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ABSTRACT: Colloidal ZnO semiconductor nanocrystals have previously been
shown to accumulate multiple delocalized conduction-band electrons under
chemical, electrochemical, or photochemical reducing conditions, leading to
emergent semimetallic characteristics such as quantum plasmon resonances and
raising prospects for application in multielectron redox transformations. Here, we
demonstrate a dramatic enhancement in the capacitance of colloidal ZnO
nanocrystals through aliovalent Fe’*-doping. Very high areal and volumetric
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capacitances (33 uF cm™, 233 F cm ™) are achieved in Zng goFeg 0,0 nanocrystals 250 e-per Zn,_,Fe,O dot vs 50 e~ per ZnO dot
that rival those of the best supercapacitors used in commercial energy-storage

devices. The redox properties of these nanocrystals are probed by potentiometric titration and optical spectroscopy. These data
indicate an equilibrium between electron localization by Fe** dopants and electron delocalization within the ZnO conduction
band, allowing facile reversible charge storage and removal. As “soluble supercapacitors”, colloidal iron-doped ZnO nanocrystals
constitute a promising class of solution-processable electronic materials with large charge-storage capacity attractive for future

energy-storage applications.
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lectron accumulation and depletion in colloidal semi-

conductor nanocrystals (NCs) has been investigated as a
means of turning on localized surface plasmon resonances and
modulating their optical densities for redox sensing and
electrochromic “smart” windows, for exploring interfacial
electron transfer at the nanoscale, and for understanding
fundamental aspects of quantum-confined multielectron
configurations.'"® Photodoping has proven a convenient
method for introducing excess electrons into colloidal semi-
conductor NCs.”~” Promotion of valence-band electrons into
the conduction band (CB) via photoexcitation, followed by
rapid quenching of the photogenerated holes by sacrificial
reductants, allows accumulation of multiple delocalized CB
electrons (e”cp) per NC. Recently, we advanced these studies
by demonstrating the use of spectroelectrochemical potenti-
ometry to measure the effects of nanocrystal charge-carrier
densities, surface compositions, electrolyte concentrations, and
other factors on the NC redox potentials.'°~"* Using molecular
oxidants to titrate these electrons, we showed that analysis of
open-circuit potentials (Vyc) plotted versus the average
number of "¢y per NC ({(n)) during potentiometric titration
provides a direct measure of the capacitance of free-standing
colloidal NCs."” Here, we report the observation of extremely
large capacitance values from ZnO nanocrystals doped with
redox-active iron impurities. Analysis shows that this high
capacitance reflects the equilibrium between delocalized (band)
and localized (impurity) levels within these NCs. The
capacitance displayed by these colloidal NCs rivals those of
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commercial supercapacitor materials, suggesting promising
opportunities for application of these colloidal NCs in
solution-based or solution-processed energy-storage technolo-
gies.

