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ABSTRACT: Developing Type-I core/shell quantum dots is of
great importance toward fabricating stable and sustainable photo-
catalysts. However, the application of Type-I systems has been
limited due to the strongly confined photogenerated charges by the
energy barrier originating from the wide-bandgap shell material. In
this project, we found that through the decoration of Au satellite-
type domains on the surface of Type-I CdS/ZnS core/shell
quantum dots, such an energy barrier can be effectively overcome
and an over 400-fold enhancement of photocatalytic H, evolution
rate was achieved compared to bare CdS/ZnS quantum dots.
Transient absorption spectroscopic studies indicated that the
charges can be effectively extracted and subsequently transferred
to surrounding molecular substrates in a subpicosecond time scale in

such hybrid nanocrystals. Based on density functional theory calculations, the ultrafast charge separation rates were ascribed to the
formation of intermediate Au,S layer at the semiconductor—metal interface, which can successfully offset the energy confinement
introduced by the ZnS shell. Our findings not only provide insightful understandings on charge carrier dynamics in semiconductor—
metal heterostructural materials but also pave the way for the future design of quantum dot-based hybrid photocatalytic systems.

1. INTRODUCTION

Over the past few centuries, rapid industrialization has led to a
myriad of issues, such as environmental pollution and energy
shortages, necessitating the need for exploring sustainable
energy sources that are both produced in an environmentally
friendly manner and consumed without further releasing
contaminants.' > In this regard, solar-driven photocatalytic
hydrogen (H,) evolution reaction (HER) has been extensively
studied in both academia and industry and is considered as a
strong contender for partially replacing fossil fuels.”” Since the
pioneering work reported by Fujishima and Honda for
electrochemical photolysis of water using TiO,,® the structures
and photocatalytic performances of all kinds of inorganic
semiconductor-based photocatalysts have been extensively
researched.”® Among them, CdS stands out due to its
appropriate bandgap (2.4 eV) and band offset,” enabling
absorption of the visible spectrum while maintaining relatively
strong redox abilities.'’ Especially, when downsizing CdS
semiconductor material to a few nanometers (nm), CdS
nanocrystals (NCs), also known as quantum dots (QDs), offer
additional advantages as photocatalysts, including tunable
optical and electronic profiles,'’ improved atom utilization
efficiency,'” and solution dispersibility and processability."*
Despite these advantages, CdS QDs are susceptible to
deterioration under photoirradiation, especially in oxygen-
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containing aqueous solutions.'* Such photocorrosion leads to
the degradation of the catalysts’ overall integrity, resulting in
decreased catalytic efficiency and the release of the toxic Cd
element."> In addition, deep trap states on the CdS QDs’
surface serve as sites for fast exciton (i.e., electron and hole
pair) recombination,'® significantly reducing the number of
available photogenerated charge carriers for catalysis. These
constraints have largely limited the application of CdS QDs as
reliable catalysts in various reactions, including photocatalytic
H, production.'” To avoid the decomposition of CdS QDs and
passivate their surface states, one important strategy is to grow
a “shell” of another semiconductor material to produce core/
shell structured QDs and physically isolate the active “core”
QDs from the surrounding environment.'® *? In this context,
the ZnS semiconductor has been identified as a suitable eco-
friendly shell material that can provide protection for the CdS
core QDs from photo- and/or physical-degradations while
preserving their optical absorption or redox potentials.”!

Received: June 9, 2023
Published: September 28, 2023

https://doi.org/10.1021/jacs.3c06065
J. Am. Chem. Soc. 2023, 145, 21886—21896


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Na+Jin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yonglei+Sun"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wenwu+Shi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ping+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yasutaka+Nagaoka"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tong+Cai"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rongzhen+Wu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lacie+Dube"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hawi+N.+Nyiera"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hawi+N.+Nyiera"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yuzi+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tomoyasu+Mani"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xinzhong+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jing+Zhao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ou+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/jacs.3c06065&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c06065?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c06065?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c06065?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c06065?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c06065?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/jacsat/145/40?ref=pdf
https://pubs.acs.org/toc/jacsat/145/40?ref=pdf
https://pubs.acs.org/toc/jacsat/145/40?ref=pdf
https://pubs.acs.org/toc/jacsat/145/40?ref=pdf
pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/jacs.3c06065?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org/JACS?ref=pdf

Journal of the American Chemical Society

pubs.acs.org/JACS

a _»3_»‘3,

CdS  CdS/znS QD-Au

Intensity (a.u.)

