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A B S T R A C T   

The rational design of elemental incorporation in colloidal eco-friendly core/shell quantum dots (QDs) holds the 
potential to synergistically tailor their electronic band structure and carrier kinetics for applications in forth-
coming “green” and high-efficiency solar energy conversion. Herein, we have conducted simultaneous Cu 
incorporation in both the core and shell regions of environment-benign AgInSe (AISe)/ZnSe core/shell QDs to 
realize high-efficiency solar-driven photoelectrochemical (PEC) hydrogen evolution. It is verified that Cu 
incorporation in AISe core enables an upward shift in the position of the band edge relative to the ZnSe shell, 
which promoted the electron delocalization and extended the lifetime of exciton. Simultaneously, Cu incorpo-
ration in the ZnSe shell further results in the trapping of photoinduced holes from AISe core, leading to a 
decelerated recombination of carriers. The prepared Cu-AISe/ZnSe:Cu QDs with optimized optoelectronic 
properties have been successfully employed to fabricate QDs-PEC devices, delivering a maximum photocurrent 
density of 9.1 mA cm− 2 under standard AM 1.5 G illumination (100 mW cm− 2). Our findings indicate that 
synchronous elemental incorporation in eco-friendly core/shell QDs is a promising strategy to achieve future 
high-performance solar-to-hydrogen conversion systems.   

1. Introduction 

With continuous consumption of fossil fuels, environmental pollu-
tion and climate change have become major issues in the development of 
human being [1]. Therefore, the pursuit of sustainable energy alterna-
tives, including wind energy, tide energy, biomasses-derived energy, 
and solar energy, has gained paramount importance [2]. Among them, 
solar energy has garnered extensive attention due to its earth-abundant, 
eco-friendly and renewable features. A particularly promising avenue 
involves harnessing solar energy to produce hydrogen fuel, character-
ized by its high energy density and complete absence of carbon emis-
sions [3]. As a solar-to-hydrogen generation system, 
photoelectrochemical (PEC) cells have attracted widespread attention 
over the last few decades, however, there are still many challenges 

impeding the practical implementation of PEC hydrogen production 
[4–6]. For instance, high-efficiency photoelectrodes are usually 
composed of high-cost semiconductors or precious metals, which are not 
conducive to the sustainable development of energy demand in the new 
era. In this context, it has become a research hotspot in recent years to 
exploit low-cost, earth-abundant, and high-performance photoelectric 
electrode materials [7–9]. 

Traditional semiconductor metal oxides with large band gap (such as 
ZnO and TiO2) have been widely used as photoelectrode materials in 
PEC hydrogen production systems because of their low-cost, ecological 
friendliness and high stability [10–14]. However, owing to their wide 
band gap (3.0–3.2 eV), these semiconductor materials suffer from 
limited light absorption which only cover the ultraviolet (UV) region of 
the solar spectrum (~5%) [15]. Addressing this limitation, a crucial 
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strategy has arisen involving the incorporation of narrow band gap 
semiconductor materials to sensitize wide band gap metal oxides. This 
approach not only boosts solar spectrum utilization efficiency but also 
fosters heterostructure that facilitate charge separation and transport 
[16]. 

Colloidal quantum dots (CQDs) have been widely utilized in diverse 
solar technologies due to their unique size-dependent optical charac-
teristics and broadband light absorption [17]. Example include 
QDs-sensitized solar cells (QDSCs), luminescent solar concentrators 
(LSC) and solar-driven PEC cells.[18] However, in recent years, most of 
the high-efficiency QDs-based PEC devices were fabricated using highly 
toxic and heavy metal (Cd, Pb etc.)-based QDs,[19–23] which may cause 
a series of environmental and human health issues [24–26]. Therefore, it 
is beneficial to explore environment-friendly QDs (e.g., I-III-VI Cu/Ag 
chalcogenides-based QDs) with excellent optoelectronic properties for 
realizing future “green” and high-efficiency PEC hydrogen production 
systems [27–33]. 

