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ABSTRACT 

The nanosized urchin-like NiO was synthesised by a simple hydrothermal method at high temperature, and a variety of comparative 

experiments were designed for studying the influence of different chemical bath deposition (CBD) cycles of PbS deposition on the photoelectric 

properties of quantum dot sensitized solar cells. Moreover, a novelty modified (CH3)4N)2S/((CH3)4N)2Sn electrolyte was introduced in this 

solar cell successfully and NiS as the counter electrode. The result suggested that the maximum power conversion efficiency of 1.07% was 

obtained when after three CBD cycles of PbS, with a significantly open circuit voltage (Voc) of 0.538 V, a high short circuit current density 

(Jsc) of 8.53 mA cm-2 and a fill factor (ff) of 0.23%. 
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1. INTRODUCTION 

 

Quantum dot-sensitized solar cells (QDSCs) are a 

promising alternative to dye-sensitized solar cells (DSCs), 

which attracted significantly interest in recent years due to its 

low cost, easy fabrication, and high theoretical power 

conversion efficiency [1-4]. Most QDSCs were focused 

primarily on the research of n-type semiconductor oxide, such 

as TiO2 [5], ZnO [6], and SnO2 [7], where photocurrents arise 

from photoexcited electrons injection into [8-10]. In 1999, He 

et al. [11] reported the first use of p-type semiconductor oxides 

as photocathodes in solar cells. Ever since, p-type 

semiconductors were increasingly further researched by a 

great many relevant groups. P-type photocathodes carriers 

transport were hole injection from the QDs into the p-type 

semiconductors instead of electron injection compared to n-

type photoanodes [12, 13]. 

NiO is a most popular p-type semiconductor oxide with 

good stability and transparency properties for sensitized 

photocathodes [14, 15]. In addition, it has also been used as a 

photocathode material because its wide band gap from energy 

range from 3.6 to 4.0 eV. Combining such photocathodes with 

photoanodes in a tandem photoelectrochemical solar cell, 

whose cell voltages and theoretical efficiency would be far 

higher than single junction solar cell [16]. Nevertheless, the 

current depends on the lower current of n-type and p-type solar 

cell, so the high theoretical power conversion efficiency has 

not been realized, resulting from the fact that the current of 

such tandem structure systems so far been limited by the poor 

performance of the p-type solar cell. Photocurrent matching is 

essential to obtain good photoelectric conversion efficiency 

tandem solar cell [17]. As a result, the development and study 

of p-type photocathodes in the tandem structure systems might 

pave way for the promising photoelectric characteristic of the 

solar cell. 

Previous studies with conventional dye-sensitized solar 

cells (DSCs) showed that electron transfer photoanodes were 

more efficient than hole injection photocathodes. One reason 

was that fast recombination of holes injected into the NiO VB 

when dye molecules reduced [18, 19]. Therefore, one 

approach that potentially could solve the problem was 

replacing the dye with inorganic semiconductor quantum dots 

such as CdS, CdSe, ZnS and PbS [16, 20]. Inorganic 

semiconductor QDs exhibits several advantages over organic 

dyes, such as low cost, easy obtain ability, convertibility of 

band gap and high molar extinction coefficient [15, 21-22]. 

What's more, the high extinction coefficient of semiconductor 

nanocrystals make light absorption improve [23], and smaller 

hole transport resistance for faster transport [14]. Among these 

nanomaterials, lead sulfide (PbS) is a promising material that 

has been reported to have proper band gap of about 0.8 eV in 

the material, which could be tuned to absorb band in the near-

IR of the solar spectrum [24-26]. However, up to now, the use 

of PbS deposited p-type NiO photocathode in the QDSCs has 

not been reported. 

In 2009, Rhee et al. [27] experimentally demonstrated p-

type Cu2S sensitized p-type NiO solar cell synthesised by 

depositing Cu2S quantum dot on the mesoporous NiO 

photocathode for the first time, and open-circuit voltage of 91-

95mV and short-circuit current of 260-360 mA were 

eventually obtained. The conversion efficiency for CdSe 

sensitized p-type NiO solar cells to a best report of 0.35% had 

been reached by Park and co-workers. In 2016, Raissi et al. 

