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ABSTRACT

In-depth understandings of charge carrier transfer dynamics in any artificial catalytic system are of critical importance for the
future design of highly efficient photocatalysts. Herein, we synthesized sub-monolayer ZnSe partial-shell coated CdSe/CdS
core/shell quantum dots in a controlled fashion. The ZnSe decorated quantum dots were employed as a model catalyst for
photogeneration of H, under light illumination. Both theoretical calculations and experimental results unravel that the growth of
ZnSe partial-shell would retard the photogenerated electron transfer, and meanwhile, accelerate the corresponding hole
migration process during the H, photogeneration reaction in the artificial photocatalytic system. As such, the performance of the
relevant photocatalytic system can be modulated and optimized, and accordingly, a plausible underlying mechanism is

rationalized.
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1 Introduction

Efficient production of hydrogen (H,) from water and sunlight as
a clean energy source has been considered as a promising
approach to mitigate the global environmental crisis and energy
shortage, and therefore, has gained extensive attention over
decades [1-13]. To realize efficient photogeneration of H,, various
multicomponent artificial systems comprised of light absorbers,
cocatalysts, and hole scavengers have been proposed and
developed [14-16]. Significant amount of efforts have been
particularly devoted to the investigation of light absorbers, which
play a vital role in absorbing and converting incident photons into
electrons and holes for the subsequent H, generation
reaction [17-23]. Among various choices of light absorbers,
colloidal semiconductor quantum dots (QDs) have been
recognized as one of the most promising candidates owing to their
merits of high photostability, efficient and broad light absorption,
and tunable composition with controlled band structures for
photocarrier dynamics optimizations [24-26].

Deliberate tailoring of geometrical parameters, surface states,

and compositions of QDs has been identified as an effective means
to manipulate the electron/hole transfer behavior and redox
potentials of the photogenerated charge carriers, thus enhancing
the performance in H, photogeneration reactions [27-30]. For
example, through fine-tuning of the CdSe core size as well as the
length of CdSe/CdS dot-in-rod heterostructural nanorod, the
photocatalytic activity of H, evolution can be significantly
improved under optimal conditions [31]. Further selective etching
of this structure to directly expose CdSe core to the reaction
environment could result in over three-fold activity enhancement,
which was attributed to the unobstructed hole transfer to the
particle surfaces [32]. Another interesting example is the
ZnSe/CdS/Pt and ZnTe/CdS/Pt heterostructural QDs with similar
sizes, morphology, and band alignment (i.e., type-II). Their H,
photogeneration activities exhibit, however, a striking difference
(ZnSe/CdS/Pt >> ZnTe/CdS/Pt) [33]. This activity difference is
ascribed to the different valence hole energies of ZnSe and ZnTe
domains relative to the highest occupied molecular orbital
(HOMO) level of the surface ligand, which results in a distinct
hole transfer behavior to the sacrificial electron donor. Despite
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these exciting results, insightful understandings of the charge
carrier dynamics by elaborate designs of QD photocatalysts are
still highly desired due to the potential guidance it may provide to
further boost the reaction efficiency of these QD-based
photocatalytic artificial systems.

In this work, CdSe/CdS core/shell QDs were employed as a
host, where the photoinduced hole and electron are known mainly
in the core and shell region, respectively [34]. Sub-monolayer
(ML) of ZnSe partial-shell, with an appropriate band alignment
[35,36], was then grown onto the host QDs in a controlled
manner to investigate the influence of ZnSe partial-shell
decoration on the relevant charge transfer dynamics. Results from
density functional theory (DFT) calculations, photoluminescence
(PL) lifetime, and PL quenching measurements have shown that
the CdSe/CdS QDs with ZnSe partial-shell coating exhibit an
opposite effect on the transfer characteristics of electron and hole.
As such, the performance of the relevant artificial H,
photogeneration system was modulated by this charge transfer
behavior variation. Furthermore, the corresponding underlying
mechanism is rationally proposed.

