Journal Pre-proof

Journal of

ALLOYS
AND COMPOUNDS

A versatile lead iodide particle synthesis and film surface analysis for optoelectronics

Nasir Awol, Chernet Amente, Gaurav Verma, Jung Yong Kim

PII: S0925-8388(20)30849-5
DOI: https://doi.org/10.1016/j.jallcom.2020.154486
Reference: JALCOM 154486

To appearin:  Journal of Alloys and Compounds

Received Date: 29 January 2020
Revised Date: 16 February 2020
Accepted Date: 22 February 2020

Please cite this article as: N. Awol, C. Amente, G. Verma, J.Y. Kim, A versatile lead iodide particle
synthesis and film surface analysis for optoelectronics, Journal of Alloys and Compounds (2020), doi:
https://doi.org/10.1016/j.jallcom.2020.154486.

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition
of a cover page and metadata, and formatting for readability, but it is not yet the definitive version of
record. This version will undergo additional copyediting, typesetting and review before it is published

in its final form, but we are providing this version to give early visibility of the article. Please note that,
during the production process, errors may be discovered which could affect the content, and all legal
disclaimers that apply to the journal pertain.

© 2020 Published by Elsevier B.V.


https://doi.org/10.1016/j.jallcom.2020.154486
https://doi.org/10.1016/j.jallcom.2020.154486

The experiments were designed by N.A., G.V. and J.Y .K. and executed by N.A. All the authors
helped in conceptualizing the work. Data was analyzed and interpreted by N.A., G.V. and J.Y .K.
The manuscript was conceived, written and finalized by N.A., G.V. and J.Y K.



A Versatile Lead lodide Particle Synthesis and

Film Surface Analysis for Optoelectronics

Nasir Awol®°Chernet AmentéGaurav Verm&,%* Jung Yong Kini-®*

a. School of Materials Science and Engineering, Jimma University Institute of Technology,
Jimma University. P.O. Box 378, Jimma, Ethiopia

b. Dr. Shanti Swarup Bhatnagar University Institute of Chemical Engineering and
Technology, Panjab University, Chandigarh, 160014,India

c. Department of Physics, College of Computational and Natural Science, Addis Ababa
University, P.O. Box 1176, Addis Ababa, Ethiopia

d. Centre for Nanoscience & Nanotechnology, University Institute for Emerging Areas in

Science and Technology, Panjab University, Chandigarh, 160014, India

e. School of Chemical Engineering, Jimma Institute of Technology, Jimma University, P.O.

Box 378, Jimma, Ethiopia

* Corresponding authors:

E-mail: gauravverma@pu.ac.in;Tel: +91-9872492858/(5

E-mail: jungyong.kim@ju.edu.etel: +251-9314619Q3.Y.K.)

ORCID
0000-0002-1894-1103 (G.V.)

0000-0002-7736-6858 (J.Y.K.)



Abstract

Lead (Il) iodide, Pkl semiconductor was synthesized using versatildaakst such as hydrothermal,
refluxing, solid-state reaction, and co-precipdatifor optoelectronics. All the Piparticles exhibited
hexagonal-layered 2H structure in which the averagestallite size and optical bandgapg)
were57+10 nm and 2.31 eV, respectively. Then,fftins were prepared using dimethyl sulfoxide
(DMSO) or dimethylformamide (DMF) on the top of @soporous Ti@layer, yielding a wideEg of
2.33-2.36. Finally, through water contact angle sneament, the surface and interfacial properties of
the thin film were characterized, exhibiting initslid-vapor surface tensiops) of 6.1-6.4 mJ/hand
solubility parameterd) of 4.51-4.62(cal/ch'®>. However, when these Blilms were exposed to 10
molecules in air,d changes from 4.62 to 7.28 (cal®if for PbL (DMSO) fim or 4.51 to
12.98(cal/cr)* for the Pbj (DMF) film, respectively. Finally, by employing eéhtheory of melting
point depression combined with the Flory-Huggirtsida theory, the interfacial interactions between
Pbk and regioregular poly (3-hexylthiophene-2,5-diygre qualitatively characterized. The smaller the

x interaction parameter, the more depressed theng@lbint.

Key words. Lead iodide; Surface; Interface; Optoelectronkdsry-Huggins Theory; Melting Point

Depression.



