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Abstract

Solution phase spectroelectrochemistry was used to study electron injection into

colloidal CdSe quantum dots (QDs) with sizes ranging from 3.4 - 11.1 nm in tetrohy-

drofuran (THF). The absorbance and photoluminescence of the QDs were monitored

in response to both charging and discharging cycles and the optical changes were re-

versible over a timescale of minutes. Bleaching of the QD 1S3/2h1Se exciton state was

used to determine the conduction band energy levels. We found that the negative trion

state was stable in THF for hours at a time. Both the degree of bleaching and the

recovery of the exciton state depended on the applied potential. Using the Cottrell

equation, we found that between ten and one hundred and fifty electrons were injected

into the QDs, depending on the electrode potential. Most of the electron injection oc-

curred below the band edge and led to quenching of the QD photoluminescence. The

potential at which injection into these trap states occurred depended the QD surface

chemistry.
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1. Introduction

During photoredox reactions in semiconductor quantum dots (QDs), the nanocrystals ex-

change electrons and holes with the environment.1–3 The photogenerated charge carriers are

usually unstable and undergo various chemical reactions with oxygen, the solvent or the

semiconductor lattice.4–7 Excess charge carriers directly influence the PL through Auger

recombination but also indirectly may generate surface recombination centres.8,9 These mul-

tiple pathways make an understanding of the QD interface complex. In the past, electrons

have been injected into QDs in solution using reducing agents or electrically into films of

nanocrystals.10–16 Both of these methods have limitations. In the case of QD films, electron

migration between particles is poorly controlled and depends on ligand chemistry and par-

ticle packing, while in solution, chemical reducing agents cannot be turned on and off.10,15

An alternative approach is to undertake direct electrochemistry of the QDs in solution. This

has been employed previously to explore the electronic structure of QDs.17–19 However, elec-

trochemistry of CdE QDs (E = S, Se, Te) has generated mixed results. Some studies found

that oxidation and reduction during cyclic voltammetry (CV) was irreversible and this was

proposed to originate from a multielectron charge transfer coupled to a fast chemical reac-

tion.20–22 Conversely, quasi-reversible charge transfer was observed during CV of CdSe QDs

dispersed in ionic liquids and complementary redox peaks were also observed with CdTe

QDs in organic solvents.23,24 Reversible electrochemistry has been observed in thin films of

mercury chalcogenide QDs.25 Hence, it is still unclear whether electron transfer between

an electrode and a QD in solution is reversible. A related question in this regard is what

happens to the charge carrier once injected into the QD. It has been reported that injected

charges induce ligand loss from the QD surface and redox reaction of surface atoms.20,26,27

This may generate new trap states, which in turn alter the optical properties of the QD.28,29

The primary limitation with direct QD electrochemistry is that the currents are often ex-

tremely small. Spectroelectrochemistry (SEC) can be used to obviate some of these problems.

This technique has been used to study surface plasmon shifts in metal nanocrystals,30,31
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electrochromism,32 blinking,33 photobrightening34 and to determine the energy levels of the

conduction band of semiconductor nanocrystals.35,36 In solution phase, this method allows

key questions to be answered about the semiconductor and the environment. For example,

it is useful to know whether the trion state can be stabilised and whether electrons can be

injected and extracted from an electrode reversibly.

In this work, we use solution phase spectroelectrochemistry to measure the optical prop-

erties of CdSe QDs in response to electron charging and correlate the observed spectroscopic

changes with electrochemical parameters such as potential and current. The honeycomb

electrode configuration allows quantification of the charge injection process. The conduc-

tion band positions of QDs are deduced from the bleaching of exciton absorption during

the filling of conduction band states while the traps states are identified by combining the

absorbance bleaching, photoluminescence (PL) quenching and the onset of electron transfer

during charging. The optical shifts can be used to determine the stability of the trion state,

which is a key state involved in fluorescence blinking.33

2. Experimental Methods

Zincblende CdSe nanocrystals were synthesized according to literature procedures with slight

modifications.37 Briefly, 1 mmol of Cd oleate (0.5 M) was dissolved in 5 mL octadecene

(ODE) and heated to 120oC. 1 mmol of Se-ODE (0.1M) was injected swiftly into the reaction

mixture at 270oC . The reaction was stopped after obtaining the desired size. The crystals

were purified by precipitation with ethanol and subsequent resuspension in hexane or toluene.

Ligand exchange with trioctylphosphine (TOP) was achieved by adding 2 ml TOP to QDs

dispersed in 3 mL toluene and stirring overnight. It was then purified by washing with

ethanol.

CdSe/CdS(2ML) and CdSe/ZnS(2ML) synthesis: Core-shell particles were syn-
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thesized by using the method described by Kirkwood et al.38 25 nmol of CdSe cores (d =

5.24 nm, λabs = 614 nm) were dispersed in ODE. The corresponding metal oleate and oc-

tanethiol were added using a syringe pump at 300oC. After the reaction, the core-shell QDs

were precipitated by the addition of an acetone-ethanol mixture. The particles were then

redispersed in hexane for further experiments.

Characterization: Steady state absorption spectra and the fluorescence spectra were

collected with an Agilent HP8453 UV-Vis Spectrometer and a Fluorolog Spectrofluorometer

(HORIBA Scientific), respectively.