2 Results and discussion

Sub-ML ZnSe partial-shell decorated CdSe/CdS core/shell QDs
were synthesized by a two-step protocol. The synthetic details can
be found in the Electronic Supplementary Material (ESM). Briefly,
CdSe/CdS core/shell QDs with a 2.9 nm CdSe core (the first
exciton peak at 540 nm) and 4 MLs of CdS shell were first
synthesized according to a previously published method [37, 38].
Then, the obtained core/shell QDs were further coated with a sub-
ML ZnSe partial-shell (see the ESM for details). The ZnSe partial-
shell decorated QD samples are denoted as CdSe/CdS/ZnSe; and
CdSe/CdS/ZnSey;, where the subscripts, i.e., L and H, stand for the
low (0.2 ML) and high (1.0 ML) ZnSe precursor feeding amount,
respectively. Ultraviolet-visible (UV-Vis) and PL spectra show
that after CdS shell growth, the first excitonic absorption peak of
the QDs red-shifted from 540 to 577 nm, and the PL peak red-
shifted from 555 to 591 nm (Fig. 1(a)), consistent with the quasi-
type-II band structural alignment of the CdSe/CdS core/shell
structure [38-40]. During the CdS shell growth process, the PL
quantum yield (PL QY) increased from ~ 3% to over 80%,
indicating high-quality shell formation [38]. Further coating of
ZnSe partial-shell did not induce any obvious changes of either the
absorption or emission properties (Fig. 1(a)), revealing a minimal
effect on the optical characteristics of the host QDs. In contrast to
the conventional CdSe/CdS/ZnSe core/shell/shell QDs, which
typically exhibit a dual emission profile induced by its unique type-
I/type-II hetero-bandgap-alignment [35,41], the intact optical
properties observed in our case validate a sub-ML partial-shell
coating of ZnSe. The sub-ML shell coating was further confirmed
by the X-ray diffraction (XRD) measurements, where the wurtzite
crystal structure of the final CdSe/CdS/ZnSe QD samples was
maintained with no measurable diffraction peak shifting (Fig.
1(b)). X-ray photoelectron spectroscopy (XPS) spectra show two
peaks centered at 1,021.6 and 1,044.5 eV, which can be assigned to
Zn 2p,;, and Zn 2ps), orbitals of divalent Zn* cations [42, 43]. The
enhanced peak intensities for the CdSe/CdS/ZnSey; QDs agree well
with the increased surface Zn content as compared to the
CdSe/CdS/ZnSe, QD sample (Fig. 1(c)). Inductively coupled
plasma-atomic emission spectroscopy (ICP-AES) technique was
further employed to accurately determine the amount of ZnSe
partial-shell on the CdSe/CdS QD hosts. The results reveal that the
atomic ratio of Zn (Zn,p, » calculated by [Zn]/([Zn] + [Se] + [S] +
[Cd])) is 349% and 9.14% for the CdSe/CdS/ZnSe, and
CdSe/CdS/ZnSey; QD samples, respectively (Fig. 1(d) and Table S1
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Figurel (a) UV-Vis and PL spectra of CdSe core, CdSe/CdS,
CdSe/CdS/ZnSe;, and CdSe/CdS/ZnSey; core/shell QDs; (b) XRD patterns of
CdSe/CdS, CdSe/CdS/ZnSe;, and CdSe/CdS/ZnSey; core/shell QDs. The sticks
indicate the positions of standard XRD peaks of bulk wurtzite CdSe (bottom)
and CdS (top); and (c) XPS spectra of Zn 2p and (d) Zn atomic ratio (Zn,y,.)
(calculation based on the ICP-AES results) of CdSe/CdS, CdSe/CdS/ZnSe;, and
CdSe/CdS/ZnSey core/shell QDs.

in the ESM), which equal to 0.18 and 0.52 ML ZnSe shell (see
calculation details in the ESM).

