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Abstract 

Solar fuel generation mediated by semiconductor heterostructures represents a promising strategy for 
sustainable energy conversion and storage. The design of semiconductor heterostructures for 
photocatalytic energy conversion requires the separation of photogenerated charge carriers in real 
space and their delivery to active catalytic sites at the appropriate overpotentials to initiate redox 
reactions. Operation of the desired sequence of desired light harvesting, charge separation, and charge 
transport events within heterostructures is governed by the thermodynamic energy offsets of the two 
components and their photoexcited charge-transfer reactivity, which determine the extent to which 
desirable processes can outcompete unproductive recombination channels. Here, we map energetic 
offsets and track the dynamics of electron transfer in MoS2/CdS architectures, prepared by interfacing 
two-dimensional MoS2 nanosheets with CdS quantum dots (QDs), and correlate the observed charge 
separation to photocatalytic activity in the hydrogen evolution reaction. The energetic offsets between 
MoS2 and CdS have been determined using energy-variant X-ray photoemission spectroscopy (XPS) in 
conjunction with density functional theory. A staggered type-II interface is observed, which facilitates 
electron and hole separation across the interface. Transient absorption spectroscopy measurements 
demonstrate ultrafast electron injection occurring within sub-5 ps from the CdS QD to MoS2, allowing 
for creation of a longer-lived charge-separated state. The increase of electrons in MoS2 is evidenced 
with the aid of spectroelectrochemical measurements and by identifying the distinctive signatures of 
electron—phonon scattering in picosecond-resolution transient absorption spectra. Ultrafast charge 
separation across the type-II interface of MoS2/CdS heterostructures enables a high Faradaic efficiency 
of ca. 99.4 ± 1.2% to be achieved in the hydrogen evolution reaction (HER) and provides a 40-fold 
increase in the photocatalytic activity of dispersed photocatalysts for H2 generation. The accurate 
delineation of thermodynamic driving forces and dynamics of charge transfer suggests a means of 
engineering ultrafast electron transfer and effective charge separation in order to design viable 
photocatalytic architectures.  



 

Introduction 

Solar fuels that store energy harvested from sunlight in chemical bonds are attractive alternatives to 
fossil fuels and will be the foundational energy currency of post-carbon economies.1, 2 The production 
of solar fuels requires an interconnected cascade of chemical reactions and charge/mass transport 
processes: absorption of sunlight, charge separation, charge transport to catalytic sites, diffusion of 
reactants to catalytic sites, and catalyzed redox events.3-5 Since it is unlikely that a single material can 
orchestrate this entire sequence of processes in a synchronized manner, attention has focused on 
designing heterostructures with multiple components that each mediate a subset of the cascade. 
Semiconductor heterostructures with the appropriate energetic offsets afford the opportunity to 
separate photogenerated electron—hole pairs while enabling the harvesting of photons across an 
extended region of the solar spectrum.5-7 Considerable recent attention has focused on the design of 
semiconductor heterostructures that deliver electrons or holes to catalytic sites at low overpotentials.3 
8 MoS2 has an optical bandgap broadly tunable from 1.2—1.9 eV as a function of layer thickness9 and 
has attracted interest as an earth-abundant electrocatalyst for hydrogen evolution10 11-13 and CO2 
photoconversion.14, 15 Interfacing MoS2 with semiconductor quantum dots (QDs) that have high 
oscillator strengths provides a means to effectively harvest sunlight and to deliver electrons to the 
active edge sites of MoS2. In this article, we examine the thermodynamic energetic offsets and 
measure the dynamics of charge transfer in heterostructures of few-layered MoS2 interfaced with CdS 
QDs, mapping electron transfer from the conduction band edge of photoexcited QDs to the 
conduction band of MoS2 and evidencing the stabilization of a charge-separated state . 

In order to achieve high solar conversion efficiencies, the thermodynamic driving forces and dynamics 
of charge transfer need to be engineered to enable the spatial separation of photogenerated 
electron—hole pairs at ultrafast timescales before they are able to recombine or be annihilated 
through unproductive relaxation pathways.3, 16, 17 Engendering the separation of the charge carriers in 
real space maximizes the probability for their effective utilization in catalytic reactions. The resulting 
charge-separated states need to be long-lived and the separated electrons/holes further need to be 
rapidly transported along potential gradients to catalytic sites to mediate redox reactions.3 Staggered, 
type-II, band alignments are particularly desirable to drive rapid interfacial charge separation of 
photogenerated electrons and holes and to enable their localization at opposite ends of binary 
heterostructures.18-22 Interfacing MoS2 with other semiconductor nanocrystals provides a means to 
tune interfacial energetic offsets and charge transfer dynamics, thereby enabling electron injection 
and effective solar energy conversion.3, 23, 24 As an example of this approach, Hong et al. have 
demonstrated that upon photoexcitation of MoS2/WS2 heterostructures, charge separation is achieved 
within 50 fs, enabling a substantially increased photocurrent density and incident-photon-to-current-
efficiency in a photovoltaic device.21, 25 II-VI semiconductors are attractive candidates for coupling with 
MoS2 by dint of their high absorption cross-sections in the visible region of the electromagnetic 
spectrum and the size and compositional tunability of their bandgaps.26, 27  

In this article, we demonstrate the preparation of few-layered MoS2/CdS QD heterostructures through 
ultrasonication-assisted chemical exfoliation of bulk MoS2, followed subsequently by successive ionic 
layer adsorption and reaction (SILAR) to enable the heterogeneous nucleation of CdS QDs onto MoS2 
sheets. The thermodynamic driving forces for charge transfer in the heterostructures have been 
examined by determining the relative band alignments using a combination of soft and hard X-ray 
photoelectron spectroscopy (XPS and HAXPES). Interfacial charge transfer dynamics have been probed 
using transient absorption spectroscopy.3, 17 We observe the stabilization of charge-separated states in 
MoS2/CdS QD heterostructures and evidence a rapid increase of electron density in MoS2 through 
electron transfer within just a few picoseconds. The strongly enhanced carrier concentration is 
correlated directly with catalytic activity of these systems in the hydrogen evolution reaction (HER), as 



measured in photoelectrochemical evaluation of thin films and photocatalytic testing of dispersed 
photocatalysts. The results elucidate mechanistic understanding of the thermodynamics and kinetics 
of interfacial charge separation and their coupling with redox catalysis in semiconductor 
heterostructures, yielding design principles for the construction of Type II architectures for 
photocatalytic energy conversion.  