Spectroelectrochemistry: Tetrahydrofuran (THF) was dried either with activated

molecular sieves or with sodium metal and benzophenone. This was distilled and stored

under nitrogen. Tetrabutylammonium hexafluorophosphate (TBAPF6) was recrystallized

twice from ethanol and dried under vacuum. A honeycomb spectroelectrochemical cell from

Pine Research Instruments was used for SEC measurements. Such electrodes have been used

for spectroelectrochemical studies of small molecules as well as nanosized carbon dots.39,40

This system consists of a three-electrode assembly with a transparent gold mesh as the

working electrode (WE), gold as a counter electrode (CE) and silver wire as a quasi-reference

electrode (QRE). The gold mesh working electrode consists of 19 cylindrical holes. The

interior part of each cylinder is also coated with gold. The length and diameter of each

cylinder is 1.7 mm and 0.5 mm respectively (See Figure S1). The Ag QRE electrode was

calibrated with the ferrocene/ferrocenium couple in THF. The cylindrical geometry of the

working electrode offered faster electrolysis times and smaller working volumes than many

other SEC systems.41 A quartz cuvette with an optical pathlength that matched the thickness

of the working electrode was used. This enables complete electrolysis of the nanocrystals in

the cuvette. All quantum dot samples in this study were dispersed in 0.1 M TBAPF6-THF

electrolyte solution. The electrode setup was inserted through a teflon cap into a custom

made cuvette of pathlength 1.8 mm. This was sealed with quick melt polymer after filling

it with the QD electrolyte solution inside a nitrogen filled glovebox, to avoid contamination
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with O2 and water. Potential and current measurements were carried out using a Metrohm

Autolab PGSTAT302 potentiostat. Time-resolved absorption spectra were collected using

an Ocean Optics spectrometer equipped with a DH 2000 BAL light source and a USB 2000

VIS-NIR spectrometer. To probe the PL of QD reduced inside the cylindrical electrode,

the sample was excited with a 400 nm CW laser and the emission was collected in a 180o

configuration. A long pass filter was used to block the excitation light.

3. Results

3a. Calibration of SEC electrode: The SEC electrode system was calibrated using

the ferrocene/ferrocenium couple (See Figure S2). This system yielded a redox potential of

0.150 V vs Ag QRE. Literature gives 0.440 V vs SCE in THF. Hence to obtain values vs the

calomel reference, we have used ESCE = Emeas + 0.290V. The chronoamperometric data of

2 mM K3[Fe(CN)6] in 1M KNO3 was used to extract the effective surface area of the gold

mesh using the Cottrell equation. We found a value of 0.48 cm2 very close to the geometric

area of 0.50 cm2 (see SI.) The initial open circuit potential of the QD solution in de-aerated

THF was close to 0 V vs the Ag+/Ag QRE.

3b. Spectral responses upon charging and discharging: Upon application of a ca-

thodic potential step to -1.8 V, the absorbance of the CdSe QD (d = 5.24 nm, λabs = 614

nm) solution began to change immediately as shown in Figure 1a, where the absorbance at

614 nm corresponding to the first exciton transition is shown. The exciton band undergoes

strong bleaching. Typically it took around 600 seconds for the absorbance to plateau at

a new value. This figure also shows that when the potential step was changed from -1.8

V back to 0 V, the absorption signal immediately began to recover. Notably, the recovery

step was often faster than the initial absorption changes. Both increases in absorption as

well as bleaching were observed but all time traces showed the same kinetics. The recovery
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of the absorption spectrum was faster in the first 100 s and more than 90% of the initial

absorbance of all bleached peaks had recovered at this point. Importantly, the absorbance

always recovered completely, indicating that electrochemical changes were reversible over

these timescales.
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Figure 1: (a) Bleach profile of absorption peaks of CdSe QD capped with oleate ligands (d
= 5.24 nm, λabs = 614 nm) during the entire time duration (1200 s) of a double potential
step. The black dotted line indicate the corresponding potential step. Duration of each step
(τ) was 600 s. Solution conditions: The QD was dispersed in 0.1 M TBAPF6 in dried and
de-aerated THF with OD at exciton peak equal to 0.27. This corresponds to a concentration
of 2.5 µM of QD in electrolyte solution. The WE and CE were gold electrodes and a Ag
wire was used as QRE. (b) The entire absorbance spectra (upper panel) and corresponding
difference spectra (lower panel) of the same QD measured during a double potential step of
-1.8 V (red traces) and 0 V (blue traces)vs Ag QRE.

Time dependent spectra collected during cathodic charging to -1.8V and during the sub-

sequent discharge at 0V are presented in Figure 1b. When the -1.8 V potential step was

applied, bleaching occurred in the absorption spectra, with peaks at 614 nm, 575 nm, and

513 nm. A new absorption peak evolved at 550 nm and 3 isosbestic points were observed at

563 nm, 542 nm, and 480 nm. There was no evidence for new peaks below the first exciton

peak or for red-shifts in the absorption spectrum.

Similar changes in the absorption spectra were observed when the QDs were subjected to a

potential sweep measurement (See Figure S5a). The magnitude of the absorbance changes
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was lower compared to those obtained during the potential step experiments due to the faster

timescales involved. Figure 2a shows the exciton bleach of QD (d = 3.94 nm) measured dur-

ing linear sweep voltammetry (LSV) from 0 V to -2 V at different electrode scan rates (ν).

The absorption spectra exhibited no change below -1.5 V. Above this potential (i.e. at more

negative potentials), the absorption spectra started to bleach. The onset potential for the

bleach was independent of the scan rate. However, the bleach at lower scan rates was larger

than that at higher scan rates.
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Figure 2: (a) Exciton bleach obtained during LSV of QD (d = 3.94 nm, λabs = 580 nm) at
various scan rates. The region of the bleach profile from 0V to -1V is omitted for clarity (b)
Bleach profile of the exciton peak of QDs of different size during the linear potential sweep
from 0 V to -2 V at a scan rate ν = 10 mV/s. The solution conditions for both measurements
were the same in Figure 1 except the OD at exciton peak was 0.15. (c) Conduction band
potential obtained using SEC and DPV was plotted against absolute scale and Ag QRE
potential. These values were compared with different experimental values reported in the
literature.35,42,43

The potential at which bleaching of the CdSe exciton peak started depended on the

particle size, as shown in Figure 2b. Larger QDs underwent bleaching at less cathodic

potentials than smaller QDs. In these experiments, the absorption at the exciton peak was

always 0.15. Note this means the particle concentration was higher for the smaller QDs.

