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ABSTRACT: The photophysical properties of Cu-deficient Cug,In;S, N\ Cug,In,;Sy /
quantum dots synthesized through a facile aqueous-based procedure have [quantum dots]

been investigated. Transient absorption experiments were carried out
probing in the UV—vis, near-IR, and mid-IR regions, with the aim to (i) catalyst
study the photophysical properties of the quantum dots and (ii) monitor
kinetics of electron transfer to a molecular catalyst. When pumping sub- [probe]
bandgap transitions, negative (bleach) signals were observed that were
spectrally and kinetically distinct from those observed with bandgap pump
wavelengths. Herein, these distinct contributions are suggested to result
from the overlapping bleaching of state filling electrons and trapped holes.
Such an interpretation highlights the importance of considering the hole-
contributions to the bleach for the proper determination of carrier kinetics W

in similar systems. A model complex of the [Fe,]-hydrogenase active site

was introduced to explore the potential of the quantum dots as

photosensitizers for molecular catalysts. The quantum dot photoluminescence was quenched upon catalyst addition, and direct
evidence of the singly reduced catalyst was found by transient absorption in the UV—vis and mid-IR. The catalyst accepted reducing
equivalents on a subpicosecond time scale upon photoexcitation of the quantum dots, despite no covalent linking chemistry being
applied. This implies that charge transfer is not limited by diffusion rates, thus confirming the presence of spontaneous quantum dot
and catalyst self-assembly.

B INTRODUCTION principles of photocatalysis can be extended to drive
energetically uphill (AG > 0) reactions, allowing the sun’s
energy to be stored in chemical bonds for the future use as an
energy source. A redox-driven photocatalytic system typically
consists of two major components: (i) sensitizers acting as
photo-oxidants/reductants by absorbing photons and generat-
ing free charge carriers and (ii) catalysts that can receive the
redox equivalents and thus become catalytically active.
Molecular catalysts (sometimes denoted cocatalysts) are
suitable components to facilitate the preferred reactions,
considering that they are small and tunable which can allow
for fast and selective catalysis.” The efficiency of photocatalytic
systems is partly dictated by the photosensitizer: its absorption

In recent years, two key challenges have been on the agenda in
science, technology, and politics: first, to meet the needs of a
rising global energy demand resulting from population growth,
the aspiration for equal human prosperity, and the increasing
energy requirements of the richer population. Second, our
planet has responded to the presence of human activities in
disquieting ways, indicating that our excessive consumption of
natural resources and release of greenhouse gas emissions,
causing anthropogenic climate change, are not sustainable.
From the variety of phenomena that nature offers to meet our
needs, the direct harnessing of the sun’s energy to form solar
fuels could transform the way energy is supplied and thus

contribute to resolve these challenges in a sustainable and
renewable manner.' ™ Received: March 18, 2021

Model systems to generate solar fuels are increasingly Revised:  June 12, 2021
explored in the literature. In the field of photocatalysis, Published: July 1, 2021
photons are used as the energy source to facilitate energetically
downhill (AG < 0) chemical reactions. From natural
photosynthesis, nature has given us a blueprint for how the
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spectrum, excited-state lifetime, as well as the rate and nature
of the interfacial charge transfer event.®

Quantum confined colloidal semiconducting nanocrystals,
so-called quantum dots (QDs), have demonstrated intrinsic
advantages in their photophysical properties to act as
photosensitizers. The size-restriction of such small nanocrystals
contributes significantly to the system properties, changing the
carrier wave functions and surface conditions.”® The most
distinct property of QDs is the dependence of their electronic
energies on the degree of spatial confinement. The result is a
correlation between their crystalline size and bandgap energy,
thus enabling synthetic tunability of their light-absorption
range. The electronic confinement limits the allowed energies
for electrons and holes; consequently, they display properties
between bulk semiconductors and discrete atoms or molecules.
On the downside, many of the explored systems rely on hi§hly
toxic heavy-metal-based QDs such as CdSe, CdS, or CdTe. -
Ternary I-III-VI CulnS, (CIS) QDs are promising
alternatives as they exhibit these favorable properties while
relying on less toxic elements.

In general, the high surface-to-volume ratio of QDs results in
the introduction of intrabandgap electronic states associated
with dangling bonds on the surface, which might act as carrier
traps. The ternary relatives of CIS, specifically, have also shown
a high prevalence of trap states originating from lattice-strain
and defects. However, their great tolerance toward composi-
tional off-stoichiometry allows synthetic control over these
states, adding yet another degree of freedom for tuning
relevant properties."” The high surface area of QDs is also well-
known to facilitate surface interactions.” Surface ligands are
often used to control the growth of the nanocrystals during
synthesis, as well as to control solubility and surface states. In
recent years, the focus has expanded to include the
functionalization of the surface with agents that can participate
in photocatalysis.””'*"*'* For example, a recent study showed
that CIS QDs covalently linked with rhenium bipyridine
molecular catalysts for CO, reduction resulted in ultrafast
(<300 fs) catalyst reduction, as evidenced by the catalyst
transient IR signals.'> The reference system without any
covalent linking between the QDs and the rhenium complex
showed lower photocatalytic activity, but surprisingly, the
ultrafast charge transfer kinetics was maintained. Similar
ultrafast charge transfer events, without any designed
anchoring groups, were also observed in another study using
CulnS,/ZnS QDs as photosensitizers for a CO, reducing,
meso-tetraphenylporphyrin iron chloride catalyst.'® In the
latter, the authors provided indirect evidence of the ultrafast
electron transfer (<200 fs) to the catalyst by the lower initial
magnitude of the QDs ground state bleach in the presence of
the catalyst.' These studies thus imply the presence of
spontaneous self-assembly of the QD-catalyst complexes as
these redox systems are not limited by diffusion rates. For the
photocatalytic activity to be realized in an implemented
system, the charge transfer to the catalyst has to be fast enough
to prevent losses (e.g., recombination) and the lifetime of the
charge-separated state has to be sufficiently long for the
catalyst to facilitate the preferred reaction. The tunable excited-
state lifetime of CIS QDs and the fast electron transfer kinetics
of self-assembled systems therefore provide yet another
motivation for exploring these QDs as photosensitizers in
inorganic—organic hybrid systems for photocatalysis.

The present work has used spectroscopic tools, mainly
transient absorption (TA) experiments, to obtain information

about the photophysical properties of the Cu-deficient CulnS,
QDs. In addition, TA experiments were used to probe kinetics
of electron transfer from the CIS QDs to a [Fe,]-hydrogenase
active site model complex [Fe,(cbdt)(CO)g], where cbdt = 1-
carboxylbenzene-2,3-dithiolate. The parent complex [Fe,(bdt)-
(CO)¢] (bdt = benzene-1,2-dithiolate) is well-known to
catalyze hydrogen evolution by accumulating two electrons
which couple to two protons. These molecular catalysts have
the advantage, compared to many other well-known
alternatives, of not relying on rare-earth metals.'”'® The
catalyst was simply mixed with the CIS QDs suspended in
N,N-dimethylformamide (DMF) to investigate the possibility
of spontaneous self-assembly between the QDs and the
molecular catalysts, which has been reported in similar
systems.'>'® In addition, the role of the catalyst as electron
acceptor aided in the assignment of the TA spectral
contributions. In this study, we combine the strengths of
QDs and molecular catalysts and provide direct evidence of
ultrafast catalyst reduction in QD-catalyst complexes. With
this, we aim to highlight the potential of making hybrid
systems for photocatalytic fuel formation relying on environ-
mentally benign materials and procedures.

B EXPERIMENTAL SECTION

Chemicals. The following chemicals and solvents were
purchased from Merck/Sigma-Aldrich, if not otherwise stated,
and were used directly without any purification: copper
chloride (CuCl,-2H,0), indium chloride (InCly), trisodium
citrate dihydrate (C¢H;Na;0,-2H,0), sodium sulfide (Na,S),
L-cysteine (97%), tetrabutylammonium iodide (TBAI), N,N-
dimethylformamide (DMF, 99.8%), nitric acid (HNO;,
TraceMetal Grade, Fisher Chemical), hydrogen peroxide
(H,0,, 30%), ICP standards are Cu (1000 mg/L) and In
(10 mg/L) in 2% HNO; (PerkinElmer, Inc.), ICP grade water
(PerkinElmer, Inc.).

