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Abstract: Recently, colloidal semiconductor quantum dots (QDs) have shown great promise as
photocatalysts for the production of chemical fuels by sunlight. Here, the efficiency of
photocatalytic hydrogen (H,) production for integrated systems of large diameter (4.4 nm) CdSe
QDs as light harvesting nanoparticles with varying concentrations of nickel-dihydrolipoic acid
(Ni-DHLA) small molecule catalysts was measured. While exhibiting excellent robustness and
longevity, the efficiency of H, production for equimolar catalyst and QDs was relatively poor.
However, the efficiency was found to increase substantially with increasing Ni-DHLA:QD molar
ratios Surprisingly, this high activity was only observed with the use of 3-mercaptopropionic acid
(MPA) ligands, while CdSe QDs capped with dihydrolipoic acid (DHLA) exhibited poor
performance in comparison, indicating that the QD capping ligand has a substantial impact on the
catalytic performance. Ultrafast transient absorption spectroscopic measurements of the electron
transfer (ET) dynamics show fast ET to the catalyst. Importantly, an increase in ET efficiency is
observed as the catalyst concentration is increased. Together, these results suggest that for these
large QDs, tailoring the QD surface environment for facile ET and increasing catalyst
concentrations increases the probability of ET from QDs to Ni-DHLA, overcoming the relatively

small driving force for ET and decreased surface electron density for large diameter QDs.



Introduction:

As solar energy is an abundant resource, the development of photocatalytic systems capable of
harnessing this energy for clean-burning fuels is a rich area of investigation.'"> Water-splitting, a
process that separates water into its constituent elements, is an attractive target, as hydrogen (H,)
is an energy-dense, carbon-free fuel.™ Due to the complexity of complete water-splitting, the
oxidative and reductive half-reactions are often studied separately. Systems designed to reduce
protons to H,, the reductive half-reaction of water-splitting, typically consist of a photosensitizer,
catalyst, and electron donor source, where proton reduction proceeds by photon absorption by the
photosensitizer followed by electron transfer to the catalyst. A proton can then be reduced to H, at

the catalyst, and the photosensitizer can be reduced by the sacrificial electron donor, as illustrated

in Figure 1.
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Figure 1. Schematic illustrating photocatalytic proton reduction with a CdSe QD photosensitizer
and Ni-DHLA catalyst, with ascorbic acid (AA) as the sacrificial electron donor. Redox potentials

for the Ni-DHLA and AA are given vs. the normal hydrogen electrode (NHE).’

With size-tunable reduction potentials,”’ large extinction coefficients,*'® broad absorption

""" semiconducting nanocrystals are attractive

spectra, and excellent photostability,”
photosensitizers for catalytic applications and, in particular, have seen recent application in proton

reduction systems. One common approach is to integrate semiconducting nanocrystals with metal

nanoparticles, often by combining the photosensitizer and catalytic domains into a single



heterostructure aimed at optimizing separation of the electron and hole within the
heterostructure.'>"” In fact, photon-to-H, efficiencies near 100% have been reported for Pt-tipped
CdSe/CdS nanorods with a hydroxyl anion-radical redox couple serving as a hole shuttle.” As
these photocatalytic systems using metal-semiconductor heterostructures are typically reliant on
rare and expensive metals, other systems have been explored that integrate quantum dot (QD)
photosensitizers with hydrogenases or molecular catalysts using earth-abundant metals, like iron,"
2 cobalt,”?*" and nickel *%

The QD size-dependence on photocatalytic H, production has yielded decreased activity as QD
diameter increases, attributed to the decrease in the QD conduction band energy with increasing
QD size.> " A decreased conduction band energy is equivalent to a decrease in the reducing
power of the QD. In a particular example, dihydrolipoic acid (DHLA)-capped CdSe QDs were
found to provide a robust photocatalytic H, production system with a Ni-DHLA catalyst formed
in situ. Generating H, for over 360 hours and over 600,000 moles of H, per mole of catalyst, the
photocatalytic performance is comparable to noble metal catalysts and unprecedented for non-
precious metal catalysts. However, the activity of this system dropped significantly as the
nanoparticle size increased.” Transient absorption (TA) spectroscopy was used to probe the charge-
transfer dynamics of this system, revealing highly efficient electron transfer (ET) rates from CdSe
QDs to Ni-DHLA for QDs with a diameter of 2.9 nm. However, with larger diameter QDs, ET
was both slower and less efficient.”” Studies of the photocatalytic activity of CdSe/CdS
nanoparticles demonstrated even less activity for H, generation than core-only nanoparticles.
Corresponding calculations of relative ET rates suggested the core-shell structures are worse
performers for photocatalytic H, production because of a decrease in surface charge densities due

to the larger nanoparticle radii.”**’ Larger CdSe QDs absorb significantly more of the solar



spectrum than the more active smaller QDs, the latter of which only absorb wavelengths shorter
than green light (540 nm). Thus, finding conditions or catalysts that can improve on the
photocatalytic H, production efficiency for larger sized CdSe QDs that absorb red light is
important for making significant improvements to overall system efficiency.

Here, we report a recovery of photocatalytic activity with large diameter (4.4 nm) CdSe QDs
and Ni-DHLA catalyst by increasing the amount of catalyst available relative to the number of
QDs. While the overall activity of the system is insignificant at low catalyst loadings, high H,
production activity is observed at Ni-DHLA:QD molar ratios near 40:1. Additionally, we find that
the QD capping ligand has a strong impact on photocatalytic activity, where this enhancement is
observed with the use of 3-mercaptopriopionic acid (MPA) ligands but not with DHLA-capped
QDs. ET dynamics of this system, characterized by TA spectroscopy, reveal fast ET from the QDs
to the catalyst with an increase in ET efficiency as catalyst concentration increases. This correlates
with the average number of catalyst molecules interacting with a single QD, determined by fitting
the ET dynamics with a Poisson distribution. This observed behavior suggests that with the
appropriate QD surface environment, the decreased driving force for ET and smaller surface
electron density of large QDs can be overcome by using high catalyst concentrations relative to
QD concentration, thereby increasing the probability of ET from the QD to catalyst and

consequently improving the photocatalytic activity of the system.

