
Efficient Photoelectrochemical Hydrogen Generation Based
on Core Size Effect of Heterostructured Quantum Dots

Kanghong Wang, Yi Tao, Zikun Tang, Xiaolan Xu, Daniele Benetti,* François Vidal,
Haiguang Zhao,* Federico Rosei,* and Xuhui Sun*

Colloidal quantum dots (QDs) are shown to be effective as light-harvesting
sensitizers of metal oxide semiconductor (MOS) photoelectrodes for
photoelectrochemical (PEC) hydrogen (H2) generation. The CdSe/CdS
core/shell architecture is widely studied due to their tunable absorption range
and band alignment via engineering the size of each composition, leading to
efficient carrier separation/transfer with proper core/shell band types.
However, until now the effect of core size on the PEC performance along with
tailoring the core/shell band alignment is not well understood. Here, by
regulating four types of CdSe/CdS core/shell QDs with different core sizes
(diameter of 2.8, 3.1, 3.5, and 4.8 nm) while the thickness of CdS shell
remains the same (thickness of 2.0 ± 0.1 nm), the Type II, Quasi-Type II, and
Type I core/shell architecture are successfully formed. Among these, the
optimized CdSe/CdS/TiO2 photoelectrode with core size of 3.5 nm can
achieve the saturated photocurrent density (Jph) of 17.4 mA cm−2 under
standard one sun irradiation. When such cores are further optimized by
capping alloyed shells, the Jph can reach values of 22 mA cm2 which is among
the best-performed electrodes based on colloidal QDs.

1. Introduction

Converting solar energy into electricity or chemical fuels is a
promising approach to address the issues of ever-growing global
energy demand and environmental pollution. In particular,

solar-driven PEC cells can be used to gen-
erate H2 from water by splitting it into
oxygen (O2) and H2 in a low-cost and en-
vironmentally friendly way.[1–6] Generally,
a PEC cell for H2 production consists of
a photoanode, a (photo)cathode (counter-
electrode), and an electrolyte. Typically, the
most widely used photoanodes are made of
n-type MOS (i.e., TiO2, ZnO, Fe2O3, SnO2,
etc.),[7–10] thanks to their stability against
photo/chemical corrosion. However, MOS-
based PEC devices suffer from low solar-to-
hydrogen (STH) efficiency due to their lim-
ited light absorption range and/or high re-
combination rates.
To broaden the absorption range, QDs have
been widely used to sensitize the MOS
thus forming a heterostructure, widening
the absorption range for solar-driven PEC
H2 generation.[11–15] The colloidal QDs are
preferred as light harvesters due to their
superior optoelectronic properties: i) size-
/composition- tunable bandgap; ii) wide ab-
sorption range and high absorption coeffi-
cient; iii) the possibility of multiple exciton

generation with single photon absorption, etc.[16,17] However,
bare QDs present an unstable surface which may become a
major source of nonradiative recombination center for car-
riers, limiting the optoelectronic performance and stability.
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Figure 1. TEM images and HR-TEM images (insets) of the corresponding QDs: a) CdSe (2.8 nm)/CdS QDs, b) CdSe (3.1 nm)/CdS QDs, c) CdSe
(3.5 nm)/CdS QDs, d) CdSe (4.8 nm)/CdS QDs; e) Representative SAED pattern of CdSe (3.5 nm)/CdS QDs, f) XRD pattern of CdSe (2.8 nm)/CdS QDs,
CdSe (3.1 nm)/CdS QDs, CdSe (3.5 nm)/CdS QDs, CdSe (4.8 nm)/CdS QDs.

To solve this issue, core/shell architectures have been re-
ported in which a shell of another semiconductor material is
grown on the surface of the QD seed.[12,18,19] Such architec-
ture passivates the QDs’ surface by epitaxial growth of an-
other semiconductor and also allows for tuning of the band
alignment between the core and shell, leading to a more ef-
ficient carrier separation/transfer.[20–24] Up-to-date, numerous
core/shell QDs structures have been used in optoelectronic de-
vices, such as PbS/CdS,[25–27] CdSe/CdS,[28–30] CdS/CdSe,[31–33]

CuInSe/CuInS,[34–36] etc. For example, Jin et al.[25] reported a
PbS/CdS core/shell QDs-based photoanode for the application
of PEC H2 generation, achieving a saturated photocurrent den-
sity (Jph) of 11.2 mA cm−2 under one sun illumination (AM
1.5 G, 100 mW cm−2). Recently, Zhang et al.[31] reported a
CdS/CdSe core/shell architecture by tuning the shell thickness
of CdSe, achieving a Jph of 16 mA cm−2 in a solar-driven PEC
cell.

While eco-friendly QDs have been proposed as
alternatives,[37–39] until now the CdSe/CdS core/shell structure
is still the most efficient architecture for PEC devices, thanks to
its favorable band alignment for efficient carrier transfer as well
as absorption range which overlaps with the visible range of the
solar spectrum. Moreover, the small lattice mismatch (≈3.9%)
between CdSe and CdS also plays an important role in reducing
defects at the interfaces and thus yielding a higher conversion
efficiency.[40,41]

While the majority of studies focused on engineering the CdS
shell, by either tuning its thickness or its composition,[28,42,43] the
size effect of the CdSe core and accordingly the core/shell band
alignment for the improvement of PEC cell have not been ex-
plored yet. According to the size-tunable properties of QDs, the
bandgap will become narrower with a larger core size (size be-

low its Bohr Radius),[11,44] indicating that the charge transfer ef-
ficiency can be affected significantly due to the band offset be-
tween the core and shell. At the same time, the absorption range
will also be largely impacted by the different QD core sizes. More-
over, CdSe/CdS core/shell architecture is promising toward opti-
mizing the performance of optoelectronic devices by tuning the
core/shell types into Type I, Type II, and Quasi-Type II through
core size engineering.

