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ABSTRACT: Control over the charge density is very
important for implementation of colloidal semiconductor
nanocrystals into various optoelectronic applications. A
promising approach to dope nanocrystal assemblies is charge
injection by electrochemistry, in which the charge compensat-
ing electrolyte ions can be regarded as external dopant ions.
To gain insight into the doping mechanism and the role of the
external dopant ions, we investigate charge injection in ZnO
nanocrystal assemblies for a large series of charge compensat-
ing electrolyte ions with spectroelectrochemical and electro-
chemical transistor measurements. We show that charge
injection is limited by the diffusion of cations in the
nanocrystal films as their diffusion coefficient are found to
be ∼7 orders of magnitude lower than those of electrons. We further show that the rate of charge injection depends strongly on
the cation size and cation concentration. Strikingly, the onset of electron injection varies up to 0.4 V, depending on the size of the
electrolyte cation. For the small ions Li+ and Na+ the onset is at significantly less negative potentials. For larger ions (K+,
quaternary ammonium ions) the onset is always at the same, more negative potential, suggesting that intercalation may take place
for Li+ and Na+. Finally, we show that the nature of the charge compensating cation does not affect the source-drain electronic
conductivity and mobility, indicating that shallow donor levels from intercalating ions fully hybridize with the quantum confined
energy levels and that the reorganization energy due to intercalating ions does not strongly affect electron transport in these
nanocrystal assemblies.

■ INTRODUCTION

Quantum dots (QDs) are known for their tunable optoelec-
tronics properties, processability, and cheap and facile solution-
based synthesis.1 For these reasons they are promising for
optoelectronic applications such as displays,2 solar cells,1c,3 and
LEDs.1c,4 To optimize the potential of QDs for such
applications, control over electronic doping is essential.5

Traditionally, doping of semiconductors is achieved by
introducing impurity atoms into the crystal that act as electron
donors and acceptors. For QDs there have been many attempts
to dope them in a similar manner.6 However, due to charge
compensation by localized counter charges on the surface of
the nanocrystals, introduced impurities rarely contribute excess
carriers in conduction or valence states.6b Additionally,
significant distortion of the QD crystal structure even at one
dopant per QD6a can make this approach difficult. In practice, it
still remains a challenge to fully and reversibly control the
charge carrier density.6b A less invasive and potentially more
controllable approach is to use external dopants that reside
outside the QD but still dope it electronically. Chemical redox
doping has been used for this purpose.7 More recently,

photochemical doping8 has also been shown to be efficient in
tuning the charge carrier density.
However, arguably the most controllable method to dope

QD films is by electrochemical doping. In this approach,
electrons or holes are injected via an electrode, and their charge
is compensated by electrolyte ions that diffuse into the QD
film.9 Ideally, the charge compensation by electrolyte ions is
uniform due to the porous nature of QD films, resulting in a
uniform charge density and absence of band bending. This
method enables reversible carrier density tuning in a wide range
and allows the Fermi-level to be set on demand by controlling
the potential with a potentiostat. Furthermore, electrochemical
and spectroelectrochemical methods have been used to
examine many different properties of QDs such as the band
gap energies, QDs trap states, QDs valence, and conduction
band energy levels and the effect of charge injection on blinking
of the QDs.9b,10 The versatility of electrochemical methods to
dope QDs is demonstrated by the wide range of QD
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compositions studied, such as CdSe, CdTe, core−shell
quantum dots (CdSe-ZnS and CdSe-CdS-ZnS),10b,11 PbSe
quantum dot superstructures,12 Cu2S,

13 HgTe,6b and ZnO.14

For electrochemical charge injection, the charge compensating
electrolyte ions can be regarded as external dopants. It is to be
expected that the nature of these dopant ions affects the rate
and energetics of charge injection and may also influence
electron transport in these films. However, the role of the
electrolyte ions has not been studied in detail before.
Here, we investigate the role of the electrolyte cation in

electron injection into QD films. ZnO QD films were selected
as they exhibit very stable and reversible charge injection,
allowing in-depth electrochemical investigations, including
performing many different experiments on the same ZnO
QD film.7a By using differential capacitance and source-drain
electronic conductance measurements combined with spec-
troelectrochemical measurements, both the mobility of
electrons moving perpendicular through the film (out-of-
plane) during charge injection and the mobility of electrons
moving parallel to the substrate (in-plane) in a source-drain
configuration can be determined. The out-of-plane electron
mobility is shown to be 7 orders of magnitude lower than the
in-plane mobility. By performing cyclic voltammetry (CV) at
different scan rates, it is shown that the concentration and the
size of the electrolyte cation affects the electron injection rate.
We conclude that ion diffusion limits charge injection, and we
determine the diffusion coefficients for different cations.
Interestingly, cyclic voltammograms show a lower onset of
electron injection into the ZnO QDs by up to 0.4 V for smaller
ions (Li+ and Na+), suggesting that they may intercalate into
the ZnO lattice. Finally, it is shown that the size of the cation
does not affect the in-plane conductivity or mobility of the
electrons. This shows that the electrons tunnel between QDs
independent of the positive counterions. The implications of
this are discussed.