1. INTRODUCTION

Lead (Il) iodide, Pl is a direct wide bandgafef 2 eV) semiconductor with a large
atomic number (g, = 82 and £= 53), displaying a heavy molecular weight of #30g/mol
and density of 6.2 g/cifl-5].In the solid state, it shows a quasi two-disienal structure
stacked by weak van-der Waals interactions [6-H&hce, it exhibits polymorphisms such as
2H, 6H, and 12R, in which H and R represent hexaband rhombohedral, respectively [12].
Herein, various structures, called polytypes, a@ibed to the change of each layer’s relative
orientational order in the-crystallographic direction [13,14]. Also, its lagd structure
allows the accommodation of small foreign molecul@s the interstitial space in I-Pb-I

layers [15-17].

From the 1970s, Pphas been used as a nuclear particle detectorasigh andy-ray,
because it shows high absorption and carrier daleavith minimized noise, depending on
its bandgap, charge mobilitg)( and lifetime ) [18-27]. However, in 2009, Miyasaka et al.
applied it into the emerging photovoltaic (PV) @fiddy using it as a perovskite precursor, in
which organometal halide perovskites have a chdnfiozanula of ABXs, in which A" =
CHsNH;"; B?" = P and X = I” or a halide mixture, respectively [28]. Then, afiesurge
of research interests [29-32], the power conversfitiency of perovskite PV devices

reached 25.2%, comparable to the conventionabsilar thin film solar cells [33].

In this study, we synthesized Rlplarticles using various methods such as hydrothlerm
refluxing, solid-state reaction, and co-precipdati Then we characterized the optical and
structural properties. Finally, we studied the acef properties (e.g., morphology, surface
tension, solubility parameter) of nanostructurall,Pilm deposited on the top of a
mesoporous Ti® substrate, dependent on the processing solvemtlolyl sulfoxide

(DMSO) and dimethyl amide (DMF). Specifically, weuhd that the solid-vapor surface



tension {s,) of Pbb films changed with time when exposed tgCHmMolecules in air. These
changes were quantified by estimating solubilityap@eters from the water contact angle
measurements. Then we studied the interfacial aotems between Pblfiim and
regioregular poly (3-hexylthiophene-2,5-diyl) (gr&3HT), based on the theory of melting
point depression combined with Flory-Huggins the@@]. Our results suggest that the
surface and interface of Bilms as a function of the solvent, DMSO and DMEn be used
for optoelectronic applications such as solar ¢édisers, light-emitting diodes, and radiation
detectors. Specifically, our research is intendedriderstand the Pbthin-film properties,

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

2. Experimental Section
2.1 Materialsand Methods

In all synthesis methods, analytical grade high itpureagents were used. A
stoichiometric ratio of 0.03 M of lead nitrate [Rl8)s),] and 0.06 M of potassium iodide (KI)
were used as starting materials for all methods. &anodified hydrothermal method,
samples were placed in two separate beakers withl5@ouble distilled water each, stirred
and sonicated at a temperature of 70°C for 2 hdure.two colorless solutions were kept
together in another beaker and stirred for 30 meiratt 100°C. The yellow solution was
centrifuged, and the resulting precipitated powdegse collected and dispersed in 15 mL of
double-distilled water, then transferred into arBD Teflon-lined autoclave. Triton X-100
(5%) was used as a nonionic surfactant. The awmeaskaas maintained at 200°C for 6 hours
and the Pblsolution was cooled down at room temperature. Kintalvas centrifuged, dried,

and collected for further study.



For the refluxing method, a stoichiometric amouhtPt(NGs), and Kl in 50 mL of
deionized (DI) water each were weighed and addedaimound bottom flask attached with a
reflux condenser secured with a clamp. Then it steeed and followed by heating at 100°C
for 6 hours. After centrifuging, the precipitateoaler was collected and washed in DI water
three times. The powder was annealed at 100°C GomButes, and collected for further

study.

For the co-precipitation method, the same stoicletoim amount of initial materials was
used in another beaker with 50 mL of DI water eddte samples were continuously stirred
and sonicated in separate beakers for 2 hoursanigéimperature of 70°C. Then, the solutions
were put together and stirred again for 2 more $i0lihe yellow solution was centrifuged
and washed three times by DI water. Finally the geevwvas annealed at 100°C inside a hot

air oven.

