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Abstract  

Lead (II) iodide, PbI2, semiconductor was synthesized using versatile methods such as hydrothermal, 

refluxing, solid-state reaction, and co-precipitation for optoelectronics. All the PbI2 particles exhibited 

hexagonal-layered 2H structure in which the average crystallite size and optical bandgap (Eg) 

were57±10 nm and 2.31 eV, respectively. Then, PbI2films were prepared using dimethyl sulfoxide 

(DMSO) or dimethylformamide (DMF) on the top of a mesoporous TiO2 layer, yielding a wider Eg of 

2.33-2.36. Finally, through water contact angle measurement, the surface and interfacial properties of 

the thin film were characterized, exhibiting initial solid-vapor surface tension (γsv) of 6.1-6.4 mJ/m2 and 

solubility parameter (δ) of 4.51-4.62(cal/cm3)1/2. However, when these PbI2 films were exposed to H2O 

molecules in air, δ changes from 4.62 to 7.28 (cal/cm3)1/2 for PbI2 (DMSO) film or 4.51 to 

12.98(cal/cm3)1/2 for the PbI2 (DMF) film, respectively. Finally, by employing the theory of melting 

point depression combined with the Flory-Huggins lattice theory, the interfacial interactions between 

PbI2 and regioregular poly (3-hexylthiophene-2,5-diyl) were qualitatively characterized. The smaller the 

χ interaction parameter, the more depressed the melting point. 
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1. INTRODUCTION 

 

Lead (II) iodide, PbI2, is a direct wide bandgap (Eg> 2 eV) semiconductor with a large 

atomic number (ZPb = 82 and ZI = 53), displaying a heavy molecular weight of 460.81 g/mol 

and density of 6.2 g/cm3[1-5].In the solid state, it shows a quasi two-dimensional structure 

stacked by weak van-der Waals interactions [6-11]. Hence, it exhibits polymorphisms such as 

2H, 6H, and 12R, in which H and R represent hexagonal and rhombohedral, respectively [12]. 

Herein, various structures, called polytypes, are ascribed to the change of each layer’s relative 

orientational order in the c-crystallographic direction [13,14]. Also, its layered structure 

allows the accommodation of small foreign molecules into the interstitial space in I-Pb-I 

layers [15-17].  

From the 1970s, PbI2 has been used as a nuclear particle detector such as x- and γ-ray, 

because it shows high absorption and carrier collection with minimized noise, depending on 

its bandgap, charge mobility (µ), and lifetime (τ) [18-27]. However, in 2009, Miyasaka et al. 

applied it into the emerging photovoltaic (PV) field by using it as a perovskite precursor, in 

which organometal halide perovskites have a chemical formula of ABX3, in which A+ = 

CH3NH3
+; B2+ = Pb2+; and X– = I– or a halide mixture, respectively [28]. Then, after a surge 

of research interests [29-32], the power conversion efficiency of perovskite PV devices 

reached 25.2%, comparable to the conventional silicon or thin film solar cells [33].  

In this study, we synthesized PbI2 particles using various methods such as hydrothermal, 

refluxing, solid-state reaction, and co-precipitation. Then we characterized the optical and 

structural properties. Finally, we studied the surface properties (e.g., morphology, surface 

tension, solubility parameter) of nanostructural PbI2 film deposited on the top of a 

mesoporous TiO2 substrate, dependent on the processing solvents dimethyl sulfoxide 

(DMSO) and dimethyl amide (DMF). Specifically, we found that the solid-vapor surface 
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tension (γsv) of PbI2 films changed with time when exposed to H2O molecules in air. These 

changes were quantified by estimating solubility parameters from the water contact angle 

measurements. Then we studied the interfacial interactions between PbI2 film and 

regioregular poly (3-hexylthiophene-2,5-diyl) (r-reg P3HT), based on the theory of melting 

point depression combined with Flory-Huggins theory [34]. Our results suggest that the 

surface and interface of PbI2 films as a function of the solvent, DMSO and DMF, can be used 

for optoelectronic applications such as solar cells, lasers, light-emitting diodes, and radiation 

detectors. Specifically, our research is intended to understand the PbI2 thin-film properties, 

applicable to a two-step sequential deposition technique for perovskite solar cells. 