■ EXPERIMENTAL SECTION
Materials. Zinc acetate dihydrate (Zn(CH3COO)2·2H2O reagent

grade), potassium hydroxide (KOH pellets), lithium perchlorate
(LiClO4, 99.99%), tetramethylammonium hexafluororphosphate
((CH3)4N(PF6), ≥98%), tetrabutylammonium perchlorate
((CH3(CH2)3)4N(ClO4), ≥99%), tetraoctylammonium tetrafluorobo-
rate ((CH3(CH2)7)4N(BF4), ≥97%), anhydrous methanol, ethanol,
and toluene were purchased from Sigma-Aldrich. Anhydrous
acetonitrile was purchased from Alfa Aesar. Acetonitrile was dried

before use in an Innovative Technology PureSolv Micro column. All
other chemicals were used as received.

ZnO QD Synthesis. ZnO QDs were synthesized in air by a
modification of two known procedures.15 Typically, 3.425 mmol of
zinc acetate dihydrate and 50 mL of ethanol were added to a flask and
heated to 60 °C. In a separate flask, 6.25 mmol of KOH and 5 mL of
methanol were combined and stirred at room temperature. When both
reagents had dissolved, the potassium hydroxide mixture was dropwise
added to the stirred zinc acetate dihydrate mixture. The solution was
stirred for 1 min more before the heat source was removed. The QDs
were purified by adding toluene until the solution became turbid. The
flocculates were isolated by centrifugation at 2000 rpm for 1 min and
redissolved in ethanol. The QD dispersion was stored at −20 °C to
avoid further growth by Ostwald ripening.

ZnO QD Film Preparation. QD films were drop-cast on two
different types of working electrodes and annealed at 60 °C for 1 h in
air. The typical film thickness was approximately 700 nm. One type of
working electrode was indium-doped tin oxide (ITO) on glass, while
the second one was a home-built interdigitated electrode (IDE). The
IDE is a glass substrate coated with four separate gold working
electrodes prepared in house via optical lithography. These four
working electrodes provide five source-drain gaps of different
sensitivities; that is, it is possible to choose between four different
gap lengths: 8.825 mm, 6.8 cm, 0.3403 m, and 0.8548 m. An image of
the IDE is shown in the Supporting Information, Figure S1.

Electrochemical Measurements. All electrochemical measure-
ments were performed according to a procedure performed previously
with an Autolab PGSTAT128N potentiostat including an additional
dual-mode bipotentiostat BA module in a nitrogen glovebox to ensure
oxygen- and water-free conditions.13,16 The QD film deposited on the
WE is immersed in a container containing 0.1 M LiClO4 acetonitrile
electrolyte solution unless stated otherwise. The container furthermore
contained an Ag wire pseudoreference electrode and Pt sheet counter
electrode. The Ag wire pseudoreference electrode was calibrated
multiple times throughout the course of the experiments with a
ferrocene/ferrocinium couple,17 and its potential was found to be
constant at −4.79 eV vs vacuum.

Spectroelectrochemical Measurements. All spectrolectro-
chemical measurements were performed with an ITO working
electrode. In the measurements, the absorption changes were
measured with a fiber based UV−vis spectrometer, Ocean Optics
USB2000 using an Ocean Optics DH 2000 lamp as a light source.

Differential Capacitance Measurements. The differential
capacitance was measured as described elsewhere.9a The ZnO QD
film deposited on IDE serves as the WE. The same electrochemical cell
as described above was used. Potential steps of 35 mV were applied,
and after each potential step the electrochemical charging current was
measured for 5 s. The initial peak current decays quickly in about 1 s
to a constant current which is attributed to a background current of

Figure 1. Schematic representation of the (a) three electrode (spectro)electrochemical setup. The cell contains a Ag wire pseudoreference electrode,
Pt sheet counter electrode, and the sample on a working electrode. The solution is typically a 0.1 M LiClO4 acetonitrile electrolyte solution. The
steady state absorption can be measured during the electrochemical measurements. (b) The ZnO film on the IDE with Li+ or Na+ as an electrolyte
cation. The ions have intercalated into the ZnO QDs upon electron injection. The schematic includes the parallel (in-plane) and perpendicular (out-
of-plane) flow of electrons. (c) The ZnO film on the IDE with K+, TMA+, TBA+, or TOA+ as an electrolyte ion. The ions occupy the voids of the
film. The schematic includes parallel and perpendicular flow of electrons.
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the electrolyte. This background current was subtracted to obtain the
charging current of the film. To obtain the differential capacitance (in
C/V), the charging current was integrated and divided by the potential
step. By multiplying the differential capacitance (units of C/V) with
the potential (in V) the total injected charge is obtained (units of C).
Source-Drain Electronic Conductance Measurements. The

