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ABSTRACT: Colloidal InP/ZnSe(S) core/shell quantum dots (QDs) have exhibited 15
exceptional optoelectronic performance in light-emitting applications, while their potential in
solar energy conversion technologies is constrained by low carrier extraction efficiency.
Although engineering the band structure or introducing localized states within the QD §
bandgap is effective to optimize charge extraction, the regulation of hot-electron dynamics g
within the bands has been largely neglected. In this work, we modulate the hot-electron =
dynamics in InP/ZnSeS QDs by incorporating Mn doping during the growth of the ZnSeS
shell. Theoretical and experimental investigations both demonstrate that the introduction of
Mn dopant enables efficient and directional transfer of hot electrons from InP core to ZnSeS ol . . ) .
shell before charge recombination, thus significantly improving the carrier extraction 93 00 03 06 09
efficiency. As a result, the InP/ZnSeS:Mn QDs are utilized to fabricate solar-driven Potential (V vs. RHE)
photoelectrochemical (PEC) devices, which deliver a maximum photocurrent density of 14.6

mA cm™? under standard 1 sun illumination, representing a state-of-the-art performance among various QDs-based PEC systems.

——InP/ZnSeS
—— InP/ZnSeS:Mn

C olloidal quantum dots (QDs) are considered as their potential in solar energy conversion applications,
promising building blocks in emerging optoelectronic particularly in solar-driven photoelectrochemical (PEC)
technologies owing to their unique quantum confinement devices, remains fundamentally limited by the intrinsic type-I
effect that results in size-dependent photonic characteristics."” band alignment,”'* which impedes efficient electron transport
Among these materials, [II-V InP QDs have recently garnered to the outer shell region and thereby constrains subsequent
sustained attention in light-emitting applications due to their carrier ‘ethfffiéon for efficient solar-to-hydrogen energy
eco-friendliness, size-tunable optical band gap, high absorption conversion.

coefficients, etc.®~® However, bare InP QDs generally suffer In recent years, InP/ZnSe(S)-based core/shell QDs have
from abundant surface defect/trap states caused by unsatu- been demonstrated as promising candidates to realize high-
rated bonds and intrinsic stoichiometric imbalance for efficiency solar energy conversion applications."”~*" For
suppressed emission efficiency; such deficiencies are com- instance, Greta R. Patzke et al. verified the photocurrent
monly mitigated through inorganic shell (e.g,, ZnSe or ZnS”) generation in a PEC system based on InP/ZnS core/ shel%
coating, which markedly improves their photoluminescence QDs, which yielded a photocurrent dens1i7ty of 0.06 mA cm™
quantum yield (PLQY) and optical/chemical stability for }mder simulated spnlight illumination.”” Later, our group
device integration.'"™> For example, Jang and co-workers 1ntroduced6Cu doP1ng into the ZnSe. shell of InP/ZnSe core/
achieved an external quantum efficiency (EQE) of 21.4% in shell QDs, ’wherem the .Cu dopant-induced states led to the
InP QD-based light-emitting diodes (LEDs) through hydro- hole trapping for efficient photogenerated electron—hole

separation/transfer, thereby increasing the maximum photo-

fluoric acid etching of oxidized InP cores followed by ! )
current density of corresponding QDs-based PEC cell to 7.4

successive ZnSe and ZnS shell growth, representing a major
milestone for environmentally friendly QD-based display

technologies.” More recently, by encapsulating InP cores Received: February 27, 2026
with a thickened ZnSe interlayer and ZnS shell, Shen et al. Revised:  April 4, 2026
further improved the EQE of green-emitting InP-based QD Accepted:  May 11, 2026
LEDs to 26.68%."> Despite these advances, investigations of Published: May 20, 2026

InP/ZnSe(S) core/shell QDs have predominantly focused on
improving the luminescence efficiency of QD-LEDs, whereas
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Figure 1. (a) Schematic diagram of the synthetic processes for the InP/ZnSeS:Mn QDs. (b) XRD patterns of the InP/ZnSeS and InP/ZnSeS:Mn
QDs. TEM images of (c) InP/ZnSeS and (d) InP/ZnSeS:Mn QDs with corresponding inset size distributions and HRTEM images. (e) HRXPS
spectra of Mn 2p core levels for InP/ZnSeS:Mn QDs. (f) Normalized absorbance, (g) Tauc plots, and (h) PL spectra of InP/ZnSeS and InP/

