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1. Instruments for characterization.  

UV-vis absorption spectra were recorded with a Shimadzu 1601-PC spectrophotometer. The Raman spectrum 

was recorded with a Via-Reflex Raman system, by using a 785 nm excitation wavelength. Attenuated total 

reflectance FT-IR spectra were taken on Excalibur 3100 system (Varian, USA). HRTEM was performed by JEM 

2100F (operated at an accelerating voltage of 200 kV). XRD spectra were taken on a Bruker D8 Focus under 

Cu-Kα radiation at (λ = 1.54056 Å). The XPS measurements were performed on an ESCALAB 250 

spectrophotometer with Al-Kα radiation. The binding energy scale was calibrated using the C 1s peak at 284.6 eV. 

1H NMR spectra were recorded using a Bruker Avance DPX 400 MHz instrument with deuterium oxide as solvent. 

The zeta potential was measured using a Malvern Zetasizer 3000HS. Cyclic voltammetry experiments were 

performed in a one-compartment three electrode cell, using glassy carbon working electrode, platinum counter 

electrode and SCE as reference electrode under nitrogen. All pH measurements were made with a Model pHS-3C 

meter (Mettler Toledo FE20, China). Gas chromatography (GC) was performed by Techcomp 7890 II GC using a 5 

Å molecular sieve column, thermal conductivity detector. The composition of QDs was determined by Inductively 

Coupled Plasma Optical Emission Spectrometry (ICP-OES, Varian 710-OES, USA). 

2. Synthesis and characterization of water-soluble MPA-CdSe QDs. 

2.1. Preparation of Na2SeSO3 solution. 

Briefly,1 40 mg selenium powder was transferred to 100 mL Na2SO3 (189 mg) water solution. The resulting 

mixture solution was then heated to 100C and refluxed until the selenium powder dissolved and obtained 

transparent Na2SeSO3 solution. 

2.2. Synthesis of water-soluble MPA-CdSe QDs. 

An aqueous colloidal MPA-CdSe QDs solution was prepared by the reaction between Cd2+ and Na2SeSO3 

solution following the method described as follows:1 Cd2+ precursor solution was prepared by mixing a solution of 

CdCl2·2.5H2O and stabilizer (MPA) solution, and adjusted pH to 11 with 1 M NaOH. The typical molar ratio of 

Cd:MPA:Se was 1:1.5:0.25 in the experiment. This solution was placed in a three-necked flask, fitted and 

de-aerated with N2 bubbling for 30 min. Finally, the solution was heated and refluxed for about 3.0 h to promote 

the growth of CdSe QDs.  

2.3. The size and extinction coefficient (ε) of MPA-CdSe QDs. 
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According to the work of Peng and coworkers,2 the diameter (D) and extinction coefficient (ε) of the MPA-CdSe 

QDs can be determined by the equations as follows: 

9 4 6 3 3 2(1.6122 10 ) (2.6575 10 ) (1.6242 10 ) (0.4277) 41.57D                  (1) 

2.655857( )D                                    (2) 

Where D (nm) is the diameter or size of a given nanocrystal sample, λ is the wavelength of the first absorption 

peak (from low energy, at 430 nm) of the corresponding sample and ε is the extinction coefficient of the 

corresponding sample. In our experiments, the diameter (D) of the MPA-CdSe QDs was determined as 1.9 nm and 

the extinction coefficient ε was 3.2 × 104 (L mol-1 cm-1) according to equation (1) and (2), respectively. The 

concentration of the MPA-CdSe QDs was determined as 2 × 10-5 M using the Beer–Lambert law. 

