon addition of excess dodecylamine or oleic acid
capping ligands. The directions of the equilibrium shifts suggest that they are due to the acid/base or hydrogen bond
donor/acceptor properties of capping ligands. This suggests a coupling of protons with the electron transfers in these
systems. These findings provide a more nuanced and detailed picture of ET thermodynamic landscapes at nanoparticles
than what is provided in a typical nanoparticle band energy scheme. Aspects of this understanding could be valuable

for the use of nanoscale oxides in energy technologies.

Introduction

The study and use of metal oxide nanomaterials, such
as TiO, and ZnO, have steadily grown over the last sev-
eral decades. Electron transfer (ET) across the surface-
solution interface is central to many of their applica-
tions. These include energy storage, solar energy con-
version to electricity and fuels, self-cleaning surfaces,
and catalysis.'* While the spectroscopic properties of
charge carriers in these materials have been studied in
detail, much less is known about the thermochemistry of
their ET processes. Greater understanding of the ener-
getics of interfacial redox processes would be broadly
valuable as electron transfer is central to many semicon-
ductor applications.

A number of studies have examined the energies of
the valence and conduction band edges of oxide semi-
conductors, Evp and Ecp.>'® These typically examined
ET across an oxide/aqueous solution interface, and usu-
ally found a pH dependence of Evs and Ecg of ca. 60
mV per pH unit. However, while the band gap energies
are well known, there is significant variation in the re-
ported Evs and Ecs between these studies. A compendi-
um of band energies for TiO by Finklea shows a spread

of £0.5 V in the reported Ecg at each pH.® For example,
the detailed study of Enright and Fitzmaurice on both
ZnO and TiO; electrodes gave a ~0.2 V lower potential
for TiO,'" but the classic report by Griitzel shows them
as being at the same energies.*

Studies of colloidal oxide nanoparticles (NPs) provide
a direct way to look at the energetics of nanocrystal re-
dox reactivity. Colloidal NPs are in some ways simpler
than porous or dense thin films, for which diffusion of
electrons, intercalants and electrolyte can be complicat-
ing factors.!® "' While direct measurements of reduc-
tion potentials for colloidal NPs are rare, a notable ex-
ample is the direct electrochemical study of aqueous
IrO, by Royce Murray and coworkers.”’ Gamelin et al.
have recently developed an elegant potentiometric ap-
proach to examine the thermochemistry of non-aqueous
ZnO and other colloidal NPs.!?"!* Equilibration between
NPs has been shown to be a sensitive probe of relative
energetics, between different materials, different sizes of
the same NPs, different doping levels and other aspects
of band engineering 2!}

The electronic energy landscape of colloidal NPs is
often depicted with simple, yet peculiar schematics such



as in Scheme 1. The circles represent the physical shape
of an idealized NP with superimposed energy parameters
and band filling to indicate electrons, i.e. the Burstein-
Moss Effect.!!-2* While Scheme 1 nicely illustrates some
aspects, there are many other important factors that in-
fluence the NP the electronic energy landscape, such as
size,’> 2 doping,*' capping ligands,*** solvent and
pH.> From this perspective, redox reactions at the na-
noscale have some characteristics of molecular redox
chemistry as well as bulk surface-solution processes.

Scheme 1: Left: Rough schematic of the valence and con-
duction bands (VB and CB) of a semiconducting NP and
the energy of the band gap, with the circle standing for the
physical shape of an idealized NP. Right: filling of a NP
with extra electrons.

Scheme 1 also shows that the energetics can be
strongly affected by the amount of band filling. The en-
ergetic change upon band filling is formally a capaci-
tance'? and should also reflect the density of states
(DOS) in the ensemble of colloidal NPs. The DOS in
films of nanoscale TiO, has been extensively
examined.’'* The DOS is typically assumed to be ex-
ponential with energy, though that is not always the case.
Other factors that also need to be considered include
morphology, pH etc. It has become generally clear that
“electron accumulation is accompanied by adsorp-
tion/insertion of cations (mainly protons) for charge
compensation.”®! This is also indicated by the long-
known Nernstian pH dependence of oxide semiconduc-
tor band edge energies.> '* 3*36 In our view, this cou-
pling of electrons and cations requires that the energetics
must include the cation binding, not purely the electron-
ic energies. In regards to small ZnO NPs, there has been
a lesser focus, with the notable exception of recent stud-
ies of charging colloidal ZnO NPs,!213: 22, 25, 34-35, 3738
The presence of quantum confinement has suggested the
presence of discrete quantized states within the band,*
although this may not be evident in an ensemble with a
distribution of sizes.

The study described here uses an equilibration meth-
odology as a very sensitive probe of the relative energet-
ics between ZnO and TiO; NPs. Charge transfer between
the NPs has been studied as a function of band filling
and capping ligand concentrations. Well-defined dodec-
ylamine-capped ZnO and oleate-capped TiO: colloidal

nanoparticles (NPs) were independently synthesized and
reduced by many electrons. These reduced colloids are
stable over months and can be easily studied via optical
and EPR spectroscopies.*’

This study provides an understanding of the electronic
landscape of multiply charged nanomaterials, consider-
ing properties both internal and external to the NPs.
Electron equilibration experiments confirm that the Ecp
of nanoscale ZnO vs. TiO; are very similar, as previous-
ly reported.* '* However, the experiments show that the
density of states in TiOx is much larger than that of ZnO.
This is the origin of the general perception that TiO: is a
reducible oxide while ZnO is not. In addition, the studies
with added ligands indicate the coupling of redox ener-
getics with the acid/base properties of the solution, even
in low polarity organic media. This is consistent with
studies from our lab and others that have shown the ex-
plicit influence of protons and cations on the effective
reduction potentials of ZnO and TiO2 NPs.*® The non-
innocent effects of surface ligands, which are traditional-
ly consider only as stabilizing agents, is another im-
portant component of redox thermochemistry of these
very common nanomaterials.