Our prior spectroscopic studies have indicated that colloidal
Fe**-doped ZnO (Zn,_,Fe,O0) NCs would be interesting
candidates for potentiometric titration because of the
accessibility of both oxidized (Fe**) and reduced (Fe®")
impurity oxidation states under mild photodoping and aerobic
oxidation conditions.'”"> Fe**-doped colloidal ZnO NCs were
synthesized following the procedures we detailed previously."*
For the samples investigated here, an average NC diameter of d
= 8.7 nm is estimated from Scherrer analysis of their powder X-
ray diffraction (PXRD) data. Elemental analysis by inductively
coupled plasma atomic emission spectroscopy (ICP-AES)
indicates that Fe constitutes 1% of the lattice cations, giving
an empirical formula of ZnygFe;oO (neglecting any anion
nonstoichiometry). Assuming spherical NCs, this composition
corresponds to ~150 iron dopants per NC. For convenience,
the NCs will be referred to here as Zn,_,Fe, O regardless of Fe
oxidation state and cation/anion nonstoichiometry. Previous
work®'“™"® has demonstrated that irradiation of colloidal ZnO
and Zn,_,TM,O (TM = Co®*, Mn*', Fe*") NCs with UV light
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above the ZnO band gap in the presence of EtOH leads to
accumulation of CB electrons, which causes a blue shift of the
absorption edge and appearance of a broad new absorption
band in the near-infrared, assigned as a localized surface
plasmon resonance (LSPR). Figure 1AB presents spectro-
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Figure 1. Absorption spectra of photodoped d = 8.7 nm ZnggFey, 0
nanocrystals in THF titrated with FcBF, equivalents. (A) UV—visible
absorption spectra of a 0.1-uM NC solution plotted as molar
extinction coefficient (&). Titrants were added in 10 equivalent
increments. (B) NIR absorption spectra of a 0.58 uM NC solution.
Titrants were added in 1 equivalent increments from 1—30 equiv and
in 10 equivalent increments from 30—250 equiv. (C) Normalized NIR
absorbance of ZnggoFeyo;O NCs integrated between 800—1400 nm
plotted versus equivalents of FcBF,. Linear best-fits of titration
equivalents 1—3 and 22—30 are shown as dashed lines. Three regimes
are observed in the titration data, denoted by the labels I, II, and IIL

scopic results collected before and after photodoping of the d =
8.7 nm ZngygoFey ;O NCs prepared here, confirming the band-
edge (Figure 1A) and NIR (Figure 1B) spectral changes
associated with electron accumulation.

Figure 1AB also shows that these spectral changes are
reversed upon addition of the outer-sphere one-electron
oxidant FcBF, to remove e ¢y equivalents. The data in Figure
1A show that a significant blue-shift of the absorption edge still
remains after adding S0 FcBF, equivalents, and complete
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recovery of the original absorption spectrum requires at least
250 oxidizing equivalents, i, (f,.) ~ 250. This value is
confirmed by potentiometric titrations (vide infra).

Figure 1C summarizes the early titration data from Figure
1A,B by plotting the relative integrated NIR absorbance (800—
1400 nm) vs the number of FcBF, equivalents added to
maximally photodoped Znj ggFe( 5,0 NCs in the range of 0—30
oxidizing equivalents. Beyond 30 equiv, the NIR signal is too
weak to be reliably quantified. In undoped ZnO NCs, the NIR
absorption can be used to quantify (n) because of an
approximately linear relationship between the two,” but the
data in Figure 1 show a strikingly nonlinear relationship.
Instead, three distinct regimes (I, II, and III) are observed.
Regime I (0—4 FcBF, equivalents) is approximately linear with
a steep slope of —0.184 equiv ', indicating a large change in
NIR absorption per electron. Regime III (15—30 FcBF,
equivalents) is also approximately linear but with a much
shallower slope of —0.002 equiv_'. Regime II (5—1S equiv)
bridges the other two regimes. These data support the presence
of two distinct electron-storage reservoirs in these Zn,; Fe O
NCs.

We interpret Regime I as involving changes in the e ¢y
population. The x-intercept of a best-fit line through the data in
Regime I of Figure 1C provides a measure of the maximum
average number of delocalized CB electrons per NC achieved
via photodoping, which yields a value of (n,,,,(CB)) =~ S for
these ZnygoFe; O NCs. Regime III is interpreted as involving
changes in Fe(3d) occupancy (Fe®* <> Fe*"). The observation
that oxidative titration effectively first depletes the ZnO NC CB
and only subsequently depletes the Fe(3d) orbitals indicates an
energetic difference (AE) between the CB edge and the midgap
Fe(3d) orbitals. Specifically, these data indicate an Fe®* + ¢~
binding energy that is sufficiently large to cause electron
localization at iron. At the same time, however, the facile
removal of electrons by outer-sphere oxidants in Regimes II
and IIT also suggests that AE is sufficiently small so that the
ZnO NC CB and Fe(3d) orbitals remain in redox equilibrium

(eq 1).

