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Abstract

Photocatalytic CO, reduction offers a promising strategy to produce hydrocarbons without
reliance on fossil fuels. Visible light-absorbing colloidal nanomaterials composed of earth-
abundant metals suspended in aqueous media are particularly attractive owing to their low-cost,
ease of separation, and highly modifiable surfaces. The current study explores such a system by
employing water-soluble ZnSe quantum dots and a Co-based molecular catalyst. Water
solubilization of the quantum dots is achieved with either carboxylate (3-mercaptopropionic acid)
or ammonium (2-aminoethanethiol) functionalized ligands to produce nanoparticles with either
negatively or positively-charged surfaces. Photocatalysis experiments are performed to compare
the effectiveness of these two surface functionalization strategies on CO, reduction and ultrafast
spectroscopy is used to reveal the underlying photoexcited charge dynamics. We find that the
positively-charged quantum dots can support sub-picosecond electron transfer to the carboxylate-
based molecular catalyst and also produce >30% selectivity for CO and >170 mmol CO gz,s.".
However, aggregation reduces activity in approximately one day. In contrast, the negatively-
charged quantum dots exhibit >10 ps electron transfer and substantially lower CO selectivity, but
they are colloidally stable for days. These results highlight the importance of the quantum dot-
catalyst interaction for CO, reduction. Furthermore, multi-dentate catalyst molecules create a
trade-off between photocatalytic efficiency from strong interactions and deleterious aggregation

of quantum dot — catalyst assemblies.
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Introduction

Fundamental research on the conversion of CO, to hydrocarbon fuels and value-added
carbon compounds is necessary to advance new technologies that reduce reliance on fossil fuels
and remove excess atmospheric CO,.!? Ideally, such technologies would rely on either renewable
electricity or direct sunlight.>* Direct photocatalysis is particularly attractive since it can be
implemented without intermediate electrical systems, and may be more economically viable than
photoelectrochemical systems.’> Semiconducting nanoparticles, or quantum dots (QDs), have
recently emerged as promising sensitizers for photocatalytic CO, reduction.*%7 QDs are robust
visible light absorbers that offer tunable redox energies via composition®-!! and size control,!?-14
and can support significant chemical variety in surface functionalization.!>-!7 Furthermore, there
is extensive literature using QDs for other photocatalytic conversions, including proton reduction
to hydrogen,!823 C-C coupling,?*?? alcohol oxidation,?” and nitrogen fixation.>* A theme of this
body of work is the critical role that the surface plays in dictating catalysis,!> thus motivating our

exploration of the role of surface functionalization in photocatalytic CO, reduction using QDs.

A variety of metrics must be considered when choosing a specific QD composition for
photocatalysis. For example, semiconductors with smaller bandgaps can absorb more of the visible
spectrum, but offer less driving force for redox reactions.* To access photocatalytic CO, reduction
to CO semiconductors must possess a conduction band energy greater than approximately -4.0 vs.
vacuum or -0.77 vs. SCE.? Promising visible light-absorbing semiconducting materials that have
been employed for CO, reduction (bulk conduction band position vs. vacuum) include: CdS (-3.9
V),31736 ZnSe (-3.4 V),263137-41 CulnS, (-3.0 V),*>746 and lead halide perovskites (-4.0 —-3.0V).4748
Environmental concerns may motivate researchers to use materials that do not contain toxic heavy

metals such as Pb and Cd. We have chosen to focus our attention on ZnSe QDs since they are



