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Abstract

We report an unexpected enhancement of photoluminescence (PL) in CdSe based
core/shell nanoplatelets (NPLs) upon electrochemical hole injection. Moderate hole
doping densities induce an enhancement of more than 50% in PL intensity. This is
accompanied by a narrowing and blue-shift of the PL spectrum. Simultaneous, time-
resolved PL experiments reveal a slower luminescence decay. Such hole induced PL
brightening in NPLs is in stark contrast to the usual observation of PL quenching
of CdSe based quantum dots following hole injection. We propose that hole injection
removes surface traps responsible for the formation of negative trions, thereby blocking
non-radiative Auger processes. Continuous photoexcitation causes the enhanced PL
intensity to decrease back to its initial level, indicating that photocharging is a key step
leading to loss of PL luminescence during normal ageing. Modulating the potential can
be used to reversibly enhance or quench the PL, providing a pathway to electro-optical

switching.
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1. Introduction

The radiative recombination of photogenerated excitons in semiconductor nanocrystals leads
to photoluminescence and a key goal is to maximize this PL efficiency. This can be achieved
by eliminating the competing non-radiative recombination pathways. Two major non-
radiative pathways are Auger recombination and surface trap assisted recombination.!?
Auger recombination occurs in semiconductor nanocrystals hosting multicarrier states whereby
the photon energy of the exciton excites a third, free carrier which subsequently decays non-
radiatively. In nanocrystals where the surfaces are efficiently passivated®?® so that surface
recombination can be neglected, the Auger pathway limits the overall quantum efficiency.
Of course, the trion state itself generally forms following temporary trapping of one photo-
generated carrier, presumably in a surface state.%”

Even after such surface passivation by ligands or deposition of a shell layer, the PL can
still fluctuate due to the interaction of charge carriers in the band edge and trap states with
the environment surrounding the nanocrystals. For example, an oxidative environment has
been shown to reduce the luminescence intermittency in spherical CdSe/CdS nanocrystals.®
Conversely, other researchers have observed that the PL from CdSe/ZnS nanocrystals can
be enhanced or reduced in the presence of oxygen.”!? Such differences in behaviour can
arise due to differences in the synthetic protocols used for making the nanocrystals or to
differences in the chemical environment and ligand chemistry.

In order to understand these different behaviours, it is essential to study semiconductor
nanocrystals in the presence of different charge carrier populations. One approach to achiev-
ing this is by using chemical redox reagents. While chemical oxidants and reductants can be
used to fix the redox level in the environment, these agents have a fixed redox potential and
chemical byproducts from their reactions may further perturb the system.!' Hence a more
benign method is to use an electrode to provide tunable reducing or oxidising conditions.
By adjusting the electrode potential, nanocrystal environments of varying redox potential

can be created. So far, such external electrical control of the redox level has mainly focused



on isotropic quantum dots (QDs) with three-dimensional charge carrier confinement.!?14

Here we study the effects of the redox potential on the optical properties of 1D confined
nanoplatelets.

Solution-processed CdSe/Cd,Zn;_,S nanoplatelets (NPLs), where charge carriers are
confined in one dimension, have attracted a lot of interest due to their sharp spectral pro-
files and large oscillator strengths compared to quantum dots.®However, NPLs are much
more sensitive to the environment. Simple ligand exchange can induce significant shifts in
the optical spectra of these materials.'® Furthermore, the PL of NPLs is very sensitive to
oxygen and even low partial oxygen pressures can reduce the luminescence intensity.'” This
is attributed to variations in the charge carrier density of NPLs. Therefore, it is essential
to study the influence of varying degrees of carrier density on the spectral features of NPLs.
Norris et al. have proposed electrochemical charging as a means to control the charging of
nanoplatelets and related spectral broadening. ** Only a few studies have explored the effects
of electrochemical charging on the spectral and electrical properties of nanoplatelets. !"1922

This paper discusses the effect of carrier doping on the optical properties of core/shell
NPLs of CdSe. The doping level is controlled electrochemically. A dramatic increase in
PL is observed upon increasing the NPL hole density up to a threshold level. Beyond this
threshold, the PL starts to quench. Control experiments show that hole transfer from the
electrode to NPLs is solely responsible for this behaviour. Based on the simultaneous steady-
state and time-resolved photoluminescence measurements during hole injection into NPLs,
we propose that the removal of hole traps responsible for efficient negative trion generation

is the reason for the PL enhancement.