ZnSeS:Mn QDs.

mA cm ™2 (1 sun illumination). In another work, Rosei’s group
further revealed that the ZnSe shell thickness in InP/ZnSe
core/shell QDs played a decisive role in photogenerated carrier
transport dynamics,"® and a maximum photocurrent density of
6.2 mA cm™> was obtained in the InP/ZnSe QDs-based PEC
devices with an optimal ZnSe shell thickness. Moreover, Tian’s
group constructed a built-in electric field via gradient In doping
in the ZnSe shell to accelerate the carrier separation in InP/
ZnSe core/shell QDs, thus realizing a high photocurrent
density of 8.7 mA cm ™ in the relevant QDs-PEC cells."”
Although these strategies are effective in tailoring InP-based
core/shell QDs for PEC applications, they predominantly rely
on engineering the band structure or introducing localized
states within the bandgap,””* thus providing only limited
control over hot electron dynamics within the conduction
bands.”® Therefore, modulation of hot-electron transport to
circumvent the limitation imposed by the type-I band
alignment and to promote efficient carrier extraction
constitutes an essential strategy for the development of high-
performing QDs-based PEC systems.”* Since hot electrons are
nonequilibrium carriers generated when photoexcited electrons
occupy higher-energy states before fully relaxing to the
conduction-band minimum,16 harnessing these hot carriers is
inclined to enhance the solar energy conversion efficiency of
QDs.” Previous studies have demonstrated the hot electron
generation and transport processes in various QD systems
including PbSe/CdSe, Cu—In—Zn-S, and InP Q_Ds.16’26’27
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Notably, Mn-doped QDs have emerged as a particularly
promising platform for hot electron modulation. For example,
Son et al. reported the extraction of hot electrons from the ZnS
shell in Mn-doped CdSSe/ZnS QDs, demonstrating that
tuning hot electron transport through Mn doping can boost
the solar-driven photocatalytic reaction rates.”® It is found that
the Mn-doped CdSSe/ZnS QDs are a promising source of hot
electrons as their quantum yield of hot electron generation
could reach 35—40% under continuous white light (455 nm,
excitation intensity of ~ 0.1 W/cm?).”” Also, the spin-exchange
process in Mn-doped CdS/ZnS QDs enables efficient hot
electron generation that can be utilized in a wide range of
organic reactions.”” Furthermore, the study of Mn-doped InP/
ZnS core/shell QDs reveals the spin-exchange Auger
recombination and hot electron relaxation mechanisms.*!
These findings collectively indicate that leveraging hot
electrons, particularly through Mn doping strategies, can
effectively overcome the confinement of photogenerated
carriers in InP/ZnSe(S) core/shell QDs, thereby enabling
efficient carrier extraction and photocurrent generation in
QDs-based PEC devices.

In this work, we demonstrate a facile strategy to harness the
hot electrons in InP/ZnSeS QDs by incorporating the Mn
dopant during ZnSeS shell layer growth. It is revealed that such
Mn doping enables efficient extraction of photogenerated hot
electrons from the InP core toward the ZnSeS shell region.
Theoretical calculations demonstrate the Mn doping-induced

https://doi.org/10.1021/acsenergylett.6c00616
ACS Energy Lett. 2026, 11, 4465—-4474
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Figure 2. Calculated DOS of (a) InP/ZnSeS and (b) InP/ZnSeS:Mn heterostructures. (c) The spatial distribution of electrons and holes in InP/
ZnSeS and InP/ZnSeS:Mn heterostructures. (d, e) Simulated time evolutions of the energy states near the Fermi level in (d) InP/ZnSeS and (e)
InP/ZnSeS:Mn heterostructures. (f) Time-dependent spatial localization of electrons from CBM + 0.3 eV to CBM for InP/ZnSeS and InP/
ZnSeS:Mn heterostructures (0.3 eV was chosen because it spans the region of the conduction band associated with the largest internal energy
separation, while maintaining a reasonable computational cost). (g) Time-dependent spatial localization of electrons from CBM + 0.6 eV to CBM
in InP/ZnSeS:Mn heterostructure, as marked in the crystal structure. Here, we present the electron distribution at 0 and 1000 fs. (h) Schematic
diagram of photogenerated carrier transport mechanism in QDs. The intraband Mn doping states are found to function as collection sites for

photogenerated carriers.