Nanoscale

heavy-metal free, provide clear size-dependent excitonic features, and exhibit minimal defect

absorption.49-0

A molecular catalyst is typically used in QD-based photocatalytic CO, reduction schemes
to improve selectivity and yield. A large literature exists for molecular and heterogeneous CO,
reduction catalysis,3>!-5? providing a library of potential catalysts that can be combined with the
light-absorbing QDs. We are particularly drawn to cobalt tetraphenylporphyrin (Co-TPP)
catalysts,” since they use an earth-abundant metal and are associated with the most productive
QD-based CO, systems for both ZnSe3® and CulnS,.*> Prior work demonstrates the importance of
attaching catalysts to the surface of QDs. Kuehnel et al explored a series of nickel terpyridine
catalysts coupled with CdS QDs and found that the anchoring group affected CO selectivity and
production rate.?* Huang et al found a >3x enhancement in CO production when covalently linking
a Re catalyst to CulnS, QDs compared to physically mixing the catalyst and QD.* We have
therefore chosen a Co-TPP catalyst functionalized with carboxylic acids that can bind to QD

surfaces.

Surface modification of as-synthesized QDs is nearly always required to prepare
photocatalytic systems. Typically, native hydrophobic ligands are exchanged for hydrophilic
ligands that impart solubility in common CO, reduction solvents such as DMF, DMSO, and water.
Mercaptopropionic acid (MPA) is a commonly used ligand as its thiol group binds strongly to the
surface of metal chalcogenide quantum dots®* and its carboxylate group imparts solubility. MPA
has been used in photocatalytic CO, reduction schemes using CdS,3?33 CulnS,,*3*5 and ZnSe?6-7
QDs. This work can also be informed by the larger literature of mercaptocarboxylate-QDs used
for hydrogen evolution (HER).!%21-23 For example, Wilker et al explored a series of

mercaptocarboxylate ligands with different numbers of carbons (n) on CdS nanorods used for
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photocatalytic HER. They found that carbon chain length significantly altered hydrogen
production rates. Nanorods with mercaptoacetic acid (n = 2) were ~4x more productive than
nanorods with MPA (n = 3), and longer chains were significantly worse.?> Short ligands are
therefore critical for enabling efficient charge extraction and subsequent catalysis using QDs;

however, trade-offs could exist when aiming to suppress HER relative to CO, reduction.

Surface functionalization strategies that do not involve carboxylates have also been
employed. Work by Reisner and colleagues found that ligand-stripped CdS QDs, stabilized by
BF, ions, produce two orders of magnitude more hydrogen than MPA-functionalized CdS QDs.??
The Reisner group has also used BF,-stabilized ZnSe QDs for photocatalytic CO, reduction in
multiple studies,’**! producing as much as 79.7 mmol CO gz,s.'.3® Surface functionalization with
ammonium moieties has produced particularly promising results. Feng et al compared CO
production using CdS QDs functionalized with MPA, BF,4, and 4-mercaptopyridinium, producing
3 umol, 0.19 mmol, and 20.3 mmol CO g'! h'l, respectively.’> The 4-mercaptopyridinium QDs
were therefore far superior and, in total, produced ~450 mmol CO gcys™!. The Weiss group found
similarly high levels of CO production using 2-aminoethanethiol (AET) as a capping ligand on
CulnS; QDs (~850 mmol CO gqp').*> These results were rationalized by the affinity between CO,

and amines.

The prevalence of studies employing carboxylate-functionalized QDs (typically MPA)
coupled with the promise of ammonium-functionalized QDs motivates our current work to directly
compare these two surface-functionalization strategies for CO, reduction. Notably, there are no
prior reports that make such a comparison using QD-molecular systems that only differ in the
terminal functional group of the ligand. The current works directly compares carboxylate (MPA)

and ammonium (AET) functionalized QDs. We have performed CO, reduction experiments with
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MPA and AET functionalized ZnSe QDs and a Co-TPP catalyst. We show that AET QDs initially
produce significantly more CO than MPA QDs with a CO selectivity ~4x greater than MPA QDs.
However, the AET QDs deactivate after approximately one day, while the MPA QDs continue to
produce H, and CO for up to three days. We use both steady state absorption and ultrafast transient
absorption spectroscopy to rationalize these observations. In particular, AET QDs facilitate rapid
(sub-ps) electron transfer to the catalyst, while electron transfer in the MPA QDs is slower than
the intrinsic QD relaxation (tens of ps). However, AET QDs form aggregates, which likely lead to
their accelerated deactivation. Both of these observations can be understood as a consequence of
stronger catalyst-QD interactions in the AET QDs. This strong interaction and associated sub-
picosecond electron transfer allows the AET ZnSe QDs to achieve up to 170 mmol CO gz,s.™! in
water, the highest value reported for photocatalytic CO, reduction with ZnSe QDs. Furthermore,