Herein, we report four CdSe/CdS core/shell QDs, denoted as
CdSe (2.8, 3.1, 3.5, 4.8 nm)/CdS, in which we retained similar
values of the shell thickness (thickness of 2.0 ± 0.1 nm) while the
core sizes were varied as 2.8, 3.1, 3.5, and 4.8 nm, respectively.
These four types of CdSe/CdS core/shell QDs were then used as
sensitizers of mesoporous TiO2 photoanodes. After additional
ligand exchange and capping with two monolayers of ZnS,
the photoanodes were evaluated for current density-voltage
(J–V) curves and stability performance under standard one sun
illumination (AM 1.5 G, 100 mW cm−2). The Jph was found
to be strongly dependent on the CdSe core size, exhibiting
8.2 mA cm−2 for CdSe (2.8 nm)/CdS QDs, 15.8 mA cm−2 for
CdSe (3.1 nm)/CdS QDs, 17.4 mA cm−2 for CdSe (3.5 nm)/CdS
QDs and 12.9 mA cm−2 for CdSe (4.8 nm)/CdS QDs, respec-
tively. These findings indicate that by optimizing the absorption
range and band alignment of CdSe/CdS core/shell QDs via
precise size control, the PEC performance can be improved
dramatically, yielding an increase of Jph by 53%. Furthermore,
based on the optimized core size (diameter of 3.5 nm), alloyed
intermediate shells were added to further accelerate the carrier
transfer efficiency, leading to an unprecedented Jph value of
22 mA cm−2 under one sun illumination. Overall, these results
indicate a promising route for highly efficient and low-cost
photoanode for H2 production.
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Table 1. QDs size and absorption/PL peak position.

QDs Diameter [nm] Abs peak [nm] PL peak [nm]

CdSe (2.8 nm) 2.8 ± 0.2 537 552

CdSe (3.1 nm) 3.1 ± 0.2 550 566

CdSe (3.5 nm) 3.5 ± 0.3 571 580

CdSe (4.8 nm) 4.8 ± 0.3 605 621

CdSe (2.8 nm)/CdS 6.6 ± 0.6 585 595

CdSe (3.1 nm)/CdS 7.1 ± 0.7 605 615

CdSe (3.5 nm)/CdS 7.7 ± 0.7 608 618

CdSe (4.8 nm)/CdS 8.9 ± 1.2 635 648

2. Results and Discussion

The CdSe core QDs were synthesized via a hot-injection approach
following a typical protocol with some modification.[45] The core
size is fixed by controlling the reaction time (details in the ex-
perimental section) after precursor injection. According to the
empirical mathematical functions (calculated from exciton peak
in UV–Vis spectra which are shown in supporting information),
the core size obtained for 1, 2.5, 3.5, and 5 min reactions are
2.8, 3.1, 3.5, and 4.8 nm, respectively.[23] Afterward, the CdS shell
was grown on the surface of the core by the SILAR method. In
this particular case, for all the core QDs the shell thickness was
maintained equally by applying the same six SILAR cycles and
adjusting accordingly the precursor amount (see Table S1, Sup-
porting Information).[46] Typically, the obtained four representa-
tive types of CdSe/CdS core/shell QDs with different core sizes
were denoted as CdSe (2.8 nm)/CdS QDs, CdSe (3.1 nm)/CdS
QDs, CdSe (3.5 nm)/CdS QDs and CdSe (4.8 nm)/CdS QDs, re-
spectively. The histogram of size dispersion for four core QDs
and four core/shell QDs is shown in Figures S2 and S3 (Sup-
porting Information). The optical images of all four types of QDs
are shown in Figure S4 (Supporting Information) under sunlight
and UV light for comparison.

In Figure 1a–d, the transmission electron microscopy (TEM)
images show the CdSe (2.8 nm)/CdS QDs, CdSe (3.1 nm)/CdS
QDs and CdSe (3.5 nm)/CdS QDs all have monodispersed size.
However, the size of CdSe (4.8 nm)/CdS QDs varies largely which
is mainly due to the large surface area of CdSe core QDs of CdSe
(4.8 nm)/CdS QDs. The average sizes of four core/shell QDs are
listed in Table 1. The insets in the images (a–d) display that all
the QDs have high crystallization in the high-resolution TEM
(HR-TEM) images and all the lattice spacings correspond to (111)
planes of zinc blende (ZB) crystal structure of CdS. This result
is consistent with previous reports[29,47] which is attributed to
the thick CdS shell in “Giant” CdSe/CdS QDs. Figure 1e shows
the selected area electron diffraction (SAED) pattern of CdSe
(3.5 nm)/CdS QDs which indicates that the lattice distance cor-
responds to the (111), (220), (103), and (311) planes of ZB CdS,
in good agreement with HR-TEM results. In addition, Figure S5
(Supporting Information) shows SAED patterns of the other
three types of CdSe/CdS core/shell QDs, revealing the same re-
sults.

To further verify the structure of QDs, XRD patterns of four
samples were acquired (Figure 1f). According to the XRD pat-
terns, all four CdSe/CdS core/shell QDs have wurtzite (WZ) crys-

tal structure for the CdSe core and ZB crystal structure for the
CdS shell, in agreement with TEM images. The minor difference
is that QD with a larger core size tends to show WZ CdSe crystal
structure while QD with a smaller core exhibits ZB CdS crystal
structure due to the relatively thick shell. In summary, the differ-
ent reaction time of the seed growth does not change the crystal
structure of the QDs.

