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ABSTRACT: A fast quantum dots (QDs) regeneration process is necessary
for highly efficient QDs-sensitized solar cells. Herein, CdSe and CdS QDs
regeneration rates (kQD/) in three redox electrolytes, which are triiodide and
iodide ions (I;7/17), Co(bpy);(PFs), and Co(bpy);(PFs); (Co**/Co**), and
1-methy-1-H-tetrazole-S-thiolate and its dimer (T,/T~), have been first
investigated with scanning electrochemical microscopy (SECM). The results
reveal that the kinetics of QDs regeneration depends on the nature of the QDs

Study of Regeneration with SECM

and the redox shuttles presented in QDSSCs. For QDs of CdSe and CdS, the

regeneration rate (kqp') in the case of a T,/T -based electrolyte is about two times larger than that of Co**/Co*" and I, /T".
Additionally, the kqp" for CdSe is about two times larger than that of CdS in the same redox shuttle electrolyte, which could be
due to a large driving force for the reaction between the exited state quantum dots (QD*) and redox electrolytes.
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1. INTRODUCTION

Solar energy has been considered as an ideal renewable energy
to meet human beings’ demands. It requires new initiatives to
convert incident photons to electricity with high efficiency.
Nanostructured semiconductors and molecular assemblies have
been widely investigated for this purpose.' * Particularly, dye
sensitization of mesoscopic TiO, has attracted increasing
attention as an alternative to the conventional silicon-based
photovoltaic.s’6 Recently, development of sensitizers and redox
shuttles used in DSSC devices has led to remarkable solar
photovoltaic power conversion efficiencies (PCE) in the range
of 11-13%.”* Even higher PCE, as high as 15%, has been
achieved with perovskite-sensitized mesoporous solar cells.”"
Over the recent years, inorganic semiconductor quantum dots
(QDs) have attracted great interest due to their unique
optoelectronic properties derived from the quantum confine-
ment effect. Their size quantization property allows tuning the
visible response and varying the band offsets for modulation of
the vectorial charge transfer and photoresponse as well as PCE
of solar cells."'~"*Narrow band gap QDs semiconductors such
as CdS,"*"> PbS/CdS,"® Sb,S,/CuSCN,"” CdSe,>'>'®'? CdSe/
CdTe,® and CulnS,* are suitable for sensitized solar cells
(coded as QDSSCs) because they can transfer electrons to
large band gap semiconductors such as TiO, or SnO, under
visible light excitation. Recently, the PCE of QDSSCs has been
improved to exceed 4% under AM 1.5G one sun irradiation
with the most widely used QDs materials including CdS,
CdSe,”* > and CulnSe,S, ,.>**” Pan et al. reported that the
PCE of QDSSCs based on CulnS, could be increased to a
record of 7.04%.®
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However, the development of QDSSCs has been limited due
to the lack of efficient electrolytes. The most common example
of redox electrolytes in QDSSCs is polysulfide (S*7/
S,lz_),11’29_3’1 where it shows superior properties in conjunction
with sulfide-containing QDs. It has been widely accepted that a
big challenge still remains for the complicate redox reaction of
polysulfide electrolyte in terms of suitable counter electrodes.>*
Up to now, most reported QDSSC devices based on polysulfide
(8*7/S,>7) electrolyte presented weak abilities of the
polysulfide redox couple in the hole-recovery, high charge-
recombination rate at the QDs-sensitized electrode/electrolyte
interface, and improper utilization of the counter electrode,
which would lead to a low fill factor (FF) and open circuit
photovoltage (V,.), and eventually restricted device efficiency.>
A large amount of efforts have been made to search for new
electrolytes, such as Co®*/Co*",**** Fe*/Fe®*, Fe(CN)s~/
Fe(CN)**! 2-mercagto-5-methyl— 1,3,4-thiadiazole/disulfide
dimer (McMT/BMT),* and T,/T~.* For example, cobalt
complex (Co*/Co®*) has been used as redox couple to
perform stable and reproducible I-V characterization on PbS-,
CdS-, and CdSe-sensitized cells with an overall conversion
efficiency of over 1.7% at 0.1 sun and 1% at full sun intensity,
although this electrolyte suffers from slow ion conductivity
which allows efficient operation only under low light
intensities.” >

