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ABSTRACT 

Photosensitization of molecular catalysts to reduce CO2 to CO is a sustainable route to 

storable solar fuels. Crucial to the sensitization process is highly efficient transfer of redox 

equivalents from sensitizer to catalyst; in systems with molecular sensitizers, this transfer is often 

slow because it is gated by diffusion-limited collisions between sensitizer and catalyst. This 

article describes the photosensitization of a meso-tetraphenylporphyrin iron(III) chloride 

(FeTPP) catalyst by colloidal, heavy metal-free CuInS2/ZnS quantum dots (QDs) to reduce CO2 

to CO using 450-nm light. The sensitization efficiency (turnover number per absorbed unit of 

photon energy) of the QD system is a factor of 18 greater than that of an analogous system with a 

fac-tris(2-phenylpyridine)iridium sensitizer. This high efficiency originates in ultrafast electron 

transfer between the QD and FeTPP, enabled by formation of QD/FeTPP complexes. Optical 

spectroscopy reveals that the electron transfer processes primarily responsible for the first two 

sensitization steps (Fe
III

TPP � Fe
II
TPP, and Fe

II
TPP � Fe

I
TPP) both occur in <200 fs.  
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INTRODUCTION 

Photocatalytic reduction of CO2 is a sustainable way to utilize abundant solar energy to 

produce CO, a precursor for reactions that form storable H2 and liquid fuels, such as the water-

gas shift and Fischer-Tropsch processes, and reactions using organometallic complexes that run 

under much milder conditions.
1-3

 Several molecular redox catalysts, containing precious metals 

such as Re
4-6

 or earth-abundant metals such as Co
7,8

, Ni
9,10

, and Fe
11,12

, are capable of reducing 

CO2 to CO electrochemically or photochemically. Meso-tetraphenylporphyrin iron(III) chloride 

(FeTPP) and its derivatives are the class of earth-abundant homogeneous catalysts with the best 

combination of efficiency and chemical stability for the reduction of CO2 to CO, when they are 

fed electrons by an electrode or photosensitizer,
13-15

 such as tris(bipyridine)ruthenium(II) 

chloride (Ru(bpy)3), fac-tris(2-phenylpyridine)iridium (Ir(ppy)3), or organic dye.
16-18

 These 

sensitizers, however, either contain precious metals or only absorb a significant amount of light 

at 400 nm or shorter wavelengths (which only accounts for ~4% of the photons in the AM 1.5G 

solar spectrum). Furthermore, without extensive organic synthesis to covalently link sensitizer 

with catalyst
19,20

, these sensitizers do not have a mechanism for chemisorption of 

photosensitizers and catalysts. The electron transfer between the two is then primarily mediated 

by bimolecular collision reactions, with rates and catalytic efficiencies limited by diffusion and 

concentration.
14,21

 A final disadvantage of these sensitizers is that adjusting their redox potentials 

or absorption spectra to accommodate a certain application or catalyst, by changing the 

coordination environments of metals or the size of the π systems of organics, is not 

straightforward synthetically, and often results in sacrificing one desirable property – coverage 

of the solar spectrum, electrochemical potential, or chemical stability – for another.  

Colloidal quantum dots as photosensitizers for CO2 reduction offer solutions to all of these 

problems. The heavy metal-free CuInS2/ZnS core/shell QDs we use in this study have an 

extinction coefficient of ε = ~70000 M
-1

·cm
-1

 at 450 nm, a factor of 3 - 25 greater than that of 

Ir(ppy)3 and Ru(bpy)3, Figure 1A.
22-24

 Quantum confinement of their electrons renders their 

absorption spectrum tunable over the visible region by simply changing their diameter, and 

enhances their reduction potential from -1.7 V for bulk CuInS2 
25

 to ~ -2.4 V vs. SCE for the QDs 

we use here (diameter = 2.5 nm, Figure 1B), enough to perform all three reductions of FeTPP 

required for CO2 binding and reduction. Importantly, QDs also have large surface area-to-

volume ratios, and their surfaces facilitate (or can be simply functionalized to facilitate)
26-31

 the 
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adsorption of molecular catalysts to form quasi-static complexes that mediate femtosecond-to-

picosecond rather than microsecond (diffusion-limited) charge transfer between sensitizer and 

catalyst.
32

  

