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Transforming and directing the flow of energy from one form (e.g., sunlight, electricity, etc.) to other 
useful forms of energy (e.g., electricity, chemical bonds, light, etc.) in an efficient and controllable manner 
is critical to meet the increasing energy demands and build a sustainable society. In search of such energy 
mediators, colloidal semiconductor nanocrystals, or quantum dots (QDs) are promising building blocks for 
building and designing systems that can efficiently capture light and convert and direct that energy into 
other useful forms of energy. In this review article, we summarize recent advances using QDs in energy 
conversion architectures with the express goal of converting optical energy to other forms of energy, 
including electricity (i.e., photovoltaics) , photons with different energies (i.e., photo up- or down-
conversion), and chemical bonds (i.e., photocatalysis).  The advantages of employing QDs over molecular 
chromophores in absorbing and then directing and converting optical energy are highlighted. Finally, we 
discuss ongoing challenges as well as unique opportunities associated with the use of QDs for 
transforming energy.
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ABSTRACT

Colloidal quantum dots (QDs) have emerged as versatile and efficient scaffolds to absorb light and 
then manipulate, direct, and convert that optical energy into other useful forms of energy. The QD 
characteristics (optical, electrical, physical) can be readily tuned via solution phase chemistries in 
order to affect the flow of energy, that was initially contained in the photons of light, using rational 
designs. Key parameters under control are the size and shape, internal composition (e.g., alloys, 
core/shell heterostructures, semiconductor/metal interfaces), surface composition (ligand 
chemistries), and film composition (e.g., QD-QD electronic coupling, bulk heterostructure 
formation, QD/biological interfaces). In this review, we summarize recent progress using QDs in 
energy conversion architectures with the express goal of converting optical energy to other forms 
of energy, including electricity, photons with different energies, and chemical bonds, i.e., 
photovoltaics, photon up-or down-conversion, and photocatalytic process, respectively.  The 
advantages of using QDs in absorbing and then directing and converting optical energy over 
molecular chromophores are highlighted. Finally, we discuss ongoing challenges and opportunities 
associated with using QDs for absorbing, manipulating and directing the flow of energy. 

1. Introduction

Nature has established a mature and sustainable ecosystem to cycle energy between different forms. 
At the first trophic level, nature converts an external energy source, namely solar energy, to other 
forms of energy needed in the ecosystem and supports life. This process, thus, represents the most 
important step in the energy cycle. Designing artificial systems that can mimic nature to efficiently 
convert optical energy to other forms of energy can lead to the development of currently 
unimagined ways of producing energy to meet the increasing energy demand and thus build a 
sustainable society. 

In search of such artificial systems, colloidal semiconductor nanocrystals, or quantum dots (QDs) 
are promising building blocks to design systems to capture light and convert that energy to other 
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useful forms. Because of the quantum confinement effect, the optical and electrical properties of 
colloidal QDs can be readily tuned by controlling their physical dimensions (size and shape) 
without the need to break and/or build chemical bonds (e.g., their bandgap increases as the QD 
size decreases). The large absorption coefficients, in conjunction with broad and tunable 
absorption spectra, make QDs excellent solar absorbers. When combined with a metal contact 
(which may form a Schottky junction) or with another semiconductor, forming a heterostructure, 
photogenerated carriers produced in the QD layers can be separated, performing as photovoltaic 
devices. As such, QDs can be used to convert optical energy into electrical energy. In addition, 
multiple exciton generation (MEG) is much more efficient in QDs than bulk semiconductors and 
provides a promising strategy for overcoming the Shockley−Queisser (SQ) limit in traditional 
single-junction solar cells. Thus far, solution-processed QD solar cells have achieved a record 
power conversion efficiency (PCE) of ~16.6%,1 an impressive improvement since their 
introduction in 2010 with ~3% PCE. However, the ultimate promise of a QD based solar cell is 
the higher overall conversion efficiency that can be achieved via solar cells utilizing the MEG 
process.2 

The strong light absorptivity also enables QDs to be an effective sensitizer coupled with organic 
chromophores. The effective electronic coupling between QDs and the organic chromophores can 
promote efficient spin triplet energy transfer across the QD/organic interface, subsequently the 
energy can be up- or down- converted to other more useful forms of photon energy through triplet-
triplet annihilation or singlet fission, respectively. Recently, quantum cutting, another strategy to 
down-convert one high-energy photon to multiple lower-energy photons, was found to be very 
efficient in lanthanide doped QDs.3,4 In addition, the strong quantum confinement effect increases 
the carrier density near the QD surface, which can be exploited for interfacial charge/energy 
transfer between QDs and nearby molecular acceptors. Therefore, with careful design, QD-based 
systems can be used to convert optical energy into chemical energy that can be stored in useful 
chemical bonds. Additionally, when a photocatalytic reaction involves the sensitization of a spin-
triplet state of the organic substrates, such as in molecular ruthenium- or iridium-based 
photocatalytic systems, the ill-defined spin character that exists in many QDs can reduce the 
energy loss from intersystem crossing between the spin-singlet and spin-triplet manifolds, thereby 
enhancing the energy efficiency of such photocatalytic reactions. For these reasons, QDs display 
tremendous potential in photocatalytic reactions. To date, QDs have been employed as efficient 
and robust photocatalysts for hydrogen evolution,5 CO2/N2 reduction and a variety of organic 
transformations6 including α-alkylation,7 β-alkylation,8 β-aminoalkylation,8 and homo- and hetero-
intermolecular [2+2] cycloadditions.9

Here we summarize recent advances in the use and exploration of QDs for manipulating and 
directing the flow of optical energy (Figure 1). In particular, we highlight progress of photon 
conversion to electrons (i.e. solar cells), to other forms of photons (i.e. photon up-/down- 
conversion), and to chemical bonds (i.e. photocatalysis) using QDs. The advantages of using QDs 
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in manipulating the flow of energy over molecular chromophores are discussed, and we provide 
an outlook for future directions.

Figure 1. Manipulating flow of energy using quantum dots discussed in this review: photons → 
electricity, photons → photons, and photons → chemical bonds. 

2. Optical Energy to Electricity

2.1. Multiple Exciton Generation (MEG)

In the search for the next generation of photovoltaic (PV) absorbers, emphasis should be given to 
systems that have the ability to generate higher efficiencies than current single-junction 
technologies. In 1961, Shockley and Queisser (SQ) determined that the limiting power conversion 
efficiency (PCE), of a single-junction solar cell operating at AM1.5G solar flux is 33%.10 All 
current day single junction solar cells are effectively constrained to the SQ limit and are, thus, 
asymptotically approaching this limit. Generating multiple electron-hole pairs per absorbed high 
energy photon is a way to decrease thermalization losses and surpass the SQ limit.11-14  
Semiconductor QDs undergo multiple exciton generation (MEG) with efficiencies (defined in 
terms of energy conversion) greater than their bulk counterparts and thus have great potential to 
serve as the next generation of PV absorbers.  
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Figure 2. (A) Multiple exciton generation (MEG) occurs when a high energy photon creates a hot electron-
hole pair that relaxes to the bandedge by producing another electron-hole pair.  The efficiency of the process 
is a competition between MEG and carrier cooling via other mechanisms.  (B) MEG characteristics for 
PbSe (bulk, grey squares), QDs (blue squares), and heterostructures (orange circles). Dashed grey lines are 
calculations for different values of P. (C) The theoretical limiting PCE of MEG-PV at various values of P, 
where P=0 is an absorber showing no MEG and P=10,000 has ideal MEG characteristics.  Reprinted with 
permission from ref.15, Copyright 2013 American Chemical Society and ref. 16, Copyright 2016 IOP 
Publishing.   

In an ideal MEG absorber, N excitons are created for every photon with energy hv = N*Eg 
absorbed, and the quantum yield (QY) as a function of photon energy will resemble a staircase 
function (Figure 2B, black trace).17 To achieve the ideal MEG characteristics, the rate of MEG 
(kMEG) must be faster than carrier thermalization rate, or the cooling rate (kcool).  The phenological 
ratio,  can be used to parametrize the MEG characteristics.  When P >10,000 (i.e. 𝑃 = 𝑘𝑀𝐸𝐺 𝑘𝑐𝑜𝑜𝑙,
when the MEG rate is 10,000x greater than the cooling rate) near ideal MEG characteristics can 
be reached.  When P < 10,000, then non-ideal conditions apply. The limiting efficiency of PV cells 
with a single-junction MEG absorber operating at AM1.5G solar flux can be calculated using the 
detailed balance thermodynamic approach and is 45% (Figure 2C, yellow-trace) for the ideal MEG 
characteristics.  The maximum efficiency is lower when MEG is not ideal.15 The optimal band gap 
for the maximum limiting PCE for a MEG-PV cell is 0.7 eV, compared to 1.3 eV at the SQ limit.13 
The MEG-PV concept has a stronger dependence on solar concentration compared to non-MEG 
cells. Hanna et al. calculated that at 100x concentration the maximum PCE increases to ~ 60%, 
whereas the limiting PCE of a bulk absorber (no MEG) at 100x is only ~38%.14 To enhance MEG 
there are two strategies, (1) increase the MEG process, and/or (2) decrease the cooling channels 
that compete with MEG. QDs offer design parameters to impact both the MEG process via 
increased carrier-carrier interactions and increased density of final states and reduce carrier-
phonon interactions leading to slower cooling. Nanocrystal shape (1, 2, and 3-dimensional 
confinement), composition, and structure (core/shell heterostructures, ligand composition, Janus-
heterostructures, etc.) are all design parameters that can be explored for improving MEG. 

2.1.1 Multiple Exciton Generation (MEG) in QDs 
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Two important experimental characteristics of MEG are the threshold photon energy, at ℎ𝜈𝑡ℎ, 
which the QY begins to exceed unity, and the electron-hole pair creation energy, , which is the 𝜀𝑒ℎ

amount of excess photon energy (energy above hvth) needed to produce an additional e-h pair.  An 
energy efficiency for MEG can be defined as .  Lead chalcogenide QDs (PbE; E=S, 𝜂𝑀𝐸𝐺 = 𝜀𝑒ℎ 𝐸𝑔

Se, or Te) have been the most widely studied systems for MEG isolated in solution12,18-25 or in QD 
films with varying degrees of electronic coupling.26-31 Most studies find hvth is ~ 2.6‒3Eg, and ηMEG 
of 0.4, a significant enhancement over bulk PbSe which exhibits hvth of ~ 6‒7Eg (Figure 2B). In 
fact, hvth in bulk PbSe is limited by momentum conservation to 4Eg and the QD systems are already 
below that limit. The primary limitations for PbE QDs relates to their strong electron-phonon 
coupling and optical selection rules.  For example, both Stewart et al.22 and Midgett et al.24 found 
that although PbS and PbSe QDs have nearly identical kMEG, the MEG yields in PbS QDs are lower 
than PbSe QDs due to stronger electron-phonon coupling and larger phonon energies in PbS. Since 
the effective masses of electrons and holes are approximately equal, optical selection rules suggest 
that to have 1Eg excess energy in either the conduction or valence bands, the absorbed photon 
should be ~ 3Eg. For these reasons Pb chalcogenide appear to be limited in their MEG efficiency. 