[28] reported the fabrication of NiO-based QDSCs using PbS 

QDs with a cobalt electrolyte and Pt counter. Finally the best 

conversion efficiency of solar cell achieved 0.4%. 

In the paper, the nanosized urchin-like NiO was prepared 

by a simple hydrothermal method at high temperature [29, 

30]. and narrow band gap PbS quantum dots (QDs) were 

grown on NiO film by Chemical Bath deposition (CBD) 
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method [31-35]. A modified (CH3)4N)2S/((CH3)4N)2Sn 

electrolyte was successfully employed in PbS QDs (Figure 1). 

Here we show for the first time that PbS quantum dots were 

deposited on NiO solar cell. To the best of our knowledge, the 

Jsc (8.53mA/cm2) and power conversion efficiency (1.07%) 

are the highest values for the QD-sensitized p-type NiO solar 

cells. 

 

 
 

Figure 1. A schematic diagram illustrating the working 

principle of PbS-sensitized mesoscopic p-NiO solar cells 

 

 

2. EXPERIMENTAL 
 

2.1 Material 

 

All compounds were purchased either from Aladdin Inc. or 

from Macklin Inc. Their chemical names and purities are given 

in Table 1. 

 

Table 1. Materials 

 

Chemical name 
Purity, 

wt.% 
Vendor 

NiCl2·6H2O Na2S▪9H2O  99.99 

Aladdin 

Inc. 

Urea 

Pb(NO3)2 
99 

Ethanol, methanol, thioglycolic acid, 

25wt% Tetramethylammonium hydroxide 

methanol, 20 wt% (NH4)2S aqueous 

solution 

- 

Ni(NO3)2·6H2O 98 

Sublimed sulfur 99.95 

Macklin 

Inc. 

3-Methoxypro-pionitrile, 4-tert-

butylpyridine 
98 

Lithium perchlorate 99.9 

 

NiCl2·6H2O (99.99%), ethanol, methanol, thioglycolic 

acid, Pb(NO3)2 (99%), Na2S▪9H2O (99.99%), 

Ni(NO3)2·6H2O (98%), Sublimed sulfur (99.95%), 

Tetramethylammonium hydroxide solution (25% in methanol), 

Ammonium sulfide solution (20% in H2O) were purchased 

from aladdin. 3-Methoxypro-pionitrile (98%), 4-tert-

butylpyridine (98%), Lithium perchlorate (99.9%) were 

obtained from Macklin. 

 

2.2 Synthesis of urchin-like NiO nanoparticles 

 

NiCl2·6H2O (2.377 g) was dissolved in 20 mL of deionized 

(DI) water, after which 10 mL of 1 M urea solu tion was added 

slowly poured under constant mixing for 30 min, after which 

the mixture was placed into a 100 mL Teflon-lined stainless 

steel autoclave cup. The hydrothermal reaction was performed 

at 120 ℃ for 8 h. The formed solids were centrifuged, rinsed 

with DI water and ethanol several times, dried at 80 ℃ for 12 

h, and then annealed at 400 ℃ for 2 h. 

 

2.3 Electrode fabrication 

 

To synthesis NiO photocathodes, the obtained paste was 

coated on the clean FTO conducting glass (TEC15, 15 

V/square, Pilkington, USA) by screen printing, which was 

remained at 120℃ for 5 min. This step was continued for 6 

times. The NiO electrodes were uniformly sintered at 500℃ 

for 30 min.  

Chemical bath deposition (CBD) was used to prepare PbS-

QDs sensitized NiO photoelectrode. First, NiO films 

(fabricated as described in the previous paragraph) were 

immersed into 0.1 M thioglycolic acid for 1 min, and then into 

0.5 M ethanol solution of Pb(NO3)2 (0.5 M) (also for 1 min). 

After the samples were dried, they were immersed into 0.5 M 

Na2S solution for 1 min and then dried. This step was repeated 

1-4 times. The resulting electrodes were marked as “NiO/PbS-

N”, where N is the number of the cycles. The working NiS 

electrode was divided with a hot-melt Surlyn 1702 film (25 

μm, DuPont). Glass substrate was immersed into 0.5 M 

Ni(NO3)2 solution (in ethanol) for 30 s, dried, soaked for 30 s 

in 0.5 M Na2S solution (in methanol) and dried. This step was 

repeated up to 5 times.  