Fe’*:Zn0O = ¢ 5, Fe*":Zn0O

(1)

Analysis of the data in Figure 1C provides an estimate of the
equilibrium distribution of electrons between the ZnO NC CB
and Fe(3d) orbitals, defined by the equilibrium constant in eq
2. For K4 = 0, the concentration of CB electrons ([ecg)) in
Regime II would be zero, but instead the CB remains slightly
populated because of some degree of Fe*" ionization to
generate ¢ cp. e cp] can be quantified from the NIR
absorbance beyond Regime I using the linear slope in Regime
I, which describes the absorbance per ¢ . From [e”¢g] and
the total number of Fe®* ions per fully reduced NC (245), Koy
can be determined. After removing five electrons from the
maximally photodoped Zn, 4sFe;;0 NCs (because (n,,,,(CB))
~ 5), [Fe’*] = [e"cp] and [Fe*"] = [245 — ¢ ). From Figure
1C, the NIR absorbance after removal of five electrons yields
[e"cs] = 1.25. Solving eq 2 with these numbers yields Koy
0.005 + 0.003. This estimate is subject to various sources of
potential error, e.g, from the assumption of noninteracting
electrons or from neglect of inhomogeneity within the NC
ensemble. Nevertheless, different assumed parameters produce
relatively little variation in K. Eq 3 transforms K, through the
Nernst relationship to give AE = 136 mV, which is comparable
to the binding energy estimated from variable-temperature
deep-level transient spectroscopy measurements of bulk Fe-
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doped ZnO (~190 mV)," lending credence to this analysis.
Opverall, this analysis indicates storage of ~245 excess electrons
per NC in the Fe(3d) orbitals, compared to only about five
electrons per NC in the ZnO CB. The charge-storage capacity
of colloidal ZnO NCs has thus been increased by over an order
of magnitude simply by 1% Fe doping. Interestingly, this
capacity exceeds the maximum of 150 electrons expected from
converting all Fe’* dopants to Fe?*. We surmise that
nonstoichiometric charge storage of 95 additional electrons
arises from multielectron reduction of either Zn** or Fe**. Such
additional reduction would be consistent with evidence of
partial Zn?* reduction to Zn(0) in ZnO NCs when photodoped
in the presence of excess Li*.”

K= (e cp)[Fe**]/[Fe**] )

©)

Potentiometric titration provides independent confirmation
of enhanced charge-storage capacity in these colloidal
ZnygoFeyy;O NCs and yields a quantitative measure of the
NC capacitance itself. Figure 2A plots open-circuit potentials

AE = (RT/nF)log Ky

< -1400 8.7 nm Zn,Fe,,,O
£ -1200 2.1 mV/eq
é -10004
+.  -8009 ©0,
& A
;6003 ‘ equivalence points
> .
L 4007 94nmzno )
= -2007 by
0 900004
0 50 100 150 200 250 300
Equivalents of Oxidant
-1600
— 8.7 nm Zn,,Fe,,,0O B
E [4° €0~ =& |
E -14004 07 " bQp
(&) Al/ma\ oTreee '0'0~QQ.Q ¢
= ] 7.4 mV/eq
+u(_3 -12004
‘2 13 mV/eq
5 -10004 9.4 nm ZnO
[®}
>
-800 T T T
0 5 10 15 20