QD-Au 0 min

'\ CdS/zns QD

320 400 480 560
Wavelength (nm)

[ HAADF N Au

N
Number of Au
o "‘a =

1 Zn | — o] T Merged

Figure 1. Characterizations of QD-Au HNCs. (a) Absorption and PL spectral evolution during Au growth. Insets: synthetic steps (top) and
photographs (bottom) of QDs (bottom left) and QD-Au HNCs (bottom right) under room light (RL) and ultraviolet (UV) light illumination. (b)
A HAADF-STEM image of QD-Au HNCs. Inset: histogram of the number of Au domains per QD. (c) HR-TEM image of a QD-Au HNC; and (d,
e) the corresponding FFT patterns of the QD (d) and Au (e) domains. (f) Elemental mapping of QD-Au HNCs showing the distribution of Au,

Zn, and Cd elements.

However, the resulting CdS/ZnS core/shell QDs possess a so-
called Type-I band alignment (i.e., the bandgap of the core is
embedded in the wider bandgap of the shell)," in which both
electrons and holes are strongly confined in the semiconductor
core region (i.e, CdS core QDs). The low availability of the
charge carriers has therefore limited the practical applications
of Type-I core/shell QDs in photocatalytic reactions.”””>* In
the meantime, semiconductor—metal heterostructural nano-
crystals (HNCs) that couple semiconductor NCs with metal
NCs have emerged as unique photocatalysts for fuel
production with significantly improved efficiency.”*™** Re-
search efforts have been devoted to the delicate synthetic
control of HNCs with diverse compositions and morpholo-
gies,”** which also allow for the study of novel properties
generated from the nanoscale semiconductor—metal hetero-
junction, such as ultrafast charge transfer.”>~*' Regardless of
the thorough investigations in the morphology control and
synergistic effects, the synthesis and utilization of semi-
conductor—metal HNCs containing Type-I core/shell QDs
for photocatalytic reactions have not yet been clearly
demonstrated.

Herein, we showed that by decorating metallic Au crystalline
domains on the CdS/ZnS core/shell QDs, the inert Type-I
system can be catalytically activated. We synthesized CdS/ZnS
QD-Au host-satellite-type HNCs with multiple metallic Au
domains randomly distributed on the QD host surface. By
varying the ratio of Au precursors to QDs, the diameter of the
Au domains can be tuned from 1.6 to 3.3 nm. The catalytic
performance of the QD-Au HNCs showed a negative
dependence on the size of the Au domains, and a maximum
of over four-hundred-fold enhancement of HER rate can be
reached comparing to the bare CdS/ZnS QDs counterpart.
Transient absorption (TA) spectroscopic results indicated that
the deposition of Au domains on CdS/ZnS QDs can enhance

the catalytic efficiency through facilitating the electron
extraction to the Au domains and further transfer to electron
accepting molecules. Density functional theory (DFT)
calculations demonstrated that such an ultrafast charge
separation was partly due to the formation of the Au,S layer
at the semiconductor—metal interface, which can relax the
energy barrier installed by the ZnS shell material, thus
increasing the surface electron population of HNCs for
subsequent hydrogen generation through proton reduction.
Overall, we demonstrated that the decoration of small Au
domains onto CdS/ZnS QDs served as an effective approach
to activate Type-I systems for photocatalytic HER, which will
provide insights into the design and discovery of next-
generation heterostructure-based artificial photocatalysts.

2. RESULTS AND DISCUSSION

2.1. Synthesis and Characterization of CdS/ZnS QD-
Au Host-Satellite HNCs. The CdS/ZnS core/shell QD-Au
HNCs were synthesized following a three-step procedure
(experimental details can be found in the Supporting
Information (SI)),* and aliquots were taken to monitor the
reaction. First, CdS core QDs were prepared by a heating-up
approach,”’ and the resulting CdS cores possessed a first
excitonic peak centered at 435 nm (Figure S1). Next, four
monolayers (MLs) of ZnS shell were grown onto the CdS core
QDs using a successive ionic layer adsorption and reaction
method;**** and the UV—vis absorption spectra, photo-
luminescence (PL) spectra, and transmission electron micro-
scopic (TEM) images after growth of each ML of ZnS shell
were presented in Figures S1—S3. The increase in absorption
in the UV region as well as the gradual quenching of CdS
surface trap emission demonstrated successful ZnS shell
growth. The excitonic absorption peak position showed nearly
no shift before and after ZnS shell formation, indicating the
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Figure 2. Characterizations of QD-Au HNCs with different Au satellite domain sizes. (a—c) TEM images (left), HR-TEM images (top right), and
size distribution histograms (bottom right) of QD-Aus; (2), QD-Au,, (b), and QD-Au, ¢ (c) HNCs. (d) Absorption and PL spectra of CdS/ZnS
core/shell (C/S) QDs, and three QD-Au HNC samples with different Au domain sizes. Inset: Optical density (OD) at the first excitonic peak of
HNCs with increasing Au domain sizes. (e, f) XPS spectra and XRD patterns of the QD and three QD-Au HNC samples. Inset of (f): Atomic
model showing the interface between the QD host and the Au satellite domain.