Methods:

CdSe QDs were synthesized by a hot injection method, modified from a previously reported
procedure.** Following synthesis, the hydrophobic capping ligands on the CdSe QD surface were
exchanged with MPA or DHLA to confer water-solubility to the QDs. The Ni-DHLA

(N1, (CgH,0,S,),) catalyst was made in a mixture of water and ethanol (1:1) using a procedure



modified from Liu, et. al.**> While the exact structure of Ni-DHLA is unknown, previous work has
indicated that the complex has a 1:1 Ni:DHLA ratio.” QD samples were characterized by
absorbance, photoluminescence (PL), and transmission electron microscopy (TEM). Further
details on sample preparation and characterization can be found in the Supporting Information
(SD).

Photocatalytic H, production measurements were made with a 16-well custom-built setup using
conditions similar to previously reported studies.”* 40 mL scintillation vials were filled with 5
mL of aqueous solution (<12% ethanol), containing 0.5 M ascorbic acid, approximately 1 uM
CdSe QDs, and Ni-DHLA, with Ni-DHLA:QD molar ratios varying from 0:1 to 200:1. (Ethanol
content varied with catalyst concentration.) The pH of the solution was adjusted to 4.5 by the
addition of sodium hydroxide. Each vial was sealed with a cap fitted with a septum and pressure
transducer to monitor head-space pressure in real time. Samples were placed in a water-cooled
block at 15 °C. Vials were purged with a N,/CH, (79:21) gas mixture to a pressure of 1 atmosphere.
Each vial was illuminated from below with light-emitting diodes (Philips LumiLED Luxeon Star
Hex green 700 mA LEDs) set to approximately 23 mW at 525 nm. The power of each LED was
measured with a Newport power meter (Model 1918-C). Samples were swirled with an orbital
shaker, and the pressure change in each vial was recorded using a free scale semiconductor sensor
(MPX4259A series). At the conclusion of each experiment, the amount of H, evolved was
determined by gas chromatography with a Shimadzu GC-2014 equipped with a 5 A molecular
sieve column (30 m, 0.53 mm) and TCD detector. 25 pLL of gas from the headspace of each vial
was injected into the gas chromatograph. Using CH, as an internal standard, H, generation was

quantified by a calibration curve comparing the area of the H, peak relative to the CH, internal



standard, verifying that the measured pressure change corresponded to H, evolution. The external
quantum yield (QY) of H, production was calculated as described in the SI.

Transient absorption measurements were obtained using a standard pump-probe set-up, as
previously described.””** Femtosecond pulses from an 800 nm Ti:sapphire oscillator (Spectra
Physics, Tsunami) were amplified by a 1 kHz a Ti:sapphire regenerative amplifier (Spectra
Physics, Spitifire) and introduced into an optical parametric amplifier (Spectra Physics, OPA
800C). The resulting ~100 fs signal pulses were tuned to 1190 nm, and a single BaB,O, (BBO)
crystal was used to double the frequency to generate a wavelength of 595 nm for the pump, probe,
and reference beams. The reference beam was split from the probe before the sample and used to
correct the probe for pulse-to-pulse fluctuations. A motorized delay stage was used to control the
optical time delay between the pump and probe pulses. The optical density of QDs in all samples
was ~0.2 at the pump wavelength of 595 nm. Samples were placed in a 2 mm path length quartz
cuvette and stirred to avoid laser-induced signal artifacts. The average number of excitons
absorbed per QD <N,> was determined using the pump-fluence dependence of the TA signal at a
delay time of 2 ps, as previously described (see SI Figure S9).”>*® For all experiments, <N,> was

kept less than one.

Results & Discussion:

The synthesized CdSe QDs exhibited a well-defined first exciton peak in the absorption spectra,
also described as the 1S.-1S,;, transition, at 595 nm (Figure 2). Consistent with the absorption
spectra, the average QD diameter was 4.4 + 0.3 nm, determined by TEM (SI Figure S1). Prior to
photocatalytic studies, the native surface ligand was exchanged with MPA, rendering the

nanoparticles water soluble. As shown in Figure 2, the QD absorbance shows little change after



ligand exchange with MPA, indicating that the size and size distribution of the QDs are largely

unchanged by the ligand exchange process.
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Figure 2. Normalized absorption spectra of CdSe QDs before (hexane) and after (water) the MPA

ligand exchange
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Figure 3. Photocatalytic H, generation over 46 hours with CdSe-MPA (approximately 1 pM) and
varying concentrations of Ni-DHLA with ascorbic acid (0.5 M), pH 4.5, in 5.0 mL aqueous
solution (with <12% ethanol) under 525 nm excitation. Plots are separated for clarity, and y-axes

are set to the same scale. The inset highlights the first 5 hours of photocatalytic H, production.



Photocatalysis studies were performed, and H, generation was monitored for nearly 2 days for
MPA-capped CdSe QDs at varying concentrations of a pre-formed Ni-DHLA catalyst with
ascorbic acid as the sacrificial electron donor (Figure 3). For catalyst concentrations of 40 uM Ni-
DHLA or less, H, production activity is continuous for over 46 hours, demonstrating the excellent
longevity of this photocatalytic system. With low catalyst loadings, the amount of H, generated is
minimal for these large diameter CdSe QDs, with less than 60 pmoles of H, produced in 46 hours
at a Ni-DHLA:QD molar ratio of 2:1. This small yield of H, is consistent with the previously
studied photocatalytic system using DHLA-capped CdSe QDs and Ni(NO,), at a Ni**:QD molar
ratio of 1:1, where nearly 1 mmol of H, was produced with smaller diameter (~3 nm) QDs over 18
hours, but QDs of larger diameters were reported to perform poorly in comparison. Specifically,
5.5 nm QDs, with a corresponding 1S,.-1S,;,, transition at 620 nm, produced no H,.’ Poor
photocatalytic activity is also observed here with large MPA-capped QDs at low Ni-DHLA:QD
ratios, but improved performance is observed by increasing the amount of catalyst relative to the
number of QDs, with the highest activity observed at 40:1. This activity corresponds to a turnover
number (TON) of over 300,000 moles of H, per mole of QD in 46 hours. Figure 4 summarizes the
total number of TONs achieved with respect to the QDs for each catalyst concentration, and SI

Figure S2 includes the TONs normalized by QD surface area.
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Figure 4. TONs (mol H, / mol QD) after 46 hours of illumination at various catalyst

concentrations. Error bars are estimated by the standard deviation of multiple experiments.