this work highlights the importance of considering ligand-catalyst interactions.

Results and Discussion

Prior to describing the CO, reduction experiments, we have provided details on the
synthesis and relevant energetics of the ZnSe QDs and the Co-TPP catalyst. Stearate-capped ZnSe
QDs were synthesized in accordance with prior literature,*® and subsequently ligand-exchanged
with either AET or MPA to achieve water solubilization. QD size and concentrations were
determined using UV-Vis absorption and standard sizing curves.>® All QDs used for photocatalysis
experiments had a diameter of d = 3.6 nm and a bandgap of 3.1 eV. The Co-TPP catalyst was
synthesized in accordance with prior literature.>> The relevant energetics for all components of the
photocatalytic system are provided in Scheme 1. Oxidation potentials for sacrificial hole
scavengers, sodium ascorbate (NaAsc)*® and triethanolamine (TEOA),>” are positioned such that

there is a large driving force (> 1 V) for hole extraction. The Co-TPP catalyst has been shown to
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be chemically reduced from Co(III)-TPP to Co(II)-TPP in the presence of hole scavengers such as
NaAsc.>® The relevant step for initiating CO, capture and reduction is therefore photoexcited
electron transfer from the QD to Co(II)-TPP, generating Co(I)-TPP with a reduction potential of -
0.92 V vs. SCE.>3 Reduction potentials for both CO, to CO and HER are accessible by the reduced
catalyst. These two reactions are therefore in competition, and are independently monitored in the

present study.

I -3.0
AB N oH*+ 2 —» H
CB \ Co"-TPP/ : 2
3.5
) hv

Scheme 1. Relevant processes and energetics for photocatalytic CO, reduction using ZnSe QDs. Oxidation
potentials for sacrificial hole scavengers, sodium ascorbate (NaAsc) and tricthanolamine (TEOA), are shown as
well as reduction potentials for the Co-TPP catalyst and relevant reactions (CO, reduction and HER).

Photocatalysis experiments were performed on the QD systems using a home-built
photoreactor and reaction products were monitored by gas chromatography (GC). In a typical
experiment, aqueous samples (2 mL) were prepared containing 0.4 uM ZnSe QD, 0.4 uM Co-TPP,
and a hole scavenger (25-400 mM). We used a 1:1 ratio of QDs to catalyst based on prior work
with the same catalyst.*? Samples were saturated with an atmosphere of CO, and placed in a six-
well photoreactor equipped with 400 nm LEDs. The head space was sampled periodically with an
air tight syringe and directly injected into the GC (See Table S1 for complete data). Two metrics

are primarily used to assess photocatalytic efficiency: turnover number and selectivity. The total
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amount of CO (or H,) produced relative to the amount of catalyst (or QD) is the turnover number
(TON). The ratio of CO produced relative to total gaseous products (CO and H;) gives the CO
selectivity (See SI for details of calculations). Control experiments verified that all components
were necessary to produce substantial CO (light, CO,, hole scavenger, QD, and catalyst). The QDs
and light alone (with or without hole scavenger), however, were sufficient in producing substantial
H; (see Table S2). Reaction mixture pH was recorded after equilibration to be in the range of 6.4

- 6.5, which we ascribe to a carbonic acid and bicarbonate buffer created by dissolved CO,.
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Figure 1. Results of photocatalysis experiments with varying hole scavenger concentrations and identities. a)
Schematic of hole scavengers and surface ligands. b-c) CO TON and selectivity for AET QDs and both TEOA
and NaAsc hole scavengers at different concentrations. d-e) CO TON and selectivity for both AET and MPA QDs
with varying NaAsc concentration. Photocatalysis experiments were performed in triplicate on 2.0 mL aqueous
solutions of 0.4 uM ZnSe QDs and 0.4 pM Co-TPP, irradiated with 400 nm LEDs.