The two reports of catalytic systems using heavy-metal containing CdS QDs as 

photosensitizers for CO2 reduction (with enzyme
33

 and cobalt complex co-catalysts
34

) show 

promise for this strategy, but both had energy efficiencies limited by the reduction potential of 

CdS QDs, which are approximately 1 V less reducing than CuInS2, and by their limited 

absorption of visible light.
35

 Feldmann and co-workers demonstrated the efficacy of a 

combination of more highly reducing Cu2S nanorods with Pt nanoparticles for conversion of CO2 

to CO and methane, although the 1.2 eV bandgap of Cu2S required an exceptional hole 

scavenger.
36

 

Here we show that soluble, colloidal, heavy metal-free CuInS2/ZnS QDs photosensitize the 

catalytic conversion of CO2 to CO by a model catalyst, FeTPP, in DMSO, using visible light, 

Scheme 1. Upon successive photoexcitations at 450 nm, the QD donates three electrons – the 

first and second in <200 fs – to form the catalytically active species Fe
0
TPP, which binds CO2 

and reduces it to CO with 84% selectivity (16% H2). The sacrificial reductant N,N,N′,N′-

tetramethyl-p-phenylenediamine (TMPD) re-establishes the QD’s ground state within 700 ps. 

There is no detectable degradation of catalytic activity over 40 h, the longest time we monitored 

the system. The sensitization efficiency of this sensitizer-catalyst system is a factor of 18 higher 

than the most efficient photostable homogenous system for photoreduction of CO2 to CO using 

an earth abundant metal, FeTPP(OH)4 sensitized by Ir(ppy)3,
14

 even though Ir(ppy)3 absorbs 

higher-energy light (420 nm) than does the QD. Mechanistic analysis of the photosensitizer-

catalyst interaction is crucial for maximizing what in electrocatalysis is the “heterogeneous rate 

constant”, the rate of injection of redox equivalents into the catalyst. This type of analysis is 

often complicated with, for example, Ir(ppy)3 or Ru(bpy)3, sensitizers because these complexes 

form triplet excited states, undergo intramolecular charge separations, and have convoluting 

ground-state absorption features with the molecular co-catalysts. The QDs that we use here allow 

for direct measurements of the rates for photoinduced electron transfer. Specifically, time-

resolved optical spectroscopy allows us to determine the origin of the high efficiency of the QD-

FeTPP system: ultrafast electron donation from the QD to FeTPP in near-quantitative yield, 
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enabled by the formation of quasi-static 

complexes of sensitizer and catalyst with no 

covalent linking chemistry.  

 

 

RESULTS AND DISCUSSION  

Catalytic Mixture and Mechanism. We 

synthesized oleate-capped CuInS2/ZnS core/shell 

QDs based on a modified literature procedure
37

 

(Figure S11) and subsequently displaced all of 

the oleate ligands (as shown by NMR, see Figure 

S1) with 3-mercapto-1-propanol (MPO) to form 

DMSO-soluble QDs, the photosensitizers for the 

reaction. The Supporting Information describes 

our synthesis and ligand exchange procedure in 

detail.  

Figure 1A shows that the broad first 

excitonic peak of MPO-capped CuInS2 QDs is 

centered near 435 nm, and the emission peaks at 

610 nm, which corresponds to a particle diameter 

of 2.5 nm.
22

 Upon introduction of QDs, the Soret 

band of FeTPP shifts to lower energy, which 

suggests a change in axial ligand substitution, 

specifically that the Fe center within FeTPP is 

interacting with an electron donating group
38,39

 