electronic conductance measurements were performed on ZnO QD
films on the IDE with a gold source-drain geometry. The width of the
source-drain gap was 25 μm while the gap length was 6.8 cm. These
measurements were performed in each potential step in the differential
capacitance measurements after equilibrium was reached. When
equilibrium was reached, the potential of WE1 was scanned in a CV
manner around the fixed potential of WE2. The change in potential for
WE1 was ±10 mV compared to the potential of WE2. The slope of the
current versus the potential gives the in-plane (or parallel)
conductance, G∥, of the film. From the conductance, it is possible to
calculate the in-plane source-drain electron conductivity, σ∥:

σ =
G w

lh (1)

where w is the source-drain gap width, l is the gap length, and h is the
height of the film. The in-plane mobility, μ∥, can then be calculated
with eq 2:

μ
σ

=
ne (2)

where n is the charge carrier density and e is the elemental charge.

■ RESULTS AND DISCUSSION
Flow of Electrons in the ZnO Film. Figure 1a shows the

experimental approach as previously described by Boehme et
al.9c,18 (Spectro)electrochemical and conductivity measure-
ments are done in an electrochemical cell with three electrodes
(for CV and for differential capacitance measurements) or four
electrodes (source-drain conductivity measurements) with a
home-built interdigitated electrode (IDE, see Experimental
Section). Two types of electron currents are monitored (Figure
1b,c): perpendicular (out-of-plane) to the electrode during
charge injection or parallel (in-plane) to the electrode during
source-drain conductivity measurements. We find that there is a
great difference between the parallel and perpendicular
conductivities.
In the electrochemical experiment, charge is injected into the

QDs. To compensate for the charge, cations flow into the voids
of the film. Here, we inject electrons into ZnO QDs film in six
different electrolyte solutions of different concentrations. From
the results it is possible to separate the different electrolyte
cations into two groups (Figure 1b,c). The former one includes
the smaller electrolyte cations, Li+ and Na+. For these ions,
electron injection occurs at more positive potential than for the

larger ions, which might be due to intercalation. The second
group includes the larger electrolyte cations K+, TMA+, TBA+,
and TOA+. They are able to diffuse into the voids of the ZnO
QDs, but their size hinders intercalation.

General Properties of Electron Injection. The ZnO QDs
were synthesized as outlined in the Experimental Section.
Figure 2a shows the absorption spectrum of the ZnO QDs in
ethanol, with the first absorbance peak around 350 nm. By
using an empirical correlation from Meulenkamp et al.19 the
diameter of the ZnO QD was calculated to be 3.8 nm. Figure
2b shows the cyclic voltammogram for a ZnO QD film on an
ITO electrode in a 0.1 M LiClO4 in acetonitrile electrolyte
solution, where the potential was scanned from 0.1 V vs the Ag
pseudoreference electrode in negative direction to −1.0 V at 25
mV/s and back to 0.1 V. The scan was repeated three times and
is completely reproducible. From the voltammogram it can be
seen that the current density starts to increase around −0.4 V
and keeps increasing until the potential is reversed. This current
density corresponds to electron injection into the ZnO QDs.9b

The symmetry and the reproducibility of these cyclic
voltammetry (CV) measurements show that the electron
injection is reversible and stable. Figure 2c shows the change
in absorption during CV for a ZnO QD film over time for three
scans. Time runs from bottom to top, and the scan starts at
−0.15 V. Around −0.5 V, a change in absorption around 350
nm can be seen which corresponds to a bleach of the band edge
absorption due to the injection of electrons in the 1Se
conduction level of the ZnO QDs (see the Supporting
Information, Figure S2).20 Like the CV measurements, the
spectroelectrochemical measurements are highly reversible and
stable. We note that this is due to the rigorous water and
oxygen free conditions of the experiments.

In-Plane versus Out-of-Plane Electron Current. We
now compare the electron current in the parallel (in-plane) and
perpendicular (out-of-plane) directions with respect to the WE
surface. Figure 3a shows the results of differential capacitance
measurements (see the Experimental Section), which we use to
calculate the total charge injected into the ZnO QD film. The
measurements were performed with a potential step of 35 mV
from 0 to −1.0 to 0 V again, on a gold IDE. In the bandgap of
the ZnO QD the current is low; however, when electron
injection occurs (∼−0.4 V, represented by red curves), an
initial peak current is seen that decays in ∼0.5 s. From Figure
3a the differential capacitance can be determined after each
potential step as described in the Experimental Section. The
outcome is depicted in Figure 3b in units of C/V and corrected
for background currents. At potentials more negative than −0.4
V, electrons are injected into the QD film (negative currents in

Figure 2. Spectroelectrochemical measurements for a ZnO QD film. (a) Absorption spectrum of a ZnO QDs suspension in ethanol. (b) Cyclic
voltammogram for a ZnO QD film on ITO in 0.1 M LiClO4 acetonitrile electrolyte solution. The scan was started at 0.1 V, which is in the band gap
of the ZnO QD, and arrows indicate the scan direction. The scan speed was 25 mV/s, and the scan is repeated three times. (c) The differential
absorption during CV scans. As electrons are injected in the conduction band of the ZnO QDs (around −0.4 V), a negative differential absorbance of
the 1Se conduction level is measured (blue area).