Other QD systems that have been studied for MEG include Si,32-34 Ge,35 InAs,36,37 InP,38 Ag2S,39 
CdTe,40  CuInSe2

41 and Pb-halide perovskite QDs.42,43  The strategies for exploring these different 
systems relate to overcoming one of the limitations of the PbS and PbSe QDs. For Si, the advantage 
is that the carrier cooling could be slowed due to the interplay of carriers within the different 
valleys of the conduction band. Excitation into the direct Γ-valley (high-energy photon) should 
result in slowed cooling of electrons into the indirect valley.  Such a strategy was initially pursued 
in SiGe bulk alloys by Queisser and co-workers.44 Alloying Si with Ge moves the direct/indirect 
offset closer to the 1Eg excess energy ideal limit.  InAs and InSb QDs have the potential to increase 
the MEG efficiency over PbS and PbSe because of the large effective mass of the hole, such that 
to produce 1Eg excess energy in the conduction band requires close to a 2Eg photon.  Furthermore, 
CuInS2 and Ag2S QDs break the symmetry between the conduction and valence band resulting in 
a lower hvth and do not possess toxic heavy-metals. 

Adding shape complexity beyond spherical QD systems allows for enhancing the rate of MEG.  
The Coulomb energy is greater in 2- and 1-dimensions compared to the 3D interaction in QDs.  A 
few researchers have explored either 1-dimensional nanostructures, or quantum rods (QRs)45-47 or 
2-dimensional nanostructures or quantum platelets.48 Some enhancement in the MEG process is 
observed in these structures, but more studies are needed in order to better understand the various 
factors that govern MEG.    
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Figure 3. MEG results for Janus and core/shell heterostructures, nanorods, and quantum dots. The blue 
circles are for the Janus heterostructures, green circles are for core/shell structures and the purple and yellow 
circles are the PbS and PbSe single component spherical QDs. Left panel shows the interplay of the 
photoexcited carriers within the PbS component with interface states, which mediate the MEG process. 
Reprinted with permission from ref. 49. Copyright 2018 American Chemical Society. 

2.1.2 Nanoheterostructures for MEG

A promising way to reduce the phonon-carrier interactions and increase Coulomb coupling is to 
design structures with asymmetry. For example, fused PbS|CdS structures termed “Janus”49 core 
particles and PbSe|CdSe core-shell particles50 are systems that have demonstrated slowed cooling 
and enhanced rates of MEG. The PbSe|CdSe core-shell QDs have a threshold of 2.2Eg, a result 
attributed to the asymmetry introduced by the heterostructure design. PbS|CdS Janus core QDs 
(Figure 3) show a ~2Eg MEG threshold. The enhanced MEG results from rapid hole trapping at 
the PbS-CdS interface.49 Therefore, the heterostructure design mostly serves the purpose of 
providing the interfacial states that effectively slow carrier relaxation. These two studies 
demonstrate proof that MEG can be enhanced by carefully designing nanostructures that have 
features to slow down the loss pathways of hot carriers, making MEG competitive with cooling. 
These metal chalcogenide heterostructures are a step forward to nanostructures with ideal MEG 
characteristics that can then be incorporated into QD PV architectures. 

2.1.3 MEG in QD Solar Cells 

There are several examples of MEG measured in the photocurrent of devices incorporating QDs. 
Multiple carrier collection per photon was observed in the biased internal quantum efficiency (IQE) 
of a PbS QD photo-diode structure.51  A tandem polymer/PbSe QD device also showed evidence 
of MEG within the PbSe QD layer.52 Sambur et al. found by sensitizing atomically flat single-
crystals with a monolayer of PbS QDs, precise IQE measurements could be performed, and they 
found that the IQE exceeded 100% at ~2.9Eg of the PbS QDs.53   Semonin et al. demonstrated a 
PbSe QD PV device with >100% external quantum efficiency (EQE) (Figure 4).54 They reported 
an EQE of 114% with an IQE of 130%. In good agreement with the results of Sambur et al., as 
well as solution phase ultrafast spectroscopy measurements, the threshold photon energy, hvth, was 
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measured to be ~2.8Eg. MEG has also been detected in the EQE of solar cells made from PbSe 
nanorods55 and PbTe QDs.56  These results indicate that the limitation in exploiting MEG for solar 
cells resides in finding ways to increase MEG in isolated QDs and then incorporating those 
structures into device architectures that can harvest those carriers.  

Figure 4. (A) Device configuration of the p-n QDPV device with MEG, and the associated (B) EQE and 
(C) IQE spectra of the 5.6 nm PbSe QDs showing >100% quantum efficiency. Reprinted from Ref. 54. 
Copyright 2011, American Association for the Advancement of Science.

2.1.3 Need for More Robust and Rapid MEG Screening

To further understand the QD design strategies needed to push the MEG to the ultimate limit and 
thereby identify new systems with enhanced MEG characteristics there is a need for new faster 
and more robust means of testing/screening for MEG, as well as, theory to predict promising 
systems for exploration. The typical approach to measure MEG yields of isolated QDs in colloidal 
solutions has traditionally been ultrafast transient absorption (TA) spectroscopy or in more limited 
cases time-resolved photoluminescence (TRPL).12,57-60  When using these techniques to search for 
new QD systems with enhanced MEG yields it is important to understand that complications can 
arise if proper care is not taken when making the measurements.  In these ultrafast spectroscopic 
measurements, the evidence that multiple excitons are produced per absorbed photon is the 
appearance of a fast multiexciton decay component in the transient dynamics when the sample is 
photoexcited above the energy conservation threshold (hv > 2Eg), but in the limit where every 
photoexcited QDs has only absorbed at most one photon. Careful measurements of the multi-
exciton decay should be made with photon energies that are less than the energy conservation 
threshold, but with a higher photon fluences (i.e., conditions where some QDs have absorbed two 
photons).  If the dynamics in the two experiments match, then one can infer that MEG has occurred 
for the higher photon energies. The number of e-h pairs created per absorbed photon (the exciton 
quantum yield, QY) can be obtained by analyzing the amplitude of the single- and multi-exciton 
components (for this analysis, single exciton lifetimes must be much greater than multi-exciton 
lifetimes).   Initially, there was much debate over TA measurements because there was a large 
spread in reported QYs.12,57,60-64 After much work, researchers concluded that some of the 
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discrepancies and variations could be attributed to photo-charging that can occur when using high 
energy photons and pulsed laser experiments.17,65-67 Photo-charging occurs via the creation of 
photo-ionized, charged QDs and whose charge state can live for a long time (in some case seconds).  
Using lower fluences and rapidly flowing or stirring the solutions during the measurements can 
minimize or eliminate such photo-charging effects.  We refer interested readers to several reviews 
of the MEG measurements that detail these complications.58,59,63,65,66  Photocurrent measurements 
are not impacted in the same way and would result in a decrease in the internal quantum efficiency 
(IQE) (for photocurrent generation). Thus, the concurrence of photocurrent and TA measurements 
give assurance that these photo-charging effects are not impacting the results. 

In addition, the transient spectroscopic measurements are laborious and time consuming.  Solar 
cell architectures where current is measured are preferable.  However, developing a QD solar cell 
from QD systems can also be time consuming and thus knowing whether high MEG yields are 
possible prior to undertaking such an endeavor is necessary. We recommend that the community 
should develop new device current-based approaches for measuring enhanced light-to-current 
yields, but which are less complex than a solar cell. For solar cells, the basic strategy is to sandwich 
a QD-layer between an n-type window layer, which accepts electrons while blocking holes, and a 
metal electrode that accepts holes. Light is absorbed in the QDs and excitons separate to form free 
electrons and holes. Critical issues that need to be addressed are robustness of QD-layer formation 
and optimization of the front and back interfaces. Adapting such architectures for fast and reliable 
MEG measurements could greatly benefit the search for systems with enhanced MEG 
characteristics. 

2.2. QD Solar Cells

Ultimately, in order to take advantage of MEG in QDs, solar cells made from QDs need to be 
developed that have PCEs on-par with solar cells made from bulk and thin-film systems.  Beyond 
MEG, QDs make interesting PV systems due to their tunable parameters, such as absorption edge, 
band positions, doping, different processing conditions, and ease of preparation. The early 
realizations of QD solar cells began with the use of QDs as an optical sensitizer which injects the 
photogenerated electron into mesoporous TiO2 (QD-sensitized solar cell).68-70 Another design is a 
bulk heterojunction with QDs embedded into a conductive polymer matrix.71-74 The early designs 
were followed by the use of QDs as both the absorber and charge transport layer, such as 
Schottky75-77 and p-n junction architectures.78 The main challenge in quantum dot photovoltaics 
(QDPVs) is adapting new structures which can transport photogenerated carriers relatively long 
distances despite the number of “interfaces” encountered in a QD-based network. So far lower 
charge carrier mobilities and diffusion lengths are reported for QDs arrays than most bulk systems 
(other than organic systems). However, by tuning the various physical and chemical parameters, 
PCEs are improving. Synthetic methods for controlling the optoelectronic properties provide a 
means of generating high efficiency QDPVs. PCEs of up to 13.1%79 have been achieved in metal 
chalcogenide QDPVs and up to 16.6%80,81 in perovskite QDPVs.  We expect that this progress 
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will continue as new researchers enter this area with novel approaches.  It is important for 
researchers to utilize the unique aspects of QDs when designing new architectures rather than 
simply considering them as a different thin-film system.  For example, Bawendi and co-workers 
utilized the fact that different band-edge positions can be produced depending on the surface 
conditions of the QDs (see discussion below).82 They used this knowledge to build a charge 
separating interface within the QD arrays.  Similarly, Luther and co-workers employed the ability 
to process the QDs sequentially and the added phase stability of perovskite QDs to build a similar 
internal charge-separating interface.80