Results and Discussion 

Synthesis and Characterization of MoS2/CdS QD Heterostructures 

Few-layered MoS2 nanosheets were obtained by the ultrasonication-assisted exfoliation of bulk MoS2 
in dimethylformamide (DMF) for 72 h, as described previously in the literature and sketched in Figure 
1A.28, 29 The intercalation of DMF molecules in the galleries of MoS2 weakens the van der Waals 
interactions, allowing for the exfoliation of few-layered nanosheets.29, 30 Figures 1B—G exhibit 
transmission electron microscopy (TEM) images, high-resolution TEM images, STEM images, and 
selected area electron diffraction (SAED) patterns of the exfoliated bare MoS2 nanosheets. The bare 
MoS2 nanosheets span 20—60 nm in their lateral dimensions. The lattice-resolved HRTEM images 
reveal an interplanar spacing of 0.270 nm corresponding to the separation between the (100) 
crystallographic planes of 2H MoS2. The basal planes of MoS2 exhibit smooth and continuous electron 
density contrast with respect to the background (Figure 1B-D).31 

MoS2/CdS heterostructures were assembled by interfacing the MoS2 nanosheets with CdS QDs using 
the SILAR process, wherein alternate immersion of the nanosheets in cationic and anionic precursors 
promotes heterogeneous nucleation of QDs on the nanosheet surfaces (Figure 1A). The hexagonal 
crystal structures of 2H MoS2 and wurtzite CdS are conducive to the formation of a lattice-matched 
interface.16, 32, 33 Figures 1E—G show the decoration of the basal planes of MoS2 with CdS QDs. Figure 
1F demonstrates the crystallization of wurtzite CdS QDs onto the surfaces of 2H MoS2 layers. The false-
color HRTEM reconstructed from the SAED reflections of wurtzite CdS and 2H MoS2 illustrates the 
deposition of CdS QDs on the MoS2 nanosheets (Figure 1G). The SAED patterns of MoS2/CdS 
heterostructures are characterized by diffraction spots indexed to the extended crystalline domains of 
2H MoS2 and diffuse rings derived from randomly oriented CdS QDs adhered to the MoS2 basal planes. 
SEM images and energy dispersive X-ray spectroscopy (EDS) data further corroborate the presence of 
QDs on the MoS2 surface and demonstrate that they are homogenously dispersed (Figure S1).  

Figure 1H shows diffuse reflectance (DR) spectra acquired for bare MoS2 and the MoS2/CdS 
heterostructures. The bare MoS2 nanosheets are characterized by two strong bands centered at 615 
and 670 nm. These two bands arise from electronic transitions from the spin-orbit-split valence band 
edge to the degenerate conduction band.34,35 The DR spectrum acquired for MoS2/CdS 
heterostructures contains these two features but is additionally characterized by a significant increase 
in apparent absorbance in the range of 450—520 nm, corresponding to the first excitonic absorption 
of CdS QDs.16, 36 Figure 1I shows the Raman spectra of bare MoS2 and MoS2/CdS heterostructures. The 
former is characterized by two strong Raman bands at 376 and 403 cm-1, which are assigned to E1

2g 
and A1g lattice vibrational modes of MoS2.37, 38 In comparison, MoS2/CdS heterostructures exhibit 
additional bands, the most prominent of which is an intense band at 296 cm-1, which can be assigned 
to the longitudinal optic (LO) phonon mode of wurtzite-structured CdS QDs.16 A broad band at 592 cm-

1 derives from the second order (2LO) mode. Characterization of the prepared materials by electron 
microscopy, electron diffraction, energy dispersive X-ray spectroscopy, DR spectroscopy, and Raman 
microprobe analysis thus attests to the decoration of the 2H MoS2 nanosheets with CdS QDs. 

Energetic Offsets and Thermodynamic Driving Forces for Charge Separation in MoS2/CdS QD 
Heterostructures  



 

 

The electronic structure of the MoS2 nanosheets has been examined using soft and hard X-ray 
photoelectron spectroscopy (XPS/HAXPES) to determine the valence band electronic structure prior 
to the deposition of QDs (Figure S2). Photoionization cross-sections are diminished with increasing 
incident photon energy; however, this effect tends to be much more pronounced for subshells with 
higher orbital angular momentum. As such, by comparing XPS and HAXPES spectra acquired at 
different incident photon energies, the relative orbital contributions of states with s, p, and d character 
can be deconvoluted.8 In Figure S2, the spectrum acquired with 6 keV excitation shows a pronounced 
feature at 14.2 eV that is greatly diminished in the spectrum acquired at 1.5 keV excitation; this feature 
can thus be assigned to S 3s core states of MoS2. The valence band XPS/HAXPES spectra have been 
reproduced by cross-sectional weighting of orbital-projected spectra simulated from DFT GGA 
calculations of bulk MoS2 (Figure S2). Two distinct regions can be distinguished. The first region has 
four major features within 1—8 eV that are derived from the hybridization of Mo 4d and S 3p states.39, 

40 The second region between 12—16 eV with a pronounced excitation energy dependence is 
attributable to S 3s core states. A valence-band to Fermi level offset of 1.2 eV is furthermore identified 
for bare MoS2.  

XPS valence band spectra of both MoS2/CdS (x3) and MoS2/CdS (x5) heterostructures acquired at 0.9 
keV are shown in Figure 2A. For band alignment studies of the MoS2/CdS heterostructures, lower-
photon-energy XPS was preferred over HAXPES because of increased surface sensitivity to the 
interface. The XPS spectra of the valence band regions were energy aligned to the semi-core Cd 4d 
feature at 11 eV.33 The peak intensity in the 10—13 eV region becomes stronger with increasing 
number of SILAR cycles from x3 to x5; the observed features are thus assigned to Cd 4d and S 3s states 
derived from CdS QDs.16 A similar phenomenon of increasing intensity with number of SILAR cycles is 
observed at the valence band maximum (VBM), which is found to be primarily derived from the S 3p 
states of the CdS QDs. Figure 2A also shows the offset between the VBM of MoS2 nanoplatelets and 
the MoS2/CdS heterostructures, which is ca. 0.2 eV. This value reflects the energy positioning of S 3p 
VBM states of CdS QDs above the Mo 4d—S 3p hybrid valence band of MoS2.  