Journal of the American Chemical Society Article

DOI: 10.1021/jacs.8b01347
J. Am. Chem. Soc. 2018, 140, 6582−6590

6584

http://pubs.acs.org/doi/suppl/10.1021/jacs.8b01347/suppl_file/ja8b01347_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.8b01347/suppl_file/ja8b01347_si_001.pdf
http://dx.doi.org/10.1021/jacs.8b01347


Figure 3a). The amount of injected charge increases until the
scan is reversed (at −1.0 V). When the scan is reversed, the
number of withdrawn electrons (positive currents in Figure 3a)
is very close to the number of injected electrons. This again
shows the ability of ZnO to receive and release electrons
reversibly. The right axis in Figure 3b shows the density of
states, calculated from the differential capacitance, ΔQ/ΔV, and
the film volume, Vfilm, according to eq 3:

ρ = Δ
Δ

V
Q V

V V e
( )

( ) 1

film (3)

From Figure 3a it is also possible to calculate the resistance
of the film. If the film acts as a capacitor, the current response
of a step potential is given by21

= =τ

⊥

−

⊥

−⊥ ⊥I t
E

R
E

R
( ) e et t R C/ /

(4)

where E is the potential step, R⊥ is the out-of-plane film
resistance, τ⊥ is the relaxation time, also known as the RC-time,
and C is the film capacitance. We note that the charging
currents in Figure 3a are not perfectly exponential (see the
Supporting Information, Figure S3). For simplicity we therefore
determine τ⊥ as the time where the current has dropped to 1/e
of the maximum.
As the capacitance C is known directly from integrating the

current (Figure 3b) we determine R⊥ and relate it to the film
conductivity,σ⊥, by eq 5:

σ =⊥
⊥

h
A R

film

film (5)

where hfilm is the height of the film and Afilm is the area of the
film. The resulting out-of-plane conductivity, σ⊥, is plotted as a
function of applied potential for both the forward and the
backward scan (black line in Figure 3c).

For the same film, source-drain electronic conductance
measurements were performed after each differential capaci-
tance measurement (see the Experimental Section). The
corresponding source-drain currents can be seen in the
Supporting Information, Figure S4. The conductivity can be
calculated as shown in the Experimental Section. The resulting
in-plane conductivity, σ∥, is plotted as a function of applied
potential as well for both the forward and the backward scan
(red line in Figure 3c). When the two conductivities are
compared, we find that the out-of-plane electronic conductivity
is 7 orders of magnitude lower than the in-plane electronic
conductivity (10−9 vs 10−2 S/cm). As both σ⊥ and σ∥ are
determined on the same film during the same potential scan,
the charge carrier density, n, is necessarily the same, showing
that the mobility (given by μ = σ

·n e
) also differs by 7 orders of

magnitude. The charge carrier density (Supporting Informa-
tion, Figure S5) is derived by dividing the total injected charge
obtained from Figure 3b (see the Experimental Section) by the
film volume (1.4 × 10−10 m3). The in-plane mobility, μ∥ is
plotted as a red line, and the out-of-plane mobility μ⊥ is plotted
as a black line in Figure 3d.
The great difference in conductivities and mobilities can be

explained by the role of the electrolyte cations in the electronic
doping of the QD film. In the out-of-plane conductivity
electrons are injected into the film, to compensate for the
negative injected charge in the film, the electrolyte cations
diffuse into the pores of the film. Therefore, the out-of-plane
conductivity of the electrons is limited by the diffusion of the
cations. This is not seen in the in-plane source-drain
conductivity as the electrons have already been injected into
the film, and no additional charging takes place. These
experiments are performed under steady state conditions
where the electron density (and hence also the ion density)
is constant and hence diffusion of ions is not required. The in-
plane mobility varies over several orders of magnitude with

