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ABSTRACT: Electronically doped colloidal semiconductor nano-
crystals offer valuable opportunities to probe the new physical and
chemical properties imparted by their excess charge carriers.
Photodoping is a powerful approach to introducing and controlling
free carrier densities within free-standing colloidal semiconductor
nanocrystals. Photoreduced (n-type) colloidal ZnO nanocrystals
possessing delocalized conduction-band (CB) electrons can be
formed by photochemical oxidation of EtOH. Previous studies of this
chemistry have demonstrated photochemical electron accumulation,
in some cases reaching as many as >100 electrons per ZnO
nanocrystal, but in every case examined to date this chemistry
maximizes at a well-defined average electron density of ⟨Nmax⟩ ≈ (1.4
± 0.4) × 1020 cm−3. The origins of this maximum have never been identified. Here, we use a solvated redox indicator for in situ
determination of reduced ZnO nanocrystal redox potentials. The Fermi levels of various photodoped ZnO nanocrystals
possessing on average just one excess CB electron show quantum-confinement effects, as expected, but are >600 meV lower than
those of the same ZnO nanocrystals reduced chemically using Cp*2Co, reflecting important differences between their charge-
compensating cations. Upon photochemical electron accumulation, the Fermi levels become independent of nanocrystal volume
at ⟨N⟩ above ∼2 × 1019 cm−3, and maximize at ⟨Nmax⟩ ≈ (1.6 ± 0.3) × 1020 cm−3. This maximum is proposed to arise from
Fermi-level pinning by the two-electron/two-proton hydrogenation of acetaldehyde, which reverses the EtOH photooxidation
reaction.

■ INTRODUCTION

Photodoping offers a convenient method for tuning carrier
densities in colloidal semiconductor nanocrystals. Photo-
chemical n-doping to yield excess delocalized band-like electrons
has been studied for a variety of colloidal nanocrystals, including
ZnO,1−6 In2O3,

7 and CdE (E = S, Se, Te),8 and with a variety of
hole quenchers.6 The most thoroughly investigated system has
been colloidal ZnO nanocrystals reduced using ethanol (EtOH)
as the hole quencher.1,3−6 Upon nanocrystal photoexcitation, an
electron is excited from the valence band (VB) to the conduction
band (CB). The photogenerated hole is then quenched within
picoseconds,9 leaving the electron in the ZnO CB. EtOH
oxidation liberates protons (H+) that compensate the CB
electron charges, with acetaldehyde as the two-electron/two-
proton oxidation product10,11 according to the stoichiometry of
eq 1.

In this system, multiple delocalized CB electrons per ZnO
nanocrystal can be accumulated photochemically, with the
average (⟨n⟩) reaching as high as >100 in some cases.6 Under
rigorously anaerobic conditions, the CB electrons are stable after

terminating the nanocrystal photoexcitation,5 making these n-
doped ZnO nanocrystals well suited for further spectroscopic or
chemical investigations. The average maximum number of
electrons per nanocrystal (⟨nmax⟩) was found to be proportional
to nanocrystal volume, such that the average maximum electron
density is constant for all sizes at ⟨Nmax⟩ ≈ 1.4 × 1020 cm−3 for
ZnO photodoped using EtOH.6 The microscopic origin of this
maximum remains unidentified, and both kinetic and thermody-
namic limitations to further electron accumulation can be
postulated.2,6

Photoluminescence measurements12,13 and electron-transfer
chemistries14,15 provide strong evidence that the potentials of CB
electrons in colloidal ZnO nanocrystals are subject to quantum
confinement effects, but these measurements have only probed
the limit of ⟨n⟩ = 1. The ability to accumulate tens to hundreds of
excess CB electrons per nanocrystal via photodoping raises
intriguing questions about how to describe the redox potentials
and Fermi levels (EF) of such heavily reduced ZnO nanocrystals,
and the dependence of these parameters on the method of
reduction.
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Here, we report contactless in situ determination of the redox
potentials of n-type colloidal ZnO nanocrystals using an optical
redox indicator. The data show that EF is subject to quantum
confinement effects in the limit of one electron per nanocrystal,
as anticipated from prior results. With further electron
accumulation, however, EF becomes independent of quantum
confinement and depends only on electron density. EF is shown
to depend strongly on the identity of the charge-compensating
cation, spanning a range of ∼600 meV when only one electron
per nanocrystal is present, consistent with previous reactivity
studies.16 ⟨Nmax⟩ and EF

