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Size-Dependent Multi-Electron Donation in Metal-Complex
Quantum Dots Hybrid Catalyst for Photocatalytic Carbon
Dioxide Reduction

Qian Zhao, Mohamed Abdellah, Yuehan Cao, Jie Meng, Xianshao Zou,
Kasper Ene-mark-Rasmussen, Weihua Lin, Yi Li, Yijiang Chen, Hengli Duan, Qinying Pan,
Ying Zhou,* Tonu Pullerits, Hong Xu, Sophie E. Canton, Yuran Niu, and Kaibo Zheng*

The effective conversion of carbon dioxide (CO2) into valuable chemical fuels
relies significantly on the donation of multiple electrons. Its efficiency is closely
linked to both the density and lifetime of excited charge carriers. In this study,
a hybrid catalyst system comprising covalently bonded InP/ZnS quantum
dots (QDs) and Re-complexes is showcased. The electronic band alignment
between the QDs and the Re-complexes is revealed to dominate the multi-
electron transfer process for photocatalytic conversion to methane (CH4).
Notably, the size of the QDs is found to be a determining parameter. Among
the three QD sizes investigated, transient absorption spectroscopy studies
unveil that rapid multi-electron transfer from the QDs to the Re-catalyst occurs
in smaller QDs (2.3 nm) due to the substantial driving force. Consequently,
the photocatalytic conversion of CO2 to CH4 is significantly enhanced
with a turnover number of 6, corresponding to the overall apparent quantum
yield of ≈1%. This research underscores the possibilities of engineering
multi-electron transfer by manipulating the electronic band alignment within
a catalytic system. This can serve as a guide for optimizing photocatalytic CO2

reduction.
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1. Introduction

Photocatalytic reduction for the conversion
of CO2 into value-added products, such as
short-chain chemical fuels or even materi-
als, is seen as a promising solution to ad-
dress the challenges posed by the escalat-
ing energy shortage and resulting green-
house gas emissions contributing to global
warming.[1] Unlike the photocatalytic evo-
lution of H2, the reduction of CO2 through
a single-electron-mediated process is highly
endo-thermic due to the stability of the C═O
bond in the CO2 molecule.[2,3] Conversely,
the production facilitated by multiple elec-
trons is generally more energetically favor-
able, yielding products with reduced redox
overpotential. However, achieving multi-
electron donation after excitation requires
photocatalysts with long-lived excited states,
stable one-electron-reduction (OER) inter-
mediates, and robust bonds between the
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CO2 molecule and catalytic sites.[4] This challenge is particularly
pronounced for the evolution of multi-electron reduction prod-
ucts like CH4 or methanol (CH3OH) compared to 2-electron re-
duction products such as carbon monoxide and formic acid.[5,6]

In fact, CO2 photocatalytic reduction is widely accepted as a se-
quential multi-step process:

CO2
e− ,h+

←←←←←←←←←←←←←←←←←←←→∗ COOH
e− ,h+

←←←←←←←←←←←←←←←←←←←→∗ CO
e− ,h+

←←←←←←←←←←←←←←←←←←←→ ∗ CHO
e− ,h+

←←←←←←←←←←←←←←←←←←←→∗ CH2O
e− ,h+

←←←←←←←←←←←←←←←←←←←→∗

CH3O
e− ,h+

←←←←←←←←←←←←←←←←←←←→∗ CH3OH (1)

where the lowly reduced products (e.g., CO, CH2O) are also in-
termediates for the generation of highly reduced products (e.g.,
CH3OH, CH4).[7] Therefore, seeking suitable catalysts with ef-
ficient multi-electron donation capability and achieving precise
control of the charge generation and accumulation on the cat-
alytic sites of the photocatalysts becomes the critical issue in de-
termining the activity and product selectivity of the CO2 photo-
catalytic reduction.

Transition metal complexes, especially Re(I) complexes, have
been regarded as promising candidates to achieve multi-electron
donations for CO2 catalytic reduction since 1) their lowest triplet
excited state lifetime is sufficiently long to ensure efficient photo-
induced electron transfer to catalytic sites; 2) transition metals
are easy to fix CO2 by strong bond;[8,9] 3) their OER species are
stable in solution with low overpotential facilitating the subse-
quent electron transfer to CO2 adducts. However, most of the
Re(I) complexes feature narrow absorption bands in the visi-
ble region,[10] and fast triple-triple annihilation (TTA) prohibits
multi-electron accumulation on a single molecule.[6] According
to recent reports, the absorption response of Re(I) complexes
can be extended by attaching photosensitizers to form hybrid
catalysts,[11–14] The fast annihilation can be solved by employing
multi-Re(I) centers to enlarge the spatial distance of the excited
electrons in the reservoir pools before they can be donated to
CO2 adducts.[15,16] Recently, we demonstrated a novel hybrid cat-
alyst structure with InP/ZnS quantum dot (QDs) covalently at-
tached with multiple Re-catalysts to tackle these two problems
concurrently. Multiple catalyst attachments enabled the efficient
injection of multiple photoexcited electrons from one QD since
each electron resides at each surface catalyst with long lifetime.
However, in order to achieve precise control of the charge gener-
ation and accumulation, as mentioned above, one direct strategy
in hybrid catalysts is to modulate the charge transfer dynamics
between photosensitizers and surface catalysts. This is usually
achieved by the engineering of energy alignment as well as the
electronic coupling between the electron donors (i.e., photosen-
sitizers) and electron acceptors (i.e., catalysts).[17–19] In molecu-
lar catalysts, the energy alignment is adjusted by the molecular
structures and assembly, while in inorganic catalysts, it is tai-
lored by the catalyst composition and surface structures. How-
ever, these methods do not always offer the flexibility to fine-tune
charge transfer rates due to constraints on available molecular
structures and inorganic compositions. QDs, on the other hand,
exhibit size-tunable optical band gaps, which can be perfect ve-
hicles for fine-tuning the driving force for the charge transfer
process.

This study explores the size dependence of the QDs on the
photo-induced charge transfer dynamics and the catalytic per-

formance of CO2 photoreduction. Considering that the elec-
tronic structure of QDs is significantly influenced by size within
a strong quantum confinement regime, we prepared three
InP/ZnS-Re complex catalysts with different QD sizes for pho-
tocatalytic CO2 reduction. The results reveal that only the QD-Re
catalyst with the smallest size of InP/ZnS QDs achieved photo-
induced multi-electron transfer processes, leading to CH4 evo-
lution. This phenomenon is attributed to a large driving force
between the conduction band of QDs and Re(I) redox level, lead-
ing to efficient photo-generated multi-electron accumulation on
the Re(I) center. Additionally, we observed that the photoinduced
hole-trapping process is also limited by QD size, influencing the
CO2 conversion process. This work introduces a new strategy for
controlling multi-electron transfer and provides a fundamental
method for optimizing photocatalytic selectivity and efficiency for
CO2 reduction.