(probably the electron-enriched sulfur sites on 

the surface of QDs)
40

. When the QDs are mixed 

with FeTPP in CO2-saturated DMSO, in the 

molar ratio used for the catalysis (QD:FeTPP = 

1:0.02) or that used for the time-resolved 

spectroscopy experiments (QD:FeTPP = 1:0.5), 

 
Figure 1. Characterization of the Catalyst 

and Sensitizer. A) Ground state absorption 

spectra of 16 µM CuInS2/ZnS core/shell QDs 

(black), 8 µM FeTPP purged with CO2 (red), 

and a mixture of the QDs and 0.5 eq. FeTPP 

purged with CO2 (green); and PL spectrum of 

the QDs (black dash), in DMSO. The blue 

arrow indicates the excitation wavelength 

used for the catalysis, PL, and transient 

absorption experiments. B) CV of 1 mM QDs 

under N2 (black), FeTPP under N2 (blue), and 

FeTPP under CO2 (red), with 50 mM 

tetrabutylammonium hexafluorophosphate in 

DMSO, a glassy carbon working electrode, 

an Ag wire reference electrode, and a Pt wire 

counter electrode.  The potentials have been 

referenced to SCE using a ferrocene internal 

standard. The discontinuities in the scans are 

artifacts caused by switching the polarity of 

the electrodes (shifted below 0 V when 

referencing the data to Fc/Fc
+
).  
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we achieve excellent selectivity (≥95%) for photoexcitation of the QD sensitizer (as opposed to 

FeTPP) at 450 nm, the excitation wavelength used for all studies, Figure 1A (green). We use a 

large excess of QD sensitizer for catalysis in order to ensure that at most one FeTPP binds per 

QD, and thereby maximize the probability that photoexcited electrons all go to the same catalyst.  

 Figure 1B shows cyclic voltammograms (CVs) of MPO-capped QDs under N2, FeTPP 

under N2, and FeTPP under CO2, all in DMSO. When the FeTPP sample is purged with CO2, 

catalytic current is observed upon reduction of Fe
+ 

to Fe
0
, which confirms that the Fe

0
 center 

within FeTPP molecule is the catalytic site.
13,14

 The first observed reductive wave of the QDs (~-

2.5 V) is more negative than the catalyst standard potential, which indicates that the 

photoinduced electrons within CuInS2 QDs used in this study have enough energy to reduce Fe
III

 

to Fe
0
, and thereby photosensitize FeTPP. 

 

 

Scheme 1 summarizes a photocatalytic mechanism for CO2 reduction by QD-sensitized 

FeTPP, based on the previously reported electrochemical mechanism.
41

 During the initial 

sensitization step (top blue shaded region), a QD sequentially accepts three photons, one at a 

time. After each photoexcitation (to form QD*), the QD donates one electron to FeTPP and one 

Scheme 1. Proposed Photocatalytic Mechanism for the Reduction of CO2 to CO via 

Electron Transfer from the QD to FeTPP and Hole Transfer from the QD to TMPD. 
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hole to the sacrificial reductant, TMPD, to regenerate its ground state. The Fe
III

 center within 1 

thereby consecutively accepts three electrons to become Fe
0
 (2), which binds CO2 to form the 

catalytically active species Fe
0
-C

(+4)
O2 (3).  The first step of the reduction of CO2 is a proton-

coupled electron transfer (PCET) from Fe
0
 to CO2 to form Fe

I
-C

(+3)
OOH (4). The C

(+3)
OOH 

moiety in 4 then accepts another electron from Fe
I
 and another proton from the surrounding 

media and undergoes dehydration to form 5. Finally, a CO molecule releases from 5. In another 

sensitization step, the remaining Fe
II
 center captures two electrons from a consecutively 

photoexcited QD to re-establish 2 and continue the catalytic cycle.  We suspect that the ligand 

“L” in 1 is DMSO when CO2 is not present, and is CO2 (although the exact nature of binding 

mode is unclear)  when it is available, because, upon addition of CO2 to FeTPP, changes in the 

absorption spectrum of FeTPP, possibly indicative of axial ligand substitution, occur, see the 

Figure S2.
39

  

We suspect, but have not proven, that the protons needed during this cycle are donated by 

residual water in the DMSO (which we did not dry thoroughly) and the water formed during the 

ligand exchange procedure. During the phase transfer of the QDs to DMSO, we added 

benzyltrimethylammonium hydroxide (triton B) to deprotonate the added thiols (the MPO 

ligands) to thiolates. This process generates water, which is then transferred to DMSO. 

