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ABSTRACT: Electrochemical charging of nanocrystal films opens Simulated CVs Simulated concentration profiles
up new possibilities for designing quantum dot-based device Steady-state
structures, but a solid theoretical framework of this process and its charging
limitations is lacking. In this work, drift-diffusion simulations are -
employed to model the charging of nanocrystal films and gain
insight into the electrochemical doping process. Through steady
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q q oy g g q charging
state simulations it is shown that the Fermi level and doping
density in the nanocrystal film depend on the concentration of the
electrolyte in addition to the value of the applied potential. Time- ODfilm
Fermi energy Distance

resolved simulations reveal that charging is often limited by
transport of electrolyte ions. However, ion transport in the film is
dominated by drift, rather than diffusion, and the concentration profile of ions differs substantially from concentration profiles of
diffusing redox species at flat electrodes. Classical electrochemical theory cannot be used to model this type of mass transport limited
behavior in films of nanocrystals, so a new model is developed. We show that the Randles—Sevcik equation, which is derived for
electrochemical species diffusing in solution, but is often applied to films as well, results in a significant underestimation of the
diffusion coefficients of the charge compensating electrolyte ions.

B INTRODUCTION systems is not obvious. In this work, we present a drift-
diffusion simulator that is able to simulate a broad range of
electrochemical measurements on nanoporous electrode
materials. Using this simulator, we test the validity of some
commonly made assumptions regarding the charging of these
materials.

The first assumption that is often made is that the charge
carrier concentration inside the nanoporous films is constant
and that the Fermi-level is equal to the applied electrochemical
potential. Through steady state simulations, we show the
presence of two sharp potential drops at the interfaces of
electrochemically doped semiconductor films. The first is due
to an electrical double layer at the working electrode (WE)/
QD film interface and is responsible for the change in Fermi
level in the QD film. The second however forms at the QD
film/solution interface. The presence of this potential drop
implies that not all of the applied potential changes the Fermi-

Semiconductor nanocrystals, also called quantum dots (QDs),
show promise in various optoelectronic applications, such as
displays, LEDs, photodetectors, and lasers."™ The ability to
control doping density in QDs is an important tool for the
design of these applications as it can be used to increase the
conductivity of QD films, lower the gain threshold of QD-
based lasers, or create p-n junctions inside the films.’
Compared to traditional bulk semiconductors, impurity doping
of QDs is challenging due to the formation of lattice defects
and charged surface states, making precise control over the
doping density hard to achieve.””® Electrochemical doping of
QD films has been shown to be a viable alternative to impurity
doping”™"" and can be used to simply and precisely control the
Fermi level in a QD film. Additionally, no lattice distortion
takes place as dopants are drawn from the electrolyte solution
and are present externally in the voids between QDs in the
nanoporous film.

While electrochemical doping of QD films has been Received: March 7, 2023
successfully performed, a solid understanding of the process Revised:  April 17, 2023
is still lacking. Various assumptions that hold true for Published: May 15, 2023

electrochemistry on flat electrodes are often made for
experiments on nanoporous electrodes such as QD films and
battery electrode materials,'”~'® but their validity for these

© 2023 The Authors. Published b
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Figure 1. Schematic of the experimental three-electrode setup and the one-dimensional model used in the simulations. The WE and CE mark the
edge of the simulated space, while the RE is placed in the middle of the electrolyte solution between the film/solution interface and the CE.

level inside the QD film. At an electrolyte concentration of
0.01 M, the film-solution potential drop can be as large as 10%
of the total potential. At high electrolyte concentrations (>1
M), this potential drop can be minimized to <1% of the
applied potential.

We then compare simulated cyclic voltammograms (CVs) to
experimentally obtained CVs of ZnO QD films. At high scan
rates, a square root relation between the scan rate and the
current density is observed, indicating that the current is
limited by mass transport of the cations inside the QD film.
Analysis of the concentration gradient reveals that, unlike in
flat electrode systems, the Randles—Sevcik equation does not
hold when considering charging of a nanoporous electrode.
Specifically, when an electrode material that is permeable to
ions, using the Randles—Sevcik equation to calculate the
diffusion coefficient of these ions leads to an underestimation
of 1-2 orders of magnitude.