2. Results and Discussion

2.1. Structural Characterization

InP/ZnS colloidal quantum dot (InP/ZnS) with different sizes
were obtained according to the previous literature protocol with
slight modifications.[20] After 2-mercaptoethanol (ME) capped
the InP/ZnS QDs (InP/ZnS-ME) were prepared via ligand
exchange method, Re-photocatalyst was covalently linked to
InP/ZnS QDs by simple esterification reaction between hydroxyl
and phosphate group. Size control of InP/ZnS QDs was gener-
ally achieved by tuning the concentration ratio of ZnCl2 and ZnI2
precursors as well as the growth temperature of InP core. (For a
detailed synthesis procedure, see supporting information). Here,
quantum dot/complex hybrid photocatalysts with different sizes
of QDs were synthesized and defined by Re-2.3 nm, Re-3.3 nm,
and Re-3.8 nm according to their average sizes confirmed by TEM
characterization (Figure 1d–e). We have measured the HR-TEM
of the Re-2.3 nm (a), Re-3.3 nm (b), and Re-3.8 nm (c) (Figure S1,
Supporting Information), where a clear size increase among the
three samples can be observed. The insets of the figures show the
clear atomic assembly of the lattice with lattice spacing, all calcu-
lated to be 0.34 nm, which matches the (111) plane of the InP zinc
blend structure. Furthermore, X-ray diffraction (XRD) was also
measured for Re-2.3 nm, Re-3.3 nm, and Re-3.8 nm samples, as
well as neat InP/ZnS core-shell QDs (Figure S2, Supporting In-
formation). The XRD patterns of all samples featured mainly the
diffraction peaks of InP zinc blende, which are consistent with
the TEM characterization with boardening of the peak due to the
size reduction effect of the nanoparticle. The crystalline structure
of InP/ZnS also remained unchanged after ligand exchange and
Re-catalyst attachment. In addition, the main diffraction peak of
InP/ZnS-2.3 nm exhibits a slight shift to the higher angle com-
pared with InP/ZnS-3.3 nm and InP/ZnS-3.8 nm, which could
be due to the pronounced lattice compression by the shell in
smaller QDs. The absorption band edge and photoluminescence
peak of the QDs shift to the longer wavelength with increasing
sizes as shown in Figure 1a,b, respectively, which is consistent
with a previous study.[20,21] Interestingly, the absorption spectra of
QD/molecule complexes system show clear blue shift of the band
edge and a diminishing of exciton band compared with their
corresponding pristine quantum dots (Figure S3, Supporting
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Figure 1. Structural characterization of the samples. UV–vis spectra a), photoluminescence spectra b), and 31P NMR spectra c) of Re-2.3 nm, Re-3.3 nm
and Re-3.8 nm. TEM characterization and size distribution histograms (inserts) for Re-2.3 nm d), Re-3.3 nm e) and Re-3.8 nm f), respectively. XPS
spectra for the quantification of Re-catalyst concentration in Re-2.3 nm g), Re-3.3 nm h) and Re-3.8 nm i).

Information). This indicates dissociation of the charges from ex-
citon and modification of the QDs electronic states via molecule
attachment.

Fourier transform infrared (FT-IR) spectra for three
QD/molecule systems presented two additional peaks aris-
ing at 2021 and 1900 cm−1, as shown in Figure S4 (Supporting
Information) corresponding to the intense C≡O stretching
bonds of Re-catalyst,[24] which indicates the Re-catalyst is indeed
tethered to QDs. In order to reveal the coordination mode be-
tween Re-complexes and QDs, phosphorus-31 nuclear magnetic
resonance (31P NMR) spectroscopy was first employed to identify
the bonding type between QDs and Re-catalyst. As shown in
Figure 1c, the significant broadening P peak at 5.5 ppm in the
phosphate group for Re-2.3 nm, Re-3.3 nm, and Re-3.8 nm
compared with pristine Re-catalyst illustrated that a substantial
electron transfer process occurred between QDs and Re-catalyst.
This confirmed that the Re-catalyst is covalently linked to the
InP/ZnS quantum dot.[22] Note that the P signal for P element in
InP/ZnS QD in 31P NMR spectrum located in entirely different
regions ≈−178 ppm.[23]

The amount of Re-photocatalysts attached to per InP/ZnS QD
was quantified by X-ray photoelectron spectroscopy (XPS) mea-
surement and calculated via precise atomic ratio between Re

and In atoms since In atoms and Re atoms are the main ele-
ments and only exist in quantum dots and catalysts, respectively.
Figure 1 shows Re 4f (42.18 and 44.28 eV) and In 3d (452.58 and
444.98 eV) core level emission spectra of Re-2.3 nm (Figure 1g),
Re-3.3 nm (Figure 1h) and Re-3.8 nm (Figure 1i), respectively.
The atomic ratios between Re and In are calculated to be 0.08:
8.24, 0.06: 12.28, and 0.04: 13.96, leading to approximately two
Re-catalysts attached to per QD (Table 1). Inductively coupled
plasma mass spectroscopy (ICP-MS) was also measured for all
three samples, as summarized in Table S1 (Supporting Infor-
mation). The molar mass of the core elements also confirmed
the amount of the Re catalysts to the QDs. On the one hand,
we proved that the multiple catalysts attached to one QD lead to
enhanced CO2-CH4 production activity, as shown in Figure S5
(Supporting Information). On the other hand, we made a com-
parison of the excited state dynamics between QDs with one cat-
alyst attachment and two catalysts attachment using transient
absorption characterization. The TA kinetics at the maximum
bleach, as shown in Figure S6 (Supporting Information), indi-
cate that the electrons at the initial band edge excited state de-
populate much faster (i.e., with faster decay at early time scale) in
QDs with two catalyst attachments than one catalyst attachment
when more than one electron-hole pairs are excited at one QD,

Table 1. Summary of calculation results for three samples.