Initial experiments explored the role of the hole scavenger. Figure 1a shows the two hole
scavengers, NaAsc and TEOA, as well as the surface ligands used: MPA and AET. AET QDs were
used for comparing the hole scavengers. The results of these experiments are shown in Figure 1b-c

and show a significant suppression of HER by TEOA, which yields a CO selectivity >40%.
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However, CO production was also significantly lower with TEOA. We therefore decided to use
NaAsc as the hole scavenger for all subsequent experiments. Another important trend revealed by
this data is that increasing hole scavenger concentration reduces selectivity. A careful look at the
specific CO and H, TONs shows that this trend is driven by enhanced HER at higher hole
scavenger concentrations. This suggests that accelerating hole extraction predominantly benefits

HER, while CO, reduction is rate limited by other factors, likely related to the catalyst.

A comparison of AET and MPA QDs is presented in Figure 1d-e. These data show that
AET QDs produce CO more selectively and initially in greater quantities than MPA QDs across a
range of hole scavenger concentrations. This observation is consistent with prior literature
suggesting that ammonium-functionalized QDs are better suited for CO, reduction owing to their

affinity for CO,,* but the role of catalyst binding must also be considered (see below).
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Figure 2. a) Longer experiments comparing AET and MPA QDs. b) UV-Vis spectra of reaction mixtures (GC
samples) overlain with ligand-functionalized QDs and catalyst at identical concentrations alone in solution
(dashed lineds). Photocatalysis experiments were performed in triplicate on 2.0 mL aqueous solutions of 0.4 uM
ZnSe QDs, 0.4 uM Co-TPP, and 100 mM NaAsc. Samples were irradiated with 400 nm LEDs.
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The results comparing AET and MPA QDs (Figure 1d) suggest that the two systems have
differing long-term behavior. Specifically, AET QDs initially produce more CO, but after 24 hours
the MPA QDs are able to produce comparable amounts of CO. We therefore performed 4-day
experiments (Figure 2a) that reveal the same trend with greater clarity: the AET QDs produce >2x
more CO at four hours, but CO production slows by the second day while MPA QDs continue to
produce CO throughout the third day. We hypothesize that the more rapid deactivation of the AET
QDs may be a result of aggregation. To verify this hypothesis, UV-Vis absorption spectra of AET
and MPA ZnSe QDs in pure water and in the reaction mixture (at identical concentrations) are
performed (Figure 2b). There is a notable increase in light scattering for the AET QDs that is

induced either by the addition of NaAsc or Co-TPP.

We believe that the aggregation observed in AET QD samples is driven by electrostratic
interactions between the positively-charged AET QDs and the negatively charged NaAsc or
tetracarboxylate Co-TPP. This hypothesis is supported by work from the Weiss group employing
MPA-capped QDs and tetramethylammonium functionalized Fe-TPP catalysts for CO,
reduction.®® In their work, the negatively-charged QDs formed aggregates with the positively-
charged catalyst. Furthermore, they found that larger aggregates produced less CO. In our work,
with a negatively-charge catalyst, the positively-charged AET QDs aggregate over time while the
negatively-charged MPA QDs remain colloidally stable. The aggregated AET QDs reduce
available active sites for CO, reduction leading to deactivation. However, the electrostatic
interaction between AET QDs and both hole scavengers and catalysts likely drives their higher

initial CO production as compared to MPA QDs.