Transmission electron microscopy (TEM) measurements show
that nearly monodispersed spherical QDs with a mean size of 5.6
+ 0.7 nm were obtained after CdS shell growth (Figs. S1(a) and
S1(b) in the ESM), which corresponds to a CdS shell thickness of
~ 4 MLs [40, 44]. After coating with ZnSe, both CdSe/CdS/ZnSe;
and CdSe/CdS/ZnSey; samples show nearly no change to the size
and morphology of the CdSe/CdS host QDs, or any visible ZnSe
crystalline domains on the particle surfaces (Figs. 2(a) and 2(b),
and Figs. S1(c)-S1(f) in the ESM). This result is consistent with
the sub-ML ZnSe partial-shell coatings for both samples (the
thickness of a full ML of ZnSe shell equals 0.33 nm) [45]. High-
resolution TEM (HRTEM) image of a representative QD shows
good crystallinity with a measured lattice spacing of 3.6 A (inset of
Fig. 2(b)), which is consistent with the d-spacing between two
adjacent (100) crystal planes of hexagonal CdS, in line with the
wurtzite crystal phase of the QDs (Fig. 1(b)) [46]. High-angle
annular  dark-field  scanning TEM  (HAADF-STEM)
characterization was applied to reveal the atomic distributions of
the ZnSe partial-shell decorated CdSe/CdS QDs (Figs. 2(c) and
2(d)). Elemental mapping results show that Cd, Se, S, and Zn are
homogeneously distributed throughout the entire QD (Fig. 2(d)
and Figs. S2 and S3 in the ESM), demonstrating the uniform
coating of ZnSe partial-shell layer. All the above results signify the
successful growth of sub-ML ZnSe partial-shell on the CdSe/CdS
core/shell host QDs without influencing the morphology, optical
characteristic, and crystal structure of the host particles.

DFT calculations were performed to unveil the electronic
structure variations and the effect of ZnSe partial-shell coating on
the charge carrier transfer behavior of the relevant QDs. Four
different heterostructure configurations with ZnSe surface coating
ratios (i.e., the ZnSe coverage percentage on the surface CdS) of
0.0, 0.25, 0.50, and 1.0 were constructed for the calculation (Figs.
S4(a)-S4(d) in the ESM, see the ESM for calculation details). The
calculation results show that there is only a slight variation
(< 10 meV) of the bandgap energy (E,) for the structural
configurations with partial ZnSe coatings (i.e., coating ratios of
0.25 and 0.50) compared to that of the configuration without ZnSe
coating (Figs. 3(a)-3(d) and Table 1). After reaching a full layer of
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Figure2 (a) Schematic illustration of the growth of ZnSe partial-shell onto the
host CdSe/CdS core/shell QDs; (b) TEM and HRTEM images (inset), and size
distribution histogram (inset) of CdSe/CdS/ZnSe; core/shell QDs; and (c)
HAADF-STEM image of CdSe/CdS/ZnSe; core/shell QDs and (d)
corresponding overlapping elemental mapping of Cd, Se, S, and Zn,
respectively.

ZnSe coating (i.e., coating ratios of 1.0), a larger decrease of E, (i.e.,
21 meV) was obtained (Fig. 3(d) and Table 1). These calculation
results manifest a minimal electronic band structure perturbation
by the ZnSe partial-shell coating, consistent with our experimental
observations (Fig. 1(a)). It should be noted that the calculated E,
values (~ 0.81-0.83 eV) are much smaller than that obtained
through the Tauc plot analyses based on the UV-Vis absorption
spectra (2.08 eV, Fig. 1(a) and Fig. S5 in the ESM). Such bandgap
underestimation has been commonly observed in similar kinds of
standard DFT calculations mainly caused by the employed
generalized gradient approximation method [47, 48]. Nevertheless,
the variation trend of the calculated E, values should be still valid.
Next, we investigated charge density difference and charge
distribution characteristics, which are considered to also have a
key influence on the activity of the photocatalyst with different
structural configurations [49]. The calculation results indicate the
variation of ZnSe coating does not obviously alter the charge
distribution  (Figs. 3(e)-3(h)) or charge depletion and
accumulation (Figs. S4(e)-S4(h) in the ESM) characteristics of the
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relevant structures. This was further supported by the similar
projected density of states (DOS) (Figs. 3(a)-3(d)). For all cases,
the conduction band minimum (CBM) is dominantly composed
of the Cd 5s and S 3p orbitals, while the valence band maximum
(VBM) mainly originates from Se 4p, S 3p, and Cd 5d orbitals,
and with small contributions from Zn 3p and 3d orbitals.