Sample name Size
(diameter)

Unit cell in
one QD

Ratio of In
atom

Ratio of Re
atom

The number of
In atoms in

one QD

The number of
catalysts linked

to one QD

Re-2.3 nm 2.3 nm 32 8.24 0.11 128 1.70

Re-3.3 nm 3.3 nm 94 12.28 0.06 376 1.83

Re-3.8 nm 3.8 nm 143 13.96 0.04 572 1.64

Adv. Funct. Mater. 2024, 2315734 2315734 (3 of 11) © 2024 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 2. Determination of the band alignment in each sample. UPS spectra of each sample and gold reference a) and Tauc plot of absorption spectra
b). Schematic of the Energy level, for illustrating the relative energy difference between each sample and Re-catalyst c).

indicating their fast electron transfer and efficient electron accu-
mulation capability. This indicated multiple catalysts attached to
one QD are expected to facilitate the multiexciton accumulation
and donation. In this case, the electron injection could be per-
formed in parallel instead of sequential mode. Therefore, in this
work, we ensured two Re-catalyst attachments for all the targeted
samples.

In order to reveal the QD size dependence on the charge trans-
fer process, we first investigated the excited state structure of the
specific hybrid system. We calculated the excited state structure of
Re-QDs through TD-DFT calculation (for details, see supporting
information). We observed that covalently coupled Re-Bpy exhibit
strong frontier orbitals hybridization with QDs, The LUMO or-
bitals of the hybrid system already reside on the bipyridine moiety
of the Re-catalyst, while the HOMO orbitals are dominantly con-
tributed by the QDs (Figure S7, Supporting Information). There-
fore, compared with pristine QDs where the excited exciton is
localized in the QDs volume, excited electrons in Re-QDs un-
dergo delocalization extending to the Bpy fragment. In this re-
gard, efficient hybridization between frontier orbitals of Re-Bpy
catalyst and QDs conduction band reduces the energy level of
excited state and facilitate the exciton delocalization process,
which leads to the slight blue shift and diminish of exciton band
on absorption spectra compared with pristine QDs (Figure S3,
Supporting Information). Furthermore, the significant quench-
ing of pristine InP/ZnS QDs was observed clearly on the pho-
toluminescence spectra (Figure S8, Supporting Information) af-
ter ligand exchange and was further quenched after Re-catalyst
linking, which indicated photo-induced electrons were trapped
by the dangling bond produced by ligand exchange and the effi-
cient electron transfer from QDs to Re-catalysts.

In general, the optical band gap of InP/ZnS QDs is size-
tunable due to the change of quantum confinement. Here, we
confirm the energy state of each sample by ultraviolet photoemis-

sion spectra (UPS) and steady-state absorption measurement. As
shown in Figure 2a, the valence band (VB) edge of each sam-
ple is almost the same in UPS spectra, with a binding energy of
0.5 eV versus the Fermi level. We also obtained their work func-
tion as 5.6 eV with an 80 eV photon energy (Figure S9, Supporting
Information). The absolute value of the valence band maximum
(VBM) could then be calculated to be −5.1 eV versus the vacuum
level. Afterward, the optical band gap (Eg) of each sample was de-
termined from the Tauc plot of the absorption spectra to be 2.35,
2.02, and 1.94 eV for Re-2.3 nm, Re-3.3 nm, and Re-3.8 nm, re-
spectively (Figure 2b). The conduction band minimum of each
sample was then deducted by adding the Eg to VBM to be −2.75,
−3.08, and −3.16 eV for Re-2.3 nm, Re-3.3 nm, and Re-3.8 nm,
respectively. Since the excited electrons in QDs are expected to be
injected to Re(I), we also placed the redox level of Re(I) in ReBpy
characterized via electrochemical measurement in our previous
paper[24] to be −3.11 eV. The final energy band alignment of each
sample is displayed in Figure 2c. It is clear that the conduction
band (CB) levels Re-2.3 nm and Re-3.3 nm are higher than the
Re(I) level, enabling electron injection. In contrast, the excited
electron in Re-3.8 nm may be difficult to transfer to Re(I) center
since its energetic unfavorable.

2.2. Excited State Dynamics

To rationalize the detailed mechanism of the photocatalytic reac-
tions for Re-QDs hybrid system, excited state dynamics of each
sample were studied by transient absorption (TA) spectroscopy
with 470 nm excitation wavelength in order to avoid the direct ex-
citation of Re-Bpy catalyst (for the absorption spectrum of Re-Bpy,
see Figure S10, Supporting Information). Since CO2 photoreduc-
tion is typically mediated by multi-electron donation, a compari-
son of excited state dynamics under single exciton and multiple

Adv. Funct. Mater. 2024, 2315734 2315734 (4 of 11) © 2024 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 3. TA spectra and kinetics. 2D TA spectra of Re-2.3 nm a), Re-3.3 nm b) and Re-3.8 nm c) with 470 nm excitation wavelength. Extraction of TA
kinetics for pure QD-Re catalysts for Re-2.3 nm d), Re-3.3 nm e) and Re-3.8 nm f). TA kinetics extracted from the minimum GSB, 457 nm for Re-2.3 nm,
570 nm for Re-3.3 nm, and 605 nm for Re-3.8 nm.

excitons population per QD after excitation is necessary to ratio-
nalize the catalytic performance. In this scenario, we selected two
excitation intensities for the pump pulse to control the excitation
density in each QD <N> (average number of excitons per QDs)
ensuring only one electron or two electrons can be generated per
excitation pulse for photocatalytic reactions (For details in exci-
tation density calculation, see experimental section). Figure 3a–c
exhibits typical 2D TA spectra of Re-QDs of different sizes with
<N>= 0.50. All of the spectra feature a broad negative band at dif-
ferent positions corresponding to their absorption band edge, as
shown in Figure 1a, which can be attributed to band-edge ground
state bleach (GSB). Positive excited state absorption (ESA) in the
red regions can also be observed. Those features indicate a rapid
population of the band edge lowest excited state after excitation.
The excited state dynamics was then studied by analyzing the
kinetics of the GSB minimum which represents the depopula-
tion dynamics of the lowest excited state. Before the study, it
is indispensable to purify the TA kinetics of each sample since
unattached QDs with Re-catalyst remain in the pool of QDs. As
depicted in Figure 3d–f, this is achieved via subtracting kinetics
of Re-QDs by that of InP/ZnS-ME (i.e., QDs without catalyst at-
tachment) after normalizing the amplitude at long time decay (af-
ter 2 ns). We assume that the excited state of Re-QDs was depop-
ulated entirely after such a long time decay due to the fast charge
transfer process, the long-lived remaining GSB should be only
contributed by residual QDs without Re-catalyst attachment.