Type-1 core/shell band alignment with a strong quantum
confinement.*® The average PL lifetime of the final CdS/Zn$S
core/shell QDs was determined to be 30.8 ns through a three-
component exponential tail fitting (Figure S4 and Table S1).
TEM images suggested good dispersibility and a narrow size
distribution of the synthesized core/shell QDs (Figure SS).
The average size of the QDs was 7.1 + 0.6 nm, which agreed
well with the calculated particle size based on the thickness of
each ZnS shell atomic layer (0.31 nm).*” The deposition of Au
satellite domains onto the QD host surface was then achieved
by thermally reducing AuCl; using oleylamine as a weak
reducing agent (see details in SI).*® Figure la presented the
absorption and PL spectral evolutions during the Au growth
stage with a constant QD concentration of 0.25 nmol/mL.
Quantitative analysis demonstrated an increased optical
density at the first excitonic peak (at 432 nm) of the QD
host owing to the contribution of Au absorption, which was a
featureless broad absorption tail extending from the UV to the
visible spectral range,“g’50 confirming the Au satellite domain
formation (Figure S6). Meanwhile, the PL of QDs was totally
quenched immediately after the Au precursor injection (Figure
la, Figure S6), indicating that the Au deposition efficiently
prevented the excitonic radiative recombination in the QD
host.>! The morphology of QD-Au HNCs and the distribution
of Au domains on the QD surface were demonstrated in Figure
1b—f. As shown in high-angle annular dark field scanning TEM
image (HAADF-STEM, Figure 1b), around 7 Au domains in
average were randomly distributed on each QD host, following
a Volmer—Weber growth model.”* High-resolution TEM (HR-
TEM, Figure 1c) images exhibited clear lattice fringes for both
QD hosts and Au satellite domains, suggesting a high
crystallinity of the HNCs. Analyses based on the d-spacings
and the corresponding fast-Fourier transformation (FFT)
patterns revealed that the Au domains grew onto the QD
host surface through sharing the common (002) crystal plane
(Figure 1d, e), in line with our previous studies on a similar
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HNC system.”® Elemental mapping results served as additional
evidence for the heterostructure of the CdS/ZnS QD-Au
HNC:s that comprised core/shell QDs and Au domains on the
surface (Figure 1f).

2.2. Synthesis of QD-Au HNCs with Different Au
Domain Sizes. Next, we synthesized three QD-Au HNC
samples with different Au domain sizes by adjusting the
feeding ratio of AuCl; precursors to QDs (see SI for synthetic
details). The average Au domain sizes of 1.6 = 0.1 nm (QD-
Au;4), 22 + 0.3 nm (QD-Au,,), and 3.3 + 0.3 nm (QD-
Au,;) were achieved without alteration of the QD host
diameter (Figure 2a—c). Energy-dispersive X-ray spectroscopic
(EDS) measurements revealed an increased Au atomic ratio,
parallel to the increased size of Au domains as shown in the
TEM measurements (Table S2, Figure S7—10). Figure 2d
presented the absorption and PL spectra of CdS/ZnS core/
shell QDs and three QD-Au HNC samples. While no PL was
observed for all of the HNC samples, an increased optical
density at the QD first absorption peak can be observed when
increasing the Au domain size (Figure 2d). X-ray photo-
electron spectroscopic (XPS) measurements clearly showed
two major characteristic peaks of Au” centered at around 84.2
eV (4f;,) and 87.9 eV (4f;,,) for all three HNC samples
(Figure 2e).”” Zn 3p peaks centered at around 88.5 eV (3p;),)
and 91.5 eV (3p,,,) were consistently observed in the CdS/
ZnS QDs and three QD-Au HNC samples.”” Interestingly,
additional XPS features at around 85.9 and 89.5 eV can also be
deconvoluted for the three QD-Au HNC samples, which were
assigned to the Au® 4f,, and 4f;,, peaks, respectively.”* The
presence of Au* signals indicated the formation of a Au,S layer
at the interface of ZnS shell and Au satellite domains, in
agreement with previous observations for similar semi-
conductor—metal hybrid materials.”>*® X-ray powder diffrac-
tion (XRD) patterns showed that the zinc-blende crystal
structure of the CdS/ZnS QD hosts retained after the Au
domain growth (Figure 2f)."* An additional broad Bragg
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Figure 3. Catalytic performance characterizations of the QD-Au HNCs. (a) Scheme of the photoinduced excitonic and catalytic processes. (b)
HER activity as a function of reaction time for QD-Au,, HNCs with different hole scavengers. (c) HER activity as a function of reaction time for
C/S QDs and three QD-Au HNC samples with different Au domain sizes. (d) HER rates of C/S QDs and three QD-Au HNC samples before and
after normalization with mass of QDs. Inset: amplified HER rate of the C/S QD samples. (e) Cycling HER activities of the QD-Au,, HNCs. (f)
HER rates of the control groups using different photocatalysts: Au NCs, a mixture of C/S QDs and Au NCs (QD+Au), CdS QDs, and CdS-Au
HNCs. Inset: HER rate comparison between CdS QDs and CdS/ZnS C/S QDs.