max are found to be determined by
electron Fermi-level pinning, which occurs at the same potential
for all nanocrystal sizes. Aldehyde hydrogenation, i.e., the two-
electron/two-proton reaction that reverses the EtOH photo-
oxidation, is proposed to be the microscopic origin of this Fermi-
level pinning.

■ METHODS
ZnO Nanocrystal Synthesis. Colloidal ZnO nanocrystals were

synthesized by base-initiated hydrolysis and condensation of Zn2+ as
detailed previously.17,18 In a typical synthesis, a solution of 22 mmol of
tetramethylammonium hydroxide in 40 mL of EtOH was added
dropwise to a stirred solution of 13 mmol of Zn(OAc)2 in 135 mL of
dimethyl sulfoxide at room temperature. Nanocrystals were grown for
∼1 h, after which the reaction was stopped by precipitation with 300 mL
of ethyl acetate. Nanocrystals were collected via centrifugation and
resuspended in EtOH, followed by precipitation with heptane. To
suspend the nanocrystals in nonpolar solvents, the surface ligands were
exchanged by suspending the nanocrystals in excess of dodecylamine
(DDA) that had been heated above the melting point (29 °C), followed
by precipitation with EtOH. Finally, the nanocrystals were heated in
trioctylphosphine oxide (TOPO, 90%) at 130 °C for 30 min. The
resulting TOPO-capped nanocrystals were then washed with 3:1
EtOH/toluene and resuspended in toluene. The largest ZnO nano-
crystals were made in a similar manner but were heated under N2 in
DDA at 180 °C for∼24 h prior to TOPO capping to promote growth to
various sizes.
Physical Characterization. UV−vis−NIR absorption spectra were

collected in a 1 cm air-free quartz cuvette using a Cary 500 spectrometer,
with typical nanocrystal concentrations of 5−20 μM. The radii of small
nanocrystals (r ≤ 2.8 nm) were determined from the empirical
correlation between radii and absorption spectra.13,19 The radii of larger
nanocrystals (r = 3.7 nm) were determined by statistical analysis of
transmission electron microscopy (TEM) images collected using a FEI
Tecnai G2 F20 instrument. ZnO nanocrystal concentrations were
determined analytically. First, 200 μL of the nanocrystal suspension was
dried and digested in 200 μL of ultrapure nitric acid (TraceSELECT,
Fluka). The resulting solution was diluted with a known amount of
ultrapure water (10.00 g, measured to two decimal places on a balance),
and the Zn2+ concentration was measured using inductively coupled
plasma atomic emission spectroscopy (PerkinElmer 8300 instrument).
The nanocrystal concentration was then calculated using the known
dilution factors and nanocrystal radii to convert from Zn2+

concentration to nanocrystal concentration.
Photodoping. ZnO nanocrystals were suspended in dry, anaerobic

toluene/tetrahydrofuran (THF) (1:14) solutions and prepared in a 1
cm air-free cuvette, and then photodoped to their maximum level by
prolonged exposure to UV irradiation from a 100WHg/XeOriel broad-
band photolysis lamp (2 W/cm2, 1.5 cm illumination diameter) in the
presence of EtOH and [Cp2Co][PF6] (0.233−0.633 mM). THF was
used to aid the solubility of [Cp2Co][PF6]. The UV−vis−NIR
absorption was collected periodically during the photodoping process.
When the NIR absorption did not change over 20 min of UV exposure,
the nanocrystals were considered to have reached their maximum
photodoping level. Maximum photodoping was typically achieved
within 90 min of UV irradiation.
Electron Counting by Titration. The average number of

photodoped electrons per ZnO nanocrystal (⟨n⟩) was determined by

titration with [FeCp*2][BArF] (Figure S1).
6,20,21 Aliquots of [FeCp*2]-

[BArF] in THF were added to the maximally photodoped nanocrystals,
and the reduction of the NIR absorption was monitored. After complete
elimination of the NIR absorption, additional aliquots led to growth of
FeCp*2 absorption centered at 700 nm. The data were then fit with a
linear function, and the maximum number of photodoped electrons was
determined from the x-intercept of the fitted line.