 

2.4 QDSC fabrication 

 

The QDSCs were assembled employing the PbS sensitized 

NiO photocathode and the NiS counter electrode as well as 

shelled with the conductive sides facing inward. The 

polysulfide electrolyte was poured into the joint between two 

electrodes. The polysulfide electrolyte was composed of 0.01 

M tetramethyl ammonium sulfide ((CH3)4N)2S, 0.02 M 4-tert-

butylpyridine (TBP), 0.02 M LiClO4, 0.002 M S, 3-

Methoxypro-pionitrile (MPN) was served as a solvent for the 

polysulfide electrolyte. The ((CH3)4N)2S was synthesised by 

heating tetramethyl ammonium hydroxide ((CH3)4N)OH and 

ammonium sulfide (NH4)2S at 100℃.  

 

 

3. OPTICAL AND PHOTOVOLTAIC 

MEASUREMENTS 

 

Crystallinity and phase compositions were analyzed by X-

ray diffraction (XRD) performed using the XD-3A instrument 

operated using CuKα radiation and a scintillation counter. 

Sample chemical composition was analyzed by energy 

dispersive spectroscopy (EDS) coupled with a scanning 

electron microscope (SEM) fabricated by Oxford Inca. UV-vis 

absorption spectra were collected using a U-4100 spectrometer 

(fabricated by HITACHI, Japan). The incident photon-to-

current conversion efficiency (IPCE) was measured by a 

Hypermonolight instrument model SM-25 fabricated using 

Jasco Co. (Japan). Photocurrent density-voltage 

measurements were performed at 100 mW/cm2 incident light 

intensity using AM 1.5G solar simulator model 16S-002 

calibrated using standard Si solar cell and fabricated by 

SolarLight Co. (USA). Total testing areas of the solar cells as 

0.159 cm2. Linear sweep voltammetry (LSV) was employed to 

obtain J-V curves using an electrochemical workstation model 

LK9805 fabricated by Lanlike Co. (China). Electrochemical 

impedance spectroscopy (EIS) was conducted in the dark at -
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0.75 V bias using an impedance/gain-phase ZENIUM analyzer 

fabricated by ZAHNER (Germany). All tests performed using 

the same electrolyte. The spectra were collected in the 10-1-105 

Hz frequency range at room temperature at 10 mV alternate 

current (AC) amplitude. 

 

 

4. RESULTS AND DISCUSSION 

 

4.1 SEM analysis and TEM analysis 

 

Scanning Electron Microscope (SEM) and transmission 

electron microscopy (TEM) images are investigated to display 

the morphology and structure of NiO nanoparticles (Figure 2a-

b) and PbS/NiO composites (Figure 2c-d). As shown in Figure 

2a, the urchin-like architecture NiO is obviously observed by 

the low-magnification SEM image, the diameters of the NiO 

nanoparticles can be estimated about 1μm. Besides, the SEM 

image of the high magnification is presented in Figure 2b, 

which can be observed that each urchin composing numerous 

nanowires. These nanowires are equally arranged, which have 

a typical diameter in the range of 20 to 50 nm. Similar 

observations are made in the TEM images of the samples. The 

TEM image in Figure 2c presents the morphology of the 

PbS/NiO composites, which indicates that PbS are 

successfully deposited on the NiO. The lattice pattern of 

PbS/NiO composites are declared in the HRTEM image in 

Figure 2d.  

 

 
 

Figure 2. SEM images of NiO nanoparticles (a) low 

magnification; (b) high magnification; (c) TEM images of 

PbS/NiO composites (d) the high resolution lattice pattern of 

PbS/NiO 

 

4.2 XRD analysis 

 

The crystal structures of NiO and the deposited PbS are 

further characterized by X-ray diffraction (XRD). In the 

pattern of the pure NiO film reveals a bunsenite phase at 43.16 

(200), with other planes (111), (220), (311). All the values are 

in good agreements according to JCPDS-02-1216. After 

deposition of PbS Quantum-dots on the surface of NiO thin 

film, the new diffraction peak is perfectly indexed to scattering 

from the (111), (200), (220) and (311) planes. Furthermore, 

the obtained values are in accord with the previously reported 

data (JCPDS card NO.05-0592), indicating that the PbS is a 

pure galena phase. The result further confirmes that 

nanoparticle composites are composed of both well-

crystallized PbS nanoparticles and bunsenite NiO. In addition, 

there are no obvious peaks for impurity on the patterns, which 

indicates that the sample is pure and no other impurities 

generated during the process. 