Nevertheless, a more negative potential was still required to induce bleaching of the same

magnitude. Furthermore, the magnitude of the bleach was higher in larger QDs compared

to smaller QDs. In the case of the largest QDs studied with a diameter of 11.1 nm, the

bleach almost saturated at -2.0 V but for smaller QDs, the bleach would have required even
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more cathodic potentials. By fitting the bleach profile, the onset potential for bleaching

of different sized QDs was determined. The bleach profile was fitted using two separate,

straight lines: one for the baseline and the other for the rising part of the bleach profile. The

intersection point of these straight lines was taken as the reduction potential of the QD (See

Figure S5b).44

Unfortunately, although the spectroscopic changes suggested that electron transfer was

reversible, the corresponding voltammograms exhibited eitherno peaks at all or there were

multiple, poorly defined peaks (see Figure S4a). In order to measure the charge transfer

to the conduction band states more accurately, differential pulse voltammetry (DPV) was

employed. Broad but distinct peaks were observed during the scans (See Figure S4b & c).

During anodic scans, the peaks were even broader than those obtained during cathodic scans

and these were often limited by the electrochemical window of the electrolyte system. The

DPV scans were sensitive to the history of the sample and this resulted in less intense peaks

during multiple scans. The conduction band potentials estimated using both SEC and DPV

are plotted in Figure 2c. The values show good agreement with those reported in the liter-

ature.35,42,43

The SEC system was placed on an optical table and the QD photoluminescence was then

measured during electrochemical cycling. The set-up enabled both the PL spectra and the

relative intensity to be obtained. Figure 3a shows the quenching of the PL of QD (d =

5.24 nm, λabs = 614 nm, λem = 624 nm) during a cathodic potential sweep (red traces) and

its recovery after a potential step to 0 V was applied for 200 s (blue traces). During the

cathodic linear sweep, the PL started to decrease once the potential was below -1.5 V and

the initial PL signal was quenched by more than 75% by the end of the sweep. The recovery

upon applying a potential step to 0 V was slow compared to the PL quenching and only

30% of the initial value was recovered after 200 s. The exciton absorption bleaching and PL
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quenching of QD (d = 5.24 nm) during the LSV are plotted in Figure 3b. From the plot, it

clear that the photoluminescence began to be quenched at a less negative potential than the

absorption spectra. This suggested that electron transfer occurs at potentials more positive

than those leading to exciton bleaching. PL quenching was probed for different sized QDs

as well as shelled QDs during potential sweeps. For all the QDs, irrespective of the size or

shells, PL quenching began at around -0.5 V (See Figure S8).

Figure 3c presents the recovery dynamics of the exciton bleach from -2V to different

cathodic electrode potentials. The QDs were firstly subjected to a linear potential sweep

from 0 to -2 V at a scan rate of 10 mV/s to inject electrons. A second potential step to

various more positive values, (Erec), was then applied for 100 s (See Figure S10a). For the

case where Erec = 0 V, almost 90% of the exciton bleach recovered within 10 s and complete

recovery was observed within 100 s. A similar quantitative recovery was observed at -0.2

V. Setting Erec to more negative values slowed down the bleach recovery. When Erec was

set to -0.4 V, only 80% of the bleach was recovered within 100 s. On applying -0.6 V and

-0.8 V, around 36% and 18% of the initial exciton state absorption had recovered after 100

s respectively.

Figure 3d shows the quenching and recovery of the PL in core and core-shell QDs in

response to a potential sweep-step measurement. A similar potential sequence was applied

to the experiments in Figure 3c except that Erec was held at 0 V for a duration of 400 s.

Following the LSV, the emission intensity was reduced. The CdSe core QDs showed the

largest reduction in PL with only 25% of the initial PL retained at the end of the LSV

excursion to -2V. The PL increased to a value corresponding to 40% of the initial value on

stepping the applied potential back to 0 V. In the case of CdSe/CdS core-shell QDs, 30%

of the initial PL intensity was retained at -2V and this increased to 70% upon stepping the

potential back to 0 V. For ZnS coated particles, around 36% of PL intensity was retained

following electron injection and more than 80% of the PL intensity had recovered by the end

of 400 s.
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Figure 3: (a) (red trace): The PL measured during LSV of CdSe QD (d = 5.24 nm, λabs =
614 nm, λem = 624 nm) from 0V to -2V; (blue trace): PL of the same QDs when the potential
step was re-set to 0 V for 200 s. (b) A comparison of the change in exciton absorption and
PL of the same CdSe QD during a potential sweep from 0 V to -2 V. (c) The change in
the exciton absorbance during electron injection and its recovery at different potentials. A
linear potential sweep from 0 V to -2 V was applied to inject electrons (ν = 10 mV/s). This
was followed by a potential step to different values (Erec) for a duration of 100 s to study the
influence of electrode potential on the recovery of electrons injected into the exciton states.
(d) The change in the PL emission intensity of CdSe (Green curve), CdSe/CdS (Red curve)
and CdSe/ZnS (Blue curve) in response to a similar potential sequence except the duration
of Erec was 400 s. The core-shell particles were coated with octanethiol and oleic acid. The
solution conditions in all these measurements were similar to the condition described in
Figure 2
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The data above indicated that there were two types of electron transfer. At high cathodic

bias, injected electrons were transferred from the electrode directly into the exciton state,

leading to bleaching of that transition. However at much lower potentials electrons were

still injected. These did not lead to direct bleaching of the exciton absorption on these time

scales but they did quench the PL. These electrons must have been transferred into surface

traps. They did not seem to transfer back to the electrode as quickly as electrons in the

exciton states. The rate of recovery and the degree of recovery was also affected by the

presence of shell layers on the QD. This suggested that trap states figured prominently in

the ”sub-exciton” electron injection.