To further characterize the ET behavior of this system, PL. quenching studies were conducted
with CdSe-MPA and Ni-DHLA (described in the SI). As expected, band edge fluorescence from
CdSe-MPA is quenched in the presence of Ni-DHLA due to efficient ET to the catalyst. Using a
Stern-Volmer model to describe the observed quenching behavior yields a quenching constant (K)
of 0.063 (SI Figure S3). This value for K is comparable to the quenching constant previously
reported for DHLA-capped CdSe/CdS dot-in-rod (DIR) nanoparticles with Ni-DHLA .”* Like the
CdSe-MPA QDs studied here, the DIR particles showed low H, production activity at Ni**:DIR
ratios of 1:1.

As DHLA is also an effective capping ligand for water-soluble CdSe QDs,’ the photocatalytic
activities of MPA- and DHLA- capped QDs were compared in order to better understand if DHLA
dissociated from the Ni-DHLA catalyst was impacting the activity of this system. At the optimal
Ni-DHLA:QD ratio (40:1), the photocatalytic system utilizing DHLA-capped QDs produced over

7 times less H, compared to the system with MPA-capped QDs (SI Figure S4). Further, the
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photocatalytic activity using DHLA-capped QDs did not vary substantially with catalyst
concentration. While multidentate ligands, like DHLA, have been reported to impart greater
stability to QDs under acidic conditions, improving photocatalytic activity™* the utilization of a
significant excess of CdSe-DHLA was detrimental to the overall photocatalytic activity of this
system. Such ligand-dependent behavior is not unprecedented, as others have also observed that
changes to the QD surface environment can impact catalytic activity.'”*”*” MPA is known to
desorb from the QD surface;* *** therefore, MPA may allow the Ni-DHLA to interact more
readily with the QD surface than DHLA, improving the ET process and consequent H, production.
Because QDs with larger diameters have decreased surface electron densities compared to their
small diameter counterparts, close interaction between the catalyst and QD surface would become
increasingly important under these constraints.

With Ni-DHLA:QD molar ratios greater than 40:1, after an initial burst of high activity, the H,
production slows down after several hours of irradiation, indicating a deactivation of the
photocatalytic system. This is also reflected in the TONSs, illustrated in Figure 4, where the
maximum TONSs are achieved with 40:1 Ni-DHLA:QD, followed by a decrease in TONs at higher
Ni-DHLA:QD ratios. With the ascorbic acid concentrations utilized, depletion of sacrificial source
of electrons cannot account for this behavior. Furthermore, though a large excess of ascorbic acid
is present in the system, competitive adsorption on the QD surface is unlikely as the initial rate of
H, production was unchanged with both lower and higher ascorbic acid concentrations, as
illustrated in SI Figure S5. TEM micrographs of QDs after photocatalysis show no evidence of the
formation of Ni particles or other forms of heterogeneous Ni at high catalyst concentrations (SI
Figures S6 and S7 and Table S1). Previous work with DHLA-capped QDs and Ni** also showed

no evidence for Ni deposition on the QD surface following photocatalysis.” Because signs of
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particle aggregation, likely due to loss of the MPA ligand, are evident after photocatalysis for QDs
in the presence of both low and high catalyst concentrations, this is likely not the cause of the
system deactivation, either.

Given the decreased photocatalytic activity of this system with DHLA-capped QDs, the
increased concentration of DHLA at high catalyst concentrations may be responsible for the
deactivation of the photocatalytic system. To test this, the photocatalytic system was spiked with
excess DHLA, and the resulting H, production was monitored. (SI Figure S8). Upon the addition
of 80 uM free DHLA to the system with 40:1 Ni-DHLA:CdSe-MPA (giving a total DHLA
concentration of 120 uM), the amount of H, produced decreased by ~30% compared to the system
without excess DHLA. With the addition of 160 uM DHLA (total DHLA concentration of 200
uM), H, production further decreased by another 15%. SI Figure S8 also illustrates comparable

behavior at higher Ni-DHLA (120 uM) concentrations with the addition of DHLA (80 uM). These
results, in conjunction with the depressed H, production activity observed for large diameter
DHLA-capped QDs, suggest that in situ DHLA ligand exchange is responsible for deactivation of
the system over time, which is apparent at the highest catalyst concentrations studied. It is worth
noting that the systems spiked with DHLA were still more active than the systems with equivalent
concentrations of Ni-DHLA, presumably due to differences in the rate of ligand exchange for Ni-
DHLA and free DHLA under photocatalytic conditions. Nevertheless, these results are consistent
with a surface exchange mechanism contributing to the diminished photocatalytic activity at high
Ni-DHLA concentrations.

Despite the decrease in the H, production rate over time for Ni-DHLA:QD ratios above 40:1,
the initial rate continues to increase with increasing catalyst concentration, as highlighted in the

inset of Figure 3, for Ni-DHLA:QD molar ratios from 20:1 to 80:1. The initial slope is comparable
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for 80:1 and 120:1. This behavior is also reflected in the external QY's for H, generation (shown

in SI Table S2), where the external QY measured for the first 5 hours of irradiation increases with
catalyst concentration up to 80 uM Ni-DHLA, while similar QY's, within error, are observed for

Ni-DHLA:QD ratios of 80:1 and 120:1, with values of 39 + 3% and 46 + 9%, respectively.
Additionally, these values are comparable to the QY of H, generation reported for smaller DHLA-
capped CdSe QDs, with a 1S_-1S,,, transition at 520 nm, and 20 uM Ni** in water.’