Experimental Section

Synthesis and Characterization. All experiments,
unless otherwise noted, were carried out in toluene un-
der an N, atmosphere. Dodecylamine (DDA)-capped
ZnO (d=3.7 £ 1.0 and 5.6 = 1.0 nm; 1000-4000 Zn at-
oms) and oleate (OL)-capped TiO> (d =4.5 £ 1.5 and 4.8
+ 1.5 nm; 1500-2500 Ti atoms) nanoparticles (NP) were

synthesized and characterized as previously reported.*"”
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Reduced TiO; and ZnO nanoparticles (¢ /TiO2 and e~
/ZnO) were prepared by UV irradiation (100 W Hg
lamp) in the presence of ethanol. The reduced NPs were
marked by a blue coloration and possessed distinct opti-
cal signatures. The electrons in reduced ZnO (e/ZnO)
have a very broad near IR absorption with a substantial
tail in the visible region, while ¢7/TiO; exhibits a broad
peak at 700 nm. The time course of TiO> and ZnO pho-
tochemical reduction was followed by optical spectros-
copy for 2 hours, after which the absorbance feature lev-
eled out signifying maximum reduction. The generation
of these extra electrons were also confirmed with EPR
spectroscopy, by the distinct isotropic (g = 1.96) signal
for €/Zn0O and the axial (g, =1.92 and g, = 1.91) signal
for e7/TiO».

The electron concentrations of ZnO and TiO, NPs in
solution were determined by anaerobic titration with
2,4,6-tri-tert-butylphenoxyl radical (ArOe¢) as previously
described (Figure S1).** The linear dependence of
€ /MOy absorbance on electron concentration (mol e /L)
from the titrations showed that the Beer-Lambert law
was followed throughout the examined spectral range.
The molar extinction coefficients obtained from the



slopes of the titration data (i.e. €s0onm = 700 £ 70 for
¢ /TiO2 and &gsonm =1000 = 100 for ¢/Zn0O) are inde-
pendent of the concentration of NPs and agree with pre-
viously published results.** The availability of molar
extinction coefficients for each of the NPs at different
wavelengths allowed determination of the concentration
or number of electrons on both NPs, for both chemically
and photochemically reduced samples (SI Equation 1).
Dividing this by the NP concentration afforded the num-
ber of electrons per NP. Photochemical reduction yielded
150 e™ per TiO2 NP, 5 ¢™ per large 5.6 nm ZnO NP, and 3
e per small 3.7 nm ZnO NP. The £10% uncertainty in
the molar extinction coefficient values is the primary
uncertainty in these studies and applies to all values re-
ported here.

Chemical Reduction Experiments. Chemical reduc-
tion studies were typically performed by titrating the
outer-sphere chemical reductant, decamethylcobaltocene
(CoCp’a, E12=—1.9 V vs. Fc/Fc¢* in THF) into a solution
of diluted uncharged NPs.* Chemical reduction in-
volved the formation of e /MOy with a tightly ion-paired
CoCp", since reactions were performed in low-polarity
toluene. NP reduction resulted in the growth of the same
optical features as photochemical reduction, and maxi-
mum reduction was indicated by both peak formation at
350-400 nm attributable to CoCp*, and a lack of optical
change in the visible region (Figure S2). Typically, 0.01
mM ZnO was treated with excess reductant resulting in
1-3 e~ per ZnO, depending on size. A solution with 0.01
mM TiO, was also treated with excess CoCp*, and was
reduced to 90 e /TiOs.

Interparticle Electron Equilibration Experiments.
Studies of ET between ZnO and TiO» nanoparticles were
performed and monitored primarily by optical and EPR
spectroscopies. In a typical UV-Vis study, a solution
containing 0.2 mM e~ on 0.002 mM of TiO2 NPs (100 e~
/Ti0O7) was titrated with 0.02 mM of uncharged 5.6 nm
ZnO NPs, corresponding to a 10:1 ratio of ZnO : TiO»
NP (excess ZnO stoichiometry explained below), and
monitored in a quartz cuvette at room temperature.
Changes in the optical spectrum were monitored and
quantified to determine the number of electrons on either
ZnO or TiO; at equilibrium. This protocol is similarly
performed when analyzing how capping ligands perturb
equilibrium.

ET reactions were also monitored by EPR spectrosco-
py and performed similarly. Typically, a solution com-
posing 0.5 mM e~ on 0.005 mM of TiO> NPs (100 ¢~
/Ti02) were treated with 0.1 mM ZnO NPs. Samples
were flash frozen at various time points and measured at
7K (Figure S3). Analysis to determine whether electrons
had completely or partially transferred from TiO» re-

quired fitting the EPR spectrum as either a single (elec-
trons on ZnO only) or a multi-component system (elec-
trons on TiO and ZnO) (Figure S4).

Table 1. Differences in reduction level based on charging
method and NP profile*

NP e /NP Carrjer - e /NP e /N P
(hv) density” from CoCp”2 from TiO2
TiO:2 150 10%! 8% 90 N/A
Sinr?m 5 10 0.08% 3 7
3?7“r?m 3 10 0.07% 1 4-5

¢ Charging by UV irradiation in the presence of ethanol
(hv), or by electron transfer from CoCp™> or e7/NP.
b Carrier density in e/cm®.