3c. Chronoamperometry of CdSe QDs: To explore the electron injection at ”sub-

bandgap potentials”, potential steps of varying duration were applied to QDs with four

different surface modifications. For the first sample, we used QDs with the standard oleate

capping. For the second sample, we replaced the oleate ions by addition of trioctylphosphine

(TOP). In the third and fourth samples, we used CdS and ZnS as shell layers respectively.

Figure 4a shows the applied potential step sequence (black trace) from 0V to -2V (vs Ag

QRE) and the resulting bleach profiles for QDs with three different sizes, all coated with

oleate ions. Here an ”injection potential step” and ”recovery potential step” were applied

alternately. The duration of each potential step, called τ hereafter, was 100 s. The rest

of the traces in Figure 4a comprise the exciton bleach profiles for three, differently sized,

oleate capped QDs in response to the potential steps. As with the sweep measurements, the

QDs exhibited a size-dependent response with larger QDs bleaching at lower potentials and

exhibiting larger bleaches.

CdSe QDs (d = 5.24 nm, λabs = 614 nm) were used for the ligand exchange and shelling.

In this way, the responses obtained for both ligand exchanged and shelled QDs could be

directly compared to the responses from the parent, oleate capped QDs. Figure 4b shows

the bleach profile of CdSe QDs capped with cadmium oleate and after exchange with tri-

octylphosphine (TOP). After exchange, there was no change in the absorption spectrum (See
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Figure 4: (a) Exciton bleach profile of CdSe QD with three different sizes: 6.90 nm (blue),
5.24 nm (green) and 3.94 nm (red) in response to the potentials steps illustrated in black.
The QDs were capped with oleate ions. The duration of each step (τ) is 100 s. (b) Exciton
peak bleach profile of CdSe QD coated Cd-oleate and TOP (d = 5.24 nm). (c) Exciton
peak bleach profile of CdSe/CdS and CdSe/ZnS. The dotted line indicates the onset of
bleach. (d) Exciton absorbance bleach of QD (d = 5.24 nm) when potential step duration
τ is varied. The black trace shows the applied potential. The red trace corresponds to the
bleach when τ = 100 s and blue trace to the bleach signal when τ = 600 s. (e) Bleaching
of QDs with three different sizes at low potentials when τ = 600 s. There was no strict
size dependence compared to the bleaching of exciton peak when τ = 100 s. (f) Absorbance
bleach for CdSe/CdS (blue trace) and CdSe/ZnS (red trace) when the τ was 600 s. The
solution conditions were the same as those in Figure 2
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Figure S3a).45 However, when the QDs were subjected to the same potential step, the bleach

started at 300 mV above the onset bleach potential for oleate capped QDs. The black dotted

line in Figure 4b shows the extrapolated potential for the onset of the bleach signal. The

magnitude of the bleach was also reduced with TOP.

To further test the effect of inorganic passivation on the electron injection, the QDs were

shelled with 2 monolayers of CdS and ZnS. Coating with CdS led to a red-shift of the first

exciton peak by 10 nm, while there was a blue-shift of 8 nm when the QD was coated with

ZnS (See Figure S3b). The bleach profiles of these two types of QDs in response to a po-

tential step ( τ = 100 s) are plotted in Figure 4c. It is evident that the potential for onset

of the bleaching of the exciton peak in the shelled QDs moved to a higher, more cathodic

potential relative to the core CdSe QDs. However, the bleach profiles of these two shelled

materials also differed. CdSe/CdS QDs started to bleach at -1.1 V compared to -1.5 V for

CdSe/ZnS QDs. Furthermore, the magnitude of the bleach in the case of CdSe/CdS QDs

was approximately twice that of the bleach observed for CdSe/ZnS QDs. Bleaching at lower

potentials, observed for CdSe cores, was eliminated in ZnS coated particles but not in the

case of CdSe/CdS QDs. Bleach features observed with CdSe/CdS QDs were similar to those

observed with CdSe QDs, except the induced absorption at 550 nm observed in CdSe was

merged with other bleach features in CdSe/CdS spectra. ZnS coated particles were entirely

different. They exhibited a new broad peak around 475 nm after electron injection (See

Figure S11c & d).

The period of equilibration at each potential was important. When τ was set to 600 s,

the onset of the bleach in CdSe QDs (d = 5.24 nm) started around -0.5 V as displayed in

Figure 4d. The exciton peak also recovered when the potential was stepped back to 0 V. In

Figure 4e, similar low potential bleaching when τ = 600 s was found in other QDs and the

onset potential of the bleach was similar i.e. -0.5 V. The bleaching was also found to increase

with increase in concentration. Unlike the bleaching when τ was 100 s, this bleaching was
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present in both CdSe/CdS and CdSe/ZnS (Figure 4f). This indicates that neither the size

of the QD nor the surface chemistry influenced the formation of the trion state at when τ

was long enough.
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Figure 5: I-V data collected during CdSe QD electrochemistry (d = 5.24 nm, λabs = 614
nm).[CdSe] = 1.46 µM. The solution conditions were the same as in Figure 2. (a) Measured
current (red) at the gold mesh working electrode during a series of potential steps (blue). (b)
Cottrell plot of the current vs t−0.5 at different potential steps. The plot shows the cathodic
current measured during intermediate time scales of potential step. The total duration of
each step (τ) was 100 s . (c) The number of electrons injected at different cathodic potential
step for QDs of three different size estimated using the Cottrell equation.