As shown in the HR-TEM (In Figure S6, Supporting Infor-
mation), white circles indicate the position of the QDs, reveal-
ing that the EPD process[48] was successful in depositing CdSe
(3.5 nm)/CdS QDs onto mesoporous TiO2 films. Further investi-
gations using cross-sectional SEM and energy dispersive spec-
troscopy (EDS) confirmed the uniform dispersion of the four
CdSe/CdS QDs within the mesoporous TiO2 sheets (shown in
Figures S7–S10, Supporting Information).

The optical properties of as-prepared QDs were further inves-
tigated by UV-Vis absorption spectroscopy and PL spectroscopy.
According to the UV–Vis absorption spectra, the first-exciton ab-
sorption peak is located at 537, 550, 571, and 605 nm, respec-
tively for four CdSe core QDs (Figure 2a). The absorption range
was broadened by increasing the core size, as expected. After
six SILAR cycles of CdS layers, all the first-exciton absorption
peaks are red-shifted to longer wavelengths up to 585, 605, 608,
and 635 nm, respectively, which indicates the successful epitaxy
growth of CdS on the surface of CdSe (Figure 2b).[49] Similar phe-
nomena are observed for PL spectra as shown in Figure 2c and
the values of the position of the peaks are all shown in Table 1 for
comparison.

To investigate the carrier dynamic behavior of four types
of core/shell QDs, transient PL decay measurements were ac-
quired using QDs dispersed on different substrates. As shown
in Figure 2d, the PL spectra indicate the average lifetimes of QDs
with TiO2 (black curve), ZrO2 (blue curve), and ZrO2 in electrolyte
(green curve). The average lifetime 𝜏 can be determined through
the following equation:[50]

⟨𝜏⟩ =
a1𝜏

2
1 + a2𝜏

2
2 + a3𝜏

2
3

a1𝜏1 + a2𝜏2 + a3𝜏3
(1)

where ai (i = 1, 2, 3) is the fitting coefficient and 𝜏 i (i = 1, 2, 3) is
the characteristic lifetime. The ZrO2 was used as the benchmark
for comparison with the TiO2 substrate where the electron injec-
tion from QDs to ZrO2 does not occur due to unfavorable band
alignment. Thus, the PL decay can be assigned to charge recom-
bination inside the QDs.[37] The electron and hole transfer rate
can be calculated according to the following equation:

Ket∕ht =
1

⟨𝜏⟩QDs − TiO2∕ZrO2 (electrolyte)
− 1

⟨𝜏⟩QDs − ZrO2
(2)

where Ket and Kht refer to the transfer rate of electrons and holes,
respectively. <𝜏>QDs-TiO2,<𝜏>QDs-ZrO2 and<𝜏>QDs-ZrO2
(electrolyte) reflects the average lifetime of QDs on the substrates
of TiO2, ZrO2, QDs-ZrO2 with electrolyte, respectively. In such a
system, the energy transfer between QDs was neglected.[29,50] All
the lifetime values are listed in Table 2. The CdSe (2.8 nm)/CdS
QDs, with the smallest core size, exhibit the fastest electron
transfer rate of 3.8 × 107 s−1, consistent with the previous re-
sults that the band alignment of core and shell for this type of
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Figure 2. UV-Vis absorption spectra of QDs in toluene: a) CdSe (2.8 nm) QDs, CdSe (3.1 nm) QDs, CdSe (3.5 nm) QDs, CdSe (4.8 nm) QDs; b) CdSe
(2.8 nm)/CdS QDs, CdSe (3.1 nm)/CdS QDs, CdSe (3.5 nm)/CdS QDs, CdSe (4.8 nm)/CdS QDs; c) PL spectra of CdSe (2.8 nm), CdSe (3.1 nm), CdSe
(3.5 nm), CdSe (4.8 nm) core QDs (dash line) and corresponding CdSe/CdS core/shell QDs (solid line) in toluene; d) Transient PL spectra of CdSe
(2.8 nm)/CdS QDs, CdSe (3.1 nm)/CdS QDs, CdSe (3.5 nm)/CdS QDs, CdSe (4.8 nm)/CdS QDs on TiO2 films (black square), ZrO2 films (Blue circle)
and ZrO2 films with electrolyte (green triangle).

QD are most favorable for charge transfer. CdSe (3.1 nm)/CdS
QDs and CdSe (3.5 nm)/CdS QDs show similar electron trans-
fer rates of 0.5 × 107 s−1 and 0.8 × 107 s−1, respectively. For CdSe
(4.8 nm)/CdS QDs, the largest core size, the electron transfer rate
is estimated as −0.4 × 107 s−1 which is a negative value. Such a
phenomenon means less opportunity for electrons from core to
shell which can be attributed to a narrow bandgap of the CdSe
core with a large bandgap of CdS shell, leading to unfavorable
band alignment for the electrons to transfer to the shell regions.
In summary, when increasing the CdSe core size, the bandgap of
the CdSe core becomes smaller, leading to a lower electron trans-
fer efficiency from the core to the shell.