Quantum Dot and [Fe,(cbdt)(CO)¢l/[Fe,(bdt)(CO)¢l
Synthesis. The molecular catalysts ([Fe,(cbdt)(CO)s]/
[Fe,(bdt)(CO)¢]) (cbdt = 1-carboxylbenzene-2,3-dithiolate/
bdt = benzene-1,2-dithiolate) were synthesized by A. Castner
following a previously reported procedure.'” The (cbdt)
complex was isolated as the second red band by column
chromatography.

Cug,In,;S, (CIS) QD synthesis was performed following the
procedure reported by Chen et al. with the moderate
modifications suggested by Huang et al.”>*' Their aqueous
based method at low temperatures allows a facile and
environmentally benign procedure for CIS QD synthesis. In
short, the capping ligand r-cysteine (2.4 mg, 0.02 mmol) in
water (17 mL) was mixed with CuCl, (6 mL, 0.006 mmol),
sodium citrate (0.40 mL, 0.16 mmol), and InCl; (0.04 mL,
0.04 mmol) stock solutions (prepared as given by ref 21). Na,$
(0.062 mL, 0.062 mmol) was subsequently injected under
magnetic stirring (300 rpm), and the reactant system was
heated (94 °C, 300 rpm) for 40 min, with a ~10 min heat-up.
After this, the solution was cooled quickly in a water bath and
TBAI (1 mL) was added dropwise (~40 s) during stirring. The
solution was left stirring at room temperature (30 min) and
subsequently purified by centrifuging (15 min, 9600 rpm) the
dispersion in the presence of ethanol (~40 mL). The purified
QDs were redispersed in DMF (~2—4 mL, ~10* uM, pp S2—
S3) and typically used within 1 week.

It should be noted that ref 21 reports a QD product with a
single broad PL (SPL) band (~750 nm) and a low-intensity
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PL tail contribution at ~550 nm. The much more pronounced
550 nm band observed herein can be related to the much
shorter excitation wavelength used (herein 400 nm; ref Huang
et al,, 500 nm). A similar SPL product was, however, observed
in some of the batches synthesized in this study. This single PL
product also exhibited a slightly more pronounced ground
state absorption (GSA) tail band (see Figure S2c) and a
significant red-shift in the GSA TA bleach compared to the
QDs with dual PL. These observations are consistent with a
higher abundance of Cu" in less Cu-deficient CIS, as indicated
by their slightly higher Cu to In (Cuy;In;S,) relative content as
determined by inductively coupled plasma (ICP); see below.
The exact conditions controlling the product outcome have
not yet been determined. For good reproducibility of the
desired product, we recommend that the setup is prepared so
that the rates of the cooling and addition of reactants are
consistent from batch-to-batch preparation. When prepared
under very similar conditions, the procedure could be repeated
multiple (>10) times with good reproducibility (Figure S2a).

Quantum Dot Characterization. Transmission electron
microscopy (TEM) was carried out in a JEOL JEM-2100F
microscope equipped with a Schottky field-emission gun and
ultrahigh resolution polepiece. The samples dispersed in DMF
were deposited on a Cu TEM grid with carbon supporting
films and then dried in air at room temperature. The
microscope was operated at 200 kV. The TEM and high-
resolution TEM (HRTEM) images were recorded by a
bottom-mounted Gatan Ultrascan XP1000 camera. Scanning
TEM (STEM) was also performed in the same microscope.
The probe size and camera length used were 0.2 nm and 10
cm, respectively. Annular dark-field (ADF) and bright-field
(BF) STEM images were simultaneously acquired by a JEOL
ADF and a Gatan BF detector, respectively, through Gatan
DigitalMicrograph.

The relative content of Cu and In (Cuy,In;S,) in five
different QD batches was quantified by inductively coupled
plasma optical emission spectroscopy (ICP-OES, Avio 200,
PerkinElmer, Inc.). The samples were digested in a HNO,/
H,0, (1:1, 1 mL) mixture at 80 °C in a Biotage SPX
microwave reactor (Uppsala University, Sweden). Prior to
measurements, all samples were diluted to ~5% (v/v) HNO,
with ICP grade water and filtered (25 ym). Calibration curves
were obtained using commercial Cu and In (2% HNO;)
calibration standards (PerkinElmer, Inc.). [Cu]; = 0.798 mg/L,
[Cu], = 1.068 mg/L, [Cu]; = 0.381 mg/L, [Cu], = 0.231 mg/
L, [Cu]s = 0261 mg/L, [In], = 6.291 mg/L, [In], = 9.079
mg/L, [In]; = 3.068 mg/L, [In], = 2.170 mg/L, [In] = 2.10S
mg/L, [Cu:In], = 1:4.36, [Cu:In], = 1:4.70, [Cu:In]; = 1:4.45,
[Cu:In], = 1:5.19, [Cu:In]s = 1:4.46. Product 2 (see CIS QD
synthesis, SPL): [Cu],sp;, = 0.561 mg/L, [Cul,¢p = 5.201
mg/L, [In],spp = 3.581 mg/L, [In],sp; = 30.17 mg/L,
[Cu:In] gpp = 1:3.53, [Cu:ln],gp; = 1:3.21. The results are
summarized in Table SI.

Powder X-ray diffraction (PXRD) pattern was obtained
using a Simons DS000 diffractometer (4 = 1.5418 A, 45KV, 40
mA) with a 20—80 26 scan range and 0.02° step size.

Steady-State Optical Spectroscopy. All steady-state
absorption measurements in the UV—vis/NIR (Varian Cary
50/Cary 5000, Agilent Technologies) were performed in DMF
using a 10 mm quartz cuvette and baseline-corrected with a
DMF blank. Photoluminescence (PL) and PL excitation
(PLE) spectra were recorded on a Fluorolog-3 fluorimeter
(Horiba Scientific) in a right-angle geometry. Quenching

experiments with CIS QDs and the [Fe,(cbdt)(CO)s])/
[Fe,(bdt)(CO)¢] catalysts were performed at constant QD
concentration with a QD absorption of ~0.04 at the excitation
wavelength (560 nm).

Time-Resolved Optical Spectroscopy. All measure-
ments were performed in DMF at ambient temperatures.
Transient absorption (TA) experiments were carried out using
a Ti:sapphire based amplifier with integrated oscillator and
pump lasers. The laser fundamental (800 nm, 3 kHz) was split
into pump and probe by a beam splitter, which were directed
toward the UV—vis—NIR/MIR sample chambers (TAS,
Newport Corp./Helios IR, Ultrafast Systems). The 400 nm
bandgap pump was generated by frequency doubling of the
amplifier output using a birefringent barium borate (BBO)
crystal. All other pump wavelengths were obtained through
optical parametric amplifiers (TOPAS-prime and TOPAS
NirUVis, Light Conversion). Prior to the sample cell, the
pump was passed through a depolarizer and attenuated using a
neutral density filter.

In the UV—vis/NIR, the probe supercontinuum was
generated from a calcium fluoride/sapphire (CaF,/ALQO;)
crystal and its path was controlled by an optical delay (#ingow <
8 ns), allowing the transient spectra at varying pump—probe
delay times to be recorded on a silicon diode array (home-
built, Newport custom-made). The instrument response
function (IRF) was typically 130—150 fs, depending on the
pump and probe wavelengths used. The samples were placed
in quartz cuvettes (1 mm path length) and adjusted to a QD
absorbance of ~0.1—0.6 at the excitation wavelength. The
measurements were performed with pump powers ranging
from 20 to 600 yW (~13—400 nJ/pulse) using bandgap pump
wavelengths and 100—800 yW (~65—530 nJ/pulse) for sub-
bandgap pump wavelengths.