Figure 5a shows the background subtracted current resulting from the potential step (τ=100

s) described above. The reference was the same solvent and electrolyte but in the absence of

the CdSe QDs. A negative current was recorded when an injection potential was applied and

a positive current was measured when the potential was stepped back to 0 V. As the poten-

tial step was raised, the resulting current also increased but the magnitude of the cathodic

current was always larger than the anodic current when the potential was stepped back to

0V. The current was found to be proportional to the inverse square root of time (
√

1/t)

(See Figure 5b), which suggests the Cottrell equation may be applicable. Integration of the

Cottrell equation was used to determine the number of electrons injected. Unlike normal

molecular redox chemistry, this number was not fixed but was a function of potential. The

number of electrons injected into QDs of different sizes during the cathodic potential steps is

shown in Figure 5c. Up to 150 electrons were injected at high cathodic bias and the number
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increased with QD size. It should be also noted that the potential onset for electron transfer

in all QDs occurred at ∼ -0.5 V.

4. Discussion

The results presented here clearly demonstrate that: (i) electrons can be facilely transferred

into CdSe QDs in solution from a gold electrode in THF and that they can also be quickly

extracted. As a result the degree of exciton bleaching and its recovery can be controlled

through the applied potential; (ii) the injection potential depends on particle size but not

the scan rate; (iii) the PL is quenched by electron injection but not completely. Further-

more, quenching begins at potentials below where electrons are injected into the exciton

states. PL quenching is therefore due to electrons in surface traps; (iv) although significant

number of electrons are transferred to each particle, only those injected into the 1Se state

strongly bleach the absorption spectrum of the QD.

The data have been collected using a honeycomb mesh electrode and it is worth consid-

ering the role of the electrode. We note first of all that there are two time constants in

the cylindrical SEC geometry. At short times, QDs within the cylindrical pores diffuse to

the gold mesh and undertake electron transfer. At much longer times, QDs diffuse from

the reservoir to the mesh. The data up to 600 seconds here are primarily due to QDs re-

acting within the pores.41 This geometry allows analytical equations to be applied to the

current-time response as shown in the SI and elsewhere.41,46 A wide electrochemical window

is obtained by dispersing the QDs in THF and using TBAPF6 as electrolyte. However, this

places some limits on the stabilizers used to prevent colloid aggregation. The ligands must

provide a strong steric barrier and also must be able to prevent “salting out” at the high

ionic strength used. As a result, long chain surfactants are needed. This in turn means that

electrons are transferred through surfactant molecules coating the gold electrode and also
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around the QDs. Hence electrons effectively tunnel through a low dielectric bilayer. The

blank electrolyte itself does not exhibit any changes in absorbance in response to applied

potentials. In order to avoid the intercalation of metal ions into the QD lattice at negative

potentials, electrolytes containing bulky organic ions have been used.47

4a. Spectroelectrochemistry of CdSe QD in solution: The spectroelectrochemical

changes observed and described in section 3b show some parallels to those observed during

spectroelectrochemistry of CdSe QD films but there are also key differences.48 Bleaching of

the absorption spectra in response to the cathodic bias results from the injection of electrons

into the conduction band or exciton state of the QD. The bleach features are similar to those

reported in the literature.13,32,35 However no red-shift of the spectrum is observed. This is

usually attributed to a Stark effect on the exciton state in thin film SEC. Nevertheless large

numbers of electrons are injected. Hence in solution phase SEC, the Stark effect must be

reduced due to strong cation binding to the QD in response to electron transfer.48 The bleach

at 614 nm and 575 nm in Figure 1b can be correlated to the occupation of 1Se states and thus

blocking the 1S3/2h-1Se and 2S3/2h-1Se transitions respectively. The appearance of a new peak

at 550 nm can be attributed to an induced absorption as a result of charging the QD.49,50

The bleach feature at 513 nm is assigned to the blocking of the 1P3/2h-1Pe transition. The

kinetics of charging and discharging of QD exciton states can be extracted from the time-

resolved absorption spectra measured during the potential steps if one assumes that the

bleach is linear with the probability of occupation. The bleach and recovery of absorption

spectra during these measurement are comparable to those observed in thin film SEC.

Even after multiple electrochemical cycles (for over 100 mins.) of the potential between -

1.5 V and 0 V with τ = 600 s, no blue shift, loss of absorbance or evidence for QD aggregation

is observed. These observations highlight the excellent colloidal stability of QDs reduced

using solution phase SEC and show that electron transfer is highly reversible and does not

lead to cathodic dissolution, i.e. the negative trion state is quite stable in nitrogen saturated

THF. However we do note that the exciton bleach does increase with cycling, as shown in
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(See Figure S6). The reasons for this have not been explored.

The magnitude of the exciton peak bleach signal is affected by the scan rate. In Figure 2a,

the onset of the bleach signal starts more or less at the same potential but slower scan rates

results in bigger bleach signals. An inverse relationship is observed between the scan rate and

the magnitude of the bleach signal in contrast to the square-root scan rate (
√
ν) dependence

predicted by the Randles-Sevcik equation. However, this behaviour is in accordance with

the trend observed in molecular SEC where absorbance changes are found to be directly

proportional to the charge transferred and inversely proportional to the scan rate.51 Hence

slow scan rates are preferable for obtaining the maximum optical response and therefore all

the sweep measurements have been carried out at ν = 10 mV/s.