The Fermi level (FL) and maximal valence band (VB) energy
level (EVB) of the four CdSe core QDs were measured using ul-
traviolet photoelectron spectroscopy (UPS) with He I radiation

(21.21 eV). The minimum conduction band (CB) energy level
(ECB) was calculated by combining the UPS results and the ab-
sorption spectra.[51,52] The energy levels of the CdSe core are de-
termined by the UPS results while the energy levels of CdS use
−3.3 and −5.8 eV as ECB and EVB which is the CdS bulk ma-
terials’ levels, following previous studies.[25,29] The band align-
ment between the core and shell was analyzed through the rel-
ative band edge of CB which dramatically impacts the Ket. Due
to the strong driving force from the electrolyte (pH ≈13), the in-
fluence of Kht from band alignment was neglected. Figure S11
(Supporting Information) and Table 3 show the UPS analysis of
four types of CdSe core. From the UPS data, the Fermi level (EF)
of four core QDs is located at −2.81 eV for CdSe (2.8 nm) QDs,
−3.41 eV for CdSe (3.1 nm) QDs, −4.11 eV for CdSe (3.5 nm)
QDs and −4.51 eV for CdSe (4.8 nm) QDs, respectively, respect

Table 2. Average PL lifetime of as-synthesized QDs/MOS and the corresponding charge transfer rate.

QDs QDs with TiO2 [ns] QDs with ZrO2 [ns] QDs with electrolyte [ns] Ket [107 s−1] Kht [107 s−1]

CdSe (2.8 nm)/CdS 8.6 12.8 6.7 3.8 7.1

CdSe (3.1 nm)/CdS 10.9 11.5 4.8 0.5 12.4

CdSe (3.5 nm)/CdS 9.9 10.8 4.3 0.8 14.1

CdSe (4.8 nm)/CdS 15.2 14.4 3.9 −0.4 18.9
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Table 3. Potential (respect to vacuum) of CB, VB and Fermi level for differ-
ent QDs following the UPS.

QDs Eh [eV] El [eV] EF [eV] EVB [eV] ECB [eV] Band gap [eV]

CdSe (2.8 nm) 18.40 2.30 −2.81 −5.11 −2.80 2.31

CdSe (3.1 nm) 17.80 2.24 −3.41 −5.66 −3.40 2.26

CdSe (3.5 nm) 17.10 2.10 −4.11 −6.21 −4.04 2.17

CdSe (4.8 nm) 16.70 1.80 −4.51 −6.31 −4.26 2.05

of vacuum level according to the high energy cut-off (Eh). While
the low energy cut-off (El) of 2.1 eV indicates the maximum VB
at −5.11, −5.66, −6.21, and −6.31 eV for four QDs. According to
these data and the estimation of the bandgap from the Tauc plot,

the minimum CB is located at −2.8, −3.4, −4.04, and −4.26 eV
for four QDs, respectively. All the energy levels are summarized
in Figure 3a and Table 3. The tauc plot (Figure S12, Supporting
Information) was further calculated from UV–Vis spectra to esti-
mate the bandgap of CdSe cores, confirming the results of UPS
(<0.09 eV). Figure 3a also exhibits the CdSe/CdS core/shell struc-
ture and the corresponding band position of four core/shell QDs.
According to the figure, the bandgap of CdSe QDs becomes nar-
rower with a larger size. Thus, the core/shell band alignment is
changed from Type II to Quasi-Type II, consistent with the PL
lifetime results.

To further verify the carrier dissociation behavior of four
types of CdSe/CdS core/shell QDs, the theoretical electron-hole
wave functions were calculated based on solving the calculated
stationary Schrödinger equation in a 3D spherical geometry.[37,47]

Figure 3. a) Schematic of CdSe (2.8 nm)/CdS QDs, CdSe (3.1 nm)/CdS QDs, CdSe (3.5 nm)/CdS QDs, CdSe (4.8 nm)/CdS QDs with the increasing core
size and their band position (conduction/valence band) calculated following the UPS results; b) Spatial probability distribution value 𝜌(r) of electrons
and holes as a function of QD radius (nm) for CdSe (2.8 nm)/CdS QDs, CdSe (3.1 nm)/CdS QDs, CdSe (3.5 nm)/CdS QDs, CdSe (4.8 nm)/CdS QDs
(dashed lines show the radius position and the shadow areas indicate the electrons in the shell regions); c) The overlapping area and electron leakage
area as the function of core radius.
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Figure 4. a) Schematic diagram of PEC device based on mesoporous TiO2 films sensitized with QDs; Photocurrent density-potential dependence curve:
b) TiO2 sensitized with CdSe (2.8 nm) QDs, CdSe (3.1 nm) QDs, CdSe (3.5 nm) QDs, CdSe (4.8 nm) QDs; c) TiO2 sensitized with CdSe (2.8 nm)/CdS
QDs, CdSe (3.1 nm)/CdS QDs, CdSe (3.5 nm)/CdS QDs, CdSe (4.8 nm)/CdS QDs in the dark (black dash curve) and under continuous (chromatic
solid curve) illumination (AM 1.5 G, 100 mW cm−2); d) TiO2 sensitized with alloyed CdSe/CdSeS/CdS QDs in the dark (black curve), under continuous
(magenta curve) and chopped (blue curve) illumination; e) Photo photocurrent density versus time of alloyed CdSe/CdSeS/CdS QDs; f) IPCE spectra of
photoanodes on mesoporous TiO2 films sensitized with CdSe (2.8 nm)/CdS QDs, CdSe (3.1 nm)/CdS QDs, CdSe (3.5 nm)/CdS QDs, CdSe (4.8 nm)/CdS
QDs.