B METHODS

The simulator was inspired by work on Ii%ht—emitting
electrochemical cells by van Reenen et al,’”’ but was
redesigned to mirror a three-electrode electrochemical cell.
An electrochemical cell with QD films on the WE is treated as
a one-dimensional system, divided numerically in multiple
(~500) lamella, as shown in Figure 1. The one-dimensional
simulated space starts at the WE, encompasses the QD film
and the electrolyte solution, and ends at the counter electrode
(CE). The reference electrode (RE) is positioned halfway
between the film/solution interface and the CE. To achieve
high spatial resolution in the film/solution interface region
without sacrificing computational performance, the space was
divided in lamella nonlinearly. The simulator considers an
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initial state, which contains starting values of the concen-
trations of electrons, anions, and cations for each lamella. It
then determines the movement of these three charge carriers
over small time steps based on the drift-diffusion equations
(see Table S1, Supporting Information). The hole concen-
tration is assumed to be zero as only negative applied
potentials relative to the open circuit potential are considered
in this work. During each time step, a midpoint method is used
to solve the Poisson equation (Table S1) and to determine the
spatial profile of the electrostatic potential for the next step.
Boundary conditions of a regular three-electrode system are
enforced, i.e, Py — Pre = Vipptied and Prg = 0 (with ¢ the
electrostatic potential at a certain position), while the
electrostatic potential at the CE is allowed to float. The true
potential at the RE (and thus the initial Fermi level) at open
circuit potential is arbitrary for the simulation, but for
comparison with experiments was set to —4.7 V versus vacuum
= 0.26 V versus SHE = —0.3 V versus ferrocene/ferrocenium
(Fc/Fc*) in acetonitrile. This value corresponds to the work
function of indium tin oxide (ITO) (used as WE) and is in
accordance with the open circuit potential of experimental
ZnO QD films (Figure S1 in the Supporting Information).”"’
The proficiency of the program in simulating the electro-
chemical behavior of three-electrode systems was confirmed by
simulating a CV of a simple reductant/oxidant pair in Nernst
equilibrium (Figure S2 in the Supporting Information). In the
actual QD film simulations, the initial state of the simulation
always consisted of an uncharged QD film, where the
concentration of electrons was zero, and an electrolyte solution
with a certain concentration of cations and anions, ¢,. An
infinite supply of ions was achieved by setting the
concentration of both ions at the RE constant at ¢, during
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the simulation. The QD film was considered to have a porosity
of 50%, with the pores filled with electrolyte solution at
concentration c,. The electron concentration in the first lamella
of the film, in contact with the ITO electrode, is governed by a
Fermi—Dirac equilibrium with the electrode:

® 1
n= 8(B)——p e dE
lec L4 FB (1)

where n is the concentration of electrons in the first lamella,
g.(E) is the density of states (DOS) function of the material, E,
is the conduction band energy level, and Eg is the Fermi level
in the first lamella, which is equal to the intrinsic Fermi level
minus the electrostatic potential (¢) in the first lamella. Thus,
as the applied potential becomes more negative, the value of
the Fermi level, Fermi—Dirac integral, and the concentration of
electrons all increase in the first lamella. Any DOS function can
be used as input in the simulator. The simulation parameters,
including the DOS function, were set at the start of the
simulation after which only the applied potential was altered to
obtain the CV curves shown in this work. Parameters used
were optimized to most closely fit experimental data of
electrochemical charging of ZnO films (see Table S2,
Supporting Information). Parameters used here were kept
consistent for every figure shown unless otherwise noted, but
any set of input parameters can be used. For performance
reasons, the simulator was written in C++ and compiled using
Microsoft Visual Studio. Simulations were typically completed
in a few minutes (for a scan rate of 1 V/s) to an hour (for a
scan rate of 0.1 V/s and steady-state simulations) on a single
core of a personal computer. Additional computational details,
equations, DOS functions, and a list of parameters that were
used in these simulations can be found in the Supporting
Information. The simulator source code and accompanying
instructions are available at GitHub: github.com/RFUbbink/
QDfilmsim.

B RESULTS AND DISCUSSION

Drift-Diffusion Simulator. For most QD materials,
experimental n-doping of QD films has proven more successful
than p-doping.'”'"'**' For this reason, we have only
considered negative applied potentials (relative to the open
circuit potential), electron injection and n-type doping, while
neglecting the presence of holes, although extension to hole
injection would be straightforward. Since the movement of
both electrons and ions is predicted by drift-diffusion theory,
this is an ideal basis for simulating the electrical behavior of
QD films in an electrochemical cell.

We designed the one-dimensional simulator to mirror a
three-electrode electrochemical cell, as shown in Figure 1. The
simulator consists of three sections: the QD film, the film/
solution interface, and the electrolyte solution. The QD film is
in contact with the WE, while the electrolyte solution is in
contact with both the RE and the CE. The film/solution
interface plays a critical role in determining the electrical
response and is therefore deserving of its own separate section.
Cations and anions can freely flow anywhere in the simulation
according to drift-diffusion theory, but electrons are confined
to the QD film. When negative potentials relative to the open
circuit potential are applied to the WE, cations migrate toward
it and an electrical double layer (EDL) develops at the WE/
QD film interface. In the EDL (typically ~1.5 nm wide), the
electrostatic potential (¢)) drops as the excess cations shield
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the negative charge of the WE. This potential drop at the WE/
film interface (Agyg) increases as the applied potential
becomes more negative. The presence of A¢ygx leads to band
bending in the QD film (see Figure S3 in the Supporting
Information) and a decrease of the QD conduction band edge
relative to the work function of the electrode. In other words,
the Fermi level of electrons in the QD film is raised (Figure
S3). If the applied potential is negative enough to raise the
Fermi level above the conduction band edge, electrons will be
injected from the WE into the conduction band of the QDs,
while additional cations will flow from the solution into the
voids of the QD film to compensate the excess negative charge.

