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A B S T R A C T   

Environment-friendly colloidal core/shell quantum dots (QDs) with controllable optoelectronic characteristics 
are promising building blocks for future commercial solar technologies. Herein, we synergistically tailor the 
electronic band structure and charge carrier extraction of eco-friendly AgInS2 (AIS)/ZnS core/shell QDs via Mn- 
alloying and Cu-doping in the core and shell, respectively. It is demonstrated that the Mn-alloying in AIS core can 
broaden the band gap to facilitate delocalization of photogenerated electrons into the shell and further incor-
poration of Cu in the ZnS shell enables the creation of Cu-related states that capture the photogenerated holes 
from core, thus leading to charge carrier recombination and accelerated transfer of photogenerated electrons in 
the core/shell QDs. As-prepared Mn-AIS/ZnS@Cu QDs were assembled as light harvesters in a photo-
electrochemical (PEC) device for light-driven hydrogen evolution, delivering a maximum photocurrent density 
of ~ 6.4 mA cm− 2 with superior device stability under standard one sun irradiation (AM 1.5G, 100 mW cm− 2). 
Our findings highlight that simultaneously engineering the band alignment and charge carrier dynamics of 
“green” core/shell QDs endow the feasibility to design future high-efficiency and durable solar hydrogen pro-
duction systems.   

1. Introduction 

Nowadays, the global energy needs are still mainly fulfilled by the 
consumption of fossil fuels including coal, crude oil, and natural gas etc., 
which are the sources of greenhouse effect and environmental pollution. 
[1] Hence, developing sustainable and renewable energy sources is 
supposed to be one of the most promising approaches to relieve the 
growing worldwide energy demand and address various environmental 
issues.[2] Particularly, solar energy has demonstrated earth-abundant, 
safe, renewable and clean merits and is considered as an attractive 
sustainable energy source to be exploited.[3] Towards this effort, solar- 
driven photoelectrochemical (PEC) cells have been developed to utilize 
solar energy to produce hydrogen, which exhibits no carbon emissions 
and can act as future energy carrier alternative to conventional fossil 

fuels.[4–6]. 
Generally, an attractive PEC hydrogen production system requires 

the use of cheap, environmentally friendly and sustainable materials to 
achieve a low-cost manufacturing process and high-efficiency solar-to- 
hydrogen conversion.[7–9] Wide-band gap semiconductor metal oxides 
(e.g. ZnO, TiO2, NiO etc.) are widely used as light-absorbing materials to 
construct the working electrodes (photoanodes or photocathodes) of 
PEC cells mainly due to their cost-effectiveness, high stability and 
appropriate band alignment for water splitting.[10–14] However, the 
wide-band gap of conventional photoelectrodes limits their light 
absorbance to ultraviolet (UV) range that merely accounts for ~ 4% of 
solar spectrum.[15] In order to improve the solar energy conversion 
efficiency of PEC cells, narrow-bandgap semiconductors possessing 
broad light harvesting and effective charge carrier separation/transfer 
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abilities are desirable photosensitizers to modify the wide-band gap 
working electrodes for enhanced device performance.[16]. 

Colloidal quantum dots (QDs) have received widespread attention as 
light-sensitive building blocks in solar-driven PEC systems because of 
their size/composition-tunable optical properties.[17] However, state- 
of-the-art high performance QDs-PEC cells are still mainly based on 
the highly toxic IV-VI and II-VI group Pb/Cd- chalcogenide QDs, which 
are very harmful to the human health and environment.[18–23] 
Recently, I-III-VI group QDs (e.g. CuInS/Se and AgInSe/S etc.) are 
regarded as favorable substitutes of Pb and Cd-based QDs due to their 
environmental friendliness and excellent optical properties including 
wide photoluminescence tunability, broadband light absorption, large 
Stokes shift, and high luminescence efficiency, which have been widely 
applied in various optoelectronic devices including light-emitting diodes 
(LEDs), solar cells, luminescent solar concentrators (LSCs) and PEC cells. 
[24–37]. 

Among various eco-friendly I-III-VI QDs, AgInS2 (AIS) QDs exhibiting 
narrow band gap (bulk value ~ 1.9 eV) with broad absorbance from UV 
to near-infrared (NIR) region are potential candidates for achieving 
high-efficiency solar energy conversion. However, bare AIS QDs usually 
suffer from abundant surface defects and high environment-related 
sensitivity (such as humidity and light), which can hamper their opti-
cal properties and chemical stability.[38] These undesirable issues can 
be addressed by growing an inorganic protecting shell material 
(commonly using ZnS) on the AIS core QDs to construct a core–shell 
structure,[39–40] in which the ZnS shell enables the effective passiv-
ation of the core and enhances the optical properties as well as the 
chemical stability of AIS QDs.[41] Such eco-friendly AIS/ZnS core/shell 
QDs can act as efficient light absorbers/emitters and have demonstrated 
variable potential optoelectronic and biological applications including 
LEDs, solar cells, and bioimaging etc.[42–44] However, owing to the 
type-I electronic band structure of AIS/ZnS core/shell QDs, both the 
electrons and holes are readily confined in the core QDs, which hinder 
the photo-excited charge separation/transfer and carrier extraction from 
core to shell region, consequently leading to the limited charge injection 
from QDs into semiconductor metal oxides, resulting in low-efficiency 
solar energy conversion devices (e.g. light-driven QDs-PEC cells). 