The resulting differential TA kinetics of three samples after
the subtraction process are shown in Figure 4a. GSB decay of Re-
2.3 nm is much faster than that of Re-3.3 nm indicating the fast
electron transfer process from initial excited state compared with

Re-3.3 nm at early time scale <1 ps. In contrast, no differential
kinetics of Re-3.8 nm can be observed after subtraction owing
to identical GSB decay Re-3.8 nm and pristine QDs (Figure 3f),
which suggested excited state depopulation pathway has been not
changed after ReBpy attachment in this sample. For Re-2.3 nm
QDs, TA kinetics can be fitted by three exponential decay com-
ponents with lifetimes of 0.3 ps (21%), 8.0 ps (52%) and 367 ps
(27%) as shown in Table 2. The assignment of these compo-
nents can be achieved from the complementary analysis between
TA and time-resolved IR spectroscopy measurements (TRIR) of
the same sample. In time-resolved IR spectra of QD-Re sam-
ples (Figure S11, Supporting Information), we can observe broad
featureless positive absorption as the fingerprint of free carriers
after excitation, which is absent in neat QD samples and neat
Re catalysts. This is because the electron-hole pairs in neat QDs
are bounded within the exciton, while electrons in the Re-catalyst
are also localized. Therefore, this signal can be assigned as dis-
sociated free holes remaining in the QDs after electrons have
been transferred to Re-centers. After comparing the kinetics of
GB in TA and positive absorption in TRIR (Figure S12, Support-
ing Information), we can conclude that the subpicosecond com-
ponent (0.3 ps) can be assigned to electron transfer from QDs to
Re(I) center. It results from the dissociation of the excited exci-
ton and generation of free holes in QDs that can be fingerprinted
in TRIR in our previous study.[24] In addition, we confirmed via
TD-DFT calculation that in our QD-Re system the LUMO level is
dominantly contributed by the Bpy orbital, indicating the excited
electrons already reside at Bpy moiety (for details see support-
ing information). Therefore, such a component refers to the fast
electron injection from Bpy directly to Re(I) center. The 8.0 ps

Adv. Funct. Mater. 2024, 2315734 2315734 (5 of 11) © 2024 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 4. Single electron donation analysis. TA kinetics extracted from minimum GSB for all samples a) and corresponding excited state schematic
diagram of lifetime and electron transfer pathway b). TA kinetics extracted from the minimum GSB, 457 nm for Re-2.3 nm, 570 nm for Re-3.3 nm,
605 nm for Re-3.8 nm.

component can be attributed to hole trapping by trap state pro-
duced by thiol ligand, which is commonly observed in thiol-
capped QDs system with similar trapping time.[25] Finally, the
367 ps component should be correlated to the recombination Re
center between the transferred electrons in Re(I) and residual
holes in QDs (the recombination takes place in the QD). (For de-
tails of the analysis, see supporting information)

In contrast, the excited state depopulation in Re-3.3 nm is
much slower as shown in Figure 4a. We can fit the TA kinetics of
Re-3.3 nm by three exponential components as shown in Table 2.
The lifetime of the fastest component (4 ps) is similar to the hole
trapping process in Re-2.3 nm mentioned above. More impor-
tantly, the amplitude ratios of this component is also identical in
two samples (i.e., 55% for Re-3.3 nm and 52% for Re-2.3 nm).
This indicates it should also be attributed to a similar surface
hole-trapping process. The longest component of 1.7 ns for Re-
3.3 nm is close to the intrinsic exciton recombination time in InP
QDs,[26] i.e., depopulation of the excited electrons on the CB of
the QDs to the ground state. The middle component (51 ps) may
correspond to the slow charge transfer to Re(I) due to the low
driving force of the charge transfer comparable to the thermal
energy kBT (26 meV) as shown in Figure 4b.

We can rationalize the very different excited state dynamics in
the three samples by their energy band alignment between the
band edge states and energy level of Re(I) center as displayed in
Figure 4b. The large driving force of electron transfer (i.e., ∆G =
Ecb-ERe(I) = 0.36 eV) and short transfer distance[27] (i.e., distance
between Bpy and Re(I) to be 0.208 nm)[28] guarantee the efficient
electron transfer rate for Re-2.3 nm. In contrast, the driving force

Table 2. Multiexponential Fitting Parameters of TA for Re-QDs.

<N> A1 t1 [ps] A2 t2 [ps] A3 t3 [ps]

Re-2.3 nm 0.5 0.21 0.2 ± 0.1 0.52 8.0 ± 1.4 0.27 367 ± 85

Re-3.3 nm 0.5 0.55 51 ± 23 0.18 4.0 ± 1.8 0.23 1724 ± 262

Re-3.8 nm 0.5 0 0 ± 0 0 0 ± 0 0 0 ± 0

Re-2.3 nm 1.8 0.50 0.1 ± 0.01 0.31 3.0 ± 0.4 0.19 101 ± 15

Re-3.3 nm 1.8 0.25 8.0 ± 6.0 0.23 70 ± 63 0.52 2700 ± 508

Re-3.8 nm 1.8 0.22 100 ± 157 0.70 1100 ± 687 0.08 >>10000

is only 0.03 eV for Re-3.3 nm, which is comparable to the thermal
energy kBT (26 meV). This means that the excited electrons will
most probably hop back and forth between QDs and Re(I) cen-
ter, and finally depopulate to the ground state from CB of QDs.
Reversely, CB of Re-3.8 nm is lower than Re(I) meaning electron
injection is suppressed. Similarly, no hole trapping is available,
which may be because larger QDs have fewer surface traps dur-
ing the Re attachment, and the driving force for hole traps (i.e.,
the energy difference between VBM and trap states) in large QDs
is low.

Multi-electron donation plays a crucial role in photocatalytic
CO2 reduction. Subsequently we studied the photo-induced
charge transfer dynamics of three samples with <N>> 1 to mon-
itor whether multiple electrons excited in QDs can be efficiently
injected to the multiple Re(I) at each QD for the CO2 reduction.
We implement the same subtraction operation as for the single
electron donation analysis to remove the contribution from pris-
tine QDs, and the result is shown in Figure 5a. All the kinetics
can also be fitted by the multiexponential decay function. The fit-
ted component of Re-2.3 nm is similar to single electron excita-
tion condition (i.e., subpicosecond electron injection, picosecond
hole trapping, as 100 ps electron-hole recombination) as shown
in Table 2. This indicates that efficient electron transfers are kept
the same when multiple electrons are excited in QDs since two
catalysts have been attached per QDs ensuring a parallel charge
transfer channel for each electron. However, the excited depopu-
lation process for Re-3.3 nm in this case is much slower as shown
in Figure 5a. In that sample, we found that the lifetime of the ps
decay component remains the same, indicating the same hole-
trapping process in Re-3.3 nm QD. The longest component of
2.7 ns can also be attributed to the single electron-hole recom-
bination time identical to the single excitation case. The mid-
dle component with lifetime of 70 ps refers to Auger recombi-
nation of multiple exciton instead of multi-electron injection to
Re(I) since the kinetics decay exhibit second order recombination
feature (For details see supporting information). This means no
efficient multi-electron transfer to Re(I) can be achieved for Re-
3.3 nm sample. As clarified above, low driving force (0.03 eV)
limits the electron transfer process. Secondly, subsequent elec-
trons require overcome stronger Coulombic force from the first
hole in QDs even if the first electron completes its transfer.[29]
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Figure 5. Multi-electron donation analysis. TA kinetics extracted from minimum GSB for all samples a) and corresponding excited state schematic
diagram of lifetime and electron transfer pathway b). TA kinetics are extracted from the minimum GSB, 457 nm for Re-2.3 nm, 570 nm for Re-3.3 nm,
605 nm for Re-3.8 nm.