Typically, the electron [𝜓e(r)] and hole [𝜓h(r)] wave functions
in a 3D dot for the four types of core/shell QDs represent the
possibility of carrier occupation. Figure 3b shows the 𝜓e(r) and
𝜓h(r) as a function of core radius and the vertical dashed lines
indicate the position of the core radius for each QDs and the
shadow areas (areas on the right of the dashed lines) show the
probability of the electron leaking from the core to the shell
regions. Figure 3c shows the electron/hole overlapping areas of
four types of QDs and the electron leakage area as a function
of core size. The overlapping area increases with the larger
core size, consistent with previous results which show that the
electrons have a higher probability of being confined in the core

with increasing core size.[53,54] Such results are similar to the
previous illustration that fewer electrons can leak into the shell
regions when the core size increases. All the values are shown
in Table S2 (Supporting Information) for comparison.

Figure 4a depicts the working mechanism of a PEC cell for H2
evolution based on QDs/TiO2 photoanode. Generally, a PEC cell
consists of a QD-based photoanode, a Pt counter-electrode, and
a strong-alkaline electrolyte (Na2S/Na2SO3, pH ≈13). Upon solar
irradiation, the QDs absorb photons and generate electron/hole
pairs. These excitons will be dissociated at the QDs/TiO2 inter-
faces: the electron will be injected into the CB of TiO2 due to the
favorable band alignment, while the holes on the surface of the
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Table 4. PEC and stability performance of four CdSe core QDs and four
CdSe/CdS core/shell QDs.

QDs Jph [mA cm−2] Retention after 2 [%]

CdSe (2.8 nm) 7.4 /

CdSe (3.1 nm) 8.5 /

CdSe (3.5 nm) 9.6 /

CdSe (4.8 nm) 10.5 /

CdSe (2.8 nm)/CdS 8.2 61

CdSe (3.1 nm)/CdS 15.8 58

CdSe (3.5 nm)/CdS 17.4 56

CdSe (4.8 nm)/CdS 12.9 50

CdSe (3.5 nm)/CdSeS/CdS 22.0 41

QDs will be consumed by the Na2S/Na2SO3 electrolyte (pH ≈13).
The electrons will then transfer into the FTO substrate and fur-
ther travel to the counter-electrode to produce H2 on the surface
of Pt electrode.

To assess the PEC performance, four CdSe core QDs and four
CdSe/CdS core/shell QDs have been deposited into mesoporous
TiO2 films for solar-driven H2 generation. Typically, two cycles of
the ligand exchange process and two SILAR cycles of the ZnS pro-
tective layer were also applied before the measurement after the
2-h EPD procedure for each QD (as detailed in the experimen-
tal section). The PEC devices under dark and continuous light
illumination (AM 1.5 G 100 mW cm−2) were finally measured
using a typical three-electrode setup, where QDs-based photoan-
odes serve as working electrodes), Ag/AgCl (saturated with KCl
solution) electrode as reference electrode and Pt plate serves as
counter electrode. The PEC performance based on core QDs and
core/shell QDs are shown in Figure 4b,c. The Jph at 0.8 V versus
RHE for four CdSe core QDs is 7.4 mA cm−2 for CdSe (2.8 nm)
QDs, 8.5 mA cm−2 for CdSe (3.1 nm) QDs, 9.6 mA cm−2 for CdSe
(3.5 nm) QDs and 10.5 mA cm−2 for CdSe (4.8 nm) QDs, respec-
tively. Such performance indicates that the Jph increases with the
increase of CdSe core size which is mainly due to enhanced ab-
sorption range afforded the larger QDs. In other words, for bare
CdSe QDs, the dominant parameter for PEC performance is the
absorption range since there is no shell effect.

For four types of CdSe/CdS core/shell QDs, the Jph of CdSe
(2.8 nm)/CdS QDs-based photoanode can reach 8.2 mA cm−2

under one sun illumination (AM 1.5 G, 100 mW cm−2).
Whereas the Jph of CdSe (3.1 nm)/CdS QDs-based photoanode
increased up to 15.8 mA cm−2, two times higher compared to
the CdSe (2.8 nm)/CdS QDs-based photoanode. Moreover, for
CdSe (3.5 nm)/CdS QDs-based photoanode, Jph can reach a re-
markable value of 17.4 mA cm−2, comparable even to PEC de-
vices that use alloyed gradient core/shell QDs.[55–58] However,
the CdSe (4.8 nm)/CdS QDs-based photoanode shows only a
slight improvement compared to bare QDs, with Jph values
of 12.9 mA cm−2. This value is also lower than that of CdSe
(3.1 nm)/CdS and CdSe (3.5 nm)/CdS QDs. All the Jph values
for QDs are listed in Table 4 and Figure 5c for comparison.

For relatively small CdSe cores, below 4 nm, the absorption
is still the dominant parameter for PEC performance. In fact,
even though the electron transfer rate is much higher for CdSe
(2.8 nm)/CdS QDs compared to CdSe (3.1 nm)/CdS and CdSe