4b. Determination of conduction band edge potentials: Bleaching of exciton

peaks in response to a potential sweep is often exploited to estimate the reduction potentials

of QDs because well-defined voltammetric peaks are difficult to observe during QD CV.17,20,21

The onset potential for bleaching can be correlated to the reduction potential of QDs or the

position of the 1Se state since bleaching of the exciton peak should begin when the electrode

Fermi level lies close to this level. The reduction potential of QDs of various sizes has been

extracted from the potential at the onset of bleaching by fitting the bleach profile.44 DPV

measurements are reported to provide a better estimate of the redox potentials of QDs,

because it is difficult to measure significant Faradaic current against the background current

during LSV.52 We still observe multiple peaks during DPV (Figure S4b & c). Even so

sensible values for the 1Se energy level can be gleaned, as shown in Figure 2c. Band edge

potentials from literature are compared here and these have been determined by different

methods including: SEC on CdSe QD films coated with alkylthiols,35 PESA on QD capped

with TOPO42 and CV of CdSe QDs passivated with carboxylate ions and TOPO.43 More

accurate values might be possible once the ligand chemistry can be accounted for. Our

measurements are in good agreement with the pseudopotential calculations of Jasieniak et

al.42 and we conclude that SEC is a useful method for measuring the energy levels of QDs.
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4c. Stability of excess electrons in conduction band: As shown in Figure 1, there

is strong bleaching of the exciton state upon electron injection. The bleach signal is stable

for hours provided the electrode is maintained at this potential. If the electrode is stepped to

a more positive potential, the electrons are re-extracted. The rate and degree of extraction

strongly both depend on the electrode potential, as shown in Figure 3c and Figure S10b &

c). This does not prove unambiguously that the injected electrons reside continuously in the

1Se state. If they relax into trap states, the QD could pick up a further electron from the

electrode. However, such a relaxation process would necessarily be slow since it takes some

600 seconds for all the QDs in the optical pathway to diffuse to the electrode. Significantly,

even after a long period at -1.8 V, the electrons are rapidly extracted if the potential is

stepped to 0V vs QRE. For intermediate potentials, the bleach signal recovers more slowly,

showing that there is a kinetic barrier to back electron transfer, as seen in Figure 3c. The

rate of back transfer also depends on the QD size, with smaller particles exhibiting faster

bleach recovery. Similar potential dependent recovery profiles were obtained for other QDs

of different sizes (See Figure S10b & c). A similar slow recovery of the exciton bleach has

also been reported for photodoped and chemically reduced CdSe nanocrystals, which was

attributed to midgap electron traps.26,53

The PL quenching is very sensitive to electron injection and quenching begins at much

more positive potentials compared to the absorbance bleaching as shown in Figure 3b. In

the case of QDs of size 5.24 nm, the absorbance starts to bleach at -1.5 V whereas the onset

of PL quench starts at around -0.5 V. This demonstrates that (i) unoccupied surface states

do exist on the QD; (ii) direct electron transfer into these surface states can occur and (iii)

such injected electrons interact with excitons, reducing radiative recombination, compared

to the uncharged state. The slow recovery of PL, as shown in Figure 3a, indicates there is

a high activation barrier for back transfer. This was in contrast to the PL recovery kinetics

observed during thin film SEC.54

In the presence of a CdS or ZnS shell, the number of trap states is reduced, as evident from
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the smaller PL loss during cathodic sweeps. The PL also recovers to a greater extent although

it still lags the recovery in absorption. This shows that these shells reduce the number of

surface traps. However the PL does begin to decrease at the same potential, irrespective of

the ligand (oleate or TOP) or the presence of a shell, at around -0.5V. This is in contrast

to the recent results published by Houtepen et al., who observed a shift in the potential for

onset of PL quenching in CdSe/CdS QD films with different shell thickness during potential

sweeps.55 However, the dramatic increase in the recovery rate for shelled particles compared

to the core can be attributed to the elimination of traps which are responsible for the trapping

of electrons injected. Our result shows that ZnS shells are better at eliminating such traps.

4d. Kinetics of Electron Transfer: The number of electrons injected into the exciton

state of QDs is usually derived from the exciton absorption bleach. Since the degeneracy of

this state is 2, injecting two electrons should in principle completely bleach the absorption

peak. For example, from the bleach and recovery profile of QD shown in Figure 1a, we have

calculated the number of electrons injecting into the QD. We find that a maximum of 1.4

electrons are injected at the end of a cathodic potential step of -1.8 V. All of these electrons

are extracted back from the CB upon reversing the potential (See Figure S7a).

However, the current measurements carried out here (see Figure 5a) indicate that far

more electrons are injected and as we show below, Fermi level equilibration requires far

more than 2 electrons. We find that the cathodic injection current is always higher than the

recovery (anodic) current. This implies there is hysteresis associated with electron transfer

between the electrode and surface states, even though there is faster, reversible transfer

between the 1Se state and the electrode.

Electron transfer is therefore complex. Even in the absence of stray background currents,

there is the double layer charging current for the electrode and the QD itself has a double

layer capacitance. As the gold electrode is ramped to more negative potentials, the driving

force for electron transfer increases and should become diffusion limited. However, unlike

reduction of say ferricyanide ions, where the number of electrons is fixed at n=1, here the
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number being transferred is a strong function of the applied potential. We find that the

Cottrell equation is obeyed even though the current is still rising and is potential dependent.

This seems contradictory but we believe this reflects the fact that even during diffusion-

limited, Brownian encounters with the electrode, the number of electrons being transferred

depends on the number of surface states available.

The linearity of current vs
√

1/t plot demonstrates that the electron transfer is diffusion

controlled. In the diffusion-limited region, the measured current (id) can be related to the

time (t) and the number of electrons injected (n) through the Cottrell equation (modified

for cylindrical electrodes):41,46

id = nFAC

(√
D

πt
+
D

2r

)

where F is the Faraday constant, A is the effective electrochemical surface area, D is the

diffusion coefficient, C is the initial concentration andr is the radius of the cylinder. The

linear portion of the id vs
√

1/t plot at intermediate timescales is selected for fitting to

avoid the contribution of non-Faradaic current at short time scales and the effects of planar

diffusion at longer time scales (See Supporting information for details).