2.4. The optical and theoretical calculation of band gap (ࡱ
,ܘܗ   for CdSe QDs (ܐܜ۳

The most important consequence of the quantum confinement effect is the size dependence of the band gap. By 

confining the exciton of a QD, the band gap may be tuned to a precise energy depending on the dimensionality and 

degree of confinement.3, 4 The optical band gap (۳
 of QDs could be calculated from the intersection of the (ܘܗ

absorption and emission spectra (λ0-0) of the corresponding sample using equation (3);5 the other way to 

theoretically calculate the band gap (ܐܜࡱ) is based on the diameter of the corresponding sample using equation (4).6, 
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Herein, ࡱ
 is optical and theoretical band gap of QDs, λ0-0 (nm) the intersection of the (eV) ܐܜࡱ and ܘܗ

absorption and emission spectra of corresponding sample, ܊ࡱ	(for bulk CdSe, 	ܧୠ
 
= 1.7 eV, ܧୡୠ

ୠ
 = -0.6 V, ܧ୴ୠ

ୠ
 = 

1.1 V vs NHE)8, 9 is the band gap of the corresponding bulk sample, h is Planck’s constant, D is the diameter of 

QDs, and me (0.13 m0, m0 = 9.1095 × 10-31 kg) and mh (0.44 m0) are the effective masses of electrons and holes, 

respectively. m0 is the mass of free electrons.  

In our experiments, the intersection of the absorption and emission spectra (λ0-0) of CdSe QDs was 460 nm 

(Figure S11a), ࡱ
 was determined as 2.7 eV from equation (3). Alternatively, based on the diameter (D) of CdSe ܘܗ

QDs (1.9 nm), the corresponding ܐܜࡱ was determined as 2.7 eV from equation (4), consistent with the result from 
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equation (3). Although CdSe QDs used in this study have larger band gap, the relative positions of valence band 

are likely to be close to the bulk value, and most of the band gap increase is reflected in the shift of conduction 

band to more negative potentials.4 This because the higher degeneracy and closely spaced energy levels in the 

valence band, and the holes effective mass mh is larger than the electron mass me in CdSe.10 

2.5. Structural Characterization of thiol-Capped CdSe Nanocrystals.  

Figure 1d shows XRD patterns obtained from powdered precipitated fractions of CdSe QDs. The QDs belong to 

the cubic (zinc blende) structure which is also the dominant crystal phase. However, the crystal phase of CdSe 

QDs (JCPDS Cards No. 19−0191) with slightly broadening toward higher angles (the cubic (zinc blended) CdS 

phases (JCPDS Cards No. 10-0545)). This is because the synthesis of aqueous colloidal solutions of CdSe QDs 

needs presence of an excess of thiols (MPA) in basic media. Under these conditions, the partial hydrolysis of thiols 

leads to incorporate a small amount sulfur into the growing QDs which resulted in the formation of mixed CdSe(S) 

QDs under refluxing.11-13 Combining with the different molar ratio of Cd:MPA:Se (1:1.5:0.25) in our synthetic 

experiment, above mentioned analysis means the Cd/Se molar ratio of CdSe is not stoichiometric which in 

consistent with the typical aqueous synthesized QDs in the literature.11-13 

On other hand, the ICP-OES (Table S4) and XPS (Figure 2, Tables S1-S3) analysis show a considerable amount 

of sulfur in CdSe QDs. This indicated, besides the incorporated small amount of sulfur as above mentioned, a 

portion of sulfur was serve as surface ligands in the form of MPA. NMR and FT-IR spectral analysis (Figures 

S6-S7) certified this conclusion, and that the as-synthesized CdSe QDs were capped with a small number of 

organic thiols-ligands. 

3. Control experiment of SILAR method for the synthesis. 

An aqueous colloidal CdSe QDs solution with approximately diameters of 1.9 nm were prepared according to 

aforementioned procedures.14 Precursor amounts for each additional monolayers (MLs) of the shell material were 

determined by the number of the surface atoms of CdSe QDs.15 The as-prepared CdSe QDs (1.9 nm in diameter, 