An important parameter in designing QDPV architectures are the QD surface ligands. Metal 
chalcogenide QDs are most often synthesized with long-chain alkyl groups, such as oleic acid 
(OA), oleylamine, and trioctylphosphine. In colloidal particles, the alkyl ligands can help control 
the growth, and are responsible for solution stability and passivation of surface states for high PL 
quantum yields. Due to the insulating nature of the native aliphatic ligands, QDs used for PV 
systems typically have their ligands exchanged with either shorter organic ligands, inorganic 
complexes, or single-atom ionic species.83 The short ligands produce a variety of effects in QD 
solids and can offer many ways to tune their emergent properties. Through ligand exchange, the 
inter-particle distance, mobility, majority carrier type,84 band positions,85 trap density,86 and 
optical density87-89 can all be controlled. The chemical nature of the ligand can also affect the 
majority carrier type and Fermi level. For instance, exchanging native ligands with thiols like 
ethanedithiol (EDT) decreases the M:S (M = Pb or Cd) stoichiometry, producing an p-type film.90 
Conversely, n-type films can be produced by exchanging with amines, potassium,91 indium,92 and 
halides.84,91,93 One key breakthrough of QDPV was the introduction of dual ligand treatments. 
Semonin et al. found that a layer of  EDT treated PbSe QDs followed by a layer of hydrazine 
treated PbSe QDs increased the Voc in large diameter PbSe QD solar cells.94  Bawendi and co-
workers82 developed a double treatment for PbS QDs using EDT and TBAI. They found that the 
increased Voc and increased PCE resulted from differences in the work function of the QD-films 
when treated individually with EDT and Tetra-n-butylammonium iodide (TBAI), and that 
combining the two treatments produces an internal charge separating junction. Nearly all high 
efficiency PbS QD solar cells now use a process where there are two layers of QDs with different 
final ligands.95,96,85  Recent developments are pursuing the use of shorter and more polar solution 
phase ligand exchanges.  New polar solvents are used to support shorter polar ligands that are 
exchanged with the longer ligands prior to QD film formation.  PbI2 in DMF was found to remove 
nearly all of the as-produced organic ligands and form close packed PbS QD films with PbI2 
decorating the surfaces.73,97  The thickness of the absorber layer could be increased to ~ 800 nm 
with little degradation to the solar cell performance, nearly thick enough to absorb all of the 
incident solar irradiance above the QD band gap. Recent work from Sargent and co-workers has 
further extended the PbI2 treatments to produce some of highest PCEs from PbS QD solar cells.95  
In addition, combining useful properties of organic layers with QD layers is being explored as a 
way to increase the light harvesting in QD/hybrid solar cells.79    
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2.2.1 Tandem QD Solar Cells

Another means of exceeding the single-junction SQ limiting efficiency is by using a multi-junction 
architecture, where a cascading interconnected stack of solar cells with progressively smaller 
bandgaps is employed to reduce thermalization losses. This approach is common for high 
efficiency III-V solar cells and to date is the only current approach where a solar cell exceeds 33% 
power conversion efficiency under one-sun illumination. There are features of QDs that makes 
this approach enticing here too. Colloidal QD processing does not require lattice matching and 
thus could greatly simplify the manufacturing procedure. In addition, the size tunability of QDs 
allows for precise optimization of bandgaps for splitting the solar spectrum and provides a path 
for a multi-junction cell made from a single absorber material. Notably, PbS QDs can be tuned to 
the ideal bandgaps for a triple junction cell: 0.71 eV, 1.16 eV and 1.83 eV.98 

The design principles for constructing multijunction QD solar cells are certainly more stringent 
than for single junction QD devices. While the sub cell structure appears to simply connect two 
subcells using a recombination layer, for the performance to exceed that of a single junction cell, 
each subcell must be optimized to most efficiently convert the photons just above their band edge. 
Since the absorption coefficient is lower for photon energies just above the band edge, compared 
to that for higher energy photons, in practice, the absorber layer must be thicker and thus requires  
better charge-carrier transport properties (larger diffusion length of carriers). Another constraint is 
that the contact layers and recombination layer must minimize light absorption. 

As a proof of concept, Choi et al. reported a tandem cell using an interconnecting layer of 
ZnO/Au/PEDOT:PSS between the 1 eV and 1.6 eV PbS QD cells.99  The thin gold layer was found 
to be crucial for minimization of series resistance from the interlayer. Wang, Koleilat and 
colleagues reported a depleted heterojunction tandem using a graded recombination layer 
consisting of a stack of metal oxides with a progression of work functions.100 

Another approach incorporating thin film QD-layers in a tandem configuration is to deposit the 
QD-layer on a different PV technology, for example Si, CdTe, CIGS, etc.. A tandem QDPV 
structure was fabricated by Crisp et al. with CdTe/PbS QD absorbers which generated 5% PCE, 
with a high Voc of 1.13 eV and Jsc of ~ 10 mA/cm2.101 This configuration featured a PbS QD device 
inverted from standard design to match the polarity of the bottom CdTe cell and a ZnTe-ZnO 
recombination layer. In their report, the champion device was made by optimizing the thickness 
of the CdTe such that some of the higher energy light passed through to the PbS QD layer. The 
optimum thicknesses were 300 and 700 nm for the CdTe (0.98 eV) and PbS (1.1 eV), respectively. 

2.2.2 Pb-Halide Perovskite QD Solar Cells

The last two highest record efficiencies on the QD track of the NREL PV efficiency chart were set 
by perovskite QDs of the major composition of CsPbI3, now with a record of 16.6%.1,81 The generic 
perovskite formula is ABX3. Figure 5A shows the cubic perovskite unit cell with the lead (B-site, 
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green) halide (X-site, red) octahedra sharing corners and cesium (A-site, purple) in between. The 
CsPbX3 (X=Br, I) nanocrystals, first synthesized by Protesescu et al.102 have unusual defect 
tolerance, reflected in their bright luminescence (PLQY ~ 100%), especially green, and band gaps 
ranging from 1.85‒2.12 eV. Compared to thin film perovskite systems, perovskite QDs offer 
unique chemical, crystallographic and morphological turnabilities for solar cells that are 
unattainable by their bulk analogues. Thin film bulk perovskite solar cells, which now have 
demonstrated 25.2% PCE,1 most commonly have a small organic cation in the A-site, such as 
methylammonium (CH3NH3

+) and formamidinium (CH(NH2)2
+). However, overall device 

stability is a significant challenge for the organic-inorganic hybrid perovskites, and the substitution 
of the organic cation for Cs is one way to circumnavigate this challenge. However, Cs+ is 
considered too small of an A-site cation for [PbI6]4- octahedra (based on Tolerance factor)103 and 
thin film CsPbI3 is only metastable in the perovskite phase at temperatures over 320 °C. This phase 
stability issue can be addressed by reducing the dimensions to the nanoscale, namely QDs. In the 
15 nm range, CsPbI3 QDs exhibit strong tensile surface strain which stabilizes the perovskite 
phase.104 Swarnkar et al. developed the first perovskite QD solar cell based on this material and 
have shown reproducible J-V characteristics over several weeks (Figure 5B), thereby making them 
a viable PV system.105 

Figure 5. (A) Cubic all inorganic CsPbI3 perovskite unit cell, (B) J-V curve for CsPbI3 QDPV cell, and (C) 
the corresponding device stack of the data in (B). B and C were reprinted from ref 105. Copy 2016, American 
Association for the Advancement of Science.

The QD films are made via sequential spin coating or drop casting a solution of perovskite-QDs 
onto a transparent metal oxide substrate until sufficient thickness is achieved. Figure 5C shows a 
typical perovskite-QD device stack and micrograph cross section. Based on this design, Voc of 
1.23 V and Jsc up to >13 mA/cm2 were achieved with PCEs reaching >10%.105 PCE above 13% 
was achieved in the study by Sanehira et al., where they explored the dependence of PCE on film 
post treatment using formamidinium iodide (FAI), methylammonium iodide (MAI), CsI, and the 
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bromide salts of FA+ and MA+.106 They found that the FAI post treatment produced the best overall 
PV performance (PCE of 13.4%, Voc of 1.20 V, Jsc up to 14.37 mA/cm2) and the highest charge-
carrier mobility (0.50 cm2/Vs) of the treatments studied. In a recent development, Zhao et al.80 
fabricated CsxFA1-xPbI3 QDPV devices with highly efficient charge separating heterojunctions, 
which was enabled by the full-range tuning of A-site cation composition in colloidal QDs, namely 
CsxFA1-xPbI3 QDs.107 The heterojunction devices made from CsxFA1-xPbI3 QD layers of different 
Cs:FA ratios produced Jsc as high as 19.2 mA/cm2, Voc of 1.21 V, PCE of 17.4% (in separate 
devices). Similarly, Wang and co-workers81 fabricated QDPVs based on CsxFA1-xPbI3 QDs, which 
is prepared by a ligand-assisted cation exchange reaction, and they were able to achieve a certified 
record PCE of 16.6% with negligible hysteresis. The QD devices were also demonstrated to exhibit 
significantly enhanced photostability compared to the thin-film counterparts due to suppressed 
phase segregation. Many perovskite QD PV devices described here show high open circuit voltage 
and can lend approaches to improving thin film perovskite PV.108,109  Clearly, the efficiencies of 
state-of-the-art perovskite QDPVs are approaching other solution-processable photovoltaic 
technologies (e.g. organic solar cells, thin films), while at the same time providing unique 
opportunities for surpassing the theoretical S-Q limits. 

3. Optical Energy Interconversion 

3.1 Triplet Exciton Involved Photon Up-/Down-Conversion 

Exciton multiplication processes, e.g. photon up- or down conversion, are potential strategies to 
boost the solar energy conversion efficiency and surpass the Shockley-Queisser limit for single 
junction solar cells. Specifically, up-conversion110 combines multiple low-energy photons into one 
high-energy photon, while down-conversion111 splits one high-energy photon into multiple low-
energy photons, two promising ways to reduce transmission and thermalization losses, respectively, 
in solar cell architectures. In order to realize efficient up- or down-conversion, spin-triplet excitons 
are typically involved, as the long lifetime of triplet excitons allows for an efficient energy transfer 
within up-/down-conversion schemes. 