In QDSSC devices, the excited state energy level of QDs
sensitizers should be more negative than that of the conduction
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band edge (vs NHE) of the semiconductor for an efficient
electron injection process from sensitizers to semiconductors,
and similarly, the oxidized state energy level of QD sensitizers
must be more positive than that of redox shuttle electrolytes (vs
NHE) for efficient regeneration. Previous studies have analyzed
the effect of electrolytes on dye regeneration, being hi§h1y
related to the photovoltaic performance of DSSC devices.*”~*°
In the past years, the detailed investigation on the mechanism
for dye-generation in DSSCs has been performed with
spectroscopy and spectroelectrochemistry techniques or photo-
electrochemistry characterization of an individual electrode or a
completed cell.””*'~* The dye regeneration reaction can also
be studied by nanosecond transient absorption spectroscopy
(TAS), which provides valuable information for understanding
sensitized solar cells.*******> Recently, Kongkanand et al. has
used the nanosecond laser TAS to measure the rate of quantum
dots regeneration that the hole was scavenged from CdSe by
s Scanning electrochemical microscopy (SECM) is an
effective technique to determine interfacial charge transfer
kinetics, including solid/liquid interface and liquid/liquid
interface.***” The application of SECM to investigate charge
transfer kinetics between I” and photo-oxidized dyes molecule
(Eosin Y*) adsorbed on ZnO was first reported by Wittstock et
al, demonstrating the viability of this method for understanding
of DSSCs.* Compared to the nanosecond laser TAS
characterization, SECM is suitable to monitor the fast
interfacial electron or hole transfer process in devices under
working condition.**~°

In this study, the QDs (CdSe, CdS) regeneration rate (kqp")
in three redox electrolytes with acetonitrile as solvent, which
include iodide ions (I7), [Co(bpy);]** and 1-methy-1-H-
tetrazole-S-thiolate (T ™), was investigated with SECM. Figure 1

TiO, Red Conductive
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Figure 1. Basic arrangement for probing the heterogeneous reaction at
an n-type quantum-dot-sensitized semiconductor (TiO,) surface in the
feedback mode of SECM under short-circuit conditions.

presents the basic arrangements for the SECM investigation of
heterogeneous reaction at the QDs-sensitized semiconductor
surface with feedback mode under short-circuit condition. We
provided a thorough experimental verification of feedback
mode to compare the kinetics for quantum dots regeneration
by using above redox shuttles. A theoretical model was applied
to interpret the current response at the tip under short-circuit
condition, thus important information on factors that govern
the dynamics of QDs regeneration was obtained.

2. EXPERIMENTAL SECTION

Tetrabutyl ammonium perchlorate (TBAP) was used as supporting
electrolyte. SECM experiments were performed on a CHI 920C
electrochemical workstation (CH Instruments, Shanghai). A home-
made Teflon cell (with volume of 2 mL) was used to hold a Pt wire
counter electrode and an Ag/Ag+ reference electrode. The photo-
anodes FTO/TiO,/CdSe, FTO/TiO,/CdS sample films were
attached to the cell bottom and sealed with an O-ring as work
electrode. In the SECM measurement, the quantum-dots-sensitized
transparent semiconductor nanocrystal films (TiO, with a thickness of
about 10.0 ym) were used as the working electrode. An extra Pt wire
was connected to an FTO substrate with the electrolyte in order to
operate the photoelectrochemical cell in a short-circuit setup (Figure
1). A 25 pum diameter Pt wire (Goodfellow, Cambridge, UK) was
sealed into a S cm glass capillary prepared by a Vertical pull pin
instrument (PC-10, Japan). The ultramicroelectrode (UME) was
polished by a grinding instrument (EG-400, Japan) and micropolishing
cloth with 1.0, 0.3, and 0.05 ym alumina powder. Then the UME was
sharpened conically to a RG of 10, where RG is the ratio between the
diameters of the glass sheath and the Pt disk. All experiments were
carried out at room temperature. The irradiation was focused onto the
backside of the photoanode from a light emitting diode (red, Lumileds
Lightin, USA).

The potential of the UME (E;) was selected well in the region of
the steady diffusion current after recording the cyclic voltammograms
(CV) of redox shuttles at 0.1 mM (Figure S1). The feedback mode of
SECM was used in this work. The basic arrangements for probing the
heterogeneous reaction at quantum-dots-sensitized TiO, in the
feedback mode of SECM under short-circuit conditions are shown
in Figure 1. And the detailed process for the quantum dots
photoanode fabrication and characterzation has been set in the
Supporting Information.