hot electron transport pathways enabling ultrafast crossing of
the InP/ZnSeS:Mn QDs’ interface and outward transport prior
to electron—hole recombination. Transient absorption spec-
troscopy (TAS) further confirms a pronounced acceleration of
hot electron dynamics upon Mn incorporation in the InP/
ZnSeS QDs. Leveraging this hot electron modulation
mechanism, the fabricated InP/ZnSeS:Mn QDs-based PEC
devices delivered a maximum photocurrent density of 14.6 mA
cm™ under standard 1 sun illumination (AM 1.5G, 100 mW
cm™?), representing a state-of-the-art level of performance
among environment-friendly QDs-based PEC systems. This
work offers a viable strategy to harness hot electrons and
mitigate the intrinsic carrier extraction limitation imposed by
type-I band alignment in InP-based core/shell QDs, establish-
ing a general design paradigm to achieve future low-cost, eco-
friendly, and high-efficiency QDs-based solar energy con-
version systems.

Figure la presents the schematic illustration of synthetic
procedures for InP/ZnSeS:Mn QDs, in which the Mn doping
in InP/ZnSeS QDs was achieved via a one-pot synthesis
method involving the incorporation of Mn precursors in the
ZnSeS layer.* The X-ray diffraction (XRD) patterns of as-
prepared QDs are shown in Figure 1b, where the undoped
InP/ZnSeS QDs exhibit three distinct diffraction peaks located
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between the (111), (220), and (311) planes of InP and alloyed
ZnSeS, indicating the successful growth of a ZnSeS layer on
InP QDs.’ Considering the slight XRD peak shift and the low
contents of Zn, Se, and S elements in inductively coupled
plasma atomic emission spectroscopy (ICP-OES) results
(Table S1), the coating of a relatively thin ZnSeS layer on
InP QDs is verified.”””' After Mn doping, the XRD peak
positions of InP/ZnSeS:Mn QDs show no obvious shift
relative to the undoped sample, indicating that Mn
incorporation does not alter the overall crystal structure of
InP/ZnSeS QDs. As exhibited in Figure Ic, the transmission
electron microscopy (TEM) images of undoped InP/ZnSeS
QDs show approximately spherical particles with an average
diameter of ~ 3.1 + 0.3 nm. Additionally, the inset high-
resolution TEM (HRTEM) image exhibits the measured
lattice fringes between the (111) plane of InP and alloyed
ZnSeS, which is consistent with the XRD analysis.* In parallel,
the Mn-doped InP/ZnSeS QDs retain spherical morphology
with a similar size distribution (Figure 1d) and the lattice
parameters observed in the HRTEM image remain nearly the
same as those of the undoped QD sample, indicating that Mn
incorporation occurs without causing significant lattice
distortion,*>** which is in accordance with the XRD results
of QDs. Besides, the X-ray photoelectron spectroscopy (XPS)

https://doi.org/10.1021/acsenergylett.6c00616
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analysis further verifies the presence of In, P, Zn, Se, and S in
both types of QDs (Figure S1),"” wherein the Mn 2p core level
peaks in the high-resolution XPS (HRXPS) spectra of the
doped QD sample provide direct evidence of the successful
Mn incorporation in InP/ZnSeS QDs (Figure 1e).34

Figure 1f-h shows the UV—vis absorbance spectra, Tauc
plots, and PL spectra of InP/ZnSeS and InP/ZnSeS:Mn QDs,
respectively. It is revealed that doping Mn into the InP/ZnSeS
QDs has a minimal effect on their light absorbance (Figure 1f).
Consistently, the Tauc plots (Figure lg) of InP/ZnSeS and
InP/ZnSeS:Mn QDs show similar estimated optical bandgaps
of ~ 198 eV and ~ 2.0 eV, respectively (Figure 1h).
Additionally, the PL emission peaks were observed at 625 nm
for InP/ZnSeS and 621 nm for InP/ZnSeS:Mn QDs; such
blue-shift phenomenon is in agreement with the shifting trend
of their absorption spectra (Figure 1f).