Figure 3. Differential capacitance and electronic source-drain conductance measurements. (a) Differential capacitance measurements performed on a
ZnO QD film on an IDE in 0.1 M LiClO4 acetonitrile electrolyte solution. Potential steps of 35 mV were taken, and the current was measured for 5 s
until equilibrium was reached. The potential was stepped from 0 to −1.0 V and then reversed to 0 V. (b) The differential capacitance of the QD film
with units of C/V is on the left axis, while the density of states is shown on the right axis. Arrows indicate the scan direction. (c) Calculated parallel
source-drain electron conductivity (red line) compared to the perpendicular electron conductivity (black line). (d) Difference in parallel source-drain
electron mobility (red) and the perpendicular mobility (black) on the left axis and the parallel (red) and perpendicular (black) diffusion coefficients
on the right axis.
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potential or equivalently with charge density. This is expected
for electron transport in a disordered semiconductor system.22

The maximum value of the in-plane mobility (10−1 cm2/(V s))
is found to be similar to previous experimental values of the
source-drain mobility (10−2 cm2/(V s)).20 The out-of-plane
mobility is orders of magnitude lower (10−8 cm2/(V s)).
The diffusion coefficient, D, of an ordered system can be

calculated with the Einstein relation:

μ
=D

k T
e
b

(6)

where kb is the Boltzmann constant, T is the temperature, and e
is the elemental charge. We note that the Einstein relation may
not strictly be valid in the case of strongly interacting or highly
disordered systems.22b However, for reasons of simplicity and
given the 7-orders of magnitude difference between in-plane
and out-of-plane mobilities we are interested in here, we will
disregard this effect. The calculated diffusion coefficients are
shown in Figure 3d, right axis. We find that D⊥ is ∼10−9 cm2/s.
This value is lower than for diffusion of ions in solvents.
However, such low values are not uncommon for ion diffusion
in porous solids.23 Hence, we conclude that charge injection,
and the corresponding out-of-plane conductivity, is limited by
diffusion of charge compensating cations through the porous
NC film.
Effects of the Cation on Charge Injection. To

investigate the diffusion of the counterions in more detail, we
performed scan-rate dependent cyclic voltammetry measure-
ments. The diffusion coefficient of the electrolyte cations can be
determined by the Randles-Sevcik equation which states that
for diffusion limited currents the peak current (ip) can be
connected to the scan rate (v) according to

= *⎜ ⎟
⎛
⎝

⎞
⎠i nFAC

nFvD
RT

0.4463p

1/2

(7)

where n is the number of electrons, F is the Faradaic constant,
A is the area of the working electrode, C* is the concentration
of the electrolyte, and D is the diffusion coefficient. The
Randles−Sevcik equation assumes diffusion of a reactant from a
bulk solution to a smooth electrode surface. Although a QD
film is nanoporous and not a smooth surface, this formalism is
also often used for porous electrodes,24 and we do the same. In
the Supporting Information we argue that the Randles−Sevcik
equation also holds in the porous QD film investigated here.
To see the effect of the cation concentration on electron

injection, a ZnO QD film was immersed in solutions of LiClO4
in acetonitrile with three different concentrations: 0.01, 0.1, and
1 M. CV measurements were performed with scan rates
between 0.0075 and 1.0 V/s, and the peak current density (JP)
was plotted against the scan rate (Figure 4). For increasing Li+

concentration the current density (J0) increases and the CVs
become more symmetric. Furthermore, the log−log plot of the
peak current density versus the scan rate for 0.01 M LiClO4
shows that the peak current density is linearly dependent on
the scan rates at low scan rates (<0.2 V/s) but at higher scan
rates (>0.2 V/s) it scales with √v. This behavior clearly shows
that at low scan rates charging is limited by the capacitance of
the film, while at higher scan rates the current is limited by
counterion diffusion. This diffusion limitation becomes
apparent around 0.18 V/s.
By increasing the concentration of LiClO4, the diffusion

limitations appear at higher scan rates, that is at around 0.4 V/s
for 0.1 M LiClO4 and >1 V/s for 1 M LiClO4. This shows that,
at low concentrations of the cation, the diffusion current of the
cations inside the pores of the QD film is lower. By using the
Randles−Sevcik equation, the diffusion coefficients were

Figure 4. Determination of diffusion coefficients in LiClO4 acetonitrile electrolyte solution. Cyclic voltammograms at different scan rates for a ZnO
QD film in (a) 0.01 M LiClO4 acetonitrile electrolyte solution, (b) 0.1 M LiClO4 acetonitrile electrolyte solution, and (c) 1 M LiClO4 acetonitrile
electrolyte solution. J0 stands for the current density. The panels include a peak current density versus scan rate plot on a log−log scale. The slope is
given by

d J

d v

log

log
0 , where v stands for the scan rate. The scans have negative direction, indicated by a black arrow. By increasing the electrolyte