To better understand the initial photocatalytic H, production, TA spectroscopy was used to study
the initial ET dynamics between QDs and Ni-DHLA catalyst. By probing the 1S.-1S,;, transition
of the QDs at 595 nm (Figure 2), state filling of the 1S.-1S,;, exciton can be studied through the
time-resolved photobleach recovery.**' As shown in Figure 5, the TA signal for QDs without
Ni-DHLA exhibits a biexponential decay with lifetimes of 37 + 30 ps (17% of TA signal) and 909
+ 118 ps (83% of TA signal), consistent with previous reports.”>*’ It has been shown that the long
lifetime component is associated with slow relaxation to deep trap states, while the fast lifetime

component is associated with surface trap states.**°
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Figure 5. Normalized change in transmission (A7) of the 1S.-18S,;, transition of 595 nm CdSe
QDs without Ni-DHLA present (orange), and with increasing Ni-DHLA catalyst concentration as

a function of probe delay. The solid lines are exponential fits according to equation 5.

As shown in Figure 5, addition of Ni-DHLA catalyst to the QDs in increasing molar ratios results
in a faster recovery of the 1S.-1S,;, exciton photobleach (see SI Figure S10 for raw data).
Consistent with previous results, the TA signal of pure Ni-DHLA (using equivalent moles of Ni-
DHLA in the 120:1 or the highest catalyst molar ratio sample studied) is significantly weaker than
the QD TA signal. Thus, we conclude that the faster decay observed in the presence of Ni-DHLA
catalyst is not attributed to the catalyst alone but to ET from the QD to the Ni-DHLA catalyst.” It
should be noted that molar concentrations higher than 80:1 could not be measured due to sample
instability.

While the QD intrinsic electron relaxation dynamics are well-described by a biexponential
function, a simple exponential cannot be used to quantitatively understand the effects of increasing

the catalyst concentration. The decrease in the photobleach signal as the catalyst concentration

14



increases suggests more QDs undergoing ET to catalyst molecules.””* The average number of Ni-

DHLA catalyst acceptors per QD can be described by a Poissonian distribution:*">*

fo=ZaZre™ (1)

Where f, is the probability of QDs interacting with n catalyst molecules, and m = <n>.
Additionally, it has been shown that the rate constants involved in the ET process are proportional
to the number of catalysts per QD:*">*

knj = nky; (2)

Where k; is the j™ component of the ET rate for a 1:1 catalyst per QD system, and k,; is the "
component of the observed rate for a n:1 catalyst per QD system. From here, k; will be denoted
kgr;. If kop; denotes the i™ component of the intrinsic electron relaxation rate of the QDs with no
catalyst present (n = 0), the rate constant for the excited state decay, k,,,, is therefore:”'

keotar = 2ikqoi + Xjkerj (3)

Assuming a Poisson distribution of catalyst molecules per QD, the decay of excited QDs at delay
time 7 is given by:

AT(t) = Ipfpe ™ Froratt 4

Where I, is a normalization constant corresponding to the initial concentration of excited QDs."
It can then be shown that:*’

AT(t) = IO(ZiAl-e‘kQDit)(Zj Bjexp (—m + me"kETit)) (5)

Where A; and kqp; are the amplitude and decay rate, respectively, of the i" component of the
intrinsic electron relaxation (i.e. without catalyst), and B; and ki, are the amplitude and decay rate,
respectively of the /" component of the electron transfer process (i.e. with catalyst). This model
has been used to quantitatively obtain the number of neighboring quenchers and adorbates using

47, 49-53

both energy transfer and electron transfer processes.”’” Here, the model is used to fit the TA

15



decay kinetics to obtain the number of catalyst acceptors per QD and the electron transfer rate of

the 1:1 system.

Table 1. Relative Amplitudes of Intrinsic Electron Relaxation (Ai) and ET Processes

(Bj) and Corresponding Lifetime Components (‘L’QDi, ‘L'ETj) Contributing to the TA Signal

Intrinsic Electron Relaxation

Ni-DHLA:QD A, A,

molar ratio <Ton™ i Ecr
(Top1) (Ton2)
17+5% 83+5%

no catalyst 765 +49ps -
(37 =30 ps) (909 + 118 ps)

Electron Transfer Processes

Ni-DHLA:QD B, B,

molar ratio <Ter” i Eex
(TETI) (TETZ)
21 +£5 % 79+5 %

20:1 178 +9 ps 047 +0.17 [PB6x1%
(6 2 ps) (225 £ 51 ps)
28 +2 % 72+ 1 %

40:1 163 +9 ps 099+0.13 [54+5%
(6 =2 ps) (225 £ 51 ps)
45 + 12 % 55+12 %

80:1 127 =7 ps 211042 R4+4%
(6 2 ps) (225 £ 51 ps)

Amplitude-weighted average lifetime <7_ > = ElA;TQ

Q

W/ CA). <7, >=ZB 1 /(ZB).

The TA decay dynamics in Figure 5 were fit using equation 5. As described in previous reports,"”

> the kinetics of the QDs without catalyst was first fit to obtain the amplitudes A; and time constants

Topi (Topi = 1/kgp,) of the intrinsic electron relaxation. As previously discussed, the decay is
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described by a biexponential function with corresponding amplitudes and time constants listed in
Table 1. Next, the kinetics of the QDs with various Ni-DHLA catalyst concentrations was globally
fit, holding the amplitudes A; and rate constants K, of the intrinsic electron relaxation constant.
To account for the electron transfer process, amplitudes B; and number of acceptors m were
allowed to vary, while the rate constant kg;; was held constant, as it denotes the rate for a 1:1
catalyst to QD system. The intrinsic QD electron relaxation process and the ET process are treated

independently, and thus ; A; = 1 and }; B; = 1. Table 1 lists the amplitudes B;, time constants

Ter (Tery = Vkgr;), and the average number of catalyst acceptors per QD, m, for the varying Ni-
DHLA:QD molar ratios studied.

Using equation 5, the ET process that arises upon the addition of Ni-DHLA to the QD system
fits to a sum of two exponential components, with a 6 * 2 ps fast component and a 225 + 51 ps
slow component. These results are qualitatively consistent with our previous report showing that
for DHLA-capped QDs with a 1S.-1S,, transition at 580 nm, a 29 * 4 ps fast component and a
276 + 8 ps slow component is observed at a molar ratio of 20:1.*> As the molar concentration of
catalyst to QDs is increased to 20:1,40:1, and 80:1, the amplitudes of the ET lifetimes are affected
by the catalyst concentration, particularly at a concentration of 80:1. As shown by amplitudes Bgy;
in Table 1, the contribution of the fast component increases from 21 + 5% at 20:1 to 45 * 12% at
80:1, resulting in amplitude-weighted lifetimes of 178 £ 9 ps and 127 * 7 ps, respectively.