Tuning the band structure of core QDs with optically active transi-
tion metals may optimize the charge separation and transfer kinetics in 
such core/shell QDs.[45–47] For example, our previous studies of 
similar I-III-VI group CuInS2/ZnS core/shell structured QDs have shown 
that Mn-alloying in the CuInS2 core facilitates the electron delocaliza-
tion in the ZnS shell, thereby effectively prolonging the exciton lifetime 
of QDs for promoted charge carriers separation and transfer in the QDs- 
based solar energy conversion applications.[48] In addition, doping the 
shell with metal cations can create impurity states to trap light-excited 
holes from the core and improve the efficiency of light-excited elec-
tron transfer, by inhibiting the electron-hole recombination processes in 
the core/shell QDs.[49] For instance, Hong et al. have reported that the 
carrier recombination rate of InP/ZnS core/shell QDs can be effectively 
reduced with Cu shell doping owing to decreased electron-hole overlap 
through hole capturing via the Cu impurity sites in ZnS shell, which is an 
effective strategy towards environment-friendly QDs-based solar tech-
nologies.[50] Therefore, we can infer that simultaneously modifying the 
eco-friendly AIS/ZnS core/shell QDs is able to tailor both the electronic 
band structure and charge carriers’ kinetics for achieving high perfor-
mance QDs-solar energy conversion devices. To the best of our knowl-
edge, there is no literature reporting the synergistic modification of core 
and shell materials in eco-friendly AIS/ZnS QDs and the application in 
solar-driven PEC hydrogen generation is still lacking. 

In this work, we developed a new type of eco-friendly Mn-AIS/ 
ZnS@Cu core/shell QDs via synergistically engineering the band struc-
ture and charge carrier extraction of eco-friendly AIS/ZnS core/shell 
QDs by using Mn core alloying and Cu shell doping. The Mn alloying of 
AIS core QDs results in enlarged band gap and delocalized electrons to 
the ZnS shell, as evidenced by the blue-shifted emission/absorption 

spectra and extended photoluminescence (PL) lifetime of QDs. After Cu- 
doping in the ZnS shell, the holes in the core were effectively captured 
by Cu+ states in the shell, thus leading to the inhibited charge recom-
bination of holes and electrons in the core/shell QDs. We found that such 
simultaneous modification of the core and shell of AIS/ZnS QDs can not 
only tune the optical properties of QDs, but also improve the charge 
dynamics of corresponding QDs-PEC cells for largely enhanced device 
performance and stability. Our results reveal that simultaneously 
tailoring the band structure and charger extraction processes in “green” 
core/shell QDs can lead to eco-friendly, highly efficient and robust solar 
energy conversion devices. 

2. Experimental section 

2.1. Materials 

Silver nitrate (AgNO3) (≥99.99%), manganese acetate (Mn(Ac)2), 
copper(II) chloride (CuCl2), indium(III) acetate (In(Ac)3) (≥99.99%), 
sulfur (S) (≥99.99%), 1-dodecanethiol (DDT), oleic acid (OA), ethanol, 
toluene, methanol, hexadecyl trimethyl ammonium bromide (CTAB, 
90%), 1-octadecene (ODE), sodium stearate Na(C18H35O2), sodium 
sulfide nonahydrate, (Na2S⋅9H2O), zinc acetate dihydrate (Zn 
(Ac)2⋅2H2O), sodium sulfite (Na2SO3) and oleylamine (OLA) were pur-
chased from Sigma-Aldrich. ZrO2 (99.99%) was purchased from 
Aladdin. Titania paste (18 NR-AO) was purchased from Dyesol 
(Queanbeyan, Australia). Ti-Nanoxide BL/SC was obtained from Solar-
onix. All chemicals were used without further purification. 

2.2. Preparation of Cu precursors 

8 mmol of sodium stearate was mixed with 44.8 mL of methanol and 
heated to ~ 60–65 ◦C in N2 atmosphere until it turns to be clear.[51] 
Under vigorous stirring, 4 mmol of copper chloride in 16.8 mL of 
methanol solution was injected dropwise to sodium stearate solution to 
produce copper stearate. Such precipitated copper (II) stearate was 
slowly flocculated and maintained at 60 ◦C for 4 h, washing with 
methanol and dried at 60 ◦C for 4 h in vacuum. 

2.3. Synthesis of AIS/ZnS and Mn-AIS/ZnS core/shell QDs 

Mn-alloyed AIS/ZnS core/shell QDs were prepared by a reported 
wet-chemical method with modifications.[52] Typically, 0.1 mmol Mn 
(Ac)2, 0.05 mmol AgNO3, 0.05 mmol In(Ac)3, 0.2 mL of OA, and 5 mL of 
ODE were loaded into a three-neck flask and degassed at room tem-
perature. The temperature was raised to at 120 ℃ and 0.2 mL of DDT 
was then quickly injected into the reaction mixture. Afterwards, S (0.3 
mmol) dissolved in OLA (1.0 mL) was injected at the same temperature 
to induce the growth of Mn-AIS QDs, which was maintained for 20 min. 
Subsequently, 1 mL of 0.2 M Zn(Ac)2⋅2H2O dissolved in ODE/OA (with 
ODE/OA ratio of 4/1) was injected into the reaction solution and the 
temperature was raised to 180 ◦C for 30 min to grow the shell. The as- 
synthesized Mn-alloyed AIS/ZnS core/shell QDs with above- 
mentioned Mn/Ag molar feed ratio of 2 are named as 2-Mn-AIS/ZnS 
QDs. In parallel, to explore the properties of QDs with different added 
Mn contents, we also synthesized other QDs with different Mn contents 
(Mn/Ag molar feed ratio = 0, 0.5, 1, 3), which are named as Mn:AIS/ZnS 
QDs (including AIS/ZnS, 0.5-Mn-AIS/ZnS, 1-Mn-AIS/ZnS and 3-Mn- 
AIS/ZnS). 