2.0 × 10-5 M, pH ≈ 11, 200 mL of CdSe QDs) were placed in a 500 mL three-necked flask, and degassed with N2 

bubbling for 30 min with rigorous stirring. The reaction mixture was then heated to 50°C for the injection. The 

calculated amount of Na2S·9H2O (50 mL, 5 mM) aqueous solutions for one monolayer was one-off injected into 

the flask with a speed of 10.0 mL/40 min by syringe pump to produce S-terminated CdSe (CdSe/S) after 2 h of 

growth. On the other hand, the calculated amount of Cd(ClO4)2·6H2O (50 mL, 5 mM) aqueous solutions for one 
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monolayer was one-off injected into the CdSe QDs flask with a speed of 10 mL/40 min by syringe pump to 

produce Cd-terminated CdSe (CdSe/Cd) after 2 h of growth. Further, in the same flask at the same temperature, the 

calculated amount of Na2S·9H2O (50 mL, 5 mM) aqueous solutions for one monolayer was one-off injected into 

the flask with a speed of 10.0 mL/40 min by syringe pump, then Cd(ClO4)2·6H2O (50 mL, 5 mM) aqueous 

solution was injected with a speed of 10 mL/40 min by syringe pump to form Cd-terminated CdSe (CdSe/S/Cd) 

after 2 h of growth. The detailed characterization was given in Figures S2-S5. Other control experiments, such as 

higher reaction temperature (100°C), were operated under the same condition with corresponding factor changed. 

4. Steady state and time-resolved emission spectroscopy measurement.  

Steady state and time-resolved emission spectroscopy were recorded using an Edinburgh FLS-920 spectrometer. 

Unless otherwise specified, a fluorescence quartz cell cuvette with a 10 mm path length was used for 

measurements. For collection of steady state emission spectra, the excitation wavelength was set to 400 nm, and a 

420 nm long-wave pass optical filter was used to remove extraneous wavelengths from the excitation light. 

Time-resolved emission measurements were made by the time correlate single photon counting (TCSPC) 

capability of the same instrument (FLS-920). The pulsed excitation light (406 nm, typical pulse width = 86.9 ps) 

was generated by a Edinburgh EPL-405 ps pulsed laser diode operating at a repetition rate of 1 MHz for CdSe QDs 

and CdSe/CdS QDs. The maximum emission channel count rate was less than 5% of the laser channel count rate, 

and each data set collected greater than 5000 counts on the maximum channel with a photomultiplier tube (PMT, 

R928 Hamamatsu) detector. The lifetime of emission was determined by reconvolution fit with the instrument 

response function using the Edinburgh F900 software. In all cases, after reconvolution, emission decay was 

satisfactorily fit with a triple exponential function (Table S5). 

5. Femtosecond transient absorption spectroscopy measurement.  

The femtosecond transient absorption spectroscopy apparatus with a temporal resolution of 160 fs is briefly 

described below: an optical parametric amplifier (OPA-800 CF-1, Spectra Physics) pumped by a regenerative 

amplifier (SPTF-100F-1KHPR, Spectra Physics) provided the actinic laser pulses at desired wavelengths (120 fs, 

full width at half-maximum). A white light continuum probe (4301400 nm) was generated from a 3 mm thick 

sapphire plate and was detected after interrogating the excited sample by a CCD detector (Spec-10:400B/LN) for 

the visible region. To ensure that each laser shot excites the sample relaxed fully from the previous excitation, the 

laser system was run at a repetition rate of 100 Hz. A mechanical chopper (model 75158, Newport) was set in the 
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pump beam to regulate pump “on” and “off” for a pair of sequential actinic pulses.  

6. Steady state and time-resolved X-ray transient absorption (XTA) measurement.  

The steady state X-Ray absorption spectroscopy measurements were performed at Beamline 1W2B of the 

Beijing Synchrotron Radiation Facility (BSRF) under 2.5 GeV and 250-150 mA, and collected in transmission 

mode for Nickel standards and in fluorescence mode for QDs samples using a Lytle detector. Energy was 

calibrated using a nickel foil. The data analysis was carried out by Athena software.16 Time-resolved X-ray 

transient absorption (XTA) measurement was performed at 11-ID-D beamline at the Advanced Photon Source 

(APS) of Argonne National Laboratory. The 400 nm, 100 fs laser pump pulse was the second harmonic output of a 

Nd:YLF fs Ti:Saphire regenerative amplified laser operating at 10 kHz repetition rate. The experiment was carried 

out under a hybrid timing mode where an intense X-ray pulse with 16% of the total average photon flux (16 

mA/bunch) was separated in time from other weak X-ray pulses. The intense X-ray pulse with 160 ps FWHM and 