Catalytic Efficiency of the QD-FeTPP Mixture. The Methods section describes our 

photocatalytic setup in detail. Briefly, we put QDs samples in air-tight vials and illuminated 

these vials with a 4.5-mW, 450 nm laser pointer (bandwidth = ~ 2 nm) for various amount of 

time. We then sampled the head space of these vials with gas chromatography (GC) with thermal 

conductivity detection (TCD) to monitor the production of H2 and CO. 
1
H NMR of the samples 

in DMSO-d6 did not detect any solution-phase catalytic products. Without light, the 

QD/FeTPP/CO2 sample does not produce any CO or H2. After 10 hours of illumination at 450 

nm, the QD/FeTPP/CO2 mixture produces both H2 and CO, whereas the QD/FeTPP/Ar mixture 

produces only a trace amount of H2. With no added FeTPP, the QD/CO2 sample produces 

primarily H2 and a negligible amount of CO. The FeTPP/CO2 sample (with no QDs) under the 

same conditions does not produce a GC-detectable amount of H2 or CO (see all GC traces in 

Figure S3). Qualitative analysis of the GC data allows us to conclude that i) the detected CO is 

coming from CO2, not from another carbon source such as the surface ligands or solvent, ii) the 

electrons that reduce the Fe center in FeTPP originate from the photoexcited state of the QD, and 
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iii) the vast majority of CO is produced by the QD/FeTPP assembly, rather than by the QD or 

FeTPP on its own.  

Figure 2, red triangles, shows the kinetics of CO production for our reaction mixture, CuInS2 

QDs with 0.02 eq. FeTPP, 1000 eq. of the hole scavenger TMPD, in DMSO purged with CO2. 

The QD/FeTPP system shows no sign of decreasing catalytic activity after 40 hours of 

illumination at 450 nm and 4.5 mW (Figure S8). Our goal is to demonstrate and analyze the 

effectiveness of our QD-based sensitization scheme for the particular FeTPP catalyst we have 

chosen – that is, the efficiency with which the QD transduces light energy to reducing 

equivalents, and ultimately to CO. The conventional plot of turnover number (TON = 

[CO]/[catalyst]) vs. illumination time does not, however, account for the intensity or energy of 

the light source (a higher photon flux, for example, will lead to more CO by creating more redox 

equivalents per unit time) and is therefore not a good measure of sensitization efficiency. Instead, 

we plot in Figure 2 (red triangles) the TON vs. cumulative photon energy absorbed by the 

sensitizer, calculated according to eq. 1. Also  

 

Figure 2. Measurement of Catalytic Efficiency. Red triangles: Plot of the turnover number 

of CO (per catalyst molecule) vs. the cumulative absorbed photon energy, upon illumination 

of a mixture of 100 µM QDs (+ 1000 eq. TMPD) and 2 µM of FeTPP in CO2-saturated 

DMSO. Shown for comparison are analogous data (extracted from Ref.14) for the production 

of CO by a hydroxylated FeTPP catalyst, photosensitized by Ir(ppy)3 (blue squares) or CNA 

(black circles), as described in the text. The Supporting Information contains the GC traces 

used to construct this plot and the calculation of cumulative input photon energy from 

illumination time.   
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���������		���
��	�	�ℎ
�
�		�	���	��� = ���ℎ�	���	�����	 � �
� ∗ ���� 

× ����������
�	��	�	����� × ���	��� × ������
�	
�	�ℎ
�
��	���
��	�     (1) 

plotted in Figure 2 are the analogous datasets for two published photocatalytic reaction 

mixtures: a derivatized FeTPP catalyst sensitized by Ir(ppy)3 (blue squares) and by 9-

cyanoanthracene (CNA, black circles). We chose these data for comparison because Ir(ppy)3 is 

the most commonly used photosensitizer for all molecular-catalyst based homogenous 

photoreduction of CO2, and because FeTPP(OH)4/Ir(ppy)3 is the most efficient photostable 

homogenous system for photoreduction of CO2 to CO. The combination of several other Fe
II
 and 

Co
II
 based catalysts coupled with Ir(ppy)3/Ru(bpy)3 sensitizers

21,42-45
 have higher turnover 

frequencies, but all have turnover number vs. time plots that deviate from linearity within ten 

hours of illumination, indicating some degradation or poisoning of the catalytic system. In 

constructing the plots in Figure 2, we assume the TON is photon-limited – that is, increasing the 

power of the excitation source will increase the total amount of CO produced; we prove this 

assumption for both our system and the published systems, and show our detailed calculations 

using eq 1, in the Supporting Information.  