Equivalents of Oxidant

Figure 2. Comparison of potentiometric titration data for undoped
and Fe-doped ZnO NCs. (A) Red: Titration data for d = 8.7 nm
ZngoFe0;0 NCs. The solid line shows the linear best fit of the data
from 20—200 equiv and has a slope of 2.1 mV/equiv. Solutions
contained 0.4 uM NC in THF with 0.1 M TBAPF, as supporting
electrolyte, and titration was performed using FcBF,. Blue: Titration
data for d = 9.4 ZnO NCs, adapted from ref 12. Titration was
performed using [Fc*][BAr",]. The difference between red and blue
potentials after removal of all electrons simply reflects the difference
between FcBF, and [Fc*][BAr,] reduction potentials. (B) Expanded
view of the data from panel A between 0 and 20 equiv of added
oxidant. Best-fit lines through the ZnggoFe( ;O and ZnO NC data are
shown as dashed red and solid blue lines, with slopes of 7.4 and 13
mV/equiv, respectively. AV, .. denotes the difference in Vj between
the two curves at maximal photodoping (zero oxidant).
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(Voc) vs added equivalents of oxidant measured for these
photodoped ZnygoFe;;;0 NCs. For comparison, analogous
data for ZnO NCs of a similar size are also plotted.'” Vi
measures the Fermi level of the colloidal suspension,
interchangeably called the redox potential. For clarity, the
data between 0 and 20 oxidizing equivalents are replotted on an
expanded scale in Figure 2B. Several key differences between
the ZnggoFe O and ZnO NCs are apparent from these data.
First, as determined from the data in Figure 1, many more
reducing equivalents are stored in the ZnygyFe;;,O NCs than
in ZnO NCs. Whereas these ZnO NCs require 20 equiv to
reach the equivalence point (the potential at which (n) = 0 and
no excess oxidant is present), the ZngygFeq;,O NCs require
250 equiv.

In contrast with the three distinct titration regimes observed
spectroscopically (Figure 1C) for the ZnggoFeyq,0O NCs, only
two regimes are apparent in the potentiometric titration data of
Figure 2A. The first extends from 0—20 equiv, encompassing
both Regimes I and II of Figure 1C. Data in this range are fit
well with a single slope of 7.4 mV/equiv. There is thus no
distinct manifestation of the transition from Regime I to
Regime II in these potentiometric titration data. The absence of
a pronounced step in this range is consistent with the presence
of a redox equilibrium between the CB edge and Fe(3d)
orbitals. Pronounced steps in potentiometric titration curves
are only observed when redox potentials differ by >180 mV.*
From 20—-200 equiv, the potentiometric data are fit to a
shallower slope of 2.1 mV/equiv. This slope is interpreted as
reflecting oxidation of an ensemble of Fe’* dopants at nearly
one single redox potential (vide infra).

Scheme 1 summarizes the electronic structure of these
Zn,_,Fe,O NCs and its relationship to that of ZnO NCs

Scheme 1. Relevant Electronic Structure Differences
between Zn,_,Fe O and ZnO NCs Deduced from
Potentiometric Titration Measurements

I
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deduced from these data. The most distinctive feature of these
ZngooFeg 0O NCs is that they possess a set of redox-active
midgap Fe(3d) orbitals situated AE ~ 136 mV below the CB
edge. The first added electrons fill these localized orbitals, and
subsequent added electrons fill the CB. The highly localized
nature of the Fe(3d) orbitals allows a large number of excess
noninteracting electrons to be stored within a single Zn,_,Fe O
NC at almost the same potential, lending these NCs very large
redox capacitances. Despite being largely localized, these
Fe(3d) electrons are still easily removed, even by solvated
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outer-sphere oxidants, because they are in equilibrium with the
CB. The three regimes identified by optical titration (I, II, and
III) are indicated in Scheme 1, and correspond to (I) removal
of ~1 CB electron per oxidizing equivalent, (II) removal of <1
CB electron per oxidizing equivalent because of refilling by Fe**
ionization to the CB, and (III) removal of ~1 Fe(3d) electron
per oxidizing equivalent. The experimental data also show more
negative potentials for the ZnjgoFeyo O NCs, illustrated here
by AV, and the CB-edge offset relative to the ZnO NCs.
The value of (n,,,(CB)) ~ S for these Znyg4Fe;;O NCs
corresponds to a charge carrier density of only ~1.4 X 10"
cm™, which is 10 times smaller than observed for comparable
ZnO NCs of the same diameter photodoped by the same
method.” The data in Figure 2 also show that the potentials of
the photodoped ZnjgoFeyoO NCs are significantly more
negative than those of the ZnO NCs, with AV, &% — 300 mV.
In colloidal CdSe NCs, surface dipoles were found to
destabilize the NC band edges, causing both more negative
band-edge potentials and the accumulation of fewer CB
electrons during photodoping.m’21 Similarly, we hypothesize
that the 95 additional electrons identified by potentiometric
and optical titration act as localized lattice anions that
destabilize additional CB electrons. This Coulombic interaction
can be assessed using the “charged sphere” model.”** Assuming
a uniform distribution of the additional localized electrons
within the NC interior, the charged sphere model predicts a
AV, . of =270 mV for these ZnggFe;q;O NCs, with each
localized charge contributing —2.84 mV on average (details
provided in the Supporting Information). For comparison with
the experimental data in Figure 2B, Figure 3 plots simulated
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Figure 3. Calculated potentiometric titration curves. Simulated
potentiometric titrations of photodoped d = 8.7 nm ZnggyFe;,O
and ZnO NCs (with and without additional localized electrons,
respectively), calculated using the “charged sphere” model.>** For
convenience, both calculations use #,,,(CB) = 20. The zero reference
energy (Eg = 0) is set as 1/&zR over the CB edge of the ZnO NCs, i.e.,
V(n = 0) = V(20 equiv) = —1/&zR.