Results

I. Approach to quantifying electrons in nanoparticle
containing reaction mixtures.

Different reduction methods of the two types of nano-
particles led to a range of maximum number of electrons
per nanoparticle (Table 1). These experiments involved
colloidal ZnO and TiO, NPs that are roughly the same
size (d = 3.7 — 4.5 nm) with similar extinction coeffi-
cients per electron from 400-900 nm. In contrast to these
similarities, a TiO, NP is able to hold 30-50 times more
electrons than a ZnO NP of equivalent size. Responding
to this large difference in e /NP, the equilibration exper-
iments described below were done with much higher
concentrations of ZnO NPs than TiO, NPs (concentra-
tion = moles of NPs/L). This allowed the concentration
of electrons on TiO> NPs (moles of e /L) to be similar to
the electron concentrations on ZnO.

The interparticle experiments below are typically de-
scribed with the metric of percent electrons on TiO; or
ZnO (%e Tioxzno)- This is an accessible way to describe
where electrons have transferred and equilibrated. The
electron per NP (¢”/NP) notation is also used and pro-
vides a more nuanced view of the reduction of each na-
noparticle. In a hypothetical example, 150 ¢~ can be held
in a single TiO2 NP, whereas dozens of ZnO NPs would
be needed. Ultimately, the experiments below reveal the
reasons why the maximum number of electrons is differ-
ent between ZnO and TiO, and how the respective NP
reactivity is impacted.
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Figure 1: Optical and EPR (inset) characterization spectra of 0.2 mM electrons on ZnO (blue) and 0.2 mM electrons on TiO2
(red). The small peak at ~1420 nm is attributable to an overtone from residual ethanol from the synthesis. An expanded ver-
sion of the EPR spectrum is given in Figures S3A. Uncharged, as-prepared NPs do not have absorption signatures within the
indicated range of the optical and EPR spectra. (B) Optical spectra time course of a reaction between reduced TiO2 NPs and
ZnO NPs in toluene. The red-to-blue change (indicated by black arrows) required 30 mins; the final unchanging spectrum
(purple) was obtained at 3 h. (C) Left: Reactions probing interparticle ET equilibrium. Right: Optical spectra of the reactions
after reaching equilibrium (3 hours). Regardless of whether the electrons originated on TiO», (blue), ZnO (green), or both
(red), the same spectrum (Right) and electron distribution was obtained, indicating an equilibrium process.

II. Equilibrium processes at ZnO and TiO; NPs:
relative densities of states and electron energies.

A. Equilibration with CoCp’,

The relative reduction of TiO, and ZnO NPs is
measured via equilibria studies with CoCp*;; optical
spectra affords the number of electrons on ZnO or TiO»
(Figure 1A). As previously described, addition of excess
CoCp"; to DDA-capped ZnO caused significant reduc-
tion of the NP resulting in 3 ¢~ per 5.6 nm diameter ZnO
NP3¢ Similar results were seen with OL-capped TiO
NPs in toluene; reduction with CoCp*; yielded signifi-
cant more reduction of the NPs resulting in 90 e per
TiO, NP. Multiple experiments with excess CoCp*, con-
sistently showed this large difference, that one TiO> NP
was reduced by 30 times more electrons than one 5.6 nm
ZnO NP. When the number of ZnO and TiO; NPs is ad-
justed such that there are equal numbers of TiO, and
ZnO “sites for reduction” (i.e. 0.003 mM TiO; and 0.1
mM ZnO), both solutions showed a maximum charging
of ~0.3 mM e~ upon addition of excess CoCp"2. These
studies show that in order to have the same number of

electrons on each particle, the concentration of ZnO
needs to be 30 times greater than TiO,. As previously
mentioned, size may also affect how band filling oc-
curs.>® Smaller 3.7 nm ZnO NPs afford 100 times more
electrons on TiO, than ZnO (Figure S2), implicating size
effects in the equilibrium process with CoCp",.

B. Interparticle ZnO/TiO; equilibrations

The chemical reduction experiments described above
initially appear to show that TiO, is much more easily
reduced compared to ZnO. However, to truly compare
the relative energies of many electrons (past the bottom
of the band or the lowest trap state), interparticle elec-
tron transfer equilibrium reactions were performed to
understand the flow of electrons between TiO; and ZnO.
For instance, the addition of ¢/TiO; to uncharged ZnO
resulted in substantial ET to the ZnO, as demonstrated
by optical (Figure 1B) and EPR spectra.

In one experiment, three separate cuvettes contained
identical numbers of ZnO NPs, TiO, NPs, and total elec-
trons, differing only in the original placement of the
electrons. Specifically, the electrons were initially either



all on ZnO, all on TiO», or distributed between both NPs
(Figure 1C). Monitoring the equilibration of electrons
upon addition of uncharged ZnO to ¢/TiO, showed sub-
stantial ET from TiO; to ZnO, similar to Figure 1B. The
reverse direction (uncharged TiO; to e/ZnO) did not
result in a dramatic change. Mixing ¢/ZnO and e7/TiO»
with the same total electron concentration gave the same
equilibrium distribution: 75% of the electrons were on
Zn0 (3.5 ¢/Zn0) and 25% were on TiO, (~21 ¢7/TiO»)
(<5% RSD) (Figure 1C). A parallel experiment was done
using EPR spectroscopy (Figure S3). After 1.5 hours, the
resulting spectra were again very similar, further demon-
strating that these are equilibrium properties.