Here it is worthwhile to point out that only iodine-based electrolyte
is corrosive toward QDs among the three redox shuttles. So QDs in
I;7/T" electrolyte show poor stability, and the power conversion
efficiency of the device based on I;7/I" decreases quickly in a short
period of time. The power conversion efficiency of the devices based
on Co*/Co* and T,/T~ would remain unchanged for a long time
because the QDs in these two electrolytes can show a better stability.

3. RESULTS AND DISCUSSION

In the present work, three redox shuttles, including triiodide
and iodide (coded as I;7/I7), Co(bpy);(PFs), and Co-
(bpy);(PFg); (coded as Co**/Co*"), and I1-methy-1-H-
tetrazole-5-thiolate and its dimer (coded as T7/T,),”' are
used. The molecular structures of the redox shuttles are
illustrated in Figure 2a. The UV—visible absorption spectra of
CdSe and CdS QDs-sensitized TiO, films are presented in
Figure 2b. An absorption in the range from 400 to 700 nm was
observed for CdSe-sensitized TiO, films, which was wider than
that of CdS-sensitized TiO, sample (being in the range from
400 to 600 nm). Moreover, it was observed that the intensity of
the spectral absorption of CdSe/TiO, was much stronger than
that of CdS/TiO, with the same film thickness. The UV—
visible light absorption of the CdSe and CdS QDs-sensitized
films would lead to the difference in photovoltaic performance
of QDSSC devices.®® Herein, SECM was employed to
scrutinize the effect of different redox couples on the quantum
dots regeneration rate. The aim is to exploit the influence of
redox couples and sensitizers on the QDs regeneration kinetics.
The SECM measurements with feedback mode were performed
under short-circuit conditions to investigate the reduction of
the oxidized QDs cation at the nanocrystalline/electrolyte
heterojunction. The measurement is based on monitoring the
feedback current, which is related to the very small change in
the concentration of the redox shuttle under the active area of
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Figure 2. (a) Molecular structure of the redox shuttles used in this
study: 1-methy-1-H-tetrazole-S-thiolate (T~), its dimer (T,), and
Co**/Co*. (b) UV-—visible absorption spectra of CdSe and CdS
quantum-dots-sensitized TiO, films.

an ultramicroelectrode (UME) probe caused by the regener-
ation of the QDs sensitizer. According to the inverse
relationship between the effective heterogeneous rate constant
k.s and the concentration of redox shuttles, a lower
concentration of redox shuttles would induce higher kg values,
which is easier for SECM measurements.”> The QDs
regeneration kinetics was investigated on the photoanode
(ie, TiO,/CdSe and TiO,/CdS) in the presence of the
oxidized species of the redox couple. It is worthwhile to state
that the concentrations of these three redox couples used in
SECM tests are very low (0.1—1 mM), which are about 3
orders of magnitude lower than that of a complete QDSSC
device. There are two reasons for this arrangement, one reason
is the SECM measurements with feedback mode should be
performed at low concentration of redox electrolyte; the other
one is that I;7/I" electrolyte with low concentration could
reduce the corrosion toward QDs. Figure 3 presents a typical
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Figure 3. Normalized SECM feedback approach curves for the
approach of a Pt ultramicroelectrode toward a FTO/TiO,/CdSe film
with various concentrations of redox mediators (T,), under
illumination by a red light LED at a constant intensity Jj,, of 14.7 X
107 mol cm™ s7', scan rate = 1 ym s™', E(T,T,) = —1.2 V (vs Ag/
Ag"), and rp = 12.5 pm. Solid lines are calculated curves for the
approach of a UME with RG = 10 toward an inert insulating surface
(line at the bottom), and toward samples with first-order kinetics of
mediator recycling using normalized rate constant k: (1) 0.065; (2)
0.0230; (3) 0.018; (4) 0.014.