In general, the Mn-introduced intraband states are difficult
to resolve using conventional experimental techniques and
have therefore been largely overlooked, thus limiting the
physical understanding of photogenerated carriers dynamics in
Mn-doped QDs.>>*° In this case, we further elucidate the
regulatory role of Mn-induced intraband doping states on
carrier transport (e.g,, hot electrons) of InP/ZnSeS QDs by
combining the first-principles calculations, Ab initio molecular
dynamics (AIMD) simulations, time-dependent density func-
tional theory (TDDFT) calculations, and transient absorption
spectroscopy (TAS) analysis. Based on the experimental
characterizations and previously reported studies,”’ >’ Mn
ions are incorporated by substituting Zn sites to form
tetrahedral coordination with four surrounding anions. In
this work, both InP and ZnSeS crystallize in the same space
group (F43m) (Figure S2), which show closely matched lattice
constants (InP: 5.9 A; ZnSeS: 5.6 A) with a theoretical lattice
mismatch less than 5%, accounting for the low density of
interfacial defects.” Building on these crystal structures, we
investigated the electronic structure of the InP/ZnSeS interface
model. As illustrated in Figure 2a, the calculated density of
states (DOS) of the InP/ZnSeS heterostructure exhibits a
distinct electronic state in the middle of the bandgap. Since the
contributions from InP and ZnSeS are nearly identical (Figure
S3), this feature can be attributed to the interfacial state caused
by the hybridization between two components.”’ It is found
that the conduction band (CB), as the main energy level range
for hot electron transport, exhibits minimal variation between
the InP and ZnSeS layers, which limits the efficient electron
extraction in the InP/ZnSeS heterostructure. Therefore,
modulating the CB to localize primarily within the ZnSeS
region becomes a key objective of intraband regulation.

As displayed in Figure 2b, the DOS of the Mn-doped system
shows that the Mn-induced electronic states are primarily
distributed in the CB, which has negligible influence on the
band gap and is consistent with the experimentally measured
optical band gaps (Figure 1fg). To understand how the
intraband Mn doping states influence the hot electron’s
transport, we calculated the spatial distributions of electrons
and holes in both undoped and Mn-doped systems, as
presented in Figure 2c. In the undoped case, electrons and
holes are similarly distributed in both the InP and ZnSeS
layers. Such distribution leads to substantial electron—hole
recombination, which is the primary reason for the low carrier
extraction efficiency of this type of QDs.*' After the
incorporation of Mn atoms in the ZnSeS layer, the Mn-
induced states (Figure 2b) become dominant at the
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conduction band minimum (CBM), thus causing electrons
to accumulate predominantly in the ZnSeS layer, as indicated
by the solid red lines in Figure 2c. Moreover, the hole density
(dashed red line) in the ZnSeS layer also slightly increased,
implying a potential improvement in the hole extraction
efficiency.

We further calculated the band structure around the gamma
point during the carrier dynamic process. Figure S4
demonstrates that the constructed InP/ZnSeS heterostructure
model remains relatively stable at room temperature. As shown
in Figure 2d,e, the energy fluctuations of each energy state
within a 2000 fs time scale are Eresented for undoped and Mn-
doped systems, respectively.””~** The relatively light colo-
ration of the interfacial states indicates that the contributions
from InP and ZnSeS are comparable and that the Mn doping
does not significantly influence the interfacial states. However,
Mn incorporation induces significant changes in the spatial
distribution of the conduction and valence bands. In the
undoped system (Figure 2d), the CB appears predominantly
red, suggesting that electrons are mainly localized within the
InP layer. After Mn doping, the CB near the CBM exhibits a
clear blue color (Figure 2e), demonstrating that electrons
preferentially accumulate in the ZnSeS layer during relaxation.