It is known that photo-induced charge transfer dynamics of
QDs are crucial and directly related to their photocatalytic
performances in various photoreactions [23, 50, 51]. Therefore, we
calculated the electron (y.) and hole (u,) mobilities for the four
different structural configurations to uncover the ZnSe partial-
shell coating effect. The results show that, for the CdSe/CdS
core/shell structure, the electron mobility, ie., g, along x (y)
direction is 19,925.18 (3,800.02) cm*V™'s' (as indicated in
Table 1), while for that of hole mobility, ie, p, is only
269.02 (147.42) cm>V=s' (Table 1). The distinct difference
between p, and y, is due to the much smaller effective mass (%)
of the electron than that of the hole (Table S2 in the ESM), as also
reported by previous theoretical and experimental studies [35, 52,
53]. With increasing the ZnSe surface coating ratio, y, along both
x and y directions gradually decreased, while a clear opposite trend
for hole mobility (4, increased) was observed as listed in Table 1.
Taking all together, our DFT calculations reveal that partial
coating of ZnSe onto the host CdSe/CdS core/shell QDs only has a
minor effect on the relevant electronic band structures, yet
significantly alters the electron and hole transfer characteristics,
which would subsequently influence the photocatalytic
performance of the corresponding structures.

To gain more understandings of the charge carrier dynamics in
our photocatalytic system, a time-resolved PL decay analysis was
performed (see details in the ESM), which has proven to be an
effective protocol to evaluate the charge transfer rate of the
relevant photocatalytic systems [54-56]. As shown in Fig. S6 in the
ESM, all the PL decay traces can be fitted into tri-exponential
decay kinetics and the corresponding lifetime data are
summarized in Tables S3 and S4 in the ESM. It has been reported
that efficient Ni-based cocatalyst can be formed in-situ by
introducing Ni* jons into CdSe/CdS core/shell QDs-based
catalytic system and ascorbic acid (AA) can be used as an effective
hole scavenger [30]. Therefore, the same ingredients (Ni** ion and
AA) were employed in our study. The PL decay analysis results
show that the average lifetimes for all the samples (i.e., CdSe/CdS,
CdSe/CdS/ZnSe;, and CdSe/CdS/ZnSe;; QDs) exhibit a universal
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Figure3 ((a)-(d)) Band structures and projected DOS and ((e)-(h)) charge distribution of CdSe/CdS core/shell structure with different ZnSe coverage (coating ratios
of 0.0, 0.25, 0.50, and 1.0), where the light pink isosurfaces ((e)-(h)) indicate the charge distribution with unit of 0.06 e-A=. The Fermi energy (E;) was set to zero as

indicated by the gray dashed line in ((a)-(d)).

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research



2274

Nano Res. 2023,16(2): 2271-2277

Table1 Calculated charge carrier mobility (1) of electron and hole along x and y directions, and bandgap (E,) of CdSe/CdS core/shell structure with different ZnSe

coating ratios
ZnSe coating ratio U (cm V s ) U (cm V s ) uy (cm V .sj ) uy, (cm V .sj ) E, (eV)
(along x direction) (along y direction) (along x direction) (along y direction)
0.0 19,925.18 3,800.02 269.02 147.42 0.831
0.25 17,724.33 3,167.11 280.95 309.51 0.827
0.5 13,570.36 2,827.37 356.96 462.47 0.823
1.0 10,854.11 2,472.92 408.74 693.09 0.810

decrease after adding either Ni** ions (25 uM) or AA (0.1 M) into
the solution (Fig. S6 and Tables S3 and $4 in the ESM). This PL
lifetime  shortening  effect is  attributed to  the
photoinduced electron (hole) injection from the QDs into the Ni-
based cocatalyst (AA) [54]. The corresponding photocarrier
(electron or hole) transfer rate constant (k) can be quantitatively
determined by the following equation [54]