The total density of states (DOS) and orbital projected density of states (PDOS) were calculated 
individually for CdS and MoS2. A GGA+U calculation with a U = 8 eV value for Cd was used for CdS to 
account for the localized nature of the Cd 4d semi-core level.41 The U value was selected to match the 
experimentally measured Cd 4d energy positioning for CdS QDs at 11 eV.8. The resultant PDOS for MoS2 
and CdS were each weighted by their orbital cross-sections at the excitation energy42 to enable fair 
comparison with the XPS data. The experimental XPS spectra of the MoS2/CdS (x3 and x5) 
heterostructures were successfully reproduced by appropriately scaling the combined energy aligned 
and cross-sectional weighted PDOS of MoS2 and CdS (Figures 2A and SX)A valence band offset of 0.2 
eV between the CdS and MoS2 from our XPS valence band extrapolations was required when 
combining the weighted density functional theory (DFT) to obtain agreement with the measured 
spectra. The 0.2 eV valence band offset is furthermore consistent with a previously reported value of 
1 eV for the VBM—Fermi level offset measured for CdS QDs. 43  

Figure 2B summarizes the band alignment between monolayer MoS2 and CdS QDs. The valence band 
offsets were determined from the XPS/DFT analysis shown in Figures 2A and SX, whereas the 
conduction band alignment was determined by including the reported band gap values of MoS2 (1.72 
eV) and CdS QDs (2.35 eV), as also confirmed by the DR spectra in Figure 1H.43, 44 We used the 
ionization potential of the CdS to align with the vacuum level in order to relate the measured band 
edges with the hydrogen and oxygen evolving redox potentials.17 The normal hydrogen electrode (NHE) 
is 4.5 eV below the vacuum level.45 The VBM of both materials are more negative than the redox 



potential 𝑉!!/"!!, and the CBMs are more positive than 𝑉"!/"#  which makes this interface more 
suitable for O2- oxidation and H+ reduction reactions. The thermodynamic driving force for electron 
transfer from the CBM of CdS QDs to that of MoS2 is about 0.6 eV. As a result, photoexcited electrons 
are expected to be transferred from the CdS QDs to the MoS2, enabling dihydrogen evolution to occur 
on MoS2 sites. 

Excited-State Dynamics and Charge Separation in MoS2/CdS QD Heterostructures  

The excited-state relaxation, recombination, and charge-transfer dynamics of MoS2 and MoS2/CdS (x3) 
heterostructures have been investigated using transient absorption spectroscopy at nanosecond and 
picosecond timescales. Figure 3 depicts three-dimensional transient absorbance (TA) color maps 
acquired at pump—probe delay times of 0—1000 ns following 360 nm excitation (Figures 3A and B), 
differential absorbance (ΔA) spectra collected at various delay times from 5—1000 ns (Figures 3C and 
D), and bleach decay kinetics acquired at three different probe wavelengths (Figures 3E and F) for bare 
MoS2 (Figures 3A,C,E) and MoS2/CdS QD heterostructures (Figures 3B,D,F). Based on the DR spectra 
plotted in Figure 1H, both the MoS2 nanosheets and the CdS QDs have a strong absorption cross-
section at the 360 nm (3.44 eV) excitation wavelength, which as per Figure 2 corresponds to an above-
bandgap excitation for both components. Figures 3A and B exhibit three distinctive induced absorption 
bands (marked in red) at 480—580, 630—660, and 690—900 nm, respectively, for both the bare MoS2 
and MoS2/CdS heterostructures as well as transient bleaches (marked in blue) at 430—480, 590—630, 
and 660—690 nm, consistent with previous observations for MoS2.34, 35 The transient bleach features 
are attributed primarily to ground state depopulation, whereas the induced absorption bands, red-
shifted relative to the excitonic bleaches, are attributed to broadening of excitonic features and 
transient band-gap renormalization induced by population of a continuum of Mo 4d—S 3p states at 
the bottom of the conduction band of MoS2 upon above-bandgap excitation.12 34, 46 The bleach features 
are examined in detail since the induced absorption and bleach both result from the same carrier-
induced state-filling and electronic structure-perturbing processes.47  

The high-energy bleach centered at 450 nm is ascribed to the band-nesting transition from the deep 
valence band of MoS2 to the conduction band minimum (assigned as the C exciton).34, 48 The low-
energy bleach features centered at 615 and 675 nm are assigned to direct band-gap transitions from 
the spin-orbit-split valence band maximum of MoS2 to the degenerate conduction band minimum 
(assigned as B and A excitons, respectively).34, 48 Figures 3C and D show time-dependent differential 
absorbance (ΔA) spectra collected at various delay times, which indeed show some stark differences 
between bare MoS2 and the MoS2/CdS QD heterostructures. The ΔA intensity of the induced 
absorption band from 480—550 nm acquired within 1000 ns is significantly decreased for the 
heterostructures as compared to bare MoS2. The significant reduction in the induced absorption band 
at 480—550 nm is primarily ascribed to spectral overlap of the induced absorption band of MoS2 with 
the first excitonic bleach of CdS QDs (which has not entirely decayed within this timescale). Indeed 
previous TA measurements of SILAR-derived β-PbxV2O5/CdS heterostructures have shown the first 
excitonic bleach of CdS-containing heterostructures to occur in the range of 480—520 nm.16, 17, 33  

Whilst TA spectra of MoS2 and the MoS2/CdS QD heterostructures exhibit similar spectral features, a 
marked difference is observed in the bleach recovery kinetics. Figures 3E and F plot bleach recovery 
traces extracted in wavelength ranges from 460—475 nm (C exciton), 610—615 nm (B exciton), and 
670—675 nm (A exciton) for bare MoS2 and MoS2/CdS QD heterostructures, respectively. The bleach 
recovery kinetics reflect the excited-state carrier relaxation dynamics, which encompasses relaxation 
pathways stemming from 1) charge trapping, 2) radiative recombination, and 3) non-radiative 
recombination.34, 35 For both B and A excitons, the bleach recovery kinetics are similar in bare MoS2 
and MoS2/CdS QD heterostructures with a timescale on the order of 5–200 ns; the similar temporal 
evolution of both bands is explicable considering that both excitonic features derive from electronic 



