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1. Morphology and structure characteristics 

 

Figure S1. Formation of surface passivation layers (SPLs) on both 20 nm- and 30 nm-sized 

TiO2 nanoparticles. (a) TEM and HR-TEM of both TiO2 nanoparticles without and with SPL 

(T20, PT20, T30, and PT30). (b) XPS survey spectra and atomic ratios of Ti for each TiO2 film. 

 

The TEM images (Figure S1a) of T20 and T30 verified the successful deposition of SPL by 

hydrothermal TiCl4 treatment on top of TiO2 nanoparticles (NP). The atomic composition on 

each TiO2 sample was analyzed by XPS (Figure S1b). In both cases, the atomic wt% of Ti was 

increased in the SPL-treated samples. 
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Figure S2. XRD patterns of TiO2 films on FTO substrate. A and * denote XRD peaks for 

anatase and FTO, respectively. The new, small peak (2θ = 43.5 °, green region) indicates the 

TiO2(B) structure of the (003) plane formed by hydrothermal TiCl4 post-treatment as confirmed 

by JCPDS 46-1237. The green shaded area corresponds to Figure 2b. 

 

The crystal structures of TiO2 nanoparticles with and without SPL treatment were analyzed by 

XRD. Although the strong peaks indicate that the main body of TiO2 consists of the anatase 

structure due to the hydrothermal TiCl4 treatment, a new TiO2(B) phase featured with the (003) 

plane (2θ = 43.5°) was observed for the NPs with SPL. In general, the thermal hydrolysis 

treatment of a precursor, such as TiCl4, can produce the TiO2(B) structure, and it has been 

reported that this structure is preserved even after sintering at the temperature range of 400 to 

500 °C.1-2 Compared to other TiO2 polymorphs, the TiO2(B) phase has larger interstitial sites 

inside the lattices, which promote intercalation of small ions like Li+.3-4. Furthermore, due to 

the nature of thermal hydrolysis for the synthesis of TiO2(B) phase, a high density of surface 

states exist in this phase,5 which can also have a strong effect on electron transport in TiO2 

films.  
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Figure S3. Brunauer–Emmett–Teller (BET) analysis for nitrogen adsorption/desorption 

isotherms. Inset shows Barret−Joyner−Halenda (BJH) pore size distribution plots of TiO2 

samples without the SPL (T20, T30; blue- and red-dot) and those with the SPL (PT20, PT30; 

blue- and red-line). The surface area and porosity of each sample were obtained from the N2 

adsorption-desorption and BJH pore size distribution experiments. The detailed values are 

listed in Table 1. As shown in Table 1, the Po of T20 and T30 is well matched to the typical 

range of Po in mesoporous, nanocrystalline TiO2.
6 
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Figure S4. SEM images and schematic illustration of different sized TiO2 NP mesoporous films 

with/without the SPL. 
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Figure S5. XRD patterns of PbS-CdS QDs deposited on (a) T20, (b) PT20, (c) T30, and (d) 

PT30. 
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Figure S6. HR-TEM images of TiO2/QDs photoanodes (T20, PT20, T30, and PT30). The 

lattice fringes observed in the images are the (101) planes of TiO2, the (200) planes of PbS, and 

the (111) planes of CdS.  
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Figure S7. Energy-dispersive X-ray spectroscopy (EDX) images of TiO2/PbS-CdS QD 

heterostructures from T20, PT20, T30, and PT30 samples. This result demonstrates a 

homogeneous coating of QDs on the TiO2 surface for all samples. 
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Figure S8. Conformal images of the fluorescence lifetime of PbS-CdS QDs deposited on 

TiO2/QD heterostructured photoanodes. The conformal images (200×200 pixels) of the 

fluorescence lifetime for all PbS-CdS QDs deposited on the TiO2 films confirmed a 

homogeneous coating. The color of each pixel indicates the average lifetime of electrons in the 

QDs before injection into TiO2.  
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Figure S9. Atomic ratios of Pb and Cd in PbS and CdS QDs on TiO2/QD heterostructured 

photoanodes measured by XPS.  
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2. Photoelectrochemical performances 

2.1 J−V curves of PVs 

 

Figure S10. J−V curves of PVs with difference TiO2 films: (a) P20, (b) PT20, (c) P30, and (d) 

PT30. The J−V curves were measured from five different cells to ensure reproducibility. 
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Figure S11. J−V curves of the best PVs with PT20 (blue circles) and PT30 (red squares) 

measured under 1 sun condition. The photovoltaic parameters are presented in the inset table. 
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2.2 IPCE measurements of PVs 

The integrated Jsc according to IPCE had the same tendency as in the Jsc of J−V curves but was 

slightly lower. One of the main reasons for this difference may be attributed to the absorption 

ability of PbS QDs up to 1600 nm that was not included in the IPCE results because the IPCE 

instrument uses a lamp that is capable of measuring only up to 1200 nm, unlike the light source 

used for the J−V measurements (the xenon lamp can cover all wavelengths of light).7 
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2.3 PECs for hydrogen generation 

 

Figure S12. (a) Hydrogen generation of PECs with T20, PT20, T30, and PT30. (b) Current 

profiles vs. time measured at 1.4 V vs. RHE under 1 sun irradiation (inset for PT20). (c) 

Corresponding Faradaic efficiency of each PEC calculated from (a) and (b). 