2.Results

2.1. Hole Injection. Figure la shows the photoluminescence spectra of CdSe/Cd,Zn;_,S
NPLs with 6 monolayer (ML) thick CdSe NPL cores (referred as 6ML CdSe/Cd,Zn;_,S



NPLs ) measured during a linear potential sweep from 0 to +2 V at a scan rate of 10 mV/s.
From the plot, it is clear that the PL is enhanced during the sweep. The onset of photo-
luminescence brightening occurs around +0.5 V as shown in Figure 1b. The corresponding
voltammogram has a peak around +0.75 V with an onset around +0.5 V (Figure S5b). By
the end of the potential sweep, the PL peak intensity increases by 60%. The PL intensity
follows a sigmoidal dependence on applied potential and there is a decrease in the FWHM of
the PL peak, as shown in Figure 1b,c. The peak emission wavelength, Apy, also undergoes
a small but discernible blue-shift (=~ 1.5 meV) during the potential sweep (Figure 1d). To
discharge the "positively charged’ NPLs, the electrode potential can be reset to 0 V. Such
a potential step discharges the NPLs faster than when a reverse potential sweep is applied.
During discharge, there is quenching of the PL spectra and the final intensity after 200 s is
close to, but not identical to, the initial PL intensity (Figure le, f). This strongly suggests
that the PL changes are a direct result of the presence of added charges. It should be noted
that all of these experiments are conducted under continuous laser irradiation and we later
show that the quenching happens only under continuous light excitation. Simultaneous PL
broadening and a red-shift are observed when discharging the NPLs (Figure 1g, h); however,
the recovery is usually incomplete. Note that during the anodic sweep and PL enhancement,
the corresponding NPL absorption spectrum remains unchanged. In particular, no bleaching
of the exciton band is observed (Figure S1).

PL enhancement upon hole injection is not limited to the 6ML CdSe/Cd,Zn;_,S NPLs.
Hole injection into CdSe/Cd,Zn;_,S NPLs with 4 ML thick CdSe NPL cores (referred to
as 4ML CdSe/Cd,Zn;_,S NPLs) also results in PL enhancement, irrespective of the aspect
ratio (Figure S2). The relationship between PL enhancement and aspect ratio was not
studied in detail due to slight differences in the shell thicknesses of these two nanocrystal
samples. However, we do find that pure CdS shell coated NPL sample (4ML CdSe/CdS)
exhibit similar brightening effects upon hole injection (Figure S3 a), i.e. there is a narrowing

and blue-shift of the emission spectrum (Figure S3 b, ¢). We were also unable to probe the
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Figure 1: Effect of linear sweep voltammetry on the luminescence of NPLs. (a), (b), (¢) and
(d): Photoluminescence spectra, PL intensity (Ap,= 696 nm), Full-Width Half Maximum
and Peak Emission Wavelength respectively of 6ML CdSe/Cd,Zn;_,S NPLs measured during
anodic linear sweep voltammetry from 0 V to 2 V at a scan rate of 10 mV/s. (e), (f), (g)
Photoluminescence spectra, PL intensity, Full-Width Half Maximum and Peak
Emission Wavelength respectively of 6ML CdSe/Cd,Zn;_,S NPLs measured after stepping
the potential from 2 V back to 0 V. The PL spectra are plotted relative to the PL spectrum
measured at open circuit potential (= 0 V) and the excitation wavelength was 375 nm.
Solution conditions: working and counter electrode = gold, reference electrode = Ag wire,
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effects of hole injection on core-NPLs due to aggregation in the polar solvent required for
spectroelectrochemistry, as shown in Figure S4.23 Nevertheless, the above experiments do
demonstrate that the PL enhancement observed during hole charging is a general effect for
NPLs, irrespective of NPL size, aspect ratio and shell type or thickness.