Considering the Re-3.8 nm QD, we start to see differentials
signal different from single electron excitation scenario since the
Auger process may be different between QDs and Re-QDs due
to different dielectric screening effect of the surface ligand.[30–32]

Therefore, the obtained 100 ps decay component should be at-
tributed to the Auger recombination of multi-exciton in Re-
3.8 nm, while 1.1 ns component is close to intrinsic single exciton
lifetime in pristine QDs. Note the surface hole trapping process
is still absent in Re-3.8 nm sample in this case. The overall charge
transfer pathway and the corresponding lifetime are summarized
in Figure 5b.

We finally investigated photocatalytic CO2 reduction perfor-
mance of the three Re-QDs. All the Re-QD samples were dis-

persed into CH3CN and 10% triethanolamine (TEOA) as a sacri-
ficial donor. To guarantee that only QDs were excited, the mixture
was irradiated by an LED lamp with 440 excitation wavelength for
6 h after purging with Argon for 10 min. As shown in Figure 6a,
Re-2.3 nm exhibits excellent photocatalytic performance of CO
photoreduction with the turnover number (TON) of 52, corre-
sponding to the overall apparent quantum yield (AQY) of 7%,
which is much higher than 11 (AQY of 0.73%) for Re-3.8 nm and
9 (AQY of 0.82%) for Re-3.3 nm, and respectively. It should first
be noted that the signal in Figure 6a,b only comes from the CO2
photoreduction, not from the decomposition of samples or sac-
rificial agent, according to the 13C isotope labeling experiment
shown in Figure S14 (Supporting Information).

Figure 6. Photocatalytic reduction CO2 performance. Photocatalytic evolution (curves) of CO a) and CH4 b) and corresponding AQY (bars) for three
samples. Schematic illustration of pathways for photocatalytic reduction of CO2 with two Re-catalyst attachment c). Light pink region in Re-3.3 shows
the electron transfer reversely to Re(I) center, and the dotted line refers to the electrons that not likely to participate in the photocatalytic reduction of
CO2 reactions.

Adv. Funct. Mater. 2024, 2315734 2315734 (7 of 11) © 2024 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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According to the above discussion, both single-electron dona-
tion and multi-electron donation are efficient in Re 3.3 nm, fa-
cilitating CO2 reduction. Note that even though the surface hole
trapping occurred in Re-2.3 nm, there still remains 50% QDs in
the QD pool free from the hole trapping where the excited holes
can be scavenged by the electron donated from sacrificial agent
TEOA. In contrast, both Re-3.3 nm and Re-3.8 nm suffered from
inefficient electron transfer to Re(I). In this scenario, the excited
electron residing in the Bpy moiety of Re-catalyst according to
the DFT calculation can still participate in CO2 reduction in the
media but with much less efficiency than the transferred elec-
tron at Re(I) due to 1) a much shorter lifetime, and 2) longer dis-
tance between electrons at Bpy and the absorbent CO2 species.
As a result, the CO production yield is much less. We also no-
ticed that Re-3.3 nm exhibits slightly higher CO production ac-
tivity than Re-3.8 nm. Such subtle deviation could be originated
from many factors. Our above analysis indicates that Re-3.3 nm
is more prone to charge transfer to the Re-center after excitation
than Re-3.8 nm due to the high band edge excited state. On the
other hand, smaller QDs may generate more surface traps re-
stricting charge separation and donation, which might compen-
sate for the difference in the electron transfer dynamic. Besides
that, other factors like differences in the capability of surface ad-
sorption due to different surface areas could also influence the
final catalytic performance.

More importantly, an efficient multi-electron donation in Re-
2.3 nm facilitated 8-electron mediated photocatalytic production
of CH4 as shown in Figure 6b with a TON of 6 after 6 h reac-
tion, corresponding to the overall AQY of ≈0.9%. Such values are
among the highest within all the state-of-the-art inorganic and
organic photocatalysts for CO2 photo-catalytic methanation.[33,34]

As illustrated in Figure 6c, excited QD in Re-2.3 nm undergoes
effective exciton delocalization due to unconventional electronic
structure, photoinduced holes accepted electrons from TEOA
which promoted charge separation. Eventually, a fast electron
transfer process occurs simultaneously on two catalysts as de-
picted in Figure 6c, efficient multi-electron donation enables pho-
tocatalytic CH4 evolution. On the other hand, Re-3.3 nm and Re-
3.8 nm QDs have excited electrons either localized between Re(I)
center and Bpy or entirely bonded within initial excitons, prevent-
ing the electron donation for the CO2 reduction, explaining their
inferior CO and absent CH4 production. Moreover, photocatalytic
performance was also conducted in control samples such as pris-
tine InP/ZnS QDs and InP/ZnS-ME with the size of 2.3 nm
(Figure S15, Supporting Information), which suggested efficient
photo-conversion of CO2 to CO and CH4 can only be achieved by
QD/molecule complex system with optimal band alignment for
efficient multi-electron donation process.

3. Conclusion

In summary, we prepared three InP/ZnS colloidal quantum dots
with different sizes and successfully attached two Re-catalysts
onto each QDs via covalent bonding. The characterization on
their electronic structure revealed that the energy alignment be-
tween CB of the QDs and LUMO level of Re-catalysts is strongly
QD size dependent, where the CB level of Re-2.3 nm QDs is
higher than the ReBpy level, while 3.3 and 3.8 nm QDs have
CB level close and lower than the Re level, respectively. As a re-