3.1.1 Triplet Fusion Based Photon Up-Conversion 

Triplet-fusion based photon up-conversion is capable of directly using the photons under solar 
flux.112 This is a key advantage against lanthanide doped up-conversion systems,113 which need 
excitation intensity orders of magnitude higher than is available from the solar flux. As shown in 
Figure 6A, photon up-conversion is initiated with the excitation of a light absorber with strong 
absorptivity and high efficiency of intersystem crossing to yield triplet excitons. The triplet energy 
is then transferred to a light-emitter, namely an organic dye, which typically possess a high 
fluorescence quantum yield. Two emitter molecules in the triplet excited state meet, and the triplets 
fuse to form a higher-energy singlet (also termed ‘triplet-triplet annihilation’), followed by 
emission of the up-converted photon from the singlet state. Triplet-fusion based photon up-
conversion can be sensitized with either an organic dye114 or a semiconductor QD.115 QYs as high 
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as 36% have been observed in molecular system (i.e. organic dyes).116 Semiconductor QDs serving 
as the light absorber for photon up-conversion schemes was first reported by Huang et al.117 in 
2015 where cadmium and lead chalcogenide QDs were used to convert visible and near infrared 
(NIR) light respectively (Figure 6A,B). The same strategy was also reported by Wu et al.118 where 
PbS QDs were used as the triplet sensitizer for triplet fusion based photon up-conversion in solid 
films. Compared to molecular absorbers, semiconductor QDs show a broader absorption band and 
stronger light absorptivity. Additionally, the bandgap of the QDs can be easily tuned by 
composition and/or size, continuously extending from the near ultraviolet to the near infrared. The 
ease of QD synthesis and their higher photostability are also merits for QDs and against molecular 
absorbers. 

Figure 6. Illustration of quantum dot (QD) sensitized photon upconversion. (A) PbSe QD sensitized near 
infrared-to-visible upconversion combined with rubrene (RUB, blue dots) as the light emitter. (B) CdSe 
QD sensitized visible-to-near ultraviolet photon upconversion. CdSe QD are functionalized with 9-
anthracenecarboxylic acid (9-ACA, red dots) which funnels the energy to the emitter 9,10-
diphenyanthracene (DPA, yellow dots). Reproduced from ref 117. Copyright 2015 American Chemical 
Society. 

The efficiency of triplet energy transfer ΦTET is one of the limitations for efficient upconversion.119 
Significant effort, therefore, has been expended on the optimization of ΦTET by the design and 
modification of both the QD core and surface bound ligands. Researcher have found that 
functionalization of the QD with surface anchored acene ligands, with the proper triplet energy 
alignment, can vastly enhance the ΦTET.117  Native ligands of as-synthesized QDs are typically 
long aliphatics which serve as a barrier for the triplet energy transfer from the QD to the emitter. 
Functionalization of the QD surface by acene ligands that are short in length and have low lying 
triplet energy states can funnel the triplet energy from the QD to the emitter, thereby enhancing 
ΦTET and the resulting total up-conversion QY, ΦUC (Figure 6B). Anthracene functionalized CdSe 
QDs yield a ΦUC of 14%, compared to 0.1% with no functionalization.120 Similarly, tetracene 
ligands anchored on lead chalcogenide QDs enhance the NIR-to-visible up-conversion QY by 80 
times.121 As for mechanistic studies, surface anchored anthracene triplets were directly observed 
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in the transient absorption spectra when selectively exciting CdSe QD donors.122 A Dexter-type 
energy transfer mechanism was demonstrated by an exponential dependence of the transfer rate 
with QD-molecule distance.120,123

Photophysical properties of the QDs play a key role in the energy transfer and ΦUC.115 Size 
dependence has been observed for both CdSe QD sensitized visible up-conversion and lead 
chalcogenide QD sensitized NIR up-conversion.124,125 As a triplet energy donor, small QD sizes 
with higher exciton energies lead to higher ΦTET and ΦUC. The high ΦUC with small QDs, however, 
is at the expense of the small anti-Stokes shifts between the absorbed and emitted photons. 
Therefore, proper QD size should be used to balance the QY and anti-Stokes shift to maximize the 
energy conversion efficiency. Due to the large surface area-to-volume ratio of the QDs, dangling 
bonds and other surface defects are attributed as the main reasons that limit the photoluminescence 
QYs or exciton lifetimes for an efficient energy/charge transfer. For up-conversion, it has been 
shown that the up-conversion QY positively correlate with the photoluminescence QY of QD.115 
In light of this, inorganic shells were grown on QD cores to eliminate surface traps and improve 
the PL QD.126-128 ΦUC was enhanced by 1.6 times by growing a sub-monolayer CdS shell on PbS 
core.129 This enhancement is due to the suppression of a surface trap induced hole transfer from 
QDs to the molecules, observed in transient absorption spectra. It is worth noting that trap states 
with proper energy positions can also facilitate the triplet transfer from QDs to molecules. Bender 
et al.130 showed that instead of direct triplet transfer from PbS QDs, the triplet state of surface 
bound TIPS-pentacene is produced from an intermediate state which is assigned to surface trapped 
charge carriers. Han et al.131 reported that CuInS2 QDs produce long lived self-trapped excitons 
which are transferred to molecular acceptors with an efficiency of 92.3%. With trap assisted triplet 
energy transfer, an up-conversion QY of 18.6% was realized, which is the current record for QD 
sensitized photon up-conversion. 

Other than II-VI and IV-VI QDs, perovskite QDs are also an alternative for triplet sensitization 
and up-conversion. Kimizuka and co-workers 132 reported the first use of CsPbX3 perovskite QDs 
to sensitize visible up-conversion with the up-conversion QY of 1.3%. Wu and co-workers 133 later 
revealed that the low triplet energy transfer efficiency is due to weak quantum confinement effects 
in larger sizes of CsPbBr3 QDs. In contrast, smaller sized CsPbBr3 QDs with concomitant stronger 
quantum confinement possess higher carrier probability densities at their surfaces, which results 
in stronger electronic coupling with the attached acceptors, thereby, promoting the triplet energy 
transfer. With this in mind, they demonstrated that the triplet energy transfer efficiency can be 
enhanced to ~99% in 3.5 nm strongly confined CsPbBr3 QDs using 1-pyrenecarboxylic acid as the 
triplet acceptor. They further reported134 that CsPbBr3 QDs with surface anchored 1-naphthalene 
carboxylic acid, and 2,5-diphenyloxazole as the emitter, yields visible-to-ultraviolet up-conversion 
with 10.2% QY.

3.1.2 Singlet Fission Based Photon Down Conversion
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Singlet fission has been widely studied with organic dyes.111 As the reverse of triplet fusion 
(discussed above), singlet fission describes the generation of two triplet excitons from one singlet 
exciton. Specifically, an organic chromophore in the singlet excited state shares its energy with a 
ground-state chromophore that is in close proximity, yielding two triplets. This spin-allowed 
process can be very efficient as it typically occurs in a femto- or pico-second time scale and out-
competes other exciton decay processes. In solar energy conversion, by splitting one high-energy 
excited state to two low energy-excited states (analogous to the MEG process described above), 
singlet fission is able to harvest energy that would otherwise be lost to thermalization and can 
thereby enhance the overall photocurrent and power conversion efficiency. For example, with the 
quantitative conversion of one singlet pentacene to two triplets, Congreve et al.135 obtained 109% 
EQE in organic based photovoltaic cells.

In addition to charge separation and the subsequent collection of those charges, the triplet excitons 
can also be harvested via luminescence. “Singlet fission photon multiplier” takes use of the 
luminescence from the singlet fission generated triplet excitons for photovoltaics cells.136 However, 
the emission of triplets in non-metallic organic systems is spin forbidden. One strategy to 
overcome this limitation is by using organic-metal complexes with high intersystem crossing 
efficiency, which has proven successful in organic light-emitting devices.137 However, in the near-
infrared regime, the performance of organic dyes is poor because of their strong internal 
conversion.138,139 In view of this, semiconductor QDs could potentially be an excellent triplet 
harvester. This is because the lowest triplet state of the QDs could be emissive by overcoming the 
small exchange energy (~12.5 meV)140 and fast conversion to the emissive singlet state at room 
temperature. This allows the potential use of QDs as an excellent near infrared emitter. 

 

Figure 7. Singlet fission of tetracene is followed by triplet energy transfer to PbS QDs, which doubles 
photoluminescence QYs of PbS QDs. Reproduced from ref 141. Copyright 2014 Nature Publishing Group.   

Triplet energy transfer between molecules and semiconductor QDs was not well recognized until 
two back-to-back publications from Rao’s and Baldo’s groups in 2014. With transient 
spectroscopy, Rao and colleagues142 observed triplet energy transfer from pentacene to PbSe QDs 
after singlet fission within the pentacene molecules. This triplet energy transfer is a resonant 
transfer based on a QD size dependent study. Similarly, Baldo and co-worders141 reported the 
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singlet fission of tetracene and the subsequent transport of the generated triplet excitons to PbS 
QDs (Figure 7). This was proven by the enhanced photoluminescence of the PbS QDs. 
Calculations based on the enhanced photoluminescence shows that the efficiency of tetracene 
singlet fission and triplet transfer to PbS QDs are both near unity. 

Following these pioneering reports, different molecule-QD hybrid systems have been designed for 
efficient singlet fission. Nathaniel et al.143 reported a doubled photoluminescence QY of PbS QDs 
by anchoring TIPS-tetracene ligands on the QD surfaces. In that work, TIPS-tetracene ligands are 
directly photoexcited and undergo singlet fission to yield two triplets, which are sequentially 
transferred to the PbS QDs, followed by light emission from the PbS QDs. Considering the doubled 
photoluminescence QYs, the efficiency of TIPS-tetracene singlet fission, as well as, the triplet 
energy transfer to PbS QDs should be near unity. Similar to the up-conversion analogy, Allardice 
et al.144 designed a three-component singlet system including PbS QDs, surface anchored and free 
TIPS-tetracene. In this system, over 95% of the incident light is absorbed by the free TIPS-
tetracene to initiate singlet fission (135% efficiency). The generated triplet excitons can be 
quantitatively (95%) harvested with a low concentration of QDs.  