While a biexponential ET process is not unexpected, determining the origins of the decay
components is challenging. It has been suggested that the two decay components arise from
different forms of the Ni-DHLA catalyst.”>* Alternatively, the fast component may correspond to
a reduction of Ni** to Ni*, while the slow component corresponds to the addition of a second

electron to a catalyst that has already been reduced.”** Due to the unknown structure of the Ni-
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DHLA catalyst and how it interacts with the QDs, further investigation is required to better
understand the origins of the two electron-transfer decay components.

Using equation 5, the average number of catalyst acceptors per QD, m, was determined for each
molar concentration, and are listed in Table 1. At a molar ratio of 20:1, less than one catalyst
molecule per QD is observed. At a molar ratio of 40:1, approximately one catalyst molecule per
QD is observed. The comparable amplitude-weighted lifetimes of 178 £ 9 ps and 163 + 9 ps for
20:1 and 40:1, respectively, agree well with the determined average number of catalyst acceptors
being less than or equal to one. Furthermore, at molar ratio of 80:1, approximately two catalyst
molecules per QD is observed, which is consistent with an increase in the amplitude-weighted
lifetime for electron transfer processes.

To determine the effects of catalyst molar concentration on the overall ET yield, the ET quantum

efficiency (E;) can be estimated by:>"*

[ AT(QDs+Ni-DHLA)
[ AT(QDs)

Egr=1- (6)

since the integrated areas of the TA kinetic decays are proportional to the QD excited electron
population. The calculated values for E; for the various molar ratios are shown in Table 1. At a
molar concentration of 20:1 Ni-DHLA:QD, the E; is 36 £ 1%. These results are consistent with
our previous report showing a 23% Eg; for DHLA-capped QDs with a 1S.-1S,, transition at 580
nm at a molar ratio of 20:1, as determined by the relative ET fraction.”> As the relative catalyst
concentration increases to 40:1 and 80:1, the E; increases to 54 £ 5% and 84 + 4%, respectively.

This increase in Eg; correlates well with the relative increase in the average number of catalyst

acceptors.
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Figure 6. External QY of H, generation after 5 hours of illumination (blue diamonds) and Ep;
(orange circles) are related to the average number of acceptors per QD, as extracted from the TA
decays. Data points correspond to varying Ni-DHLA:QD molar ratios: 20:1 (a), 40:1 (b), and 80:1

(c). Error bars are estimated by the standard deviation of multiple measurements.

As the catalyst concentration increases, the enhancement in initial photocatalytic H, production
(Figure 3, inset) is also consistent with the £ and average number of catalyst acceptors interacting
with each QD, as shown in Figure 6. Absolute values for H, production QY's are reported in SI
Table S2, and E;; and average number of catalyst acceptors m are included in Table 1. This good
agreement between the photocatalytic and spectroscopic measurements suggests that by increasing
the catalyst concentration, and thereby increasing the overall probability of ET per absorbed
photon, the photocatalytic system is able to overcome the small driving force and low surface
charge density and achieve efficient ET, leading to an enhancement of H, production activity.
Particularly in the case of 80:1 Ni-DHLA:QD, the calculated number of acceptors is 2.11 £ 0.42,
highlighting the fact that a single QD photosensitizer has the ability to interact with multiple
acceptors. Further, the enhancement in initial H, production QY is beginning to level off, as shown

in Figure 6, which suggests this system may be approaching the maximum possible enhancement
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at the highest catalyst concentrations studied. Unsurprisingly, though the comparative
enhancement in QY of H, production and Ep; follow the same trend, E; is ~2 times greater than
the QY for H, production after 5 hours of illumination. The high efficiency of the single ET step
from the QD to the catalyst compared to the efficiency of the overall photocatalytic system is
indicative of efficiency losses via other processes relevant to photocatalytic H, generation, such as

back ET, or electron or hole non-radiative decay back to the ground state.'”** %%

Conclusions:

In this study, we report a tremendous improvement in photocatalytic H, production with large
diameter CdSe-MPA QDs and Ni-DHLA catalyst as the molar ratio of Ni-DHLA:QD is increased.
While we observe little H, generated at low catalyst loadings, photocatalytic activity is
significantly enhanced with an increase in catalyst concentration, and over 300,000 TONs are
observed after 46 hours for a 40:1 Ni-DHLA:QD molar ratio. ET from the QD to the Ni-DHLA

catalyst was found to be fast and highly efficient, with the Ey; increasing from 36% (tz; =178 £9

ps) to 84% (ter = 127 £ 7 ps) as the molar ratio increases from 20:1 to 80:1. This enhancement is
due to an increase in the average number of catalyst molecules interacting with each QD. This
behavior, consistent with the H, production activity, shows that with both the presence of excess
catalyst and a QD surface environment that allows for effective interaction with the Ni-DHLA
catalyst, the probability of ET for this system per photon absorbed is increased. Together, these
results suggest that the increased Ni-DHLA:QD molar ratios and MPA-capped QD surface, help
overcome the smaller surface electron charge density expected for QDs of large diameter,
enhancing the overall photocatalytic H, generation activity. While the photocatalytic activity of

large diameter QDs is recovered with these small adjustments, when normalized per QD surface
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area, the performance is still expected to be less than an optimized QD of a smaller diameter due
to the decreased surface-to-volume ratio. Nevertheless, the improved photocatalytic performance
reported here is important towards the development of nanocrystal-based photocatalytic systems,
allowing for the design of efficient systems that absorb a broader range of the solar spectrum with
a single material simply by making adjustments to the QD surface environment and catalytic

conditions.