Among these environment-benign I-III-VI QDs, AgInSe (AISe) QDs 
are considered as promising candidates for solar technologies due to 
their narrow band gap (~1.24 eV in bulk), broad light absorbance (up to 
900 nm) and considerable photoluminescence (PL) quantum yield 
(~40%) [34–36]. However, bare AISe QDs often show poor optoelec-
tronic properties and chemical stability, as a result of the easily formed 
abundant surface defects/traps induced by the ambient environment (e. 
g., humidity and light) [37]. Constructing core/shell structured QDs, i.e. 
coating a shell material (usually ZnS and ZnSe) on the surface of the AISe 
core QDs, can significantly passivate these surface defects to enhance the 
optical properties and photo-/chemical-stability.[38,39] Nevertheless, 
the large lattice mismatch (about 11%) of AISe/ZnS QDs results in a 
large number of strain-induced defects between the interface of core and 
shell [40]. Encouragingly, AISe/ZnSe QDs with lower lattice mismatch 
have been developed and employed as effective building blocks in 
lighting devices and biological imaging applications [41–43]. However, 
owing to the typical type I electronic band structure of AISe/ZnSe QDs, 
the electrons and holes are well-confined in the core region, which is 
detrimental to the spatial separation of photo-excited electrons/holes 
because it lowers the charge extraction efficiency. Introducing transition 
metal elements (e.g., Cu, Mn) in core/shell QDs can effectively regulate 
the band structure and tune the photoinduced carrier dynamics toward 
high-efficiency solar energy conversion [44–46]. For example, Luo et al. 
demonstrated that the Cu incorporation in I-III-VI Zn-In-Se core QDs 
enabled obviously broadened optical absorption and prolonged exciton 
lifetime for effective charge carrier separation/transfer [47]. Moreover, 
incorporating transition metal in the shell region can also bring in im-
purity states to optimize the photoexcited charge dynamics in the 
core/shell QDs [48]. In particular, our group have previously verified 
that after incorporating Cu in the shell of a typical AgInS/ZnS core/shell 
QD system, the holes of core QDs were effectively trapped by the Cu+

states in the shell, thus resulting in suppressed charge recombination 
and boosted PEC H2 evolution efficiency.[49]. 

In this work, Cu incorporation was simultaneously conducted in both 
the core and shell regions of “green” AISe/ZnSe core/shell QDs for 
application in PEC H2 generation. Our findings demonstrate that Cu 
incorporation in the AISe core decreased the band offset between the 
core and the ZnSe shell, facilitating electron delocalization and miti-
gating charge recombination. Besides, the Cu incorporation in ZnSe shell 
promoted hole capture from the AISe core, leading to improved carrier 
extraction efficiency. Accordingly, the PEC devices fabricated using the 
optimized Cu-AISe/ZnSe:Cu QDs showed a saturated photocurrent 
density as high as 9.1 mA cm− 2 and considerable operational stability 
under AM 1.5 G illumination (100 mW cm− 2). 

2. Results and discussion 

To prepare the Cu-AISe/ZnSe:Cu QDs, Cu incorporated AISe core 
QDs were first synthesized, followed by the growth of the ZnSe shell 