271.5 kHz repetition rate was used as the probe. The solution was flowed through a stainless steel tube and formed 

a free jet of 550 m in diameter. Two avalanche photodiodes (APDs) positioned at 90˚ angle on both sides of the 

incident X-ray beam collected the X-ray fluorescence signals. A soller slits/Co filter combination, which was 

custom-designed for the specific sample chamber configuration and the distance between the sample and the 

detector, was inserted between the sample fluid jet and the APD detectors. To mitigate sample radiation damage, 

the aqueous sample was circulated using a liquid jet under irradiation by both the 400 nm femtosecond laser and 

the picosecond X-ray pulse. In the meantime, the sample reservoir was bubbled with nitrogen gas. The detailed 

setup of the XTA instrumentation could be found elsewhere.17 The data was averaged over multiple scans for better 

signal to noise ratio, since the Ni(II) concentration is only 0.5 mM. 

The electron transfer to Ni(OH)2 after light absorption was evidenced by Ni K-edge XTA spectroscopy 

measurement, which allows us to selectively probe the specific metal center to track the electron density change at 

Ni center during the photoinduced electron transfer process.18 Due to unexpected coagulation property of 

CdSe/CdS-Ni(OH)2 system toward irradiation of laser and X-ray, we used CdSe/ZnS-Ni(OH)2 system to measure 

XTA (Note that the CdSe/ZnS QDs, compared to CdSe/CdS QDs, were synthetized at the same concentrations 

except for the replacement of Cd by Zn). Figure 6b shows XANES spectra of the ground state (blue line, laser-off) 

of CdSe/ZnS-Ni(OH)2, and the difference spectra (black line, laser-on subtracting laser-off). The transient signal 

due to laser excitation was observed in the difference XANES spectrum (black line) after subtracting the laser-off 

spectrum from the laser-on spectrum. These changes showing a sharp, positive feature at 8.342 keV and a weak, 
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negative feature at 8.350 keV, express the red-shift of excited state spectra as compared to its ground state ones. 

Although these changes are small, they are real and reflect the oxidation state change of the Ni center, indicating 

that the edge of Ni center shifts to lower energy due to photoexcitation of CdSe/ZnS in the CdSe/ZnS-Ni(OH)2.
19 

These results unambiguously determine the electron transfer process from excited CdSe/ZnS to Ni(OH)2 clusters. 

7. XPS sensitivity calibration and surface composition calculation. 

To determine the relative composition in XPS, the intensity of a given photoelectron signal has to be corrected 

for the atomic sensitivity factor, S. In the case of a homogeneous bulk sample this is given as 1/S, where S is 

proportional to the inelastic mean free path of the photoelectrons. For nanocrystals an additional correction has to 

be made to this sensitivity factor that accounts for the spherical or elliptical geometry and the small nanocrystal 

size. We follow a calibration procedure described in the literature20-22 to correct the overall Cd/S/Se ratio in the 

XPS measurement taking consideration of varied inelastic mean free path of the photoelectrons escaped from 

different atoms. The corrected Cd/S/Se ratios of two QDs samples are shown in Table S1. 

To determine the relative percentage of Cd/S/Se on the surface, we assumed spherical geometry for CdSe QDs 

with a diameter 1.9 nm, and elliptical geometry for CdSe/CdS with a diameter about 2.0 nm and a length around 

5.0 nm determined from the statistic HRTEM measurement. In this situation, the overall numbers of Cd, S and Se 

atoms in the QD were determined using the integrated XPS data (Table S2) for each atom. Next, the relative 

fraction of surface-to-inner atoms of Cd, S and Se was determined from the ratio of the integrated areas for the 

surface or core atom curve fits to the raw XPS data (Table S3). Combining the total number of atoms (Cd, S or Se) 

with the percentage of surface atoms, the relative percentage of Cd, S or Se on the surface could be determined 

(Table S1).20-22 

Table S1. XPS Composition of CdSe QDs and CdSe/CdS QDs on the surface.[a] 

 
D/L 

(nm) 