concentration, the current and the symmetry increases. (d) Average diffusion coefficient and the standard deviation obtained from three different
measurements for different concentration of LiClO4 acetonitrile electrolyte solution.
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determined to be 7.9 × 10−8 and 6.3 × 10−9 cm2/s at 0.01 and
0.1 M, respectively. For the 1 M electrolyte solution, the peak
current density does not depend on the square root of the scan
rates within the investigated range; therefore, it is not possible
to calculate a diffusion coefficient. By increasing the
concentration of the cation, the diffusion coefficient decreases,
which shows that something is slowing the process down such
as “jamming” of cations in the pores of the film. If this is the
case, one would expect the diffusion coefficient to become
constant at lower Li+ concentrations. Figure 4d shows such
measurements for a concentration range from 10 μM to 0.1 M.
Figure 4d shows the average obtained diffusion coefficient and
the standard deviation obtained from 3 measurements. Below 1
mM concentration, a concentration independent diffusion
coefficient of ∼10−5 cm2/s is obtained.
In addition to the ion concentration, we investigate the type

and size of the cation and its effect on electron injection. In
previous studies on Cu2S

13 and CdSe9c our group has showed a
strong effect of the size of the charge compensating ions on the
reduction of nanocrystals. Furthermore, it has been shown by
Brozek et al.25 that the charge compensating cation can affect
both the injected electron stability and the chemical reduction
of ZnO nanocrystals greatly. Therefore, a ZnO QD film was
subsequently immersed in four different electrolyte solutions,
containing different cations: lithium (Li+), tetramethylammo-
nium (TMA+), tetrabutylammonium (TBA+), and tetraocty-
lammonium (TOA+). Furthermore, three different concen-
trations were investigated: 0.01, 0.1, and 0.5 M. (The solubility
of tetraalkyammonium salts in acetonitrile does not permit
experiments at 1 M). All experiments were done on the same
ZnO QD film starting from the largest cation (TOA+) to the
smallest one (Li+). Figure 5a−c shows the cyclic voltammo-
grams for the ZnO QD film in 0.01 M Li+, TMA+, and TOA+

acetonitrile electrolyte solution. For simplicity, the CVs are

plotted on the same scale, which allows for direct comparison
of the current density between the different counterions
(magnifications of the CVs including the one for TBA+ are
shown in the Supporting Information, Figure S7). As can be
seen in Figure 5a−c, increasing the size of the cation
dramatically decreases the peak current density by 1 order of
magnitude. By using the Randles−Sevcik equation, the diffusion
coefficient was determined for the different cations in 0.01 and
0.1 M acetonitrile electrolyte solutions (Table 1). As before, at

the highest concentration charge injection is not diffusion
limited in the range of scan rates investigated, and hence, it is
not possible to calculate a diffusion coefficient. Table 1 shows
that, by increasing the size of the ion, the diffusion coefficient
decreases. This trend can be seen for both concentrations. As
for Li+ the diffusion coefficient for the different ions decreases
with higher concentration.
Furthermore, Figure 5a−c shows that the onset for charge

injection is around −0.4 V for Li+ while it is around −0.8 V for
the other ions. The same difference in current and onset
potential for Li+ compared to the other cations (TMA+, TBA+,
and TOA+) can be seen at concentrations of 0.1 and 0.5 M in
acetonitrile electrolyte solution (Supporting Information,
Figures S8 and S9). To examine the difference in the onset
of charge injection for the different electrolyte cations in more
detail, two additional measurements were performed with Na+

(r+ = 116 pm) and K+ (r+ = 150 pm), which have ionic radii in

Figure 5. Cyclic voltammograms for a ZnO QD film. (a) CVs at different scan rates in 0.01 M LiClO4 acetonitrile electrolyte solution. The panel
includes a peak current density versus scan rate plot on a log−log scale. (b) CVs at different scan rates in 0.01 M TMAPF6 acetonitrile electrolyte
solution. The panel includes a peak current density versus scan rate plot on a log−log scale. (c) CVs at different scan rates in 0.01 M TOABF4
acetonitrile electrolyte solution. The panel includes a peak current density versus scan rate plot on a log−log scale. (d) CVs measured at 0.1 V/s for
different electrolyte cations in a 0.1 M acetonitrile electrolyte solution. The panel includes a plot of the threshold potential versus vacuum for the
different ions. By increasing the size of the electrolyte cation, charge injection occurs at lower potentials. The scans have negative direction, indicated

by a black arrow, and are repeated three times for every scan rate. The slope from the insets is given by
d J

d v

log

log
0 , where v stands for the scan rate and J0

stands for current density.