The equilibration experiments above show the behav-
ior of the most reducing electrons in the ZnO and TiO»
NPs, near the top of their energy distribution. Specifical-
ly, the electrons in TiO; are higher in energy (more re-
ducing) than most of the states in the CB of the ZnO.
This is shown by the transfer of most of the ¢/TiO> to
ZnO, while few e transfer from ¢/ZnO to TiOs.

Experiments were also done to probe whether the
lowest energy of ZnO and TiO,, the states near the con-
duction band edge or in traps, are of similar energy as
commonly reported in the literature.* '° Excess ZnO was
added to ¢/TiO; to push the equilibrium to completely
oxidize TiOs. A solution containing 100 ¢7/TiO2 NP was
treated with aliquots of uncharged 5.6 nm ZnO NPs.
Even at the first aliquot (10:1 ratio of ZnO:TiO, NP),
there was a dramatic change in the optical spectrum,
indicating substantial ET from ¢7/TiO; to ZnO (analo-
gous to Figure 1B). Subsequent addition of ZnO (37:1
Zn0:TiO, NP) resulted in small changes in the electron
distribution ratio or ¢/ZnO to ¢ /TiO. Despite the ex-
cess of 5.6 nm ZnO NPs, the optical spectra showed that
20% £ 10% of electrons still remained on TiO,. This
shows that the lowest energy TiO; states are lower than
the bottom of the ZnO band.

A similar experiment using an excess of smaller 3.7
nm ZnO NPs showed that 33% + 8% of electrons re-
mained on TiO; (Figure S5). These results affirm the
previous experiments showing that the predominant
electron flow is from ¢7/TiO; to ZnO. Again with these
NPs, the 33% electrons remaining on TiO> demonstrate
that the lowest electrons on TiO; that occupy states that
are lower in energy than the bottom of the ZnO band.
The presence of more electrons remaining on the TiO»
with smaller ZnO NP reflects the known raising of the
ZnO CB energy due to quantum confinement. *!-43

These sets of experiments overall demonstrate three
important results. First, interparticle ET is an equilibri-
um process, reaching the same equilibrium state regard-
less of where e~ originate. Secondly, the preferential
flow of most of the electrons is from TiO, to ZnO, sug-
gesting that TiO; is, under most conditions, more reduc-
ing. However, under some conditions, TiO; can also be
more oxidizing. These measurements thus provide a

much more detailed view of the relative energetics than
the many prior experimental and computational studies
that reported conduction band edge energies of ZnO and
TiOs.

I11. Ligand and acid/base effects on interparticle elec-
tron transfer

Capping ligands are widely used in colloid chemistry
in organic solvents to stabilize NP suspensions; they
have also been shown to impact the energetics and opti-
cal properties of NPs.2%2” Colloidal NP suspensions con-
tain significant amounts of unbound ligands. Since these
capping ligands have reactive functionalities, including
acidic and basic moieties, understanding how the native
ligands can influence the thermodynamics of the NPs is
important.

The NPs used in this study were synthesized in a con-
sistent fashion to minimize any differences in capping
ligand coverage. For the ZnO stock solutions used in the
equilibration experiments described below, integration
of the DDA '"H NMR signal showed ~5.4 mM DDA.
This corresponded to 120 total ligands per ZnO NP in
the suspension. Prior work from our lab used such NMR
spectra to show that NPs had roughly equal amounts of
strongly-bound, weakly-bound and free (unbound) DDA
molecules. This corresponds to <25% surface coverage,
even including the highly labile weakly bound ligands.**
The TiO2 NP colloids used here contained ca. 60 mM
(bound and unbound) total oleate (OL)/oleic acid (OL-
H) (1000 ligands per NP) in the stock solution. The 'H
NMR spectra show resolvable signals for the vinyl pro-
tons of bound ligands on the TiO> NPs versus the free
ligand in the toluene solution (Figure S7).* This analy-
sis indicates ~60% surface coverage for TiO. Thus, the
TiO2 NPs have a much higher coverage of surface oleate
ligands compared with the coverage of DDA on the ZnO
NPs.

Initially, uncharged ZnO was treated with 6 eq.
CoCp"; to yield 3.5 e/ZnO (2.5 eq. of unreacted CoCp ">
at equilibrium). This solution also contained 0.55 mM
DDA (diluted 10-fold from the stock solution). The ad-
dition of excess DDA to solution led to an increase in
absorbance at 400-500 nm. These changes indicate ET
from e/ZnO back to CoCp"2" to form CoCp"2. In the
new equilibrium state, the number of electrons per ZnO
decreased to from 3.5 to 2 ¢/ZnO (Figure 2A).

In contrast, addition of a large excess of 70 mM OL-
H, the non-native ligand, to the equilibrated
ZnO/CoCp", suspension gave an initial increase in the
absorbance at >800 nm, indicating 6 ¢ /Zn0O. Since there
were only 6 eq. of CoCp", present at the outset, the addi-
tion of the acid shifted the equilibrium sufficiently that
all of the electrons transferred from the reductant.

Following the initial increase in ZnO reduction, a
slower secondary decrease in absorbance was observed



over the course of several minutes (Figure 2A). This
secondary decrease absorbance was coupled to a slight
blueshift in the ZnO band edge absorbance. These spec-
tral changes are consistent with the partial dissolution of
ZnO to soluble zinc oleate and subsequent shrinkage of
the NPs (Figure S8).*" %3 Dissolution of ZnO by oleic
acid reduces the size of the particles and therefore trans-
fers electrons back to CoCp"2". Such dissociation of
M(OL), and related species has been observed with
chalcogenide NPs.”* % This illustrates that there is some
exchange of ligands, with ZnO binding some oleate,
with displacement of some of the native DDA ligands.
The ligand exchange likely contributes to the effects
observed.