diffraction peak at 26 of around 32.6°—33.0° was observed for
all three QD-Au HNC samples, which can be assigned to the
(111) crystal plane of the Au crystalline domains.”*>” Only
one clear diffraction peak of Au domains (i.e., Au(111)) can be
resolved due to their small sizes.”® The calculated d-spacings of
2.74 A (QD-Au, 4), 2.73 A (QD-Au,,), and 2.71 A (QD-Au, 5)
suggested noticeable Au lattice expansions of 16.1%, 15.7%,
and 14.8% for the (111) crystal plane, respectively (Tables
S3—S6), as a result of the large lattice mismatch between QD
host materials (CdS: acys = 5.88 A; ZnS: ay,q = 5.41 A) and Au
domain lattices (Au: a,, = 4.08 A).*°9%0

2.3. Photocatalytic H, Evolution Performance of QD-
Au HNGCs. The complete quenching of the electron—hole
radiative recombination of the Type-I CdS/ZnS core/shell
QDs by Au growth drove us to explore the catalytic
performance of QD-Au HNCs toward HER through photo-
catalytic proton reduction. Phase transfer was employed to
render the obtained HNCs water-soluble. In this context, 11-
mercaptoundecanoic acid (MUA) was utilized to transfer the
relevant samples from toluene into water with close-to-unity
transfer yield and nearly unchanged heterostructural morphol-
ogy and optical properties (Figures S11—13). The successful
ligand exchanges using MUA with a ligand weight ratio of
~10% were characterized by nuclear magnetic resonance
spectroscopy and thermogravimetric analysis (Figures S14,
15). We found that the MUA-capped QD-Au HNCs were
stable in water for at least 10 months (Figure S16). The
photocatalytic experiments were performed in an optical
enclosure with 400 nm light irradiation (details of the
experiments can be found in the SI). Hole scavengers were
applied to avoid accumulation of holes within the HNC
catalysts. A scheme of the photocatalytic process was shown in
Figure 3a. First, we evaluated the efficiency of H, evolution
with four commonly used hole scavengers, including ascorbic
acid (AA), sodium sulfide and sodium sulfite (Na,S +
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Na,S0;), triethanolamine (TEOA), and methanol (MeOH).
As shown in Figure 3b, the catalytic reaction (using the QD-
Au,, HNCs as the catalysts) with AA as the hole scavenger
showed a drastically higher H, evolution efliciency in
comparison to that using the other three hole scavengers
(Figure S17). A constant H, evolution rate of 1.19 mmol g,
h™ for at least S h was observed (Figure 3b). The large
difference of the catalytic reactivity with different hole
scavengers can be mainly ascribed to the difference of proton
reduction potentials caused by the pH variations.”"*> The
catalytic solution switched from an acidic condition (pH = 3)
when using AA as the hole scavenger to a basic condition (pH
= 9) when using the other three hole scavengers (note that the
QD-Au HNCs were transferred from toluene to an alkaline
solution). Based on the Nernst equation, proton reduction
with AA as the hole scavenger requires a much smaller driving
force (0.354 V vs NHE) compared to other three catalytic
systems.””** The pH effect of reaction solution was further
confirmed by testing the HER activity using MeOH as the hole
scavenger under acidic conditions (pH = 3). Results showed
that an increase of H, evolution of around 6-fold was achieved
after changing the pH from 9 to 3 (Figure S18). However, the
catalytic activity under this condition was still significantly
lower than that when AA was used as the hole scavenger (pH =
3), demonstrating that other factors such as binding affinity
between the hole scavengers and the HNCs may also play a
role. Moreover, the benignity of AA to the QD-Au HNCs,
evidenced by the nearly unchanged absorption spectral profile
after the photocatalytic reaction (Figure S19), could explain
the stable H, evolution rate over a long period of time. Control
catalytic trials performed with the absence of any necessary
components, ie., AA, light irradiation, or HNC catalyst, all
showed no HER activity, further confirming the nature of the
HNC photocatalyzed reaction (Figure S20).
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Figure 4. TA spectroscopic studies on charge carrier dynamics. (a—c) Pseudo color maps of CdS/ZnS QDs (a), QD-Au, ¢ HNCs (b), and QD-
Auy; HNCs (c). (d—f) AA spectra at different time delays of CdS/ZnS QDs (d), QD-Au, s HNCs (e), and QD-Aus; HNCs (f). (g) Schematic
illustration of the charge transfer processes of the QD-Au HNCs in HER. (h, i) Kinetics probed at 460 nm for QD-Au, s HNCs (h) and QD-Aus;
HNCs (i).