k=1/1,—1/7,

where 7 and 1, refer to the average lifetime of the QDs before and
after introducing the quenchers (Ni** ion and AA), respectively.
The calculation results show that with the introduction of the
ZnSe partial-shell, the electron transfer rate constant (kgr)
gradually decreased from 2.2 x 107 to 0.56 x 10" s™; while the
corresponding hole transfer rate constant (kyyr) was doubled from
2.1 x 107 to 4.3 x 10" s™ (Fig. 4(a)). This decrease (increase) in the
electron (hole) transfer rate agrees well with the DFT calculations
for the charge carrier mobilities as listed in Table 1. In addition, by
varying the concentration of the added quenchers (Ni** ion and
AA), the concentration-dependent PL intensity decrease can be
fitted into the Stern—-Volmer model (see details in the ESM, Figs.
S7 and S8 in the ESM) [57]. The changes of the calculated electron-
and hole-related quenching rate constant exhibit the same trend as
that obtained from the PL decay analyses (Fig. 4(a) and Table S5
in the ESM). Altogether, both the PL decay lifetime and PL
intensity analyses results, along with the DFT calculations confirm
that the sub-ML ZnSe partial-shell modification to the pristine
CdSe/CdS core/shell QDs can decelerate (accelerate) electron
(hole) transfer rate from the QDs to the Ni-based cocatalyst (AA).
The above investigations affirm that the ZnSe decoration would
retard the electron transfer and meanwhile facilitate the hole
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Figure4 (a) kgp and kyp of different QD samples calculated based on the
corresponding emission lifetime variation before and after introducing
quenchers (see the ESM); (b) H, photogeneration of the system versus
illumination (405 nm) time under different conditions; (c) comparison of the
rate of H, photogeneration for the different QD-based systems under the
illumination of 405 nm light; and (d) long-term light on/off cycles of H,
photogeneration using CdSe/CdS/ZnSe; core/shell QD as the photocatalyst.

migration of the host CdSe/CdS core/shell QDs. Subsequently, the
influence of corresponding variations on the relevant
photocatalytic activity was evaluated in photocatalytic H,
evolution reactions. To perform the photocatalytic reaction, all the
QDs studied here were first subjected to a ligand exchange process
to make them water-soluble using inorganic S* ions as the ligands
(see details in the ESM), which has proven to be an effective ligand
for photocatalytic H, evolution [30, 58]. The successful organic-to-
inorganic ligand exchanges were confirmed by the Fourier
transform infrared (FTIR) spectroscopy measurements evidenced
by, e.g., the significantly weakened C-H stretching vibrational
modes (asymmetric: 2,917 cm™ and symmetric: 2,848 cm™) of the
native organic ligand molecules (i.e., oleate and oleylamine, Fig. S9
in the ESM). The S capped QDs were then applied as
photocatalysts for H, evolution reaction. Figure 4(b) shows the H,
evolutions over reaction time using the CdSe/CdS/ZnSe; QDs as
the photocatalysts (with 405 nm incident light) under different
reaction conditions. The results clearly show that a good
photoactivity with an H, generation rate of 0.54 mL-h™ can be
observed only when the reaction solution simultaneously contains
the QDs photocatalyst, Ni** co-catalyst, and AA hole scavenger
(Fig. 4(b)). Whereas, no activities were obtained when the reaction
solution was lack of either QDs or AA and a negligible activity
(0.03 mL-h™) was observed when no Ni** co-catalyst was in the
solution (Fig. 4(b)). These results unambiguously demonstrate the
requirement and essential roles of QDs, Ni*, and AA for an
efficient H, photogeneration reaction.

Next, we compared the photocatalytic performance of different
QD samples. As shown in Fig. 4(c), the H, evolution rate of the
host CdSe/CdS QDs (0.36 mL-h™) is lower than that of CdSe core-
only QDs (0.47 mL'h™). The lower activity of the CdSe/CdS QDs
can be ascribed to the unbalanced confinements to the
photogenerated electron (weak confinement) and hole (strong
confinement) due to the quasi-type-II band alignment, in good
accordance with the previous reports [57]. The activity of
CdSe/CdS/ZnSey; QDs was 0.24 mL-h™, significantly lower than
that of the CdSe/CdS/ZnSe; sample which showed the best
catalytic performance with an H, photogeneration rate of
0.54 mL-h™ (Figs. 4(b) and 4(c)). The measured apparent quantum
yield (AQY) of 9.1% (405 nm incident light, 27.4 mW-cm™) for
the CdSe/CdS/ZnSe; QD relevant photocatalytic system is 50.0%
and 14.9% higher than that of the host CdSe/CdS QDs and CdSe
core-only QDs, respectively. To confirm the photon-induced
reactivity and examine the stability of the QD photocatalysts, a
long-term measurement with consecutive light on/off cycles was
carried out. As shown in Fig. 4(d), the H, photogeneration rate
maintained nearly identical (~ 0.58 mL‘h™) during the first two
cycles, and showed an obvious decrease during the third cycle
(0.1 mL-h™). The decrease was likely attributed to the possible
surface deactivation of QDs as previously reported [58], evidenced
by the recovery of the H, generation rate to 0.48 mL-h™ (the slight
decrease was caused by a minor loss of QDs during the recycling
process) after purification and recollection of the QDs for a new
set of photoreactions (with freshly prepared Ni** and AA) (Fig.
4(d)). This result demonstrates the superior stability and
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recyclability of the
photocatalytic reaction.