(3.5 nm)/CdS QDs, the PEC performance is still lower due to the
narrower absorption range. However, when the CdSe core is large
enough, above 4 nm, the absorption is no longer the dominant
factor for PEC performance. In fact, the Jph of CdSe (4.8 nm)/CdS
QDs based photoanode is much lower than CdSe (3.1 nm)/CdS
and CdSe (3.5 nm)/CdS QDs based photoanodes. This is mainly
due to the fact that the carrier transfer efficiency becomes the
most relevant parameter to dominate the PEC performance. Even
though the absorption of CdSe (4.8 nm)/CdS QDs is stronger
than CdSe (3.1 nm)/CdS and CdSe (3.5 nm)/CdS QDs, the elec-
tron transfer rate is much lower, leading to more electron-hole
recombination inside of QDs, and to an overall reduction in the
Jph. Thus, the CdSe (3.5 nm)/CdS QDs presented the optimum
compromise between absorption and charge transfer, thanks to
an optimized core size as well as appropriate band alignment
of the CdSe/CdS architecture. To further improve the PEC per-
formance based on the optimized core size, alloyed layers were
then applied to replace the pure CdS shells, forming a structure of
CdSe (3.5 nm)/(CdSexS1-x)5/CdS QDs (x = 0.5) QDs (denoted as
CdSe/CdSeS/CdS QDs). These newly formed alloyed QDs were
then used as sensitizers for mesoporous TiO2 films for PEC anal-
ysis. According to Figure 4c,d, the Jph of alloyed QDs-based pho-
toanode can achieve an impressive value of 22 mA cm−2 under
one sun illumination (AM 1.5 G, 100 mW cm−2) which is one of
the highest values reported for QDs-based photoanodes. Several
studies with high Jph are listed in Table S3 (Supporting Informa-
tion). Figure 4d displays a chronoamperometric test of the alloyed
QDs/TiO2 photoanode, conducted to evaluate the photo-response
performance in light on/off conditions. This result is consistent
with the J–V curve that Jph is ≈22 mA cm−2 under light condi-
tions and the photo-response is rapid after the switch of the light
on/off.

The superior Jph obtained can be attributed to the presence
of the alloyed shell that allows further optimization of the band
alignment between the core and shell of the QDs. From the
transient PL spectra of alloyed QDs (Figure S13, Supporting In-
formation), the as-calculated Ket increased up to 2.9 × 107 s−1,
3.6 times higher compared to CdSe (3.5 nm)/CdS QDs which
demonstrates that the intermediate alloyed layers can in fact
serve as short carrier pathways, leading to a more efficient car-
rier separation and transfer. As a result, the recombination in-
side QDs can be largely suppressed.[24] Under various monochro-
matic wavelengths, the incident photon-to-electron conversion
efficiencies (IPCE) spectra of four as-prepared core-shell QDs
with varied core sizes have been obtained. In Figure 4f, the op-
timized CdSe (3.5 nm)/CdS QDs-device exhibits almost over-
all higher IPCE values from 350 to 610 nm compared to the
other three QDs-based photoanodes, suggesting more efficient
photon-to-electron conversion, which is consistent with PEC per-
formance. The IPCE value of CdSe (4.8 nm)/CdS QDs-based pho-
toanode is higher than the other three QDs in longer wavelength
which is mainly due to the broader absorption range originating
from the larger core size.

Another crucial factor for PEC devices is the stability perfor-
mance. The stability test was performed with a bias of 0.8 V
versus RHE under continuous illumination. Due to the long ex-
posure under continuous illumination and strong alkaline elec-
trolyte (pH ≈13), a protection layer is required on the QD sur-
face. Thus, two monolayers of ZnS passivation layers were grown
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Figure 5. a) Stability measurements (photocurrent density as a function of time) of the four types of CdSe/CdS QDs and alloyed CdSe/CdSeS/CdS
QDs-based photoanodes; b) Theoretical and measured H2 evolution volume as the function of time for CdSe (3.5 nm)/CdS and CdSe/CdSeS/CdS QDs.
All of the above measurements were performed at 0.8 V versus RHE with AM 1.5 G illumination (100 mW cm−2). c) Photocurrent density as the function
of core diameters; d) Stability retention as the function of core diameters.

on all the QDs samples via SILAR. In Figure 5a, four types of
CdSe/CdS and CdSe/CdSexS1-x/CdS alloyed QDs are measured
for 2 h. The stability results indicate that the alloyed QDs have
the worst stability performance, as only 41% of the initial pho-
tocurrent value is maintained after 2 h. Such lower stability re-
tention value compared to pure-shell QDs is mainly because that
favorable gradient band can facilitate a faster carrier transfer rate,
but also brings more interfacial traps which causes the charge re-
combination and photooxidation. For four CdSe/CdS QDs with
pure shell, the CdSe (2.8 nm)/CdS QDs-based photoanode has
the best stability performance with a retention of 61% of the
photocurrent density. The CdSe (3.1 nm)/CdS QDs-based pho-
toanode maintained 58% of the current after 2 h while the CdSe
(3.5 nm)/CdS QDs-based photoanode maintained 56% of the ini-
tial photocurrent. The CdSe (4.8 nm)/CdS QDs-based photoan-
ode kept only 50% of the initial photocurrent value. Overall, the
stability performance decreases with a larger core size (Table 4
and Figure 5d), demonstrating that the carrier transfer efficiency
is a critical factor for the stability performance. With lower pho-
tocurrent carrier transfer efficiency, there are more recombina-
tion events inside the QDs while photo-oxidation will also occur
when more holes accumulate on the valence band.[59] Such sta-
bility performance results provide useful insights for the design
of future core/shell QDs architectures. The most important rea-
sons for the deterioration are photo corrosion and photooxida-
tion from inefficient carrier separation and transfer. Thus, the
future direction will focus on the QD-based photoanodes’ protec-

tion as well as band engineering design in core/shell QDs and
QD/MOS.

Finally, gas chromatography (GC) was used to measure the
evolved H2 volume. By comparison, with the theoretical volume
(details in the experimental part), the Faradic efficiency can be
estimated. As shown in Figure 5b, the measured and theoreti-
cal volume of H2 evolved as a function of time (2 h) under con-
tinuous one-sun illumination was collected. By the calculations
following the equation in the experimental part, the 𝜂FE is ≈83%–
84% for CdSe (3.5 nm)/CdS and CdSe/CdSeS/CdS QDs with 1-h
measurements, respectively. The side effect is mainly attributed
to the reduction reaction between electrons and unstable inter-
mediates from Na2S/Na2SO3 electrolyte and the system leakage.