Electron Counting fromNIR Absorption.The average number of
electrons per nanocrystal, ⟨n⟩, was determined spectroscopically from
the NIR absorption involving intra-band transitions of the CB electrons.
For this, molar extinction coefficients (ε) were determined for each ZnO
nanocrystal size at five different wavelengths (500, 778, 1000, 1300, and
1600 nm) and at various values of ⟨n⟩, by [FeCp*2][BArF] titration.
These ε values were fit to a power function with the general form ελ =
Qλ⟨n⟩

p (Figure S1b), where Q (M−1 cm−1 electron−1) and p (unitless)
are constants. Substituting into the Beer’s law equation and rearranging
for ⟨n⟩, the expression becomes ⟨n⟩ = Absλ exp(p)/QλbC, where b is the
optical path length (cm) and C is the concentration (M). Values of ⟨n⟩
calculated from the absorption at 778, 1000, 1300, and 1600 nm were
averaged together to obtain the reported values of ⟨n⟩, with error bars
reported as± σ from themean value of ⟨n⟩. The ⟨n⟩ values reported here
were measured without UV illumination. Under these conditions, ⟨n⟩ is
constant.

Optical Fermi-Level Measurements. Fermi levels (EF) were
measured using Cp2Co as an in situ optical redox indicator.
Measurements of EF were performed in the absence of UV
photoexcitation. Under these conditions, ⟨n⟩ and EF are stable.
Cp2Co concentrations were measured spectroscopically using the
absorption feature at 500 nm (ε500 = 301 M−1 cm−1),22 accounting for
overlapping ZnO intra-band absorption. Cp2Co concentrations were
then determined using Beer’s law, and EF was calculated from the Nernst
equation. The EF values reported here are thus equilibrium values
measured without UV illumination and are stable under rigorously
anaerobic conditions.

■ RESULTS AND ANALYSIS
Figure 1A plots electronic absorption spectra of colloidal ZnO
nanocrystals (r = 1.9 nm) collected at various stages of
nanocrystal photodoping using EtOH as the hole quencher. In
these measurements, [Cp2Co][PF6] (Cp2Co

+ = cobaltocenium,
PF6

− = hexafluorophosphate) has been added to the reaction
mixture for use as an optical redox indicator. As detailed
previously, photodoping leads to bleaching of the ZnO band-
edge absorption (inset) and growth of a comparably intense IR
intra-band absorption feature, both indicating a growing
p o p u l a t i o n o f d e l o c a l i z e d C B e l e c t r o n s
(e−CB).

1−3,5,6,14−16,23−26 The IR absorbance can be analyzed to
provide the average number of electrons per ZnO nanocrystal
(⟨n⟩) at each level of photodoping. In the present experiments,
new absorption features at 390 and 500 nm are also observed
upon photodoping, attributable to the LMCT and d−d
transitions of cobaltocene (Cp2Co), respectively.22 The
concentration of Cp2Co is determined from the Cp2Co
absorbance at 500 nm and its extinction coefficient (ε500 = 301
M−1 cm−1) using Beer’s law. Using the Nernst equation (eq 2)

and the experimental Cp2Co redox potential (E° = −1.37 V vs
Fc+/Fc, see Supporting Information), the solution potential
(Ecell) may then be calculated. As measured by the quotient
[Cp2Co]/[Cp2Co

+], Ecell directly reports the electron Fermi
level (EF) of the ensemble of ZnO nanocrystals,27,28 which are in
thermodynamic equilibrium with the Cp2Co

+/Cp2Co couple.