To better understand and compare the specific interactions and charge dynamics that occur

between AET or MPA QDs and the catalyst or hole scavenger, we utilized femtosecond transient

10
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absorption spectroscopy. This technique allows us to chart the pathways and timescales for
photoexcited charge movement, thus providing insights on chemical interactions and the
photophysical processes that underly photocatalysis. Transient absorption experiments were
performed on AET and MPA ZnSe QDs with and without Co-TPP and NaAsc (eight samples
total). All samples exhibited similar features in the transient spectra. Example spectra for AET
QDs with neither catalyst nor NaAsc are shown in Figure 3a (see Figures S6-7 for all spectra).
These spectra contain two notable features: 1) broad photo-induced absorption (450 — 600 nm) that
has previously been assigned to surface-trapped holes,*! but may also be a result of trapped
electrons’® and 2) a transient excitonic bleach at 400 nm that is ascribed to electron population in
the conduction band.*'*® We cannot distinguish any spectral signatures associated with the Co-

TPP, likely because it is substantially broadened in the presence of QDs (Figure 2b).

Transient dynamics were extracted from the data by fitting kinetics at 500 nm (trapped
carriers) and 400 nm (conduction band electrons). The 500 nm kinetics for all samples were quite
similar, with a ~500 fs rise-time and a bi-exponential decay with time constants of ~100-200 ps
and 5-15 ns (see Figure S7 and Table S3). This indicates that the spectrally accessible trapped
carriers are minimally impacted by the addition of catalyst or NaAsc. The excitonic bleach kinetics
at 400 nm show clear differences between the AET and MPA QDs (Figure 3b-c, Table 1). Kinetics
of photoexcited electrons in AET QDs are significantly impacted by either the addition of catalyst

or hole scavenger, while MPA QDs exhibit similar kinetics under all conditions.

11
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Figure 3. Transient absorption spectroscopy of ZnSe QDs with (and without) the Co-TPP catalyst or NaAsc hole
scavenger. a) Transient spectra of AET ZnSe QDs at varying times after laser excitation. An excitonic bleach
feature is observed at 400 nm and broad photo-induced absorption at longer wavelengths (multiplied by 15 for
clarity). Kinetic traces of the excitonic bleach feature (400 nm) are shown for (b) AET and (c) MPA QDs. All
samples were excited at 350 nm and had 5-6 uM QDs. Co-TPP was included in a 1:1 ratio to the QDs, and NaAsc
(50 mM). Bi-exponential fits, convoluted with an instrument response function, are overlaid (dashed black lines).

The transient data can help us rationalize the differences between the performance of the
MPA and AET QDs. The excitonic data for the MPA QDs indicate that electron transfer to Co-
TPP proceeds via electron traps, and on a slower time scale than exciton relaxation (1 — 50 ps). In
contrast, photoexcited electrons in AET QDs are rapidly extracted when Co-TPP is included. In
these samples, the majority of the excitonic bleach decays with a time constant of ~500 fs. We
ascribe this time constant to electron transfer to Co-TPP, and its rapidity indicates that Co-TPP is
bound to the AET QD surface. Furthermore, the addition of NaAsc to AET QDs (without Co-TPP)
slows down recovery of the bleach, indicating that electrons are residing in the QD conduction
band longer. This is likely a result of efficient hole sequestration by NaAsc, which reduces the
availability of holes with which electrons can recombine. It is puzzling that there is no concomitant
change in the photoinduced absorption feature ascribed to trapped carriers, but this may be a result
of spectrally silent charge carriers playing a role. Overall, these data unambiguously demonstrate
that AET QDs support more efficient electron and hole extraction than their MPA QD
counterparts. Notably, photoexcited electron transfer from AET QDs to Co-TPP occurs on a sub-

picosecond timescale. We posit that the favorable charge extraction kinetics are a result of

12
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electrostatic interactions that attract the negatively-charged NaAsc and Co-TPP to the surface of

the positively-charged AET QDs.