The sensitization efficiency (defined as the number of CO molecules produced / J of 

absorbed photon energy / catalyst molecule, i.e. the slope of the curve in Figure 2) of the QD-

sensitized system is a factor of 18 larger than that of Ir-sensitized system, and a factor of 38 

larger than that of the CNA-sensitized system. Given the data in Figure 2, the external quantum 

efficiency for conversion of photons to reducing equivalents, EQE = 2×(number of CO molecules 

produced per catalyst)/(number of incident photons), is 0.01% for the QD-sensitized system, 

0.0013% for the Ir-sensitized system, and 0.0008% for the CNA-sensitized system.
14

 
46

 

Importantly, the enhancement in sensitization efficiency by the QDs, relative to Ir and CNA, 

is much more dramatic than what is evident from Figure 2 and the numbers we derive from it, 

because in order to compare our system to the Ir and CNA-sensitized systems, we ignored two 

important features of the published systems that overestimates their performance relative to that 

of the QD-sensitized system. First, the catalyst used in the Ir- and CNA-sensitized systems is 

(FeTPP(OH)4), whereas we use FeTPP. The hydroxyl groups of (FeTPP(OH)4) stabilize the CO2-

FeTPP species through hydrogen bonding, resulting in a decrease of the overpotential for 

reduction of CO2 to CO by up to 0.4 V and an increase in the rate constant for catalysis (in their 
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electrochemical experiment) by a factor of 100.
13

 Second, we use a monochromatic (450-nm) 

laser pointer as a light source, so the energy input plotted on the x-axis of Figure 2 is the only 

energy we use to produce CO. In contrast, the authors of the published Ir and CNA work (and 

almost all studies on the photoreduction of CO2) used a broadband light source, and the turnover 

numbers plotted in Figure 2 for their systems are a result of energy absorbed by their sensitizers 

over a range of wavelengths. Since we do not, however, know the intensity profile of their lamp, 

we calculated the energy input plotted on the x-axis of Figure 2 only from the single wavelength 

at which they reported the power of their incident light, when in fact more energy was absorbed 

at other wavelengths. Due to both this discrepancy and the difference in catalyst between our 

experiment and the published experiment, Figure 2 only shows the lower limit of the 

enhancement in sensitization efficiency by the QDs, relative to the best known photostable 

sensitizers for FeTPPs. Interestingly, when we mixed Ir(ppy)3 with FeTPP (instead of the 

hydroxylated FeTPP used in ref 14), we observed the formation of H2 and no CO at all (Figure 

S12 in the Supporting Information) upon excitation at 405 nm. This result further proves that 

QDs can photosensitize FeTPP for the reduction of CO2 much more efficiently than Ir(ppy)3 

under similar illumination conditions and that production of CO using the Ir(ppy)3 sensitizer 

requires the “better” (hydroxyl-functionalized) FeTPP catalyst.    

The catalytic selectivity for formation of CO over H2, [CO]/([CO] + [H2]), of the QD/FeTPP 

system is 84%, Figure S8, slightly lower than the selectivities of the Ir(ppy)3/FeTPP(OH)4 (93%) 

and CNA/FeTPP(OH)4 (100%) systems. We suspect that the H2 in our system is produced via 

direct reduction of H
+
 by photoexcited QDs without adsorbed FeTPP, since we only used 0.02 

eq. FeTPP per QD and the possible proton source includes the residual water in DMSO and 

leftover water generated during ligand exchange procedure (see the Supporting Information for 

details). Further optimization of the sensitizer:catalyst ratio should allow us to increase the 

selectivity of our system.  