2.4. Synthesis of Mn-AIS/ZnS@Cu and AIS/ZnS@Cu core/shell QDs 

For Cu shell doping in MnAIS/ZnS core/shell QDs, 0.1 M copper 
stearate (Cu/In-Ag weight feed ratio: 0, 0.5, 0.75) in ODE was added to 
the optimized 2-Mn-AIS/ZnS core/shell QDs reaction solution at 180 ◦C 
and maintained for 1 h, as-prepared QDs are named as Mn:AIS/ZnS:Cu 
(including 2-Mn-AIS/ZnS, 2-Mn-AIS/ZnS@0.5Cu and 2-Mn-AIS/ 

L. Xia et al.                                                                                                                                                                                                                                      

http://copper
http://chloride


Chemical Engineering Journal 442 (2022) 136214

3

ZnS@0.75Cu) QDs. The AIS/ZnS@Cu QDs were prepared using identical 
method of 2-Mn-AIS/ZnS@0.5Cu sample but without the introduction of 
the Mn(Ac)2 precursor. 

2.5. Preparation of QDs-sensitized PEC device 

TiO2 films were first prepared by a tape-casting technique and the 
thickness of the film can be controlled by varying the tape thickness. 
Electrophoretic deposition (EPD) technique was then employed to de-
posit the synthesized QDs into the TiO2 mesoporous film.[48] In a 
typical process, two pieces of as-prepared TiO2/FTO electrodes were 
vertically soaked in the QDs solution with a 1 cm distance. A direct 
current bias of 200 V was applied for 120 min and the deposited QDs- 
TiO2 photoanodes were subsequently washed with toluene and dried in 
N2 flow. The photoanodes were then coated with 5 ZnS passivation 
layers by using successive ionic layer adsorption and reaction (SILAR) 
method and treated with CTAB for ligand exchange.[37] The QDs- 
photoanodes after SILAR treatment were placed in the tubular furnace 
with pumping for 30 min, annealed at 120 ◦C for 30 min and cooled to 
room temperature for further measurement. The fabrication process was 
completed by covering the surface of photoanodes with insulating 
epoxy, leaving a circular region (~0.10 cm2) as the active area. 

2.6. Characterization 

Field emission SEM (ZEISS Gemini SEM 300) and TEM (FEI TECNAI 
G2 F20 TEM) are employed to study the morphology and structure of 
samples. The crystal structure and components of samples were char-
acterized by XPS (ESCALAB 250Xi analyzer) and XRD (Bruker D8 
advanced diffractometer, Cu Kα radiation). UV–vis-NIR spectropho-
tometer (Varian Cary 5000) is used to test the absorption spectrum of 
samples. A spectrophotometer (FLS 920 fluorescence spectrometer) was 
used to measure the steady-state PL spectra (410 nm excitation) and 
time-resolved PL lifetime (450 nm excitation) of QDs and QDs-sensitized 
photoelectrodes. Escalab 250xi spectrometer with He I source (21.21 
eV) is used for UPS measurements of samples. The yield of hydrogen in 
the QDs-PEC system is detected by a gas chromatography system (Shi-
madzu GC-2014). 

2.7. PEC measurements of QDs-based devices 

An electrochemical workstation (PARSTAT 3000A-DX) coupled with 
a AAA solar simulator (SAN-EI, XES-50S1) were used to assess the per-
formance of the QDs-based PEC devices. LSV and J-t curves were scan-
ned (scanning rate of 0.02 V/s) in the traditional three-electrode PEC 
system with electrolyte of 0.25 M Na2S and 0.35 M Na2SO3, in which 
QDs/TiO2 FTO photoanode was used as working electrode, Pt foil was 
used as counter electrode and Ag/AgCl was used as reference electrode. 

To estimate the IPCE values, monochromatic optical filters (Edmund 
Optics) with different wavelengths (380 nm, 420 nm, 460 nm, 510 nm, 
550 nm, 600 nm, 660 nm, 700 nm, 760 nm, 840 nm and 930 nm) were 
placed in front of the solar simulator to measure the J-V curves of the 
QD-PEC device with scanning voltages from − 0.5 to 1.0 V vs. RHE. For 
each optical filter, the incident radiation intensity at the position of 
sample was measured by Newport power-meter. The IPCE values were 
calculated by the formula: 

IPCE =
1240 × J
λ × Ilight

× 100 (1)  

Where J represents the measured saturated photocurrent density at 
wavelength of λ (nm, incident monochromatic light) and Ilight refers to 
the incident light power density. 

Faradaic Efficiency was calculated by the equation: 

FE =
V(experimental gas)

V(theoretical gas)
(2)  

Where V(experimental gas) and V(theoretical gas) refer to the experimental and 
theoretical estimated volumes of H2 gas, respectively. V(theoretical gas) is 
calculated through J-t curves analysis for AIS/ZnS and Mn-AIS/ZnS@Cu 
core/shell QDs-based PEC cells (Figure S17). 

Transient PL lifetime calculation and fitting: The average lifetimes 
(τav) of QD samples were fitted and calculated from the equation: 

τav =
a1τ2

1 + a2τ2
2 + a3τ2

3

a1τ1 + a2τ2 + a3τ3
(3)  

Where a1, a2, and a3 are the fitting coefficients and τ1, τ2, and τ3 are the 
characteristic lifetimes, respectively. 