Table 1. Calculated Diffusion Coefficients in cm2/s for the
Four Different Cations in 0.01 and 0.1 M Concentrations

Li+ TMA+ TBA+ TOA+

0.01 M 7.90 × 10−8 1.89 × 10−8 9.18 × 10−9 2.14 × 10−9

0.1 M 6.30 × 10−9 1.24 × 10−9 7.70 × 10−10 4.61 × 10−10
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between Li+ (r+ = 90 pm) and TMA+ (r+ = 320 pm). Figure 5d
shows CV scans at 0.1 V/s for the six different ions (Li+, Na+,
K+, TMA+, TBA+, and TOA+). To make the onset of the
electron injection clearer, the current density was normalized.
An injection threshold potential Vth (vs vacuum) is determined
for every ion by identifying the first minimum in the second
derivative of the first forward scan and is shown in Figure 5d.
For K+, TMA+, TBA+, and TOA+ the threshold potentials are
very similar (∼4.06 V vs vacuum) while for Na+ (4.21 V vs
vacuum) and for Li+ (4.4 V vs vacuum) it is more positive.
We can rule out that mass transfer effects cause a different

onset of charge injection, since the CVs are fully reversible at
the low scan rates used in Figure 5d. Further, source-drain
conductance measurements, which are performed at steady
state for the different ions, show the same offset in potential
(Supporting Information, Figure S10). Therefore, the differ-
ence in potential cannot be explained by faster diffusion of the
smaller Li+ and Na+ ions. Since the differential capacitance and
total injected charge (see also below where this is discussed in
more detail) are indistinguishable for the different ions, we can
rule out that there exist differences in the portion of the film
that gets charged, due to smaller ions penetrating deeper into
the QD film. We conclude that the differences in the onset of
charge injection must reflect a true thermodynamic free energy
difference.
We believe that the observed differences with Li+ and Na+ are

due to intercalation of these ions into the ZnO QDs, while the
other ions are too large to intercalate into the ZnO QDs. Li+ is
a known interstitial donor in bulk ZnO.26 Moreover, both Li+

and Na+ have been reported to occupy interstitial sites and
form shallow donors in ZnO QDs26b and the syntheses of
intentionally Li+ and Na+ doped ZnO nanocrystals have
previously been reported.27 In fact, ZnO and ZnO nanostruc-
tures are considered as anode material in Li ion batteries that
rely on Li intercalation, albeit at more negative electrochemical
potentials.28 Kushima et al. have proven Li+ intercalation in
ZnO nanowires under large electrochemical bias by the use of
in situ transmission electron microscopy.29 Additionally, Hupp
et al.30 saw a similar trend in electrochemical charging of TiO2
where the electron injection onset was ∼0.8 V more negative
when using TBA+ compared to either Li+ or Na+. By using a
combination of reflectance and electrochemical quartz crystal
microbalance, they observed that both Na+ and Li+ intercalated
into the TiO2 while TBA+ did not due to steric hindrance. A
similar shift of the onset potential for charging with cation size
was reported by Boehme et al.9c for CdSe QD films and was
explained by the increased proximity of the charge on the
cation and the electrons. Recently Puntambekar et al.31 have

claimed Li + intercalation in CdSe QDs upon electrochemical
charge injection.
Taken together, our experimental results and the discussed

literature reports strongly suggest that Li+ and Na+ intercalate
into the ZnO lattice resulting in a less negative onset potential
for electron injection. In any case it is clear from the above
experiments that the type, size, and concentration of the
electrolyte cation affect the electron injection rate and energy
greatly.

Effect of the cation on the Source-Drain Conductivity.
The presence of dopant ions is known to strongly affect charge
transport. To investigate if this is the case, we compare the in-
plane conductivity and mobility for the different cations. Figure
6a shows the source-drain conductivity for a ZnO QD film
immersed in a 0.1 M acetonitrile electrolyte solution for four
different ions: Li+, TMA+, TBA+, and TOA+. All of the
measurements were performed with the same film starting with
the largest dopant ion TOA+. As the onset for charge injection
is different for each ion (Supporting Information, Figure S10) a
threshold potential Vth for charge injection was determined for
every ion by finding the minimum residual between the in-
plane conductivity of Li+ and the other ions (see the
Supporting Information). Figure 6a shows the conductivity
and mobility vs V − Vth. The source-drain conductivities for all
cations are very similar. Figure 6b shows the charge carrier
density of the film for the four different ions. Similar to the in-
plane conductivity, the charge carrier density is very similar for
the different ions. Consequently, the electron mobility for the
different ions, shown as the inset in Figure 6b, is also very
similar. Alternatively, the conductivity can be plotted against
the charge carrier density for the different ions, eliminating the
need to determine a threshold potential, see the Supporting
Information Figure S11. Also in this case the conductivities are
almost identical. We argue that any differences observed are
within the experimental error and that the type, size, and
location of the dopant ion (intercalating or occupying voids
between QDs) do not significantly affect the electron mobility.
This observation is remarkable if one considers that there are

various ways the cationic dopants could influence electron
transport. In bulk semiconductors, the dominant effect is
ionized impurity scattering.32 However, charge transport in
nanocrystal films typically takes place via tunneling between
NCs and not via band-like transport, with concomitant lower
mobilities and much shorter mean free paths. It is unlikely that
ionized impurity scattering will be the limiting factor for charge
transport in such systems.
Alternatively, intercalating ions could add energy levels close