 

2. Experimental Section 

2.1 Materials and Methods 

In all synthesis methods, analytical grade high purity reagents were used. A 

stoichiometric ratio of 0.03 M of lead nitrate [Pb(NO3)2] and 0.06 M of potassium iodide (KI) 

were used as starting materials for all methods. For a modified hydrothermal method, 

samples were placed in two separate beakers with 50 mL double distilled water each, stirred 

and sonicated at a temperature of 70ºC for 2 hours. The two colorless solutions were kept 

together in another beaker and stirred for 30 minute at 100°C. The yellow solution was 

centrifuged, and the resulting precipitated powders were collected and dispersed in 15 mL of 

double-distilled water, then transferred into a 30 mL Teflon-lined autoclave. Triton X-100 

(5%) was used as a nonionic surfactant. The autoclave was maintained at 200°C for 6 hours 

and the PbI2 solution was cooled down at room temperature. Finally it was centrifuged, dried, 

and collected for further study.  
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For the refluxing method, a stoichiometric amount of Pb(NO3)2 and KI in 50 mL of 

deionized (DI) water each were weighed and added into a round bottom flask attached with a 

reflux condenser secured with a clamp. Then it was stirred and followed by heating at 100ºC 

for 6 hours. After centrifuging, the precipitated powder was collected and washed in DI water 

three times. The powder was annealed at 100°C for 30 minutes, and collected for further 

study.  

For the co-precipitation method, the same stoichiometric amount of initial materials was 

used in another beaker with 50 mL of DI water each. The samples were continuously stirred 

and sonicated in separate beakers for 2 hours with a temperature of 70ºC. Then, the solutions 

were put together and stirred again for 2 more hours. The yellow solution was centrifuged 

and washed three times by DI water. Finally the powder was annealed at 100°C inside a hot 

air oven.  

For solid-state reaction or mixture, a stoichiometric amount of Pb(NO3)2 and KI were 

weighed and were mixed in a jar and shaken for 6hours. The formed yellow powders were 

then placed into a flask containing double-distilled water to speed up the whole reaction 

followed by stirring for 30 minutes. The precipitate was centrifuged and rinsed by DI water 

and acetone three times and annealed at 100°C for 2 hours. The product was then collected 

for characterization. Finally, for comparison, commercially available PbI2 powders from 

Tokyo Chemical Industry (TCI) in Japan were used and named as commercial reference. 

 

2.2  Thin film preparation 

To study the effect of solvents (DMSO and DMF) on the film-forming properties, we 

prepared 1M of PbI2 solution (i.e., 460.81mg/mL of DMF or DMSO) and stirred at 70°C for 

12 hours. Glass substrates were washed with detergent, DI water and ethanol in an ultrasonic 
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bath. Then, on the top of this glass substrate, compact titanium dioxide (c-TiO2) and 

mesoporous TiO2 (mp-TiO2) were spin-coated. Subsequently, the mp-TiO2/c-TiO2/glass 

substrate was annealed at 500ºC for 2hours. After filtering with a 2µm 

polytetrafluoroethylene (PTFE) syringe filter, the PbI2 solution (with solvent of DMSO or 

DMF) was spin coated on the top of mp-TiO2/c-TiO2/glass substrate and annealed at the 

temperature of 100ºC. Optical, electrical, structural and surface properties were analyzed 

accordingly. Note that, in this work, the PbI2 films will be denoted by PbI2(DMSO) film or 

PbI2(DMF) film depending on the solvent used, i.e., DMSO or DMF, respectively.  

 

2.3 Characterization  

Ultraviolet-visible (UV-vis) spectra (Shimadzu UV-2600-Series) were taken using the 

powders in the form of solid-state pellets, for which BaSO4 was used as a reference. The X-

ray diffraction (XRD) measurements were carried out using a Philips X’pert PRO-240mm 

diffractometer with an integrated germanium detector, having a Cu-Kα radiation source at λ 

=1.54060 Å operating at an applied voltage of 45kV with a current intensity of 40 mA. The 

equatorial scans in continuous mode were taken from 2θ =4 to 80 degrees at a step of 0.017° 

with a scan step time of 24.4 seconds. Functional groups were identified by using a Spectrum 

400 Fourier-Transform infrared (FT-IR) spectrophotometer (Perkin Elmer’s, USA) at a 

resolution of 0.4cm-1.The photoluminescence (PL) spectra were obtained by F-7000 

fluorescence spectrophotometer (Hitachi, Japan), using a xenon lamp at the wavelength of 