3. Results and discussion 

3.1. Synthesis and structural characterization of Mn-AIS/ZnS@Cu QDs 

A facile heat-up method was used to synthesize the AIS/ZnS, Mn- 
AIS/ZnS and Mn-AIS/ZnS@Cu core/shell QDs, as illustrated by the 
schematic diagram in Fig. 1a. Typically, the growth processes for such 
core/shell QDs are comprised of three steps: (i) preparation of AIS and 
Mn-AIS core QDs; (ii) coating of ZnS shell on core QDs and (iii) incor-
poration of Cu dopant in the ZnS shell. Particularly, AIS/ZnS and Mn- 
AIS/ZnS core/shell QDs were synthesized as reference samples for 
comparison. Fig. 1b-d show the transmission electron microscope (TEM) 
images with inset size distribution for AIS/ZnS, Mn-AIS/ZnS, Mn-AIS/ 
ZnS@Cu core/shell QDs, displaying near-spherical shapes with average 
particle sizes of ~(4.9 ± 0.3), (4.9 ± 0.6) and (4.9 ± 0.4) nm, respec-
tively. It is revealed that the Mn-alloying and subsequent Cu doping 
have no significant influence on the particle sizes of AIS/ZnS core/shell 
QDs. 

As exhibited in Figure S1a, the high-resolution TEM (HR-TEM) 
image for AIS/ZnS QDs depicts well-resolved lattice fringe spacing of a 
typical AIS/ZnS core/shell structure, which is almost indexed to the 
(111) plane of zinc blende (ZB) ZnS and indicates the formation of 
relatively thick ZnS shell on AIS core QDs. In parallel, the lattice spac-
ings in HR-TEM images of both Mn-AIS/ZnS (Figure S1b) and Mn-AIS/ 
ZnS@Cu QDs (Fig. 1e) are also nearly indexed to the (111) plane of ZB 
ZnS, which is the main crystalline phase in all the core/shell QDs owing 
to the growth of thick ZnS shell. However, the core/shell boundary 
cannot be clearly distinguished from the HRTEM images due to small 
sized QDs. X-ray diffraction (XRD) patterns were further measured to 
investigate the crystalline structures of QDs, as shown in Fig. 1f and 
Figure S2. The XRD pattern for AIS/ZnS QDs in Fig. 1f exhibits three 
distinct diffraction peaks close to the characteristic planes of ZnS (JCPDS 
# 05–0556). After Mn-alloying of AIS core QDs, the XRD patterns of the 
corresponding Mn-AIS/ZnS core/shell QDs still show diffraction peaks 
similar to AIS/ZnS QDs, which is consistent with the HR-TEM analysis. 
To demonstrate the successful Mn-alloying in AIS core QDs, we 
measured the XRD patterns of AIS and Mn-AIS core QDs, as exhibited in 
Figure S2. As compared to the XRD profile of AIS core QDs, three 
distinctive diffraction peaks of Mn-AIS core QDs are located between 
AgInS2 (JCPDS # 01–075-0117) and MnS (JCPDS # 40–1288), con-
firming the successful alloying of Mn in AIS QDs. In contrast, the XRD 
pattern of Mn-AIS/ZnS@Cu QDs exhibited inconspicuous variation 
compared to that of the Mn-AIS/ZnS QDs, which is attributed to the low 
concentration of introduced Cu dopants in the ZnS shell. 

We then conducted high-resolution X-ray photoelectron spectros-
copy (HR-XPS) measurements to detect the chemical compositions of 
Mn-AIS/ZnS@Cu QDs. Fig. 1g and Figure S3 exhibit the characteristic 
peaks in HR-XPS spectra, which demonstrate the presence of Mn, Ag, In, 
S, Zn and Cu in as-prepared Mn-AIS/ZnS@Cu QDs. To quantify the 
content of each element, we further carried out the inductively coupled 
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plasma-optical emission spectrometry (ICP-OES) tests (Table S1), 
wherein the molar percentages of Mn, Ag, In, S, Zn and Cu were 
calculated to be ~ 6.7%, 8.9%, 14.3%, 43.2%, 25.3% and 1.6%, 
respectively. The results of the elemental analysis reported above indi-
cate the successful realization of Mn core alloying and Cu shell doping in 
AIS/ZnS core/shell QDs. 

3.2. Optical properties of Mn-AIS/ZnS@Cu QDs 

Ultraviolet–visible (UV–vis) absorption spectra of AIS/ZnS, Mn-AIS/ 
ZnS, Mn-AIS/ZnS@Cu QDs in solution are exhibited in Fig. 2a. 
Following Mn incorporation, as compared to AIS/ZnS QDs, the Mn-AIS/ 
ZnS QDs showed blue-shifted absorption due to the alloying effect of 
wide band gap MnS (bulk, ~3.1 eV) in host material of narrow band gap 
AIS (bulk, ~1.9 eV [53]), thus broadening the band gap of consequent 
Mn-AIS-based core/shell QDs. This conclusion is also demonstrated by 
the blue-shifted absorption spectra of Mn-AIS core QDs with respect to 
the AIS core QDs (Figure S4). However, with subsequent Cu-doping in 
the ZnS shell, as-prepared Mn-AIS/ZnS@Cu QDs presented very slight 
red-shifted absorption (inset in Fig. 2a), which is ascribed to the rela-
tively narrower band gap of Cu-doped ZnS shell materials than that of 
the pristine ZnS.[54] We further measured the absorption spectra of QDs 
with different Mn and Cu concentrations, as depicted in Figure S5. It is 
also revealed that increasing Mn contents in Mn-AIS/ZnS QDs can result 
in successive blue-shifted absorption, while further increasing Cu 

dopants in ZnS shell can lead to mild red-shifted absorption of Mn-AIS/ 
ZnS@Cu QDs. As exhibited in Fig. 2b, by using Tauc plot method, the 
optical band gaps for AIS/ZnS, Mn-AIS/ZnS and Mn-AIS/ZnS@Cu QDs 
are roughly estimated to be ~ 2.11, ~2.45, and ~ 2.35 eV, respectively. 
The obtained values are in accordance with the band gap variation 
trends of QDs caused by Mn core alloying and Cu shell doping. 