= = ° − +E E E(V) (V) 0.02568 ln
[Cp Co]

[Cp Co ]F cell
2

2 (2)
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The solution potential therefore equals the ZnO electron Fermi
level.
Figure 1B plots EF vs ⟨n⟩ for the entire data set of Figure 1A.

Initially, mixing undoped ZnO nanocrystals with Cp2Co
+ yields

no detectable Cp2Co, indicating that EF of the undoped ZnO
nanocrystals is far more positive than −1.37 V (the Cp2Co

+/
Cp2Co redox couple). Upon UV photoexcitation of this mixture,
EF increases rapidly in concert with ZnO photodoping, growing
from −1.28 to ∼−1.35 V, where its value levels off until ⟨n⟩ ≈
3.7, at which point EF increases sharply to reach its maximum
value of EF

max ≈ −1.37 V at ⟨n⟩ = 4.3. This value of ⟨n⟩ is the
maximum number of electrons (⟨nmax⟩) that can be introduced
under these conditions.6 Further UV irradition yields no change
in ⟨n⟩ or EF. The full range of EF in these data is∼90meV, smaller
than the ∼350 meV range measured in electrochemical ZnO
nanocrystal reduction experiments.29 This difference is in large
part due to the absence of an EF data point prior to photodoping,
and it may also relate to the different counterions of the two
measurements (vide inf ra).
Measurements under the same photodoping conditions but

using different Cp2Co
+ concentrations all yield the same values of

EF vs ⟨n⟩ (see Supporting Information). Additionally, when the
weaker oxidant decamethylcobaltocenium (Cp*2Co

+, E° =
−1.91 V vs Fc/Fc+ in MeCN30) is added instead of Cp2Co

+,
no formation of decamethylcobaltocene (Cp*2Co) is observed
(see Supporting Information). Together, these results confirm

that the Cp2Co
+/Cp2Co redox couple is indeed in equilibrium

with the ZnO nanocrystals.
We have previously reported that ⟨nmax⟩ in photodoped ZnO

nanocrystals scales with nanocrystal volume,6 but the funda-
mental origins of this scaling have not been identified. It is
possible that ⟨n⟩ is limited kinetically, for example by the
lifetimes of photogenerated holes, but it is also possible that ⟨n⟩ is
limited thermodynamically, for example by reductive metal-
lization of the ZnO nanocrystals at high carrier densities.6 To
address this issue, we have used this redox-indicator method to
measure changes in EF with changes in ⟨n⟩ for ZnO nanocrystals
of three different sizes, and the results are summarized in Figure
2. From Figure 2A, the largest ZnO nanocrystals (r = 3.7 nm)

show the least negative EF value at ⟨n⟩ = 1, followed by the
intermediate (r = 2.8 nm) and then the smallest (r = 1.9 nm)
nanocrystals. From the optical bandgap energies of this series of
nanocrystals (see Supporting Information) and the optically
deduced ratio of CB-to-bandgap shifts with quantum confine-
ment,12,15 the CB energy is predicted to shift negatively by ∼76
meV on going from r = 3.7 to 1.9 nm. In good agreement with
this prediction, the data in Figure 2A show a shift of ∼60 meV at
⟨n⟩ = 1, the two values being indistinguishable within the
uncertainty in ⟨n⟩ (σ = ±0.2 electron at ⟨n⟩ = 1). The effect of
quantum confinement on EF in the one-electron limit is thus well
understood from optical studies. Beyond ⟨n⟩ = 1, the plots of EF
vs ⟨n⟩ in Figure 2A all show similar asymptotic curvature, and
notably, each curve plateaus at a similar potential near −1.37 V.
Figure 2B plots the same EF data vs average electron density
(⟨N⟩). Remarkably, all three curves are now superimposable
within experimental uncertainty. EF increases by <25 meV on
going from ⟨N⟩ = 2 × 1019 to 5 × 1019 cm−3, which agrees well
with previously reported values for electron−electron repulsion
in ZnO nanocrystals with H+ counterions.31 Like ⟨Nmax⟩, EF