Supporting Information: Sample preparation and characterization, calculation of external QY
for H, production, TEM micrographs of CdSe QDs, QD surface area normalized TONs, PL
quenching of CdSe-MPA in the presence of Ni-DHLA, comparison of photocatalytic activity with
CdSe-MPA and CdSe-DHLA, H, production versus ascorbic acid concentration, TEM
micrographs and energy dispersive x-ray spectra of CdSe QDs after photocatalysis, photocatalytic
H, generation in the presence of excess DHLA, external QY for H, production and TONSs,
dependence of TA signals on pump fluence for MPA-capped CdSe, and raw AT TA decays of

CdSe QDs with Ni-DHLA.

Corresponding Author

*Email: krauss@chem.rochester.edu.

Notes

The authors declare no competing financial interest.

Acknowledgement: This work is supported by the Chemical Sciences, Geosciences and
Biosciences Division, Office of Basic Energy Sciences, Office of Science, U.S. Department of

Energy, Grant No. DE-FG02-09ER16121.

21



Abbreviations: H,, hydrogen; QD, quantum dot; DHLA, dihydrolipoic acid; Ni-DHLA, nickel
dihydrolipoic acid; TA, transient absorption; ET, electron transfer; MPA, 3-mercaptopropionic
acid; AA, ascorbic acid; NHE, normal hydrogen electrode; PL, photoluminescence; TEM,
transmission electron microscopy; SI, supporting information; QY, quantum yield; BBO, BaB,O,;

TON, turnover number; DIR, dot-in-rod; Ey, electron transfer quantum efficiency.

References:

1. Lewis, N. S.; Nocera, D. G., Powering the Planet: Chemical Challenges in Solar Energy

Utilization. Proc. Natl. Acad. Sci. U.S.A. 2006, 103, 15729-15735.

2. Nocera, D. G., Chemistry of Personalized Solar Energy. Inorg. Chem. 2009, 48, 10001-

10017.

3.  Graetzel, M., Atrtificial Photosynthesis: Water Cleavage into Hydrogen and Oxygen by

Visible Light. Acc. Chem. Res. 1981, 14, 376-384.

4. Han,Z.; Eisenberg, R., Fuel from Water: The Photochemical Generation of Hydrogen from

Water. Acc. Chem. Res. 2014, 47,2537-2544.

5.  Han,Z,; Qiu, F.; Eisenberg, R.; Holland, P. L.; Krauss, T. D., Robust Photogeneration of
H2 in Water Using Semiconductor Nanocrystals and a Nickel Catalyst. Science 2012, 338, 1321-

1324.

22



6. Jasieniak,J.; Califano, M.; Watkins, S. E., Size-Dependent Valence and Conduction Band-

Edge Energies of Semiconductor Nanocrystals. ACS Nano 2011, 5, 5888-5902.

7.  Spittel, D.; Poppe, J.; Meerbach, C.; Ziegler, C.; Hickey, S. G.; Eychmiiller, A., Absolute
Energy Level Positions in CdSe Nanostructures from Potential-Modulated Absorption

Spectroscopy (EMAS). ACS Nano 2017, 11, 12174-12184.

8.  Yu, W. W.; Qu, L.; Guo, W.; Peng, X., Experimental Determination of the Extinction

Coefficient of CdTe, CdSe, and CdS Nanocrystals. Chem. Mater. 2003, 15, 2854-2860.

9.  Leatherdale,C. A.; Woo, W.K.; Mikulec, F. V.; Bawendi, M. G., On the Absorption Cross

Section of CdSe Nanocrystal Quantum Dots. J. Phys. Chem. B 2002, 106, 7619-7622.

10. Alivisatos, A. P., Perspectives on the Physical Chemistry of Semiconductor Nanocrystals.

J. Phys. Chem. 1996, 100, 13226-13239.

11. Bruchez, M.; Moronne, M.; Gin, P.; Weiss, S.; Alivisatos, A. P., Semiconductor

Nanocrystals as Fluorescent Biological Labels. Science 1998, 281, 2013-2016.

12.  Amirav, L.; Alivisatos, A. P., Photocatalytic Hydrogen Production with Tunable Nanorod

Heterostructures. J. Phys. Chem. Lett. 2010, 1, 1051-1054.

13. Berr, M.; Vaneski, A.; Susha, A. S.; Rodriguez-Ferndndez, J.; Doblinger, M.; Jickel, F.;
Rogach, A. L.; Feldmann, J., Colloidal CdS Nanorods Decorated with Subnanometer Sized Pt

Clusters for Photocatalytic Hydrogen Generation. Appl. Phys. Lett. 2010, 97,093108.

23



14. Tongying, P.; Plashnitsa, V. V.; Petchsang, N.; Vietmeyer, F.; Ferraudi, G. J.; Krylova, G ;
Kuno, M., Photocatalytic Hydrogen Generation Efficiencies in One-Dimensional CdSe

Heterostructures. J. Phys. Chem. Lett. 2012, 3, 3234-3240.

15. Kohn, E.; Lambright, K.; Khnayzer, R. S.; Moroz, P.; Perera, D.; Butaeva, E.; Lambright,
S.; Castellano, F. N.; Zamkov, M., Improving the Catalytic Activity of Semiconductor

Nanocrystals through Selective Domain Etching. Nano Lett. 2013, 13,2016-2023.

16. Ben-Shahar, Y.; Scotognella, F.; Kriegel, I.; Moretti, L.; Cerullo, G.; Rabani, E.; Banin,
U., Optimal Metal Domain Size for Photocatalysis with Hybrid Semiconductor-Metal Nanorods.

Nat. Commun. 2016, 7, 10413.

17. Zhu,H.; Song,N.; Lv,H.; Hill,C.L.; Lian, T., Near Unity Quantum Yield of Light-Driven
Redox Mediator Reduction and Efficient H2 Generation Using Colloidal Nanorod

Heterostructures. J. Am. Chem. Soc. 2012, 134,11701-11708.

18. Kalisman, P.; Nakibli, Y.; Amirav, L., Perfect Photon-to-Hydrogen Conversion Efficiency.

Nano Lett. 2016, 16,1776-1781.

19. Lv,H.;Ruberu, T.P; Fleischauer, V. E.; Brennessel, W. W_; Neidig, M. L.; Eisenberg, R.,
Catalytic Light-Driven Generation of Hydrogen from Water by Iron Dithiolene Complexes. J. Am.

Chem. Soc. 2016, 138, 11654-11663.