In the MIR, the broadband MIR probe centered at 4900 nm
(2040 cm™") was obtained by passing a TOPAS-prime coupled
with frequency mixers (Light Conversion). Prior to reaching
the sample, the probe beam was split into a probe and
reference beam of equal intensity using a wedged ZnSe
window. The pump intensity was attenuated by a neutral
density filter to ~100 and ~800 yW for pump wavelengths of
400 and 560 nm, respectively. The IRF was approximately
~200 fs. A sample cell with a 650 um Teflon spacer between
two CaF, windows was used. For the QD—cat experiments in
the UV—vis/NIR and MIR, the [Fe,(cbdt)(CO)4] (0.2—1
mM) was added to the suspended QDs prior to measurement.
All TA data sets were analyzed using SurfaceXplorer for
background extraction and time-zero correction and for fitting
the chirp to a third-order polynomial function. Initially, the
individual scans were analyzed carefully for inconsistencies,
showing no indication of photodamage of the QDs. This is
further supported by the unaltered GSA spectrum of the CIS
QDs after TA measurements (Figure S2a: inset). Global
analysis was performed by least-squares fitting using the R
package TIMP and its GUI Glotaran. A sum of exponentials
with frequency dependent amplitudes were fitted to the
transient data using a parallel scheme, yielding decay associated
spectra (DAS).

Time correlated single photon counting (TCSPC) was
recorded on two separate pieces of equipment (separated with
“/”) using a pulsed diode laser source (Edinburgh Instruments
EPL404/Horiba Instruments Inc. NanoLED) operating at
404.7/31S nm. The time-to-amplitude converter (TAC) was
set to a 1/1.6 us time range over 4096 channels. For technical
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Figure 1. (a) Illustration of the present Cuy,In;S, quantum dots (QDs). (b) Schematic of absorption (solid arrow up) and photoluminescence
(PL, solid arrow down) related to bandgap (gray solid arrows) optical transitions together with trapping pathways for the photogenerated CB
electron and VB hole (red dashed arrows). The different possibilities for sub-bandgap optical transitions are depicted by green, yellow, and red
solid arrows. Left side: stoichiometric CulnS, QDs. Right side: Cu-deficient CulnS, QDs. (c) Optical spectra for Cuy,In;S, QDs: ground state
absorption (GSA) and PL (HE, ~550 nm; LE, ~680 nm). PL excitation (PLE) spectra were monitored at different wavelengths. Regions with

scattering contributions have been omitted from the PLE for clarity.

reasons, the 315 nm excitation source was used to monitor the
wavelength dependence of the decay components, with the
emission monochromator approximately centered at each of
the two overlapping PL bands (HE A,,0,550 and LE A0, 670)-
The obtained time components agree well with the 404.7 nm
excitation source (Table S2), and no additional PL bands were
observed. Colloidal Ludox (IRF estimation) and QD samples
(QD/DMF) were measured using a 10 mm quartz cuvette in
the reverse mode under magic angle polarization. A 450 nm
cutoff filter was used to block scattered laser light.
Fluorescence lifetimes were obtained by an algorithm allowing
iterative reconvolution with the measured IRF, using Decayfit
software (Fluorescence Decay Analysis Software 1.3, Fluo-
rTools) written by Dr. Seren Preus.

B RESULTS AND DISCUSSION

Cu-Deficient CulnS, Quantum Dots. Following a
previously reported aqueous based procedure, Cu-deficient
CIS QDs were synthesized.””*' L-Cysteine was used as a
capping ligand and TBAI as a surface passivation agent (Figure
1a). The synthesis resulted in crystalline QDs with a diameter
of approximately 2—3 nm according to high-resolution and
scanning transmission electron microscopy (HRTEM and
STEM, respectively), as shown in Figure Sla—c. From
HRTEM line-profile (Figure Sle) and powder X-ray
diffraction (PXRD, Figure S1d), the QDs can be indexed to
the chalcopyrite or zinc blende phase of CulnS, with a Cu:In
ratio of ~1:5 (Cugp,In;S,) as determined by inductively
coupled plasma (ICP) measurements (Table S1).

Previous studies on the photophysical properties of CIS
QDs and their related ternary compounds have shown varying
results due to their sensitivity to preparation method, where
variations can be related to pH, reaction time, precursor
stoichiometry, surface adsorbates, etc. The following experi-
ments were repeated with good reproducibility on multiple
QD batches within a week from synthesis.

Optical Characterization. The ground state absorption
(GSA), photoluminescence (PL), and PL excitation (PLE)
spectra of a representative batch of the CIS QDs in DMF are
presented in Figure 1c (for additional batches see Figure S2a).
The GSA spectrum shows a lower amplitude tail absorption
(~470—650 nm) and a more prominent excitonic feature

(~400—470 nm) compared to their stoichiometric relatives.
These observations are in accordance with previous results on
Cu-deficient CIS QDs as well as off-stoichiometric examples of
their ternary relatives.””> A broad and featureless low-
amplitude absorption is also present in the near-IR (NIR)
region (Figure S2b). Dual PL (~550 nm, ~680 nm) bands are
observed exciting with energies corresponding to the valence
band—conduction band (VB—CB) excitonic transition. The
PLE spectra monitored at the higher energy (HE) PL (4 < 600
nm, red/orange dotted) band show a steep rise at around 500
nm toward lower wavelengths but resemble the GSA spectrum
at energies related to exciton formation. Monitoring at the
lower energy (LE) PL (1 > 600 nm, yellow/green dotted)
band results in PLE spectra with similar features in the blue
spectral region and an additional tail contribution at lower
energies.

Time-correlated single photon counting (TCSPC) was used
to estimate the rates associated with the deactivation of the
excited state. The QDs were excited with a pulsed diode laser
operating above the bandgap energy (<400 nm). The decay
profile of the full PL region (Figure S2d) was fitted with a
three-exponential function reconvoluted with the IRF (7; ~ 10
ns, 7, ~ S0 ns, and 7; ~ 200 ns). Selectively monitoring each
PL band (Figure S2e) revealed that the 7, component
dominates the HE band (4,,0n5500 Ay [~0.3] < A, [~0.7])
whereas 7, is weighted toward the LE band (Ayon6700 Ap [0.75]
> A, [0.25]). The modest 75 contribution (<0.05: HE and
LE) cannot be associated with any specific band; see the
Experimental Section and Figure S2d,e and Table S2 in the
Supporting Information for more details.

Stoichiometric CIS QDs (Cu:In, 1:1) often have a broad
and featureless GSA spectrum, in contrast to QDs of other
atomic compositions which often exhibit prominent GSA
features from exciton generation.”””**> The lack of a
prominent excitonic feature in CIS compared to other QDs
has been explained by a high prevalence of different localized
Cu-based orbitals constituting the VB edge and delocalized
electrons in a manifold of excited states.””” In Cu-deficient
CIS, the Cu-vacancies (related to the lower number of VB
edge Cu(3d) orbitals) result in a higher Cu**/Cu" ratio to
compensate for the charges.”””’ The weak tail absorption in
Cu-deficient CIS can therefore be associated with the lower

https://doi.org/10.1021/acs.jpcc.1c02468
J. Phys. Chem. C 2021, 125, 1475114764


https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c02468/suppl_file/jp1c02468_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c02468/suppl_file/jp1c02468_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c02468/suppl_file/jp1c02468_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c02468/suppl_file/jp1c02468_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c02468/suppl_file/jp1c02468_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c02468/suppl_file/jp1c02468_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c02468/suppl_file/jp1c02468_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c02468/suppl_file/jp1c02468_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c02468/suppl_file/jp1c02468_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c02468/suppl_file/jp1c02468_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c02468/suppl_file/jp1c02468_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c02468?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c02468?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c02468?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c02468?fig=fig1&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.1c02468?rel=cite-as&ref=PDF&jav=VoR

The Journal of Physical Chemistry C pubs.acs.org/JPCC
a b c
isosbesticpoint TA UV-Vis TANIR TA MIR |[pump-probe
QDs QDs | QDs || delays
- = 1ps
g g x - 2ps
o - 5ps
é E, [e] - 10 ps
¢ alo e E = 25ps
o o & = 100 ps
é é e I - 550 ps
g = c00ps
= 3500 ps
= 6500 ps

1100 1150 2200 2150 2100 2050 2000 1950 1900

Wavenumber (cm™)

350 400 450 500 550 600 650 700 950 1000 1050
A (nm) A (nm)
d e
Apump: 530 Nnm
Apump: 560 Nnm
: 590 nm

pump

AAbs-n:;rm.