From the slope of id vs
√

1/t, the number of electrons injected into the QD can be

calculated. We consistently find that the Cottrell equation cedes numbers up to 150 at

high negative biasses. Two different trials of QDs of the same size as well as experiments

at two different concentrations have yielded similar numbers (See Figure S7b). Such large

electron counts have been previously reported in nanocrystals. In the cases of colloidal

silver and colloidal gold nanoparticles, thousands of electrons are injected per particle.30,31

Bard et al. has estimated the passage of around 50 electrons at redox peak potentials in

CdS QDs.56,57 Another calculation using electrochemical measurements on CdS has also

yielded electron counts in the hundreds.57 By correlating the broad band edge tail in the

absorbance of chemically reduced CdSe to the electron present in surface states,around 8-10
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electrons have been estimated to reside in surface states.11 A recent calculation based on

titration of chemically reduced CdSe QDs (with a similar surface chemistry to that used

in our experiments) yielded around 50 electrons localised on surface states.26 Hence these

numbers seem consistent with other studies.

Finally, if we assume that a QD in 0.1 M electrolyte is a spherical capacitor and the

double layer capacitance is controlled by a Helmholtz layer whose thickness is determined by

the length of the C18 chains on the capping ligands, then typical values would be of order K

= 20 µF cm−2. To charge this double layer from 0V to -1V would require of order Q = K *

V = 140 electrons for a QD with radius 3 nm. The TBA+ ions would act as the counterions

at the outer Helmholtz plane. This suggests it is not unreasonable to have more than 100

electrons transferring during encounters with the gold electrode. However, it is surprising

that these charges do not have more impact on the exciton transition.

4e. The Role of Ligands: In order to investigate the influence of surface species the

surface chemistry can be altered. The bleach profile of TOP passivated QDs (τ = 100 s)

varies significantly from that obtained from the parent QD. From the absorption spectra of

these particles, it is evident that the TOP is not electronically interacting with the exciton

states since the position of exciton peak before and after ligand exchange is identical. Hence

the shift in the onset potential of bleach as well as reduction in its intensity observed after

TOP passivation can be only attributed to the change in surface chemistry. Anderson et

al. have reported the displacement of Z type ligands from the surface of QD with L type

ligands.45 Here a similar mechanism is postulated, i.e. the cadmium oleate ions are replaced

by alkylphosphine molecules, thereby reducing the concentration of surface Cd sites but

increasing the concentration of exposed Se sites. The QD surface chemistry shifts from being

‘Cd rich’ to ‘Se rich’.58 Since Cd 5s orbitals are the likely source of electron accepting surface

states, TOP can reduce their concentration, and push the onset for electron transfer to more

negative potentials. In the case of shelled QDs, the ZnS reduces the current significantly

compared to the core CdSe QDs. The surface zinc ions are poorer electron acceptors than Cd
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ions. However, we cannot exclude the possibility that the injected electrons are also reducing

oxidized surface selenium sites. Tsui et al. injected electrons using photodoping and they

suggested that the reduction of surface chalcogenide species is responsible for photodoping.27

Jha and Guyot-Sionnest also proposed that the PL quenching might be due to the reduction

of oxidized selenium species.54

Conclusions

We have undertaken spectroelectrochemistry of CdSe QDs dispersed in THF. The SEC ab-

sorption data are similar and comparable to those obtained from thin film SEC except for

those influenced by interparticle interactions. From the bleach profile of QDs, the conduction

band potentials have been determined. The decay kinetics of injected electrons from the CB

of QDs are found to be potential dependent. Calculations based on chronoamperometric

measurement indicate the passage of ten to hundred fifty electrons into the QD, depending

on the applied potential and size of the QD. Two different types of trap activation have been

found during the application of potential steps. This is supported by the bleaching of ab-

sorption, PL quenching and the transfer of electrons at potentials well below the conduction

band edge. By manipulating the surface chemistry of QD in these experiments, we ratio-

nalise that this current results in reduction of surface cadmium and chalcogenide species.

Remarkably we find the negative trion state is stable for hours and that the excess electrons

can be readily extracted.
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Geometry of working electrode

Figure S 1: (a) Diagram of the spectroelectrochemical cell. (b) Enlarged view of the working
electrode which consists of 19 cylindrical holes. The interior of the cylinder is coated with
either gold or platinum. The length and diameter of each cylinder is 1.7 mm and 0.5 mm
respectively.

Calibration of the electrode
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Figure S 2: (a) Cyclic voltammetry of ferrocene in 0.1 M TBAPF6 in THF at different scan
rate (ν) (b) Cottrell plot of current measured for (blue square) of 2 mM ferricyanide in 1 M
KNO3. The inset shows the corresponding chronoamperometric curve.

Determination of effective electrochemical Area: Chronoamperometry was used

to determine the effective area of the SEC electrodes. In the diffusion-limited regime, the

measured current (id) can be related to the time (t) and the number of electrons injected
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(n) through the Cottrell equation:

id = nFAC

√
D

πt

where F is the Faraday constant, A is the effective electrochemical surface area, D is the

diffusion coefficient and C is the initial concentration. This holds true only for a planar

electrode and is widely used in electrochemistry to determine the number of electrons involved

in a redox reaction, the diffusion coefficient of an analyte and the area of the workkking

electrode. Due to the cylindrical geometry of the working electrode, cylindrical diffusion

takes place at the working electrode. Solving for the transient current time relationship in

the cylindrical diffusion case adds a constant component and an augmentative component

(whose magnitude increases with time) to the usual Cottrell equation.

id = nFAC

(√
D

πt
+
D

2r
−
√

D3t

16πr4
+
D2t

8r3
+ .......