Steady State Concentration and Potential Profiles.
Steady state solutions of the three-electrode system were
obtained by running the simulator at an applied potential of
—1.2 V versus the RE until the current was <0.1% of the
maximum current. The electrostatic potential profile and
electron concentration profile obtained for three different
electrolyte concentrations in this way are depicted in Figure 2.
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Figure 2. (A) Simulated steady state potential and (B) simulated
electron concentration profiles for electrolytes with different ion
concentrations for an applied potential of —1.2 V. The film—solution
interface is indicated at 70 nm. Both the potential and electron
concentration are constant over the remainder of the electrolyte
solution, which has been omitted for clarity. Electron concentration is
constant throughout the bulk of the film but deviates slightly at the
edges due to the EDLs.

At steady state, the electron concentration in the film is
constant and equal to the excess cation concentration in the
film: electrochemical n-doping has been achieved at a constant
concentration throughout the film. The electrostatic potential
over the film is also constant, but two sharp drops of the
electrostatic potential are observed at the interfaces of the film
(Figure 2A). The aforementioned potential drop at the WE—
film interface develops as cations are attracted to the negative
charge in the electrode and accumulate in an electric double

https://doi.org/10.1021/acs.jpcc.3c01562
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Figure 3. Comparison of experimental (A) and simulated (B) CVs of QD films. Experimental data were collected in a three-electrode cell,
employing a ZnO QD film (thickness = 700 nm) on top of an ITO WE, and a 0.1 M LiClO, acetonitrile electrolyte solution. For more
experimental details see ref 9. Excellent agreement between simulation and experiment is observed for a range of scan rates. Insets show the
relationship between the maximum current and the scan rate. In the insets, a transition from capacitance-limited charging (slope = 1, blue line) to
mass transport-limited charging (slope = 0.5, black line) is observed as the scan rate is increased in both the experimental and simulated CVs.

layer. This potential drop is the reason electrons can be
injected, as it provides the potential energy necessary to
overcome the injection barrier between the electrode work
function and the conduction band of the QDs. As A¢g . grows
larger, electrons can be injected into higher energy states, thus
increasing the equilibrium concentration of electrons in the
film (Figure S3).

The second potential drop, at the film—electrolyte solution
interface (Agpy/s), is responsible for providing the excess
concentration of cations in the film that is necessary to
compensate the charge of the electrons. Without A¢yg/s, ions
would diffuse back into the solution and no steady state would
be achieved. Migration due to A¢g/g balances this diffusion at
steady state. High spatial resolution (dx; < 0.5 nm) is needed
to simulate Agyg s accurately. Low resolution leads to an
overestimation of the potential drop: as the entire drop will be
contained in one lamella, increasing dx; will result in the same
electric field being considered over a longer distance during
integration and thus an unphysically high interface drop. A
comparison of interface potential drops calculated from
simulations at different resolutions can be found in Figure
S4. Increasing the resolution from 0.3 to 0.2 nm leads to only a
3% change in A¢pgs.

To achieve high spatial resolution at the interface without
increasing the number of lamella, a variable lamella thickness
was employed in the simulators (each of the three sections has
its own dx value). For the steady state simulations in Figure 2,
an interface resolution of 0.1 nm was used, while for the
transient simulations below a resolution of 0.3 nm was used,
achieving good accuracy without compromising the perform-
ance of the simulator.

As can be seen in Figure 2A, for a 1 M concentration of ions
in the electrolyte solution, A¢r,s is ~1% of the total applied
potential and practically the entire potential drops at the WE—
film interface. This means that the Fermi level in the
semiconductor film is raised from the intrinsic level by an
amount roughly equal to the applied potential.

At lower electrolyte concentrations, however, a larger
potential drop is observed. At 0.01 M about 10% of the
potential drops at the electrolyte solution interface. In these
low concentration conditions, the increase in Fermi level in the
film is no longer equal to the applied potential. If Agyg is
larger, A¢hg/p is smaller for the same applied potential, thus
resulting in a lower electron concentrations and lower doping
density (Figure 2B). Doping densities in these simulations
range from 0.51 to 0.42 M for electrolyte concentrations of 1
and 0.01 M, respectively (Figure SS), a difference of 21%.

9899

To achieve maximum doping density in QD films, it is
therefore favorable to increase the concentration of the
electrolyte solution. This is also important when thermody-
namic properties are derived from electrochemical measure-
ments, such as the density of electron states. This effect of the
QD-film/solution interface has previously been overlooked.