Al! B1 |

DAS | Abs. (a.u.)

AAbs.

450 500 550

A (nm)

600 650

400 450 500 550 600 650
A (nm)

10 100
Time (ps)

1000

Figure 2. Difference spectra recorded by transient absorption (TA) experiments (pump, 400 nm; ~47 ] cm ™%, (N,py/qp) = 0.06) of Cuy,In,S,
quantum dots (QDs) probed in the (a) UV—vis, (b) NIR, and (c) MIR. The corresponding pump—probe delay times are shown in the box to the
right of (c). (d) TA spectra (~1 ps) of Cug,In,S, QDs obtained using sub-bandgap pump energies. The pump scattering is removed from each
spectral profile (white cut-out). (e) QD ground state absorption (GSA, black solid) spectrum and decay associated spectra (DAS) obtained from
global analysis of the data presented in (a). The DAS represent the spectral dependence of 7; (~4 ps), 7, (~60 ps), and 73 (>8 ns). Different
wavelength regions (Al, B1, B2, and A2) are color coded. (f) Single wavelength kinetics (spheres) with fits (solid lines) extracted from the Al, B1,
B2, and A2 regions. Inset: NIR and B2 kinetics on the sub-ps time scale.

abundance of absorption active Cu*-states close to the VB edge
compared to stoichiometric CIS (right vs left side in Figure
1b). Cu*", on the other hand, is not considered optically active
in the visible region.”” As a result, the observed GSA (Figure
lc) features might stem from an effective lowering of the VB
edge compared to stoichiometric CIS, resulting in a blue-
shifted excitonic peak and a lower energy tail involving
intrabandgap gap states. In Figure 1b, Cu® and related hole
(Stys) and electron (Spcp) trap states are shown schemati-
cally together with VB—CB excitonic (bandgap) transitions
and possible tail-related optical transitions (absorption and
PL). Due to the complex and debated nature of the states
involved in the photophysical behavior of CIS QDs, we
henceforth apply a simplified model where Sty and S5 in
general correspond to undefined localized states.

Most commonly, a single broad and asymmetric PL with a
long lifetime and large apparent Stokes shift is observed for
CIS QDs. In several reported cases, however, more distinct
contributions sometimes appear as shoulders and/or more
separate bands.”®*' The PL kinetics is usually multi-
exponential and excitation wavelength-dependent involvin
both radiative and nonradiative recombination pathways.’
Different models have been explored in the literature which
attempt to provide an explanation for the unusual PL behavior
in CIS QDs and their relatives, e.g, ternary I-III-VI, QDs
and Cu-doped colloidal QDs. The most widely discussed
contributions involve one or two carriers (i.e., electron/hole)
localizing on CB/VB related trap states prior to recombination,
as depicted by the red dashed arrows in Figure 1b.>°7>"%37%
The possible explanations for multiple PL bands and Stokes
shifts includes competitive pathways involving band edge
carriers and/or carriers trapped on intrabandgap states of
varying nature as well as QD ensemble inhomogeneity due to
Ostwald ripening and compositional differences.”>%*"**3%37
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Oft-stoichiometry significantly affects the PL behavior,
where Cu deficiency has been shown to increase the PL
quantum yield (®) and the excited state lifetime and to result
in a blue-shift of the PL maximum.’”***”** The increase in ®
compared to stoichiometric CIS has previously been related to
the higher abundance of Cu** in Cu-poor samples, where the
associated Cu vacancies or alternative trap states efficiently
accept the photogenerated holes from the VB, suppressing
competitive higher energy recombination, and thus allows the
electrons to recombine radiatively with permanent Cu®* holes
on longer time scales.””** For samples dominated by Cu,
hole-trapping by other than Cu” is detrimental to the PL yield
and lifetime since this site requires activation to form a Cu®*-
like state prior to recombination.”’

The dual PL bands observed herein could originate from
competing pathways within the same QD ensemble or different
subsets (i.e., chemical species), such as the coexistence of Cu-
doped (Cu,In,S,) and undoped (In,S,) QDs resulting from
the large precursor Cu deficiency. Other binary contaminants
such as Cu,S could also be present as synthetic byproducts.
The single phase observed in the XRD (Figure S1d), however,
does not indicate any phase impurities from multiple
crystalline contributions. Furthermore, STEM and HRTEM
measurements (Figure Sla—c) reveal a relatively narrow size
distribution and no obvious sample inhomogeneity. Binary
products are therefore neglected in further analysis and the
dual PL is considered to be intrinsic to the present type of
QDs. It should be noted, however, that variations in the trap
state nature of individual QDs might result in the formation of
different subsets with a characteristic excited state behavior.

The distinctly different appearance of the PLE (Figure 1c)
spectra when monitored at the HE (~550 nm) and LE (~680
nm) PL band, respectively, suggests that at least two different
luminescent mechanisms are involved in the present QDs. The
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parent compound at identical quencher concentrations.

excitonic feature (~400—470 nm) is present in all PLE spectra,
indicating that both mechanisms are susceptible to bandgap
excitations (gray solid arrow), which implies some degree of
carrier localization to be a requisite for the LE recombination
(red dashed arrows, Figure 1b). From monitoring at the LE
band, the resulting tail in the PLE spectrum below the band
edge can be attributed to the Cu'-to-CB transitions, which is
consistent with our GSA assignment and TA observations (see
below). From the energetic difference between the excitonic
(~bandgap) maximum and the tail band, these states can be
estimated to extend roughly <650 meV above the VB edge.
Furthermore, the TA experiments indicate a long-lived CB-
population (>8 ns) upon both bandgap and sub-bandgap
pumping, whereas no obvious rise is visible in the TCSPC PL
trace on the nanosecond time scale. These results argue against
substantial trapping of CB electrons to form the fluorescent
states and suggest at least one luminescent recombination
pathway that involves the CB edge. On the basis of this, we
conclude that the two most likely mechanisms (Figure 1c)
responsible for the dual PL bands in the present QDs can be
associated with CB electrons recombining with trapped holes
(yellow arrow) combined with (i) a band edge recombination
(gray arrow) and/or (ii) trapped electrons to the VB (red
arrow). One may also argue that the Stokes shift (~550 meV)
observed for the HE band is too large compared to the ~100
meV that is commonly reported for bandgap recombination in
QDs.* It should be noted, however, that in CIS QDs such an
observation is not compelling evidence in favor of option ii,
since large Stokes shifts can be explained by a phonon-assisted
transition mechanism without involving intrabandgap states.*®

Transient Absorption Measurements. The excited state
behavior of CIS QDs dispersed in DMF was monitored by fs-
TA experiments recording difference spectra at varying pump—
probe delays. The pump fluence was kept within the linear
regime where the number of absorbed photons per QD,
(Nas/qp ), is <1, as shown in the Supporting Information
(supporting calculations and Figure S3a) together with
additional data and fits (Figures S4—S6 and Table S2). In
general, minor variations are observed related to different QD
batches and measurements; however, the TA magnitude and
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the spectral dependence of the time components are retained
with good similarity through all fitted spectra.