Table 1. Exponential fitting parameters for 400 nm kinetic traces. All times reported in

picoseconds.
Ay T, (error) A, T, (error) Ajns

AET ZnSe -0.017 1.39(0.09) -0.00056 334) -0.0024
AET ZnSe 50 mM NaAsc -0.017 2.29(0.17) -0.0063 109 (12)  -0.0056

AET ZnSe CoTPP -0.021  0.55(0.03) -0.0041 7.9 (0.9) 0

AET ZnSe NaAsc CoTPP  -0.017 0.60 (0.04) -0.0038 10 (1) 0
MPA ZnSe -0.021  1.47(0.10) -0.0067 26 (3) -0.0017
MPA ZnSe 50 mM NaAsc -0.019 2.08 (0.15) -0.0064 61 (7) -0.0026
MPA ZnSe CoTPP -0.019 1.82(0.13) -0.0063 45 (5) -0.0018

MPA ZnSe NaAsc CoTPP  -0.017 1.81 (0.13) -0.0058 45 (5) -0.0023

t

Data were fit to bi-exponential decay functions of the form AA(t) = Aje g Aye Rt Ajnf and included
convolution of an instrument response function of ~130 fs.%

With a better understanding of the relevant surface interactions and charge dynamics for
our system in hand, we aimed to optimize the system for CO production by varying the catalyst
number per QD. Since QDs can accommodate multiple molecules on their surface, we explored
ratios ranging from 0.25 to 30 Co-TPP per AET QD (Figure 4). It is important to recall that the
work presented in Figures 1-3 employed a 1:1 ratio. The highest CO TONs per catalyst were
achieved at low catalyst concentrations, but increasing catalyst concentration was found to
markedly increase selectivity, up to 30%. At high catalyst loadings, we were able to obtain the
highest values for mmol CO produced per gram of QD among ZnSe QD-based photocatalytic CO,

reduction systems.

13
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Figure 4. Effect of varying Co-TPP concentration on CO, reduction. a) CO TON per catalyst, (b) CO selectivity,
and (c) mmol CO produced per gram of ZnSe QDs. Photocatalysis experiments were performed on 2.0 mL
aqueous solutions of 0.4 uM ZnSe QDs and 50 mM NaAsc. Samples were irradiated with 400 nm LEDs.

Conclusions

This paper explores the interplay between QD surface functionalization and catalyst
chemistry through photocatalysis experiments and ultrafast spectroscopy. Positively-charged QDs
were prepared through surface functionalization with 2-aminoethanethiol (AET) while negatively-
charged QDs were prepared using 3-mercaptopropionic acid (MPA). These QDs were mixed with
a carboxylic acid-functionalized CO, reduction catalyst, expected to be negatively charged at
neutral pH. We found that the positively charged AET QDs support rapid (sub picosecond)
photoexcited electron transfer to the catalyst and produced CO in higher quantities and with
significantly higher selectivity than the MPA QDs, which supported >10 ps electron transfer.
Electrostatic interactions between catalysts’ carboxylate groups and positively-charged AET QDs
can explain these observations. Such interactions are not possible for the MPA QDs. Furthermore,
after approximately one day, the AET QDs deactivate while the MPA QDs remain active for CO,
reduction. We believe this to be a result of electrostatic-driven QD-catalyst-QD aggregation.
Taken as a whole, there is a trade-off between catalytic efficiency and stability when using
catalysts with multiple binding groups. A strong catalyst-QD interaction leads to more efficient
CO; reduction, but also deleterious aggregation.

The importance of the chemical interaction between the catalyst and the QD surface

suggests a variety of potential future experiments. We first observe that the suitability of a specific

14
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surface functionalization for a specific photocatalytic reaction is highly dependent on the catalyst
chemistry. One strategy to disentangle these effects would be to compare our current system with
ammonium-functionalized catalysts and MPA QDs. Furthermore, the potential for QD aggregation
must be carefully managed. Altering the ionic strength of the solution or using catalysts
functionalized with only one binding group are two strategies that may mitigate the effects of
aggregation.