materials on the core QDs with additional Cu incorporation, as sche-
matically shown in Fig. 1a. In parallel, the pristine AISe/ZnSe and Cu- 
incorporated AISe/ZnSe QDs were prepared as typical reference sam-
ples. Transmission electron microscope (TEM) investigations were per-
formed to analyze the morphology of as-synthesized QDs, wherein the 
AISe and Cu-AISe core QDs (Figs. S1a-b) both exhibit quasi-spherical 
shapes with similar average sizes of (5.4 ± 0.3) and (5.4 ± 0.4) nm 
and the relevant HRTEM images exhibit a lattice spacing of 0.35 nm that 
is indexed to the (111) plane of AISe (Figs. S1c-d). As shown in Fig. 1b-d, 
the AISe/ZnSe, Cu-AISe/ZnSe and Cu-AISe/ZnSe:Cu QDs all exhibit 
quasi-spherical shapes with similar average sizes of (7.1 ± 0.6), (7.1 ±
0.7) and (7.1 ± 0.6) nm, respectively, indicating that the incorporation 
of Cu in both core and shell regions did not significantly impact the 
particle size of AISe/ZnSe QDs, while the obviously increased QD size 
proved the growth of ZnSe shell on AISe and Cu-AISe QDs. Fig. S2a 
displays the high-resolution TEM (HRTEM) images of AISe/ZnSe QDs, 
showing a clear lattice spacing (3.2 Å) indexed to the (002) plane of 
wurtzite (WZ) phase ZnSe, which suggests the growth of a compara-
tively thick WZ ZnSe shell on AISe core QDs.[41] Besides, this lattice 
spacing (3.2 Å) is also consistent with those measured in HRTEM images 
of Cu-AISe/ZnSe (Fig. S2b) and Cu-AISe/ZnSe:Cu QDs (Fig. 1e), 
demonstrating the preservation of the WZ-type crystal structure of the 
QD shell after Cu-incorporation. X-ray diffraction (XRD) measurements 
were conducted to further verify the crystal structure of AISe/ZnSe, 
Cu-AISe/ZnSe and Cu-AISe/ZnSe:Cu QDs, as depicted in Fig. 1f. Due to 
the growth of relatively thick ZnSe shell on AISe QDs, we observed six 
typical diffraction peaks indexed to the (100), (002), (101), (110), (103) 
and (112) planes of WZ phase ZnSe (JCPDS #01–089-2940) for 
AISe/ZnSe QDs. Similarly, the XRD patterns of Cu-AISe/ZnSe and 
Cu-AISe/ZnSe:Cu QDs after Cu core or shell incorporation still aligned 
well with the WZ phase ZnSe, which are in accordance with the HRTEM 
results and the selected area electron diffraction (SAED) patterns 
(Figs. S2c-e), implying that such low-concentration Cu-incorporation in 
both core and shell region of AISe/ZnSe QDs can retain their pristine 
ZnSe crystal structure. X-ray photoelectron spectroscopy (XPS) was 
carried out to investigate the chemical compositions of Cu-AISe/ZnSe: 
Cu QDs. Fig. S3 shows the XPS survey spectrum of Cu-AISe/ZnSe:Cu 
QDs, wherein the XPS signals of Zn 2p and Se 3d are notably more 
prominent than those of Cu 2p, Ag 3d, and In 3d, indicating the growth 
of a thick ZnSe shell on the core QDs, which is consistent with the 
elemental atom percentages of 33.7%, 41.0%, 8.4%, 7.4% and 9.5% for 
Zn, Se, Ag, In, and Cu in QDs (Table S1). Fig. 1g-k reveal the 
high-resolution XPS (HRXPS) spectra of Ag 3d, In 3d, Se 3d, Zn 2p, and 
Cu 2p in QDs, with characteristic peaks displayed at 373.3/368.1 eV, 
452.3/445.4 eV, 55.7/54.0 eV, 1045.6/1024.3 eV, and 955.6/932.7 eV, 
respectively. Inductively coupled plasma-optical emission spectrometry 
(ICP-OES) results of Cu-AISe/ZnSe:Cu QDs respectively show the molar 
percentages of Cu, Ag, In, Se and Zn as 8.2%, 9.9%, 12.1%, 39.3% and 
30.5% (Table S1), in agreement with XPS results, further demonstrating 
the formation of a thick ZnSe shell on AISe core with Cu incorporation. 