 

The amount of H2 generation was measured using gas-enclosed PECs under 1 sun irradiation 

condition at 1.4 V RHE for 2 h, as shown in Figure S12a. Overall, the H2 generation was much 

improved for TiO2 films with SPL (PT20 and PT30) compared to neat TiO2 films (T20 and 

T30). Notably, the largest amount of H2 (428.9 mol/cm2) was obtained from the PT20. At the 

same time, chronoamperometric results were obtained at 1.4 V RHE during the hydrogen 

generation test (Figure S12b). To further estimate the conversion of photocurrent density to 

hydrogen generation, we evaluated the Faradaic efficiency (FE) of PECs (Figure S12c). The 

FEs of T20, T30, and PT30 were 88.2, 81.3, and 88.4%, respectively, which indicates that 

photo-generated electrons were consumed to produce hydrogen. The Faradaic efficiency was 

calculated using the equation below:8 

Faradaic efficiency (%) =  
2 × 𝑚𝑜𝑙 𝑜𝑓 𝐻2 × 𝐹 (

𝑐
𝑚𝑜𝑙

)

𝐶ℎ𝑎𝑟𝑔𝑒 𝑝𝑎𝑠𝑠𝑒𝑑 𝑡ℎ𝑟𝑜𝑢𝑔ℎ 𝑤𝑜𝑟𝑘𝑖𝑛𝑔 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 (𝐶)
× 100 

We believe that the reason for the increased values of FE for the SPL treated films is related to 
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the enhanced stability of the samples, which is directly connected to the inhibition of 

detrimental side reactions at the photoanode. 
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3. Charge injection 

 

Figure S13. Estimation of energy levels of all TiO2 films. (a) ultraviolet photoelectron 

spectrum and (b) UV-vis absorption spectrum and the Tauc plots (inset) for the determination 

of optical bandgap. 
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4. Surface states and charge collection 

Figure S14. Estimation of density of surface state (DOS) in the TiO2 films with and without 

the SPL from electrochemical methods under dark conditions using a three-electrode 

configuration with aqueous electrolytes of 0.25 M Na2S and 0.35 M Na2SO3 (RE: Ag/AgCl 

and CE: Pt): (a) cyclic voltammetry curves of the TiO2 films and (b) their chemical capacitance 

(Cμ) obtained from impedance measurements as a function of potential. 

 

As shown in Figure S14a, all TiO2 films show peaks at 0–0.2 V vs. RHE in the cyclic 

voltammetry (CV) results. Figure S14b indicates the chemical capacitance (Cμ) as a function 

of potential measured by impedance spectroscopy (IS). The Cμ was analyzed using a simplified 

equivalent circuit accounting for transport, chemical capacitance, and charge transfer of 

electrons, as in a previous study.9 The peaks found in the Cμ plots have been explained as 

reversible filling of surface states below the conduction band (CB) of TiO2.
9 These potential 

scans of the capacitance in the CV and IS allowed direct measurement of the surface state of a 

semiconductor, which shows Gaussian behavior.9-10 All the surface states below the CB are 

involved in the trap states, and the surface state capacitance (Cμss) is assumed to be equal to the 

trap state capacitance (Cμ
trap) in this work.11 
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Figure S15. Energetic and kinetic properties of PVs with TiO2/PbS-CdS QD heterostructured 

photoanodes calculated from IS measurement under 1 sun condition. (a) Chemical capacitance 

(Cμ) with respect to Fermi level voltage (VF, removing the influences of series resistance and 

CE). (b) Recombination resistance (Rrec) and (c) selected transport resistance (Rt) as a function 

of equivalent common conduction band potential (Vecb). To extract Cμ, Rrec, and Rt from the IS 

results, the diffusion-recombination model for mesoporous PVs was used as the equivalent 

circuit for data fitting.12 

The results of Voc suggest a reason for higher ECE values in PVs with T30 and PT30. Figure 

3b and Table 2 in the main article showed that the Voc of PVs increased in the order of PT20 < 