PL spectra of QDs in solution were measured and displayed in Fig. 2c. 
As compared to the pristine AIS/ZnS QDs with an emission peak at ~ 
710 nm, the Mn-AIS/ZnS QDs exhibited a blue-shifted emission peak at 
~ 684 nm. This is ascribed to the enlarged band gap of Mn-alloyed AIS 
core QDs that emit at shorter wavelength, which is in accordance with 
the blue-shifted absorption spectra of AIS/ZnS QDs after Mn alloying. In 
addition, the emission peak position of Mn-AIS/ZnS QDs is tunable by 
varying the alloyed Mn contents in the Mn-AIS core QDs, as shown in 
Figure S6a. In comparison to Mn-AIS/ZnS QDs, incorporation of Cu in 
the ZnS shell (sample Mn-AIS/ZnS@Cu) results in a slight red-shift of PL 
emission peak from ~ 684 to ~ 692 nm. This is owing to the formation 
of the Cu+ states in the ZnS shell, which efficiently capture the photo- 
excited holes from the core QDs, followed by radiative recombination 
with the electrons in the core QD’s conduction band, thereby causing the 
red shift of PL peak.[55] Moreover, with increasing concentration of Cu 
dopants, the emission peak can gradually red-shift to longer wave-
lengths, as shown in Figure S6b. 

Time-resolved PL spectra of QDs in solution were acquired and the 
normalized PL intensity decay is reported in Fig. 2d-f. We fitted the PL 

Fig. 1. (a) Schematic illustration of synthesizing Mn-AIS/ZnS@Cu QDs. TEM images and size distribution (inset photographs) of (b) AIS/ZnS, (c) Mn-AIS/ZnS and (d) 
Mn-AIS/ZnS@Cu QDs. (e) HR-TEM image of Mn-AIS/ZnS@Cu QDs. (f) XRD patterns of AIS/ZnS, Mn-AIS/ZnS and Mn-AIS/ZnS@Cu QDs. (g) HR-XPS spectra of Mn 
2p and Cu 2p core levels in Mn-AIS/ZnS@Cu QDs. 
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decay curves by a tri-exponential function and the average PL lifetimes 
of all QDs were calculated and tabulated in Table S2. Fig. 2d depicts an 
average PL lifetime of ~ 280 ns for AIS/ZnS QDs, while the Mn-AIS/ZnS 
QDs exhibited a largely prolonged average lifetime of ~ 560 ns (Fig. 2e) 
due to the leakage of electrons from core into the shell, which is caused 
by the Mn-alloying that enlarge the band gap of AIS core for decreased 
conduction band offset of Mn-AIS core with ZnS shell. The PL lifetimes of 
Mn-AIS/ZnS core/shell QDs are prone to extend with increasing Mn 
concentration, while an excessive amount of Mn alloying can result in 
the decreased PL lifetime (Figure S7), which is attributed to the 
emerging non-radiative recombination channels induced by the 
enhanced Mn–Mn coupling interactions.[56–57] After Cu-doping in the 
ZnS shell, the average PL lifetime of the Mn-AIS/ZnS@Cu QDs further 
prolonged to be ~ 620 ns (Fig. 2f), which is due to the effective spatial 
separation of electrons and holes in this core/shell structure, as a result 
of the hole capturing via Cu+ states in the shell. Such hole capturing 
effect can also be verified by the prolonged average lifetime of Cu-doped 
AIS/ZnS QDs (~301 ns, Figure S8) with respect to the undoped AIS/ZnS 
QDs (~280 ns). However, a higher Cu dopants concentration can 
consequently give rise to the formation of hole scattering centers for 
decreased PL lifetime,[51] as illustrated in Figure S9. To summarize, the 
synergetic Mn and Cu modifications on AIS/ZnS core/shell QDs both 
optimize the optical properties of the composite structure and promote 
the corresponding charge carrier’s transfer/separation, which is bene-
ficial for the QDs-based solar energy conversion applications. 

To assess the feasibility of as-obtained Mn-AIS/ZnS@Cu QDs in 
sensitizing photoelectrode (e.g. TiO2), the band edge positions of this 
type of QDs were further determined via UV photoelectron spectroscopy 
(UPS, He I, 21.21 eV), as shown in Figure S10 and Fig. 2g-h. The high 

binding energy cut-off of Mn-AIS/ZnS@Cu QDs is measured to be 15.84 
eV and the relevant Fermi level (Ef) is deduced as − 5.37 eV in vacuum 
(Evac). In parallel, the low binding energy cut-off (Elc) of Mn-AIS/ 
ZnS@Cu QDs is evaluated to be 0.85 eV. Using the obtained Ef and Elc 
values, the position of valence band (VB) maximum (Ev) can be esti-
mated as − 6.22 eV relative to Evac. Combining the band gap values of 
QDs from Tauc plots in Fig. 2b and Ev, the position of the conduction 
band (CB) minimum (Ec) vs Evac can be calculated to be − 3.87 eV. Ac-
cording to the band edge positions of TiO2,[58] a type II band alignment 
is formed by assembling the Mn-AIS/ZnS@Cu QDs with TiO2, which is 
conducive to the charge separation and transfer from QDs to TiO2, as 
illustrated by the schematic diagram in Fig. 2i. 