20. Brown, K. A.; Wilker, M. B.; Boehm, M.; Dukovic, G.; King, P. W., Characterization of
Photochemical Processes for H2 Production by CdSe Nanorod-[FeFe] Hydrogenase Complexes.

J.Am. Chem. Soc. 2012, 134, 5627-5636.

24



21. Wang, F.; Liang, W.-J; Jian, J.-X.; Li, C.-B.; Chen, B.; Tung, C.-H.; Wu, L.-Z.,
Exceptional Poly(acrylic acid)-Based Artificial [FeFe]-Hydrogenases for Photocatalytic H2

Production in Water. Angew. Chem., Int. Ed. 2013, 52, 8134-8138.

22. Liang, W.-J.; Wang, F.; Wen, M.; Jian, J.-X.; Wang, X.-Z.; Chen, B.; Tung, C.-H.; Wu,
L.-Z., Branched Polyethylenimine Improves Hydrogen Photoproduction from a CdSe Quantum
Dot/[FeFe]-Hydrogenase Mimic System In Neutral Aqueous Solutions. Chem. - Eur. J. 2015, 21,

3187-3192.

23. Das, A.; Han, Z. J.; Haghighi, M. G.; Eisenberg, R., Photogeneration of Hydrogen from
Water Using CdSe Nanocrystals Demonstrating the Importance of Surface Exchange. Proc. Natl.

Acad. Sci. U.S.A.2013, 110, 16716-16723.

24. Han, K.; Wang, M.; Zhang, S.; Wu, S.; Yang, Y.; Sun, L., Photochemical Hydrogen
Production from Water Catalyzed by CdTe Quantum Dots/Molecular Cobalt Catalyst Hybrid

Systems. Chem. Commun. 2015, 51, 7008-7011.

25. Li, Z.-J.; Li, X.-B.; Wang, J.-J.; Yu, S.; Li, C.-B.; Tung, C.-H.; Wu, L.-Z., A Robust
“Artificial Catalyst” In Situ Formed from CdTe QDs and Inorganic Cobalt Salts for Photocatalytic

Hydrogen Evolution. Energy Environ. Sci. 2013, 6, 465-469.

26. Huang, J.; Mulfort, K. L.; Du, P.; Chen, L. X., Photodriven Charge Separation Dynamics
in CdSe/ZnS Core/Shell Quantum Dot/Cobaloxime Hybrid for Efficient Hydrogen Production. J.

Am. Chem. Soc. 2012, 134,16472-16475.

25



27. Chang, C. M.; Orchard, K. L.; Martindale, B. C. M.; Reisner, E., Ligand Removal from
CdS Quantum Dots for Enhanced Photocatalytic H2 Generation in pH Neutral Water. J. Mater.

Chem. A 2016, 4, 2856-2862.

28. Das, A.; Han, Z.; Brennessel, W. W.; Holland, P. L.; Eisenberg, R., Nickel Complexes for
Robust Light-Driven and Electrocatalytic Hydrogen Production from Water. ACS Catal. 2015, 5,

1397-1406.

29. Li,Z.-J.;Fan,X.-B.; Li, X.-B,; Li,J.-X.; Ye, C.; Wang, J.-J; Yu, S.; Li, C.-B.; Gao, Y .-J ;
Meng, Q.-Y .; et al., Visible Light Catalysis-Assisted Assembly of Nih-QD Hollow Nanospheres

in Situ via Hydrogen Bubbles. J. Am. Chem. Soc. 2014, 136, 8261-8268.

30. Holmes, M. A.; Townsend, T. K.; Osterloh, F. E., Quantum Confinement Controlled
Photocatalytic Water Splitting by Suspended CdSe Nanocrystals. Chem. Commun.2012,48,371-

373.

31. Zhao,J.; Holmes, M. A.; Osterloh, F. E., Quantum Confinement Controls Photocatalysis:

A Free Energy Analysis for Photocatalytic Proton Reduction at CdSe Nanocrystals. ACS Nano

2013, 7,4316-4325.

32. Liu, C;; Qiu, F.; Peterson, J. J.; Krauss, T. D., Aqueous Photogeneration of H2 with CdSe
Nanocrystals and Nickel Catalysts: Electron Transfer Dynamics. J. Phys. Chem. B 2015, 119,

7349-7357.

33. Qiu, F.; Han, Z.; Peterson, J. J.; Odoi, M. Y.; Sowers, K. L.; Krauss, T. D., Photocatalytic

Hydrogen Generation by CdSe/CdS Nanoparticles. Nano Lett. 2016, 16, 5347-5352.

26



34. Qu, L.; Peng, X., Control of Photoluminescence Properties of CdSe Nanocrystals in

Growth. J. Am. Chem. Soc. 2002, 124, 2049-2055.

35. Liu, C.; Peterson, J. J.; Krauss, T. D., Uncovering Hot Hole Dynamics in CdSe

Nanocrystals. J. Phys. Chem. Lett. 2014, 5, 3032-3036.

36. Klimov, V. I., Optical Nonlinearities and Ultrafast Carrier Dynamics in Semiconductor

Nanocrystals. J. Phys. Chem. B 2000, 104,6112-6123.

37. Zhang, Z.; Edme, K.; Lian, S.; Weiss, E. A., Enhancing the Rate of Quantum-Dot-
Photocatalyzed Carbon—Carbon Coupling by Tuning the Composition of the Dot’s Ligand Shell.

J.Am. Chem. Soc. 2017, 139, 4246-4249.

38. Acharya, K. P.; Khnayzer, R. S.; O’Connor, T.; Diederich, G.; Krisanova, M.; Klinkova,
A.; Roth, D.; Kinder, E.; Imboden, M.; Zamkov, M., The Role of Hole Localization in Sacrificial

Hydrogen Production by Semiconductor-Metal Heterostructured Nanocrystals. Nano Lett. 2011,

11,2919-2926.

39. Jensen, S. C.; Bettis Homan, S.; Weiss, E. A., Photocatalytic Conversion of Nitrobenzene
to Aniline through Sequential Proton-Coupled One-Electron Transfers from a Cadmium Sulfide

Quantum Dot. J. Am. Chem. Soc. 2016, 138, 1591-1600.