Cd/Se 

corrected 

S/Se 

corrected 

Cd/S 

corrected

Cds/Cdi 

ratio 

Ss/Si 

ratio 

Ses/Sei 

ratio 

Surface % 

Cd S Se 

CdSe 1.9D 5.39 4.43 1.22 0.39 0.36 0.67 49.03 37.99 12.98 

CdSe/CdS 2.0D/5.2L 12.20 11.25 1.08 0.29 0.67 0.32 36.58 60.21 3.21 

[a] D and L are the diameter and (or) length of the QDs determined from the statistic HRTEM measurement; 

Cd-S-Se ratios were read from XPS. Surface-to-inner ratio of Cd, S and Se (Cds/Cdi, Ss/Si and Ses/Sei) are 

calculated from integrated peak area fitted by Cd, S and Se signals in XPS. 
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Table S2. XPS composition of CdSe QDs and CdSe/CdS QDs, and the atomic percentage of elements in each 

sample obtained from raw XPS data.[a]  

 
D/L 

(nm) 
C% O% Cd% S% Se% 

Cd/Se 

ratio 

S/Se  

ratio 

Cd/S 

ratio 

CdSe 1.9D 55.10 24.41 10.53 8.22 1.74 6.05 4.72 1.28 

CdSe/CdS 2.0D/5.0L 42.9 26.28 14.46 13.01 1.15 12.57 11.31 1.11 

[a] D and L are the diameter and (or) length of the QDs determined from the statistic HRTEM measurement. 

Atoms ratio of Cd, S and Se (Cd/Se, Cd/S, and S/Se) are calculated from integrated peak area fitted from Cd, S and 

Se signals in XPS data. 

Table S3. Detailed XPS peak analysis. Raw XPS data was fit with Gaussian functions as shown in Figure 2 in the 

main text. In each sample, Inn indicates signals from inner atoms of Cd, S or Se (also represented by the blue 

fitting curves in Figure 2), while Surf. represents contributions to signals from surface atoms (the red fitting 

curves). 

Sample  Peak 
Binding Energy   

(eV) 
FWHM Area %Conc. 

CdSe 

C 1s 284.60 2.3   

Inn. Cd 
3d 5/2 404.91 1.71 108720 

71.94 
3d 3/2 411.63 1.55 72842 

 

Surf. Cd 
3d 5/2 405.7 1.24 42400 

28.06 
3d 3/2 412.57 1.2 28408 

Inn. S 
2p 3/2 160.77 1.70 8098 

73.53 
2p1/2 161.97 1.64 4049 

Surf. S 
2p 3/2 162.09 1.67 4290 

26.47 
2p1/2 163.29 1.63 2145 

Inn. Se 
3d 5/2 52.96 1.60 2037 

59.88 
3d 3/2 53.81 1.38 1365 

Surf. Se 
3d 5/2 54.05 0.98 1025 

40.12 
3d 3/2 54.9 0.98 687 

CdSe-CdS 

C 1s 284.60 2.2   

Inn. Cd  
3d 5/2 404.95 1.58 236881 

80.65 
3d 3/2 411.72 1.43 158710 

Surf. Cd 
3d 5/2 405.9 1.12 56851 

19.35 
3d 3/2 412.7 1.09 38090 

Inn. S 2p 3/2 160.85 1.60 13568 60.60 
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2p1/2 162.05 1.55 6784 

Surf. S 
2p 3/2 161.84 1.39 10013 

39.40 
2p1/2 163.04 1.39 5006 

Inn. Se 
3d 5/2 53.63 1.45 2654 

74.62 
3d 3/2 54.48 1.49 1778 

Surf. Se 
3d 5/2 54.54 1.06 642 

25.37 
3d 3/2 55.39 1.01 430 

8. Table S4 

Table S4. The wt.% composition of CdSe QDs and CdSe/CdS QDs determined by ICP-OES measurement. 

wt.% Cd Se S Ni 

CdSe 46.39 12.66 8.09 0.00 

CdSe-Ni(OH)2 44.84 12.03 7.15 6.19 

CdSe/CdS 56.18 4.24 12.35 0.00 

CdSe/CdS-Ni(OH)2 54.54 3.83 11.68 6.79 

According to the ICP-OES measurement, the number of nickel atom units on one CdSe/CdS QDs was calculated. 