To investigate the optical properties of QDs, we measured the 
ultraviolet-visible (UV–vis) absorption spectra of the AISe/ZnSe, Cu- 
AISe/ZnSe and Cu-AISe/ZnSe:Cu QDs in solution (Fig. 2a). In compar-
ison to the original AISe/ZnSe QDs, the absorption edge of Cu-AISe/ 
ZnSe QDs shifted towards a longer wavelength, most likely because 
the introduction of Cu can lead to a decreased band gap of core QDs, as 
verified by the absorption spectra for AISe and Cu-AISe core QDs 
(Fig. S4a). When Cu was incorporated in the ZnSe shell, the absorption 
edge of Cu-AISe/ZnSe:Cu QDs further red-shifted due to the formation of 
ZnSe:Cu shell possessing relatively narrow band gap compared to the 
original ZnSe shell, which is more prominent in the QD samples with a 
higher Cu incorporation concentration, as exhibited in Fig. S5a [49]. 
Tauc plots derived from the QDs’ absorption spectra can roughly 
determine the approximate optical band gap values of AISe/ZnSe, 
Cu-AISe/ZnSe, and Cu-AISe/ZnSe:Cu QDs as a qualitative support to the 
data, which were assessed to be 2.35 eV, 2.32 eV and 2.28 eV, 
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respectively (Fig. 2b). It is also found that the band gap of QDs gradually 
reduced with a higher degree of Cu shell incorporation (Fig. S5b). Fig. 2c 
shows the PL spectra of QDs in solution, in which the AISe/ZnSe QDs 
exhibited an PL peak at ~700 nm, while the Cu-AISe/ZnSe QDs dis-
played a red-shifted PL peak at approximately 720 nm, which is in 
accordance with the results of the absorption spectra. After incorpora-
tion Cu in the ZnSe shell, the PL peak of the prepared Cu-AISe/ZnSe:Cu 
QDs red-shifted to ~730 nm, which is ascribed to the introduction of the 
Cu+ state in ZnSe shell that affected the overall photo-induced charge 
dynamics in this type of core/shell QDs. Specifically, the emission peak 
can be further red-shifted with increasing Cu incorporation concentra-
tion (Fig. S6a) [50]. 

To investigate carrier kinetics of AISe/ZnSe core/shell QDs with 
synchronous Cu incorporation, transient PL decays of the QDs sus-
pended in toluene were recorded, as illustrated in Fig. 2d. The average 
exciton lifetimes (τav) were derived through fitting a tri-exponential 
function (Table S2). As compared to the AISe/ZnSe QDs (τav=216 ns), 
the average exciton lifetime of Cu-AISe/ZnSe QDs was greatly extended 
to 466 ns, which may be attributed to the introduction of Cu that led to a 
longer lifetime of the incorporation-related emission and band position- 
correlated electron delocalization.[51] When Cu was incorporated into 
the shell of Cu-AISe/ZnSe QDs, the average exciton lifetime of QDs 
further increased to 706 ns, which is owing to Cu+ state in the shell that 
trapped the holes from the core QDs for efficient electron-hole separa-
tion [52]. However, Figs. S6b-d show that the exciton lifetime of QDs 
decreased when the Cu introduction concentration increased to a certain 
amount, which is ascribed to the emerging hole scattering centers for 
further non-radiative recombination.[49] Therefore, Cu introduction in 
both the core and shell regions of AISe/ZnSe QDs can optimize the 

optical characteristics and promote the transfer/separation of photo-
generated electrons and holes. 

UV photoelectron spectroscopy (UPS, He I, 21.21 eV) was used to 
estimate the band positions of QDs and endorse the charge transfer in 
the Cu-AISe/ZnSe:Cu QDs-sensitized TiO2 photoelectrodes (Figs. S7a-c). 
According to the high-resolution UPS (HRUPS) spectra, the cut-off of 
high and low binding energy for the QDs were measured to be 16.57 eV 
and 1.25 eV, respectively. It was thus calculated that the Fermi level and 
the valence band maximum were − 4.64 eV and − 5.89 eV versus vac-
uum (Evac). Based on the valence band maximum position and the band 
gap obtained in Fig. 2b, the conduction band minimum was calculated 
as − 3.61 eV versus vacuum. Consequently, Fig. S7d schematically il-
lustrates that the Cu-AISe/ZnSe:Cu QDs and TiO2 can form a type II band 
alignment to facilitate the charge carrier separation and transfer [53]. 

To demonstrate the effect of Cu introduction on the delocalization of 
photoexcited electron in AISe/ZnSe QDs, we combined the UPS results 
and absorption spectra of AISe and Cu-AISe core QDs to study the band 
position variation between the core and shell. Tauc plots obtained from 
the absorption spectra roughly determined the optical band gaps of AISe 
and Cu-AISe QDs to be ~2.28 eV and 2.26 eV (Fig. S4b). Based on the 
high/low binding energy cut-off from UPS results of the core QDs 
(Fig. 2e-h and Fig. S8), the positions of the conduction band minimum 
and valence band maximum for AISe and Cu-AISe core QDs were 
calculated to be − 4.39/− 6.67 eV and − 4.20/− 6.46 eV, respectively, 
as illustrated in Fig. 3a. 