40. Klimov, V. 1.; McBranch, D. W.; Leatherdale, C. A.; Bawendi, M. G., Electron and Hole

Relaxation Pathways in Semiconductor Quantum Dots. Phys. Rev. B 1999, 60, 13740-13749.

41. Klimov, V. 1.; Schwarz, C. J.; McBranch, D. W.; Leatherdale, C. A.; Bawendi, M. G.,
Ultrafast Dynamics of Inter- and Intraband Transitions in Semiconductor Nanocrystals:

Implications for Quantum-Dot Lasers. Phys. Rev. B 1999, 60, R2177-R2180.

27



42. Baker, D. R.; Kamat, P. V., Tuning the Emission of CdSe Quantum Dots by Controlled

Trap Enhancement. Langmuir 2010, 26, 11272-11276.

43. Zheng, K; Zidek, K.; Abdellah, M.; Zhang, W.; Chabera, P.; Lenngren, N.; Yartsev, A;
Pullerits, T., Ultrafast Charge Transfer from CdSe Quantum Dots to p-Type NiO: Hole Injection

vs Hole Trapping. J. Phys. Chem. C 2014, 118, 18462-18471.

44. Schnitzenbaumer, K. J.; Labrador, T.; Dukovic, G., Impact of Chalcogenide Ligands on

Excited State Dynamics in CdSe Quantum Dots. J. Phys. Chem. C 2015, 119, 13314-13324.

45. Lenngren, N.; Abdellah, M. A.; Zheng, K.; Al-Marri, M. J.; Zigmantas, D.; Zidek, K;
Pullerits, T., Hot Electron and Hole Dynamics in Thiol-Capped CdSe Quantum Dots Revealed by

2D Electronic Spectroscopy. Phys. Chem. Chem. Phys. 2016, 18,26199-26204.

46. Lee,J.R.; Lei, W.; Cowan, A.J.; Jackel, F., Hydrophilic, Hole-Delocalizing Ligand Shell
to Promote Charge Transfer from Colloidal CdSe Quantum Dots in Water. J. Phys. Chem. C 2017,

121,15160-15168.

47. Boulesbaa, A.; Huang, Z.; Wu, D.; Lian, T., Competition between Energy and Electron

Transfer from CdSe QDs to Adsorbed Rhodamine B. J. Phys. Chem. C 2010, 114,962-969.

48. Morris-Cohen, A. J.; Frederick, M. T.; Cass, L. C.; Weiss, E. A., Simultaneous
Determination of the Adsorption Constant and the Photoinduced Electron Transfer Rate for a CdS

Quantum Dot—Viologen Complex. J. Am. Chem. Soc. 2011, 133, 10146-10154.

49. Tachiya, M., Kinetics of Quenching of Luminescent Probes in Micellar Systems. II. J.

Chem. Phys. 1982, 76, 340-348.

28



50. Rodgers, M. A.J.; Da Silva E Wheeler, M. F., Quenching of Fluorescence from Pyrene in

Micellar Solutions by Cationic Quenchers. Chem. Phys. Lett. 1978, 53, 165-169.

51. Koole, R.; Luigjes, B.; Tachiya, M.; Pool, R.; Vlugt, T. J. H.; de Mello Donegid, C.;
Meijerink, A.; Vanmaekelbergh, D., Differences in Cross-Link Chemistry between Rigid and
Flexible Dithiol Molecules Revealed by Optical Studies of CdTe Quantum Dots. J. Phys. Chem.

C2007,111,11208-11215.

52. Huang, J.; Huang, Z.; Jin, S.; Lian, T., Exciton Dissociation in CdSe Quantum Dots by

Hole Transfer to Phenothiazine. J. Phys. Chem. C 2008, 112, 19734-19738.

53. Sadhu, S.; Tachiya, M.; Patra, A., A Stochastic Model for Energy Transfer from CdS
Quantum Dots/Rods (Donors) to Nile Red Dye (Acceptors). J. Phys. Chem. C 2009, 113, 19488-

19492.

54. Peterson, M. D.; Jensen, S. C.; Weinberg, D. J.; Weiss, E. A., Mechanisms for Adsorption

of Methyl Viologen on CdS Quantum Dots. ACS Nano 2014, 8, 2826-2837.

55. Dworak, L.; Wachtveitl, J., Ultrafast Charge Separation at the CdSe Quantum
Dot/Methylviologen Interface: Dependence on Electron Acceptor Concentration. Z. Phys. Chem.

2011, 225, 575-585.

56. Stewart, M. P.; Ho, M.-H.; Wiese, S.; Lindstrom, M. L.; Thogerson, C. E.; Raugei, S.;
Bullock, R. M.; Helm, M. L., High Catalytic Rates for Hydrogen Production Using Nickel

Electrocatalysts with Seven-Membered Cyclic Diphosphine Ligands Containing One Pendant

Amine. J. Am. Chem. Soc. 2013, 135, 6033-6046.

29



57. Lakowicz,J.R., Principles of Fluorescence Spectroscopy. 2nd ed. ed.; Kluwer Academic:

New York, 1999.

58. Tseng, H.-W.; Wilker, M. B.; Damrauer, N. H.; Dukovic, G., Charge Transfer Dynamics
between Photoexcited CdS Nanorods and Mononuclear Ru Water-Oxidation Catalysts. J. Am.

Chem. Soc. 2013, 135, 3383-3386.

59. Zhu, H.; Lian, T., Wavefunction Engineering in Quantum Confined Semiconductor
Nanoheterostructures for Efficient Charge Separation and Solar Energy Conversion. Energy

Environ. Sci. 2012, 5, 9405-9418.

60. Gimbert-Surifiach, C.; Albero, J.; Stoll, T.; Fortage, J.; Collomb, M.-N.; Deronzier, A.;
Palomares, E.; Llobet, A., Efficient and Limiting Reactions in Aqueous Light-Induced Hydrogen

Evolution Systems using Molecular Catalysts and Quantum Dots. J. Am. Chem. Soc. 2014, 136,

7655-7661.

30



TOC Graphic

Hz (mmol)
-~ &

g
3

0 10 20 30
Time (hours)

8

= Ni-DHLA: QD

31