As long as steady state systems are considered, it is possible
to calculate the minimum electrolyte concentration needed to
charge a nanoporous film to a certain doping density while
keeping A¢g/s below a chosen threshold (see also derivation
S1 in the Supporting Information). When steady state has been
reached, the concentration of cations in the system follows the
Boltzmann distribution:

qrﬁ}
()

kT
where ¢ is the cation concentration, ¢, is the bulk electrolyte
concentration (assuming an infinite supply of bulk cations), q
is the elementary charge, ¢ is the electrostatic potential, k is
the Boltzmann constant, and T is the temperature. This
relation is observed in the steady state simulations shown in
Figure 2. Rewriting this distribution yields:

) o

where n is the electron concentration in the nanoporous film
and p is the porosity of that film. For example, for a film
(porosity = 50%) of QDs with a diameter of 3.5 nm (QD
volume = 22 nm’, QD “concentration” = 0.0742 M), if one
wants to charge the film with 8 electrons per QD while keeping
Agps < 2 kT (=0.052 eV at RT), this would require a
minimum electrolyte concentration of 0.16 M:

_ 0.594M
0.5 X exp(2)

c= coexp(

n
Ch =
0 Ay g

kT

o

o =016 M

(4)

Cyclic Voltammetry Simulations of QD Films. To
acquire information on the dynamics of charge injection into
QD films, cyclic voltammetry is commonly employed. Figure
3A shows such experimental CVs on a film of ZnO QDs at
different scan rates, collected and shown in prior work by
Gudjonsdottir et al.” To analyze these CVs, the scans were also
simulated. The applied potential was changed over time and
the current was recorded by counting the amount of electrons
that entered the QD film from the WE. Parameters were
chosen to mirror those of the experiments on ZnO QD films,

https://doi.org/10.1021/acs.jpcc.3c01562
J. Phys. Chem. C 2023, 127, 9896—9902


https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.3c01562/suppl_file/jp3c01562_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.3c01562/suppl_file/jp3c01562_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.3c01562/suppl_file/jp3c01562_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.3c01562/suppl_file/jp3c01562_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.3c01562/suppl_file/jp3c01562_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c01562?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c01562?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c01562?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c01562?fig=fig3&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.3c01562?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry C pubs.acs.org/JPCC
A 3.8 -4.0 4.2 4.4 4.6 4.8 B -3.8 -4.0 -4.2 -4.4 -4.6 -4.8
5 1 1 1 1 1 - 5 L 1 1 1 L —
> i r4 =
@ v g 4 v
o e &8 31 €
S S €~ > G
2 §2 21 s
o E . E—l‘ =
g~ 5§ =72 —o0avs[ 25
= 2 5 -3 —_—1 V/s 2
g 2 O 4 — oos| 7z
_ —  DOS é 5 dashed: experimental data [~ p
-12 -10 -08 -06 -04 -02 -12 -1.0 -08 -06 -04 —0.2

Potential (V) vs Fc¢/Fc* (bottom) and vs E _(top)

— electrons
---- cations
-==-anions

0.3
0.2
0.14

0.04—————— 1

Carrier concentration (M)

-08V
0.1V/s

500 750 1000 1250

Distance from WE (nm)

250

D Potential (V) vs Fc/Fc* (bottom) and vs E __(top)

0.3

— electrons
s .---cations
.E «===anions
2
[
€
[}
v
[
(s}
v
g
5 0.8V
Y 1V/s

0 250 500 750 1000 1250

Distance from WE (nm)

Figure 4. (A and B) Comparison of simulated CVs and the corresponding concentration profiles of QD films with different scan rates and the
corresponding DOS functions (blue) that were used in the simulation, at an electrolyte concentration of 0.1 M. At a scan rate of 0.1 V/s, the CV
shape is mostly determined by the shape of the DOS. The concentration profile that is observed in this near-steady state regime is visible in (C). At
higher scan rates, the current density is limited by carrier mobility and the CV shape is mostly independent of the DOS function of the material. In
this case, the current is limited by cation transport, and an accompanying concentration profile is observed (D).

and then optimized to fit to the experimental data (Table S2).
A set of simulated CVs at different scan rates is shown in
Figure 3B. With a single parameter set, excellent agreement
with experimental data is achieved across a wide range of scan
rates.

In a typical CV of a QD film, the current density is small (<1
uA/cm*) and attributed to the formation of the EDLs at the
electrodes until the applied potential is high enough to inject
electrons into the conduction band of the QDs (around —0.6
V vs Fc/Fc' in these simulations). Before this point, the Fermi
level is still in the band gap of the QDs. Once the Fermi level is
raised above the conduction band edge, significant n-type
doping starts to occur, and a negative current starts to flow.
After the applied potential has reached its minimum and the
scan direction is inverted, a positive current is observed as
electrons are extracted from the QDs and flow back into the
WE.