In this case, the conduction band offset between Cu-incorporated 
AISe core QDs and ZnSe shell is smaller than that of the original AISe 
core QDs, which is more conducive to the delocalization of electrons into 
the shell region. Density functional theory (DFT) calculations were also 

Fig. 1. (a) Schematic diagram for the preparation of Cu-AISe/ZnSe:Cu QDs. TEM images of (b) AISe/ZnSe, (c) Cu-AISe/ZnSe and (d) Cu-AISe/ZnSe:Cu QDs with inset 
size distribution histograms. (e) HRTEM image of Cu-AISe/ZnSe:Cu QDs. (f) XRD patterns of AISe/ZnSe, Cu-AISe/ZnSe and Cu-AISe/ZnSe:Cu QDs. HRXPS spectra of 
(g) Ag 3d, (h) In 3d, (i) Se 3d, (j) Zn 2p and (k) Cu 2p in Cu-AISe/ZnSe:Cu QDs. 
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used to study the electronic band structure of QDs and verify this 
conclusion. Fig. 3b displays the original electronic structure of AISe with 
a unit cell consisting of 4 Ag, 4 In and 8 Se atoms. As exhibited in Fig. 3c, 

the direct band gap energy of AISe was calculated to be 2.64 eV, while 
the band gap energy of Cu-AISe after Cu incorporation decreased to 
2.59 eV, which is almost consistent with the experimental optical band 

Fig. 2. (a) UV–vis absorption spectra and corresponding (b) Tauc plots of AISe/ZnSe, Cu-AISe/ZnSe and Cu-AISe/ZnSe:Cu QDs. (c) Steady-state PL spectra and (d) 
Time-resolved PL decay curves of AISe/ZnSe, Cu-AISe/ZnSe and Cu-AISe/ZnSe:Cu QDs. HRUPS spectra of AISe core QDs: (e) high and f) low binding energy cut-off. 
HRUPS spectra of Cu-AISe core QDs: (g) high and h) low binding energy cut-off. 

Fig. 3. (a) Schematic diagrams and band positions of AISe and Cu-AISe core QDs coated with ZnSe shell and the charge transfer from core/shell QDs to TiO2. (b) 
Atomic structures of AISe and Cu-AISe QDs used in DFT calculations. (c) Electronic band structures and density of states (DOS) of AISe and Cu-AISe QDs calculated, 
where the energy level was aligned with respect to the vacuum level (Evac). 
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gap values. Moreover, after the introduction of Cu atomic orbitals via Cu 
incorporation, the band edge position of Cu-AISe was observed to 
slightly move upward, which has also been demonstrated by the UPS 
analysis. The theoretical results further confirm that the Cu incorpora-
tion can concurrently decrease the band gap and shift up the band edge 
position of AISe core, resulting in easier electrons delocalization into the 
ZnSe shell region. 

As-synthesized QDs were used as light harvesters to sensitize TiO2 for 
the fabrication of QDs-photoelectrodes via an electrophoretic deposition 
(EPD) technique. The cross-sectional scanning electron microscope 
(SEM) images of the assembled Cu-AISe/ZnSe:Cu QDs-sensitized TiO2 
photoanode were shown in Fig. 4a, in which the film thickness of QDs- 
TiO2 was estimated to be ~17.1 µm. Fig. 4a and S9 exhibit the EDS 
spectra and elemental mapping of QDs-TiO2 photoanodes, where all 
components of the QDs were presented and uniformly distributed 
throughout the TiO2 mesoporous film, confirming the successful sensi-
tization of TiO2 by Cu-AISe/ZnSe:Cu QDs. Fig. 4b schematically depicts 

the charge dynamics mechanism of Cu-AISe/ZnSe:Cu QDs/TiO2 heter-
ostructures, wherein the pristine AISe/ZnSe QD itself possesses a type-I 
band structure, while it can still form a type-II band alignment with TiO2 
for effective carrier separation/transfer. After Cu incorporation in AISe 
core, the band gap value and band edge position of Cu-AISe core QDs 
were changed, reducing the band offset with ZnSe shell to promote 
effective delocalization of electrons in the entire spatial core/shell 
structure and improve the photoinduced electron injection efficiency 
from QDs into TiO2. With subsequent Cu incorporation in the ZnSe shell, 
the generated Cu+ impurity states can trap the photogenerated holes 
from core and accelerate the hole transfer from QDs to the electrolyte, 
thus further suppressing the charge carrier’s recombination in such QDs- 
TiO2-based photoelectrodes. 