2.2. Control Experiments. To ensure the effects observed here are due to hole
injection, a number of control experiments were carried out. All of the experiments conducted
here were carried out in the absence of oxygen and in anhydrous solvents, hence oxygen and
water are not responsible for the observed brightening. We note that in a previous study
on NPLs, PL brightening in the presence of oxygen was reported.!” The surface chemistry
may also play an important role. Adsorption of surface active ligands such as alkyl amines
or halides to NPLs can passivate the nanocrystal surface and this is known to enhance the
photoluminescence.®?* Decomposition of the quaternary ammonium electrolyte salts used as
supporting electrolytes in the electrochemical experiments can also generate such species if
the applied potential perturbation is outside the electrochemical window of the electrolyte.?’
However, the absence of any voltammetric peak above the low background current, especially
at potentials near the onset of photoluminescence brightening, rules out the possibility of
such decomposition (Figure Sha). To further eliminate such possibilities and the effects of
any impurities present in the solvent or electrolyte, hole injection experiments were carried
out for different electrolyte and solvent combinations. We found that photoluminescence is
enhanced in 0.1 M TBAPFg in acetonitrile-toluene mixtures as well as in 0.1 M LiClO, in
THF (Figure S6). This again rules out the idea that the solvent or electrolyte are responsible
for the observed effects. Another possibility is that Ag™ ions leached from the silver quasi-
reference electrode react with the NPLs. This would result in a broad, near-infrared emission
which is absent in the conducted experiments.?? Finally we also checked whether the same
effects occur in thin films of NPLs, and to achieve this, the gold mesh working electrode was
replaced with an ITO electrode. NPLs were drop-cast onto the electrode directly with no

cross-linkers added. PL enhancement was also observed in this case during hole injection



(Figure S7 a, b). Together these experiments rule out the influence of impurities on the
observed enhancement and demonstrate that the photoluminescence brightening occurs as a
direct result of hole transfer from the electrode to the NPLs.

2.3. Electron Injection. The changes in the optical spectra of NPLs during cathodic
sweeps are similar to those reported previously for CdSe based QDs and NPLs. 1217:19,22,26-28
In the case of electron injection into 6ML CdSe/Cd,Zn;_,S NPLs, there is bleaching of the
absorption features during cathodic potential sweeps (Figure 2a). This is normally attributed
to filling of the lowest conduction band state. Almost complete bleaching of this transition
occurs by the end of cathodic sweeps to -2 V. PL measurements reveal that there is also
quenching and broadening of the PL spectra (Figure 2b). Both the absorption and PL
spectra show a shift in the peak wavelength during charging. In the case of the heavy hole-
conduction band transition, there is no shift during electron injection up to-1.3 V but a clear
blue-shift is observed above this potential (Figure S8c). The PL peak wavelength initially
starts to red-shift at around -0.7 V and then starts to blue-shift above -1.3 V (Figure S8d).

Figure 2¢ shows a plot of the changes in absorbance (AA) and PL intensity as a function
of the cathodic potential sweep. From these data, it is evident that the bleaching and PL
quenching both start at ~ -0.7 V. This confirms that there is no significant concentration of
electron traps in the core/shell NPLs. 1326

2.4. Time-Resolved PL Measurements. Figure 3a shows the PL decay of 6ML
CdSe/Cd,Zn;_,S NPLs measured after application of different anodic potential steps with
a duration of 600 s. Following each potential step (hole injection) and subsequent lifetime
measurements, the potential was stepped back to 0 V and this potential was applied for 800
s to fully discharge the NPLs. The PL decay at a range of potential steps from +0.5 to +2 V
was measured; however, only three decays are shown in the graph for clarity. PL decays at all
hole-charging potentials and subsequent discharging potentials are shown in the Supporting

information (Figure S9). Compared to the PL decay at the open circuit potential (OCP), the