approach curve (tip current—distance relationships) for the case
of TiO,/CdSe in T, electrolyte, with various concentrations
under illumination by a red light LED at a constant intensity
serving as an example. Other approach curves and their
evaluation for various QDs redox couples are shown in Figures
$2—S6 (section SI-3 in the Supporting Information). The
normalized tip current Iy (=ir/ir,,) is related to the tip current
(i) and the steady-state current (i) at semi-infinite height. L
(=d/rr) is the normalized tip height, where d is the distance
between the tip and substrate electrode and with r1 being the
radius of the active area of the SECM tip. As shown in Figure 3,
the interfacial charge transfer dominates the current curves
when the tip approaches the sample surface. The important
kinetic parameter (i.e., the normalized apparent heterogeneous
electron transfer rate constant k) can be obtained by fitting the
approach curves with eqs S1-S5 in the Supporting
Information. Compared to the I#* (i, the current recorded
with an inert insulating surface, the solid line at the bottom in
Figure 3), the normalized tip current Ip (i, the current
recorded above an illuminated quantum-dots-sensitized film,
dot lines with different shapes) showed much higher values,
indicating a positive feedback in this case. Based on the
normalized apparent heterogeneous electron transfer rate
constant k, the effective heterogeneous rate constant kg (in
cm s™') can be evaluated with the equation k. = kD/rr, where
D is the diffusion coefficient for the redox shuttle in acetonitrile
electrolyte solution and the diffusion coefficients D of redox
shuttles are shown in Table 1.

Table 1. Diffusion Coefficients (D) of Redox Active Species
in Various Electrolytes®

redox shuttles diffusion coefficient [10™> cm?® s7]

T, 1.76
Co** 1.17
I,” 1.37

We first evaluated the influence of redox shuttles on the
regeneration for TiO, sensitized with CdSe and CdS. Figure 4
presents the k. for the CdSe and CdS QDs-sensitized TiO,
films in the solutions containing T, Co*, and I,” at a constant
illumination intensity supported by a red LED. The k.
decreases with increasing concentration of T,, Co*, or ™. It
was observed that the kg for T, was larger than for Co* or Iy~
in the case of CdSe or CdS, among which the TiO,/CdSe/
electrolyte interface showed a faster apparent regeneration
process. This result agrees with the report that the T,/T~ redox
shuttle can be used as an effective electrolyte in QDSSCs.**°

Therefore, the constants kqp’ for the regeneration of the
photoexcited QDs by the redox shuttle QDSSCs at a given

incident light intensity can be obtained with eq 1.
’ 2'keff¢hv]hv
kop =
6keff[C:| - 31[S]¢hv]hv (1)

where [C] is the concentration of redox shuttle in electrolyte
(mol em™), 1 is the film thickness (cm), [S] is the volumetric
concentration of the quantum dots on the film (mol cm™), J;,
is the incident photon flux (mol cm™ s7'), and ¢, is the
excitation cross-section of the sensitizer molecules (cm* mol™),
respectively.

The heterogeneous rate constants (kQD’) for the regener-
ation kinetics of the photoexcited quantum dots (CdSe and

dx.doi.org/10.1021/am505569w | ACS Appl. Mater. Interfaces 2014, 6, 20913—20918



ACS Applied Materials & Interfaces

Research Article

2

a)

keff/ 10° cm s™

0.0 0.4 0.8 1.2
C/10° mol cm®

2
b)
"o
LE> = Ty
? 3+
e 1 e Co
—~— I-
[Ten
s 3
X
L
o 1 1 1
0.0 0.4 0.8 1.2

C/10° mol cm™

Figure 4. Plot of kg vs [T,], [Co*], and [I;7] with different concentrations for (a) CdSe and (b) CdS quantum-dots-sensitized TiO,
photoelectrochemical electrodes in acetonitrile. The full data sets are presented in Supporting Information section SI-4. The solid lines represent
different fits of parameters to the data by using eq 1. The fitting parameters are given in Table 2.
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Figure 5. (a) Energy band structure of TiO,/CdSe, TiO,/CdS, and the redox potential (E°’) of the redox shuttles, T,/T", Co*/Co*, and L,/T.
(b) Plot of kqp’ vs —AG with different redox shuttles for CdSe and CdS QDs.

CdS) reduced by the T~, I7, or Co*, the excitation cross-
sections of the molecular quantum dots (¢,,), and the
volumetric concentrations of the quantum dots [S] were
obtained by fitting the k. vs [C] curve (Figure 4) based on eq
1. It was observed that the excitation cross-section (¢b,) of
CdSe was a little larger than that of CdS quantum dots under
the same illumination conditions, and the redox shuttle has
nearly no effect on the excitation cross-section. For a given
redox shuttle concentration [C] and light intensity (J,),
significantly larger kqp’ values for CdSe compared to CdS
quantum dots were obtained with the three redox shuttles of
T,/T~, Co®*/Co*, and I;"/I". This could be attributed to the
oxidized state energy level of CdSe QDs sensitizer (QD*) being
more positive than the redox potential of the electrolytes, which
would lead to a larger driving force (—AG) of quantum dots
regeneration (Figure Sa). The driving force for QDs
re§0eneration, —AG, is commonly estimated according to eq
2:

—AG = veAE = I/e[El/z(QDJr/QDO) — E, ),(electrolyte)]
)

where E,;,(QD*/QD°) and E,j(electrolyte) are the redox
potentials of the QDs and the redox shuttles, respectively. v is
the number of electrons transferred, and e is the elemental
charge of the electron. The relationship between rate constants
(kqp') and drive force (—AG) is presented in Figure Sb,
showing an exponential increase of rate constant with the drive

20916

force. It was accepted that the regeneration kinetics can be
affected by the driving force for the reaction between the
excited sensitizers and redox electrolyte. The QDs regeneration
rate value of kqp’ with the mediator of T, was about two times
larger than Co®* and I~ for the case of CdSe- and CdS-
sensitized TiO,/electrolytes interfaces. The kqp' of T,
electrolyte was evaluated to be 6.7 X 10° and 3.9 x 10°
mol™ cm® s7! for CdSe and CdS, respectively (Table 2). The

Table 2. Fitting Results for Experimental kg vs [C]*“

3 =

¢y [cm? mol™!] kqp' [mol™ em® s7']

redox shuttles CdSe CdS CdSe CdS
T,/T™ 601 x 10°  51x10° 670 x 10°  3.90 x 10°
Co’*/Co* 6.00 x 10° 50 x 10° 430 x 10° 2.30 x 10°
L~/ 601 x 10°  50x10° 339 x10° 219 x 10°

“Figure 4, Table S1; 1 = 1.0 X 10~ cm, [CdSe] = 3.36 X 107 mol
em™3, [CdS] = 2.16 X 107® mol cm™3.

T,/T~ redox couple has a chemical composition similar to the
polysulfide (S*7/S,27) electrolyte toward a redox reaction,
exhibiting stable properties during the SECM measurement.®
As shown in Figure Sa, for example, the redox potential of T,/
T~ is more negative than that of Co*"/Co*", which leads to a
larger driving force for the holes transferring from the valence
band to redox electrolytes in the process of QD regeneration.
Here, we should point out that a lower kQD/ for I;7/17
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electrolyte is observed though the drive force (—AG) is the
largest in this case (Figure Sb). This could be due to the fact
that the regeneration reaction with I;"/I" has to go through
two steps that include I;”/I” and I,7/I", which leads to a large
loss in potential energy.**

Figure S7 and Table S2 present the photovoltaic perform-
ance of the cells using CdS and CdSe in combination with
various redox shuttles. It was observed that the devices using
CdS QDs with these three redox shuttles showed a lower short-
circuit photocurrent density compared with the devices based
on CdSe QDs. This result might be attributed to the different
light absorbance performances of these two QDs. The QDs
regeneration rate value kqp’ also may play an important role in
the photocurrent enhancement. CdSe QDs show a higher kqp’
than that of CdS among the three redox shuttles (Table 2). A
higher kqp’ of CdSe QDs would be helpful for reduction of
charge recombination, thus improving charge collection and
eventually the photocurrent (Table S2).

4. CONCLUSIONS

The regeneration kinetics (kqp') at the QDs-sensitized
semiconductors/electrolytes interface was first investigated by
SECM approach curves based on the feedback mode. A rate
constant of kqp' with different redox shuttles concentrations
was determined for the regeneration process of quantum dots.
Approach curves in SECM measurements showed that the
kinetics of QDs regeneration depends on the nature of QDs
and redox shuttles presented in QDSSCs. For QDs of CdSe
and CdS, the regeneration rate (kqp') in the case of T,/T™-
based electrolyte is about two times larger than that of Co®"/
Co? and I;7/T". The sufficient driving force for quantum dots
regeneration obtained by T,/ T~ is also an important reason for
the quick regeneration kinetics (kqp') and an important
parameter for the design of efficient QDSSCs. This work would
offer some new complementing aspects to establish the
methods for QDSSCs characterization by testing of different
redox mediator electrolytes and quantum dots with a single
quantum-dots-sensitized electrode.
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Quantum dots photoanode fabrication, device characterization,
SECM measurements, approach curves, and calculated data
from SECM measurements. This material is available free of
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