In addition to the lead chalcogenide QDs, other systems can also be used as triplet acceptors after 
singlet fission. Baldo and co-workers incorporated tetracene as a single fission layer in Si solar 
cells.145 The singlet fission generated triplet excitons were transferred to an underlying Si solar 
cells efficiently, the triplet energy transfer was assisted by an electric-field-effect passivation. The 
combined yield of singlet fission and triplet transfer reached 133%. Other than the light emitter, 
QDs can also work as a light absorber to sensitize singlet fission. Compared to the singlet fission 
of organic dyes, QD sensitizers possess stronger and broader absorption bands.  Beard and co-
workers reported that CsPbBr3 perovskite QDs can transfer energy to the singlet state (79% 
efficiency) of surface bound TIPS-pentacene which then undergoes singlet fission (145% 
efficiency), generating an overall yield of 113% triplets.146 The singlet energy transfer is mediated 
through a Dexter-like electron exchange mechanism, instead of a Förster mechanism, at the 
CsPbBr3/pentacene interface. Excited pentacene singlets can then undergo efficient singlet fission 
on the QD surface due to the sufficient intermolecular coupling provided by dense surface binding. 
Compared to commonly observed triplet energy transfer at the QD-acene interface, this system 
provides a new strategy to produce molecular triplets with a 200% quantum yield using QDs as 
the sensitizer. 

3.2 Quantum Cutting in Lanthanide Doped Perovskite QDs

Another strategy that can down-convert one high-energy photon to multiple low-energy photons 
is quantum cutting (QC). QC was first observed in lanthanide elements.147 Lanthanide doped 
nanoparticles can up-convert photons and potentially be used in biological imaging.113 QC is 
effectively the reverse process of up-conversion and is analogous to both the singlet fission 
occurring for molecular systems and MEG that occurs in QDs. In QC, one ultraviolet photon can 
be split into two low-energy photons with a quantum yield of over 100%.148-150 Both up-conversion 
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and QC in lanthanides are based on their abundant f electron configurations. Mechanisms of QC 
are presented in Figure 8. QC can be realized with a single luminescence center (Figure 8A). In 
this strategy, lanthanides are photoexcited to a high energy electronic state, followed by subsequent 
decay to the lower electronic state and finally to the ground state, with the emission of two or more 
photons. Alternatively, QC can be realized with multiple luminescence centers with cross-
relaxation energy transfer involved between luminescence centers, as shown in Figure 8B-D. 

Figure 8. Four strategies of quantum cutting of lanthanide ions involving single ion (A) or multiple ion 
centers (B-D). (E) Quantum cutting of Yb3+ ion doped CsPbCl3 perovskite quantum dots. A-D were redrawn 
from ref 146 and E was reproduced from 3. Copyright 1999 American Association for the Advancement of 
Science, and 2017 American Chemical Society.

Highly efficient QC systems using lanthanides suffer from low absorption cross section, and low 
lanthanide concentrations are needed to avoid cross-relaxation. This problem is recently 
circumvented by using a new host material, namely perovskite QDs. Pan et al.3 developed the 
synthesis of a series of lanthanide-doped perovskite QDs and they observed a photoluminescence 
QY of 143% for Yb3+ doped CsPbCl3 QDs. As shown in Figure 8E, this unexpectedly high QY is 
explained with the QC mechanism: the photoexcited CsPbCl3 exciton decays to a defect state and 
then to the ground state, concomitant with the sequential energy transfer to two Yb3+ions which 
subsequently emit two NIR photons. Among a series of dopants, only Yb3+ doping results in a 
photoluminescence QY over 100% because the exciton energy of CsPbCl3 QDs perfectly matches 
twice the energy of Yb3+ 2F5/2-2F7/2 transition. This is the first example of QC sensitized by 
semiconductor QDs. Following this work, a series of detailed studies were developed to understand 
the dopant effect and optimize the QC efficiency. Milstein et al.4 improved the near-infrared 
photoluminescence QY to 170% with Yb3+ doped CsPbCl3 QDs. With transient absorption 
spectroscopy, they showed that the energy transfer from photoexcited QDs to Yb3+ occurs within 
the picosecond time scale, and the transfer is efficient at all temperatures from 5 K to room 
temperature. 

Novel synthetic methods are also developed for Yb3+ doped perovskite QC systems. Traditional 
hot-injection methods with lanthanide chloride, lead chloride and cesium oleate are limited due to 
the poor solubility of the precursor, especially lanthanide chloride for samples with high lanthanide 
doping levels. Milstein et al.4 solved this problem by using more soluble acetate precursors that 
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yields Yb3+ doping levels of up to 7.4%. With a Cl-to-Br anion exchange reaction, Milstein et al.151 
reported the synthesis of Yb3+ doped CsPb(Cl1-xBrx)3 QDs. By controlling the degree of anion 
exchange with trimethylsilyl halides (TMS-X), the bandgap of the QDs were continuously tuned 
from 3.06 eV to 2.53 eV, while the photoluminescence QY remains the same (above 100%). 

As with the photovoltaic devices, both theoretical studies and experimental results point towards 
the benefits of the incorporation of QC materials. Crane et al.152 developed a model to pair a Yb3+: 
CsPb(Cl1-xBrx)3 QC layer with different existing single junction solar cells, and silicon 
heterojunction solar cells showed significant performance gain, with the predicted power 
conversion efficiency of 32%. Cohen et al.153 modeled the performance of a 1D and 2D 
luminescent solar concentrator incorporated with Yb3+: CsPb(Cl1-xBrx)3 QC QDs, and proposed a 
monolithic bilayer luminescent solar concentrator device with the QC layer, showing 19% 
enhancement of the flux gain compared with the optimized CuInS2 luminescent solar concentrator. 
Experimentally, Zhou et al.154 reported that by using Yb3+, Ce3+ co-doped CsPbCl1.5Br1.5 QD as 
the QC layer, the PCE of commercial silicon solar cells can be noticeably enhanced from 18.1% 
to 21.5%. This work demonstrates the values and potential commercialization incorporating QC 
with existing solar cell technologies. 

4. Optical Energy to Chemical Bonds

Upon photoexcitation, QDs can also store optical energy in chemical bonds through photocatalytic 
reactions. Compared to molecular chromophores, QDs display several superior properties for 
photocatalytic reactions. (1) QDs intrinsically possess higher absorption coefficients, which lead 
to less catalytic loading per reaction. (2) The quantum confinement effect provides additional 
parameter space to tune their absorption spectra, ranging from UV-Vis to NIR, and to modulate 
the electronic coupling between QDs and the molecular substrates by tuning the carrier probability 
density at the surface as well as a tuning of the bandedge positions. The controllable electronic 
coupling can mediate charge or energy transfer between QDs and molecular substrates, activating 
molecules, which are subsequently transformed to products through breaking or forming chemical 
bonds. (3) QDs can absorb multiple photons and generate multiple excitons or reducing/oxidizing 
equivalents per QD without decomposition or changes to the QD absorption profile. In contrast, 
molecular chromophores typically do not absorb multiple photons prior to relaxation and thus 
cannot build-up multiple reducing/oxidizing equivalents per cycle. If the generated multiple 
excitons per QDs per absorbed photon can be effectively converted to chemical bonds, the 
resulting quantum efficiency can exceed 100% in a photocatalytic reaction. 

4.1 Hydrogen Evolution 

Hydrogen is considered as the fuel of the future because of its high specific enthalpy and 
environmental compatibility upon combustion. Producing hydrogen from a photocatalytic reaction 
offers a promising approach to build the hydrogen economy. Although QDs are an excellent solar 
absorber, the photocatalytic hydrogen evolution quantum efficiency using QDs as the sole 
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photocatalyst is limited due to fast recombination of photoinduced charge carriers and the 
photocorrosion of QDs after redox chemistry. Therefore, the biggest challenge is to create an 
artificial system that generates long-lived charge separated states to drive the subsequent redox 
chemistry. As shown in Figure 9, one strategy is to couple QDs with a hydrogen evolution 
cocatalyst, including precious metals, molecular compounds, and hydrogenase, which can promote 
long-lived charge separation and also serve as the active site for hydrogen evolution.155 Another 
strategy is to increase the physical distance between photogenerated carriers by the use of other 
nanostructures, such as 1D nanorods, and to decrease the wavefunction overlap between electrons 
and holes with the use of heterostructures, such as core/shell structures. In these systems, the QDs 
work as a photosensitizer to capture the photon energy, while the cocatalyst is the actual 
photocatalytic center. Another important strategy is to separate electrons and holes by integrating 
the QDs into a photoelectrochemical cell, thereby separating the reductive process from oxidative 
process. 

Figure 9. Four strategies of photon-driven H2 production using QDs. (A) QDs with metal cocatalyst. (B) 
QDs with molecular cocatalyst. (C) QDs with hydrogenase or hydrogenase mimics. (D) Integrating QDs 
into photoelectrochemical cells. (A) was reproduced with permission from Ref. 156. Copyright 2018 John 
Wiley and Sons. (B) was reproduced with permission from Ref. 157. Copyright 2012, American Association 
for the Advancement of Science. (C) was reproduced with permission from Ref. 158. Copyright 2012, 
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American Chemical Society. (D) was reproduced with permission from Ref. 159. Copyright 2017, Nature 
Publishing Group. 