max is
thus also independent of nanocrystal size for a given hole

Figure 1. (A) Representative differential electronic absorption spectra
collected at various illumination times between 0 and 1 h during
photochemical reduction of 9.45 μM colloidal ZnO (r = 1.9 nm)
nanocrystals in the presence of 466 μM [Cp2Co][PF6] in a 14:1:0.5
THF/toluene/EtOHmixture. The main panel shows the visible spectral
range, and the inset shows the UV (ZnO inter-band) range. Note the
different y-axis scaling. The arrows indicate the direction of increased
photodoping. (B) Plot of electron Fermi level (EF, ▲) vs average
number of CB electrons per nanocrystal (⟨n⟩), calculated from the
Cp2Co absorbance at λ = 500 nm (ε500 = 301 M

−1cm−1) at each stage of
photodoping. EF values are referenced to the ferrocenium/ferrocene
(Fc+/Fc) redox couple. The error bars indicate± σ from the mean value
of ⟨n⟩. The quotient [Cp2Co]/([Cp2Co] + [Cp2Co

+]) is ∼0.5 at ⟨nmax⟩
in these measurements.

Figure 2. (A) EF values for r = 1.9 nm (5 μM, black triangles), 2.8 nm (8
μM, blue circles), and 3.7 nm (6 μM, red squares) ZnO nanocrystals
photodoped with EtOH, plotted vs ⟨n⟩. (B) The same EF data plotted vs
average electron density (⟨N⟩). EF values are referenced to the
ferrocenium/ferrocene (Fc+/Fc) redox couple.
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quencher. For all three nanocrystal sizes, EF maximizes near
−1.37 V at ⟨Nmax⟩ ≈ (1.6 ± 0.3) × 1020 cm−3. The data in Figure
2 provide a strong indication of Fermi-level pinning during
nanocrystal photodoping. This result points to the conclusion
that ⟨Nmax⟩ in photodoped ZnO nanocrystals is determined
specifically by the electron Fermi level, rather than by kinetic
limitations.
It is important to note that all values of ⟨N⟩ and EF reported

here have been measured in the absence of ZnO UV
photoexcitation. Under these conditions, and when rigorously
anaerobic, ⟨N⟩ and EF (or ⟨Nmax⟩ and EF

max) remain constant for
very long times (e.g., kdecay < ∼0.01/week at 298 K).5 Kinetic
contributions to ⟨N⟩ and EF are observed under continuous UV
photoexcitation, of course, where their precise steady-state
(photostationary) values depend on the ZnO photoexcitation
rate. Under illumination, steady-state values of ⟨N⟩ can exceed
⟨Nmax⟩, and electron quasi-Fermi levels can exceed EF

max (see
Supporting Information). Upon termination of the UV
illumination, however, ⟨N⟩ and EF both relax quickly in the
dark to ⟨Nmax⟩ and EF

max, at which point they are stable.
Resuming the UV illumination again raises ⟨N⟩ and EF to some
steady-state values that depend on the UV irradiation
parameters, but after terminating the UV illumination they
again return to the same ⟨Nmax⟩ and EF

max (see Supporting
Information). ⟨Nmax⟩ and EF

max are thus independent of the ZnO
photoexcitation parameters. These observations strongly sup-
port the conclusion that ⟨Nmax⟩ and EF

max are determined
thermodynamically, not kinetically.
We propose that the limit to EF

max arises from the existence of a
side redox reaction that occurs spontaneously at more reducing
values of EF. Specifically, we propose that EF

max (and hence
⟨Nmax⟩ and also ⟨nmax⟩) under the present photodoping reaction
conditions is pinned by the reversibility of the EtOH oxidation
reaction, i.e., by the spontaneous two-electron/two-proton
transfer from heavily reduced ZnO nanocrystals to acetaldehyde.
This back reaction should occur at the same potential regardless
of the nanocrystal radius, consistent with the size-independent
EF