Similar overall trends were observed with TiO,. Ini-
tially, an equilibrated suspension of TiO, NPs with 2
mM OL/OL-H and 60 eq CoCp*, yielded 51 ¢/TiO
(diluted from stock solution). Ten times lower TiO, NP
concentration was used in this study compared to the
ZnO case, due to the ability of each TiO: to hold many
more electrons. Addition of the same large excess of
OL-H to reach 70 mM caused the number of ¢~ per NP
to increase to 55 ¢/TiO, leaving 5 eq. of CoCp*y un-
consumed. Similarly, addition of 80 mM DDA resulted
in a decrease down to 23 ¢7/TiO, (Figure 2B). Therefore,
both ZnO and TiO, NPs equilibrated with CoCp",
showed an increase in the number of electrons on the
NPs with OL-H addition but a decrease with added
DDA.

An equilibrated suspension of both reduced ZnO and
TiO, NPs was prepared, containing 75% of the e on
Zn0 (9 €/Zn0) and 25% e~ on TiO (25 ¢/TiO») (Fig-
ure 2C). This mixture contained 2 mM OL/OL-H and
0.50 mM DDA. Addition of excess OL-H to bring the
concentration of OL/OL-H to 30 mM caused a shift in
the optical spectra. The spectra indicated the transfer of
15% of the

250 eq. OL-H P
A p;ano +0 Co
= X

+ Co —>@+25 Co
zZno >§( €7Zno 3(2(\ S

2500 eq. DDA *4 Co
per ZnO
T T T T
== Chemically reduced ZnO
0.60} — Equilibrium after DDA addition
—— Equilibrium after OL-H addition
—— Decay after 2 mins
3
& 0.40
2
o
172
é:: 8
0.20F )
0.00 L L L L
400 600 800 1000 1200 1400
Wavelength / nm
B 250 eq. OL-H ﬂ
per TiO, +5 Co
+ 60 Co —
Ti : : eTio E
i0, 2 2500 eq. DDA @ +37 Co
per TiO, W
0.20f T T
H - Chemically reduced TiO,
—— Equilibrium after DDA addition
0.15 —— Equilibrium after OL-H addition |
)
(8]
C
©
2 0.10 -
o
[%2]
o
< RN
0.05 E
0.00

400 600 800 1000 1200 1400
Wavelength / nm

2x10° eq. OL-H H* H*
c per TiO, + 8
H* H* H* / elTi0, ZnO
@)~
et et H* H*
€m0, Zn0 M0,  ZnO ,, 154 oy DDA@ ‘
per TiO,

eTi0,  ZnO
1.00 N T
== € /TiO, + ZnO reaction at equilibrium
= Equilibrium after DDA addition |
0.80F = Equilibrium after OL-H addition K

0.60

0.40

Absorbance

0.20

0.00 L L
400 600 800 1000 1200 1400

Wavelength / nm

Figure 2. Optical spectra showing perturbation of initially
equilibrated ET reactions (black dashed lines) upon addi-
tion of DDA or OL-H. The absorption at 1150 nm is at-
tributable to a THF overtone. (A) Addition of DDA to an
equilibrated ZnO/CoCp" suspension resulted in fewer elec-



trons on ZnO and an increase in CoCp™2 (less absorption in
the NIR and increased intensity below 500 nm, blue). OL-
H addition caused the NIR absorbance to initially increase
indicating more e on ZnO (red) but then decreases over
minutes (green). Note that charge-balancing surface bound
CoCp"2" are omitted for clarity. (B) Addition of OL-H to an
equilibrated TiO2/CoCp*; suspension caused an increase in
the broad visible absorption, indicating more e /TiO2, until
the reductant is completely consumed (red). DDA addition
caused a decrease in absorption and the e /TiOz (blue). In
the schematic equations, the charge-balancing surface-
bound CoCp™" are omitted for clarity.*® (C) Addition of
OL-H caused ET from ZnO to TiO: (red) while added DDA
caused the opposite change (blue).

electrons from ZnO to TiOz, yielding a new equilibrium
position where there were 60% e~ on ZnO (7 ¢/ZnO)
and 40% e on TiO; (40 €/TiO). Addition of excess
DDA to a separate aliquot of the equilibrated suspen-
sion, to reach 250 mM DDA, showed a change in the
opposite direction, with ET from TiO3 to ZnO. The frac-
tion of electrons on ZnO increased to 80% (10 ¢/Zn0O)
with the corresponding decrease yielding 20% e on
TiO; (20 ¢/TiO2) (Figure 2C). Similar results were ob-
tained using a sample of reduced ZnO that had been syn-
thesized with one less washing step and therefore had
excess DDA. Using these NPs, there was complete
transfer of electrons from TiO; to ZnO (Figure S10).