We then investigated the Au domain size effect on the density of the Au domains of HNCs increases due to electron
catalytic efficiency of HER. Four samples, i.e, CdS/ZnS QDs transfer from QD hosts to Au satellites and the superior
and QD-Au, 4, QD-Au,,, and QD-Au; 3 HNC samples (Figure electron storage property of the Au domains.”>*° As a
S21), were tested and compared (Figure 3 c, d). The average consequence, the Au Fermi level shifts toward the conduction
H, generation rates were measured to be 9.77 + 0.37 ymol band (CB) edge (a more negative value) of the QD host.””**
g ' h7',2.10 + 0.12 mmol g, h™!, 1.12 + 0.09 mmol g, The Fermi level exhibits a greater shift for the HNC system
h™', and 0.58 + 0.06 mmol g_,,~' h™’, for core/shell CdS/ZnS with smaller Au domains due to their quantized energy
QDs, QD-Au, 45, QD-Au,,, and QD-Au;; HNCs, respectively levels.” Therefore, decreasing the Au domain size in HNCs
(Figure 3c, d). An over 200-fold enhancement was shown leads to an increased reducing power, thus an enhanced
when comparing the HER rates of QD-Au, 4 HNCs and bare catalytic performance in HER.°”’® Besides, the effect of
CdS/ZnS host QDs. To eliminate the influences of different photogenerated charge carrier dynamics of the QD-Au HNCs

extinction coefficients and different numbers of the HNC with different Au domain sizes on the HER will be discussed in
catalysts with unit mass, we normalized the HER rate to the the next section. We also performed the photocatalyst stability
same mass of applied CdS/ZnS QD hosts (details were shown tests, and the results showed that the HNCs could go through
in SI), shown in Figure 3d. The corrected HER rates were at least three cycles of HER with almost identical H, evolution
measured to be 9.77 + 0.37 ymol gQD_l h™!, 4.97 + 0.28 mmol profiles (Figure 3e). Moreover, the catalytic profile showed
gop ' h7',4.16 £ 0.11 mmol gop ' h™', and 3.49 + 0.38 mmol nearly no change after storage of the HNC catalysts at ambient
gQD_1 h™!, for QDs, QD-Au, ¢, QD-Au, ,, and QD-Au, ; HNCs, conditions for one month (Figure 3e), demonstrating its
respectively. A highest over 400-fold enhancement of HER rate excellent stability for long-term use.
after Au growth was then achieved after normalization. The To further prove that the integrity of the CdS/ZnS QD-Au
same trend of increased HER catalytic efficiency with HNCs was imperative to the superior HER photocatalytic
decreasing size of Au satellite domains in HNCs was also performance, a series of control groups under the same
observed when using Na,S + Na,SO; as hole scavengers in a reaction conditions were evaluated for comparison (Figure 3f).
basic condition (pH = 9, Figure $22). The correlation between Neither pure Au NCs (average diameter 2.0 + 0.5 nm, Figure
Au sizes in HNCs and their HER rates can be majorly S23) nor a mixture of CdS/ZnS QDs and Au NCs (QD+Au)
attributed to the Au Fermi level shifting and the differences of with a Au to QD ratio being the same as that in QD-Au, 4
charge carrier dynamics. Upon illumination, the electron HNCs showed any HER activity (Figure 3f). In addition, when
21890 https://doi.org/10.1021/jacs.3c06065
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the MUA capped CdS QDs were used as the catalysts (Figure
S24), an extremely low HER rate of 1.67 + 0.05 pmol g,
h™! was obtained, which was even much lower than that of
CdS/ZnS core/shell QDs (9.77 + 0.37 umol g.,,~* h™", Figure
3f, inset). This can be explained by the presence of abundant
low-energy surface trap states that diminish the number of
available photogenerated electrons in the case of CdS core-
only QD photocatalysts (Figure 3f).”> By depositing Au
satellite domains directly to CdS QDs (Figure S25), a higher
catalytic efficiency (0.39 + 0.03 mmol g, h™") can be
obtained, however, still much lower than that of the CdS/ZnS
QD-Au HNCs with a similar Au domain size (Figure 3f).
Together, these control experiments unambiguously demon-
strated that the heterostructural integrity of the CdS/ZnS
core/shell QD-Au HNCs was required and responsible for the
observed high HER photocatalytic efficiencies.