Selective excitation at different pump wavelengths was used
to study the carrier dynamics following such transitions. First,
difference spectra were recorded probing in the UV—vis, NIR,
and mid-IR (MIR) regions using a 400 nm (above bandgap)
pump. The resulting TA spectra can be summarized in two
distinct features: (i) broad positive signals covering large parts
of the probed regions (Figure 2a—c) and (ii) a negative feature
in the visible which gets more narrow with increasing probe
delay and prevails in the blue spectral region (Figure 2a).
When using a 350 nm pump (Figure S4a), the TA spectral
shapes and dynamics were similar to those using a 400 nm
pump. Sub-bandgap excitation energies, however, result in
distinctly different responses, as observed in Figure 2d. The
most pronounced negative signal instead appears spectrally
close to the pump at the tail band observed in the GSA. It
should be noted that the negative feature does not cover the
entire GSA tail region and that its center is different for the
different pump wavelengths (530—590 nm).

The TA spectral evolution with time in the UV—vis and NIR
(Figure 2a,b) was successfully fitted globally using a three-
exponential model with associated time components of ~4 ps
(7,) and ~60 ps (7,) and a long-lived contribution similar to/
exceeding the time-window of the experiment, i.e., 8 ns (73).
Sub-ps contributions were not considered in the global analysis
due to the contamination from time-zero artifacts. Single
wavelength analysis (see below), however, provides comple-
mentary information on ultrafast processes. The obtained
decay associated spectra (DAS) of the data shown in Figure 2a
are presented in Figure 2e. The DAS represent the spectral
dependence of 7,—7;, interpreted as loss or gain in absorption.
The first and second DAS (7, and 7, respectively) have similar
shapes, showing a clear loss of the positive bands in the high
and low energy spectral regime (Al, <400 nm and A2, >600
nm, respectively), as well as a recovery of the lower energy
regime of the negative band (B2, 470—600 nm). The third and
long-lived DAS (7;), on the other hand, dominates the
negative band at shorter wavelengths (B1, 400—470 nm) and
the positive signals. Single kinetic traces are presented in
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Figure 4. Transient absorption (TA) experiments probing Cug,In;S, quantum dots (QDs) mixed with [Fe,(cbdt)(CO);] catalyst (cat) in the mid-
IR (MIR) using a 560 nm sub-bandgap pump. () Transient spectra (0.5 and 1 ps) of QDs—cat and the Fourier-transformed IR (FTIR) spectrum
of the catalyst (black). The TA spectra show sharp negative (2074, 2037, and 2002 cm ™!, shaded green) and positive (~2042 and ~1980 cm™,
shaded red) features superimposed on the QD transient (offset). (b) Single trace kinetics extracted at 2100 cm™, showing a steeper decay of the

QD-electron (offset) signal in QDs—cat (orange) compared to neat QDs (blue).

Figure 2f, where the time evolution at sub-ps times is visible in
the leftmost part of the figure. It should be noted that the time-
components obtained from fitting these very early time scales
vary slightly between different measurements and probe
wavelengths. Comparing the dynamics of the negative bands,
however, reveals a sub-ps growth (i.e., increase in magnitude)
of the B2 band, whereas the growth of the Bl band is limited
by the time resolution of the measurement. On the other hand,
a ~0.5—1 ps recovery component is present in the early time
B1 kinetics, in addition to the long-lived (>8 ns) component
resolved in the DAS. The different dynamic behavior of the B1
and B2 band implies that they do not have a common origin.
Furthermore, Al and A2 show two distinct rise times, where
Al increases in magnitude up to ~0.4—0.8 ps and A2 up to
~0.3 ps. These observations will be discussed in more detail
later, drawing also on the results with addition of catalyst.
Quantum Dots with Molecular Catalysts. Photodriven
electron transfer from Cugy,In;S, QDs to the [Fe,(cbdt)-
(CO)¢]) catalyst should be thermodynamically favorable
considering that the reduction potential for bulk CulnS, is
—1.7 V vs SCE and increasingly negative for nanocrystals.'®
Weiss and co-workers estimated the reduction potential for
stoichiometric CulnS, to —2.4 V vs SCE, i.e., approximately
—2.8 V vs ferrocenium/ferrocene (Fc*/°) for QDs with a
diameter of 2.5 nm.'®* The reduction of [Fe,(cbdt)(CO)4]
occurs at an E, of —1.18 V vs Fc*/® which ensures a sufficient
driving force for the electron transfer process (Figure 8).%
The charge-transfer event was first indicated by steady-state
quenching experiments. The decreasing PL of the QDs with
increasing catalyst concentration is shown in Figure 3a (red
dashed lines) together with the GSA spectrum of the QDs
(black) and of the catalyst (blue). For all measurements of the
mixed QDs and catalyst system (QDs—cat), sub-bandgap
excitation energies (560 nm) were used to excite the QDs to
avoid significant absorption from the catalyst. The spectral
overlap between the absorption band of the catalyst and the PL
of the QDs is negligible, indicating that energy transfer is not a
significant contribution to the observed quenching. Interest-
ingly, quenching experiments performed with [Fe,(bdt)-
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(CO)¢] (bdt = benzene-1,2-dithiolate) resulted in a higher
degree of quenching, at identical concentrations, compared to
the carboxylated compound primarily used in this study (left vs
right column in Figure 3b). The significance of this observation
will be discussed in more detail below.

Transient Absorption Measurements: Carrier Dynamics in
Coupled Systems. The interfacial charge transfer from the
QDs to the [Fe,(cbdt)] complex was investigated in more
detail through fs-TA experiments probing in the UV—vis and
in the MIR. MIR experiments were performed using a
broadband probe centered at 4900 nm (2040 cm™'). The
difference spectra of the neat QDs (Figure S7a) show a broad
positive feature (offset) typical for CB electrons, similar to the
observation made using a bandgap pump (Figure 2c). Upon
addition of the catalyst (Figure 4a), new sharp features can be
observed on a sub-ps time scale (superimposed on the broad
absorption) and they prevail during the full time-window of
the measurement (Figure S7b).

The FTIR spectrum of the catalyst overlapped with the
difference spectrum of QDs—cat is presented in Figure 4a. The
sharp negative features at 2074, 2037, and 2002 cm™! (shaded
green) correspond to the bleaches of the three [Fe,(cbdt)-
(CO),]° bands visible in the FTIR spectrum, originating from
the carbonyl vibrational modes. Upon catalyst reduction, the
C—O bonds are weakened as a result of back-donation from
the metals to the antibonding molecular orbitals of the COs.
Hence, the [Fe,]° bands are bleached as the reduced species is
formed. The concomitant appearance of two positive peaks at
~2042 and ~1980 cm™! (shaded red) corresponds to two out
of four of the expected [Fe,]” bands, red-shifted compared to
the two higher energy bleach bands by 30 and 55 cm™,
respectively. The shift magnitude is typical for the singly
reduced species of the [Fe,(bdt)(CO)s] model complex and
its carboxylated relative (the remaining bands are expected
outside the probe region).”"** In a study by M. Pavliuk et al,,
they observed the singly reduced [Fe,(cbdt)] complex, bound
to ZnO nanocrystals dispersed in dimethyl sulfoxide, at 2050
and 1985 cm™' using ns-TA. This is in good agreement with
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Figure S. UV—vis transient absorption (TA) measurements (pump, 560 nm) comparing Cu,,In,S, quantum dots (CIS QDs) and CIS QDs with
[Fe,(cbdt)(CO),] catalyst (QDs—cat). (a) Single wavelength kinetics. (b) Close-up of TA spectra of QDs (top) and QDs—cat (bottom). The
reduced catalyst absorbs at 500 nm (green dashed line). (c) Single wavelength kinetics of the QDs (blue) and QDs—cat (red) extracted from the
positive transient (660—705 nm). The faster decay of the positive signal in the presence of the catalyst is more pronounced at shorter wavelengths
(bottom right) and levels out toward the NIR (top left). 2D-maps (z-axis, AmOD) of the QD system (d) and QDs mixed with catalyst (e), probing

in the UV—vis.

the current observation considering shifts related to solvents
and the nature of the QD—catalyst interaction.*

Additionally, the QD background feature (7, < 1 ps, 7, ~ 15
ps, and 73 > 8 ns) decays faster in the presence of the catalyst
(Figure 4b), as reflected in a significant increase in the relative
weight of the sub-ps component, 7,, as well as the concomitant
lowering of the relative weight of the longer components, 7,
and 7; (see Table S2 for details). This indicates that the broad
signal involves electrons (e-CB or shallow trap states) that are
transferred to the catalyst. The observed narrow IR features
can therefore be assigned to the reduction of the catalyst. Note
that the ~15 ps component was not observed in the CB edge
population in the visible (B1 band) and can reflect additional
processes such as hot carriers and/or intraband/trap states
absorptions involving both electrons and holes.