transitions from the spin-orbit-split valence band to the conduction band.35  

Comparing the recovery kinetics of the bleach features for bare MoS2 and MoS2/CdS QDs, the average 
recombination lifetimes for bare MoS2 are deduced to be 36.4±4.9 ns (C exciton), 46.1±6.3 ns (B 
exciton), and 130.5±15.2 ns (A exciton) (Table S1). The heterostructures show somewhat increased 
recombination lifetimes, 43.0±14.2 s (C exciton), 75.6±9.4 s (B exciton), and 173.8±21.4 ns (A exciton). 
The average lifetime of individual bleach features is increased around by 1.5-fold for the MoS2 
heterostructures relative to bare MoS2 (Table S1). The increased lifetimes are consistent with 
interfacial separation of electron—hole pairs in the Type II heterostructures24 and the surface 
passivation of few-layered MoS2 with CdS QDs.16 As per the band alignment diagram deduced in Figure 
2B, photo-generated holes are expected to be localized on the valence band of CdS, whereas photo-
generated electrons are localized in the conduction band of MoS2. In addition, coordinatively 
undersaturated defect states within MoS2 may be passivated by interfacing with QDs, which can 
effectively circumvent charge trapping by surface-defect states, thereby blocking surface-defect-
mediated recombination pathways. 

Ultrafast TA spectra have been acquired to resolve excited-state charge separation at the interface 
between MoS2 nanosheets and CdS QDs on picosecond timescales. Figure 4 shows TA intensity maps, 
differential absorbance spectra, and bleach recovery kinetics contrasting bare MoS2 (Figures 4A,C,G) 
and MoS2/CdS heterostructures (Figures 4B,D,H). The three distinctive excitonic bleaches 
characteristic of MoS2 are once again the most dominant spectral features. Upon interfacing MoS2 with 
CdS QDs, a pronounced bleach attributable to CdS QDs is evidenced at early timescales in the probe 
wavelength range of 470—550 nm (Figure 4B). As a result of this bleach, the induced absorption band 
of heterostructures in the wavelength of 470—600 nm is considerably diminished in intensity, as also 
observed in nanosecond TA spectra (Figures 3B and D). Figure S3 shows a magnified view of the TA 3D 
intensity maps from 0—2 ps, clearly demarcating the excitonic bleach from CdS QDs centered at 490 
nm (denoted by a dotted-lined circle). The first-excitonic bleach of CdS QDs is dominated by the 
excited-state electron population. The recovery of the bleach, within several picoseconds after 
excitation and much more rapidly than for free dispersed CdS QDs, is thus attributable to the transfer 
of electrons from CdS QDs into the conduction band of MoS2.  

The kinetics of bleach recovery have been extracted by fitting the time-resolved ∆A intensities at 500 
nm for both MoS2 and the MoS2/CdS heterostructures using multiple exponentials (Figure S4). The 
excitonic bleach of CdS QDs decay rapidly with a lifetime of 4.6 ± 1.5 ps (Figure S4), suggesting rapid 
excited-state electron injection from CdS to MoS2. This observation is consistent with time-dependent 
DFT calculations by Zhang and co-workers, which have determined that the Cd-terminated (001) 
surface of CdS forms an energy matched interface with MoS2, allowing for ultrafast level crossing of 
photoexcited carrier states in CdS with receiving states in MoS2. The electron transfer pathway 
accessible in this system mitigates the need for slower phonon-mediated processes and is posited to 
be key to the effective catalytic utilization of photogenerated electrons in MoS2/CdS heterostructures. 

Intriguingly, the B and A excitonic bleaches of MoS2 blue-shift and narrow within several picoseconds 
after pulsed excitation. Figures 4E and F contrast the time-dependent blue-shifting of the wavelength 
of bleach minimum (most negative ΔA) (λbleach), the magnitude of the blue shift relative to its initial 
position at 0.5 ps (ΔE; meV), as well as change in FWHM (eV) of the bleach features at 615 nm and 675 
nm corresponding to the B and A excitons, respectively, for bare MoS2 and MoS2/CdS heterostructures. 
Within approximately 20 picoseconds, the B excitonic bleach of MoS2 is blue-shifted from 613 to 610 
nm (ΔE = 12.9 meV), whereas the A exciton is blue-shifted from 673 to 670 nm (ΔE = 8 meV).47 The 
blue-shifting of the B an A excitonic bleaches for bare MoS2 is associated with the decay of excited 
state carriers through inelastic exciton—phonon scattering.48, 49 In the highly symmetric hexagonal 
Brillouin zone of 2D transition metal dichalcogenides, there are multiple possible electron scattering 
channels wherein excited charge carriers can couple with associated phonon modes through 



intervalley as well as intravalley scattering processes.48, 49 The blue-shift of the bleach features 
corresponding to valence-to-conduction band transitions reflects strong coupling of the electronic 
transitions with phonon modes, which allows for relaxation of energy and momentum conservation.48  

Further evidence for the blue-shift of excitonic features representing an accumulation of electron 
density in MoS2 comes from spectroelectrochemical measurements shown in Figure 5. Ground-state 
absorption spectra of MoS2 films on FTO electrodes have been acquired under the application of either 
an oxidizing or reducing potential (Figure 5A). Ground-state differential absorbance spectra were 
computed by subtracting the absorption spectrum of the neutral sample from the absorption 
spectrum of the oxidized or reduced sample. Spectra of both oxidized and reduced samples comprise 
distinctive bleach features at 600—615 and 670—680 nm. However, the spectrum of reduced MoS2 

spectrum is slightly blue-shifted relative to that of oxidized MoS2. Moreover, induced absorption 
features are observed at 640 and 690 nm in the spectrum of reduced MoS2. Importantly, the TA 
spectrum of photoexcited MoS2 is accurately modeled as a linear combination of the absorbance 
difference spectra associated with electrochemically reduced and oxidized MoS2 (Figure 5B). As such, 
the blue shift of excitonic bleaches serves as a reliable indication of electron density in the conduction 
band of MoS2. 
 