3.3. Morphology and charge dynamics of QDs-based photoanodes 

A brief scheme for the fabrication processes of a QDs-sensitized 
photoanode is shown in Fig. 3a. Fig. 3b exhibits the cross-sectional 
scanning electron microscope (SEM) image of as-fabricated Mn-AIS/ 
ZnS@Cu QDs/TiO2 photoanode, in which the thickness of QDs- 
sensitized TiO2 film was estimated to be ~ 16.2 μm. Fig. 3c-k show 
the EDS spectrum and elemental mapping of the Mn-AIS/ZnS@Cu QDs/ 
TiO2 photoanode, which confirm the existence of all compositions (Mn, 
Ag, In, S, Zn, Cu, Ti and O) and demonstrate the uniform distribution of 
Mn-AIS/ZnS@Cu QDs in the entire TiO2 mesoporous film. 

Accordingly, we proposed the insight effects of synergetic Mn and Cu 
modifications on the charge carrier dynamics in this core/shell QDs- 
TiO2 heterostructure, as expressed in Fig. 3l. On one hand, although the 
AIS/ZnS core/shell QDs possess a type I electronic band structure, the 
Mn alloying can enlarge the band gap of AIS core and decrease the band 

Fig. 2. (a) UV–vis absorption spectra of AIS/ZnS, Mn-AIS/ZnS and Mn-AIS/ZnS@Cu QDs. (b) Tauc plot curves for calculating Eg of QDs via extrapolation derived 
from a). (c) PL spectra and (d-f) Transient PL decay curves of AIS/ZnS, Mn-AIS/ZnS and Mn-AIS/ZnS@Cu QDs. High-resolution UPS spectra of Mn-AIS/ZnS@Cu QDs 
for (g) high and h) low binding energy cut-off. (i) Schematic band alignment of the Mn-AIS/ZnS@Cu QDs-decorated photoelectrode. 
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offset of the CB between Mn-AIS core and ZnS shell, thus facilitating the 
photo-induced electron transfer from core to shell region in QDs and 
improving the electron extraction efficiency from QDs to TiO2. On the 
other hand, further doping of Cu into the ZnS shell can generate Cu+

impurity states that effectively capture the photo-excited holes of core 
QDs, thereby accelerating the transfer rate of the holes to sacrificial 
agent in electrolyte and reducing the overall charge recombination in 
QDs. 

To support this conclusion, the relevant charge carrier dynamics of 
QDs-TiO2 heterostructures were further studied by using time-resolved 
PL spectra.[59–61] Using a typical benchmark system, we measured 
the PL lifetime of QDs/TiO2 and QDs/ZrO2 (with and without electro-
lyte) heterostructures, wherein we assumed no charge transfer occurring 
from QDs to ZrO2 due to the extremely wide band gap (~6 eV) of ZrO2 
insulator. As-obtained PL lifetimes of TiO2 and ZrO2 deposited with 
different types of QDs were systematically compared to uncover the 
charge transfer kinetics (Fig. 4 and Figure S11). For all types of QDs, the 
PL lifetimes of QDs/TiO2 decay much faster than that of the QDs/ZrO2 
heterostructures (Table S3), confirming the efficient charge transfer 

from QDs to TiO2. Based on the average PL lifetime values of QDs/TiO2 
(τQDs/TiO2) and QDs/ZrO2 (τQDs/ZrO2) heterostructures, we calculated the 
electron transfer rate (Ket) using the following equation [8]: 

Ket =
1

τQDs/TiO2

−
1

τQDs/ZrO2

(5) 

According to calculation results in Table S3, the electron transfer rate 
of Mn-AIS/ZnS QDs-based photoelectrode (4.32 × 107 s− 1) is much 
higher than that of the unalloyed AIS/ZnS QDs (0.68 × 107 s− 1), 
demonstrating that the Mn-alloying in AIS/ZnS core/shell QDs can 
enhance the electron transfer from QDs to TiO2 by band structure en-
gineering. After Cu-doping, the electron transfer rate of Mn-AIS/ 
ZnS@Cu QD-device (5.53 × 107 s− 1) is further improved to be higher 
than that of the Mn-AIS/ZnS QDs (4.32 × 107 s− 1), which indicates that 
introducing Cu+ states in the ZnS shell enables the capture of the photo- 
excited holes from the core for boosted hole transfer rate and can inhibit 
charge recombination to further promote electron transfer from QDs to 
TiO2. 

The effect of Cu doping on the hole transfer rate was studied and 

Fig. 3. (a) Scheme for fabrication processes of QDs-sensitized TiO2 photoelectrode. (b) Cross-sectional SEM image, (c) EDS spectra and (d–k) corresponding EDS 
mapping (O, Ti, Mn, Ag, In, S, Zn and Cu) of Mn-AIS/ZnS@Cu core/shell QDs-sensitized TiO2 photoelectrode. (l) The proposed insight charge dynamics mechanism of 
synergetic Mn and Cu modifications in Mn-AIS/ZnS@Cu QDs/TiO2 heterostructure. 
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verified via measuring the average lifetime of three kinds of QDs-ZrO2 in 
the presence of electrolyte. The hole transfer rate was calculated based 
on the average lifetimes of QDs/ZrO2 with and without electrolyte using 
the following equation: 

Kht =
1

τQDs/ZrO2(electrolyte)
−

1
τQDs/ZrO2

(6) 

As shown in Table S3, the calculated hole transfer rates (Kht) of Mn- 
AIS/ZnS@Cu QDs-based photoanode (0.71 × 107 s− 1) and AIS/ZnS@Cu 
QDs (0.46 × 107 s− 1) are both higher than that of the undoped Mn-AIS/ 
ZnS QDs (0.27 × 107 s− 1) and AIS/ZnS QDs (0.18 × 107 s− 1), respec-
tively, thus confirming the positive effect of Cu-doping for boosted hole 
transfer in the QDs. 