4.1.1 QDs with Metal Cocatalyst 

Traditionally, precious metals have been the most common cocatalysts with many semiconductors 
for photocatalytic hydrogen evolution.160 The exact same strategy can be applied to QDs for 
hydrogen evolution, where photogenerated electrons in QDs are transferred to metal active sites, 
followed by transferring to protons. However, earlier reports using Pt-loaded CdS nanoporous 
structures,161 or platinized suspensions of cadmium zinc sulfide modified by silver sulfide,162 
showed that these nanostructures are not photostable even though they displayed high apparent 
quantum yield of up to 60%. It is worth noting that the hydrogen evolution reaction is only a half 
reaction, and a hole scavenger is generally needed. The photo-instability is mainly due to the 
oxidizing holes that cause the oxidation of the chalcogen in QDs. Research in this field has been 
shifted to other nanostructures that attempt to separate the oxidizing holes within the structure, but 
progress remained rather slow until the synthetic challenges of preparing well-controlled nanorods 
and metal tips on nanorods had been addressed. In 2000, Alivisatos and co-workers163,164 reported 
colloidal synthesis of CdSe nanorods with well-controlled aspect ratios. Then in 2004, seminal 
work from Banin and co-workers165 reported the selective growth of metal tips on various 
semiconductor nanorods and tetrapods by a simple reaction, where the size of nanorods and metal 
tips can be well controlled. Since then, the “nanorod-metal-tip” structure has become the prototype 
system for hydrogen generation. CdS nanorods, in conjunction with a Pt tip, have been the most 
common photocatalysts for hydrogen generation. To further prevent charge recombination upon 
photoexcitation, the wavefunction of electrons and holes can be engineered by preparing more 
complicated nanoheterostructures (e.g. Type II electronic structure). For instance, a Pt-tipped CdS 
nanorod with an embedded CdSe seed should be an ideal system for photocatalytic hydrogen 
evolution, as photogenerated electrons transfer to the metal tip while holes are localized to the 
CdSe seed.166 

However, the quantum efficiency for hydrogen evolution depends on many factors, including the 
size of the nanorod and seed, Pt particles, amount and combination methods of preparing the Pt 
particles. For instance, Amirav et al.167 showed that both the length of the nanorod and size of 
CdSe seed affect the quantum efficiency of HER, and the optimized structure (60 nm long CdS 
rods, 2.3 nm CdSe seed and 3 nm Pt tip) exhibited 20% quantum efficiency under 450 nm 
illumination. Their nanorod heterostructure is 28 times more active for hydrogen generation 
compared to the unseeded rods, and the quantum efficiency remains the same for over 12 hours. 
The enhanced photostability is ascribed to physically separating the holes from the Pt/CdS 
interface. They further studied the photocatalytic activity dependence on the Pt loading amount.168 
Their report demonstrated that nanorods with only one Pt tip exhibited the highest hydrogen 
evolution efficiency with 27% apparent quantum yield, while nanorods with Pt particles on both 
tips displayed only 18% quantum yield. Heiz and co-workers169 found that the size of Pt 
particles/clusters in CdS nanorods also plays an important role in the hydrogen evolution quantum 
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efficiency. The highest efficiency was obtained with Pt clusters containing an intermediate number 
of 46 atoms. The size effect is ascribed to the shift of LUMO level of Pt, which affects the electron 
transfer rate in both CdS to Pt and Pt to protons. In theory, the LUMO level of Pt should be low 
enough to accept electrons from CdS but at the same time high enough to transfer electrons to the 
molecular acceptor, namely protons. These two sequential steps are equally important for the 
hydrogen evolution efficiency. 

Figure 10. Size-dependent hydrogen generation yield in the CdS-Au system. (A) Hydrogen generation rate 
and cadmium normalized rate as a function of Au size. (B) Illustrative photocatalytic processes kinetic 
routes involved in hydrogen production. (C) Measured CdS-Au electron transfer rate and fitted curve using 
Fermi golden rule. (D) Measured quantum yield and the non-monotonic kinetic model. Reproduced from 
Ref170. Copyright 2016, Nature Publishing Group.

The non-monotonic size dependence of the metal tips on the hydrogen evolution efficiency was 
recently studied in detail by Banin and co-workers170 using a combination of transient absorption, 
hydrogen evolution kinetics, and theoretical modelling in a model system of CdS-Au nanorods 
(Figure 10). Their work shows that the size-dependent hydrogen evolution efficiency results from 
an interplay between the metal domain charging, the relative band alignments and the resulting 
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kinetics in this two-step reaction. The optimal size for the metal tip was explained in terms of two 
competing processes, namely the rate of electron transfer from CdS to metal tips and from metal 
tips to water. For small metal tips, the hydrogen evolution efficiency is mainly determined by the 
rate of electron injection to the metal tip; and for large metal tips, it is mainly determined by the 
water reduction on the metal surface. These two limits show opposite dependence on the metal 
size, leading to an intermediate size for the optimal value. 

Figure 11. (A) Illustration of the photocatalytic hydrogen production process using Pt-tipped CdSe@CdS 
nanorods. Note that hydroxyl anion-radical redox couple was used as the redox mediator. (B) and (C) are 
TEM and high-resolution HAADF micrographs of Pt-tipped CdSe@CdS nanorods. A-C were reproduced 
with permission from Ref. 171. Copyright 2016 American Chemical Society.

Lately, researchers have focused on further optimizing the heterostructures,172-174 introducing new 
electron donors (hole scavengers), and understanding the charge separation dynamics and reaction 
mechanisms using ultrafast spectroscopic techniques. They find that the electron transport step is 
rapid and efficient, but the hole scavenging step is the efficiency-limiting step.173,175 Benefiting 
from this improved fundamental understanding, Amirav and co-workers171 combined the 
optimized Pt-tipped CdSe@CdS rods and hydroxyl anion-radical redox couple as the redox 
mediator, and were able to achieve a perfect photon-to-hydrogen quantum efficiency of 100% 
(Figure 11). 

4.1.2 QDs with Molecular Cocatalyst 
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In addition to noble metals, molecular compounds in conjunction with QDs can also promote 
hydrogen evolution. Similar to metal cocatalysts, molecular compounds deliver electrons from 
photoexcited QDs to protons, acting as a photocatalytic active center. Such molecular catalytic 
centers can be found in transition metal ions (e.g. Ni2+,176,177 Co2+178), complexes (metal ions with 
organic ligands)157 or compounds (e.g. Co2C179, MoP180, MoS3

181) and nanoclusters (e.g. 
[Mo3S13]2‒)182. For instance, by directly adding Co2+ ions into CdTe QD solutions, Wu and co-
workers178 showed that the photocatalytic hydrogen evolution activity can be significantly 
enhanced, with a turnover number of 219,100 based on QDs and hydrogen evolution rate of 25 
μmol h‒1 mg‒1. Similar photocatalytic hydrogen evolution activity was also found in CdSe QDs 
with Ni2+ ions as the cocatalyst, and impressive progress has been made.176,177,183,184 Guo and co-
workers184 combined twinned Cd0.5Zn0.5S nanocrystals and an unanchored NiSx cocatalyst for 
hydrogen production, and they achieved an IQE of nearly 100% under 425 nm illumination with 
Na2S/Na2SO3 as hole scavengers. Meanwhile, transition metal ions can also bind to surface organic 
ligands, forming molecular complexes as the photocatalytic center. In 2012, Eisenberg, Holland, 
Krauss and co-workers157 found that CdSe QDs and dihydrolipoic-acid-complexed Ni2+ can act as 
robust and highly active photocatalysts for hydrogen generation (Figure 12A-B). Their 
photocatalyst gives > 600,000 turnovers based on the Ni complex and 1,200,000 based on the QDs 
at pH = 4.5 with ascorbic acid as the hole scavenger, and the activity remains unchanged for over 
360 hours under illumination at 520 nm with a quantum yield of over 36%. They reported that the 
as-formed Ni complex is responsible for the high photocatalytic activity. They185 further 
incorporated Co ions in the system and discovered that the Co-complex is much less efficient for 
hydrogen evolution. Recently, they expanded the family of metal complexes to a series of iron 
dithiolene complexes,186 where they found that the overall order of activity correlates well with 
the reduction potential of the formally Fe(III) dimeric dianions. The effect of different capping 
ligands was also carefully studied. 
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Figure 12. (A) Schematic diagram illustrating the photocatalytic H2 production using CdSe QDs and Ni-
DHLA as cocatalyst. (B) Hydrogen evolution over time using dihydrolipoic acid capped CdSe QDs with 
and without Ni(NO3)2. (C) Schematic diagram illustrating the photocatalytic H2 production using CdSe/CdS 
core/shell QDs and Ni-DHLA as cocatalyst. (D) Hydrogen production over time using different 
nanostructures of QDs. A-B were reproduced with permission from Ref. 157. Copyright 2012, American 
Association for the Advancement of Science. C-D were reproduced with permission from Ref. 187. 
Copyright 2016, American Chemical Society. 

Recent advances in this area are focusing on optimizing both the photosensitizer (i.e. QDs) and 
the molecular compounds and understanding the electron transfer mechanisms in the system. For 
instance, incorporating new QD heterostructures (e.g. core/shell, type I/II, Figure 12C-D)187-189 
and surface capping ligands186,190-194 have led to both improved quantum efficiency and stability. 
Exploring new molecular catalysts is another interesting direction. Transition metal compounds 
(e.g. Co2C179, MoP180, MoS3

181) and nanoclusters (e.g. [Mo3S13]2‒)182 are showing their potential 
in photocatalytic hydrogen evolution under visible-light illumination. Ultrafast spectroscopic 
results195 have shown that electron transfer from the QDs to the molecular complexes is rapid and 
efficient, and thus is not the rate-limiting step; however, electron transfer from molecular complex 
to protons is rather sluggish, which should be further improved in the future. 

4.1.3 QDs with Hydrogenase or Hydrogenase Mimics 

Nature can convert protons to hydrogen in the dark using hydrogenase at the thermodynamic 
potential of the H+/H2 couple, with a rate of 6000‒9000 s‒1. Using natural hydrogenase as a 
cocatalyst with QDs as the light absorber thus represents a promising strategy for light-driven 
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hydrogen evolution. The challenge stems from the controlled assembly of QDs and hydrogenase 
in the right configuration (orientations, distances) so that the electron transfer rate is competitive 
with radiative and nonradiative recombination within the QDs. In 2010, King and co-workers196 
assembled CdTe QDs and Clostridium acetobutylicum [FeFe]-hydrogenase through electrostatic 
interactions, giving stable, enzymatically active complexes (Figure 13A). Using ascorbic acid as 
the sacrificial donor, they achieved an internal quantum efficiency of 9% under 532 nm 
illumination, and a turnover frequency of 25 s‒1. The internal quantum efficiency and turnover 
frequency were further improved to 20% and 983 s‒1 by coupling the same kind of hydrogenases 
to CdS colloidal nanorods (Figure 13B).158 The enhanced catalytic activity was ascribed to a better 
electronic coupling between nanorods and hydrogenases, which leads to an accelerated electron 
transfer rate. Electron transfer kinetics between the CdS nanorods and hydrogenase were further 
studied in detail by Dukovic and co-workers.197-199 Their reports demonstrate that the electron 
transfer rate is comparable with the electron relaxation rate in CdS nanorods, both have values on 
the order of 107 s‒1, and thus further optimization need to focus on increasing the electron transfer 
rate or decreasing the electron relaxation rate in nanorods. 

Figure 13. Schematic diagram illustrating the photocatalytic H2 production using CdTe QDs (A) or CdS 
nanorods (B) coupled with [FeFe]-hydrogenase, and CdTe QDs coupled with hydrogenase mimics (C). (D) 
H2 production using CdTe QDs- hydrogenase mimics in the absence (A) and presence (B) of chitosan. A 
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was reproduced from Ref. 196. Copyright 2010, American Chemical Society. B was reproduced from Ref. 
158. Copyright 2012, American Chemical Society. C was reproduced from Ref. 200. Copyright 2013, Nature 
Publishing Group. 