3. Conclusion

In summary, we designed and fabricated four types of CdSe/CdS
core/shell QDs via wet chemical synthesis. By controlling dif-
ferent core sizes while maintaining the same shell thickness,
the core/shell band alignment as well as the absorption range
can be tuned accordingly. As a result, the carrier dynamic be-
havior inside the QDs and the PEC performance can be dra-
matically affected. When the four types of core/shell QDs were
applied as sensitizers of TiO2 photoanodes for solar-driven
PEC H2 generation, we obtained the following values of Jph:
8.2 mA cm−2 for CdSe (2.8 nm)/CdS QDs, 15.8 mA cm−2 for
CdSe (3.1 nm)/CdS QDs, 17.4 mA cm−2 for CdSe (3.5 nm)/CdS
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QDs, and 12.9 mA cm−2 for CdSe (4.8 nm)/CdS QDs, respec-
tively. Thus, the CdSe (3.5 nm)/CdS core/shell QDs-based pho-
toanode shows the optimized PEC performance among four core
sizes. This is mainly because the QDs have an enhanced ab-
sorption range compared to QDs with smaller cores while main-
taining a good charge transfer efficiency when compared with
larger cores. Finally, based on the core size of 3.5 nm QD, alloyed
CdSe/CdSeS/CdS QDs were designed to further improve the PEC
performance by optimizing the shell composition. Thanks to the
additional gradient shell, a Jph as high as 22 mA cm−2 can be
obtained, which is at the top of the list for PEC H2 generation
based on all colloidal QDs-based photoanodes. These results in-
dicate that the CdSe/CdS architecture with proper core size and
band alignment can be a promising photoanode for efficient PEC
H2 generation. More importantly, such band engineering ap-
proaches based on the core size effect are promising for future
high-performance optoelectronic devices.

4. Experimental Section
Materials: Oleic acid (OA, 90%), alpha-terpineol octadecene (ODE,

>97%), oleylamine (OLA, 80%–90%), sodium sulfide nonahydrate
(Na2S·9H2O), sodium sulfite (Na2SO3), zirconium oxide (ZrO2), Cad-
mium oxide (CdO) were purchased from Sigma-Aldrich Inc. Trioctyl phos-
phine (TOP, 90%), cetyltrimethyl ammonium bromide (CTAB), zinc ac-
etate dihydrate [Zn(CH3COO)2·2H2O], titanium tetrachloride (TiCl4) were
obtained from Aladdin Inc. Sulfur powder (S, >99.5%), selenium pel-
let (Se, >99.999%), trioctylphosphine oxide (TOPO, 90%) were acquired
from Macklin Inc. Toluene, methanol, ethanol, and isopropanol (IPA) were
bought from Chinasun Specialty Products Co., Ltd. The mesoporous TiO2
films were prepared by using commercial TiO2 pastes from Greatcell So-
lar Materials Pty Ltd, including 18 NR-T paste (≈20 nm in diameter) as a
transparent layer and 18 NR-AO paste as a scattering layer (20–450 nm
in diameter). No additional purification was done before using the com-
pounds and solvent.

Synthesis of QDs: We used the hot-injection method to synthesize the
four types of CdSe core QDs with different sizes. Typically, Se-ODE (0.2 m)
was quickly injected into the Cd(OA)2 (0.4 mmol CdO powder with 5 mL
oleic acid in 10 mL ODE) at 300 °C. After the injection, the temperature was
adjusted to 260 °C for the growth of the nanocrystals. After maintaining
different reaction times (1, 2.5, 3.5, and 5 min for four QDs), cold water
was used to stop the growth of the CdSe core QDs. Then ≈20 mL ethanol
was added into the mixtures of reactants to purify QDs at least four times
under centrifugation of 10,000 r.p.m. for 5 min. For each purification cycle,
1:1 (v:v) ethanol/toluene was used and finally, the QDs were dispersed in
toluene with a concentration of ≈10 mg mL−1 for further usage.

The successive ion layer adsorption and reaction (SILAR) approach was
used to grow the CdS shell with a controllable thickness on the CdSe core
QDs. Before growing the shell, the diameter and concentration of the core
were estimated through the empirical mathematical functions as shown
below:

D =
(
1.6122 × 10−9) 𝜆4 −

(
2.6575 × 10−6) 𝜆3 (3)

+
(
1.6242 × 10−3) 𝜆2 − (0.4277) 𝜆 + (41.57)

Generally, the CdS shell was deposited on the CdSe seed by calculat-
ing the amount of precursors for each layer. The initial volume of CdSe
seed was ≈2 × 10−7 mol with a concentration of 10 mg mL−1 while 0.2 m
Cd(OA)2 and 0.2 m S-ODE were used as the cation/anion precursors. The
injection amount for each SILAR cycle is listed in Table S1 (Supporting In-
formation). For the adsorption time, Cd(OA)2 was kept for 60 min while
S-ODE was kept for 10 min for each cycle. The reaction temperature was
maintained under 240 °C. After the last cycles of the SILAR process, an

extra 10-min annealing was further applied for better crystallization. For
the synthesis of alloyed CdSe/CdSeS/CdS QDs, the procedure was similar
but using Se/S-ODE (1/1, M/M) as the anion precursor. The purification
process of core-shell QDs was applied following the same procedure as
core QDs and 10 mg mL−1 core-shell QDs were redispersed in toluene for
further usage.