2.4. Charge Carrier Dynamics of HNCs Characterized
by TA Measurements. The significant catalytic efficiency
enhancement of QD-Au HNCs can only be rationalized by the
altered charge carrier dynamics due to the growth of the
metallic Au domains on the CdS/ZnS core/shell QDs. To
investigate such charge transfer dynamics, we carried out TA
spectroscopic measurements for CdS/ZnS QDs, QD-Au, ¢
HNCs, and QD-Au;; HNCs. The samples were excited by a
femtosecond (fs) pulse laser at 400 nm with a pulse energy of 1
uJ at 500 Hz repetition rate. Figure 4a—c presented the two-
dimensional pseudocolor TA spectra plots of the three
samples. Only a negative signal (~440 nm) originated from
the ground state exciton bleaching was observed for the pure
CdS/ZnS QDs.”' In contrast, a broad positive absorption
signal at around 550—720 nm can be clearly visualized for both
QD-Au HNC samples, which was assigned to the photo-
induced absorption (PA) of holes.”””® Moreover, a clearly
defined sharp positive feature at ~460 nm appeared next to the
exciton bleach signal. This feature was ascribed to the charge
separated state (the electrons transferred to the Au domains,
leaving the holes in the QDs), which can generate a local
electric field that leads to the red shift of the exciton transition
due to Stark effect.””’* Note that hot electron generation and
transfer from the Au satellite domains to the QD hosts should
not be the main electron transfer pathway in our system due to
the small Au domain sizes with minimal surface plasmon
resonance effect.”>”® This was also confirmed by solely exciting
the Au domains of HNCs using a 520 nm laser, and no
detectable catalytic activity was observed (Figure S$26).
Transient absorption (AA) spectra of QDs and QD-Au
HNCs further provided quantitative demonstration of these
characteristics, showing that both the PA and charge separated
signals reached the maxima within 1 ps for both QD-Au HNC
samples (Figure 4d—f), suggesting an ultrafast electron transfer
process from QD host to Au satellite domains.’”*”

In a simplified model describing the photocatalytic process
using semiconductor—metal heterostructures (Figure 4g),77
photogenerated electrons from the CB of the semiconductor
QDs will first transfer to the metal domain (rate constant k),
which competes with the electron—hole recombination (rate
constant k,_,) and hole trapping (rate constant kg,
independent of metal domain size’*). The electrons transferred
to the metal domain will then reduce protons (rate constant
kpg), which competes with the back recombination of electrons
with holes in the semiconductor region (rate constant k).
Therefore, the overall catalytic efficiency can be determined by
the following equation:”’

QEy, = QEpr X QEpg

ket kpg
(kgp + Kooy + kyp)  (kpg + k) (1)

where QEy, QEpr, and QEpy are the quantum efficiencies of

H, evolution, electron transfer, and proton reduction,
respectively. For Type-I CdS/ZnS core/shell QDs, due to
the large confinement potential of the ZnS shell, the electron
transfer process (considered as electron migration to the Zn$S
surface) happens with a low probability, leading to a low QEp;.
Therefore, bare CdS/ZnS QDs showed a negligible catalytic
H, generation efficiency. The TA results revealed that Au
deposition could facilitate the H, generation of CdS/ZnS QDs
through significantly increasing the electron transfer rate,
ultimately improving QEg,.