Notably, TA spectra of the MoS2/CdS heterostructures (top and middle panels of Figures 4E and F, top 
and middle panels) exhibit a more pronounced blue-shift of the B and A excitonic bleaches relative to 
bare MoS2. The bleach features of the heterostructures are blue-shifted from 621 to 615 nm (ΔE = 19.1 
meV) for the B exciton and from 678 to 674 nm (ΔE = 9.5 meV) for the A exciton. The more pronounced 
blue-shift of bleach features for heterostuctures reflects an increased electron concentration as a 
result of photoexcited electron transfer from CdS QD to MoS2. The higher carrier density brings about 
stronger electron—phonon coupling within the heterostructures. Thus, the TA spectra provide 
evidence for ultrafast directional electron transfer that results in the localization of electrons in of MoS2 

and holes in CdS.21, 48 The exciton-phonon scattering has further been evidenced by investigating the 
change in the full-width-at-half-maximum (FWHM) of the excitonic bands over time; the broadening 
of the bands is strongly indicative of phonon scattering processes (bottom panel to Figures 4E and F).49 
In TA spectra obtained at 0.5 ps, the excitonic bleaches are broader for the MoS2/CdS heterostructures 
(FWHM of 125 and 90 meV for B and A excitons, respectively) than for bare MoS2 (FWHM of 96 and 
65 meV for B and A excitons, respectively). The broadening of the excitonic bands further attests to 
the increased carrier density in MoS2 resulting from ultrafast electron transfer from CdS QDs to MoS2. 
The FWHM of both MoS2 and heterostructures is gradually decreased in the 1000 ps measured time 
interval as the photoexcited carriers undergo charge recombination, thereby reducing electron—
phonon scattering within the system.  

The recovery kinetics of the excitonic bleach features have been further analyzed to examine the 
excited-state dynamics for both the bare MoS2 and the MoS2/CdS heterostructures. The bleach 
recovery kinetic traces were fitted with multiexponential functions (Figures 4G and H); fitting 
parameters are in Table S2. For both bare MoS2 and MoS2/CdS heterostructures, the B and A excitonic 
bleaches decay more slowly than the C excitonic bleach, which is attributed to the ultrafast intraband 
relaxation process accessible for the latter. Notably, all three bleaches recover more slowly for the 
heterostructures than for bare MoS2. Average lifetimes from multiexponential fits are 26.7±1.1, 
71.5±4.2, and 11.1±2.0 ps for C, B, and A excitons, respectively, for bare MoS2, and are increased to 
47.1±1.4, 79.6±1.9, and 107.2±2.6 ps, respectively, for MoS2/CdS heterostructures. The recovery of the 
bleach features results from charge-carrier trapping by surface trap states occurring within 1—5 ps; 
defect-assisted nonradiative recombination including carrier—phonon scattering and Auger scattering, 
occurring on time scales of up to 100 ps; and direct electron-hole recombination occurring at 
timescales of ca. 1000 ps.34, 35, 47, 50, 51 The increased lifetime of the heterostructures is primarily 
attributed to blocking of the fastest relaxation channel as a result of surface passivation of MoS2 with 



CdS QDs as well as improved charge separation consistent with type II band alignment utilizing the 
electron transfer process accessible within these heterostructures.16, 36  

Photoelectrochemical Characterization and Photocatalytic Evaluation of MoS2/CdS Heterostructures.  

We performed photoelectrochemical experiments to examine whether excited-state charge 
separation at MoS2/CdS interfaces, facilitated by ultrafast electron transfer between energetically 
matched states in the conduction bands of the two components (Figure S4), could be exploited in 
redox photocatalysis. Thin films of MoS2/CdS-QD heterostructures or bare MoS2 were deposited onto 
FTO-coated glass slides to generate working electrodes of three-electrode cells (Figure 6). The 
electrolyte contained lactic acid as a source of protons and a sacrificial reductant. Figure 6A contrasts 
current—potential curves of MoS2/CdS/FTO and bare-MoS2/FTO photoelectrodes, obtained from 
linear sweep voltammetry measurements, from 0 to 0.9 V versus SCE under chopped visible-light 
(400—720 nm) illumination. In control experiments, bare MoS2-modified electrodes did not exhibit 
any measurable photocurrent despite the semiconducting nature of MoS2 (few-layered MoS2 is an 
indirect bandgap semiconductor). In contrast, MoS2/CdS-heterostructure-modified electrodes 
exhibited well-resolved oxidative photocurrents with an onset approximately 500 mV positive of the 
dark oxidation current. Average photocurrent amplitudes of 14.6±1.6 μA were obtained for MoS2/CdS 

at 0.2 V versus SCE. Finally, chronocoulometry experiments were performed, and the generation of H2 
after prolonged white-light illumination of electrodes was measured by sampling the headspace above 
the cell using gas chromatography. When MoS2/CdS-modified electrodes were illuminated for 1 h 
(400—720 nm, 120 mW·cm-2) at an applied potential of 0.2 V vs. SCE, 0.20 μmol of H2 was evolved 
with the consumption of 40 mC of charge, corresponding to an average Faradaic efficiency of 99.4±1.2% 
(Figure S5). Importantly, no H2 was detected by gas chromatography in control experiments involving 
(a) MoS2/CdS-modified electrodes in the absence of illumination or for (b) bare MoS2 under white-light 
illumination. Thus, both the type-II interface of the heterostructures and photoexcitation are 
necessary to catalyze the reduction of protons to hydrogen. Our photoelectrochemical data are 
consistent with a mechanism wherein light-driven electron transfer from CdS to MoS2 across the type-
II interface yields a charge-separated state. In this mechanism, lactic acid is oxidized at the photoanode, 
whereas electrons migrate to the dark cathode and reduce protons to H2 (Figures 6B and C). This 
mechanism is supported by XPS/DFT analysis (Figure 2B), which reveal the type II energetic offsets, by 
TA measurements (Figures 4 and S3), which provide evidence for ultrafast charge separation and 
electron accumulation in MoS2, and by time-dependent DFT calculations of electron transfer at 
MoS2/CdS interfaces.  