Materials and Methods

Synthesis and Sample Preparation

Chemicals: Zinc stearate (ZnSt,, tech.), Selenium powder (Se, 99.99% trace metals basis),
4,4°,4°° 4°>’—(Porphine-5,10,15,20-tetrayl)tetrakis(benzoic acid) (TPP, dye content 75%),
dimethyl sulfoxide (DMSO, reagent 99.5%), sodium /-ascorbate (NaAsc, crystalline 98%),
triethanolamine (TEOA, 99.0% (GC)), 2-aminoethanethiol (AET, 95%), and hydrochloric acid
(HCI, reagent 37%) were purchased from Sigma-Aldrich. 1-octadecene (ODE, tech., 90%) was
purchased from Acros Organics. Cobaltous chloride hexahydrate and 3-mercaptopropionic acid
(MPA, 99%) were purchased from Fisher Scientific Chemicals. Solvents used were toluene,

acetone, methanol, MilliQ water, and chloroform.

ZnSe QD Synthesis: The synthesis of Zinc Selenide (ZnSe) QDs was adapted from Banski et al
and has been used in previous studies.*!4%60 Zinc stearate (0.4 mmol), selenium powder (0.4
mmol), and 26 mL of ODE were measured into a 100 mL three-neck round bottomed flask with a
stir rod and degassed at room temperature for an hour. The solution was then heated to 295 °C
under N,. After one hour, the solution was rapidly cooled to room temperature by blowing air onto
the flask. To precipitate the QDs, 30 mL of acetone was added to the flask. For cleaning, the QDs

were washed with acetone and centrifuged three times with additional acetone to remove ODE.
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The QDs were then redispersed in toluene (9 mL) and precipitated with the addition of acetone
followed by centrifugation. The QDs were redispersed in toluene, cleaned with acetone and
methanol, and centrifuged an additional three times. Following cleaning, the QDs were
resuspended in 5 mL of toluene and transferred into a glove box for storage. Reported ZnSe QD

sizes are calculated using UV-Vis spectra and standard sizing curves.>®

Co-TPP Synthesis: The synthesis of Co-TPP was adapted from Nakazono et al.>> CoCl,* 6H,0
(90 mg, 6 mmol), and TPP (90 mg, 1 mmol) were weighed into a 50 mL three-neck round bottomed
flask and dissolved in 25 mL of DMSO. This solution was refluxed for 24 hours. The flask was
then cooled to room temperature and 1 M HCI (75 mL) was added to the solution to precipitate the
crude product as a purple solid. This solid was collected by filtration, washed with water, and dried
under vacuum. Finally, the solid was redissolved in 0.1 M NaOH (20 mL) and 1 M HCI (40 mL),
causing deposition of the product as a dark purple solid which was collected by filtration and dried
under vacuum. Aqueous solutions were prepared using dilute NaOH, and concentrations

determined from previously reported extinction coefficients (155,000 M-! cm-!).42-53

Ligand Exchange with MPA: 80 uL of 3-mercaptopropionic acid, 3 mL of chloroform, 350 pL
of a 65 UM ZnSe QD stock solution, and 2 mL of MilliQ water were combined and agitated in a
centrifuge tube and 500 pL of 0.25 M NaOH was added. This solution was sonicated and then left
to stir overnight. The following day the solution was centrifuged, separating the chloroform and
water layers. These layers were individually removed, characterized, and stored. The presence of

MPA ZnSe QDs in the water layer was confirmed through UV-Vis spectroscopy.

Ligand Exchange with AET: 50 mg of 2-aminoethanethiol hydrochloride, 3 mL of chloroform,
350 uL of a 65 uM ZnSe QD stock solution, and 2 mL of MilliQ water were combined and agitated

in a centrifuge tube. This solution was sonicated and centrifuged, separating the chloroform and
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water layers. These layers were individually removed, characterized, and stored. The presence of

AET ZnSe QDs in the water layer was confirmed through UV-Vis spectroscopy.