T20 < PT30 < T30. The Voc of the mesoporous solar cells depends on the quasi-Fermi level nEF 

of electrons in TiO2 films when the electrolyte redox potential (Eredox) was constant under 

illumination, Voc = (nEF − Eredox)/q.13 Because the nEF of TiO2 films is determined by the energy 

level of the TiO2 conduction band (CB, Ec), Voc can be expressed by the correlation of Voc∝Ec 

at fixed Eredox.
13-14. Furthermore, the Cμ of TiO2 films provides information about the CB 

position. Thus, Voc of PVs can be analyzed by Cμ as a function of VF, where VF is the corrected 

voltage that is the value of applied voltage excluding the voltage drop at total series resistance 

in the device.15 Figure S14a shows the Cμ of PVs with TiO2/QDs photoanodes as a function of 

VF measured by IS. Interestingly, the results of Cμ showed the same tendency as Voc in PVs. 

This can be explained by the higher CB energy level of T30 as compared to T20 and the 

decreased potential of CB in PT20 and PT30 due to the SPL. The energy level results of the 

TiO2 films in Figure 4a strongly support the above argument. The recombination resistance 

(Rrec) and the transport resistance (Rt) were obtained from IS measurements, and recombination 
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was suppressed by the SPL on both PT20 and PT30. At the same time, the SPL reduced the 

transport resistance of TiO2. Rt also trends with the electric conductivity of TiO2 films (Figure 

S14c and Figure 5c). 
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Table S1. Photoelectrochemical Performance of Metal Oxide/QD Heterostructured 

Photoanodes for Hydrogen Generation. 

 

The photoelectrochemical performances of metal oxide/QD heterostructured photoanodes for 

hydrogen generation are listed in Table S1. Our results exhibited outstanding performance even 

with a relatively large active area (1.33 cm2). 

 

Materials Method Sacrificial agent 
Light 

intensity 
Active area PEC performance References 

TiO2/CdS/CdSe CBD 
0.24M Na2S,  

0.35 M Na2SO3 
1 sun 1 cm2 

14.9 mA/cm2 

(-0.6 V Ag/AgCl) 
16 

ZnO/CdS+ZnO/CdSe CBD 
0.25 M Na2S, 

0.35M Na2SO3 
1 sun 0.18 cm2 

12 mA/cm2 

(0.4 V Ag/AgCl) 
17 

TiO2/PbS/Mn-CdS SILAR 
0.25 M Na2S,  

0.35 M Na2SO3 
1 sun 0.25 cm2 

22.1 mA/cm2 
(0.6 V RHE) 

18 

TiO2/CdSe SILAR 
0.24 M Na2S,  

0.35M Na2SO3 
1 sun 0.25 cm2 

16.2 mA/cm2 

(0.5 V Ag/AgCl) 
19 

TiO2/PbS/CdS SILAR 
0.5 M Na2S,  

0.5M Na2SO3 
1 sun - 

6 mA/cm2 

(0.4 V RHE) 
20 

SnO2/CdS SILAR 
0.25 M Na2S,  

0.35 M Na2SO3 
1 sun - 

9.9 mA/cm2 

(0 V SCE) 
21 

TiO2/PbS SILAR 
0.25 M Na2S, 

0.35 M Na2SO3 
1 sun 0.16 cm2 

11.2 mA/cm2 

(0.2 V RHE) 
22 

TiO2/CdS SILAR 

0.25 M Na2S,  

0.35M Na2SO3,  

0.1M KCl 

1 sun - 
2.31 mA/cm2 

(0 V Ag/AgCl) 
23 

TiO2/SiO2/CdS SILAR 0.5 M KOH 1 sun 1.0 cm2 
4.6 mA/cm2 

(0 V Ag/AgCl) 
24 

TiO2/CdSe/CdSSe/CdS SILAR 
0.25 M Na2S,  

0.35M Na2SO3 
1 sun 0.1 - 0.4 cm2 

11.5 mA/cm2 

(0.6 V RHE) 
25 

TiO2/CdS/CdSe SILAR 
0.25 M Na2S, 

0.35 M Na2SO3 
1 sun - 

15.9 mA/cm2 

(1.0 V RHE) 
26 

TiO2/PbS/CdS SILAR 
0.25 M Na2S, 

 0.35 M Na2SO3 
1 sun 1.33 cm2 

14.43 mA/cm2  

(0.8 V RHE) 
This work 
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Table S2. Light-Harvesting Efficiency (ηlh) of TiO2/PbS-CdS QDs Heterostructured 

Photoanodes Calibrated from IPCE at 480 nm. 

 

 

 

  Samples 
ηlh 

(%) 

T20 96.28 

PT20 94.74 

T30 95.08 

PT30 93.36 
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