)

If the potential step experiments are conducted on a shorter time scale, the augmentative

component fades away and the equation reduces to the usual Cottrell equation with an

additional constant term.

id = nFAC

(√
D

πt
+
D

2r

)

Hence from the slope of the id vs t−0.5 plot, the number of electrons injected can be

determined. The validity of this expression was checked using potential step measurements

with ferricyanide solutions and this yielded an excellent fit to the Cottrell equation (See

Figure S2b) from which we obtained 0.48 cm2 as the effective area of the SEC honeycomb

electrodes, which is close to the geometric area of 0.50 cm2. The current measured during

a potential step can be integrated to yield the charge transferred to the QDs. The charge

Q measured is proportional to the
√
t and exhibits a linear relationship in a Q vs

√
t plot.
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This is known as the Anson equation and connects Q measured and the
√
t as follows:

Q = 2nFAC

√
Dt

π
+Qads +Qc

where Qads and Qc are the charge due to any adsorbed electroactive species and the double

layer charge respectively.
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Absorption and emission spectra of QD samples
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Figure S 3: (a) Absorption spectra of CdSe capped with oleic acid (d=5nm) and after ex-
change with TOP. (b) Absorption spectra of CdSe QD (Dark green dashed line), CdSe/CdS
(Red line) and CdSe/ZnS (Blue line) and (c) Emission spectra of CdSe, CdSe/CdS,
CdSe/ZnS.

Electrochemical characterization of CdSe QDs
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Figure S 4: (a) Linear sweep voltammetry (ν = 10 mV/s), and Differential pulse voltammetry
of CdSe QDs of different size in 0.1 M TBAPF6 in dry and deaerated THF during (b) anodic
and (c) cathodic scan respectively. The OD of all QDs at excitonic peak was 0.15. Current
measured during the DPV of all QDs are normalised with respect to their corresponding
peak maximum. The arrows indicate the peak positions of each scan. DPV parameters:
modulation time = 50 ms; internal time = 500 ms; step potential = 5 mV;modulation
amplitude = 25 mV; scan rate = 10 mV/s.
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Spectroelectrochemical determination of conduction band edge in CdSe
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Figure S 5: (a) 2D difference spectra of QD (d = 5.24 nm) obtained during the linear sweep
voltammetry from 0 V to -2 V at a scan rate of 10 mV/s. The spectrum starts to bleach
at potentials more negative than -1.5 V. (b) Fit of ∆A vs E(V) for the estimation of CB
potential. The blue and red line represents the linear fit corresponding to the baseline and
bleach respectively. The intersection point of the two fit is taken as the CB potential.

QD stability during charge injection
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Figure S 6: (a) 2D Difference absorption spectra of CdSe QD (d = 5.24 nm) and (b)
Corresponding change in first exciton absorption peak (1S3/2h-1Se transition) during the
potential cycling between -1.5V and 0V. Each step was applied for 600 s.
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Electrons injected during potential step
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Electrons injected
 into QD (d = 5.24 nm)
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Figure S 7: (a) Electrons (nCB) injected during the potential step at -1.8 V (Red square)
and decayed at 0 V (Blue square) calculated from the absorption bleach (∆A = At − A0)
using the equation: nCB = −2∆A

A0
, where At and A0 are the absorbance corresponding to the

1S3/2h-1Se transition at time t and 0 seconds respectively. (b) Electrons injected into QD(d
= 5.24 nm) during the potential step calculated using Cottrell equation for three different
trials. Trials II and III have the same absorbance of 0.15 at the exciton peak while trial I
has an absorbance of 0.125 at the exciton peak. (c) Electrons injected into QDs into three
different sized QD during the potential step calculated using Anson equation.

PL intensity during linear potential sweep

1.0

0.9

0.8

0.7

0.6

0.5

0.4

N
o

rm
. 
P

L
 i
n

te
n

s
it

y

-2.0-1.5-1.0-0.50.0

E (V) vs Ag QRE

 3.94 nm

 5.24 nm

 6.90 nm

a) 1.0

0.8

0.6

0.4N
o

rm
. 

P
L

 i
n

te
n

s
it

y

-2.0-1.5-1.0-0.50.0

E (V) vs Ag QRE

 CdSe

 CdSe/CdS

 CdSe/ZnS

 

b)

Figure S 8: Change in photoluminescence intensity during a potential sweep from 0 V to -2
V (ν = 10 mV/s) (a) for CdSe QDs of three different sizes and (b) for CdSe QDs, CdSe/CdS
QDs and CdSe/ZnS QDs.
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Diffusion controlled bleach and recovery of exciton peak
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Figure S 9: (a) Exciton bleach profile during a potential step of -1.8 V vs t0.5 (Red sphere)
and corresponding linear fit (Blue trace). (b) Recovery profile during the potential step of 0
V vs t0.5(Red sphere) and corresponding linear fit (Blue trace). The inset in graphs shows
the bleach/ recovery profile vs time. Linear dependence of two profiles to square root of time
at shorter time scales shows that both are controlled by diffusion. The dotted line in inset
shows the time at which the effects of diffusion is reduced.

Potential dependent recovery of exciton absorption
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Figure S 10: (a) The potential sweep-step applied for studying the potential dependent
recovery of injected electrons.The sweep was at a scan rate of 10 mV/s and the potential
step was applied for 100 s. Change in exciton absorption peak of CdSe QD of size (b) 5.24
nm and (c) 3.94 nm in response to potential sweep step. The traces were labelled according
to the potential step applied following the sweep. The black dotted line indicate the point
at which the potential sweep switch to step. The duration of potential step was 100 s.
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2D difference spectra of QD in response to potential step
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Figure S 11: 2D difference spectra of (a) CdSe capped with Cd-oleate, (b) after ligand
exchange with TOP, (c) CdSe/CdS and (d) CdSe/ZnS.
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