532 nm at a scan speed of 1200 nm/min. Morphologies were investigated by field-emission 

scanning electron microscopy (FE-SEM; Hitachi, Japan,SU8000 Series) at an accelerating 

voltage of 5.0 kV. For elemental analysis, the energy-dispersive x-ray spectroscopy (EDX) 

was carried out with an XFlash6/30 SDD detector (Bruker, Germany) with a magnification of 

60kX, an operating voltage of 15 kV and an active area of 15 mm2. Surface-mapping analysis 
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was performed to obtain elemental distribution in a PbI2 film (DMSO or DMF). Water 

contact angle measurements were carried out by using a goniometer (KRUSS- GmbH, 

DSA25; Germany), for which the data was obtained in a time interval of 40 ms over a period 

of 30 seconds. 

3. Results and Discussion  

Figure 1a shows the photographic images of PbI2 powder samples, among which the 

sample from the solid-state reaction shows dark yellow and the others light-yellow. However, 

when we examined UV-vis absorption spectra for the power samples in a solid-state pallet 

with the reference of BaSO4, all of them exhibit an optical bandgap (Eg) of 2.31 eV at the 

wavelength of 537 nm, indicating that the PbI2 bulk samples exhibit the same electronic 

structure. Figure S1 in the Supplementary Material (SM) shows the FT-IR spectra for these 

samples, in which various mode of vibration of hydroxyl group from absorbed H2O 

molecules are observed: asymmetric and symmetric stretch of O-H at 3600-2800 cm-1 and 

symmetric bend (deformation) vibration of water at 1593 cm-1, respectively [35,36]. Figure 

S2 shows the PL spectra for these samples, in which the emission peaks are observed at 501.4 

± 4.3 nm. 
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Figure 1.(a) PbI2 powder samples from various methods such as hydrothermal, reflux, solid-

state reaction and co-precipitation.(b) UV-vis absorption spectra for PbI2 power sample in the 

form of solid-state pallet with the reference of BaSO4.  

 

 Figure 2a shows the XRD pattern of powder samples for each processing method, all of 

which indicate hexagonal close packing (HCP) (Fig. 2b). Here, based on Bragg’s theory (

2sind λ θ= ), in which d is d-spacing in nm, λ is x-ray wavelength (= 0.154 nm), and θ is 

scattering angle, respectively, we can estimate= =a b ( )0.154 2sin 22.534 / 2 2 3⋅   = 

0.455 nm, and ( )0.154 2sin 12.684 / 2=   c = 0.697 nm in Fig. 2b, confirming that the PbI2 

has the 2H structure among polytypism or polymorphism. Here, 2θ = 22.534° and 12.684° 

come from (100) and (001) crystallographic planes, respectively. Also note that in a and b 

calculation, the multiplication of 2 3  comes from the difference between the direction 

[100] and the vector a by the angle of 30° (see Fig. 2b, the right corner at the bottom).This 

estimation is well matching to the literature report with a = b = 0.4557 nm and c = 0.6979 

nm, respectively [37].  
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Figure 2 (a) XRD Spectra of the PbI2 powder samples. (b) Hexagonal close packing (HCP) 

structure of PbI2 crystals, in which each Pb atom forms an octahedral arrangement [PbI6]
4- 

with 6 I atoms. Polytype is 2H, in which H denotes hexagonal.  

 Importantly, all the samples from the four synthesis methods in this study are observed to 

have a better organized crystal structure than the commercial reference. The sharper XRD 

peaks from the constructive interference of x-ray light are clearly observed in these four 

methods, compared to those from the reference sample. In this condition, to clarify the 

crystallite size (i.e., average single-crystal domain size in PbI2 bulk polycrystals), we 

employed the Scherrer’s relation [38], 

0.9

cos
t

λ
β θ

= (1) 

where t is crystallite size, 0.9 is Scherrer’s constant, β is full width at half maximum 

(FWHM), and θ is Bragg’s diffraction angle. When we examine the (101) crystallographic 

plane, the crystallite size of each samples are 67 nm for solid-state reaction, 65 nm for reflux, 
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60 nm for hydrothermal, 47 nm for co-precipitation, and 46 nm for commercial reference. 

Hence, the average crystallite size of PbI2 bulk polycrystals is 57 ± 10 nm. See Table 1 for t 

and β values, when λ = 1.54 nm and at θ = 13°.  