3.4. Performance of solar-driven QDs-based PEC cells 

As-prepared QDs-TiO2 photoanodes were subsequently applied as 
working electrodes in a typical three-electrode PEC cell for solar-driven 
hydrogen evolution, and the corresponding working principle of our 
QD-PEC cells is elaborated in Fig. 5a. After absorbing the incident light, 
the electrons (e− ) in the VB of QDs are excited to CB and leave behind 
the holes (h+). Due to the formed type II band alignment of QDs and 
TiO2, the photo-excited electrons can be effectively transferred to TiO2, 
conductive substrate and then migrate to the counter Pt electrode for 
water reduction (i.e. H2 production). Meanwhile, the photo-excited 
holes can move to the QD’s surface to induce oxidation processes by 
reacting with the sacrificial agent in the electrolyte. 

To evaluate the performance of as-assembled QDs-PEC devices, 
linear sweep voltammetry (LSV) tests of different QDs-based photo-
anodes were conducted in the dark, under 1 sun light and chopped 
illumination (AM 1.5G, 100 mW cm− 2). As shown in Fig. 5b, the AIS/ 
ZnS QDs-TiO2 photoelectrode exhibited a saturated photocurrent 

density of ~ 1.3 mA/cm2, while the optimized Mn-AIS/ZnS QDs-TiO2 
photoelectrode delivered a significantly increased photocurrent density 
of ~ 4.8 mA cm− 2 (Fig. 5c). The improved photocurrent density can be 
assigned to the Mn-alloying effect that tailors the band structure of AIS/ 
ZnS core/shell QDs for enhanced photoexcited electrons transfer from 
QDs to TiO2. To investigate the effect of Mn alloying concentration on 
the PEC performance of QDs-photoelectrodes, LSV tests on a series of 
Mn-AIS/ZnS QDs-TiO2 photoelectrodes with variable Mn concentrations 
were conducted and shown in Figure S12 and Table S2. With gradual 
increase of Mn content, the Mn-AIS/ZnS QDs-TiO2 photoelectrodes 
exhibited improved photocurrent density due to the enhanced electron 
transfer, however, the excess amount of Mn can lead to decreased PEC 
performance (Figure S12) due to the reduced light absorption 
(Figure S5a) and emerging Mn-related non-radiative recombination in 
Mn-AIS core QDs, as evidenced by the largely reduced PL lifetime of Mn- 
AIS/ZnS QDs with the highest Mn contents (Figure S7). 

As compared to the optimized photocurrent density of Mn-AIS/ZnS 
QDs-TiO2 photoelectrode (~4.8 mA cm− 2), after further Cu shell 
doping, a higher saturated photocurrent density of ~ 6.4 mA cm− 2 was 
attained for the Mn-AIS/ZnS@Cu QDs-TiO2 photoanode (Fig. 5d). Such 
performance enhancement is attributed to both the accelerated electron 
transfer from QDs to TiO2 and the improved holes transfer from QDs to 
electrolyte, as a result of the hole capturing effect from Cu+ states in the 
shell. Nevertheless, over doping of Cu in the ZnS shell can lead to the 
decreased PEC performance of Mn-AIS/ZnS@Cu QDs-based PEC cell 
(Figure S13), which is due to the formation of new scattering centers 
and consistent with the decreased PL lifetime of the QDs with high Cu 
doping concentration.[49,53] Such hole capturing effect from Cu- 
doping can be further verified by comparing the PEC performance of 
AIS/ZnS@Cu and AIS/ZnS QDs-based photoelectrodes. As shown in 
Figure S14, the Cu-doped AIS/ZnS QDs-photoanode exhibited an 
enhanced photocurrent density of ~ 2.1 mA cm− 2 than that of the 

Fig. 4. Time-resolved PL decay curves of (a-c) AIS/ZnS, (d-f) Mn-AIS/ZnS and (g-i) Mn-AIS/ZnS@Cu QDs-coupled TiO2 and ZrO2 (with or without electrolyte).  
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undoped AIS/ZnS QDs (~1.3 mA/cm2), suggesting that doping Cu in the 
shell of AIS/ZnS QDs can indeed optimize the hole transfer for improved 
device performance. Moreover, without the use of sacrificial agents, the 
PEC performance of QDs-based photoelectrodes under neutral condi-
tions was measured and shown in Figure S15, depicting photocurrent 
densities of ~ 0.8, 2.2 and 3.3 mA/cm2 for AIS/ZnS, Mn-AIS/ZnS and 
Mn-AIS/ZnS@Cu QD samples, respectively. 

The Mott-Schottky plots and electrochemical impedance spectros-
copy (EIS) measurements were further conducted to analyze the charge 
dynamics processes in the QDs-PEC devices, as displayed in Figure S16. 
It can be observed that the Mott-Schottky plot of Mn-AIS/ZnS@Cu QDs- 
based device exhibits the lowest slope than that of the Mn-AIS/ZnS and 
AIS/ZnS QDs (Figure S16a), which indicates the highest donor density 
for improved conductivity and photoexcited electrons collection effi-
ciency in Mn-AIS/ZnS@Cu QDs-based PEC cell. Similarly, the measured 
electrochemical impedance spectroscopy (EIS) Nyquist plots of these 
QDs-based photoanodes in Figure S16b also show a smaller semicircle 
radius of the Mn-AIS/ZnS@Cu QDs-based photoanode sample than 
other QDs-photoanodes, demonstrating a lower charge transfer resis-
tance for the Mn-AIS/ZnS@Cu QDs-PEC device. 