max observed in Figure 2. Experimentally, detection of EtOH
formed from the proposed back reaction is not trivial, so to test
the hypothesis of aldehyde hydrogenation by photoreduced ZnO
nanocrystals, two sets of experiments were performed that
indirectly probe the role of acetaldehyde. In the first, ZnO
nanocrystals were photodoped to ⟨Nmax⟩ in the presence of
different amounts of added acetaldehyde. Figure 3 reveals that
⟨Nmax⟩ decreases nearly linearly with added acetaldehyde,
consistent with the hypothesized aldehyde hydrogenation
chemistry.
In the second, benzaldehyde was used as a surrogate for

acetaldehyde. In these experiments, ZnO nanocrystals were
photodoped using EtOH as described above, but now in the
presence of added benzaldehyde (see Supporting Information).
Hydrogenation of benzaldehyde generates benzyl alcohol, which
can be identified by its characteristic 1H NMR peak at 4.2 ppm
(vs TMS) arising from its α-CH2 protons.

1HNMR spectroscopy
thus offers a convenient and sensitive probe of this chemistry.
Figure 4A plots 1HNMR data collected after various durations of
UV illumination under the normal photodoping conditions, but
now in the presence of added benzaldehyde. ⟨Nmax⟩ is reached
after ∼45 min of UV excitation in these measurements (see
Supporting Information), but over longer illumination times the
formation of benzyl alcohol becomes evident from the
appearance and growth of the broad α-CH2 signal at 4.22 ppm,
accompanied by a concomitant decrease in the intensity of the α-

CH signal of benzaldehyde at 9.63 ppm. The broadening of the
4.2 ppm signal relative to that of neat benzyl alcohol (see
Supporting Information) is likely due to association of the benzyl
alcohol with the ZnO surface32 or surface-capping ligands. Figure
4B plots integrated benzaldehyde and benzyl alcohol NMR
intensities as a function of UV illumination time, showing that
the changes in the concentrations of these two species are
inversely correlated. Benzyl alcohol formation was confirmed by

Figure 3. Maximum average electron densities (⟨Nmax⟩) achievable in
colloidal ZnO nanocrystals photoreduced using EtOH as the hole
scavenger, measured in the presence of added acetaldehyde. Data for r =
1.9 nm (5 μM, black triangles) and 3.7 nm (6 μM, red squares) ZnO
nanocrystals are plotted. The error bars indicate ±σ from ⟨N⟩.

Figure 4. (A) 1H NMR spectra (500 MHz) of TOPO-capped ZnO
nanocrystals (r = 1.9 nm, 94 μM) in 1:3 toluene-d8/benzene-d6 spiked
with EtOH and benzaldehyde in ∼104× excess (per ZnO NC) at 0 h
(red), 1 h (yellow), 2 h (green), 4 h (blue), and 24 h (violet) of UV
illumination. Control measurements show no benzyl alcohol formation
under UV irradiation in the absence of the ZnO nanocrystals (see
Supporting Information). For clarity, the spectra are offset vertically and
each side is normalized to the TOPO ligand signal at 2.5 ppm (not
shown, see Supporting Information). (B) Integrated intensities of the α-
CH benzaldehyde (9.8 ppm) and α-CH2 benzyl alcohol (4.3 ppm)

1H
NMR signals relative to the TOPO CH2 signal (2.5 ppm). These data
are normalized to the benzaldehyde integrated intensity at 0 h. The
presence of two α-CH2 protons per benzyl alcohol was accounted for by
halving the total normalized intensity for this signal. For reference,
⟨Nmax⟩ is reached after∼45min of UV excitation in these measurements.
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GC-MS. Importantly, benzyl alcohol is not formed under the
same conditions when benzaldehyde is irradiated by extensive
UV illumination in the absence of the ZnO nanocrystals (see
Supporting Information). We thus conclude that photoreduced
ZnO nanocrystals can indeed hydrogenate aldehydes to form
alcohols. Combined with the data from Figure 3, these results
provide strong support for the conclusion that acetaldehyde
hydrogenation is responsible for Fermi-level pinning during ZnO
photodoping when using EtOH as the hole quencher, explaining
at a microscopic level one of the more striking features of this
nanocrystal redox chemistry.
Finally, we address the influence of charge-compensating