For the QD-catalyzed H, photogeneration artificial systems
studied here, under identical reaction conditions, it is reasonable
to hypothesize that the variation of catalytic efficiency for different
QD catalysts is attributed to the different charge carrier dynamics
induced by altered bandgap alignments. Specifically, for the
CdSe/CdS core/shell QDs, once excited, the hole is largely
confined in the core region and difficult to tunnel through the
CdS shell and be consumed by hole scavenger, e.g., AA; whereas
the corresponding electron can readily delocalize into the shell
region and be captured by the Ni*-based co-catalyst for H,
production (Fig. 5, left). These unbalanced electron and hole
photo-dynamics limit the photocatalytic performance of
CdSe/CdS core/shell QDs in H, generation reaction. Such an
unbalance can be mitigated by the sub-ML ZnSe partial-shell
coating, which provides a slightly higher energy CBM and an in-
between energy VBM as compared to the corresponding band
edge energies (VBMs) of CdSe core and CdS shell (Fig. 5, right)
[35]. This bandgap alignment difference leads to opposite effects
on the transfer dynamics of photogenerated electron and hole:
decreasing the electron transfer rate (reduced kgr) due to the
enlarged CB confinement; increasing the hole transfer rate (to the
QD surface, enlarged kyp) by softening the VB offset between
CdSe and CdS (Fig. 5, right), thus improving the performance in
photocatalytic H, generation reaction. Further increasing the ZnSe
shell coating amount, the hindrance of electron transfer at the CB
(increased CB confinement by the ZnSe shell) becomes the
dominating factor, leading to the catalytic performance drop for
H, evolution reaction. Both our experimental data and calculation
results consistently validate our hypothesis.

obtained CdSe/CdS/ZnSe QDs for

Potential (V vs. NHE)

Figure5 Schematic illustration of energy band diagram and plausible H,
photogeneration-related charge carrier transfer processes of CdSe/CdS QD-
based catalytic system before (left) and after (right) ZnSe partial-shell coating
(dHA refers to dehydroascorbic acid). The potential values of cocatalyst and
electron donor were employed according to previous works [4, 30].

3 Conclusions

In conclusion, we studied the CdSe/CdS core/shell QDs decorated
with sub-ML ZnSe partial-shell coating as photocatalysts for H,
generation reaction under light excitation. We show that by
coating 0.18 ML of ZnSe shell to CdSe/CdS QDs, an 50.0%
enhancement compared to host CdSe/CdS QDs in catalytic
efficiency for H, photogeneration reaction can be obtained.
Further increasing the ZnSe partial-shell coating leads to an
expected performance drop. Both experimental results and DFT
calculation analyses convincingly manifest that the ZnSe partial-
shell decoration on the CdSe/CdS core/shell QDs can balance the
electron and hole photodynamics by slowing down the electron
transfer and accelerating the hole migration, which is responsible
for their photocatalytic performances. Our study represents the
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first demonstration to show that incomplete shell coating of QDs
with desired hetero-bandgap alignment can be used as an effective
means to modulate the performance of QD-based catalysts in
photoreactions. The findings provide an insightful understanding
of the QD charge carrier dynamics mediated catalytic process,
offering valuable guidance for the future rational design of high-
performance QD-based photocatalytic artificial systems.
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