 

Table 1.  Crystallite size (t) of PbI2 as a function of each processing method at θ = 13°, i.e., 

(101) crystallographic plane. 

 Solid-State Reflux Hydrothermal Co-precipitation Commercial 
β (radians) 0.00213 0.00220 0.00238 0.00301 0.00313 

t (nm) 67 65 60 47 46 

 

 

As explained in the XRD data, all the PbI2 samples exhibit the same hexagonal 2H 

polytype structure with a minor difference in crystal size. Hence, we chose the PbI2 sample 

from the common hydrothermal method for studying the effect of solvent on the properties of 

PbI2 film. Figure 3a shows the chemical structures of two dipolar aprotic solvents DMSO 

[(CH3)2S=O] and DMF [(CH3)2N-C(=O)H]. Using these solvents, the PbI2 solutions were 

prepared as shown Fig. 3b (upper image). Then PbI2 films were deposited on the top of an 

mp-TiO2/c-TiO2/glass substrate. As shown in Fig. 3b’s vial image, DMSO and DMF 

solutions are turbid (or partially translucent) and transparent, respectively, indicating that 

DMSO and DMF solutions are phase-separated and one-phase, respectively. Note that 

Miyamae et al. [2] reported that saturated PbI2/DMSO solution may yield a colorless needle-

like crystal of PbI2. Thus, the phase separated structure might be related with the nucleation 

and growth (i.e., crystallization) of PbI2 in DMSO and/or co-crystallization of the PbI2-

DMSO adduct. Using these two different solutions, we fabricated the PbI2 films, and the 

macroscopic appearance is shown in Fig. 3b (lower images).The PbI2 film (DMSO) shows a 

greenish yellow, whereas the film (DMF) displays transparent yellow, a memory effect from 
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the solution state. Herein the greenish yellow indicates that DMSO remains in this film 

through the co-ordination reaction between PbI2 and DMSO (i.e., a Lewis base). 

 

 
 

Figure 3.(a) Chemical structures of DMSO and DMF. (b) Photo images of 1MPbI2 solutions 

(461.78mg/ml) and films. (c) UV-Vis absorption spectra of PbI2 films incorporating DMSO 

or DMF solvent. Inset: the vials of PbI2 solutions with DMSO (left) or DMF (right) solvent. 

 

Figure 3c shows the UV-vis spectra for PbI2 films, which show an optical bandgap at 2.36 

eV (DMSO) and 2.33 eV (DMF), respectively. Hence, a small blue-shift is observed when 

compared to Eg = 2.31 eV for the PbI2 bulk polycrystals in Fig. 1b, suggesting that the PbI2 

film on the top of an mp-TiO2 substrate is comprised of nanoparticles. If the particle size is 

below the value of Bohr radius of exciton, the quantum size and confinement effect is usually 

observed [39]: the smaller the particle size, the wider the bandgap. As shown in the SEM 

images in Figure 4, the PbI2 film (DMSO) shows clear nanostructural morphology with 

appreciable uniformity, whereas the film (DMF) displays serious structural deficiencies.  
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Figure 4.FE-SEM image of the PbI2film deposited on the top of mesoporous TiO2layer: (a) 

the surface image ofPbI2film (DMSO), (b) the cross sectional view of PbI2film (DMSO),(c) 

the surface image ofPbI2film (DMF), and (d) the cross sectional view of PbI2film (DMF). 

 

Figure5 shows the nanoscale SEM images for the PbI2 films. Although the PbI2 (DMSO) 

film is made from a phase-separated solution containing pre-aggregate, the DMSO’s 

characteristics such as higher polarity (P= 0.444), dielectric constant (ε= 46.829), solubility 

parameter [δ= 14.5 (cal/cm3)1/2], and boiling point (b.p.= 189 °C) [40,41], may allow for 

stronger interactions between Pb2+ ions and the O=S group in DMSO, retarding 

crystallization for better uniformity. On the other hand, DMF has P = 0.386, ε= 37.219, δ= 

12.1 (cal/cm3)0.5, and b.p. = 153 °C[40,41], which is known to be toxic and allows for a wet 

PbI2 film to undergo a quick evaporation of DMF molecules during the drying processes (see, 
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Table 2 for more information about DMSO and DMF solvents). However, it is noteworthy 

that, for perovskite films, DMSO and DMF are usually used together in a mixed state for 

dissolving organic-inorganic perovskite precursors [29]. 