PL decay becomes slower at +1.25 V and faster at +2 V. From the log-log plot of PL decay
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Figure 2: a) Absorption and b) photoluminescence spectra of 6ML CdSe/Cd,Zn;_,S NPLs
in 0.1 M TBAPFg in THF during a cathodic sweep from 0 to -2 V at a scan rate of 10 mV/S.
The difference in absorbance, AA, (cyan) and PL (orange) of 6ML CdSe/Cd,Zn;_,S NPLs
measured during a cathodic potential sweep from 0 to -2 V. The black dotted lines are linear
fits to the bleaching and quenching profiles. The onset for the absorption bleach is taken as
the conduction band position of the NPLs.

curves with the count normalised at 100 ns plotted in the inset of Figure 3a, it is evident that
the amplitude of short lifetime components decreases at +1.25 V and then increases at +2
V with respect to the same lifetimes measured at the OCP. A double exponential function
was used to fit the individual decay curves (I(t) = Yy + Ay exp ;—lt + Asexp ;—;) The average
lifetime (7,,) is shown in Figure 3b where 7, = %. From Figure 3a and Figure S9,
it is clear that the PL decay becomes slower upon hole injection up to +1.25 V. Beyond
this potential, the PL decay becomes faster. This is reflected in increases in the average
lifetime up to +1.25 V and then decreases beyond that up to +2 V. The inflection point in
Figure 3b corresponds to the transition potential, +1.25 V, as the system switches from PL
brightening to PL quenching. A similar PL decay response is also observed in the case of
CdSe/CdS NPLs (Figure S3d).

It is worth noting that no significant change in PL decay is observed when the NPLs are
dispersed in hexane, THF', or when the NPLs are dispersed in the electrolyte solution in the
absence of an applied potential (Figure S10). This indicates that the results presented here

are independent of the nature of the solvent.

2.5. Effect of light and shape. Increased photoluminescence can also be induced by
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Figure 3: a) PL decay measured at open circuit potential (OCP), 1.25 V, and 2.0 V . Inset
shows these PL decay curves normalised at longer time scales. Both counts and time are in
log scales. All potentials are measured against Ag QRE. b) Average lifetime calculated from
fitting PL decay curves with a double exponential function.

photoexcitation due to various light-activated surface processes including photo-annealing,
photoinduced surface rearrangement, and photo-oxidation.?*3° Hence it was important to
determine whether the excitation light had any influence on the PL enhancement and sub-
sequent recovery. To resolve this, the sample PL during an anodic sweep from 0 to +2 V
followed by a potential step back to 0 V, was measured under bright and dark conditions.
During bright measurements, the PL was measured continuously during laser excitation while
for dark measurements the sample was kept in darkness, except for brief illumination during
PL measurements i) at the beginning of hole charging, ii) at the end of hole charging and iii)
at the end of hole discharging. Figure 4a shows the PL response of 6ML CdSe/Cd,Zn;_,S
NPLs during charge-discharge cycles under dark and bright conditions. The light intensity
was kept constant during these measurements. Although the PL intensity increased during
both light and dark anodic sweeps, the enhancement was much higher for the dark anodic
sweep compared to the sweep under illumination. At the end of the anodic potential sweep,
the difference in PL intensities between dark and bright measurements was around 30%. This
suggested that the light itself was quenching the PL and the net PL enhancement observed
during illumination was due to competition between light-induced PL quenching and elec-
trochemically induced brightening. It was also observed that during the discharge potential

step back to 0 V, the enhanced PL quenched more slowly in the dark than under illumination



(Figure 4a). Similar results were observed under varying laser intensities (Figure S 11).