As aforementioned, contributions from the excited catalyst
are avoided by using sub-bandgap pump energies. Further-
more, an assignment of the TA to Stark shifted ground state
bands is discarded based on (i) the quenched QD PL in the
presence of the catalyst which indicates catalyst reduction, (ii)
the faster decay of the MIR e -signal (CB/traps) in the mixed
system, and (iii) the magnitude of the spectral shifts of the
appearing positive signals, which agree with literature data for
the catalyst reduction.”"”** Hence, these experiments reveal a
sub-ps electron transfer to the catalyst, and a charge-separated
state with a lifetime longer than the time-window of the
instrument, i.e., >S5 ns. This interpretation is further supported
by the UV—vis TA experiments below.
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In addition to probing in the MIR, UV—vis TA experiments
of the coupled QD—cat system were performed in order to
gain more information on the carriers involved in the
interfacial electron transfer events from the QDs to the
catalysts, as well as to facilitate the interpretation of the
intrinsic QD dynamics. A 560 nm sub-bandgap pump was used
for photoexcitation of the QDs, and the resulting TA spectra
are presented in Figure 5b,d,e. First, a new positive feature
appears in the QD—cat system (bottom graph in Figure Sb) at
~500 nm (green dashed line). This signal closely resembles
the absorption feature of the singly reduced [Fe,(bdt)(CO)]
model complex as observed in a previous study by M.
Mirmohades et al. and depicted schematically in Figure 3a
(green).*" A comparison of single wavelength TA kinetics of
the QDs and the QD—cat system is shown in Figure Sa, and
the corresponding TA 2D-maps are in Figure 5d,e. At 500 nm,
the trace from the QDs—cat system (green) shows a sub-ps
rise of the appearing absorption feature. This signal is assigned
to the superposition of the negative QD feature with the
absorption from the reduced catalyst, in accordance with the
observations made probing in the MIR. In addition, the
negative B2 band remains for longer times in QDs—cat (blue)
compared to neat QDs (violet). The positive A2 band, on the
other hand, decays faster with the catalyst present (orange vs
brown), which is also shown in Figure Sc (blue vs red) at
different wavelengths of the A2 band.

Intrinsic Charge Carrier Dynamics. In the following
sections we will discuss the data with the aim to present a
model explaining the observed TA features and dynamics.
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), the TA bleach shows two bands resulting from the reduced absorbance of bandgap (B1) and
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electrons (a, b) and (ii) VB-holes (a, c). B2 can be associated with a state filling by (i) CB electrons and holes on VB-related trap states (b), (ii)
electrons in CB-related trap states and VB holes (c), or (iii) both carriers trapping (d).

Bandgap and Sub-Bandgap Optical Transitions. Previous
fs-TA studies of stoichiometric CIS QDs have revealed broad
negative bands, similar to the featureless GSA often observed.
Only a few spectroscopic studies have investigated Cu-deficient
CIS QDs. Kamat and co-workers™* compared CIS QDs and
revealed two overlapping negative bands upon photoexcitation,
similar to the observation made in this study. They noted that
these bands were more distinct on samples with lower Cu/In
ratio, revealing the dual presence of a bandgap bleach and a
lower energy contrlbutlon resulting from the bleaching of sub-
bandgap transitions.”” A similar bleaching of sub-bandgap tail
absorption was recently assigned by Klimov and co-workers”’
in CIS QDs and has also been observed in Cu-doped
(Cu:CdSe/CdS) nanocrystals.”>*” In the present study, the
B1 (400—470 nm) band closely resembles the GSA spectrum
(dark red vs black, Figure 2e), which is consistent with a state
filling at the band edges. On the basis of this, a similar
interpretation of overlapping bleaching from bandgap (B1)
and sub-bandgap (B2) transitions is incorporated into the
present model.

Electron vs Hole Contributions. A schematic diagram of
charge carrier traps and the resulting possibilities of bleaching
contributions for the B1 and B2 band upon bandgap pumping
(Apump) is depicted in Figure 6a—c. A bandgap bleach can result
from pump-induced state filling of the band edge states by (i)
CB electrons (a, b) and (ii) VB holes (a, c). Importantly, a
bandgap bleach (from state filling) cannot result from both
carriers being trapped upon photoexcitation (d). The
bleaching of sub-bandgap transitions, on the other hand, can
be associated with a state filling by (i) CB electrons and holes
on VB related trap states (b) or (ii) electrons in CB-related
trap states and VB holes (c). A bleaching of sub-bandgap
transitions can also result from both carriers trapping upon
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photoexcitation (d). In previous studies of CIS QDs, the
bleach has generally been assigned to a CB electron state filling
induced bleach (a, b), where a contribution from the holes
often is assumed to be negligible due to the higher density and
degeneracy of the hole levels.”**’

In the present study, pump energies related to interband
transitions (i.e, 350 and 400 nm) result in TA spectra with
similar shapes and dynamics independent of the pump
wavelength. This suggests that the carrier contributions to
the signals following such transitions are similar in nature. In
accordance with previous studies, we assign the major carrier
contribution to the band edge bleach (B1) to the electron
population in the CB (Figure 6a,b), which is consistent with
the expected hlgher degeneracy and density of the VB
compared to the CB.**

Signals related to electrons that are involved in the charge
transfer event will disappear faster in the presence of the
electron scavenger (catalyst), while those for holes will be
more long-lived. A negative signal resulting from electron state
filling (GSA bleach) or stimulated emission (SE) is therefore
expected to recover with a time-component that can be
associated with the catalyst reduction. When the QDs—cat
system is pumped at 560 nm (sub-bandgap), the kinetics
extracted at the lower energy tail of the negative B2 band
(580—600 nm, blue trace in Figure Sa), which is not
overlapping with the reduced catalyst absorption, show similar
kinetics as the neat QDs (violet trace) at early times. In
contrast, however, the negative band in QDs—cat (blue)
remains during the full time-window of the measurement,
whereas the bleach recovers completely in the absence of
catalyst (violet).

From the sub-ps appearance of new spectral signals
associated with the reduced catalyst in TA measurements
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and from quenching experiments, one can conclude that the
catalyst depletes electrons from the emissive state. Therefore,
as sub-bandgap pump energies result in similar kinetics at
initial times in the presence of the electron scavenger, neither
SE nor state filling by electrons in CB related states (edge or
traps) can be the major contribution to the negative B2 band.
Instead, the band remains for longer times when adding the
catalyst, which is a sign of the involvement of holes that
recombine more slowly when the electrons are transferred to
the catalyst.

Role of Trapped vs Band Edge Carriers. The experiments
performed with the electron scavenger clearly indicate that,
using sub-bandgap pump energies, the major contribution to
the bleach dynamics is from the holes. Herein, we assign this
contribution specifically to trapped holes. This assignment is
evidenced by the two following observations. First, both
interband (400 and 350 nm) and sub-bandgap (530—590 nm)
pump energies result in TA difference spectra which exhibit a
low-amplitude, long-lived spectral feature that resembles the
B1 (400—470 nm) band superimposed on the positive Al
(<400 nm) signal (Figure S4,b,c). This suggests that sub-
bandgap pump transitions involve an intrabandgap state and
one of the band edges (or thermally coupled states), as
depicted by the yellow and red arrows in Figure 1. This is in
accordance with the assignment of the GSA tail to optically
allowed sub-bandgap Cu'-CB transitions (yellow arrow),
where the holes which contribute to the B2 bleach dynamics
reside on intrabandgap Cu ions and not the VB edge. Second,
sub-bandgap pump energies result in a negative signal that is
most pronounced spectrally close to the pump (Figure 2d). If
the B2 bleach dynamics were reflecting only the involved band
edge population, we would expect to observe bleaching at
probe wavelengths roughly corresponding to the highest
differential extinction coefficient between the ground and
excited states and thus observe similar features independent of
pump wavelength. The spectral shift of the bleach with sub-
bandgap pump wavelengths therefore suggests that a trapped
carrier is contributing to the bleach dynamics. Herein, we
propose that the negative features observed using pump
energies related to sub-bandgap transitions are dominated by

the depletion of absorbing carriers (e.g,, Cu* pumg Cu*") in
proximity to the VB edge.