To further explore the photoinduced charge kinetics associated with 
QDs-TiO2 heterostructures, time-resolved PL spectra for three types of 
QDs/TiO2, QDs/ZrO2 and QDs/ZrO2-elec (with electrolyte) electrodes 
were measured, in which the charge transfer between QDs and ZrO2 is 

Fig. 4. (a) Cross-sectional SEM image and EDS elemental mapping (Ti, O, Se, Zn, In, Cu and Ag) of Cu-AISe/ZnSe:Cu core/shell QDs-TiO2 heterostructures. (b) 
Schematic diagrams of the carrier kinetics mechanism in three types of QDs/TiO2 heterostructures. Time-resolved PL spectra of (c) AISe/ZnSe, (d) Cu-AISe/ZnSe and 
(e) Cu-AISe/ZnSe:Cu QDs-modified TiO2 and ZrO2 (in the presence or absence of electrolyte). 
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forbidden because of the relatively large band gap of ZrO2 (~6 eV) [54]. 
The transient PL decay curves and fitted exciton lifetime data of all 
QDs-TiO2 or ZrO2 were shown in Fig. 4c-e and recorded in Table S3, 
wherein the transient PL decay of all QDs/TiO2 photoanodes was much 
faster than that of the QDs/ZrO2 heterostructures due to effective charge 
transfer from QDs to TiO2. According to the obtained exciton lifetime 
values of QDs/TiO2 and QDs/ZrO2, the electron transfer rate can be 
calculated by the following formula:[55]. 

Ket =
1

τQDs/TiO2

−
1

τQDs/ZrO2

(1) 

As summarized in Table S3, the electron transfer rate of Cu-AISe/ 
ZnSe QDs-photoelectrodes (2.48 ×108 s− 1) was much higher than that 
of the sample based on pristine AISe/ZnSe QDs (1.66 ×108 s− 1), sug-
gesting that the introduction of Cu into the core could cause the effective 
electron delocalization into the shell for enhanced carrier transfer from 
QDs to TiO2. At the same time, after incorporation Cu in the shell, we 
observed that the electron transfer rate of Cu-AISe/ZnSe:Cu QDs-pho-
toelectrodes (2.66 ×108 s− 1) was slightly higher than that of the Cu- 
AISe/ZnSe QDs, indicating that the created Cu-related impurity states 
in the shell could further inhibit the charge recombination. Besides, the 
corresponding hole transfer rate can be estimated by testing the PL 
lifetime of all QDs-ZrO2 samples with/without the presence of electro-
lyte and calculated using the following equation: 

Kht =
1

τQDs/ZrO2(electrolyte)
−

1
τQDs/ZrO2

(2) 

Consistently, Table S4 shows that the hole transfer rate of the Cu- 
AISe/ZnSe:Cu QDs-based photoanode (0.81 ×108 s− 1) was higher than 
the Cu-AISe/ZnSe QDs-based photoelectrode (0.55 ×108 s− 1) without 
Cu shell incorporation, thus testifying the improved hole transfer of QDs 
by Cu shell incorporation. 

These fabricated QDs-sensitized TiO2 photoelectrodes (working 
electrodes) were used in a typical PEC system to conduct hydrogen 
generation, and the operating principle of a QDs-PEC cell was illustrated 
in Fig. S10. The PEC performance of different QDs-based photoanodes 
with hole scavenger was evaluated by testing their linear scan voltam-
metry (LSV) curves, i.e., photocurrent density-applied bias (J-V) versus 
reversible hydrogen electrode (RHE), in the dark, under continuous and 
chopped illumination (1 sun, AM 1.5 G, 100 mW⋅cm− 2), as shown in  
Fig. 5a-c. Specifically, the AISe/ZnSe QDs-TiO2 photoanode delivered a 
saturated photocurrent density of 4.5 mA⋅cm− 2 (Fig. 5a), while after a 
certain amount of Cu atoms was incorporated in the core QDs, the Cu- 
AISe/ZnSe QDs-TiO2 photoanode exhibited a significantly improved 
photocurrent density of 7.2 mA⋅cm− 2 (Fig. 5b), which is attributed to 
the effect of Cu incorporation in the core for improved photogenerated 
electron transfer. After Cu incorporation into ZnSe shell, the saturated 
photocurrent density of Cu-AISe/ZnSe:Cu/TiO2 photoelectrode further 
increased to 9.1 mA⋅cm− 2 (Fig. 5c) due to that the Cu-related impurity 