 

 
 

Figure 3. XRD spectra of NiO (a) and NiO/PbS (b) 

 

4.3 Elemental composition 

 

The bulk composition analysis of the PbS deposited NiO are 

carried out by energy dispersive X-Ray (EDS) spectrometer. 

As shown in Figure 4, we can clearly see characteristic peaks 

corresponding to Ni and O elements, deriving from the NiO. 

The small peak observed for Pb and S demonstrates the 

existence of Pb and S in the NiO substance. Moreover, the 

atomic percent of O and Ni was 47.65: 42.46, indicating that 

the O: Ni ratios is about 1.12:1.0 for NiO. Theoretically, the 

atomic ratios measured by EDS are relatively closed to their 

stoichiometries. Therefore, the chemical formulae of the NiO 

can be expressed according to their stoichiometric ratios. 

Similarly, the atomic percent of S and Pb is 5.01: 4.88, 

demonstrating that the S: Pb ratios is nearly 1.03:1.0 for PbS, 

the same conclusion can be seen according to the aromic 

percent of Pb and S. The result shows that a successfully 

deposition of PbS layer covers the NiO surface with a small 

amount. 

 

 
 

Figure 4. EDS analysis of PbS/NiO nanocomposite 

 

4.4 UV-Vis absorption spectra 

 

UV-Vis absorption spectra of pure and PbS-modified NiO 

films showed color change and absorbance increase as number 

http://dict.youdao.com/w/demonstrate/#keyfrom=E2Ctranslation
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of PbO deposition cycles increased (see Figure 5) from 0 to 4. 

The UV-Vis absorption spectra of NiO mesoporous film and 

PbS QDs deposited NiO mesoporous film. For the procedure 

displayed on the NiO mesoporous film, the thickness of PbS 

QDs deposition is large, as suggested by the observation of a 

color change in the film and the higher absorbance of the 

NiO/PbS electrode. It is clearly noticed that the absorbance is 

increased when CBD cycles increased, and the absorption 

shoulder also shows an obvious red shift compare to 

absorbance onset. The PbS/NiO material absorbance shoulder 

became red-shifted as number of PbO CBD cycles increased. 

Absorption wavelength of NiO/PbS-4 and pure NiO film 

immersed in ((CH3)4N)2S/((CH3)4N)2Sn electrolyte was in 

the 490-550 nm range, which is beneficial for light capture and 

enhanced photoelectric efficiency. 

 

 
 

Figure 5. UV-vis absorption spectra of pure and PbS-

modified NiO films fabricated using different number of 

CBD cycles 
 

4.5 J-V characteristics 

 

 
 

Figure 6. The J-V data obtained for pure and PbS-modified 

NiO films obtained using different number of CBD cycles. 

Measurements were conducted under solar light illumination 

(AM 1.5, 100 mW cm-2) 

 

Table 2. Photovoltaic performance of the QDSCs containing 

NiO/PbS-N (N = 1-4) materials under illumination by the 

solar light. Areas of all cells were 0.159 cm2. 

 

Sample ID 
Cell area 

(cm2) 
Voc(V) 

Jsc (mA 

cm-2) 
FF 

Eff/

% 

NiO/PbS-1 0.159 0.467 2.20 0.41 0.42 

NiO/PbS-2 0.159 0.507 4.31 0.33 0.73 

NiO/PbS-3 0.159 0.538 8.53 0.23 1.07 

NiO/PbS-4 0.159 0.454 2.84 0.34 0.44 

Figure 6 and Table 2 demonstrate the current density-

photovoltage (J-V) data for QDSCs fabricated using NiO/PbS 

as active material.  