to the conduction band (shallow donor levels) that may take

Figure 6. Source-drain measurements for a ZnO QD film for four different cations. (a) The source-drain conductivity for a ZnO QD film on an IDE
immersed in acetonitrile electrolyte solution for four different ions: Li+, TMA+, TBA+, and TOA+ concentration of 0.1 M. A threshold potential was
subtracted from the original potential. (b) Charge carrier density of the ZnO QD film as a function of potential for Li+, TMA+, TBA+, and TOA+

electrolyte solutions (concentration 0.1 M). The panel includes the parallel mobility for the film for the four different ions.
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part in electron transport. Interstitial hydrogen shallow donor
levels have for instance recently been shown to strongly affect
electron transport in nanoporous TiO2.

33 Hydrogen is also
known to form an interstitial donor in bulk ZnO with a shallow
donor level 58 meV below the conduction band.34 Similarly, Li+

and Na+ have been shown to form shallow donors in ZnO.26b

However, the similarity of the electron mobilities shown in
Figure 6b shows that intercalated Li+ and Na+ donor ions do
not significantly affect electron transport in this ZnO QD film.
This can be understood by realizing that in quantum-

confined crystals the shallow donor level merges with the 1Se
electron level. One can see this quickly by looking at the
equation for the exciton Bohr radius aB

πε ε
μ

ε=
ℏ

= * + *
⎛
⎝⎜

⎞
⎠⎟a

m e m m
a

4 1 1
B

r 0
2

e
2 r

e h
0

(8)

where μ is the reduced effective mass of the exciton, me* and mh*
are the relative electron and hole effective masses respectively,
εr is the relative dielectric constant of the material, and a0 =
0.53 Å is the Bohr radius of atomic hydrogen. For an interstitial
shallow donor, the Bohr radius is determined by the same
equation, except that the hole effective mass is the ion mass and
hence falls out of the equation. However, since the hole
effective mass in ZnO is much larger than the electron mass
(me* ≈ 0.24 and mh* ≈ 0.8)35 the shallow donor and exciton
Bohr radii are very similar. This implies that, if ZnO is quantum
confined, the shallow donor state will also be quantum
confined. As the 1Se electron level and the shallow donor are
delocalized over the nanocrystal it is in fact a single state, as also
concluded previously based on DFT calculations,36 which is
simply the solution to the Schrodinger equation of a particle in
a box with a positive point charge. The energy of this state is
lower than without the presence of the positive point charge, as
reflected in the lower onset of electrochemical charging for
intercalating Li+ or Na+ compared to nonintercalating ions.
Charge transport will in both of the cases of intercalating and

nonintercalating ions take place via electron tunneling between
NCs. The moderate variation in energy levels between
intercalating and nonintercalating ions apparently does not
affect the tunneling rate significantly. For the case of larger
crystals that are not quantum confined intercalating ions add
additional energy levels below the conduction band (the
shallow donor level) that may strongly affect transport, as
reported for electron transport in bulk-like TiO2 nanocrystal
films.33

Finally, it is conceivable that polarization of cations after an
electron transfer event leads to a significant reorganization
energy that may depend on the nature of the cation. In a
Marcus-type electron transport picture this can strongly affect
the electron transfer rate and hence also the electron mobility.
The fact that this is not observed suggests that there are no
significant differences in reorganization energy for the different
electrolyte ions or that the reorganization energy due to these
ions is small in all cases.

■ CONCLUSIONS
In summary, we have shown that the electrolyte cations play an
important role in electrochemical charging of QD films. Charge
injection is limited by cation diffusion, inducing a 7-fold
difference between the in plane (steady state) and out of plane
(charging) conductivity. The size of the electrolyte cations is
shown to dramatically affect the rate of electron injection, by

changing the diffusion coefficients of the cations. When the
electrolyte concentration is increased, the diffusion coefficient
of the electrolyte ions decreases, as a result of jamming of the
cations inside the pores of the film. Interestingly, for the smaller
cations, Li+ and Na+, the electron injection onset occurs at
higher potentials in the CV scans. This points to intercalation
of the Li+ and Na+ ions into the ZnO QDs while the steric
hindrance of the larger ions hinders the intercalation. Finally, it
was shown that electronic conductivity in source-drain
measurements is not affected by the type, size, or location of
the dopant ion. This observation indicates that shallow donor
levels from intercalating ions fully hybridize with the quantum
confined energy levels and that the reorganization energy due
to ions does not strongly affect electron transport in these
nanocrystal assemblies. These findings shed light on the role of
the electrolyte ions as external dopants and will help to achieve
rational design of doped semiconductor NC films of various
compositions. For instance, it is clear that the energy of charge
injection, and thereby the conduction band edge, can be
adjusted by the choice of the electrolyte cation, without
affecting charge transport properties of the doped films.
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