Photocatalysis Experiments: All samples were prepared to have 2.0 mL of total volume with
varying concentrations of the ZnSe QDs (usually 0.4 uM), Co-TPP (0.1 — 12 uM), and hole
scavengers (25 — 400 mM) in MilliQ water. All samples were prepared in 24 mL vials equipped
with rubber septa and stir bars. Sealed vials were purged (using a needle) with N, for 5 minutes
and bubbled with CO, for 10 minutes before being placed in the photoreactor. When running
simultaneous experiments, samples were placed in the photoreactor with 10-minute delays to keep
timing consistent when performing gas sampling. Head-space sampling of the vials was performed
by removing 0.5 mL of gas with a 1.0 mL air tight syringe and needle, and directly injecting into

the gas chromatograph.

Instrumentation

UV-Vis Absorption: Spectra were collected using an Agilent Technologies Cary 60 UV-Vis
spectrophotometer. The ZnSe QDs, Co-TPP, and hole scavenger solutions were dispersed in
MilliQ water for a total volume of 2 mL for absorption measurements (to be consistent with

reaction mixtures). The spectra were measured in quartz cuvettes with 1 cm path lengths.

Photoreactor: The photoreactor consists of 6 LEDs (LEDSupply UV-A High Power LED Star,
#A007-UV400-65) and associated lenses (Carclo, #10193) mounted on a heat sink
(MakersHEATSINK SLIM) and connected in series. The LEDs are powered with a constant
current source (Mean Well APC 25-700) set to 700 mA. A 3D-printed container allows six vials

to be suspended over the LEDs and was equipped with a 12 V cooling fan. The temperature in all
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six vials was tested during long-term operation (24 hours) and was stable at 35 °C. The power

density at the sample position was measured to be ~200-250 mW cm2.

Gas Chromatography (GC): An SRI Instruments Multiple Gas Analyzer #5 GC equipped with
two columns (a 6’ molecular sieves, 5 A, column and a 2-meter HAYSEP-D column) and two
detectors (a thermal conductivity difference detector and a flame-ionization detector with a
methanizer). All experiments were performed with a direct injection procedure onto the 6° mol-
sieves column and chromatograms collected for each of the detectors. A calibration gas containing
1.00% each of H,, CO, CO,, CHy in N, was used each day of experiments to calibrate gas
concentrations. The moles of CO and H, produced by photocatalysis were calculated assuming 22
mL of gaseous volume in the reaction vials. The high concentration of CO, present in the GC

injections necessitated daily baking of the column at 250 °C to remove trapped CO,.

Femtosecond Transient Absorption Spectroscopy: An ultrafast transient absorption system
with a tunable pump and white-light probe was used to measure the ZnSe QD exciton bleach and
trapped carrier populations as a function of pump-probe delay time. The laser system consists of a
regeneratively amplified Ti:sapphire oscillator (Coherent Libra), which delivers 4-mJ pulse
energies centered at 800 nm with a 1-kHz repetition rate. The pulse duration of the amplified pulse
is approximately 100 fs. The laser output is split by an optical wedge to produce the pump and
probe beams and the pump beam wavelength is tuned using a coherent OPerA optical parametric
amplifier. The probe beam is focused onto a sapphire plate to generate a white-light continuum
probe. The transient absorption spectra are collected with a commercial absorption spectrometer
(Helios, Ultrafast Systems LLC). The temporal behavior is monitored by increasing the path length
of the probe pulse and delaying it with respect to the pump pulse with a linear translation stage

(minimum step size 16 fs). The pump wavelength was maintained at 350 nm with a pulse power
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between 100 nJ to 300 nJ. Residual pump light was filtered out of the collection optics using cross

polarization.
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