Figure 2f compares the transport directions of excited-state
electrons within the CB of undoped and Mn-doped systems.*
It can be observed that the excited electrons are mainly
localized in the InP layer (corresponding to only 26%
contribution from ZnSeS in Figure 2f) in the undoped system,
whereas the electron distribution in the ZnSeS layer reaches up
to 82% in the Mn-doped system. During the dynamic process,
the electron distribution in the undoped system remains
unchanged, while in the Mn-doped system, the hot electrons
distinctly transport from InP to ZnSeS, with the proportion in
the ZnSeS layer increasing from 66% to 82% at 300 fs. To
better visualize the hot electron transfer process from InP to
ZnSeS, we calculated the initial electron distribution at the
CBM+0.6 eV energy level and the distribution after 1000 fs
dynamics (0.6 eV was selected because electron transfer within
this energy window shows clearly distinguishable differences).
As shown in Figure 2g, the electrons initially concentrated in
the InP layer gradually transport to the ZnSeS layer, with a
predominant accumulation around Mn atoms, which confirms
the role of Mn doping states in facilitating the electron
aggregation. Indeed, the electron-collecting effect of Mn-
induced doping states on hot electrons, as observed in
molecular dynamics simulations, is also presented in the static
partial charge density maps calculation of electrons and holes,
as shown in Figures S5—S6, showing that the electrons are
primarily distributed within the InP layer before Mn doping,
while they localize around Mn atoms in the ZnSeS layer after
Mn doping. Such transport mechanism of photogenerated
electrons in the Mn-doped QDs is schematically illustrated in
Figure 2h. Upon photoexcitation, electrons are first promoted
to the CB as hot electrons.*”*” In the undoped QDs, the
photoexcited electrons undergoing relaxation are prone to
recombine with holes in the InP core. In contrast, the hot
electrons in the Mn-doped QDs migrate toward the CBM and
accumulate around Mn atoms in the ZnSeS layer. Therefore,
the Mn atoms can act as a ‘bucket’ that collect hot electrons to
maintain the electron’s distribution in the ZnSeS layer, thus
facilitating the electron extraction from InP to the ZnSeS layer.

To verify the primary role of Mn-induced intraband doping
states in influencing the hot electron transport in QDs, we

https://doi.org/10.1021/acsenergylett.6c00616
ACS Energy Lett. 2026, 11, 4465—-4474
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Figure 3. Time-dependent electron energy change for the (a) InP/ZnSeS and (b) InP/ZnSeS:Mn heterostructures. (c) Schematic diagram of the
relaxation process of electrons from a photoexcited high-energy state to a low-energy state. The difference in electron relaxation pathways before
and after Mn doping is a key factor to the significant variations in transport speed. (d) The average NAC of neighboring states in the CB for InP/
ZnSeS (orange) and InP/ZnSeS:Mn (blue) obtained from molecular dynamics. For ease of comparison, the CBM was set to zero energy. (e) Time
evolution of the wave function overlap between adjacent states in the CB of InP/ZnSeS and InP/ZnSeS:Mn heterostructures. Pseudocolor TAS
plots and temporal evolution spectra of (f) InP/ZnSeS and (g) InP/ZnSeS:Mn QDs (Average pump fluence of 6 yJ/cm?). (h) Ultrafast time-
resolved TA spectra of InP/ZnSeS (up) and InP/ZnSeS:Mn (down) QDs. (i) Dynamics at probe wavelengths of 501 nm for InP/ZnSeS (red) and

InP/ZnSeS:Mn (blue) QDs, respectively.

further calculated the dynamics of carriers at various stages
during transport processes. As shown in Figure S7, the
electron—hole recombination time was computed via TDDFT
and the simulated recombination times exhibit no significant
change upon Mn doping, which is in good agreement with the
experimentally measured carrier lifetimes from PL and TAS
spectra (Table S2, Figure S8, and Figure S9), indicating that
Mn incorporation exerts a negligible influence on the
electron—hole recombination.**™>" Hence, we further primar-
ily focus on the impact of Mn-induced intraband states within
the CB on the hot electron transport dynamics.*"*>