We have further evaluated photocatalytic hydrogen evolution reaction using dispersed MoS2/CdS-QD 
heterostructures as photocatalysts. The photocatalytic production of H2 was evaluated under visible-
light irradiation (400—720 nm) using lactic acid as a proton donor and sacrificial reductant. Prolonged 
illumination of dispersed MoS2/CdS heterostructures under these conditions resulted in the evolution 
of H2 gas at an average rate of 38.6±1.2 μmol·h-1. Control experiments performed for heterostructures 
in the absence of light or using bare MoS2 indicated no production of hydrogen. Prolonged illumination 
of dispersed CdS QDs resulted in the evolution of H2 at an average rate of just 1.1±0.025 μmol·h-1 
(Figure 6D). Thus, a 40× increase in hydrogen production was observed for CdS/MoS2 heterostructures 
as compared to CdS alone and can be attributed to the rapid and efficient photo-induced charge 
separation across the CdS/MoS2 interface, which results in the holes being localized in CdS and 
electrons in MoS2.52 

Conclusions 

MoS2/CdS heterostructures with a type-II interface have been prepared through the ultrasonication-
assisted chemical exfoliation of bulk MoS2 followed by SILAR deposition of CdS QDs. The energetic 
offsets between the two components have been determined by XPS and HAXPES in conjunction with 



DFT calculations and suggest a type II band alignment. TA spectroscopy measurements indicate 
ultrafast charge separation and long-lived charge-separated states in the heterostructures as 
compared to bare MoS2. Ultrafast TA spectroscopy measurements support the notion of electron 
transfer across level-matched states from the conduction band of CdS QDs to the conduction band of 
MoS2. A distinctive spectroscopic signature of electron accumulation in MoS2 has been derived from 
spectroelectrochemical measurements and shows rapid (sub-5 ps) electron transfer and considerably 
greater accumulation of electron density in the heterostructures as compared to bare MoS2. 
Photoelectrochemical measurements of heterostructure thin films and photocatalytic evaluation of 
dispersed photocatalysts reveal that the type-II interface underpins effective charge separation, 
enabling photocatalytic hydrogen evolution at high Faradaic efficiencies. Our results delineate the 
need for optimal energetic offsets (determined accurately here using variable-energy photoemission 
measurements), rapid and efficient charge separation (examined using the distinctive spectroscopic 
signatures of charge separation and electron accumulation), and efficient redox catalysis in the design 
of photocatalyst heterostructures. SILAR-derived MoS2/CdS heterostructures show great promise in 
photocatalytic hydrogen evolution. 

Experimental Section 

Synthesis of MoS2 Nanosheets and SILAR Functionalization with CdS QDs  

Few-layered MoS2 nanosheets were prepared through exfoliation of bulk MoS2 in DMF. In a typical 
reaction, 1 g of MoS2 bulk powder with 325 mesh (trace metal basis) was placed in a vial with 50 mL 
of DMF and the mixture was ultrasonicated for 72 h until the color of the supernatant changed to dark 
green. The dispersions of MoS2 nanosheets in DMF were vacuum filtered through a filter paper with 
pore size of 1 μm to remove the larger unexfoliated particles. The recovered colloidal MoS2 dispersion 
in DMF had a concentration of 2—3 mg/mL. Surface functionalization of MoS2 with CdS QDs was 
performed using the SILAR process by adapting previously reported methods.16, 33 In a typical SILAR 
cycle, CdS QDs were directly grown onto the surfaces of MoS2 nanosheets by sequentially mixing the 
MoS2 nanosheets with a cadmium precursor solution (50 mM Cd(NO3)2�4H2O in ethanol), followed by 
a sulfide solution (50 mM Na2S�9H2O in ethanol) in an argon-filled glove bag.3 After mixing each 
precursor solution, the MoS2 nanosheets were washed with ethanol to remove unreacted precursors. 
The resulting MoS2/CdS heterostructure samples were collected by centrifugation at 6500 rpm for 90 
s and dried overnight under ambient conditions. The subsequent measurements pertain to samples 
prepared with three successive SILAR cycles, which are denoted as being x3. Five SILAR cycles (x5) were 
performed to prepare samples for which sulfide-derived electronic states from CdS and MoS2 were 
resolvable in photoemission measurements.  

Electron Microscopy, Electron Diffraction, and Vibrational Spectroscopy Characterization 
Scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDS) measurements 
were performed on a FEI Quanta 600 FE-SEM instrument operated at 10 kV. An Oxford EDS system was 
used to acquire EDS spectra and elemental maps. Samples for SEM measurements were prepared by 
dispersing the synthesized heterostructure samples onto double-sided carbon tape. High-resolution 
transmission electron microscopy (HRTEM) and selected area electron diffraction (SAED) 
measurements were acquired using a FEI Tecnai G2 F20 FE-TEM operated at 200 kV. Samples for TEM 
measurements were prepared by drop-casting colloidal dispersions of the heterostructures in ethanol 
onto Formvar/carbon support film on 400 mesh copper grids.  

DR measurements were preformed using the Praying Mantis accessory in a Hitachi U-4100 UV-vis-NIR 
spectrophotometer. The DR spectra were obtained in the range of 200 – 800 nm for all samples at a 
scan speed of 600 nm/min. Samples for DR analysis were prepared by crushing powder samples with 
a mortar and pestle into a fine powder, which was placed directly into a microsampling cup that was 
used within the Praying Mantis Diffuse Reflectance accessory. Raman spectra were obtained for 



powder samples using a Jobin-Yvon Horiba Labram HR instrument coupled to an Olympus BX41 
microscope. The 514.5 nm wavelength from an Ar-ion laser was used as the excitation source. Raman 
spectra were acquired with spectral resolution of 3 cm-1 using a 1800 lines-per-mm grating.  

X-ray Photoemission Spectroscopy and Spectral Simulations 

Soft X-ray photoelectron spectroscopy (XPS) measurements with an effective probing depth of ca. 4 
nm were performed at beamline 29-ID IEX at the Advanced Photon Source of Argonne National 
Laboratory in Lemont, IL. The beamline is equipped with a variable line spacing plane grating 
monochromator and a Scienta R4000 hemispherical analyzer. Additional XPS measurements were 
performed at the Analytical and Diagnostics Laboratory at Binghamton University. HAXPES data were 
acquired at beamline I09 of the Diamond Light Source at the Harwell Science and Innovation Campus 
in Oxfordshire, UK.  

Density functional theory (DFT) calculations were performed using the WIEN2k software package, 
which solve the Kohn-Sham equations using a full potential and linearized-augmented planewaves 
with local orbitals (LAPW+lo) in a self-consistent manner.53, 54 The generalized gradient approximation 
of Perdew, Burke and Ernzerhof (GGA-PBE) was used to address the correlation and exchange 
potentials for MoS2 cells. GGA+U including electron correlation was used for the CdS cell. The cutoff 
between core and valence states was set as -6.0 Ry for both systems. The planewave cutoff parameter 
RKMAX was chosen to be 7.  