cations on EF. Charge-compensating cations play an integral role
in the formation, stabilization, and reactivity of reduced ZnO
nanocrystals.6,16,31 In particular, protons greatly facilitate the
reduction of ZnO NCs electrochemically31 and by chemical
reductants,16 displaying exceptional effectiveness in stabilizing
reduced ZnO nanocrystals relative to bulkier cations. To quantify
the effects of protons, EF values were measured for colloidal r =
1.9 nm ZnO nanocrystals reduced either photochemically (using
EtOH) or chemically (using Cp*2Co). Figure 5 summarizes

these results. Strikingly, EF is nearly 600 meV more negative for
the chemically reduced nanocrystals than for the photodoped
nanocrystals, and photodoping can introduce more than four
times as many CB electrons as achieved by chemical reduction
under these conditions. If EF were determined solely by factors
intrinsic to ZnO, such as the initial one-electron orbital energies
or unscreened electron−electron repulsion, no difference in EF
would be observed with different reductants. The data in Figure 5
thus demonstrate and quantify the very large difference between
CB electrons stabilized by H+ and those stabilized by Cp*2Co

+.

■ DISCUSSION
Scheme 1 summarizes the changes in ZnO nanocrystal Fermi
level during progressive photodoping using EtOH as the hole
quencher and relates them to the changes observed upon
chemical reduction by electron transfer from Cp*2Co. For the
same nanocrystals reduced photochemically and chemically,
comparison of EF values measured at ⟨n⟩ = 1 (Figure 5) reveals
that electrons compensated by H+ are nearly 600 meV more
stable than those compensated by Cp*2Co

+, a remarkably large
difference. This difference could arise from more effective
Coulombic stabilization (screening) of CB electrons by protons
than by the bulky Cp*2Co

+ counterions, especially if protons are

able to diffuse into the internal volumes of the nanocrystals, but it
likely also reflects the formation of a strong O−H bond upon
nanocrystal reduction using EtOH. Formation of a strong ZnO−
H bond stabilizes the reduced nanocrystal product, lowers the
electron’s chemical potential, and in turn allows greater
maximum electron densities to be attained in the same ZnO
nanocrystals via photodoping than via reduction by Cp*2Co.
With extended photodoping (eq 1), EF becomes dominated by

electron−electron repulsive interactions that scale with electron
density, yielding a single relationship between EF and ⟨N⟩ that
holds for all nanocrystal sizes. Between ⟨N⟩ = 2 × 1019 and 5 ×
1019 cm−3, EF rises with a slope of ca. −130 meV/(1020 cm−3),
but subsequently shows asymptotic behavior indicative of Fermi-
level pinning. The microscopic origin of the Fermi-level pinning
has been identified as the acetaldehyde hydrogenation reaction,
which at low electron densities is negligible but becomes more
favorable as EF increases. When EF reaches ca.−1.37 V vs Fc+/Fc
(EF

max), at ⟨Nmax⟩ ≈ 1.6 × 1020 cm−3, UV illumination yields no
further stable electron accumulation within the ZnO nanocryst-
als. At this point, further EtOH photooxidation is followed by
spontaneous (dark) aldehyde hydrogenation (eq 3). The EF

max

values reported here are thus dictated by the dark reverse
reaction of eq 1.