To reaffirm the influence of light on PL quenching, the PL enhancement during dark
charge/discharge cycles was recorded in the presence and absence of laser illumination. As
shown in Figure 4b, there was no significant change in the PL intensity during the 200
seconds of measurement in the dark (The PL was measured only briefly to minimise photo-
excitation). After this, the sample was continuously excited with laser light. A clear drop
in PL intensity (50%) occurred during this continuous illumination. The very small drop
in PL intensity which occurred during the dark conditions may have been due to the brief

excitation needed to collect the PL spectra.
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Figure 4: a) Photoluminescence intensity of 6ML CdSe/Cd,Zn;_,S measured during charge-
discharge cycles under bright (circle) and dark (square) conditions. The PL intensities are
relative to the PL intensity measured at open circuit potential(~ 0 V). The black dotted
line shows the potentials applied during the measurements. b) Enhanced PL intensity under
dark and bright conditions in the absence of applied potentials.

In order to understand whether the nanocrystal shape plays an important role, charge
injection was also carried out on CdSe/Cd,Zn;_,S QDs at similar laser intensities. These
QDs had alloyed graded shells which were similar to the graded shells of NPLs. The PL
response of these QDs during Fermi level equilibration with the electrode was similar to
that found in previous reports and in complete contrast to the behaviour found for these
NPLs. 133! In particular, we found that injecting QDs with holes quenches the PL (Figure
S7c,d) and shortens its lifetime (Figure S12¢). The absorption spectra of these QDs remains

unchanged during anodic potential sweeps. Discharging of the injected holes leads to only
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partial recovery of the PL (Figure S7c,d) as well as its lifetime (Figure S12d).

Even though electron injection into QDs and NPLs results in similar optical responses
such as exciton bleaching, PL quenching (Figure S7d), and faster PL decay (Figure S12a),
which are indicative of electron charging of CdSe based nanocrystals, a few differences are
observed between QDs and NPLs during the discharge following electron injection. The
PL intensity recovery in NPLs is higher compared to QDs (Figure S7b, d). But the most
significant difference is the slower PL decay measured following the discharge of electron-
charged NPLs compared to the PL decay measured for neutral NPLs (Figure S8f), i.e, the
PL lifetime is longer after discharge of NPLs than it is when measured initially at OCP.
In contrast, for QDs, the PL decay recovers completely after discharge to match PL decay

measured initially at the OCP (Figure S12d).

3. Discussion

In contrast to the previous reports on the spectral response of core/shell NPLs upon hole
injection, "2 the results presented in Figure 1 clearly demonstrate an enhancement in PL
during hole injection with simultaneous spectral narrowing and blue-shift (2 meV). Control
experiments show that this effect is independent of electrolyte composition, solvent, electrode
material, and the aspect ratio of the NPLs. Furthermore, the PL response upon electron
injection as shown in Figure 1b, S8 is opposite to that observed during hole injection.

We explain these effects by assuming that a negative trion state is formed in NPLs
under photoexcitation through hole trapping and that the luminescence lifetime and QY are
therefore reduced due to Auger recombination. This interpretation explains the increase in
PL quantum yield, the blue-shift in the PL spectrum since the trion state is at slightly lower
energies, and the decrease in P FWHM is also expected for the exciton state compared to
the trion state emission.

In Figure 5, we summarise the effects. Due to ambient lighting excitons are generated

11



in the NPLs. Holes are trapped on electron-rich surface traps (or on ligands), generating
negative trions. 23233 This causes a slow reduction in PL of the NPLs during ageing, due to
the onset of Auger recombination. Furthermore, as long as there are significant densities of

these surface traps, the PL is low due to this hole trapping.

—e 5 f
14
L —
Hole Trion

—_— Trapping (Low PL)
N
# /I+
Ground state \ hv
—
20 20
Exciton
(High PL)

Figure 5: Scheme for the proposed excited state generation during light excitation with and
without hole injection.