We then calculated the hot electron transport processes in
both undoped and Mn-doped systems,"* as shown in Figure
3a,b. It can be observed that within 1000 fs, the electron
transfer in the CB proceeds relatively slowly in the undoped
system, whereas the electrons in the Mn-doped system rapidly
transfer to the CBM. The schematic diagram in Figure 3c
illustrates the distinct hot electron transport pathways in the
undoped and Mn-doped systems. For the undoped system, hot
electrons exhibit a slower transportation toward the CBM,
while the Mn-doping states provide a more efficient transport
pathway for hot electron relaxation. To further investigate the
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acceleration mechanism of electron transfer in the Mn-doped
system, we studied the role of electron—phonon coupling in
hot electron transportation. Here, electron—phonon coupling
is treated as nonadiabatic coupling (NAC) 75 and the
expression for NAC is provided as follows:*

(B V Higy,)

] 1
k> ZI: 6-g

Here, H represents the Kohn—Sham Hamiltonian; ¢;, ¢, ¢;
and &, denote the wave functions and eigenvalues of electromc
states j and k, respectively; R; is the nuclear velocity term.>” 60
As shown in the formula, the coupling prlmarlly depends on
the wave functions overlap and energy gap.

As observed in Figure 3a, a substantial energy gap exists
between the CBM and CBM+1 in the undoped system, which
results in a weaker electron—phonon coupling and constitutes
the primary cause of slow carrier transport. Upon Mn doping,
the introduced doping states further fill this energy gap to
reduce the energy difference and enhance the electron—
phonon coupling for the consequently accelerated transfer

process.*”** Since the formula highlights the significance of
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Figure 4. (a) The calculated electron transfer rates, (b) J—V curves under illumination (1 sun, AM 1.5G, 100 mW cm™>), and (c) J-t curves under
chopped illumination at an applied bias of 0.4 V (vs RHE) for InP/ZnSeS and InP/ZnSeS:Mn QDs-based PEC devices. IPCE spectra of (d) InP/
ZnSeS and (e) InP/ZnSeS:Mn QDs-based PEC cells. (f) The calculated carrier separation efficiency, (g) EIS Nyquist plots, (h) normalized
photocurrent density versus time at 0.4 V vs RHE for 2 h testing, and (i) experimental H, evolution rates for 2 h illumination under applied bias of

0.4 V vs RHE for two types of QDs-based PEC devices.

wave function overlap,”® we also calculated the wave function
overlap between two adjacent states (CBM+3 and CBM+2 for
undoped system and CBM+8 and CBM+7 for doped system,
respectively) within the CB (Figure 3d). During the dynamic
process, the wave function overlap exhibits an order of
magnitude increase after Mn doping, which is another key
factor to strengthen the electron—phonon coupling (Figure
3e). Therefore, Mn doping creates a high-speed channel for
hot electron transfer from InP to the ZnSeS layer, thus
significantly improving the electron extraction efficiency of
InP/ZnSeS QDs.