Transient Absorption Spectroscopy  

Ultrafast TA spectra were obtained using a Ti:sapphire amplified laser system (Spectra Physics Spitfire 
Pro, 800 nm, 1 kHz repetition rate, 100 fs) in conjunction with Helios spectrometers (Ultrafast System) 
for thin films of samples (using 1 mg/mL MoS2/CdS dispersion in ethanol spray-coated onto glass 
microscope slides). Excitation pump pulses with tunable wavelength were generated using an optical 
parametric amplifier from Light Conversion Ltd. A supercontinuum probe beam in the range of 425—
900 nm was created by focusing a fraction of the laser fundamental into a sapphire disc. The probe 
light was divided into signal and reference beams, both of which were detected on a shot-by-shot basis 
with fiber-coupled silicon (visible) or InGaAs (infrared) diode arrays. The delay time between pump 
and probe was mechanically controlled using a motorized delay stage from Newport. Nanosecond TA 
measurements were performed using the same ultrafast pump pulses along with an electronically 
delayed supercontinuum light source with a subnanosecond pulse using an EOS spectrometer 
(Ultrafast Systems). TA decay traces were compiled by averaging ΔA values over a given range of probe 
wavelengths at each delay time. Decay kinetics trace and fitting are obtained using the following 
equations (1-2) where the average lifetime of carriers was calculated by dividing the amplitude-
weighted lifetime with the pre-exponential weighting factor (Ai).  
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where ΔA is differential absorbance, ΔA0 is the differential absorbance at the longest timescales, Ai is 
a pre-exponential weighting factor of the individual component, t is the pump—probe delay time, and 
𝜏$  is the lifetime of the individual component. All decay traces of bare MoS2 nanosheets and MoS2/QD 
heterostructures were well fitted using triexponential decay kinetics (i = 3). The best fitting results 
correspond to those collected using the smallest number of individual decay lifetimes (τi) with the 
minimum χ2 for the fit.36 The parameters extracted from fitting multiexponential decay kinetics are 
tabulated in Tables S1 and S2. 



Photoelectrochemical Measurements 

Photoelectrochemical measurements, including linear sweep voltammetry and chronocoulometry, 
were acquired using a Princeton Applied Research (PAR) VersaSTAT 3 potentiostat. Data were acquired 
at room temperature using a custom-built, air-tight three-compartment electrochemical cell with 
CdS/MoS2-modified fluorine-doped tin oxide (FTO) or MoS2-modified FTO as the working electrode, a 
coiled Pt wire as the counter electrode, and saturated calomel electrode (SCE) as the reference 
electrode. The electrolyte solution comprised a 0.2 M solution of KNO3 and a 0.1 M solution of lactic 
acid dissolved in a 1:4 (v:v) water:acetonitrile mixture with a measured pH of 3. Linear sweep 
voltammograms were measured at a scan rate of 10 mV·s−1 under manually chopped illumination (5 s 
on/off). For experiments in which H2 generation was quantified, the electrochemical cell was first 
purged with Ar for 30 min. The illumination source was a 100 W Xe arc lamp (Oriel 133 Photomax) 
equipped with a filter transmitting light from 400 to 720 nm (120 mW·cm-2).  

Quantitative Analysis of H2 Generation 

For gas quantification, a 3 mL aliquot was extracted from the headspace above the electrolyte using a 
10 mL gastight syringe and was analyzed using a Perkin Elmer Clarus 580 gas chromatograph with a 
thermal conductivity detector using Ar as the carrier gas. The Faradaic efficiency was calculated using 
the following equation (3): 

 Faradaic efficiency (%) =  [,-	/0123452	(617)	×	-	×	9:,<=>	(?/617)]	
?BC0D5	/CEE52	230FGD	5754H017IEFE	(?)

	× 100% (3) 

Photocatalytic H2 Generation 

Photocatalysis experiments were performed using a 100 mL Pyrex flask at ambient temperature and 
atmospheric pressure. The flask was sealed with a silicone rubber septum. The light source was a 100 
W Xe arc lamp (Oriel 133, Photomax); a filter transmitting 400 to 720 nm light was used to modulate 
the irradiance and was positioned 20 cm away from the photocatalytic reactor. The measured intensity 
at the flask was determined to be 120 mW·cm-2. The photocatalyst (50 mg) was suspended in a 50 mL 
mixed solution of lactic acid (LA, 20 vol.%) and water under magnetic stirring. For control experiments, 
bare MoS2 (50 mg) and precipitated CdS QDs (50 mg) were examined under same conditions. Before 
irradiation, the suspensions were deaerated with Ar for 30 min to remove dissolved oxygen. Magnetic 
stirring was used in order to keep the photocatalyst particles in suspension. After 1 h of illumination, 
gas (3 mL) was sampled from the headspace above the reaction mixture and was analyzed as described 
above using a gas chromatograph (Perkin Elmer Clarus 580) equipped with a thermal conductivity 
detector with Ar as the carrier gas.  
 
Spectroelectrochemistry Experiments 

To observe changes in the absorption spectra resulting from oxidation or reduction, 
spectroelectrochemical experiments were performed. A one-compartment, three-electrode 
electrochemical cell (quartz cuvette, 1 cm path length, with a 24/40 ground glass joint connection) was 
used with a working electrode (spray-coated MoS2 on FTO-coated glass slides), a Pt mesh counter 
electrode, and a SCE reference electrode. Electrochemical measurements were performed using a PAR 
VersaSTAT 3 potentiostat. The electrolyte was 0.1 M tetrabutylammonium perchlorate (Alfa Aesar, 
electrochemical grade) in anhydrous acetonitrile (EMD). The entire cell assembly was housed on the 
sample stage of the spectrophotometer so that absorption spectra could be obtained while performing 
electrochemical measurements. An oxidizing potential of +1.5 V (vs. SCE) and a reducing potential of 
−0.25 V (vs. SCE) was applied to two separate MoS2 films. Absorbance spectra of the oxidized and 
reduced films were obtained after applying a potential for 5 min. Differential absorbance spectra were 
obtained by subtracting the absorbance spectrum of the neutral sample from the absorbance 



spectrum of the oxidized or reduced sample. 