Anode Preparation: First, the FTO was carefully cleaned in an ultra-
sonic machine for 40 min with isopropanol, ethanol, and deionized wa-
ter, respectively. After the cleaning process, the same solvent was used to
rinse the FTO surface to remove the residuals. Finally, N2 gas was used to
dry the FTO. For depositing the TiO2 blocking layer, TiCl4 aqueous solu-
tion (50 mm) was used as a precursor. Generally, clean FTO was immersed
into the TiCl4 solution in a glass petri dish. Subsequently, the petri dish was
placed in an oven at 70°C for 30 min. The FTO was then rinsed with water
and ethanol slowly. Finally, the anodes were dried in N2 flow and annealed
under 500 °C for 30 min with an increase rate of 5 °C min−1. For the de-
position of TiO2 mesoporous films, tape casting was used by applying the
TiO2 paste containing 20 nm particles and mixed particles (20–450 nm)
as the transparent layer and scattering layer, respectively. Similarly, the an-
odes were then annealed at 500 °C for 30 min.

EPD and Passivated ZnS Layer Capping: To deposit the as-prepared
QDs into mesoporous TiO2 films, the EPD approach was employed. Usu-
ally, two anodes were positioned vertically inside the QDs solution under
a bias of 200 V for 120 min. Then, toluene was used to remove any QDs
on the surface, and N2 flow was used to dry the anodes. The ligand ex-
change of the ZnS layer was carried out prior to the PEC measurements.
Specifically, 0.1 m methanolic CATB solution was used as the precursor in
which the photoanodes were placed for 1 min dipping, then rinsed with
methanol and toluene, and finally dried under N2 flow. To complete the
ligand exchange process, two cycles are required. Furthermore, the an-
odes were capped with a ZnS passivation layer according to the following
protocol: the above anodes were first immersed into the 0.1 m of Zn2+

solution [Zn(CH3COO)2·2H2O] in methanol for 1 min, then rinsed with
methanol and dried with N2 flow; subsequently, the anodes were further
immersed into the 0.1 m S2− solution (Na2S·9H2O) in methanol/water
(1/1 v/v) for 1 min, then rinsed with methanol/water and dried with N2
flow. In this study, the anodes underwent two cycles to grow capping
layers.

Characterization: TEM images, high-resolution TEM (HRTEM) im-
ages, and SAED patterns were acquired using an FEI Tecnai TF20. Scan-
ning electron microscopy (SEM) images and EDS mapping were acquired
using a scanning electron microscope (Supera 55 Zeiss). X-ray diffraction
(XRD) patterns were acquired using a powder X-ray diffractometer (Bruker
D8) with Ni-filtered Cu K𝛼 radiation. UV–vis spectra of QDs were recorded
on a Perkin Elmer model Lambda 750. Photoluminescence (PL) spectra
of QDs were recorded on Fluorescence Spectrometer (NIR-VIS, FL3) with
excitation at 400 nm. To determine the average lifetime of the QDs in solu-
tion and QDs-TiO2 (or ZrO2) films, time-correlated single-photon count-
ing (TCSPC) mode was used under the same facility with a 455 nm laser
(1 MHz). DAS6 software was used to fit the raw data.

UPS was conducted using an ultra-pure He gas (He I𝛼, 21.22 eV) dis-
charge lamp with a total instrumental energy resolution of 0.05 eV. A stan-
dard Au film with a work function of −5.1 eV was used as the reference to
calibrate the Fermi level and a bias voltage of −5 V was applied to samples
to assist the electrons in overcoming the work function of the instrument.
All the QDs dispersed in toluene were deposited uniformly on the Si sub-
strate using the spin coating method. The prepared samples were first put
into a shaded and sealed container filled with nitrogen and then trans-
ferred to the load-lock chamber of the UHV system. The sample prepara-
tion and transfer process was carried out under the protection of nitrogen
gas to avoid the exposure of samples to ambient air and contamination.
For the energy levels calculated from UPS measurement, the equations
below were applied:

EF = Eh − 21.21 eV (4)
EVB = EF − El (5)
ECB = EVB + E (bandgap) (6)
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The PEC performance of QDs-based photoanodes was tested using an
electrochemical workstation (CHI 760) in a three-electrode system. All po-
tentials in the measurement were converted to the RHE in accordance
with the following equation using a typical Ag/AgCl electrode as a refer-
ence electrode:

VRHE = VAg∕AgCl + 0.197 + pH × 0.059 (7)

A Xenon High Brightness Cold Light Source (XD300) fitted with an AM
1.5 filter served as the solar simulation power source. Before every mea-
surement, the intensity of the light power is calibrated at one sun illumi-
nation (100 mW cm−2). Nonconductive epoxy was used to cover the pho-
toanode’s working surface, leaving a ≈0.12 cm2 active area exposed to the
center of the irradiation.

Using nitrogen (N2) as a carrier gas, Gas chromatography (Techcomp
GC-7900) with a thermal conductivity detector (TCD) was employed to an-
alyze the evolution of H2. At intervals of 30 min, the 0.6 mL of gas sample
was extracted from the PEC system’s sealed chamber using an airtight sy-
ringe and then fed into the GC. The Faradaic efficiency 𝜂FE is calculated
based on the equation:

Faradaic efficiency (𝜂FE) =
V measured gas
V calculated gas

(8)

The incident photon-to-photocurrent efficiency (IPCE), which is
wavelength-dependent, was determined using the following equation:

IPCE (%) =
1240 J
𝜆 × I

× 100% (9)

Where J stands for the photocurrent density (mA cm−2), 𝜆 represents the
wavelength of incident light (nm), and I denotes the intensity of the inci-
dent light (mW cm−2).
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the author.
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