Incident photon to current conversion efficiency (IPCE) spectra of 
QDs-photoanodes were measured and shown in Fig. 5e. It can be 
observed that the Mn-AIS/ZnS@Cu QDs-based device exhibited higher 
IPCE values (from 400 to 800 nm) than that of the other QDs-device 
samples, which is consistent with its highest PEC performance. More-
over, the stability of these QDs-photoelectrodes under 2-hour light 
illumination was studied and the measured J-t curves are displayed in 
Fig. 5f. To better compare the decay trend for all QDs-photoanodes, we 

examine the normalized photocurrent density. After 2-hour continuous 
light illumination, the Mn-AIS/ZnS@Cu/TiO2 photoelectrode demon-
strated improved stability (maintaining ~ 70% of initial photocurrent) 
than the Mn-AIS/ZnS/TiO2 (maintaining ~ 60% of initial photocurrent) 
and AIS/ZnS/TiO2 (maintaining ~ 30% of initial photocurrent) samples. 
The improved stability can be mainly ascribed to the increased electron 
transfer and hole extraction in the core/shell QDs by synergistic Mn- 
alloying and Cu-doping, which result in the retarded charge recombi-
nation and reduced self-oxidation inside the QDs, thereby improving the 
stability of corresponding QDs-based PEC devices. Moreover, the device 
stability and long-term photocurrent density (after 2 h illumination) of 
our Mn-AIS/ZnS@Cu QDs-based PEC cells are comparable to the best- 
reported eco-friendly QDs-based PEC systems, with specific higher de-
vice stability than most of the Ag-based “green” QDs, as summarized in 
Table S4. 

Gas chromatography (GC) system was further employed to detect 
and quantify the real H2 production rate of as-assembled QD-PEC cells. 
Fig. 5g quantitatively shows the H2 generation curves of AIS/ZnS QDs- 
TiO2 photoelectrode, wherein the theoretical estimation of H2 was ob-
tained from J-t curve (Figure S17) and the actual H2 generation rate was 
tested to be ~ 16.1 µmol cm− 2h− 1. Based on the theoretical and 
experimental amount of H2, the Faraday efficiency (FE) of AIS/ZnS QDs- 
based photoanode was calculated to be ~ 45.4%. In comparison, the 
amount of H2 evolution for Mn-AIS/ZnS@Cu QDs-based photoelectrode 
is depicted in Fig. 5h, showing a significantly boosted experimental H2 
productivity of 90.2 µmol cm− 2h− 1, which is about five folds higher than 
that of the AIS/ZnS QDs-device. The calculated FE for Mn-AIS/ZnS@Cu 
QDs-photoelectrode was ~ 75.5%, which is much higher than the FE of 

Fig. 5. (a) Scheme for solar light-driven QDs-based PEC H2 evolution. J–V curves for (b) AIS/ZnS, (c) Mn-AIS/ZnS and (d) Mn-AIS/ZnS@Cu QDs-sensitized pho-
toelectrodes in the dark, under light and chopped irradiation (AM 1.5G, 100 mW/cm2). (e) IPCE spectra of all QDs-based photoanodes. (f) Normalized photocurrent 
density as a function of time for the AIS/ZnS/TiO2, Mn-AIS/ZnS/TiO2 and Mn-AIS/ZnS@Cu/TiO2 photoelectrodes at 0.6 V vs. RHE. H2 evolution as a function of time 
for (g) AIS/ZnS and h) Mn-AIS/ZnS@Cu QDs-PEC cells. 
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AIS/ZnS QDs-device sample (~45.4%). Furthermore, the long-term 
hydrogen production performance up to 4 h for the Mn-AIS/ZnS@Cu 
QDs-based device was measured and shown in Figure S18. It was 
observed that the hydrogen production rate started to show decreasing 
trend after 3 h, while the average hydrogen production rate for 4 h 
illumination was still relatively high (~62.8 µmol cm− 2h− 1). These re-
sults demonstrate the great potential of Mn-AIS/ZnS@Cu QDs for highly 
efficient and stable PEC hydrogen evolution. 

4. Conclusion and perspectives 

In conclusion, we engineered the optoelectronic properties of envi-
ronmentally friendly AIS/ZnS core/shell QDs via using synergistic Mn 
core alloying and Cu shell doping strategies and fabricated the corre-
sponding “green” Mn-AIS/ZnS@Cu QDs-based PEC cells for light-driven 
H2 production. It is found that the Mn-alloying in AIS/ZnS core/shell 
QDs can increase core’s band gap and result in a smaller band offset 
between CB of Mn-AIS core and ZnS shell, thus promoting the electron 
“leakage” in the shell for prolonged PL lifetime and enhanced charge 
separation of QDs. Simultaneously, a further Cu-doping in the ZnS shell 
can introduce Cu+ states that efficiently capture the holes from Mn-AIS 
core QDs, thus leading to inhibited charge recombination in the QDs and 
optimized charge transfer dynamics of relevant QDs-based PEC devices. 
As a result, by controlling the contents of Mn alloying and Cu doping, the 
optimized Mn-AIS/ZnS@Cu QDs-PEC cell can reach a photocurrent 
density as high as 6.4 mA cm− 2 under one sun illumination (AM 1.5 G, 
100 mW cm− 2). In addition, such Mn-AIS/ZnS@Cu QDs-based PEC de-
vice showed excellent durability, maintaining ~ 70% of its initial 
photocurrent value after 2-hour continuous light irradiation. The results 
indicate that synergistically tailoring core and shell materials of eco- 
friendly core/shell QDs is very promising to realize heavy metal-free, 
highly efficient and long-term stable QDs-based solar energy conver-
sion devices. Future studies including step-wise band energy level for-
mation in the core/shell QDs (i.e. interfacial layer engineering) and 
structure modification of QD-semiconductors for enhanced charge 
transfer (e.g. using 0D/2D architecture) are alternative research di-
rections for further device performance optimizations. 
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