The electrical response of a QD film during a CV is strongly
dependent on the scan rate. When a low enough scan rate is
used (for example, 0.1 V/s for a film thickness of 700 nm), the
current density is determined by the capacitance of the film. In
this case, a linear relationship between the peak current density
and scan rate is expected, since the same amount of charge is
injected regardless of the scan rate.” In both the experiments
and simulations, this linear relation is observed for low scan
rates (insets Figure 3A,B). Under these conditions, the
simulations show that the concentration profiles of electrons
and cations over the film are nearly constant, indicating that
the film is charged with electrons in near-steady state
conditions. When low scan rates are applied, the shape of
the CV is expected to almost perfectly trace the DOS of the
QDs (save for the potential drop over the film solution
interface discussed above). This can be simulated by adjusting
the DOS function.

9900

Figure 4A,B depicts simulated CVs of materials using a
different DOS function. At a scan rate of 0.1 V/s, the two CVs
differ significantly, tracing the shape of the corresponding DOS
function. The DOS used in Figure 4A was chosen to resemble
a typical QD DOS function, featuring 3 Gaussian peaks for the
s, p, and higher energy levels. The corresponding simulated CV
resembles experimental CVs observed for CdSe QDs.''
However, experiments on ZnO QD films result in CVs with
a distinctly different shape.”'® To best fit the experimentally
observed results, we chose a DOS function that resembled that
of a bulk semiconductor (square root function of energy)
combined with some minor QD features (Gaussian peaks).
Using this DOS we were able to closely reproduce
experimental CV shapes (Figure 4B). This is in accordance
with earlier results from Brozek and colleagues, which
indicated that discrete energy levels were not visible in the
ensemble capacitance of ZnO QD films,** and generally shows
that in these drop-cast and mildly annealed ZnO QD films
quantum confinement is weak.

As long as low enough scan rates are applied, the shape of
simulated and experimental CVs shows a strong correlation
with the DOS function of the material that is used, and
simulations can be used to extract information on the DOS
function of QD materials. Qualitative DOS functions of QD
materials can be extracted by fitting experimental CVs as
shown in Figure 4, and even quantitative DOS values can be
obtained from CVs at low scan rates if the number of QDs in
the film or the film thickness and porosity are known. In Figure
4B, the quantitative DOS function that was fitted for a ZnO
QD film is plotted in cm™ eV,

At higher scan rates, however (1 V/s for a film thickness of
700 nm is used in Figure 4), the shape of the CV is mostly
independent of the DOS function of the material. The current
density is limited instead by the mobility of one of the charge
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carriers. Charge carrier mobility is related to the diffusion
coefficient through the Einstein relation:

D

'u=k_T

(5)
where p is the mobility of a charge carrier and D is its diffusion
coeflicient. Earlier work showed that electrons are typically
very mobile in ZnO QD films (electron mobility of ~0.1 cm?/
V s), while cation movement through the pores of the film is
slow (mobility of Li is ~1077 cm?/V s) and limits the speed of
charge injection.””’

In Figure 4C, it is shown that at low scan rates, the
concentration profiles of cations, anions, and electrons in the
film resemble those obtained in the steady state simulations:
the concentration of both electrons and cations is almost
constant throughout the QD film. At low scan rates (0.1 V/s),
the film is charged in near-steady state conditions.

When faster scan rates are applied (1 V/s), cation transport
is too slow to achieve constant concentrations, resulting in the
concentration profile shown in Figure 4D. This concentration
profile that develops is quite different from the concentration
profile that develops in electrochemical experiments on redox
active molecules in solution using flat electrodes. For such flat
electrode systems, it is well-known that the peak current in the
CV, iy, can be related to the mobility of the electrochemical

%:
species though the Randles— Sevdik equation:** ¢

1/2
| ’

where n is the number of electrons involved in the reaction, F
is the Faraday constant, A is the area of the WE, C* is the
concentration of the redox active molecule, v is the scan rate,
and p is the mobility of the redox active molecule. If the
Randles—Sev&ik equation holds, a square root-relationship
between the scan rate and peak current density is expected.
Such a relationship is indeed observed at faster scan rates in
both the experimental and simulated scan rate series presented
in Figure 3 (black line in the insets). For this reason, we have
carlier used the Randles—Seviik eguatlon to estimate the
mobility of cations in the QD film.”"" The Randles— Sevéik
equation is also commonly used to determine diffusion
coefficients in, e.g, battery research, where a similar process
is considered: the diffusion of ions into an electrode material
where their charge is compensated by electrons.'”'*™'® Using
the drift-diffusion simulator, we can now assess the validity of
this equation for the case of charge-compensated electron
injection into nanoporous electrodes, such as, a battery
electrode or a QD film.

In Figure S6, a series of mobilities as calculated by the
Randles—Sevéik equation is compared with the actual
mobilities as they were set at the start of the simulation.
Using the equation on the CVs obtained in the simulation
yields a cation mobility that is a factor 10—300 lower than the
real mobility, showing that the Randles— Sevdik equation is not
valid for the charging of a nanoporous film system.