In addition to natural hydrogenases, hydrogenase mimics have also been incorporated with QDs 
for hydrogen evolution.201 For instance, Wu and co-workers202 coupled CdTe QDs with 
hydrophilic hydrogenase mimics to achieve a turnover number of 505 for hydrogen production. 
The quantum efficiency and turnover number were further improved dramatically by introducing 
chitosan into the QD-hydrogenase mimic system to simulate the confined environment around the 
active site of hydrogenase in nature (Figure 13C-D).200 With this strategy, they improved the 
turnover number to 5.28 × 104. In addition to CdTe QDs, CdSe QDs have also been explored as as 
couple with hydrogenase mimics, showing impressive photon-to-H2 quantum efficiencies.203,204 

4.1.4 Integrating QDs into Photoelectrochemical Cells

Another interesting paradigm is to assemble QDs into QD-solids that then form photoelectrodes 
in photoelectrochemical cells. In this configuration, photogenerated electrons and holes can be 
physically separated similar to a solar cell architecture. When the cathode is immersed into an 
aqueous solution, light-driven H2 evolution can occur. In 2017, Beard and co-workers159 developed 
photoelectrochemical cells based on PbS QDs that can produce H2 from aqueous Na2S solutions 
(Figure 14A-B). In their system, one electrode consists of a PbS QD layer deposited onto 
FTO/TiO2 and served as a photoanode. The photoanode is immersed into an aqueous Na2S solution 
(1M) and electrically connected to a dark electrode, Pt, that is submersed in a phosphate buffer 
(pH = 7) in a separate compartment. The two compartments are connected by a salt bridge to 
complete the circuit. Upon photoexcitation, PbS QD layer generates electron-hole pairs, the 
photogenerated holes oxide sulfide ions (S2‒) at the PbS QD/Na2S solution interface, while 
photogenerated electrons are relayed to the Pt electrode where they reduce H+ to H2. Therefore, 
the overall reaction is to photosplit H2S and generates H2. Since the integrated PbS QDs undergo 
MEG (discussed above), generating 2 excitons (electron-hole pairs) per phonon absorbed for high 
energy photons, they successfully generated H2 with a peak external quantum efficiency (photons-
to-H2) of up to 120% (Figure 14D). They demonstrated that efficient MEG was triggered when the 
incident photon energy is larger than 2.7 times of the PbS QD bandgap energy. Their results 
suggest that QDs possess a tremendous potential to achieve high-efficiency production of solar 
fuels. Moving forward, coupling the photoanode with a photocathode to increase the generated 
photovoltage is needed in order to extend the H2S splitting reaction based on QDs arrays to the 
production of H2 directly from water splitting.  Beard and co-workers calculated, based upon the 
detail-balance approach, that the water-splitting power conversion efficiency can greatly benefit 
from MEG when a small amount of solar concentration (10-100x) is also employed.205  
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Figure 14. (A) Schematic illustration of the photoelectrochemical cell based on PbS QDs to produce H2. 
(B) Energy diagram of QDs, TiO2, and redox chemical potentials. (C) IPCE of PbS QDs with different 
sizes. Over 100% IPCE was observed in smaller QDs (Eg: 0.92 and 0.85 eV). (D) Comparison of the IPCE 
for front and back illuminations based on PbS QDs (Eg: 0.85 eV). Reproduced from Ref. 159. Copyright 
2017, Nature Publishing Group. 

4.2 C-C, C-O, and C-N Bonds Formation 

Although the apparent photon-to-H2 quantum efficiency was improved to nearly 100% based on 
QD systems, a sacrificial agent or a cocatalyst is generally required, and QDs do not serve as the 
catalytic center in most cases. In addition, using QDs as photocatalysts for useful organic synthesis, 
such as C-C, C-O and C-N bond formation remained a challenge until recent progress 
demonstrated the utility to this approach. In 2017, Weiss and co-workers206 demonstrated that 
colloidal CdS QDs can be used by themselves to photocatalyze a C-C coupling reaction between 
1-phenylpyrrolidine (PhPyr) and phenyl trans-styryl sulfone (PhSO2). They proposed that the C-C 
coupling is mediated through a radical-radical coupling mechanism, and the QDs serve as a 
photoredox catalysts to transfer both photoinduced electrons and holes separately to the different 
molecular substrates (Figure 15A). Specifically, photoexcitation by 405 nm light generates excited 
state QDs, which subsequently transfer holes to PhPyr, generating a reduced QD and an amino 
radical 2. The amino radical can then attack the double bond in PhSO2 after deprotonation, forming 
the sulfonyl radical 4. Finally, 4 accepts electrons from the reduced QDs and eliminates the PhSO2

‒ 
ion, forming the product 5 and closing the cycle. They further found that the photoinduced hole 
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transfer from QDs to PhPyr is the rate-limiting step, which can be modulated by the optimization 
of the QD-ligand shell. The generality of C-C bond formation using QDs as photocatalysts was 
also investigated by Krauss, Weix and co-workers8 almost at the same time as the Weiss study. 
Their report found that CdSe QDs can be employed to photocatalyze five different organic 
reactions, including β-alkylation, β-aminoalkylation, amine arylation, dehalogenation, and 
decarboxylative radical formation (Figure 15B-C). A library of C-C and C-N coupling reactions 
between aldehydes/ketones and olefins/amines were achieved to yield alkylation, aminoalkylation, 
and amine arylation products with moderate to high reaction yields. Without further optimization 
of the QDs or the reaction conditions, reaction efficiencies based on CdSe QDs are revealed to be 
comparable to the best available molecular metal dyes. Additionally, their CdSe QD photocatalyst 
can tolerate a variety of potential poisons, ligands, organic cocatalysts, and transition-metal 
cocatalysts. Soon after, König and co-workers207 showed that ZnSe/CdS QDs can be used for 
reductive dehalogenations and C-H arylation reaction from aryl bromides. They also proposed that 
the reaction is mediated through a radical-radical coupling mechanism. 

Figure 15. Proposed reaction mechanism for C-C coupling reaction of 1-phenylpyrrolidine and phenyl 
trans-styryl sulfone (A), and β-alkylation (B). (C) Photocatalytic cross coupling reactions reported from 
Ref. 8. (A) was reproduced from Ref. 206. Copyright 2017, American Chemical Society. (B-C) were 
reproduced from Ref. 8. Copyright 2017, American Chemical Society. 

Recently, Yan and co-workers7 demonstrated that CsPbBr3 perovskite nanocrystals can selectively 
photocatalyze another C-C formation reaction, namely α-alkylations, with a turnover number of 
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over 52,000 under visible light illumination (Figure 16A). Subsequently, they expanded the 
reaction scope to C-N and C-O band formations via N-heterocyclizations and aryl-esterifications 
with moderate to high reaction yields (Figure 16B).208 In addition, they find that large size 
perovskite nanocrystals generally display higher reaction yields compared to smaller QDs, which 
they attribute to a stability issue (larger nanocrystal being more stable than smaller ones). 
Perovskite nanocrystals also apparently provide higher reaction activity in air than most of the 
developed phootcatalysts because of a higher air tolerance for the perovskite nanocrystal. For 
instance, when compared to traditional II-VI QDs (CdSe) or molecular catalysts (Ru(bpy)3(PF6)2, 
Ir(ppy)3), CsPbBr3 nanocrystals generally exhibit higher reaction yields and turnover numbers. 
Their study demonstrates the generality of perovskite nanocrystals or QDs for a broad scope of 
organic synthesis. A subsequent reaction mechanism study209 by transient absorption spectroscopy 
revealed that the reaction is initiated by an ultrafast charge transfer, forming a charge separated 
state with ∼0.8 μs lifetime. This near microsecond charge separated state allows the 
photogenerated charged radical intermediates to form C−C bonds in a biradical pathway, but the 
lifetime is not long enough to support chain propagation. However, it still remains an open question 
if this biradical pathway is generic reaction pathway for QDs-based photocatalytic reactions. 
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Figure 16. Photocatalytic α-alkylation of aldehydes (A), N-heterocyclizations and aryl-esterifications (B) 
enabled by CsPbBr3 nanocrystals.  (A) was reproduced from Ref. 7. Copyright 2019, American Chemical 
Society. (B) was reproduced from Ref. 208. Copyright 2019, Nature Publishing Group. 

In addition to the above-mentioned benefits of QDs as a photocatalyst for organic synthesis, Weiss 
and co-workers9 recently demonstrated that QDs can bring unique opportunities for the regio- and 
diastereoselective organic synthesis due to a QD surface effect. They employed CdSe QDs as 
visible-light photocatalysts for homo- and hetero-intermolecular [2+2] photocycloadditions of 4-
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vinylbenzoic acid derivatives with up to 98% switchable regioselectivity and 98% 
diastereoselectivity for syn-cyclobutane products that are previously unattainable using traditional 
methods. Using transient absorption spectroscopy, they demonstrated that the photocatalytic 
reaction was triggered by efficient triplet-triplet energy transfer from QDs to the molecular surface 
bound substrates. With the mechanism, they further found that they can obtain selective 
heterocoupling, apart from homocoupling, by precisely controlling the triplet energy level of the 
QDs. The excellent diastereoselectivity and tunable regioselectivity was attributed to the surface 
“templating” effect, where molecular substrates can reversibly absorb and desorb through 
carboxylic ligands (Figure 17). Therefore, their study demonstrated that QDs not only can provide 
exceptional activity towards a variety of organic synthesis, but also present a new strategy to 
achieve high diastereoselectivity and regioselectivity for the development of more complicated 
industrial-relevant drug molecules. 