potentiometric titration data from this model for d = 8.7 nm
ZnggoFey o0 and ZnO NCs. For convenience, the calculations
use 1, (CB) = 20 in each case, but this number does not
influence the results. Figure 3 shows that the charged sphere
model predicts a shallower titration slope for the ZnggoFejo,O
NCs than for the ZnO NCs, precisely as observed
experimentally. The calculations also predict AV, < 0 and
on the same order of magnitude as observed experimentally.
The titration slope is shallower because, compared with
undoped ZnO, titration of photodoped ZnygoFe;,O is less
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effective at reducing interelectronic repulsion: the first several
equivalents of oxidant added to maximally photodoped
Zn,_,Fe,O NCs remove only CB electrons, which eliminates
interelectronic repulsion between CB electrons but not the
destabilizing influence of the deeper localized electrons. From
these calculations, we conclude that the additional localized
electrons deduced from the titration data are also responsible
for both AV, and the difference in slopes in the experimental
potentiometric titration data of the ZnygoFe ;O and ZnO NCs
shown in Figure 2.

Finally, the experimental Vc data in Figure 2 allow
quantitative analysis of the capacitance of these NCs. As
described previously,'” the charge-storage ability of colloidal
NCs, termed the redox capacitance (C,), is inversely related to
the slope of the NC’s potentiometric titration curve. A steep
slope corresponds to a small C. Classical double-layer
capacitance (Cq) and quantum capacitance (C ) contribute
in series to C,. Cq is defined by Cq = e(dQ/du) = e’¢(E), where
¢ is the elementary charge, g(E) is the density of states at energy
E, and dQ/du is the chan§e in charge per unit change in
electrochemical potential.”>** From Figure 2, the shallower
slope between 0—20 equiv observed for the ZnggoFe; 5,0 NCs
compared to the ZnO NCs indicates enhanced NC capacitance,
and its numerical value (7.4 mV/equiv) indicates C, = 47 aF.
The smaller slope of 2.1 mV/equiv seen between 20—200 equiv
reflects an even larger value of C, = 80 aF. These large
capacitance values reflect how small changes in the solution
Fermi level cause large changes in the number of stored
electrons. Microscopically, these high capacitance values are
attributable to the redox activity of the Fe(3d) midgap orbitals,
which collectively offer a high density of states with negligible
dispersion.