sult, Re-2.3 nm exhibits excellent electron injection from QDs
to Re-catalyst. Such injection is valid for both single excitation
and multiple excitation modes for each QDs due to the two Re-
catalysts attachment. In contrast, Re-3.3 nm and Re-3.8 nm QDs
showed inefficient electron transfer processes due to insufficient
driving force. Therefore, only Re-2.3 nm exhibited CO2 reduction
efficiency where both two-electron mediated product CO and 8-
electron mediated product CH4 can be obtained with TON to be
52 and 6 corresponding to overall AQY of 7% and 1%, respec-
tively. This work can be considered as guidance for future mate-
rial engineering on photocatalysts for CO2 photocatalytic reduc-
tion with optimal efficiency and selectivity. Based on the conclu-
sion of this paper, we can draw a relative universal design sug-
gestion for the QD-catalyst to promote multi-electron donation
for efficient CO2 reduction: 1) In order to provide highly reduced
products, the driving force required for the electron transfer to
the reduction level is larger than the low reducted products. This
is due to the internal Coulombic attribution force that hinders
the multiple electron donation. This can be solved by either in-
creasing the surface reaction centers or lifting the LUMO level of
the catalyst. 2) Trade-off factors remain regarding the size of QDs
to be selected in QD-catalyst, where the electronic band structure
and surface trap density obviously play opposite roles in catalytic
activity. Therefore, there should always be an optimal medium
QD size for the CO2 photocatalytic reaction. This work demon-
strates the critical effect of QDs size on the electronic band align-
ment in QD-catalyst hybrid structures and consequently domi-
nates the efficiency of multi-electron donation for catalytic CO2
reduction.

4. Experimental Section
Materials for Synthesis: The photocatalyst (Re(bpy)(CO)3Br) was pre-

pared according to previous literature procedures.[35] Indium(III) chloride
(98%, Sigma–Aldrich), zinc(II) chloride (98%, Sigma–Aldrich), zinc(II)
iodide (98%, Sigma–Aldrich), oleylamine (technical grade, 70%, Sigma–
Aldrich), tris(diethylamino)phosphine (98%, Sigma–Aldrich), sulfur pow-
der (99.98%, Sigma–Aldrich), trioctylphosphine (TOP, 97%, Sigma–
Aldrich), 2-mercaptoethanol (ME, 99%, Sigma–Aldrich), chloroform
(99.5%, Sigma–Aldrich), ethanol (EtOH, for HPLC, VWR Chemicals), hex-
ane (HEX, for HPLC, VWR Chemicals), dimethylformamide (DMF, for
HPLC, VWR Chemicals), and toluene (for HPLC, VWR Chemicals).

Synthesis of InP/ZnS QDs with the Size of 2.3 nm: The process of
synthesis InP/ZnS quantum dot was prepared by previous literature[20]

with a little modification. Briefly, the mixture of 111 mg (0.5 mmol) of
indium(III) chloride as indium precursor, 320 mg (1.0 mmol) zinc(II)
iodide, and 136 mg (1.0 mmol) of zinc(II) chloride as zinc precursor
was dissolved into 5 mL (15 mmol) of oleylamine, then evacuated by
Schlenk techniques and kept under vacuum at 120 °C for 1 h. Afterward,
the reaction system was heated to 180 °C under an Argon atmosphere.
0.5 mL (1.8 mmol) of tris(diethylamino)phosphine (phosphorous:indium
ratio = 3.6:1) was quickly injected into the mixture. The system was kept
at 180 °C for 30 min to drive the growth of InP quantum dot to completion
and was further heated to 260 °C and slowly added 1 mL of TOP-S
(2 m) solution at the rate of 0.2 mL mi−1n. TOP-S solution was prepared
by dissolving 0.128 g of sulfur powder in 2 mL of TOP under an inert
atmosphere. The system was kept at 260 °C for 3 h to passivate the InP
QDs. Finally, the system was cooled down to room temperature. To purify
InP/ZnS QDs, ≈10 mL of EtOH was added for the precipitation of QDs.
After centrifugation, the supernatant was discarded and the precipitated
QDs were further dissolved into HEX subsequent centrifugation. Then
the precipitation was discarded, keep the supernatant and precipitation in
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15 mL of EtOH. Following centrifugation, the QDs were again dispersed
into 20 mL HEX and centrifuged to remove the insoluble impurities. The
prepared QDs were kept well in solution at 2–6 °C.

Synthesis of InP/ZnS QDs with the Different Sizes: Size of InP/ZnS QDs
was modulated by the different concentration ratio of zinc(II) iodide and
zinc(II) chloride precursers and the InP core growth temperature. The
main process of synthesis is decribed above. In summary, when 306 mg
(2.25 mmol) of zinc(II) chloride was added, 3.3 nm of InP/ZnS was ob-
tained; when added 306 mg (2.25 mmol) of zinc(II) chloride and the tem-
perature of InP core growth increased to 260 °C from 180 °C, 3.8 nm of
InP/ZnS was obtained.

Synthesis of InP/ZnS-ME QDs: InP/ZnS-ME was prepared by ligand
exchange method according to the previous literature[36] with slight mod-
ification. Briefly, most of the solvent (HEX) in the as-prepared InP/ZnS
QDs solution was first removed by the rotary evaporation approach. Then
≈2500 times molar excess of ME was added to the reaction system. The
mixture was heated to 90 °C under a vacuum to remove the rest of HEX. Af-
terward, the reaction mixture was kept at 90 °C under Argon atmosphere
for ≈1 h or less until the solution became clear. After cooling down to
room temperature, chloroform was added to precipitate the resulting ME-
decorated InP/ZnS QDs (ME-capped QDs, InP/ZnS-ME). Centrifugation
at 5000 rpm for ≈5 min yielded the targeted products and easily dispersed
into DMF. The prepared InP/ZnS-ME were kept well in solution at 2–6 °C.

Synthesis of Re-2.3 nm, Re-3.3 nm, and Re-3.8 nm: The mixture of 1: 2
molar mass ratio of InP/ZnS-ME and Re(bpy)(CO)3Br was evacuated and
injected argon gas by Schlenk techniques three times, then the system
was heated to 110 °C under argon atmosphere for 3 h. Following cooling
down to room temperature, toluene was added for precipitation of Re-
QDs, and centrifugation at 5000 rpm for ≈5 min was used to purify the
products. Finally, the precipitation was easily dispersed into DMF, and kept
the solution at 2–6 °C in dark place for further measurement.

Photocatalytic Reduction of CO2: The method of photocatalytic reduc-
tion of CO2 was carried out according to literature methods with a little
modification. 5 mL of CH3CN, and 0.5 mL of TEOA (triethanolamine) con-
tained with ≈2 μm of Re-QDs were put in 10 mL septum-sealed glass vials.
The mixture was purged with Ar for 10 min and CO2 for 15 min to wipe
out air, and then irradiated by a LED lamp with 440 wavelengths (light in-
tensity: 83.8 mW cm−2; irradiation area: 0.25 cm2) for 6 h and kept stirring
during the photocatalytic reaction. The amount of CO and CH4 generated
was quantified every 1 h by using Shimadzu gas chromatography (GC-
2010) by analyzing 500 μL of the headspace. The control experiment was
also carried out only in the absence of CO2.