By use of bandgap pump energies, the recovery kinetics of
the B2 band clearly resembles the recovery kinetics using sub-
bandgap pump energies, suggesting that these contributions
are similar in nature and involve the hole population. A slight
difference is observed at initial times, where a sub-ps increase
in bleach magnitude is observed using bandgap pump energies
(Figure 2f, green). This growth in B2 bleach magnitude is
consistent with rapid localization of the photogenerated VB-
holes to intrabandgap states (Syyg). Hence, as sub-bandgap
transitions are sensitive to the hole population, an additional
bleach at tail wavelengths (B2, ~470—600 nm) is observed.
This is consistent with schematic b (and d) in Figure 6. With
pump energies corresponding to sub-bandgap Cu—CB
transitions, on the other hand, no obvious growth in bleach
magnitude is observed since the holes do not have to localize
prior to bleaching the transition. Our data are therefore
consistent with the picture that bandgap and sub-bandgap
optical transitions in the present QDs differ mainly in the
nature of the involved hole states.

The present assignment contrasts the common assumption,
specifically in stoichiometric CIS QDs, of a negligible
contribution from holes to the bleach dynamics. Recently,
however, Klimov and co-workers (2020) challenged this
interpretation by assigning a fast decay component of the
bleach associated with the VB—CB excitonic transition in Cu-
poor CIS QDs to rapid hole localization.”” The bleaching of
sub-bandgap transitions, on the other hand, they attributed to
the CB electron population in their QDs. To the best of our
knowledge, no previous study of CIS or Cu-deficient CIS has
shown a contribution from a trapped hole induced sub-
bandgap bleach. The rationale for the presence of the hole-
contribution in the present QDs is the lower density and
isolated nature of the absorptive intrabandgap states
introduced by the lack of copper in the crystal lattice. This is
in accordance with the much lower tail amplitude in the GSA
spectrum compared to their stoichiometric relatives. Thus, the
role of the holes becomes more dominant in Cu-deficient CIS
than in the limit of 1:1 (Cw:In) CIS. In the latter, a large
manifold of absorptive Cu-related states (e.g., Cu*) form a
semicontinuum overlapping with the VB edge (Figure 1b)
rather than being isolated states. The high density and
degeneracy of the optically involved VB states might therefore
render the hole contribution negligible, in a similar manner as
for many other QDs. In CdSe QDs, the lack of the hole
contribution to the band-edge bleach has been explained by
the ultrafast removal of the holes from the VB-edge due to
trapping.”* In the present QDs, a subset of the associated hole-
trap states have absorption transition strength, meaning that
the hole removed from the VB can bleach these transitions.

Positive TA signals in the UV—vis/NIR are commonly
observed in CIS QDs. In previous studies, these contributions
have been assigned to (i) CB electrons, (ii) trapped electrons
(St,cp) promoted to the CB, or to (iii) VB electrons promoted
to VB related trap states (Sgyg). ™"

The present QDs show prominent positive signals covering
large parts of the probed regions (UV—vis/NIR/MIR). The
presence of an electron contribution in the visible region is
indicated by the following: from the kinetic traces presented in
Figure Sa (brown vs orange), it is evident that the positive A2
signal in the visible decays more rapidly with the catalyst
present (orange) than in the neat QDs (brown). In Figure Sc,
it is clear that the faster decay of the positive signal in the
presence of the catalyst (red vs blue) is more pronounced
toward the higher energy region of the A2 band and levels out
toward the NIR. The faster decay of the A2 signal at shorter
wavelengths (~600—670 nm) appears to occur on similar time
scales as the rise of the reduced catalyst signal (500 nm, green)
in the QDs—cat system, indicating that the positive absorption
in this region has contributions from electrons involved in the
charge transfer event. We attribute the A2 band specifically to
trapped electrons, based on the rise time of the signal. We
discard cooling to the band edge states as a likely explanation
for the increase in signal magnitude on short time scales, since
no corresponding growth is visible on the CB electron induced
bleach (B1). Instead, we assign the fast recovery component of
the B1 band (Figure 2f) to electron trapping. The trapped
electrons can subsequently be promoted to CB-related states
by probe absorption, resulting in positive features in the visible
(i.e., Al and A2). The kinetics of the Al band in the presence
of the catalyst cannot be evaluated due to the overlapping with
the catalyst absorption; however, the similar dynamic behavior
of Al and A2 in the absence of the catalyst indicates their
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shared origin. This assignment is consistent with the retained
rise and decay times of the positive signals in the visible over all
pump wavelengths, which implies the involvement of
intermediate states accessible on similar time scales using
both bandgap and sub-bandgap excitation energies.

The positive NIR signal, we attribute specifically to trapped
holes, overlapping with the positive electron (trap) signal in
the lower energy region of the visible spectra. Such NIR
transitions have been associated with promoting electrons from
the VB to Cu-related localized holes in CIS and Cu-doped
QDs.>>* This assignment indicates a common origin of the
NIR signal with the B2 band, both reflecting the trapped hole
population. This interpretation is therefore strengthened by
the similar sub-ps kinetics of the two bands, attributed to rapid
hole localization (inset of Figure 2f). Herein, we have
proposed that the B2 band reflects the pump-induced
bleaching of Cu®, with a growth corresponding to the VB-to-
Cu"* hole localization kinetics to form the bleached Cu**-like
state. Previous studies, however, have indicated the presence of
both Cu* and Cu*" in Cu-poor CIS QDs.”” The NIR TA signal
and the B2 band might therefore reflect different subsets of
localized holes which, in addition to the overlapping of signals
in the visible, can explain the differences in the kinetics of the
two bands on longer time scales. The Cu®, in contrast to Cu®,
has to be photoactivated by capturing a hole prior to NIR
absorption. Cu’* ions are instead accompanied by Cu-
vacancies, which upon bandgap excitation can accept the
photogenerated VB hole.** The low amplitude GSA feature
observed in the NIR of the present QDs can therefore be an
indication of ground state Cu?*, whereas the transient
absorption in this region is consistent with transitions involving
VB electrons promoted to trapped holes of varying nature but
with a rise time likely reflecting the faster VB-to-Cu® hole
localization kinetics.

Decomposition of Transient Spectra. On the basis of the
interpretations of the spectral contributions, a model was
constructed which is summarized in Figure 7. The colored
bands represents a schematic decomposition of the TA
spectrum obtained using pump energies related to bandgap
transitions. The spectral contributions (a) are summarized in
the simplified energy diagram (b). The proposed model
involves positive absorption from electron trap states (Al,
purple and A2, orange) and contributions associated with
transitions of VB electrons to localized holes (vis to NIR, red).
The former assignment is evidenced by (i) the faster decay of
the A2 band in the presence of the electron scavenger
(catalyst) and (ii) the pump wavelength invariant kinetics (rise
and decay) of the positive bands. The broad transient
absorption in the MIR is associated with electrons in the CB
or CB-related states (gray arrow). Importantly, the present
model includes two overlapping bleach bands dominated by
state filling CB electrons and localized holes (B1, blue and B2,
green, respectively). So far, the distinct carrier contributions to
the bleach bands are proposed based on the observation of (i)
the invariant/variant spectral shifts of the bleach bands using
pump wavelengths corresponding to interband/sub-bandgap
transitions, (ii) a more long-lived B2 bleach in the presence of
the electron scavenger, and (jii) the different dynamical
behavior of the B1 and B2 band.