Efficient photosensitization is enabled by ultrafast electron transfer (eT) from QDs to 

FeTPP. Why are the QDs more efficient sensitizers for FeTPP than the Ir and CNA systems, 

both in terms of quantum efficiency and energy efficiency? One immediate advantage of the 

CuInS2 QD system is that it can be photoexcited at longer wavelengths than the Ir and CNA 

sensitizers and still produce sufficiently reducing electrons. This feature of CuInS2 QDs is also 

advantageous, in general, for minimizing side reactions that occur more frequently with higher-
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energy incident photons. The more subtle, and more important, advantage of the QD-sensitized 

system is that, while the exceptionally low yields of PL quenching of the sensitizer in molecular 

systems like Ir/FeTPP(OH)4 and CNA/FeTPP(OH)4 strongly suggest that eT in these systems 

relies on collisions between freely diffusing sensitizers and catalysts to transfer electrons 

between the two (Figure S9 of the Supporting Information), such that the eT is gated by 

bimolecular reaction kinetics, the QDs and FeTPP form what appears to be high-affinity 

sensitizer/catalyst complexes. Again, the formation of these complexes is supported by the 

spectral shift of the Soret band of FeTPP upon addition of QDs (Figure 1A, green vs. red). 
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The consequence of the formation of these sensitizer-catalyst complexes is significant 

electronic coupling of the QD and FeTPP and, we show here, ultrafast reduction of the catalyst 

 

Figure 3. Kinetics of Photoreduction of the Catalyst by the QD Sensitizer. A) TA spectra 

of FeTPP (light red�dark red), or a mixture QDs and of Fe
III

TPP (black � blue), at various 

delay times after excitation at 450 nm. Fe
III

TPP/CO2 itself has no transient absorptions or 

bleaches in this region. B) Steady-state PL spectra of the QDs without (black) and with (red) 

added Fe
III

TPP. The integrated PL intensity of the QDs is quenched by 45% upon addition of 

0.5 eq. of Fe
III

TPP. C) Kinetic traces extracted at 480 nm from the TA spectra of the QDs 

(black) and a mixture QDs and of Fe
III

TPP (red), after excitation at 450 nm. The dynamics at 

these wavelengths are those of the reducing electron of the QD. D) Decay of the PL of QDs 

without (black) and with (red) added Fe
III

TPP, monitored at 600 nm, after excitation at 450 

nm. E)  Kinetic traces extracted at 490 nm from the TA spectra of the QDs (black) and a 

mixture QDs and of Fe
II
TPP (red). This set of TA experiments was conducted with excitation 

at 460 nm in order to selectively excite the QDs. Fe
II
TPP does not attenuate any light at this 

wavelength. F) Decay of the PL of QDs without (black) and with (red) added Fe
II
TPP, 

monitored at 600 nm, after excitation at 450 nm. Tables 1-3 list the fitting parameters for the 

TA and PL data. All samples are in DMSO and purged with CO2. All mixtures of QDs and 

FeTPP have 0.5 eq. FeTPP per QD. The two kinetic traces in each of (C) and (E) were 

collected with the same excitation power and pump-probe overlap, so their amplitudes are 

comparable at all delay times. 
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by the QD. Upon addition of 0.5 eq. of FeTPP to the QDs, the photoluminescence (PL) intensity 

of the QDs is quenched by 45%, Figure 3B, a quenching yield of 90% (quenching yield = 

%	!"	#$	%&'()*+(,
-!./0	0/1+!	!"	2'3##:56 ). Given that we know that (i) QDs reductively photocatalyze the 

production of CO via the FeTPP catalyst (Figure 2), and (ii) eT from the QDs to Fe
III

TPP is 

thermodynamically favorable (Figure 1B), whereas hole transfer (which would produce QD
-
-

Fe
IV

-TPP) and energy transfer (which requires spectral overlap between the emission of QDs and 

the absorption of FeTPP) are not, we can confidently conclude that the quenching mechanism is 

eT from QDs to FeTPP. The 90% yield for PL quenching indicates that eT from the QD to 

FeTPP must be fast enough to out-compete nearly all other decay mechanisms for the 

photoexcited electron.  

To measure the rate of the eT process for the initial sensitization step (Fe
III

TPP � Fe
II
TPP), 

we acquired transient absorption (TA) spectra of CuInS2 QDs with 0.5 eq. of Fe
III

TPP (blue), in 

DMSO and purged with CO2, after monochromatic excitation of the system with an ultra-short 

pulse at 450 nm, Figure 3A. We used 0.5 eq. rather than 0.02 eq. of catalyst in this experiment 

because more QD-catalyst complexes afford more signal, and we are not concerned with the 

yield of multi-electron transfer, only the rate of the first eT step, from QD* to Fe
III

 to form Fe
II
. 