Hole injection removes electrons in dangling surface states and thereby reduces the rate
of non-radiative hole trapping during illumination. Furthermore, the hole injection enables
electrons in the conduction band to be removed. Thereafter, NPL emission occurs from the
exciton state. All three of these changes in spectral properties turn on at about +1.0 V
during the anodic scan and the effect saturates at about 4+1.5 V. This potential is close to
the valence band edge of the NPL. It seems likely that hole injection is into the valence band
with its higher density of states, followed by rapid trapping into the surface states. However,
it cannot be excluded that holes are injected directly into deep surface states.

Importantly, we do not see bleaching of the exciton transition following hole injection
during the potential sweep. Holes in the valence band should contribute to the bleaching as

observed for p-type CdTe and CdSe/CdS QDs.3%3° This shows that holes are not stable in the
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valence band and are rapidly trapped. Conversely, the absorption spectra collected during
cathodic scans shown in (Figure 2) exhibit bleaching of the exciton transition, indicating
that excess electrons are stably stored on these NPLs. These excess electrons result in
almost complete PL quenching. The time-resolved PL measured following hole injection
also indicates the reduction in negative trion population as the dominant mechanism for PL
enhancement. The reduction in the intensity of short lifetime components in the PL decay
presented in Figure 3a can be directly related to the reduction of the trion population and
indeed, such short decay components have been attributed to trions by other researchers.?¢
Our explanation is consistent with previous reports. Negatively charged species have been
reported in epitaxially grown 2D II-VI quantum wells.3"4° In the case of colloidal NPLs,
low-temperature PL measurements have confirm the existence of negative trions. 82841743
Similar studies on CdSe/CdS NPLs have reported the presence of emission features arising
from negative trions due to a shake-up process.*?

Finally, we suggest that the results in Figure 4 can be explained along the same lines.
While hole injection leads to PL brightening, the effect is reduced if there is concurrent illu-
mination. [llumination generates large equal numbers of electrons and holes and enables slow
re-filling of surface states being emptied by electrochemical hole injection. This will activate
the trapping of photogenerated holes and, in turn, leads to the negative trion generation
responsible for PL reduction.

The overall PL. quantum yield is therefore controlled by the redox potential and the plot
in Figure 3b shows there is an optimal environmental redox potential, which maximises NPL
luminescence. Increasing the hole injection removes surface electrons which facilitate non-

radiative recombination. If hole injection is too intense, positive trions may form and even

anodic photocorrosion may eventuate.
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4. Conclusion

We have studied the effect of charge carrier injection on the optical properties of NPLs.
Interestingly, photoluminescence enhancement is observed during electrochemical hole injec-
tion. This is accompanied by a blue-shift, narrowing of the emission spectrum, and slower PL
decay. Control experiments exclude the possibility of impurities or the formation of radicals
as the origin of the PL enhancement. We conclude that CdSe/Cd,Zn;_,S, and CdSe/CdS
NPLs have a strong tendency to convert to the trion state upon storage. Ambient light
leads to hole trapping on ligands or NPL surface sites and this leads directly to negative
trion formation. There is an optimum environmental redox potential, which maximises the

PL lifetime by preventing the formation of either positive or negative trion states in the NPLs.

5. Experimental Methods

Synthesis of CdSe nanoplatelets: 4 & 6 ML CdSe NPLs, alloyed CdSe/Cd,Zn;_,S,
and CdSe/CdS core/shell NPLs were synthesized as reported earlier.** CdSe NPLs with
different aspect ratios were synthesized by varying the ratio of cadmium acetate precursor.*>
CdSe/Cd,Zn;_,S QDs were synthesized according to procedures reported in the literature. 4
The synthesis yielded NPLs with sharp absorption features and relatively narrow PL (Figure
6 a, b). The core/shell NPLs had a gradient alloyed Cd,Zn;_,S shell which reduced the
lattice strain and confined the carriers effectively.4® There was a considerable red shift in the
absorption and emission spectra of the NPLs following the shelling process (See SI Table
1). The luminescence lifetime also increased significantly upon shelling (Figure 6 ¢, d)
(See also SI Table 1). TEM images revealed that the 4 ML NPLs CdSe/Cd,Zn;_,S NPLs
were rectangular with an average aspect ratio of 3.36 £+ 0.48 (Figure 6 e) while the 6ML
CdSe/Cd,Zn;_,S NPLs were square-shaped with an average aspect ratio of 1.0 & 0.1(Figure