When comparing the pseudocolor plots and AA spectra
between QD-Au, 4 and QD-Au;; HNCs, very similar charge
transfer features were observed (Figure 4b, ¢, e, f). To
thoroughly understand the differences in charge transfer
dynamics between QD-Au,¢ and QD-Au;; HNCs, we
compared their kinetics at 460 nm to decipher both electron
transfer and charge recombination processes, as shown in
Figure 4h and i. The rise of the signal at 460 nm showed that a
subpicosecond charge separation occurred in both QD-Au, ¢
(Figure 4h inset) and QD-Auy; HNCs (Figure 4i inset).
Considering the time resolution of the instrument (~0.4 ps),
the charge separation rates for both HNCs were too fast to be
distinguished from the instrument response. Notably, the time
scale of the electron transfer (sub-ps) was considerably faster
than most semiconductor—metal systems and also semi-
conductor—adsorbate systems (typically in a time scale of a
few ps to ns).>>**7>7*”7~7° Meanwhile, the AA signal at 460
nm for both HNC samples decayed quickly with an average
lifetime of <100 ps (Figure 4h, i), suggesting that the charge
recombination rates in both samples were also fast. This
phenomenon was different from what has been reported in
semiconductor—metal nanorods, where the charge-separated
states often had a much longer lifetime in a microsecond time
scale.>® However, the contrast between the time scales of the
formation and decay of the charge separation aligned well with
the high catalytic efficiency of the HNCs for H, generation.
The short charge separation state can be partially attributed to
the small size of QDs in our HNCs, reducing the spatial
distance for charge recombination.” It could also be related to
the quick capture of electrons (from Au domains) by
surrounding water molecules and the absence of hole
scavengers for TA measurements, which resulted in accumu-
lation of holes within the QD hosts that accelerated electron—
hole recombination through Coulomb interaction. Though
short-lived, the decay of the AA signal at 460 nm clearly
revealed that the QD-Auj; HNCs had a shorter charge
retention time of 34 ps (faster charge recombination rate after
separation) than that of the QD-Au, ¢ HNCs (61 ps, Figure 4h,
i, Table S7), which paralleled with the theoretical prediction
modeled as a hole transfer from semiconductor to metal
domains by Auger processes.”” Moreover, we also fitted PA
signal (at 600 nm) decay kinetics for both samples as an
alternative means to extract charge retention time in
semiconductor—metal heterostructures.”> Consistently, slower
charge recombination for QD-Au; 4 HNCs was also observed
(Table S7). Thus, we believed that the faster charge

recombination rate, i.e., higher k,, with increased Au domain
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size, could contribute to the decreased H, generation rate, as
shown in the negative dependence of the catalytic efficiency on
Au domain sizes (Figure 3¢, d).

Besides, we proved that the QD-Au HNCs can further
transfer electrons effectively to molecular electron acceptors
(i.e, ExBox*" molecules). ExBox*" has previously been adopted
as an electron acceptor to study electron transfer processes in
CdS QD-based systems.”® Upon accepting electrons, its
reduced states, for example, ExBox’*, exhibits spectrally
distinguishable TA features from ExBox*".*"*> While no
electron transfer from QDs to ExBox*" was observed, the TA
spectra for both QD-Au, ¢ and QD-Au;; HNCs exhibited a
positive absorption signal at ~530 nm (corresponding to
Exbox® and possibly ExBox** generation), which reached its
signal maximum within 1 ps (Figure S27). These results
provided direct evidence of efficient electron transfer from the
QD-Au HNC:s to surrounding molecular substrates.

2.5. DFT Calculations and Photocatalytic Reaction
Mechanism. Both the photocatalytic results and ultrafast TA
spectroscopy measurements revealed that the photogenerated
electrons and holes can be efficiently delocalized and can reach
the surface of QD-Au HNCs despite the Type-I band
alignment of the CdS/ZnS host QDs. To explore the
underlying mechanism for such an unexpected electron
delocalization phenomenon, which required the charge carriers
to overcome the energy gap set by the ZnS shell, DFT
calculations of the QD-Au heterojunction at the interface
between the QD host and Au domain were performed to offer
a thermodynamic point of view for the system.

Specifically, we calculated the charge density differences and
electronic structures for three different atomic configurations,
i.e, ZnS (the shell layer of the QD host), Au,S (the interfacial
layer between the QD host and Au domain), and ZnS-Au,S
(the heterojunction at the interface of QD-Au HNCs) (Figure
Sa—c). Hydrogen passivation (saturate the surface bonds in the
c-direction with —H groups) was applied to stabilize the
structures, which has proven to show minimal effects on the
calculated band structures and bandgap energies.g"”84 First, the
charge density difference and Bader charge analysis revealed

that an increased charge accumulation around the interfacial S
atoms can be obtained for the heterojunction ZnS-Au,S
structure as compared to that for the pure ZnS and Au,S
configurations (Figure Sa—c).*> Quantitatively, the charge
donation of Au increased from —0.13e to —0.19¢, and the S
atom accepted a total of around 0.54¢ from both Au and Zn
atoms, doubled the charge accumulation on S atoms compared
to the Au,S (0.26¢) system (Table S8). Such high charge loss
and gain indicated a strong Au—S ionic bond formation at the
interface of the HNCs, consistent with the experimental
observations.