The Supporting Information describes the features of the TA spectra of CuInS2 QDs in detail; 

here we only say that since (i) the TA spectra of Fe
III

TPP purged with CO2, without QDs, have 

no observable features in this region and time window (250 fs - 3 ns) (Figure 3A), (ii) the 

ground state absorption spectra of QDs/CO2 and QDs/Fe
III

TPP/CO2 overlay exactly at 450 nm 

(Figure 1A), and (iii) the amplitude of the ground state bleach feature (GSB, 470 nm – 510 nm) 

is not sensitive to the excitonic hole
46

, we can use the dynamics of GSB of the QDs to selectively 

monitor the dynamics of reducing electrons in the photoexcited QD. Furthermore, these 

dynamics will only reflect charge separation, not charge recombination, processes involving the 

QD. 

Figure 3C (black) shows a kinetic trace extracted from the TA spectra of QD/CO2 samples at 

a wavelength near the peak of the GSB of the QDs (480 nm). As summarized in Table S1, the 

recovery of the GSB occurs with at least four distinct exponential processes, which we assign to 

known excitonic processes of the QD. Figure 3C (red) shows a kinetic trace extracted from the 

TA spectra of QD/Fe
III

TPP/CO2 sample at 480 nm. The QD/CO2 and QD/Fe
III

TPP/CO2 samples 

were prepared using the same QD stock solution, and measured using the same excitation power 
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and pump-probe overlap. The only difference between the two samples is that one has Fe
III

TPP 

and the other does not. Since Fe
III

TPP does not contribute to the TA spectrum in this region 

(Figure 3A), any difference between the amplitudes or dynamics of the signals from the two 

samples must be related to the response of the QD’s photoexcited electron to Fe
III

TPP. The 

dynamics of the electron in the QD/ Fe
III

TPP /CO2 samples are very similar to those of the 

QD/CO2 samples (see Table S1) with one major difference: the initial magnitude of the GSB (at 

~200 fs after photoexcitation, the earliest time delay we can measure with our setup) is always 

smaller upon addition of Fe
III

TPP. Given the identical conditions of the experiment, this initial 

depletion of the excited state of the QD must be caused by eT from the QD to Fe
III

TPP within the 

instrument response time (IRF~200 fs, Figure S7).
47-50

  

This sub-200 fs eT process from the QD to Fe
III

TPP accounts for a 36% quenching of the QD 

excited state when complexed with FeTPP, but recall that 45% of the PL of the QD ensemble is 

quenched upon addition of FeTPP. The remaining 9% of the quenching can be accounted for 

quantitatively by eT from QD* to Fe
III

TPP on a longer timescale (0.7 ns), which we detect by 

time-correlated single photon counting (TCSPC, Figure 3D and Table S2). We therefore 

conclude that ~80% of the eT from QD* to Fe
III

TPP occurs within 200 fs, and the remaining 

20% occurs within 0.7 ns. This dual-timescale charge transfer is commonly reported in studies of 

QD-molecule complexes as molecules can have several binding geometries on the surface of 

QDs that will result in different magnitudes of electronic coupling.
32

 The fact that both eT 

processes occur in <1 ns supports our claim that the QD and Fe
III

TPP form a static complex, 

even without covalent linking chemistry, because a diffusion-limited process would occur no 

faster than hundreds of nanoseconds at these concentrations.
51

  

We also measured the rate of the second sensitization step, the photoreduction of Fe
II
TPP to 

Fe
I
TPP by the QDs, by mixing QDs with the catalyst pre-reduced to Fe

II
 by cobaltocene. The 

Supporting Information contains the details for this experiment, controls, and characterization of 

Fe
II
TPP. Addition of 0.5 eq. of Fe

II
TPP again quenches the PL intensity of the QD with an 

efficiency of ~90 % (Figure S4). TA (Figure 3E and Table S3) and TCSPC (Figure 3F and 

Table S4) analyses of the QD/Fe
II
TPP assembly reveals that 63% of eT from QD

*
 to Fe

II
TPP 

occurs within 200 fs, 16% occurs in ~20 ps, and 21% occurs ~0.4 ns, respectively. Chemically 

reduced Fe
I
TPP was too unstable to study eT dynamics in the QD/Fe

I
TPP assembly;

52
 however, 

a simple Marcus theory analysis predicts that photoreduction of Fe
I
TPP should be slower than 
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photoreduction of Fe
II
TPP by only a factor of 5, given the difference in reduction potentials of 

Fe
I
TPP and Fe

II
TPP, see the Supporting Information.  