 

 

 

Figure 5.FE-SEM images of the PbI2film deposited on the top of mesoporous TiO2layer: (a) 

a nanostructural PbI2 film (DMSO) and (b) a PbI2 film (DMF) with crack morphology. 

 

Table 2.Properties of DMSO and DMF solvents [40,41]. Here, b.p. and m.p. stand for boiling 

and melting points, respectively. 

 b.p. 
(°C) 

Density 
(g/cm3) 

Molar 
mass 

Formula 
m.p. 
(°C) 

δ* 
(cal/cm3)1/2 

δ 
(MPa1/2) 

Relative 
Polarity 

ε 

DMSO 189 1.1 78.13 C2H6OS 19 14.5 29.70 0.444 46.826 
DMF 153 0.944 73.09 C3H7NO -61 12.1 24.78 0.386 37.219 

*Note that (cal/cm3)1/2is normally used for the dimension of δ in thermodynamics. 

 

Figure 6 shows the element-mapping images for the PbI2 films processed using DMSO or 

DMF. Here, Pb, I, and Ti elements are yellow, white and red, respectively. As shown in this 

figure, in the case of PbI2 (DMF), not only cracks, but also Pb aggregates are clearly 

observed, indicating non-uniform nucleation and growth of PbI2crystals in DMF medium. For 
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clarity, Figure 7 show sthe additional single element mapping for Pb, I and Ti, respectively. 

Further information about the elemental analysis for PbI2 films is included in Figure S3,and 

Tables S1 and 2 in SM. 

 

 

Figure 6. Mapping images of PbI2films on the top of mp-TiO2 layer.(a) PbI2 (DMSO) film.(b) 

PbI2 (DMF) film. Herein, Pb, I, and Ti are mapped together. Pb is yellow, I is white and Ti is 

red, respectively. Scale bar is 2 µm.  
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Figure 7.Elemental-mapping images of PbI2 films on the top of an mp-TiO2 layer. Column 

(a): PbI2 (DMSO). Column (b): PbI2 (DMF) films. Herein, Pb is yellow, I is white, and Ti is 

red, respectively. Scale bar is 2 µm.  
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Figure 8 shows the water contact angle measurement for PbI2 films depending on the 

solvents, DMSO and DMF. As shown in Fig. 8a, at the first step, both films show similar 

contact angles, 130.08° for PbI2 (DMSO) and 130.82° for PbI2 (DMF), respectively. 

However, with increasing steps, approaching the 18th step (i.e., a saturation level), the contact 

angle becomes 110.95° for PbI2 (DMSO) and 55.21° for PbI2 (DMF), respectively. Here, the 

drastic change in contact angle in the PbI2 film (DMF) may mainly originate from the crack 

morphology as shown in Figs. 4c and 5b. Importantly, the surface of PbI2 in contact with H2O 

and O2 could undergo the reactions of PbI2+O2 = PbO + I2; PbI2 + 2H2O = 2HI + Pb(OH)2; 

and PbI2 + H2O = [PbI2(H2O)], etc. Also note that not only the solvents (DMSO and DMF) 

are hygroscopic, but also PbI2 is known to have solubility in water, 0.0756 mg/mL at 20 °C, 

and 0.4100 mg/mL at 100 °C, respectively [1,42]. 

For utilizing PbI2as an underlying layer in the sequential deposition method for perovskite 

solar cells [32] and other optoelectronics, we need to know the surface property in terms of 

surface tension and the solubility parameter, providing wettability, adhesion, orthogonality of 

solvent, and other interfacial interactions. For this purpose, we may rely on Li and 

Newmann’s relation [43,44]: 

( )2

cos 1 2 lv svsv

lv

e β γ γγθ
γ

− −= − +                         (2) 

where θ is contact angle, and β is the constant = 0.000115 (m2/mJ)2.  and sv lvγ γ are the surface 

tension of solid-vapor and liquid-vapor, respectively. Then, we may roughly estimate δ 

through the known relation, ( )1 23cal cm 1.829058 svδ γ  =  
 [45-47]. The results are 

summarized in Table 3. Hence, the surface of PbI2 film is initially very hydrophobic with 

4.5 4.6δ ≈ − (cal/cm3)1/2. However, by contacting with water in air, the surface is changed to 

become more hydrophilic [ 13.0δ ≈ (cal/cm3)1/2] in the case of PbI2 (DMF), whereas the PbI2 

film from DMSO solvent still remains hydrophobic with 7.3δ ≈ (cal/cm3)1/2. Table 3 shows 
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the all the results of δ estimation. Note that, for a comparison purpose, r-reg P3HT and 

regiorandom P3HT (r-ran P3HT) have the solubility parameter of 8.72 and 10.50(cal/cm3)1/2, 

respectively [46,47].  