For solid-state reaction or mixture, a stoichiomseamount of Pb(Ng), and KI were
weighed and were mixed in a jar and shaken for ghothe formed yellow powders were
then placed into a flask containing double-didiiliwater to speed up the whole reaction
followed by stirring for 30 minutes. The precipdawas centrifuged and rinsed by DI water
and acetone three times and annealed at 100°C liouts. The product was then collected
for characterization. Finally, for comparison, coernially available Phlpowders from

Tokyo Chemical Industry (TCI) in Japan were used aaimed asommercial reference.

2.2 Thin film preparation
To study the effect of solvents (DMSO and DMF) be film-forming properties, we
prepared 1M of Pbkolution (i.e., 460.81mg/mL of DMF or DMSO) andrsad at 70°C for

12 hours. Glass substrates were washed with deteigewater and ethanol in an ultrasonic



bath. Then, on the top of this glass substrate, pegintitanium dioxide (c-Tig) and
mesoporous Ti® (mp-TiO,) were spin-coated. Subsequently, the mp iaQi0./glass
substrate was annealed at 500°C for 2hours. Aftéterihg with a 2um
polytetrafluoroethylene (PTFE) syringe filter, tRéL solution (with solvent of DMSO or
DMF) was spin coated on the top of mp-HOTiO./glass substrate and annealed at the
temperature of 100°C. Optical, electrical, strugituand surface properties were analyzed
accordingly. Note that, in this work, the Pfilms will be denoted by PRIDMSO) film or

PbL(DMF) film depending on the solvent used, i.e., DM& DMF, respectively.

2.3 Characterization

Ultraviolet-visible (UV-vis) spectra (Shimadzu U\6Q0-Series) were taken using the
powders in the form of solid-state pellets, for ethBaSQ was used as a reference. The X-
ray diffraction (XRD) measurements were carried osing a Philips X’'pert PRO-240mm
diffractometer with an integrated germanium detedtaving a Cu-l& radiation source at
=1.54060 A operating at an applied voltage of 45kth a current intensity of 40 mA. The
equatorial scans in continuous mode were taken #@m4 to 80 degrees at a step of 0017
with a scan step time of 24.4 seconds. Functioralfgs were identified by using a Spectrum
400 Fourier-Transform infrared (FT-IR) spectropmmoé&ter (Perkin Elmer’'s, USA) at a
resolution of 0.4cM.The photoluminescence (PL) spectra were obtaingd F¥7000
fluorescence spectrophotometer (Hitachi, Japanjgus xenon lamp at the wavelength of
532 nm at a scan speed of 1200 nm/min. Morphologi&® investigated by field-emission
scanning electron microscopy (FE-SEM; Hitachi, 3apbl8000 Series) at an accelerating
voltage of 5.0 kV. For elemental analysis, the gpalispersive x-ray spectroscopy (EDX)
was carried out with an XFlash6/30 SDD detectouk®r, Germany) with a magnification of

60kX, an operating voltage of 15 kV and an actiseaaf 15 mr Surface-mapping analysis
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was performed to obtain elemental distribution iPlak flm (DMSO or DMF). Water
contact angle measurements were carried out bygusirgoniometer (KRUSS- GmbH,
DSA25; Germany), for which the data was obtained time interval of 40 ms over a period

of 30 seconds.

3. Resultsand Discussion

Figure la shows the photographic images of, Pblwder samples, among which the
sample from the solid-state reaction shows dardoweand the others light-yellow. However,
when we examined UV-vis absorption spectra forgbever samples in a solid-state pallet
with the reference of BaSQall of them exhibit an optical bandgalggf of 2.31 eV at the
wavelength of 537 nm, indicating that the Pblulk samples exhibit the same electronic
structure. Figure S1 in the Supplementary Maté®all) shows the FT-IR spectra for these
samples, in which various mode of vibration of lydd group from absorbed J
molecules are observed: asymmetric and symmetetcht of O-H at 3600-2800 ¢hand
symmetric bend (deformation) vibration of waterl&93 cn, respectively [35,36]. Figure
S2 shows the PL spectra for these samples, in vwheckmission peaks are observed at 501.4

+4.3 nm.
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Figure 1.(a) Pblpowder samples from various methods such as Hhyehwoial, reflux, solid-
state reaction and co-precipitation.(b) UV-vis absion spectra for Pblpower sample in the

form of solid-state pallet with the reference ofS8a.