And nickel adsorption on the CdSe/CdS QDs surface was 6.8 wt.% (corresponding to nearly 70% nickel). Thus, 

the average number of nickel units per CdSe/CdS QDs was estimated to be approximate 23. For comparison, the 

number of nickel atom units on one CdSe QDs was controled almost the same as CdSe/CdS QDs.  

9. The internal quantum efficiency (IQE) determination. 

In order to determine the internal quantum efficiency, the amount of absorbed light was determined from 

reaction solution absorbance (abs) at the incident wavelength. Because the scattering loss of the suspension is not 

taken into account, the estimated internal quantum yield should be taken as the lower limit. Light-driven H2 

production was performed in a standard spectro-cell with a total volume of 4 mL and a path-length of 1 cm. The 

cuvette was filled with 3.0 mL solution of IPA and water (IPA:H2O = 1:1, v:v =1:1 at pH 10 ± 0.2), containing 

NiCl2·6H2O (2.1 × 10-4 M), CdSe/CdS QDs (6.5 × 10-6 M). The internal quantum efficiency (IQE) was measured 

using monochromatic LED light source (λ = 455 nm, light intensity 160 mW cm-2 at spectro-cell surface) with 

constant stirring by a magnetic stirrer, and calculated by using the following equation: 

22  Number of photogenerated H  molecules
(%) 100

Number of absorbed photons
IQE


      (5) 
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Where the number of photogenerated H2 were obtained from drainage gas-collecting method using a gas-tight 

acid burette, and the number of absorbed photons were calculated from the illumination power and absorbance of 

the reaction solution. The illumination power was measured using a digital photodiode power meter. The amount 

of absorbed light was determined from reaction solution absorbance (abs) at the illuminated wavelength. From the 

combined measurements of H2 mass production and the specific light absorption, the quantum yield was measured 

as 52 % at 455 nm. 

10. The turnover number (TON) determination. 

Turnover number (TON) is usually defined by the number of H2 molecules generated by light to that of the 

number of individual molecules of CdSe/CdS QDs, and then it is determined using the following equations:  

2 Number of photogenerated H  molecules

Number of CdSe/CdS nanorods 
TON      (6) 

where the number of H2 molecules generated by light is determined by drainage gas-collecting method using a 

gas-tight acid burette. The number of individual CdSe/CdS QDs is obtained by counting the initial number of 

CdSe/CdS QDs added in the reaction system. 

11. Measured and estimated time constants of recovery kinetics of emission delay. 

The band edge emission decays of CdSe/CdS QDs in the absence and presence of Ni2+ ions or IPA were studied 

and the decay traces for the samples were well fitted with triplet-exponential function Y(t) based on nonlinear 

least-squares, using the following expression.23, 24 

     1 1 2 2 3 3( ) exp exp expY t B t B t B t        
                     

(7) 

where B1, B2, B3 are fractional contributions of time-resolved emission decay lifetimes τ1, τ2, τ3 and the average 

lifetime τ could be concluded from the equation (8):23, 24 

2 2 2
1 1 2 2 3 3

1 1 2 2 3 3

+ +

+ +

B B B

B B B

  
 

                                             

(8) 

Table S5. Measured and estimated the time constants of recovery kinetics from emission delay at 495 nm. 

 τ1 (ns) B1 τ2 (ns) B2 τ3 (ns) B3 χ2 
average 

life-time(ns)

CdSe/CdS 0.723 2.88E-01 7.19 6.95E-02 30.7 1.53E-02 1.269 15.4 
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CdSe/CdS-Ni(OH)2 0.431 1.17E-01 3.14 1.34E-02 57.7 7.42E-03 1.208 2.96 

CdSe/CdS-IPA 0.405 2.92E-01 3.75 1.25E-02 18.3 2.08E-03 1.255 4.54 

12. The kinetics of the excited QD population (NQD*(t)) 

If the charge separation kinetics are not single-exponential, the kinetics of QD excited state can be fit according 

to the following equation, developed by Lian et.al.25: 

, 0
*( ) CS ik t k t

QD i
i

N t Ae e            (9) 

Here, 1/k0 (∼1.38 ps) is the formation time of the 1S exciton bleaching. This rise time reflects the cooling of the 

conduction band electrons to the 1S(e) level, similar to those in the free QDs. Satisfactory fits to the QD decay 

kinetics can be obtained using triexponential functions with amplitudes and time constants of Ai and kCS,i, 

respectively. The fitting parameters are listed in Table S6. 