This can be explained by considering the cation and electron
concentration profiles more closely: since the movement of
cations into the film is limiting, the cation concentration must
be higher near the film/solution interface and lower near the
WE. In order to maintain local charge neutrality, electron
concentrations must necessarily follow the same profile. By
solving the drift-diffusion equations for this system, it can be

nFup

= 0.4463n FAC*[
‘A
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shown that the concentration profile of cations and electrons
increases quadratically with distance from the WE/film
interface (see Table S3 and derivation S2 in the Supporting
Information), which is different from the concentration profile
observed in flat-electrode electrochemistry.

Furthermore, since both cations and electrons follow the
same concentration profile (Figure 4D), mass transport cannot
be completely diffusion controlled: if only diffusion currents
were present in the film, both cations and electrons would
diffuse toward the WE, while the direction of total electron flux
must be toward the film/solution interface during electro-
chemical charging. In the simulations, electric fields are indeed
observed, which result in a drift current inside the film that is
11 times stronger than the diffusion current (Figure S8). While
charging is still limited by the transport of the cations, drift
currents dominate in the film, rather than diffusion.

An assumption necessary for the application of the Randles—
Sevik equation is that drift current is negligible and transport
of redox species is fully diffusion-controlled. This is a
reasonable assumption for flat-electrode systems as long as
the concentration of the supporting electrolyte is significantly
higher than that of the redox species. In that case, the
supporting electrolyte will form a thin EDL at the electrode
surface, and transport of the redox species takes place outside
the EDL and is completely diffusion-controlled. Because of the
electric fields present inside the film during electrochemical
charging of nanoporous films, the system is significantly
different and the Randles-Seviik equation is not applicable.

We note that the analysis given here only holds when
considering the electrochemical charging of an electrode
material, i.e., charged ions and electrons or holes enter and
remain in the electrode material itself. Purely heterogeneous
electrochemical reactions on (nano)porous electrodes are
subtly different, and the Randles— Sevéik equation is applicable
in those cases when a supporting electrolyte is present as

shown in earlier simulations by Henstridge et al.”’

B CONCLUSIONS

One-dimensional drift-diffusion simulations were found to
accurately reproduce electrochemical experiments on the
charging of QD films, showing that drift-diffusion theory is
an excellent model to describe the movement of charge carriers
in these systems. Through steady state simulations, it was
revealed that the electrostatic potential drop is distributed over
the film/electrode interface and the film/solution interface,
with a ratio that depends on the electrolyte concentration. This
implies that the doping density that can be achieved in
nanoporous films through electrochemical charging depends
both on the applied potential and the concentration of
electrolyte ions. It was further shown that the DOS function of
QD materials can be obtained by combining simulations and
experimental CVs at low scan rates. When QD films are
charged at high scan rates, cation transport in the QD film
limits the charging speed. Contrary to earlier discussions on
this topic we show that this cation transport is dominated by
drift, rather than diffusion, and that the concentration profile of
ions is very different from that for electrochemical reactions in
solution. We show that the often-used Randles—Seviik
equation does not hold for the charging of nanoporous
electrodes but underestimates the actual ion mobility by 1-2
orders of magnitude.

https://doi.org/10.1021/acs.jpcc.3c01562
J. Phys. Chem. C 2023, 127, 9896—9902


https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.3c01562/suppl_file/jp3c01562_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.3c01562/suppl_file/jp3c01562_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.3c01562/suppl_file/jp3c01562_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.3c01562/suppl_file/jp3c01562_si_001.pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.3c01562?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c01562.

Computational details, simulation parameters, additional
simulation data, and mathematical derivations (PDF)

B AUTHOR INFORMATION

Corresponding Author
Arjan J. Houtepen — Optoelectronic Materials Section, Faculty
of Applied Sciences, Delft University of Technology, Delft
2629 HZ, The Netherlands; © orcid.org/0000-0001-8328-
443X; Email: A.J.Houtepen@tudelft.nl

Authors

Reinout F. Ubbink — Optoelectronic Materials Section,
Faculty of Applied Sciences, Delft University of Technology,
Delft 2629 HZ, The Netherlands; ©® orcid.org/0000-0001-
7714-5097

Solrun Gudjonsdottir — Optoelectronic Materials Section,
Faculty of Applied Sciences, Delft University of Technology,
Delft 2629 HZ, The Netherlands

Yan B. Vogel — Optoelectronic Materials Section, Faculty of
Applied Sciences, Delft University of Technology, Delft 2629
HZ, The Netherlands; © orcid.org/0000-0003-1975-7292

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.jpcc.3c01562

Author Contributions
All authors have given approval to the final version of the
manuscript.

Funding

This publication is part of the project Quantum Dots for
Advanced Lightning Applications (QUALITy)) with project
number 17188 of the Open Technology Programme which is
(partly) financed by the Dutch Research Council (NWO).