Figure 2a shows the XRD pattern of powder samiglegach processing method, all of
which indicate hexagonal close packing (HCP) (Rig). Here, based on Bragg’s theory (

d =A/2sind), in whichd is d-spacing in nm{ is x-ray wavelength (= 0.154 nm), atids
scattering angle, respectively, we can estiraatd = 0.154[ 2sir( 22.534/@|0/2/ =

0.455 nm, and =0.154/ 2sir( 12.684 /@ = 0697 nm in Fig. 2 confirming that the Pbl

has the 2H structure among polytypism or polymapwhiHere, 2 = 22.534° and 12.684°
come from (100) and (001) crystallographic plamespectively. Also note that i andb
calculation, the multiplication 02/\/5 comes from the difference between the direction
[100] and the vectoa by the angle of 30° (see Fig. 2b, the right corethe bottom).This

estimation is well matching to the literature répoith a = b = 0.4557 nm and = 0.6979

nm, respectively [37].
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Figure 2 (a) XRD Spectra of the Rldowder samples. (b) Hexagonal close packing (HCP)
structure of Pblcrystals, in which each Pb atom forms an octatiedrangement [Pgl*

with 6 | atoms. Polytype is 2H, in which H denokexagonal.

Importantly, all the samples from the four synthesethods in this study are observed to
have a better organized crystal structure thanctmemercial reference. The sharper XRD
peaks from the constructive interference of x-rigitl are clearly observed in these four
methods, compared to those from the reference sanhplthis condition, to clarify the
crystallite size (i.e., average single-crystal domsaize in Pb] bulk polycrystals), we

employed the Scherrer’s relation [38],

{= 0.9 (1)
[ cosl

wheret is crystallite size, 0.9 is Scherrer's constghtis full width at half maximum
(FWHM), and#@ is Bragg's diffraction angle. When we examine (h81) crystallographic

plane, the crystallite size of each samples anenéTor solid-state reaction, 65 nm for reflux,



60 nm for hydrothermal, 47 nm for co-precipitati@md 46 nm for commercial reference.
Hence, the average crystallite size of Fillk polycrystals is 57 = 10 nm. See Table ltfor

andg values, whei = 1.54 nm and at = 13°.

Table 1. Crystallite size)(of Pbb as a function of each processing method at13°, i.e.,

(101) crystallographic plane.

Solid-State Reflux Hydrothermal Co-precipitation  oimercial
S (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 Pldamples exhibit the same hexagonal 2H
polytype structure with a minor difference in cajssize. Hence, we chose the Pedmple
from the common hydrothermal method for studying ¢fffect of solvent on the properties of
Pbk film. Figure 3a shows the chemical structuresvad dipolar aprotic solvents DMSO
[(CH3),S=0] and DMF [(CH).N-C(=O)H]. Using these solvents, the Plblutions were
prepared as shown Fig. 3b (upper image). Then fitliis were deposited on the top of an
mp-TiO,/c-TiO,/glass substrate. As shown in Fig. 3b’s vial imadMSO and DMF
solutions are turbid (or partially translucent) amansparent, respectively, indicating that
DMSO and DMF solutions are phase-separated andploage, respectively. Note that
Miyamaeet al. [2] reported that saturated RBRIMSO solution may yield a colorless needle-
like crystal of Pbl. Thus, the phase separated structure might beedelgth the nucleation
and growth (i.e., crystallization) of Bbin DMSO and/or co-crystallization of the Rbl
DMSO adduct. Using these two different solutiong fabricated the Phlfiims, and the
macroscopic appearance is shown in Fig. 3b (lomages).The Pblifilm (DMSO) shows a

greenish yellow, whereas the film (DMF) displaysngparent yellow, a memory effect from

10



the solution state. Herein the greenish yellow agaths that DMSO remains in this film

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

(a) (b) (c)
2.0 T T T T
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Figure 3.(a) Chemical structures of DMSO and DMifj.Rhoto images of 1MPhsolutions
(461.78mg/ml) and films. (c) UV-Vis absorption spracf Pbjfilms incorporating DMSO