Powder X-Ray Diffraction (XRD): X-ray diffraction (PXRD) data were
collected by using Rigaku Miniflex600 at room temperature with Cu K𝛼1
source (𝜆 = 1.5418 Å) over the range of 2𝜃 = 3.0 – 90.0° with a step size
of 0.02° and a counting time of 1 s per 10 step.

TD-DFT Computational methods: To investigate the relationship of the
optical properties with molecular structures and electronic structures, Re-
QDs (Tables S1 and S2, Supporting Information) were constructed to rep-
resent one quantum dot connected with one and two Re-catalytic cen-
ters. An implicit solvent model was used to reflect the solvation envi-
ronment and implemented using SMD solvation model[37] in Gaussian
16 package.[38] PBE0[39–41] was selected as the exchange-correlation func-
tional; def2-SVP[42,43] was selected as the basis set for DFT calculations.
Acetonitrile parameters were used to represent the solvents in the SMD
models.[44] Time-dependent density functional theory (TD-DFT) calcula-
tions were also performed using these parameters.

Fourier-Transformed Infrared Spectroscopy: Fourier-Transformed In-
frared Spectroscopy (FT-IR) data were obtained by using ALPHA P FT-IR
spectrometer (Bruker). The sample materials were prepared to KBr pellet.

X-ray Photoelectron Spectroscopy: X-ray Photoelectron Spectroscopy
(XPS) data were got by using XPS-Thermo Scientific with Al K𝛼 (1486 eV)
as the excitation X-ray source. The pressure of the analysis chamber was
maintained at 2×10−10 mbar during measurement. The sample material
was prepared by dispersing it in DMF and then dripping it onto a silicon
wafer then dried in air. The peak of C 1s at ≈284.8 eV was used to calibrate
the energy scale. The XPS data were performed to precisely quantify the
number of Re-catalyst tether to one quantum dot by integrating the area

of atom peaks. The absorption spectra were measured in a UV–vis absorp-
tion spectrophotometer from Agilent Technologies (Santa Clara, USA).

Photoluminescence: Photoluminescence (PL) was performed via Spex
Fluorolog 1681 standard spectrofluorometer.

Transmission Electron Microscopy: Transmission electron microscopy
(TEM) images were obtained with a Tecnai G2 T20 TEM.

Nuclear Magnetic Resonance (NMR) Measurement: All presented
NMR spectra were either measured on a Bruker Avance IIIHD spectrom-
eter operating at a 31P frequency of 242.93 MHz (14.1 T) equipped with a
5 mm Bruker BBFO probe, or a Bruker Avance III Nanobay operating at a
31P frequency of 161.97 MHz (9.4 T) equipped with a 5 mm CryoProdigy
probe. For the quantum dots with attached photo catalyst 65–75k scans
were accumulated with an interscan delay of 1.5 s, 30° flip-angle and 1H
power-gated decoupling. For the free photo catalyst 16 scans were accu-
mulated with an interscan delay of 2.5 s, 90° flip-angle and 1H power-
gated decoupling. The samples were measured “as-prepared” adding only
5 vol.% of DMF-d7 for lock and shimming. Chemical shifts are reported
relative to H3PO4 using the lock signal from DMF-d7.

Transient Absorption (TA) Spectroscopy Measurements: The transient
absorption (TA) measurements were carried out by laser-base pump-
probe spectroscopy with the laser power intensity equating to less than
one phonon and two phonons absorption per quantum dot. Laser pulse
(800 nm, 40 fs pulse length, 2 KHz repetition rate) were generated by a
femtosecond oscillator (Mai Tai SP, both Spectra Physics). Excitation pulse
at the wavelength of 470 nm to ensure the pulse only exciting the light
harvester (quantum dots) not photocatalyst, which generated an optical
parametric amplifier (Topas C, Light Conversion). For the probe, a broad
supercontinuum spectrum was generated from a thin sapphire crystal and
split by a beam splitter into a probe pulse and a reference pulse. The probe
pulse and the reference pulse were dispersed in a spectrograph and de-
tected by a diode array (Pascher Instruments). A Berek compensator in
the pump beam was placed to set the mutual polarization between pump
and probe beams to magic angle (54.7°). Excitation power intensity and
spot size were necessary for the calculation of excitation fluence, and fur-
ther determined the average number of excitons 〈𝑁〉 per QDs.

Transient Mid-IR Absorption Spectroscopy: A frequency-doubled Q-
switched Nd:YAG laser (Quanta-Ray ProSeries, Spectra-Physics) was em-
ployed to obtain 450 nm pump light, 10 mJ pulse−1 with a FWHM of 10 ns.
The 450 nm pump light was used through the MOPO crystal to pump
the sample. Probing was done with the continuous wave quantum cas-
cade (QC) IR laser with a tuning capability between 1893 and 2300 cm−1

(Daylight Solutions). For IR detection, a liquid nitrogen-cooled mercury
cadmium-telluride (MCT) detector (KMPV10−1J2, Kolmar Technologies,
Inc.) was used. The IR probe light was overlapped with the pump beam
in a quasi-co-linear arrangement at 25° angle. Transient absorption traces
were acquired with a Tektronix TDS 3052 500 MHz (5 GS/s) oscilloscope
in connection with the L900 software (Edinburgh Instruments) and pro-
cessed using Origin 2021 software. Samples were kept in a modified Omni
cell (Specac) with O-ring sealed CaF2 windows and a path length of 1 mm.
All samples were re-prepared to keep fresh before measurement, and DMF
was used as a solvent in all experiments.

Ultraviolet Photoelectron Spectroscopy (UPS): The UPS measurements
were carried out using the PEEM endstation of the MAXPEEM beamline
at MAX IV laboratory in Lund, Sweden. the micro-spot XPS mode of the
PEEM instrument was utilized to measure the local XPS from a spot with
a size of 5 μm on the sample. This enabled for this study to mount mul-
tiple samples on a single substrate and measure them simultaneously.
During sample preparation, dispersion drops containing quantum dots in
four different sizes were deposited on a single Au-plated Si wafer using
a pipette. After drying in a desiccator, the drops turned into coffee-ring
shapes with an average diameter of 1 mm. These drops were spaced apart
from each other to facilitate independent measurements on each of them,
as well as on the bare Au area between the samples. This method allowed
all UPS measurements from different samples to be automatically aligned
on the energy scale, without the need for further calibration, as all the
samples were electrically connected through the Au substrate. The sub-
strate with samples was loaded into the PEEM chamber and measured
under ultra-high vacuum (UHV) conditions with a base pressure better
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than 1 × 10−10 torr. To ensure that the UPS data collected from the sam-
ples did not contain contributions from the Au substrate, thick areas were
selected where no Au 4f signals could be detected. The energy resolution
of the instrument in this operation mode is ≈100 meV, and the photon
energy used in the measurement was 80 eV.