Figure 17. (A) Triplet sensitization of organic substrates via the QD photocatalyst and the mechanisms of 
syn-HH selectivity for [2+2] photocycloadditions. (B) Sensitization of organic substrates via the molecular 
sensitizers and the mechanism of the anti-HH selectivity for [2+2] photocycloadditions. Reproduced with 
permission from Ref. 9. Copyright 2019, Nature Publishing Group. 
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4.3 Other Multielectron Chemical Transformation 

4.3.1 CO2 Reduction

CO2 photoreduction is a promising strategy to close the carbon cycle and to construct a sustainable 
society. Similar to the scenario in H2 generation (Section 4.1), colloidal QDs can couple with a 
cocatalyst (e.g. metal,210-212 metal oxides,213 and molecular complexes214-216) to reduce CO2 under 
light irradiation. In these cases, semiconductor QDs only work as a photosensitizer, which delivers 
photogenerated electrons to the cocatalyst that subsequently reduces CO2. Initial reports for CO2 
photoreduction are mainly focused on traditional cadmium chalcogenide QDs (CdS, CdSe, 
CdTe).217 Recently, ternary colloidal QDs including CuInS2 and perovskite QDs are being 
investigated as intriguing potentials for photocatalytic CO2 reduction. In 2018, Weiss and co-
workers218 coupled charged CuInS2/ZnS QDs with trimethylamino-functionalized iron 
tetraphenylporphyrin (FeTMA) as cocatalysts for CO2 photoreduction. With optimal conditions, 
they achieved a turnover number of 450 per catalyst after 30 h illumination of 450 nm light and a 
selectivity for CO product of 99% (Figure 18A). Ultrafast spectroscopy studies revealed that 
electron transfer from multiple QDs to a single FeTMA can be very efficient (~100%), and the 
sensitization efficiency is 11 times greater than that of the physical mixture of QD/FeTMA in 
DMSO. Tian and coworkers219 covalently linked CuInS2 QDs with a molecular Re cocatalyst. 
They found that the covalent linkage aids the ultrafast electron transfer from QDs to Re catalyst, 
which leads to an enhanced photocatalytic activity for CO2 reduction to CO. They subsequently 
deposited the QDs/Re catalyst onto NiO photocathode, forming a photoelectrochemical cell for 
CO2 reduction.220 With this configuration, they achieved a faradaic efficiency of 32% for CO 
production. Reisner and co-workers214 anchored CdS QDs with non-precious molecular nickel 
terpyridine complexes, which photocatalyzed CO2 reduction with >90% selectivity under UV-
filtered simulated solar light irradiation. Their results demonstrate that anchoring the molecular Ni 
catalyst on the QD surface is key in controlling the selectivity for CO2 reduction over H2 evolution 
in aqueous solutions. Interestingly, for some other QDs, a cocatalyst is not necessary for CO2 
photoreduction and these QDs work as both photosensitizer and catalyst. For instance, in 2017, 
Sun and co-workers221 found that CsPbBr3 QDs, by themselves, can photo-reduce CO2 with over 
99% selectivity (towards CO) and an efficient yield of 20.9 μmol h‒1 upon light irradiation. Several 
other reports222-225 also demonstrated high selectivity and activity for photocatalytic CO2 reduction 
based on MA/CsPbBr3 QDs, suggesting the superior photocatalytic activity of these systems. 
However, it is worth noting that the efficiency and selectivity for photocatalytic CO2 reduction 
based on QDs are still relatively low, especially for usable fuels and value-added chemicals (i.e. 
C2+ products). So far, almost all QD systems produce C1 products. While C2+ products are 
generally more valuable, it still remains a significant challenge to generate them photocatalytically. 
Therefore, future research should focus on exploring the opportunities for selectively generating 
C2+ products, improving the product selectivity, and deepening the understanding of reaction 
mechanism in CO2 reduction based on QDs.

4.3.2 N2 Fixation
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QDs have also been explored for photocatalytic N2 reduction. The strategy is again very similar to 
H2 generation or CO2 reduction, that is couple the QDs that absorb the light with a good cocatalyst 
to reduce N2 under light irradiation. However, here the challenge stems from the limited choices 
of cocatalysts that can reduce N2 efficiently. When hydrogenase is replaced with nitrogenase, QDs 
can be employed to drive the photoreduction of N2. In 2016, King and co-workers226 assembled 
CdS nanorods and nitrogenase MoFe protein and realized photocatalytic N2 reduction under 405 
nm light illumination (Figure 18B-C). Similar to the QD-hydrogenase system, CdS nanorods work 
as light harvesters, and they photosensitize the nitrogenase MoFe protein to drive the enzymatic 
reduction of N2 into NH3. In such a way, the photon energy harvested by the QDs can effectively 
replace the chemical energy from adenosine 5’-triphosphate (ATP) hydrolysis in the biological 
system. Under optimal conditions, they obtained a turnover rate of 75/min and 63% of the ATP-
coupled reaction rate for nitrogenase complex. Their study demonstrated the vast potential of QD-
enzyme biohybrids for light-driven chemical transformations. Learning from the success of the 
QD-based H2 production and CO2 reduction, we envision that future success in photocatalytic N2 
reduction will come from the development of both novel QDs and cocatalyst, the optimized 
interaction between the QDs and the cocatalysts, and an in-depth understanding of the reaction 
mechanisms. For instance, since the emerging family of perovskite QDs (e.g. CsPbBr3) has driven 
some recent breakthroughs in photocatalytic reactions, it could be fruitful to explore perovskite 
QDs for N2 reduction reactions. 

Figure 18. (A) Photocatalytic CO2 reduction using QD/FeTMA: TON as a function of absorbed photon 
energy. Reproduced from Ref. 218. Copyright 2018, American Chemical Society. (B-C) Schematic 
illustration of N2 reduction to NH3 by nitrogenase driven by ATP (B) and CdS:MoFe protein biohybrids 
(C). Reproduced from Ref. 226. Copyright 2016, The American Association for the Advancement of Science.

5. Conclusions and Outlook

In this review, we highlight recent advances in using colloidal QDs for absorbing, manipulating 
and directing the flow of optical energy into other useful forms of energy. The advantages of QDs 
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compared to molecular chromophores in converting optical energy to electron energy, to other 
wavelengths of light, and to chemical bonds are the focus and frame the discussion. First, we 
described how QDs can be implemented into solar cells to convert optical energy to electricity, 
highlighting the opportunity of overcoming the SQ limit by taking advantage of the MEG process. 
We then summarized recent progress in photon up- and down-conversion approaches based on 
colloidal QDs. Finally, we discussed recent advances of using QDs for photocatalytic chemical 
conversion, including hydrogen evolution, CO2 reduction, N2 reduction, and organic coupling 
reactions. 

Assembled QD arrays are able to effectively convert solar energy to electricity. The past decade 
has witnessed a continuing and steady progress in QDPV, with the power conversion efficiencies 
that are approaching other solution-processable photovoltaic technologies (e.g. organic solar cells). 
Quantum yields exceeding 100% via MEG has been demonstrated in working QD solar cells, 
showing great promise in the quest to bypass the SQ limit for single-junction solar cells. However, 
further improvement in the MEG efficiency at lower energy thresholds requires careful synthetic 
control towards more advanced heterostructures (both for the inorganic core and organic ligand 
shell227), which can effectively slow down the cooling rates of hot-carriers due to additional 
channels. As such, advanced QD nanostructures228 should continue to be explored for further MEG 
improvements. Shape, composition, and heterostructure effects are underexplored and provide 
avenues for exploration. As an example, very high MEG results were recently reported in 2D 
MoTe2.229 Understanding and controlling the electronic interactions between QDs (QD-QD 
electronic coupling), and QD-ligands, that can lead to high carrier mobilities, low trap densities, 
and long carrier lifetimes without losing the beneficial impacts of quantum-confinement will lead 
to breakthroughs that in turn can further improve QDPVs. All of these efforts are closely tied with 
the development of new synthetic methods and QD-film processing in order to prepare 
monodispersed,230 well-defined QD arrays or superstructures, where ligand coordination 
chemistry can play an extremely important role. The connections between synthesis, QD-
monodispersity, trap density, QD performance, etc., need to be better understood. Apart from QD 
structure, device engineering can also accelerate the development of QDPV, in particular those 
architectures that take advantage of the unique aspects of QDs. 

Recently, QDs are also finding new opportunities in photon up- and down-conversion mediated 
through electronic coupling with organic chromophores and quantum cutting. However, several 
challenges exist and limit these platforms for practical use. For example, most of the QDs 
mentioned above contain lead or cadmium. The toxic heavy metals are not environmentally 
friendly and limit their use in biological systems (especially for photon up-conversion). The 
development of non-toxic systems, for instance, Si QDs,231  which are free of heavy metals could 
yield significant benefits. The community should continue exploring the electronic coupling 
between inorganic QDs and organic chromophores in a broader material scope. Additionally, 
reabsorption would be a challenge in triplet fusion based up-conversion due to the strong 
absorptivity of the QDs in the spectrum of the up-converted emission. Minimizing the thickness 
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of the thin film could be a solution. For quantum cutting with lanthanide ions doped into perovskite 
QDs, the mechanism is proposed as a trap state mediated two sequential energy transfer from 
conduction band of the QDs to the lanthanides. Detailed studies should provide a better 
understanding of the nature of this trap state and the energy transfer process. Furthermore, a careful 
study of the apparent lock-and-key relationship between perovskite QDs and Yb3+ ions in the 
quantum cutting process is needed, as no quantum cutting has been observed in other Yb3+ doped 
QDs, or perovskite QD doped with other lanthanide ions.

QDs-based hydrogen evolution has achieved great progress, reaching 100% apparent photon-to-
hydrogen efficiency based on the nanorod-metal-tip system. Other multi-electron transformations 
(e.g. CO2 and N2 reduction) based on QDs with cocatalysts have also been demonstrated, 
exhibiting quantum efficiencies comparable to other photosensitizers, such as organic 
chromophores. To further improve the quantum efficiency, new QDs nanostructures, cocatalysts, 
and sacrificial agents need to be explored and optimized. Ultrafast reaction dynamics can shed 
light on the mechanisms and thus ultimate potential.166 Recent advances in photocatalytic organic 
synthesis using QDs as the photocatalyst is extremely intriguing and exciting. However, the 
generality of organic coupling reactions based on QDs as photocatalysts should be further 
investigated, and the reaction mechanisms needs to be better understood and controlled. 
Computational,232-234 in conjunction with ultrafast spectroscopic209 techniques could bring 
tremendous value in understanding the reaction mechanism (e.g. key reaction intermediates, 
pathways, origin of chemo-selectivity, and reaction time scales).  Apart from the high quantum 
efficiency, QD-based photocatalytic systems also possess unique opportunities towards regio- and 
diastereoselective organic synthesis. Another interesting direction that can be foreseen is to use 
QDs as a photocatalysts for enantioselective organic synthesis. Overall, colloidal QDs have 
emerged as an efficient scaffold to transduce optical energy to electricity, to other wavelengths of 
light, and to chemical bonds, and further development of quantum-confined systems is likely to 
greatly benefit emerging energy technologies. 
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