Fig. 5. (a) J–V curves for (c) AISe/ZnSe, (b) Cu-AISe/ZnSe and (c) Cu-AISe/ZnSe:Cu QDs-based photoanodes in the dark, under light and chopped illumination (AM 
1.5 G, 100 mW cm− 2). IPCE spectra for (d) AISe/ZnSe, (e) Cu-AISe/ZnSe and (f) Cu-AISe/ZnSe:Cu QDs-based photoanodes with corresponding integrated current 
densities. (g) Normalized photocurrent density versus time for the AISe/ZnSe/TiO2, Cu-AISe/ZnSe/TiO2 and Cu-AISe/ZnSe:Cu/TiO2 photoanodes measured at 0.8 V 
vs. RHE. (h) Performance comparison of the fabricated Cu-AISe/ZnSe:Cu QDs-based PEC device with state-of-the-art eco-friendly QDs-based PEC systems. (i) H2 
evolution rate of AISe/ZnSe, Cu-AISe/ZnSe and Cu-AISe/ZnSe:Cu QDs-PEC cells. 
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states in the shell enabled efficient holes capture from core QDs for 
suppressed charge recombination. However, excessive Cu incorporation 
into the shell further decreased the PEC performance (Fig. S11) owing to 
the newly induced non-radiative recombination, which is in accordance 
with the changing trend of QDs’ exciton lifetime in Fig. S5-c. Moreover, 
the PEC performance of our QDs-based photoelectrodes without the use 
of hole sacrificial agents (under neutral conditions) was measured and 
shown in Fig. S12, still delivering considerable photocurrent densities of 
~2.7, 3.6 and 4.4 mA⋅cm− 2 for AISe/ZnSe QDs/TiO2, Cu-AISe/ZnSe 
QDs/TiO2 and Cu-AISe/ZnSe:Cu QDs/TiO2 photoelectrodes, respec-
tively. To explore the effect of ZnS passivation layer thickness on the 
optimized Cu-AISe/ZnSe:Cu/TiO2 photoelectrode, the PEC performance 
of these QDs-sensitized photoanodes coated with 0 and 4 ZnS passiv-
ation layers was further measured and shown in Fig. S13, showing 
saturated photocurrent densities of ~7.7 and 8.5 mA⋅cm− 2, respec-
tively. The suitable ZnS passivation layer thickness has been demon-
strated to effectively optimize the photocorrosion of QDs-based PEC 
cells by passivating the surface trap states and tailoring the band 
structure for better PEC performance [24]. 

Furthermore, the incident photon-to-current efficiency (IPCE) 
spectra and relevant integrated current density of these QDs- 
photoelectrodes were displayed in Fig. 5d-f. In particular, the Cu- 
AISe/ZnSe:Cu QDs-PEC device showed overall higher IPCE values 
(ranging from 300–750 nm) than that of the Cu-AISe/ZnSe and AISe/ 
ZnSe QDs-based devices. The integrated current densities from the IPCE 
curves for AISe/ZnSe, Cu-AISe/ZnSe, and Cu-AISe/ZnSe:Cu QDs-based 
were calculated to be 4.1, 6.7, and 8.5 mA cm− 2, respectively, which 
agreed well with the experimentally obtained photocurrent densities 
(Fig. 5a-c). The charge transfer kinetics of QDs/TiO2 photoelectrodes 
were further unraveled by using the electrochemical impedance spec-
troscopy (EIS) as shown in Fig. S14 As compared to the EIS Nyquist plots 
of AISe/ZnSe and Cu-AISe/ZnSe QDs-based photoelectrodes, the Cu- 
AISe/ZnSe:Cu QDs-based photoelectrode revealed the smallest diam-
eter of the Nyquist semicircle, thus demonstrating the improved inter-
face charge transfer. To explore the photostability of these QDs-based 
photoelectrodes, the J-t curves of the QDs-PEC devices under 2 h light 
illumination were further tested and displayed in Fig. 5g, in which the 
photocurrent density was normalized to better compare the decay trend 
of all QDs-photoelectrodes. In general, the possible decay mechanism of 
the reduced photostability of QDs-based photoanodes can be summa-
rized as: (i) the UV light from solar spectrum could induced holes in TiO2 
as non-radiative recombination centers for photo-oxidation of the QDs, 
(ii) the degradation of QDs under long-term light irradiation and (iii) the 
ruin of QDs in corrosive electrolyte (pH~13). 