Based on the calculated acceleration effect of Mn doping
states on hot electron transport, we further performed the
experimental TAS characterization on undoped and Mn-doped
QDs under 405 nm pump excitation at representative delay
times, as shown in Figure 3f,g. The pseudocolor TAS plots of
both samples exhibit similar spectral features with a significant
negative absorption peak around 580 nm, which corresponds
to the absorption peak in Figure If that originates from the
ground-state bleachin(g (GSB) due to electron filling of the
band-edge states.”*"°° Moreover, a weaker bleaching peak
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appears at a higher energy of 507 nm in both samples (Figure
3h), which is ascribed to the bleaching induced by the
transition of higher energy levels in the CB.°>*® To clarify the
acceleration of hot electron transport, we further consider
ﬁttin§ the decay kinetics of the signal at 501 nm (near 507
nm),*>% as shown in Figure 3i. As compared to the fast time
component of 82 ps in undoped QDs, the fast time
component of Mn-doped QDs is dramatically accelerated to
an ultrafast time scale of 600 fs, which is consistent with the
trend of theoretical calculations presented in Figure 3ab.
Theoretical results (Figure 2) further reveal that this
acceleration originates from the Mn doping states, which
provide a more efficient transport pathway for hot electron
relaxation (Figure 3c). These findings indicate that Mn-doped
QDs can realize efficient hot electron extraction by regulating
hot electron transport within the conduction band. In addition
to the physical mechanism discussed above, other previously
proposed mechanisms also play a role in enhancing the
photoelectron extraction. For instance, as shown in Figure S10
and Figure S11, the undoped QDs exhibit no spin polarization
and indicate that electrons with opposite spins occupy
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equivalent orbitals. In contrast, the Mn-doped QDs display
distinct spin polarization, and thereby the spin-flip process
must be considered during the electron relaxation, which
reduces the possibility of electron—hole recombination for a
more efficient carrier extraction (Figure $12).°7°° We also
calculated the carrier concentration distribution, and the
results in Figure S13 show a significant increase in carrier
concentration and conductivity near the CB after Mn doping.

To experimentally verify the positive role of hot electron
transport in Mn-doped InP/ZnSeS QDs, we fabricated the
QD-based PEC devices and evaluated their performance using
a standard three-electrode PEC system (Figure S14).°%% As
shown in Figure S15, the photocurrent densities of QD-based
PEC devices with varying Mn doping concentrations (atomic
ratios of 15.1%, 19.2%, and 26.9%) were first measured to
determine the optimized Mn doping level, wherein the PEC
device based on QDs with a Mn doping ratio of 19.2%
exhibited the highest photocurrent density, while the QD-PEC
device with a Mn doping ratio of 26.9% showed a cliff-like
decline. This reduced photocurrent density of the QDs-PEC
device with excessive Mn doping level could be attributed to
the lattice distortion within the QDs® for a deteriorated carrier
dynamics. Figure S16 depicts the light absorption measure-
ments of the QDs-PEC devices with different Mn doping
concentrations, in which the light absorbance of these QD-
device samples increased from Mn doping level of 15.1% to
19.2%, while the device sample with Mn doping concentration
of 26.9% showed a significantly decreased photocurrent
density, which is consistent with the trend observed in Figure
S18.

As shown in Figure S17 and Figure 4a, we first calculated the
electron transfer rate of these QDs-based photoelectrodes by
measuring the PL decay curves of QDs deposited on TiO, and
ZrO, electrodes, respectively.’* The electron transfer rate of an
InP/ZnSeS:Mn QDs-based photoelectrode shows a clear
improvement with respect to that of the undoped InP/
ZnSeS QDs-based sample, which is similar to the increasing
trend of the calculated hole transfer rate, as summarized in
Table S3. As demonstrated in Figure 4b, under standard 1 sun
illumination (AM 1.5G, 100 mW cm™?), the incorporation of
Mn into InP/ZnSeS QDs leads to a significant increase in the
photocurrent density of as-fabricated QDs-based PEC devices,
reaching up to 14.6 mA/cm? that represents a state-of-the-art
performance among various eco-friendly QDs-based PEC
devices (summarized in Table S4 and Figure S18). Addition-
ally, as exhibited in Figure 4c, the transient photocurrent
response of these QDs-based PEC cells measured under
chopped illumination shows a stable photoresponse that is
consistent with the J—V curves (Figure 4b).