6 f).
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Figure 6: Absorption (cyan) and emission (orange) spectra of CdSe core NPLs &
CdSe/Cd,Zn;_, NPLs with core thickness of a) 4 ML & b) 6ML in n-hexane. Spectra
of core/shell NPLs are offset along Y axis for clarity. The excitation wavelength was 375
nm. Time-resolved photoluminescence decay of NPLs with ¢) 4 ML & d) 6ML core thickness.
Cyan and orange trace in ¢) and d) represents the PL decay of core and core/shell NPLs
respectively. TEM images of core/shell NPLs of e¢) 4ML and f) 6ML core thickness. The
scale bars in e) and f) are 50 nm.

Instrumentation: Steady-state absorption spectra and fluorescence spectra were col-
lected with an Agilent 8453 UV-visible Spectroscopy System and a Fluorolog Spectrofluo-
rimeter (HORIBA Scientific), respectively. Transmission electron microscopy (TEM) images
were collected using a FEI Technai TF20 transmission electron microscope operating at
200 keV. Electrochemical measurements were done using a Metrohm Autolab PGSTAT302.
Spectroelectrochemistry (SEC) of NPLs solutions was carried out using a honeycomb elec-
trochemical cell from Pine instruments. All the solvents and electrolytes used for SEC were
dried and degassed. Details regarding the assembly of the spectroelectrochemical cell and
the drying of solvents can be found elsewhere.?¢ The working (WE) and counter electrodes

(CE) were gold and the reference electrode (RE) was silver wire. The electrolyte solution
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was 0.1 M TBAPFg in tetrahydrofuran (THF). For control experiments, 0.1 M TBAPFg
in acetonitrile and toluene (1:9) mixture and 0.1 M LiClO4 in THF were used as the elec-
trolyte solution. In case of slight precipitation, the samples were centrifuged to remove the
aggregates and the supernatant was used for measurements. Thin-film SEC was carried out
using I'TO as the WE, a gold coil as CE, and a Ag wire as RE. NPL films were prepared
by directly drop-casting the colloid onto the ITO electrode. No crosslinking or spacer lay-
ers were used for thin-film SEC. Absorption spectra during the application of potentials
were collected using an OceanOptics DH 2000 BAL light source and HR 2000 spectrome-
ter. For emission spectra, the samples were excited using a continuous wave laser source
(Shanghai Dream Lasers, A\, = 375 nm). Due to the enclosed mesh structure of the work-
ing electrode, all photoluminescence experiments were made in a collinear configuration. A
long-pass filter was used to separate the emission from the excitation beam. A custom setup
was used for time-resolved photoluminescence spectroelectrochemistry (TRPL-SEC) (Figure
S13). Nanocrystals inside the WE were excited with a pulsed laser (PicoQuant PDL 800-B
, Aex = 470 nm). The repetition rate was 5 MHz. A longpass filter was used to filter out
the excitation light from the emission. The emitted photons were then focused onto a fast
response avalanche photodiode detector (ID Quantique, ID100). A time-correlated single-
photon counting card (PicoQuant, TimeHarp 200) was used to obtain the photoluminescence
decay. Overall instrument response function FWHM was ~200 picoseconds.

Charges were injected into NPLs dispersed in an electrolyte solution by applying a po-
tential to the working electrode (WE). No visible aggregation of NPLs in the electrolyte
solutions was observed. Shifting the electrode potentials from the open circuit potential
(close to 0 V vs the Ag wire quasi-reference) to negative (cathodic) potentials resulted in
electron injection, while a shift to positive (anodic) potentials initiated hole injection. Dis-
charging was achieved by stepping the electrode potential back to 0 V. Both linear sweep
voltammetry and potential steps were applied as means to regulate the dynamics of charge

injection.
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