Discussion

The storage of multiple redox equivalents in an indi-
vidual nanoparticle is important for many applications,
such as in H>O splitting or CO; reduction. In one in-
stance, Gritzel and coworkers showed that colloidal
TiO> can undergo substantial band filling (10%° e /cm®)
for potential use for such reactions.*” In our studies, ZnO
and TiO, have been demonstrated to be able to be doped
to high charging levels, with 3-5 ¢~ per 3.7-5.6 nm di-
ameter ZnO NP (10" e/cm?®) and dozens of electrons in
each TiO> NP (10*' e/cm?). Despite similar NP sizes
and electron molar extinction coefficients, a large dis-
crepancy in charging is evident. Probing the nature of
these electrons and their charge-balancing protons re-
quires a model that goes beyond the commonly used
one-electron schematic representative of the conduction
band edge. Such a model needs to include information
about band or trap state filling and how the solution me-
dia affects the redox states.

The next section uses the equilibration results to de-
velop a qualitative model that describes the relative fill-
ing of the CBs in the two materials upon reduction. The
following sections then discuss the different ways that
this model is incomplete, to provide a more fine-grain
description of redox reactions involving oxide NPs.

I. Building a relative density of states model

The equilibration studies provide several insights into
the relative density of states (DOS) for electrons added
to ZnO and TiO2 NPs. Prior studies of reactions involv-
ing ZnO NPs, CoCp*, and acids/cations demonstrate
strong evidence that thermal reactions at NPs stop
changing when a thermodynamic equilibrium is reached.
In these reduced NP systems, equilibrium occurs when
the energies of the highest energy electrons are equal.>*
3¢ Interparticle ET equilibrium is demonstrated by the
consistent final electron distributions obtained for the
same ¢ /ZnO/TiO, mixture regardless of which NP the
electrons originated (Figure 1C). In the equilibrations
with CoCp", the highest energy electrons are equal and
set by the potential of the reductant (Figure 2A, 2B).*
We note that the syntheses of ZnO and TiO, were kept
consistent to minimize differences in capping ligand
coverage (see the next Section).

Chemical reduction experiments demonstrate a large
difference in the maximum number of electrons per NP
upon reaching equilibrium with CoCp’,: there are 30
times more electrons in each TiO, NP than in a ZnO NP.
This indicates that the integrated number of occupied
states is 30 times larger for each TiO2 NP than for each
ZnO NP at the electron energy set by the
CoCp*2"/CoCp*; redox couple.

The interparticle ET equilibration experiments show
that the predominant electron flow is from e/TiO: to
ZnO, in experiments with a 10-15-fold excess of ZnO
NPs to TiO, NPs. Thus, the majority of the electrons on
the TiO2 NPs are at higher energy than the states in the
ZnO NPs. However, excess uncharged ZnO removed
only a portion of the electrons on e7/TiO». This behavior
is different than the mass-action equilibrium expression
that would be observed for a molecular electron transfer.
It indicates that the lowest energy ZnO states are higher
than the lowest energy TiO, states.

Rationalization of these results requires first a discus-
sion of the specific states on each NP and the nature of
the colloidal system. Electrons in TiO; NP are widely
regarded to occupy a distribution of trap states of vary-
ing structures and energies.”® #-3* This is how EPR
spectra similar to that in Figure 1A inset have typically
been interpreted.’? This implies that the states in an indi-
vidual NP are better described as a set of discrete orbit-
als rather than as a true band. Electrons added to ZnO
NPs such as used here have been shown to occupy orbit-
als that are delocalized over the whole NP and have
quantum-confined properties in the small NPs.25 5354
The quantum-confinement means that these orbitals also
have discrete energies rather than forming a continuous
band. Thus, while the nature of the orbitals is different in
TiO2 and ZnO, within a single NP these are both best
described as an ensemble of discrete states.

The schematic diagram in Figure 3A represents these
states side-by-side for a TiO, NP and a ZnO NPs in equi-



librium with excess CoCp*,. In this picture, the vertical
axis is energy and the short horizontal lines represent the
states in each NP. The dashed line represents the energy
of electrons at the CoCp","/CoCp” potential, such that
states lower in energy are occupied (red) and those high-
er are empty (blue). The horizontal width represents the
average or integrated number of states at the specified
energy. The number of states in a given energy band
rises with energy, as is typical. The states in a 4.5 nm
TiO2 NP are represented by the broad distribution at left,
while narrow set of states describes a 5.6 nm ZnO NP.
The different widths are indicated by the ability of TiO»
to be reduced 30 times more than ZnO, indicating that
each TiO, must have 30 times as many states as each
ZnO NP below the potential of CoCp™. In addition,
there must be TiO; states below the ZnO states because
the ZnO NPs are unable to fully oxidize the TiO» NPs.

A Tio, Zn0
E CoCp*,
-
Relative number of reducible states per NP
B TiO, _ Zn0
E ~ CoCp*,

Relative number of reducible states in the
colloidal solution per NP

Figure 3. Schematic depiction of electron band filling in a
TiO2 NP versus a single ZnO NP upon equilibration with
CoCp™2. Red coloring is indicative of states occupied by
electrons whereas the blue coloring indicates empty states.
(A) Depiction of the density of individual states (horizontal
lines) in a single NP: trap states for TiO2 (left) and quan-
tum-confined states for ZnO (right). (B) Depiction of the
density of states in an ensemble of NPs in a colloidal sus-
pension, with the broader band of TiO: trap states (left)
contrasting with the narrow band of quantum-confined
states for ZnO (right). Chemical reduction experiments
consistently resulted in TiO2 possessing 30x more e than
ZnO. Additionally, the lowest TiO> states are lower than the
lowest ZnO states, as addition of excess ZnO does not re-
sult in complete TiO> oxidation.