Absorption Cross Section Determination: High excitation fluence could
excite QDs to multiple exciton states. With a usual assumption, the initially
generated multiple exciton population follows the Poissonian distribution

PN =
e−⟨N⟩ ⋅ ⟨N⟩N

N!
(2)

where 〈𝑁〉 is the average number of excitons per QDs, N is the number of
excitons and PN is the fraction of NCs with N excitons. 〈𝑁〉 = 𝜎∙𝐼 could be
used to present the average number of excitons per NCs, where 𝜎 is the ab-
sorption cross-section at the excitation wavelength and I is the excitation
intensity in units of the number of photons per pulse per excitation area.
From Equation (1), the fraction of excited NCs, Pexc, as could be calculate:

Pexc =
∞∑

N = 1

PN = 1 − P0 = 1 − e−⟨N⟩ = 1 − e−𝜎⋅I (3)

If Pexc was known, 𝜎 could be calculated from (2). Pexc was optained
by measuring the excitation intensity dependence of the late-time region
signal (t ≥ 1 ns), which corresponds to the last remaining exciton after
the Auger process. Due to multiple excitations generated at high pump in-
tensity excitation in NCs is rapidly lost via Auger process leaving only one
excitation at late-time region (t ≥1 ns). The signal ΔA0(I, t ≥1 ns) inten-
sity could be rescaled to the corresponding signal at t = 0, which could be
called as ΔA0(I). the lowest excitation intensity was used as reference ex-
citation intensity and corresponding average number of excitons per NCs,
〈𝑁〉0.as reference number of excitons per QDs.

ΔA0 (I) =
ΔA0 (I, t ≥ 1 ns)

e−
t
𝜏

= ΔA0 ⋅
(

1 − e−(I⋅I0⋅⟨N⟩0)
)

(4)

𝛥𝐴0, denotes the largest possible single-exciton signal rescaled to t = 0.
Based on the rescaled signal ΔA0(I), an exponential fit was performed

to Equation (4). From the fitting, the value of 〈𝑁〉0 was gotten, and absorp-
tion cross-section 𝜎 of InP/ZnS QDs at 400 nm (3.1 eV) was calculated.
The absorption cross-section 𝜎 at 450 nm was calculated based on the val-
ues of 𝜎 at 400 nm and absorption spectra. The calculated result is shown
in Figure S13 (Supporting Information).

Calculation Details of the Apparent Quantum Yield (AQY): The energy
of one photon (Ephoton) with the wavelength of 𝜆inc (nm) is calculated by
the following equation:

Ephoton = hc
𝜆inc

(5)

where h (J·s) is Planck’s constant, c (m·s−1) is the speed of light and 𝜆inc
(m) is the wavelength of the incident monochromatic light.

The total energy of the incident monochromatic light (Etotal) is calcu-
lated by the following equation:

Etotal = Iinc St (6)

where Iinc (W·m−2) is the power density of the incident monochromatic
light, S (m2) is the irradiation area and t (s) is the the duration of the
incident light exposure.

According to the Beer–Lambert law:

A =
Iinc

Itra
= 𝜀cL (7)

Where A is the measured absorbance, Iinc (W·m−2) is the intensity of the
incident light at a given wavelength, Itra (W·m−2) is the transmitted in-
tensity, L (m) the path length through the sample, and c (mol·L−1) the
concentration of the absorbing species.

Then the power density of absorbed monochromatic light (Ia) by cata-
lysts is:

Ia = Iinc − Itra (8)

Then the power density of absorbed monochromatic light (Ia) by cata-
lysts is:

Ea = Etotal − Etra = (Iinc − Itra)St (9)

The number of absorbed photons (Nphoton) by catalysts could be ob-
tained through the following equation:

Nphoton =
Ea

Ephoton
=

(Iinc − Itra)St𝜆inc

hc
(10)

The moles of incident photons (nphoton) absorbed by catalysts could be
obtained through the following equation:

nphoton =
Nphoton

NA
=

(Iinc − Itra)St𝜆inc

hcNA
(11)

Where NA (mol−1) is the Avogadro constant.
Finally, The AQY is calculated by the number of molecules Nmol under-

going an event (conversion of reactants or formation of products) relative
to the number of photon Nph absorbed by the photocatalyst in the follow-
ing expression:

𝜑AQY =
nmol

(
mol s−1

)
nph

(
einstein s−1

) (12)

InP/ZnS QDs, InP/ZnS-ME and Re-QDs Concentration Calculation: All
samples including InP/ZnS QDs, InP/ZnS-ME, and Re-QDs could be con-
sidered as InP-based quantum dots. InP-based quantum dots concentra-
tion was determined by Beer–Lambert law

A = 𝜀cl (13)

where A is the absorption of the sample, ɛ is the molar extinction coeffi-
cient, c is the concentration of InP based quantum dots, l is the optic path
length in cm. If ɛ was known, c could be calculated from (12). ɛ could be
obtained by the empirical formula reported by previous literature:[45]

𝜀410 = (1.29 ± 0.06) × 104d3
QD (14)

where ɛ410 is the molar extinction coefficient of samples at 410 nm excita-
tion wavelength, dQD is the size of InP based quantum dots confirmed by
TEM. It should be note that A is the absorption of samples at 410 nm.

Determination of the Number of Re-Catalyst Attaching to Per InP/ZnS
Quantum Dot: For InP based quantum dots, their lattice parameter value
a is 0.5861 nm and 4 indium atoms in complete unit cell, which reported
by previous literature.[46] The Volume of InP/ZnS is calculated by equation
followed:

V = 4
3
𝜋d3

QD (15)

where dQD is the size of InP based quantum dots. The number of unit
cell of InP for per InP/ZnS QD is easy to obtain to be 32 and 128 indium
atoms for per InP/ZnS QD. Then the number of In and Re atom in sample
could be calculated by the ratio of indium and rhenium in XPS spectra, the
numbers of Re-catalyst were confimred via the number of Re atom as only

Adv. Funct. Mater. 2024, 2315734 2315734 (10 of 11) © 2024 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH

 16163028, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202315734 by D
anish T

echnical K
now

ledge, W
iley O

nline L
ibrary on [11/04/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.afm-journal.de


www.advancedsciencenews.com www.afm-journal.de

one Re atom was located per Re-catalyst. The calculated results of three
samples in this work is followed: (Table 1).

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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