Acknowledgements 

This work was supported by the National Science Foundation under DMREF 1627197, DMREF 1626967, 
and DMREF 1627583. We also thank beamline scientists, Dr Tien-Lin Lee (Diamond Light Source) and 
Fanny Rodolakis (Advanced Photon Source) for their assistance with the photoemission experiments. 
We acknowledge Diamond Light Source for time on Beamline I09 under Proposals SI22148. This 
research used resources of the Advanced Photon Source, a U.S. DOE Office of Science User Facility 
operated for the DOE Office of Science by Argonne National Laboratory under Contract No. DE-AC02-
06CH11357. Transient absorption measurements were performed using resources of the Center for 
Functional Nanomaterials, which is a U.S. DOE Office of Science Facility, at Brookhaven National 
Laboratory under contract No. DE-SC0012704. We thank Matthew Sfeir for his assistance with 
transient absorption measurements. We thank Professor David Lacy and Karthika Kadassery (Buffalo) 
for their guidance in the use of gas chromatography to quantify evolved hydrogen. 

  



 

Figure 1. Interfacing MoS2 nanosheets with CdS QDs. A) Schematic illustration of the preparation of 
few-layered MoS2 by chemical exfoliation followed by the deposition of CdS QDs by SILAR. B) TEM 
image of exfoliated MoS2 nanosheets; the inset shows a SAED pattern, which has been indexed to the 
2H phase of MoS2 (PDF# 06-0097). C) HRTEM image of MoS2 nanosheets showing the separation 
between the (100) planes of 2H MoS2. D) False-color image constructed using the SAED reflection 
indexed to the (002) planes of the 2H polymorph of MoS2. E) Low-magnification TEM image showing 
the speckled appearance of MoS2 after decoration with CdS QDs; the inset shows an indexed SAED 
pattern with spots and diffuse rings indexed to the 2H polymorph of MoS2 (PDF# 06-0097) and the 



wurtzite polymorph of CdS (JCPDS# 41-1049). F) Lattice-resolved image of CdS QDs within MoS2/CdS 
heterostructures; the observed lattice spacing derives from the separation between the (102) planes 
of CdS QDs, which is clearly distinguishable from the lattice spacing of 0.65 nm corresponding to the 
separation between the (002) planes of lamellar-structured MoS2.31 G) False-color map reconstructed 
from reflections characteristic of CdS QDs and MoS2 nanosheets; the former is shown in red/yellow 
whereas MoS2 substrate is delineated in cyan/blue. H) DR and I) Raman spectra for bare MoS2 and 
MoS2/CdS heterostructures; the DR spectra are normalized to the reflectance band at 675 nm (solely 
derived from MoS2) to facilitate comparison.  

 

 

 

Figure 2. Determination of Energetic Offsets of MoS2/CdS QD Heterostructures. A) Measured valence 



band spectra from XPS of MoS2 with MoS2/CdS (x3), and MoS2/CdS (x5) heterostructures compared 
with weighted DFT with a VB offset of 0.2 eV between MoS2 and CdS. B) Measured band alignment of 
the MoS2 nanoplatelets and CdS QDs with respect to vacuum level and water oxidation/hydrogen 
evolution potentials. 

 

 

 

 

 

 

 

 

 



 

Figure 3. Nanosceond TA spectra of MoS2/CdS heterostructures. A,B) Three-dimensional (3D) TA color 
maps (top) acquired with 0—1000 ns delay times at probe wavelengths of 400—900 nm after a pump 
excitation of 360 nm for A) bare MoS2 and B) MoS2/CdS heterostructures. C,D) TA spectra collected at 
delay times of 5, 10, 50, 100, 500, and 1000 ns for C) bare MoS2 and D) MoS2/CdS heterostructures. 
E,F) Bleach recovery traces and triexponential fits for E) bare MoS2 and F) MoS2/CdS heterostructures 
at the probe wavelengths corresponding to C (458—475 nm), B (610—615 nm), and A excitons (670—
675 nm). The fitting parameters are listed in Table S1. 

 

 

 

  



 

Figure 4. Ultrafast Charge Transfer Dynamics. A,B) Three-dimensional TA color maps in the range of 
0—10 ps across a probe wavelength range of 425—800 nm acquired for A) MoS2 and B) MoS2/CdS 
heterostructures after 360 nm pump excitation. TA spectra collected upon initial pump excitation at 
360 nm at delay times of 0.5, 1, 2.5, 5, 10, 20, 100, 500, and 1000 ps for C) MoS2 and D) MoS2/CdS 
heterostructures. Plot of the position of the bleach minimum (top panel), blue-shift in differential 
energy (middle panel), full-width-at-half-maximum change (bottom) measured across a time interval 
of 1000 ps from initial excitation for E) MoS2 and F) MoS2/CdS heterostructures. G,H) Evolution of 
bleach intensity as a function of time and fitting to kinetic expressions for G) MoS2 and H) MoS2/CdS 



heterostructures at different probe wavelength corresponding to C (458—485 nm), B (612—615 nm), 
and A excitons (672—675 nm). The extracted fitting parameters are listed in Table S2. 

 

 

Figure 5. Spectroelectrochemical Evidence of Blue-shifted Excitonic Features of MoS2 upon Electron 
Accumulation. A) Spectroelectrochemical absorbance difference spectra of bare MoS2 obtained at an 
oxidative potential of +1.5 V (red) and a reduced potential of -0.25 V (blue). B) Nanosecond TA 
spectrum of bare MoS2 (black) and fit of spectrum to a linear combination of oxidized and reduced 
MoS2 (red) as derived from spectroelectrochemical measurements. The differential spectra in panel A 
are obtained by subtracting the spectra at the applied potential with the spectra obtained at a neutral 
potential. The dotted lines indicate the wavelength of B, A excitons with pronounced blue-shift as 
compared to those at neutral condition.  

  



 

Figure 6. Photoelectrical and Photocatalytic Measurements Evidencing Utilization of Charge-
Separated Carriers in Redox Catalysis. A) Linear sweep voltammograms of three-electrode cells with 
MoS2/CdS-modified (red) and bare MoS2-modified (blue) FTO-coated glass working electrodes. The 
voltammograms have been acquired under chopped white-light illumination in solutions of KNO3 (0.2 M) and 
lactic acid (0.1 M) dissolved in a 1:4 (v/v) mixture of water:acetonitrile (pH = 3). B) Schematic diagram of three-
electrode cell configuration. C) Schematic illustration of charge carrier separation in MoS2/CdS heterostructures. 
D) Photocatalytic hydrogen evolution for comparison of the rates of photocatalytic H2 evolution, as determined 
by gas chromatography, using MoS2, CdS, and MoS2/CdS samples dispersed in a 20% (v/v) lactic acid aqueous 
solution under visible light illumination (120 mW·cm-2) for 1 h. 
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