Next, the band structure calculation results showed that a
direct bandgap of 3.30 eV can be obtained for ZnS with both
the valence band maximum (VBM) and the conduction band
minimum (CBM) located at the I' symmetry point (Figure
5d). The projected density of states (DOS) revealed that the
VBM was predominantly composed of S 3p orbitals, and the
CBM comprised mainly Zn 4s and S 3p orbitals (Figure 5d).
The band structure of Au,S manifested a much narrower direct
bandgap of 1.6 eV (Figure Se), which paralleled with the
bandgap energies obtained both experimentally (1.8 ¢V)*® and
theoretically (1.0—3.6 eV).*” The Au 6s and 5d orbitals, and S
3p orbitals all contributed to both VBM and CBM of Au,S
(Figure Se). The fact that Au,S possessed a smaller bandgap
than that of ZnS implied that the formation of the
heterostructural interface (ZnS-Au,S) through Au domain
growth was likely to reduce the potential barrier of the ZnS
shell. Indeed, a small indirect bandgap of 1.59 eV was obtained
for the ZnS-Au,S heterojunction structure, with VBM and
CBM located at M and I' symmetry points, respectively
(Figure 5f). The smaller bandgap of the heterostructure than
that of pure ZnS confirmed our hypothesis that the potential
barrier set by the wide-bandgap ZnS shell for Type-I CdS/ZnS
core/shell QDs can be lowered through the heterojunction
formation between QD hosts and Au domains. The projected
DOS calculation demonstrated that both the Au 5d and S 3p
orbitals contributed largely to the CBM and VBM of the
heterostructure (Figure Sf), further proving that the interfacial
Au,S layer played an important role in altering the band
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Scheme 1. Schematic Illustration of the Photocatalytic Mechanism for the QD-Au HNCs Compared with the Type-I CdS/ZnS
Core/Shell QDs Counterpart (dHA indicates dehydroascorbic acid).
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structure of the HNCs. In addition, much reduced effective
masses of electrons (m,*) and holes (m,*) for ZnS-Au,S were
calculated compared to that of ZnS, indicating higher charge
carrier mobilities through the formation of Au,S interfacial
layer (Table S9), agreed well with the photocatalytic
measurements and TA results.

Taking all of the experimental data and theoretical
calculation results together, the overall catalytic mechanism
can be summarized in Scheme 1. First, the Type-I CdS/ZnS
core/shell QDs exhibit low catalytic efficiency due to the
strong quantum confinement installed by the wide-bandgap
ZnS shell. Only a small population of photogenerated electrons
and holes can tunnel through the potential barrier of ZnS shell
and subsequently perform proton reduction and AA oxidation,
respectively. The growth of metallic Au domains locally creates
a ZnS-Au,S heterojunction at the CdS/ZnS-Au interface,
which facilitates the charge separation and migration to the
particle surface by lowering the energy barrier (weakening the
quantum confinement) of Type-I band structure and
increasing the charge carrier mobility. Upon illumination, the
photogenerated electrons and holes in HNCs can be rapidly
separated within 1 ps and migrate to the HNC particle surface.
The electrons can be efficiently captured by metallic Au
domains for subsequent hydrogen generation, while the holes
are consumed by the hole scavenger AA. The negative
correlation between the Au satellite domain size and
corresponding HER efficiency is a result of increased charge
recombination rate and reduced Fermi level shifting when
increasing the Au domain size of QD-Au HNCs.

3. CONCLUSION

In conclusion, we successfully synthesized a set of CdS/ZnS
QD-Au host-satellite-type HNCs with different Au metallic
domain sizes. A maximum of over 400 times higher HER
efficiency was achieved when using the HNCs as photo-
catalysts, compared to the bare CdS/ZnS core/shell QDs
counterpart. A negative correlation between Au domain sizes
and catalytic efficiency, that is, increased efliciency with
decreasing Au domain sizes, was obtained. TA studies revealed

21893

that while the electron and hole transfer in CdS/ZnS QDs
were quite sluggish, ultrafast subpicosecond charge separation
was observed in the QD-Au HNC systems. Kinetic studies
showed that a slower charge recombination rate along with a
larger Fermi level shift can be responsible for the increased H,
generation rate for the HNC photocatalyst with smaller Au
metallic domains. Based on DFT calculations, the fast charge
extraction to the HNC surface was ascribed to the formation of
an intermediate Au,S layer at the QD-Au interface, lowering
the energy barriers installed by the ZnS shell and liberating the
confined photogenerated charges inside HNCs. Our findings
not only provided a novel approach toward effective
utilizations of Type-I core/shell QDs in catalysis, but also
offered insights into the heterojunction effects and charge
transfer kinetics of semiconductor—metal heterostructures,
which will guide the future design of such hybrid materials
for various applications.
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