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

Figure 3c shows the UV-vis spectra for Piims, which show an optical bandgap at 2.36
eV (DMSO) and 2.33 eV (DMF), respectively. Hencesnaall blue-shift is observed when
compared tdeg = 2.31 eV for the Pblbulk polycrystals in Fig. 1b, suggesting that Bis,
film on the top of an mp-Ti@substrate is comprised of nanoparticles. If theiga size is
below the value of Bohr radius of exciton, the quamsize and confinement effect is usually
observed [39]: the smaller the particle size, thdewthe bandgap. As shown in the SEM
images in Figure 4, the Bbfilm (DMSO) shows clear nanostructural morphologith

appreciable uniformity, whereas the film (DMF) days serious structural deficiencies.
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Figure 4.FE-SEM image of the Bfiim deposited on the top of mesoporous F&yer: (a)
the surface image ofPfilm (DMSO), (b) the cross sectional view of Ffilim (DMSO),(c)

the surface image ofPiilm (DMF), and (d) the cross sectional view of Ritrin (DMF).

Figure5 shows the nanoscale SEM images for thgfik. Although the PhI(DMSO)
film is made from a phase-separated solution coimgi pre-aggregate, the DMSO’s
characteristics such as higher polari®g (0.444), dielectric constané< 46.829), solubility
parameter §= 14.5 (cal/cr)*4, and boiling point (b.p.= 189 °C) [40,41], mayca¥ for
stronger interactions between %Phions and the O=S group in DMSO, retarding
crystallization for better uniformity. On the othleand, DMF has$ = 0.386,e= 37.219,0=
12.1 (cal/cm)®, and b.p. = 153 °C[40,41], which is known to beitaand allows for a wet

Pbk film to undergo a quick evaporation of DMF molexsubluring the drying processes (see,
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Table 2 for more information about DMSO and DMFveoits). However, it is noteworthy
that, for perovskite films, DMSO and DMF are usyalked together in a mixed state for

dissolving organic-inorganic perovskite precur4@gy.

Figure 5.FE-SEM images of the Pfilin deposited on the top of mesoporous F&yer: (a)

a nanostructural Ppfilm (DMSO) and (b) a Phlfilm (DMF) with crack morphology.

Table 2.Properties of DMSO and DMF solvents [40,#Hre, b.p. and m.p. stand for boiling

and melting points, respectively.

b.p. Density Molar Formula P o* Relative

(°C)  (g/lcn?)  mass (°C)  (callcn®)*?> (M Pa”z) Polarity
DMSO 189 1.1 78.13  £I0S 19 14.5 29.70 0.444 46.826
DMF 153 0.944 73.09 £I;NO -61 12.1 24.78 0.386 37.219

*Note that (cal/cr)”4is normally used for the dimension®in thermodynamics.

Figure 6 shows the element-mapping images for tigflfns processed using DMSO or
DMF. Here, Pb, I, and Ti elements are yellow, whitel red, respectively. As shown in this
figure, in the case of PbIDMF), not only cracks, but also Pb aggregates cearly

observed, indicating non-uniform nucleation andaghoof Pbkcrystals in DMF medium. For
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clarity, Figure 7 show sthe additional single elatmmapping for Pb, | and Ti, respectively.
Further information about the elemental analysrsFbb films is included in Figure S3,and

Tables S1 and 2 in SM.

Ma gy a9 x,‘ Biw S e :Mapdatq'm,': SN
WG 75 0005 -+ VO 15 G Ca o SR 8 R 1AG 5000 HVA 45 e e

Figure 6. Mapping images of Bblms on the top of mp-Ti@layer.(a) Pbd (DMSO) film.(b)

PbkL (DMF) film. Herein, Pb, |, and Ti are mapped tdgat Pb is yellow, | is white and Ti is

red, respectively. Scale bar igu2.
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Figure 7.Elemental-mapping images of Hitins on the top of an mp-TiDlayer. Column
(a): Pb}(DMSO). Column (b): PbI(DMF) films. Herein, Pb is yellow, | is white, afd is

red, respectively. Scale bar igu2.
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Figure 8 shows the water contact angle measurefoe®®bl films depending on the
solvents, DMSO and DMF. As shown in Fig. 8a, at fin& step, both films show similar
contact angles, 130.08° for Rb(DMSO) and 130.82° for PhI(DMF), respectively.
However, with increasing steps, approaching tHest8p (i.e., a saturation level), the contact
angle becomes 110.95° for RYDMSO) and 55.21° for PR(DMF), respectively. Here, the
drastic change in contact angle in the,Ridin (DMF) may mainly originate from the crack
morphology as shown in Figs. 4c and 5b. Importanitg surface of Ppin contact with HO
and Q could undergo the reactions of PHD, = PbO + }; Pbb + 2H,0 = 2HI + Pb(OH);
and Pbj + H,O = [Pbb(H,0)], etc. Also note that not only the solvents (D™M&nd DMF)
are hygroscopic, but also Bb$é known to have solubility in water, 0.0756 mg/mt_20 °C,
and 0.4100 mg/mL at 100 °C, respectively [1,42].