Despite the consistency of our data with schematic b in
Figure 6, such a model does not provide an obvious
explanation for the decoupled recovery kinetics of the signals
assigned to trapped holes (B2) and CB electrons (B1). With
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Figure 7. Schematic representations of the discussed contributions to
the transient absorption (TA) data. (a) Decomposition of the TA
spectra following pump energies related to VB—CB transitions. The
dotted line corresponds to the sum of the superimposed signals and
represents the experimental TA spectra. (b) Schematic energy
diagram showing the transitions involved in the bands of the
corresponding color in the decomposed TA spectrum.

the present interpretations, the more short-lived B2 band
indicates that the hole population decays rapidly while leaving
the long-lived CB electrons unperturbed. Such a behavior is
rather unexpected based on the literature, where long-lived Cu-
localized holes have been shown to function as acceptors in a
radiative recombination mechanism. The sensitivity, however,
of these holes to other than CB electrons provides a
speculative explanation where a subset of trapped electrons
are recombining with the bleaching holes on shorter time
scales. This is supported by global analysis (Figure 2e), where
the 7, and 7, DAS components show a clear loss of the B2
band as well as of the positive signals in the UV—vis.
Furthermore, the isosbestic point at ~535 nm (inset Figure 2a)
suggests that the carriers involved in the A2 feature recombines
with the carriers responsible for the B2 band. In the proposed
model, this behavior is associated with trapped electrons
recombining with the localized holes, likely nonradiatively,
consistent with the decoupled recovery kinetics of the B1 and
B2 band (Figure 8).

Ultrafast Charge Transfer in Self-Assembled QD-
Catalyst Complexes. The utilization of QDs as photo-
sensitizers to molecular (single hole or electron) acceptors has
been demonstrated in a large variety of studies through the
latest decades. Studies on photocatalytic systems with QDs and
molecular catalysts combined are, however, less common.””'?
For molecular catalysts, as acceptors of multiple consecutive
charges, the rates of the QD-catalyst charge transfer events are
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Figure 8. Schematic depiction of the processes involved in the
deactivation of photoexcited Cuy,In;S, quantum dots (QDs). The
reduction potentials of the QDs and [Fe,(cbdt)(CO)4] catalyst are
indicated (ref 16 and ref 40) together with the time components
obtained from the fitting of transient absorption data. From the
energetic difference between the excitonic (~bandgap) maximum and
the tail band, the absorption active hole-trap states can be estimated
to extend roughly <650 meV above the VB edge.

of great importance to control in order to prevent losses and to
allow the catalyst to accumulate the involved redox carriers.

Herein, we show that the photoexcitation of Cu-deficient
CIS QDs with a hybrid L-cysteine capping ligand layer results
in ultrafast single electron transfer to the [Fe,(cbdt)(CO)g]
catalyst. Ultrafast electron transfer from excited QDs or
molecular dyes is well-established as evidence for the
preassociation with the quencher.*® This is further supported
by the enhancement (Figure S8a,b) of the QD PL at low
catalyst concentrations (<15 M) prior to quenching (>1S
uM). This PL enhancement is an indication of a strong
interaction between the QDs and the catalysts.”” To gain
further insight into the self-association mechanism, we
performed quenching experiments comparing the [Fe,(cbdt)]
catalyst with the [Fe,(bdt)] parent compound (Figure 3b).
The results show that the catalysts are efficient PL quenchers,
with even better efficiency for the parent compound, indicating
that the —COOH group is not responsible for driving the
formation of these assemblies. For both catalysts, the
quenching is much stronger than possible for diffusion-
controlled processes, giving evidence for self-assembly of
either catalyst with the QDs.

Huang et al. (2018) observed similar ultrafast charge transfer
rates, in CIS QDs covalently linked with a [Re(bpy)(CO),Cl]
derivative catalyst, by transient absorption probing in the
MIR."® The ultrafast electron transfer was assigned to the
strong electronic coupling between the QDs and the catalyst. A
control experiment where the CIS QDs capped with 3-
mercaptopropionic acid (3-MPA) simply mixed with the
parent [Re(bpy)(CO);Cl] catalyst also showed features
associated with the reduced catalyst on ultrafast time scales.
This is evidence that the catalyst without specific binding
motifs was able to associate with the QDs. 1-Cysteine and
MPA are close relatives, with common coordination sites
associated with the carboxylate or thiol side chain. It is possible
that these sites, in addition to the amino group of L-cysteine,
might be involved in driving the formation of high-affinity
complexes in these systems. The small size of these molecules
could thus be advantageous compared to more bulky ligands,
allowing the charges to transfer efficiently without having to
penetrate the ligand shell or exchange with ligands. Weiss and
co-workers observed a similar behavior of ultrafast charge

transfer in core/shell CIS/ZnS QDs with a molecular meso-
tetraphenylporphyrin iron(III) chloride catalyst, a system
without organic capping groups. The QD-catalyst complex
formation was suggested to be driven by the interaction
between surface sulfur atoms on the QDs and the iron of the
catalyst.

The experiments performed herein are not sufficient to
identify the interactions that drive the self-assembly in the
present system, but it is clear that it can provide a great
advantage compared to systems relying on bimolecular
collision rates or synthetic linking. Efforts to determine charge
transfer rates and to characterize the interactions that drive
such self-assembly in more detail could therefore benefit the
field of artificial photosynthesis relying on efficient charge
transfer events and selectivity. The large variety of QD species
and surface agents as well as the tunability of molecular
catalysts provide a great but challenging opportunity.
Controlling the interplay between the QDs and catalyst
(dictated by their chemical/physical nature, including QD
surface agents) plays a key role for efficient system
optimization.

Bl CONCLUSIONS

Fs-TA experiments of Cu-deficient CIS QDs were carried out
by selectively pumping at different wavelengths. The transient
spectra revealed overlapping bleaching of bandgap (B1) and
sub-bandgap (B2) transitions with major contributions from
state filling electrons and (trapped) holes, respectively. This
model strengthens the picture of dual optical transitions
present in CIS QDs, where the compositional stoichiometry
plays a crucial role in determining the relative weight of the
transitions involved. We note that a trapped hole contribution
to the bleach has not been suggested before in the literature;
further studies would therefore have to clarify if the behavior
typical of the present QDs can be generalized to similar
systems. Finally, this study highlights the importance of
considering overlapping contributions when assigning charge
carrier dynamics in similar systems. This is of great importance
considering that the electron and hole dynamics need to be
monitored independently for efficient system optimization.
Further studies can clarify how the tunability window provided
by off-stoichiometric compositions can be utilized to enhance
both hole and electron transfer efficiencies to redox partners.

The direct evidence of the singly reduced [Fe,(cbdt)(CO)q]
catalyst was found by probing in the UV—vis and MIR regions.
These experiments revealed a sub-ps electron transfer upon
photoexcitation of the QDs, which indicates that the charge
transfer is not limited by diffusion rates. Such a behavior
suggests that the catalyst adsorbs onto the QD surface prior to
photoexcitation. Further characterization and enhancement of
such interactions present opportunities for constructing
efficient fuel forming systems without relying on advanced
synthetic methods.
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Supporting calculations, Figure S1 showing morpho-
logical characterization of Cug,In;S, QDs with trans-
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diffraction; Figure S2 showing optical characterization
with ground state absorption spectra and time-correlated
single photon counting (TCSPC); Figures S3—S6
showing supplementary transient absorption data and
fits (UV—vis); Figure S7 showing supplementary
transient absorption data (mid-IR, pump, 560 nm) and
quantum dots together with catalyst; Figure S8 showing
results of quenching experiment; and Tables S1 and S2
listing copper to indium ratio determined through
inductively coupled plasma measurements and fitting
parameters for transient absorption and TCSPC (PDF)
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