We also used TCSPC to determine that hole transfer from QDs to the sacrificial reductant 

TMPD occurs in 0.7 ns, see Figure S6 and table S5.  

 

CONCLUSIONS   

In summary, colloidal CuInS2/ZnS QDs sensitize FeTPP to reduce CO2 to CO using 450-nm 

light with a sensitization efficiency, defined as the TON of CO per catalyst per absorbed unit of 

photon energy, that is a factor of 18 greater than that of an analogous system with an Ir-based 

organometallic sensitizer. The selectivity for CO is 84% (16% H2). The QD/FeTPP mixture is 

stable after 40 hours of illumination at 4.5 mW. We have underscored, in this work, that design 

of effective QD-sensitized catalytic systems, particularly those for multi-electron transfer, must 

emphasize not only the relative potentials of sensitizer and catalyst, but also their electronic 

coupling. The efficiency of sensitization in our system originates in the ultrafast electron transfer 

between the QD and FeTPP: the time constants for the dominant electron transfer processes 

responsible for the first two sensitization steps (Fe
III

TPP � Fe
II
TPP, and Fe

II
TPP � Fe

I
TPP) are 

both <200 fs. This ultrafast photoreduction is enabled by formation of a quasi-static QD/FeTPP 

complex, probably driven by the interaction between Fe and sulfur on the surface of the QD. The 

exact nature of this interaction will require further characterization. The ability of QDs to self-

assemble with a co-catalyst is a crucial advantage of the QD-sensitized system over molecular 

systems, where the rate of charge transfer is limited by occasional collisions between freely 

diffusing species. Moreover, the methodology we present in this work – the utilization of time-

resolved optical spectroscopies to probe the dynamics of individual elementary charge transfer 

step within the catalytic cycle – is critical for determining the rate-limiting steps within 

complicated catalytic processes. 

Further optimization of our system, such as coupling the QD sensitizer with a more efficient 

catalyst and tuning the sensitizer:catalyst ratio, will allow us to increase both the quantum 

efficiency and selectivity of the system for CO. As outlined by Tachibana and coworkers
53

, the 

excitation frequency (i.e., the rate of accumulating photoinduced electrons) is the bottleneck for 

artificial photosynthesis. Slow rates of absorbing photons for chromophores and short lifetimes 

of catalytic intermediates are two of the main reasons for low quantum yields in many 
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photocatalytic systems. Designing a system where the chromophores quickly accumulate 

photoinduced charge carriers and transport them to the catalytic centers is the key for an efficient 

photocatalytic cell, and the near-unity efficiency of electron transfer from the QD to FeTPP that 

we achieve here is a good demonstration of this principle. It is also possible to partially substitute 

or chemically dope CuInS2 to form heterostructures of CuInS2 and a proven water oxidation 

catalyst such as CoO4 or BiVO4
54

, and thereby both eliminate sacrificial reductants and reduce 

CO2 in aqueous media.  

Ideally, one would modify the QD surface for high-affinity adsorption of CO2 in an activated 

geometry and thereby eliminate the co-catalyst, as achieved by Ozin using hydride-terminated Si 

QDs exposed to gas-phase CO2.
55

 Direct, selective CO2 reduction by QDs is however still a work 

in progress,
56-62

 and there is much to be learned and achieved by using QDs to deliver electrons 

to a known, selective molecular catalyst. 

 

SUPPORTING INFORMATION 

Details of QD synthesis, ligand exchange procedures, catalysis setup, GC experiments, 
1
H NMR, 

calculations of number of absorbed photons per hour, and time-resolved optical spectroscopy 

studies. This information is available free of charge via the internet at http://pubs.acs.org. 
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