It is possible that this reaction continues on an imperceptibly
slow time scale (>days) after its apparent equilibration within
seconds or minutes. Strictly speaking, these photodoped
nanocrystals would then be kinetically stable but not truly at
equilibrium. This scenario could arise from proton diffusion. For
example, it is possible that the correct proton configurations at
the nanocrystal surfaces do not exist in these reduced
nanocrystals because of proton diffusion into the internal
nanocrystal volumes, driven by the greater electron density
within the nanocrystal cores and by proton−proton repulsion in
the types of structures with two proximal protons that might be
required for aldehyde hydrogenation. At this time, the details of
this reaction remain poorly understood. Clarification of such
details will be the focus of future studies with this system.
Heterogeneous catalytic hydrogenation of aldehydes by ZnO

has been reported previously, but the reaction generally takes
place at elevated temperature (∼650 K) under continuous H2
flow,32,33 or requires a noble metal co-catalyst,34 and it is not
driven by photons. Here, aldehyde hydrogenation occurs as the

Figure 5. Comparison of EF values measured for colloidal ZnO
nanocrystals (r = 1.9 nm) reduced chemically using Cp*2Co (blue
circles) and photochemically using EtOH (black triangles), both
measured using the Cp2Co

+/Cp2Co couple as an optical redox
indicator. The error bars indicate ±σ from the average value of ⟨n⟩.

Scheme 1

− + → +− +e :ZnO H 1/2CH CHO ZnO 1/2CH CH OHCB 3 3 2 (3)
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result of a very negative EF in ZnO achieved by extensive
nanocrystal photoreduction. Although further analysis of this
aldehyde hydrogenation reactivity is beyond the scope of the
present study, this observation of multi-electron/multi-proton
chemistry involving heavily reduced semiconductor nanocrystals
generated photochemically could have interesting implications in
the area of solar fuels.35,36

Finally, recent work has demonstrated analogous photodoping
of colloidal In2O3 nanocrystals using EtOH as the hole
quencher,7 as well as photodoping of ZnO6 and CdE (E = S,
Se, Te)8 nanocrystals with a variety of hydride hole quenchers
(e.g., Li[Et3BH]). Although beyond the scope of the present
study, it is interesting to consider the possibility that Fermi-level
pinningmight also be responsible for the maximum photodoping
levels observed in these nanocrystals. In2O3 is most similar to
ZnO. In2O3 nanocrystals can be photodoped using EtOH to
comparable maximum electron densities as in ZnO nanocrystals,
which would be consistent with a similar limiting mechanism, but
the different surface chemistries of In2O3 and ZnO nanocrystals
can reasonably be anticipated to lead to different hydrogenation
catalysis and hence different limiting Fermi levels. In contrast
with ZnO nanocrystals, CdE nanocrystals often have mid-gap
surface electron traps that may impact photodoping, and these
nanocrystals also do not form strong bonds with protons,
suggesting unrelated redox chemistries may instead dominate.
Overall, while the specific redox processes described here for
ZnO may not be central in these other photodoping chemistries,
the concept of photodoping limited by competing redox
reactions rather than by photophysical recombination kinetics
may be general. Future studies on photodoping involving these
other materials will address these interesting open questions.

■ CONCLUSION

A simple optical method employing a solvated redox indicator
has been applied for in situ determination of reduced ZnO
nanocrystal redox potentials. These measurements reveal that
the Fermi levels of solutions of nanocrystals possessing an
average of just one CB electron per nanocrystal can vary by over
600 meV depending upon the method of charge compensation,
and also reveal electron quantum-confinement effects for a fixed
charge-compensating cation (H+) but different nanocrystal sizes.
For ZnO nanocrystals photodoped using EtOH as the hole
quencher, the Fermi level becomes independent of nanocrystal
size at average electron densities of ∼2 × 1019 cm−3. The
maximum carrier densities achievable via photodoping, ∼1.6 ×
1020 cm−3, are found to be determined by electron Fermi-level
pinning. Microscopically, this Fermi-level pinning is identified as
arising from the spontaneous two-electron/two-proton hydro-
genation of acetaldehyde, which reverses the EtOH photo-
oxidation reaction. This hydrogenation reaction, and hence the
maximum nanocrystal photodoping level, occurs at the same
potential for all nanocrystal sizes, explaining the microscopic
basis for the maximum electron densities achievable via this
photochemistry.
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