Notes
The authors declare no competing financial interest.

B REFERENCES

(1) Coe-Sullivan, S.; Liu, W.; Allen, P.; Steckel, J. S. Quantum dots
for LED downconversion in display applications. ECS J. Solid State Sci.
Technol. 2013, 2, R3026.

(2) Wu, Z,; Liu, P.; Zhang, W.; Wang, K; Sun, X. W. Development
of InP quantum dot-based light-emitting diodes. ACS Energy Lett.
2020, 5, 1095—1106.

(3) Yin, X; Zhang, C.; Guo, Y.; Yang, Y.; Xing, Y.; Que, W. PbS
QD-based photodetectors: future-oriented near-infrared detection
technology. J. Mater. Chem. C 2021, 9, 417—438.

(4) Park, Y.-S.; Roh, J.; Diroll, B. T.; Schaller, R. D.; Klimov, V. L
Colloidal quantum dot lasers. Nat. Rev. Mater. 2021, 6, 382—401.

(5) Shim, M; Wang, C.; Norris, D. J.; Guyot-Sionnest, P. Doping
and charging in colloidal semiconductor nanocrystals. MRS Bull.
2001, 26, 1005—1008.

(6) Makkar, M.; Viswanatha, R. Frontier challenges in doping
quantum dots: synthesis and characterization. RSC Adv. 2018, 8,
22103-22112.

(7) Mikulec, F. V.; Kuno, M.; Bennati, M.; Hall, D. A.; Griffin, R. G.;
Bawendi, M. G. Organometallic synthesis and spectroscopic
characterization of manganese-doped CdSe nanocrystals. J. Am.
Chem. Soc. 2000, 122, 2532—2540.

(8) Erwin, S. C.; Zu, L.; Haftel, M. L; Efros, A. L.; Kennedy, T. A.;
Norris, D. J. Doping semiconductor nanocrystals. Nature 2005, 436,
91-94.

9902

(9) Gudjonsdottir, S.; Van Der Stam, W.; Kirkwood, N.; Evers, W.
H.; Houtepen, A. J. The role of dopant ions on charge injection and
transport in electrochemically doped quantum dot films. J. Am. Chem.
Soc. 2018, 140, 6582—6590.

(10) Gudjonsdottir, S.; Van Der Stam, W.; Koopman, C.;
Kwakkenbos, B.; Evers, W. H.; Houtepen, A. J. On the stability of
permanent electrochemical doping of quantum dot, fullerene, and
conductive polymer films in frozen electrolytes for use in semi-
conductor devices. ACS Appl. Nano Mater. 2019, 2, 4900—4909.

(11) Guyot-Sionnest, P. Charging colloidal quantum dots by
electrochemistry. Microchim. Acta 2008, 160, 309—314.

(12) Li, L; Liu, X; Tang, L; Liu, H; Wang, Y.-G. Improved
electrochemical performance of high voltage cathode Na3V2 (PO4)
2F3 for Na-ion batteries through potassium doping. J. Alloys Compd.
2019, 790, 203—211.

(13) Kim, T.; Choi, W.; Shin, H.-C; Choi, J.-Y.; Kim, J. M.; Park,
M.-S.; Yoon, W.-S. Applications of voltammetry in lithium ion battery
research. J. Electrochem. Sci. Technol. 2020, 11, 14—25.

(14) Takahashi, Y.; Yamashita, T.; Takamatsu, D.; Kumatani, A.;
Fukuma, T. Nanoscale kinetic imaging of lithium ion secondary
battery materials using scanning electrochemical cell microscopy.
Chem. Commun. 2020, 56, 9324—9327.

(18) Li, D.; Dai, L,; Ren, X;; Ji, F,; Sun, Q; Zhang, Y,; Ci, L.
Foldable potassium-ion batteries enabled by free-standing and flexible
SnS 2@ C nanofibers. Energy Environ. Sci. 2021, 14, 424—436.

(16) Shen, J.; Wang, H.; Zhou, Y.; Ye, N.; Li, G.; Wang, L. Anatase/
rutile TiO 2 nanocomposite microspheres with hierarchically porous
structures for high-performance lithium-ion batteries. RSC Adv. 2012,
2,9173-9178.

(17) van Reenen, S.; Matyba, P.; Dzwilewski, A.; Janssen, R. A. J;
Edman, L.; Kemerink, M. A unifying model for the operation of light-
emitting electrochemical cells. J. Am. Chem. Soc. 2010, 132, 13776—
13781.

(18) Chen, M.; Guyot-Sionnest, P. Reversible electrochemistry of
mercury chalcogenide colloidal quantum dot films. ACS Nano 2017,
11, 4165—4173.

(19) Van Der Stam, W.; Gudjonsdottir, S.; Evers, W. H.; Houtepen,
A. J. Switching between plasmonic and fluorescent copper sulfide
nanocrystals. J. Am. Chem. Soc. 2017, 139, 13208—13217.