While Figure 3A represents the electronic structure for
individual NPs, the actual equilibration experiments re-
flect the total DOS in the colloidal suspension as a
whole. This is an ensemble of (typically) 2 puM TiO»
NPs and 20 uM ZnO NPs (10" - 10'® NPs per mL). The
ensemble contains a distribution of particle sizes and
shapes, and therefore a distribution of trap state and
quantum-confined state energies. Therefore, the states in
the ensemble as a whole describe a continuous band, for
both ZnO and TiO; (Figure 3B). The roughly parabolic

shapes reflect the increasing DOS with energy; it is in-
tended to represent the shape of the DOS for the solu-
tion. This DOS for the ensemble of colloidal NPs is not
directly comparable with the DOS in a bulk single crys-
tal of ZnO or TiO,, in part due to the contributions from
the solution properties and proton-coupling, as described
in the next section.

The band description in Figure 3B represents the same
experimental results as the individual NP picture in Fig-
ure 3A and provides additional insights. To describe the
particular experiments reported here, the DOS on the
TiO2 vs. ZnO NPs must consider both the individual
band pattern (Figure 3A) and the much larger concentra-
tion of ZnO NPs in the colloidal suspension. The ~10
times larger number of ZnO NPs means that the number
of states in the ZnO ensemble will be ~10 times larger
under these reaction conditions than indicated in the nar-
row ZnO shape in Figure 3B. The DOS for the entire
ensemble of ZnO NPs would be similar to that for the
TiO2 NPs. This is why electrons typically flow from
TiO; to ZnO: because there are so many more ZnO NPs
under our conditions. This entropic effect is not captured
by the single particle description in Figure 3A.

The complimentary descriptions of the states in TiO:
and ZnO in Figure 3A and 3B rationalize the experiment
results above. The localized nature of the added elec-
trons in TiOy, likely in a variety of cluster-type trap
states, suggests that these states do not strongly interact.
Thus, many states can be filled within a small energy
range. In contrast, the delocalized electrons in ZnO in-
teract with each other more strongly, resulting in a large
energy penalty when another electron is added. For these
reasons, TiO2 can be reduced to a level where formally
8% of all the titanium ions are Ti**, while for ZnO the
maximum level is 0.1% of Zn>" (Table 1). Thus, for sim-
ilarly sized NPs, TiO; is inherently much more reducible
than ZnO. The higher reducibility reflects the integrated
number of states, not the relative band edge energies.

The qualitative band picture in Figure 3 is affected by
several other factors. For example, the size of ZnO is
known to affect both the band gap energy and the effec-
tive reduction potential. The quantum confinement of
the ZnO NPs means that the band gap becomes larger at
smaller sizes.'” 2 In the context of Figure 3, smaller
ZnO NPs possess a distribution of states that is narrower
and higher in energy than that for larger ones. Smaller
ZnO NPs are therefore more difficult to reduce. This is
evidenced in the equilibration experiments in which
small ZnO NPs are less reduced by TiO» (33%) or
CoCp"; (only by 1 electron). The size dependence of the
effective reduction potential of ZnO has also been ob-
served and used in prior studies.?? Overall, this discus-
sion shows that the comparison of multiply charged ma-
terials such as ZnO and TiO is complex and nuanced.
Understanding the redox chemistry requires another lay-



er of consideration past the band edge, including the
number of states electrons may occupy as well.

I1. Beyond an electronic density of states model

The "density of states” for a bulk semiconductor refers
to the density of purely electronic states. This DOS re-
fers to the states that are present in a chemically fixed
material, one that is not undergoing any making or
breaking of chemical bonds. However, small colloidal
NPs have a high ratio of surface to bulk atoms. When
chemical changes occur at the surface, electron energies
are affected. In many studies of colloidal NP systems,
capping ligands, other properties of the solution, and the
chemically complex surface regions alter the redox
chemistry of the NPs.!* 2627 46. 55 Oyr lab and others
have previously shown for ZnO nanocrystals that the
acid/base character of the solution and the presence of
small cations can strongly affect the electronic landscape
and the extent of reduction.!?!% 3 3¢ The experiments
reported above show that the ET energetics of the ZnO
and TiO, NPs are affected by the presence of excess
capping ligands.

The addition of a large excess of DDA has a small but
noticeable effect on a ZnO NC/CoCp", suspension, shift-
ing the equilibrium back towards CoCp"> from e/ZnO.
The shift of roughly a factor of 2 corresponds to an elec-
trochemical potential shift of ~20 mV. To obtain this
small shift, the DDA concentration was raised from 0.6
mM to 80 mM DDA in solution, an increase of 130-fold.
The influence of oleic acid (OL-H) is opposite: CoCp"2
transfers all of its electrons to ZnO NPs when the solu-
tion is made 70 mM in OL-H. Similar observations were
seen in the TiO»/CoCp"; system (Figure 2B). Addition of
70 mM DDA to an equilibrated TiO»/CoCp”; solution
containing 2 mM OL/OL-H resulted in half the electrons
on TiO; transferring back to CoCp",". However, a 40-
fold increase in OL-H (to 80 mM) gave a shift in the
other direction, with complete transfer of electrons from
CoCp’; to TiOz (See SI, Table 2).

We emphasize that these experiments reflect equilibri-
um properties rather than kinetic factors. The ligand
shells are sufficiently patchy or labile to allow ample
access to the NC surfaces. As noted above, these DDA-
capped ZnO NPs have <25% surface coverage, with
many ligands being very labile.** Redox reactions with
small molecules often occur on ms or faster timescales.
40. 56 The reactions of ZnO NPs are typically slowed
somewhat by addition of excess DDA,*® but the experi-
ments here have given sufficient time for equilibrium to
be reached.