According to equation (9), the population of the charge separated state increases with the rate of the charge 

separation process and decays with the rate of charge recombination. We used the 1/e time for the QD excited state 

decay (NQD*(t)) to represent the average charge separation times using amplitudes and time constants of Ai and kCS,i, 

respectively. This means the time t is the average lifetime when the NQD*(t) is equal to the 1/e of NQD*(0). 

According to this equation, the average time is approximate 9 ns and 1.4 ns for CdSe/CdS QD and hybrid 

CdSe/CdS-Ni(OH)2 photocatalyst, respectively. 

Table S6. Fitting parameters for the decay kinetics of CdSe/CdS QD and CdSe/CdS-Ni(OH)2 photocatalyst 

according to equation (9). 

Sample k0, ps-1 

k1, ps-1 

(A1, %) 

k2, ps-1 

(A2, %) 

k3, ps-1 

(A3, %) 

1/e life 

(ps) 

CdSe/CdS 0.725 1.107×10-4 (100) 0 0 9030 

Sample k0, ps-1 

kCS,1, ps-1 

(A1, %) 

kCS,2, ps-1 

(A2, %) 

kCS,3, ps-1 

(A3, %) 

1/e life 

(ps) 

CdSe/CdS-Ni(OH)2 0.725 1.53 (21.9) 0.024 (17.4) 2.675×10-4 (60.7) 1390 
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13. Figure S1. 

 

Figure S1 The corresponding lattice spacing along the crystalline 111ۧۦ directions of the zinc blende lattice in 

CdSe/CdS QDs, and the lattice spacing is 3.42 Å obtained from average of the ten distances.  

 

14. Figure S2 - Figure S5. 

Figure S2. 

 

Figure S2 Emission spectra for CdSe QDs (blue), CdSe QDs with one monolayer of S added (red), CdSe QDs 

with one monolayer of Cd added (green), CdSe QDs with one monolayer of S added and an additional layer of Cd 

added (black), and as prepared CdSe/CdS QDs (orange). Spectra were acquired for the same relative absorbance so 

that relative emission efficiency can be compared. Note that partial spectral intensity was multiplied by a certain 

ratio for comparison. 
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Figure S3. 

 

Figure S3 Images of CdSe QDs solution, CdSe QDs with one monolayer of S added, CdSe QDs with one 

monolayer of Cd added, CdSe QDs with one monolayer of S added and an additional layer of Cd added, and as 

prepared CdSe/CdS QDs. 

Figure S4. 

 

Figure S4 HRTEM images of the CdSe QDs with one monolayer of S added (a-b), CdSe QDs with one monolayer 

of Cd added (c-d), CdSe QDs with one monolayer of S added and an additional layer of Cd added (e-f). 
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Figure S5. 

 

Figure S5 XRD patterns of the CdSe QDs with one monolayer of S added (bottom), CdSe QDs with one 

monolayer of Cd added (middle), CdSe QDs with one monolayer of S added and an additional layer of Cd added 

(top). 
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15. Figure S6. 

 

Figure S6 1H NMR spectra of MPA obtained from CdSe QDs and the CdSe/CdS QDs in D2O. 
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16. Figure S7. 

 

Figure S7 Room temperature FT-IR spectra of MPA-CdSe QDs and CdSe/CdS QDs.  

A featuring peak at 2,930 cm-1 corresponding to the CH2-S bonding26 was clearly observed in the FT-IR 

spectrum, which suggested the existence of MPA molecules on the surface of MPA-CdSe QDs. MPA molecules 

also show strong C=O asymmetric vibration at 1630 cm−1 and symmetric vibration at 1,410 cm−1 for COO− group 

in MPA-CdSe QDs.27, 28 These peaks were noted too weak to be detected in the FT-IR spectrum of CdSe/CdS QDs, 

implying that the MPA molecules were hardly existed on the surface of CdSe/CdS QDs. From the above results, 

the CdSe/CdS QDs studied in this work could be identified as an all-inorganic surface composition. 