(20) Van Der Stam, W.; Grimaldi, G.; Geuchies, J. J.; Gudjonsdottir,
S.; Van Uffelen, P. T.; Van Overeem, M.; Brynjarsson, B.; Kirkwood,
N.; Houtepen, A. J. Electrochemical modulation of the photophysics
of surface-localized trap states in core/shell/(shell) quantum dot
films. Chem. Mater. 2019, 31, 8484—8493.

(21) Gudjonsdottir, S.; Houtepen, A. J. Permanent electrochemical
doping of quantum dots and semiconductor polymers. Adv. Funct.
Mater. 2020, 30, No. 2004789.

(22) Brozek, C. K.; Hartstein, K. H.; Gamelin, D. R. Potentiometric
Titrations for Measuring the Capacitance of Colloidal Photodoped
ZnO Nanocrystals. J. Am. Chem. Soc. 2016, 138, 10605—10610.

(23) Vogel, Y. B;; Stam, M.; Mulder, J. T.; Houtepen, A. J. Long-
Range Charge Transport via Redox Ligands in Quantum Dot
Assemblies. ACS Nano 2022, 16, 21216—21224.

(24) Bard, A. J.; Faulkner, L. R. Fundamentals and applications. 2001,
2, 580 —632.

(25) Randles, J. E. A cathode ray polarograph. Part I.—The current-
voltage curves. Trans. Faraday Soc. 1948, 44, 327—338.

(26) Sevcik, A. Oscillographic polarography with periodical
triangular voltage. Collect. Czech. Chem. Commun. 1948, 13, 349—377.

(27) Henstridge, M. C.; Dickinson, E. J. F.; Compton, R. G. Mass
transport to and within porous electrodes. Linear sweep voltammetry
and the effects of pore size: The prediction of double peaks for a
single electrode process. Russ. J. Electrochem. 2012, 48, 629—635.

https://doi.org/10.1021/acs.jpcc.3c01562
J. Phys. Chem. C 2023, 127, 9896—9902


https://pubs.acs.org/doi/10.1021/acs.jpcc.3c01562?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.3c01562/suppl_file/jp3c01562_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Arjan+J.+Houtepen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-8328-443X
https://orcid.org/0000-0001-8328-443X
mailto:A.J.Houtepen@tudelft.nl
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Reinout+F.+Ubbink"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-7714-5097
https://orcid.org/0000-0001-7714-5097
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Solrun+Gudjonsdottir"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yan+B.+Vogel"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-1975-7292
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c01562?ref=pdf
https://doi.org/10.1149/2.012302jss
https://doi.org/10.1149/2.012302jss
https://doi.org/10.1021/acsenergylett.9b02824?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.9b02824?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D0TC04612D
https://doi.org/10.1039/D0TC04612D
https://doi.org/10.1039/D0TC04612D
https://doi.org/10.1038/s41578-020-00274-9
https://doi.org/10.1557/mrs2001.257
https://doi.org/10.1557/mrs2001.257
https://doi.org/10.1039/C8RA03530J
https://doi.org/10.1039/C8RA03530J
https://doi.org/10.1021/ja991249n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja991249n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nature03832
https://doi.org/10.1021/jacs.8b01347?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b01347?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsanm.9b00863?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsanm.9b00863?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsanm.9b00863?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsanm.9b00863?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s00604-007-0787-y
https://doi.org/10.1007/s00604-007-0787-y
https://doi.org/10.1016/j.jallcom.2019.03.127
https://doi.org/10.1016/j.jallcom.2019.03.127
https://doi.org/10.1016/j.jallcom.2019.03.127
https://doi.org/10.33961/jecst.2019.00619
https://doi.org/10.33961/jecst.2019.00619
https://doi.org/10.1039/D0CC02865G
https://doi.org/10.1039/D0CC02865G
https://doi.org/10.1039/D0EE02919J
https://doi.org/10.1039/D0EE02919J
https://doi.org/10.1039/c2ra20962d
https://doi.org/10.1039/c2ra20962d
https://doi.org/10.1039/c2ra20962d
https://doi.org/10.1021/ja1045555?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja1045555?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.7b01014?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.7b01014?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b07788?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b07788?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.9b02908?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.9b02908?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.9b02908?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adfm.202004789
https://doi.org/10.1002/adfm.202004789
https://doi.org/10.1021/jacs.6b05848?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b05848?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b05848?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.2c09192?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.2c09192?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.2c09192?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/TF9484400327
https://doi.org/10.1039/TF9484400327
https://doi.org/10.1135/cccc19480349
https://doi.org/10.1135/cccc19480349
https://doi.org/10.1134/S1023193512060043
https://doi.org/10.1134/S1023193512060043
https://doi.org/10.1134/S1023193512060043
https://doi.org/10.1134/S1023193512060043
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.3c01562?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