 

 

Figure 8.(a) Water contact angle as a function of step number. (b) Contact angle of PbI2 films 

made from DMSO and DMF, respectively, at step number 18. 

 

Table 3.Contact angle (θ), solid-vapor surface tension (γsv), and solubility parameter (δ) for 

PbI2 films, when DMSO or DMF is used as a solvent.  

Step 
Number 

PbI2 Film (DMSO)  PbI2 Film (DMF)  
θ 

(°) 
γsv 

mJ/m2 
δ 

(cal/cm3)1/2 
δ 

MPa1/2 
θ 

(°) 
γsv 

mJ/m2 
δ 

(cal/cm3)1/2 
δ 

MPa1/2 
1 130.07499 6.37176 4.61708 9.45855 130.81797 6.07804 4.50941 9.23798 
18 110.95393 15.83957 7.27963 14.91305 55.20461 50.39263 12.98437 26.59978 

 

For understanding the physical meaning of the surface properties of PbI2 film (DMSO or 

DMF), we investigated the interfacial interactions between r-reg P3HT and PbI2 by putting 

the polymer on the top of PbI2 film (Figure 9).  
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Figure 9.Schematic drawing of r-reg P3HT on the PbI2 film with hexagonal close packing 

structure. (a) PbI2 (DMSO) film with a uniform morphology (e.g., hydrophobic surface). (b) 

PbI2 (DMF) film with a crack-morphology (e.g., hydrophilic surface). 

 

To this end, the first calculation is the Flory-Huggins interaction parameter (χ) [48], 

( )21
1 2

V̂

RT
χ δ δ= −                         (3) 

where ( ) ( )3 3
1 1 1
ˆ 461.01 g mol 6.61 g cm 74.84 cm molV M ρ= = =  is the molar volume of 

PbI2, R = 1.987 cal/(K·mol) is the gas constant, and T (K) is the absolute temperature.

1 2 and δ δ are solubility parameters of PbI2 and r-reg P3HT, respectively. Note that the 

components, 1 and 2 are PbI2 and r-reg P3HT, respectively. Based on the contact angle data, 

the results are summarized in Table 4. Specifically, when T is 298 K, the χ  value for the r-reg 

P3HT:PbI2 system (DMSO) is 2.07 (for step no. 1) and 0.26 (for step no. 18), respectively, 

indicating that the PbI2 film (DMSO) will show excellent wettability with r-reg P3HT, when 

PbI2 is exposed to water and air. Note that when χ is less than 0.5, it is usually a miscible 

system in polymer science [34,48]. On the other hand, at that same temperature of 298 K, the 
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χ value for r-reg P3HT:PbI2 system (DMF) is 2.19 (for step no. 1) and 2.23 (for step no. 18), 

respectively, indicating that, although PbI2 film’s surface changed drastically from 

hydrophobic to hydrophilic, the relative difference between two solubility parameters are 

comparable, leading to the similar χ value of ca. 2.2 (i.e., dewetting is expected).  

 

Table 4.Flory-Huggins χ interaction parameter for binary r-reg P3HT/PbI2 system, when PbI2 

films were processed using DMSO or DMF solvent, respectively. 

 r-reg P3HT/PbI2 System (DMSO) r-reg P3HT/PbI2 System (DMF) 
Step Number 1 18 1 18 

χ 616.34 K/T 76.03 K/T 649.85 K/T 665.38 K/T 

 

Furthermore, based on the theory of melting point depression combined with the Flory-

Huggins theory, we may examine qualitatively the effect of χ on the melting behavior of r-reg 

P3HT:PbI2 system [34, 46, 47].  