Remarkably, the charge-storage capabilities of these colloidal
Zngg9Feq 00 NCs rival those found in conventional electrical
double-layer supercapacitor devices. The areal capacitance of 33
uF cm™ found here exceeds typical values for activated
carbon, %" as well as for state-of-the-art electrodes based on
metal—organic frameworks® and holey graphene,”” all of which
fall around 5 to 15 uF cm™% Normalized for NC volume, the
volumetric capacitance of 233 F cm™ observed here also
surpasses any commercial carbon-based material reported to
date. Neglecting surface ligands, which could be stripped from
the Zn, ,Fe, O NCs, these values correspond to a high
gravimetric capacitance of SO F g~'. Because C, scales with
dopant concentration (x), these colloidal Zn,_,Fe,O NCs also
offer synthetically accessible routes for increasing or optimizing
their supercapacitance.

In addition to serving as soluble supercapacitors for various
flow-type charge-storage technologies or as reversible multi-
electron reductants for redox catalysis, colloidal Zn,_,Fe , O
NCs may also be attractive as simple precursors for capacitor
electrodes. To explore this concept, we prepared electrodes
functionalized with ~100 pg of ZnygoFe,0 or ZnO NCs by
simple drop-casting of the colloidal NCs onto FTO-coated
glass (1.0 X 0.5 cm), followed by ligand removal, all at room
temperature (see Supporting Information). Figure 4 shows
cyclic voltammograms collected using these as the working
electrodes. Currents are presented as specific capacitances. A
quasi-reversible feature at ~—700 mV is tentatively assigned to
pseudocapacitive charging of Fe dopants near the NC surfaces.
With no optimization, these data already show greatly
enhanced capacitance in the ZnjgFeyyO film relative to the
ZnO film. Integration of these data yields average gravimetric
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Figure 4. Capacitor electrodes made from colloidal NCs. Cyclic
voltammograms of drop-cast ZnggoFeq ;O (red) and ZnO (blue) NCs
on FTO measured in a three-electrode cell. Data were collected at a
scan rate of 10 mV s~ from a rest Vo = —0.55 V, and were initially
swept cathodically, as indicated by the arrows. Specific capacitance
values represent the current divided by the scan rate.

capacitances of 12 F g™ for the Zng goFey,O film compared to
just 0.4 F g™' for the ZnO film. Although these gravimetric
capacitances are lower than in pseudocapacitors such as NiO or
RuO,, it may be possible to achieve gravimetric capacitances
comparable to commercial supercapacitors based on activated
carbon™" (~100 F g™') by increasing the Fe doping level or
optimizing the electrode fabrication. Overall, these data
represent a proof-of-concept demonstration that these soluble
supercapacitors can be used to prepare wired capacitors suitable
for applications such as photoelectrochemical energy storage.*’

In summary, potentiometric titration measurements reveal
very large capacitances in free-standing colloidal Zn,ggFej,0
NCs, attributable to the presence of midgap Fe(3d) orbitals
that can reversibly capture and store added electrons. The Fe**-
electron binding energy of ~136 meV is sufficiently large for
these electrons to be localized in the form of Fe** dopants, but
it is simultaneously sufficiently small that these electrons
remain in equilibrium with the ZnO NC CB and consequently
can still be easily removed by outer-sphere oxidants in solution.
These features make ZnggoFe 5O NCs attractive candidates
for high-capacitance charge-storage applications. In addition to
these properties, potentiometric titration measurements dem-
onstrate that the band edges of the ZnjgyFe;qO NCs are
destabilized by ~300 mV relative to those of analogous ZnO
NCs. Analysis of this result within the charged sphere model
suggests that these band-edge potentials are destabilized
because of new repulsive Coulombic interactions involving
CB electrons and electrons localized in midgap orbitals that are
not present in analogous ZnO NCs. Overall, these results reveal
colloidal Zn,;_[Fe,O NCs, and doped semiconductor nano-
crystals more generally, as attractive “soluble supercapacitors”
that are well suited for use in solution-phase charge-storage or
multielectron redox processes and that are also amenable to
processing for preparation of electrochemical energy-storage
electrodes.
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Detailed descriptions of experimental methods, descrip-
tion of charged sphere calculations, and nanocrystal XRD
and TEM data (PDF)
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