After continuous light irradiation for 2 h, the photocurrent densities 
of AISe/ZnSe, Cu-AISe/ZnSe and Cu-AISe/ZnSe:Cu QDs-photoelectrodes 
retained ~45%, 58%, and 64% of their initial values, respectively. The 
improved stability can be mainly ascribed to the increased electron 
transfer and hole extraction in the core/shell QDs by synergistic Cu 
incorporation, which result in the retarded charge recombination and 
reduced self-oxidation inside the QDs, thereby improving the stability of 
corresponding QDs-based PEC devices,[53] which were consistent with 
the charge dynamics analysis in Fig. 4. The obtained device stability and 
long-term photocurrent density (2-hour illumination) of eco-friendly 
Cu-AISe/ZnSe:Cu QDs-PEC cell in this work ranked ahead among most 
of the best reported environment-friendly QDs-PEC systems, as sum-
marized in Fig. 5h and Table S4 [56–58]. Furthermore, the optimized 
PEC performance of as-fabricated QDs-photoanode is even higher than 
most of the commonly used semiconductor photoanodes (Table S5), 
indicating that our Cu-AISe/ZnSe:Cu/TiO2 photoelectrodes are 
competitive and promising among various PEC devices. 

As depicted in Fig. 5i, the actual H2 yield based on our QDs-PEC cells 
was also detected and quantified by using a gas chromatography (GC) 
system, showing H2 generation rates of ~40.4, 61.4 and 
88.1 µmol⋅cm− 2⋅h− 1 and calculated Faradaic efficiencies (FEs) of 46.2%, 
54.1% and 62.4% for AISe/ZnSe, Cu-AISe/ZnSe and Cu-AISe/ZnSe:Cu 

QDs-based devices, respectively. The results imply the great potential 
of as-developed environment-friendly Cu-AISe/ZnSe:Cu QDs for high- 
efficiency PEC hydrogen evolution. 

3. Conclusion and perspectives 

In conclusion, a novel kind of environment-friendly AISe/ZnSe core/ 
shell QDs with Cu incorporation both in the core and shell region were 
prepared and utilized as effective light absorbers to achieve high- 
efficiency solar-driven PEC H2 production. Both experimental and 
theoretical investigations unraveled that the Cu incorporation could 
simultaneously tailor the band structure and carrier kinetics of AISe/ 
ZnSe core/shell QDs for suppressed charge recombination and enhanced 
carrier extraction efficiency. On the one hand, the Cu incorporation in 
AISe core resulted in upward conduction band edge position relative to 
ZnSe shell, thereby inducing the electron delocalization into the shell 
region and extending the exciton lifetime. On the other hand, Cu 
incorporation ZnSe shell enabled the introduction of impurity states to 
capture photogenerated holes from core QDs for retarded charge 
recombination. As a result, under one sun illumination (AM 1.5 G, 
100 mW cm− 2), the fabricated Cu-AISe/ZnSe:Cu QDs-based PEC device 
delivered a maximum photocurrent density of 9.1 mA cm− 2. These re-
sults indicate that synchronous elemental incorporation in eco-friendly 
core/shell QDs is a promising strategy towards cost-effective, environ-
ment-benign, and high-performance solar energy conversion devices. 
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