( )2
1 10

1

1 1
ˆ
u

m m u

VR

T T H V
φ χφ− = −

∆
                    (4) 

where 0 and m mT T (= 490.2 K) are the melting temperature of r-reg P3HT with the PbI2 and the 

melting temperature of pure P3HT. uH∆ (= 47.5 J/g) and uV  (= 151.18 cm3/mol) are the unit 

enthalpy and the unit volume of r-reg P3HT [46]. Importantly, the melting point depression is 

a function of three factors, uH∆ , 1φ , and χ . In this work, we studied comparatively the 

effect of χ on mT . As displayed in eq. 4, in front ofχ , there is a negative sign, indicating that 

the smaller χ  will results in a more depressedmT . Here, if χ  is small, it means that the 

intermolecular interactions [expressed by δ or (cohesive energy density)1/2] in two different 

pure components, r-reg P3HT and PbI2, are similar.  
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For example, as shown in Figure 10, in the case of the r-reg P3HT:PbI2 system (DMSO), 

when χ(= 76.03 K/T) is relatively small, a more dramatic melting point depression is 

observed. However, in the case of the r-reg P3HT:PbI2 system (DMF), the χ parameters are 

very close each other (665.38 K/T vs. 649.85 K/T) in the 1st and 18th steps, leading to a 

similar depression of melting points as proved in Fig. 10b. Note that, strictly speaking, the 

hydrophilic surface (step no. 18) in Fig. 10b exhibits a slightly smaller depression than the 

initial film (step no. 1). Hence, the aforementioned observation demonstrates that the Flory-

Huggins theory with χ interaction parameter is useful for elucidating the interfacial 

interactions between two molecules or films (in this particular case, r-reg P3HT and PbI2).   

 

Figure 10.Melting point depression theory as a function of step number. (a) r-reg P3HT:PbI2 

system (when solvent is DMSO). (b) r-reg P3HT:PbI2 system (when solvent is DMF). 

4. CONCLUSION 

Lead (II) iodide particles were synthesized via four different methods: hydrothermal, 

refluxing, solid-state reaction, and co-precipitation, showing unanimously the optical 

bandgap of 2.31 eV. When PbI2 particles were characterized by XRD, they showed a 

hexagonal layered 2H structure, and the average crystallite size of 57±10 nm. Then PbI2 films 
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were deposited on the top of mesoporous TiO2 substrate using dipolar aprotic solvent, DMSO 

or DMF. The PbI2 film (DSMO) showed a relatively homogeneous nanostructure, whereas 

the PbI2 film (DMF) exhibited crack morphologies. Then the water contact angle was 

measured, leading to the solubility parameters, ca. 4.51-4.62 (cal/cm3)1/2. However, when the 

PbI2 films were exposed to H2O molecules in air, the solubility parameters were eventually 

changed into 7.28 (cal/cm3)1/2 for PbI2(DMSO) and 12.98 (cal/cm3)1/2 for PbI2(DMF), 

respectively. Finally, based on the theory of melting point depression combined with Flory-

Huggins theory, we characterized the interfacial interactions between PbI2 and r-reg P3HT. 

The PbI2 film (DMSO) with χ= 76.03 K/T(e.g., χ= 0.26 at 298 K) showed dramatic melting 

point depression compared to the film (DMF) with χ= 665.38 K/T (e.g., χ= 2.23 at 298 K). 

These observations show that the Flory-Huggins theory with χ interaction parameter is still 

useful for understanding the interfacial interactions between a polymer (e.g., r-reg P3HT) and 

an inorganic film (e.g., PbI2).Finally, we believe that our results offer a new insight for 

understanding solvent processing-structure-property relationship of PbI2 thin-film, applicable 

to a sequential deposition method leading to high performance perovskite PVs. 
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• PbI2 particles were successfully synthesized through versatile synthesis methods 

(hydrothermal, refluxing, solid-state reaction, and co-precipitation), exhibiting hexagonal 

layered 2H structure with particle size 57±10 nm and the optical bandgap of 2.31 eV. 

• The surface properties (morphology, surface tension, solubility parameter) of 

nanostructural PbI2 films deposited on the top of mesoporous TiO2 are dependent on the 

processing solvents (DMSO and DMF). 

• The interfacial interactions between PbI2 and r-reg P3HT were characterized successfully 

based on the theory of melting point dispersion combined with Flory-Huggins theory. 

•  The PbI2 film (DMSO) with χ= 76.03 K/T(e.g., χ= 0.26 at 298 K) showed dramatic 

melting point depression compared to the film (DMF) with χ= 665.38 K/T (e.g., χ= 2.23 

at 298 K). 

• The Flory-Huggins theory with χ interaction parameter is still useful for understanding 

the interfacial interactions between a polymer (e.g., r-reg P3HT) and an inorganic film 

(e.g., PbI2). 
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