Figure 4d,e shows the incident photon-to-electron con-
version efficiency (IPCE) spectra of these QD-based PEC
devices. As compared to the undoped InP/ZnSeS QDs-based
device sample, the InP/ZnSeS:Mn QDs-based PEC device
exhibits enhanced IPCE values over a broad wavelength range
(400—700 nm), indicating a higher photon-to-electron
conversion efficiency that is consistent with the enhanced
photogenerated electron distribution in the ZnSeS layer of
Mn-doped InP/ZnSeS QDs for a higher carrier extraction
efficiency. Besides, the calculated integrated photocurrent
densities for the InP/ZnSeS and InP/ZnSeS:Mn QDs-PEC
cells are approximately 5.8 mA cm™ and 13.1 mA cm™?, which
align well with the photocurrent densities obtained from the J—
V curves (Figure 4b). To further understand the effect of Mn
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doping on the performance of QDs-PEC devices, we examined
the charge separation efliciency (nsep) as a function of the
applied potential (Figure 4f). Herein, the 7, was estimated
using the equation Jy, = Jups X Nsep X Miransterr Where Jyy, is the
measured photocurrent density, J,,, is the theoretical photo-
current density, and 7, is the carrier transfer efficiency.'”””
When an effective hole scavenger (Na,S/Na,SOj in this work)
is added to the electrolyte solution, the carrier transfer
efficiency can be assumed to be nearly 100% (Hyansier ~1),
and the 7, can be approximated as ]Ph/]abs.l9 As shown in
Figure 4f, the Mn-doped QDs-based PEC device achieved a
significant enhancement in 7,,, compared to the undoped
QDs-based device sample, which is in agreement with our
theoretical prediction showing that the Mn-related intraband
states could enhance the electron accumulation in the ZnSeS
layer of QDs, thus leading to the efficient charge extraction/
separation in the QDs-PEC cells."” In addition, we investigated
the charge kinetics of both types of QDs-based photoanodes
using electrochemical impedance spectroscopy (EIS), as
shown in Figure 4g. The smaller semicircular diameter
observed for the InP/ZnSeS:Mn QDs-based PEC device
indicates a lower charge transfer resistance, representing the
improved interface charge transfer characteristics induced by
the enhanced photogenerated electron distribution in the InP/
ZnSeS QDs after Mn doping. We also measured the J-t curves
of two QDs-PEC devices to assess their long-term stability. As
shown in Figure 4h, the InP/ZnSeS QDs-based device retained
only about 40% of its initial activity after 2 h of continuous
light irradiation. In contrast, the InP/ZnSeS:Mn QDs-based
PEC device showed an improved stability, maintaining 63% of
its initial activity after 2 h of continuous illumination. Such
enhanced device stability is attributed to the optimized overall
charge carrier dynamics in the Mn-doped QDs-based PEC
cell.”*° Moreover, the H, production rates for InP/ZnSeS and
InP/ZnSeS:Mn QDs-based PEC devices were measured to be
45 pmol cm™ h™' and 117 umol cm™ h™', respectively
(Figure 4i), further confirming that our intraband regulation
through Mn doping significantly promotes the carrier
extraction efliciency in InP/ZnSeS QDs to realize efficient
PEC hydrogen evolution.

In summary, this work elucidates the modulation of hot
electron transport in environment-friendly InP/ZnSeS QDs via
Mn doping to achieve high-efficiency solar-driven QDs-based
PEC devices. It is demonstrated that the Mn incorporation in
ZnSeS introduces new transport pathways within the QDs,
enabling efficient and directional transfer of hot electrons from
the InP core to the ZnSeS shell. TAS analysis confirmed the
Mn doping-induced new transport channels could significantly
accelerate the hot electron transfer by nearly an order of
magnitude. As compared to the pristine InP/ZnSeS QDs, this
Mn-doping modulation of hot electron transport enables the
rapid separation of electrons and holes immediately after
photoexcitation of InP/ZnSeS:Mn QDs, thereby significantly
enhancing the carrier extraction efficiency. As a result, an as-
fabricated InP/ZnSeS:Mn QDs-based PEC cell delivers a
saturated photocurrent density of 14.6 mA cm™ under
standard 1 sun illumination (AM 1.5G, 100 mW cm™2),
representing a state-of-the-art performance among the best
reported heavy-metal-free QDs-based PEC devices. This hot
electron regulation strategy provides a viable paradigm for
overcoming the intrinsic carrier confinement limitation in type-
I core/shell QDs, opening new opportunities for advancing
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cost-effective, eco-friendly, and highly efficient QDs-based
solar energy conversion technologies.
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