17. Figure S8. 

 

Figure S8 XRD patterns of the CdSe/CdS QD and CdSe/CdS-Ni(OH)2 photocatalyst. 
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18. Figure S9. 

 

Figure S9 Comparison of photocatalytic H2-production performance of as-prepared CdSe/CdS QDs (red line) with 

CdSe/CdS QDs (blue and blank lines) prepared by organometallic route in 5 mL solution of IPA and water 

(IPA:H2O = 1:1 (v:v), pH ≈ 10), containing of NiCl2·6H2O (2.1 × 10-4 M) under visible light irradiation for 10 h (λ 

≈ 455 nm). The organic phase synthetized CdSe/CdS QDs were prepared using previously published methods,29 

and then transformed into water by ligand exchange with 3-mercaptopropionic acid (MPA)29 and inorganic S2- 

ligands.30 The CdSe/CdS QDs concentrations were adjusted to ensure that all solutions had the same absorbance at 

the illumination wavelength, so that the relative efficiency can be compared. Error bars represent mean ± s.d. of 

three independent experiments. 

19. Figure S10. 

 

Figure S10 Photocatalytic H2 evolution in 5 mL solution of IPA and water (IPA:H2O = 1:1 (v:v), pH ≈ 10), 

containing of NiCl2·6H2O (2.1 × 10-4 M), CdSe/CdS QDs (6.5 × 10-6 M), under visible light irradiation for 10 h (λ 

≈ 455 nm) (solid circle). Control experiments were operated at the same concentration and conditions with one 
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component absent or being substituted (triangle: the sample without NiCl2·6H2O; cubic: the sample without 

CdSe/CdS QDs; pentagon: the sample without IPA; hexagon: the sample without light irradiation; star: CdSe/CdS 

QD was added into established Ni(OH)2 precipitate which prepared by directly adding NiCl2·6H2O to pure water 

(pH ≈ 10) with rigorous stirring; Error bars represent mean ± s.d. of three independent experiments.  

 

Figure S11 Photocatalytic H2 evolution in 5 mL solution of IPA and water (IPA:H2O = 1:1 (v:v), pH ≈ 10), 

containing CdSe/CdS QDs (6.5 × 10-6 M), and various concentrations of NiCl2·6H2O under visible light 

irradiation for 10 h (λ ≈ 455 nm). 

20. Figure S12. 

 

Figure S12 (a) Normalized absorption (black) and emission (red) spectra of CdSe QDs. (b) Cyclic voltammogram 

of 2.0 × 10-4 M CdSe QDs (black) and 1.3 × 10-4 M CdSe/CdS QDs (red) solution in water-no electrolyte, 100 mV 

s-1.  

21. Figure S13. 
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Figure S13 The femtosecond TA spectra of CdSe/CdS QDs in the absence (a) and presence (b) of Ni(II) monitored 

at 460 nm at indicated delay times (12500 ps) after laser-pulsed excitation at 400 nm. In aqueous QDs synthesis, 

the internal and surface defect states affect much seriously than QDs synthesis in organometallic route. So the 

bleaching for CdSe/CdS QDs in TA spectrum is hard to recover completely even on a long time scale, as existed of 

these bound states of electrons or holes. But, this tailing factor beyond 2.5 ns might not influence the the initial 

charge separation from excited CdSe/CdS to Ni(OH)2 clusters because the initial bleaching recover is quickly. 

22. Figure S14. 

 

Figure S14 The femtosecond recovery kinetics of CdSe QDs bleaching in the absence and presence of Ni(II) 

monitored at 430 nm (the x-axis is in linear scale from 0 to 5 ps and in logarithmic scale from 5 ps to 2500 ps); 

The recovery kinetics of transient bleaching for MPA-CdSe QDs and CdSe QDs with Ni(II) normalized at the 

maximal signal. 
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