As the number of CBD cycles increased from one to three, 

both short-circuit current density (Jsc) and open-circuit 

voltage (Voc) increased from 2.20 mA/cm2 and 0.467 V to 

8.53 mA/cm2 and 0.538 V, respectively. A maximum PCE 

value of 1.07% was obtained by the electrode containing PbS-

3-NiO as active material. Thus, PbS thickness obtained after 

three CBD cycles was the best because it provided the highest 

number of excited electrons capable to improve QDSC 

photocurrent. After three CBD cycles, PbS layer became too 

thick for efficient electron injection an excitation mostly 

because of increased number of recombination in. This also 

indicates that a thick PbS nanoparticles layer will hinder the 

regeneration of PbS by the polysulfide electrolyte and enlarge 

the rate of the recombination reaction. 

 

4.6 IPCE spectrum 

 

IPCE spectra of p-type QDSCs containing PbS/NiO-N 

composites as active materials (shown in Figure 7) had the 

same shapes as corresponding absorption spectra. Thus, the 

photocurrents were generated because of the hole injection 

from the photo-excited PbS to NiO. The IPCE response for the 

PbS/NiO-3 material was the largest. The maximum IPCE 

response of the sensitized NiO was 49% at 340 nm. Such high 

IPCE value is reported for the first time for the p-type QDSCs. 

IPCE response could not be simply enhanced by increasing the 

PbS layer thickness because it eventually led to either 

inefficient hole injection or overall carrier recombination. 

 

 
 

Figure 7. IPCE of pure and PbS-modified NiO films 

fabricated using 1-4 CBD cycles 

 

4.7 EIS spectrum 

 

EIS data of an electrode containing NiO/PbS-3 film in 

comparison with EIS for Pt and pure NiS electrode are shown 

in Figure. 8. EIS parameters were obtained a Z-view software 

(as shown in Figure 8 and Table 3). In the high-frequency 

domain, the curve intercept with the real axis is equal to the 

ohmic series resistance (Rs) of the substrate. The left 

semicircle in the middle frequency domain represents the 

charge-transfer resistance (Rct) at the electrode-electrolyte 

interface. A semicircle in a low-frequency domain reflects the 

impedance due to the Nernst diffusion (ZN) of the charged 

species in an electrolyte. Rs value of the pure NiS electrode 

was 18.1 Ω/cm2, which was less than that of the Pt-electrode 

http://dict.youdao.com/w/quantity/#keyfrom=E2Ctranslation
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(which was equal to 27.4 Ω/cm2). This indicates a strong 

interaction between the Pt CE and surface sulfide species (e.g., 

S2-, Sn2-). Rct value directly correlated to the CE catalytic 

activity, determined by the semicircle radius.35 The Rct 

values of Pt and NiS CEs were to 3.27 and 1.42 Ω/cm2, 

respectively. Small Rct value for NiS CEs indicates its 

excellent catalytic activity towards 

((CH3)4N)2S/((CH3)4N)2Sn reduction because Rct varies 

inversely proportional to the CE electrocatalytic activity. The 

ZN values fo rPt and NiS electrodes were 11.75 and 5.64 

Ω/cm2, respectively. Thus, NiS CE had better catalytic activity 

than Pt CE, which would translate into better photovoltaic 

performance. 

 

 

 

Figure 8. Nyquist plots of the sacrificial cells. Insert shows 

an equivalent circuit diagram used to fit EIS data 

 

Table 3. Rs, Rct and ZN (all in Ω/cm2) values for CE cells  
 

CEs Rs(Ω/cm2) Rct(Ω/cm2) ZN(Ω/cm2) 

NiS 18.1 1.42 5.64 

Pt 27.4 3.27 11.75 

 

 

5. CONCLUSIONS 

 

We successfully synthesized NiO films with urchin-like 

morphology using a high-temperature hydrothermal method. 

PbS was deposited on NiO film using the CBD process. 

NiO/PbS composites with different PbS thicknesses were 

performed. Thickness was varied by a different number of the 

CBD cycles. The resulting composites were then used as 

active materials for QDSC photoanodes. Yield (Voc), ff, Jsc, 

and the cell efficiency values of the solar cell containing 

PbS/NiO composite fabricated using three CBD cycles were 

0.538 V, 0.23%, 8.53 mA cm-2, and 1.07%, respectively. The 

IPCE value of this electrode was 49% at 340 nm. This is the 

better IPCE value reported in the literature for p-type QDSCs. 

Thus, PbS sensitized urchin-like NiO structures are excellent 

candidates as photocathode active material to produce very 

efficient p-type solar cells. 
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