It is perhaps surprising that added DDA and OL-H
have opposite effects on the equilibrations with CoCp .
However, the capping ligands have different chemical
properties: DDA is a base while OL-H is an acid. The
effects observed parallel prior results on the addition of
acids or bases to ZnO NPs. The addition of [DDA-
H][BAr"4] ([BArf4] = tetrakis[3,5-bis(trifluoromethyl)-

phenyl]borate) in 1:1 toluene/THF causes a much more
substantial shift in the effective reduction potential of
ZnO; for instance, the addition of 1 H* led to reduction
by roughly 1 e~ from CoCp*.**?** The strong Ps-t-Bu
phosphazene base shifts the ET equilibrium back toward
CoCp",. The effects of capping ligands reported here are
much smaller, as large amounts of capping ligands shift
the CoCp"2/CoCp">" equilibria only a small amount. Fur-
ther differences also likely reflect that DDA is a base
and OL-H is an acid. Ps-#-Bu phosphazene is a much
stronger base than DDA. Cationic [DDA-H][BAr"4] is
similarly a stronger acid than OL-H in the low-polarity
toluene solvent used here’’3%35 DDA most likely acts as
a hydrogen-bond acceptor for surface hydroxides and
withdraws electron density shifting the effective reduc-
tion potential. The added OL-H similarly could act as a
hydrogen bond donor to surface oxide or hydroxide
groups or could convert a surface oxide to a surface hy-
droxide pair.

The experiments adding OL-H or DDA to equilibrated
mixed colloids reveal the differential effect of the cap-
ping ligands on the TiO, and ZnO energetics. These
shifts are subtler compared to when NPs are equilibrated
with CoCp*>. The TiO, NPs appear to have a greater
sensitivity to the added ligands. For instance, added
DDA shifts the equilibrium from e7/TiO; to e/ZnO, in-
dicating that the basic capping ligand destabilizes the
electrons on TiO, more than it destabilizes electrons on
ZnO. The small effects in these experiments likely also
have a contribution from ligand exchange, such as OL
binding to ZnO in place of the native DDA. However,
since the shifts observed in these experiments were very
small, any ligand exchange does not appear to be a ma-
jor effect.

We have previously suggested that these ZnO and
TiO, NPs more often behave as proton-coupled electron
transfer (PCET) agents than simple ET reagents.** For
instance, a phenoxyl radical ArOe is as the titrant for
redox equivalents because of its fast conversion to the
phenol ArOH. On this general basis, we believe that the
interparticle ET reactions are likely PCET processes
(Figures 1 and 2 reactions). In addition, multi-electron
outer sphere ET between NPs appears very unlikely be-
cause it would form multiply charged NPs in non-polar
toluene solvent. Still, we have no accessible technique to
monitor the protons directly in these reactions. We pre-
viously showed that equilibrations with CoCp*> gave
reduced ZnO NPs with tightly ion-paired CoCp*>".3¢ The
reductions of TiO> NPs are always done in the presence
of OL-H, so these could potentially be PCET processes,
or could involve just association of an OL-H molecule.

The shifts in the relative energetics of the ZnO and
TiO; band energies upon addition of capping ligands
show that the energy of the added electrons are affected
by the concentration of species in solution. The capping
ligands at the surface affect the global energetics of



these reactions, not just a few states. This involvement
of the ligands complicates the interpretation of the “den-
sity of states” analysis in the previous section. If the ad-
dition of an electron to TiO; is accompanied by a proton
from ZnO or by the binding of a surface OL-H ligand,
then the "states” being referred to are not the purely
electronic states of the NP. Thus, the DOS schemes in
Figure 3 are not directly analogous to standard solid-
state densities of electronic states. Perhaps the wide var-
iation in reported absolute Ecp values noted in the Intro-
duction are due to the lack of attention to the other spe-
cies in solution and their potential interactions with the
nanomaterials. Efforts to develop a more rigorous analy-
sis of the energetics, including the effects of ligands and
protons, are ongoing in our laboratory.

Conclusions

A detailed understanding of the energetics of nanopar-
ticle redox processes is critical to their increasingly
widespread use. The experiments described here show
that the commonly used simple pictures, such as Scheme
1, are incomplete, especially for materials that undergo
substantial electron accumulation. For the colloidal ZnO
and TiO, NPs examined here, equilibrium studies be-
tween the two types of NPs and with CoCp*, give a di-
rect and detailed experimental view of their electron
accumulation. While TiO; is regarded as a “reducible”
oxide and ZnO as “non-reducible”, it has long been
known that their conduction band edge energies are
quite close. The reducibility of the TiO» NPs reflects
their ability to each accept 30 times more electrons than
a ZnO NP. This reflects the much higher density of re-
ducible states in TiO,. Despite an overall preferential
flow of electrons from TiO; to ZnO under our condi-
tions, the most stable ¢ in TiO; lie lower in energy than
the lowest states in ZnQO, as not all the electrons can be
transferred to ZnO. Additionally, the energetics of
charge transfer is affected by capping ligands. Addition
of oleic acid or dodecylamine capping ligands shift the
equilibria in different directions based on the acid or
base properties of the ligands. The energetic landscape
of these NPs is thus affected by the nature of the solu-
tion they are suspended in, not just the core of the mate-
rials. Ultimately, this investigation extends and enriches
the traditional discussion that is centered on band edge
energies and purely electron transfer frameworks to de-
scribe nanomaterial reactivity.
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