For utilizing Pbjas an underlying layer in the sequential depositi@thod for perovskite
solar cells [32] and other optoelectronics, we nekinow the surface property in terms of
surface tension and the solubility parameter, gliog wettability, adhesion, orthogonality of
solvent, and other interfacial interactions. Fors tipurpose, we may rely on Li and

Newmann'’s relation [43,44]:

cosf =- 1+ 2/%@”’(“%)2 (2)
Iv

whered is contact angle, anlis the constant = 0.000115%mJY. ,, andy,, are the surface

tension of solid-vapor and liquid-vapor, respedtivelhen, we may roughly estimate
through the known reIationb'[(cach?)m}:1.82905@ [45-47]. The results are

summarized in Table 3. Hence, the surface of Rloh is initially very hydrophobic with
d = 4.5- 4.6(cal/cn?)*2. However, by contacting with water in air, thefage is changed to
become more hydrophilicd=13.0(cal/cnt)*] in the case of PhI(DMF), whereas the Phl

film from DMSO solvent still remains hydrophobicthid = 7.3(cal/cn?)?. Table 3 shows

16



the all the results od estimation. Note that, for a comparison purposegrP3HT and
regiorandom P3HT (r-ran P3HT) have the solubiliéygmeter of 8.72 and 10.50(calfHf,

respectively [46,47].

(@) (b)
2| D — : .
T Step #:18 Air
175+ —l— Pbl, Film (DMSO) | ]
—@-— Pbl, Film (DMF) |
150} : |
< 125} b - =
g | i N
£ 100} | Pbl2 (DMSO)
S 75¢ |
| Step #:18 .
8 5o} | P Air
25 : |.|
0 ................. ]. PR .
0 2 4 6 8 10 12 14 16 18 20 22 i 2=

Step Number Pblz (DMF)
Figure 8.(a) Water contact angle as a functiornte sumber. (b) Contact angle of Phlims

made from DMSO and DMF, respectively, at step numBe

Table 3.Contact angl®)( solid-vapor surface tension,), and solubility parameted) for

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

Pbl, Film (DMSO) Pbj Film (DMF)

Step
Number 4 Vsv 0 0 0 Yev o o
) md/nf  (callcn®)’?  MPa’? ) md/inf  (callcn)’?  MPa’?

1 130.07499 6.37176 4.61708 9.45855 130.81797 6478 4.50941 9.23798
18 110.95393 15.83957 7.27963  14.91305 55.20461 39363 12.98437 26.59978

For understanding the physical meaning of the sarfaoperties of Ppfilm (DMSO or
DMF), we investigated the interfacial interactidmetween r-reg P3HT and By putting

the polymer on the top of Bilm (Figure 9).
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(a) Air/Water (b) Air/Water
x=207 — 0.26 ¥=218 —= 2.23
(T=298 K) (T=298K)

r-reg P3HT

‘1331313

Pbl2 (DMF)

—..-l.l

Umform Morphology Crack Morphology

Figure 9.Schematic drawing of r-reg P3HT on the, Ribh with hexagonal close packing
structure. (a) PbI(DMSO) film with a uniform morphology (e.g., hygrobic surface). (b)

Pbk (DMF) film with a crack-morphology (e.g., hydrofibisurface).

To this end, the first calculation is the Flory-Hyms interaction parameteyr) (48],

Vi (5_a)
=1 (a3 ©)

whereV, =M, /p, =(461.01g mo)/( 6.61¢ cfj= 74.84cih mis the molar volume of

Pbhk, R = 1.987 cal/(K-mol) is the gas constant, dandK) is the absolute temperature.
J, ando, are solubility parameters of Bband r-reg P3HT, respectively. Note that the

components, 1 and 2 are Phhd r-reg P3HT, respectively. Based on the cortagte data,
the results are summarized in Table 4. SpecificalhenT is 298 K, the, value for the r-reg
P3HT:Pb} system (DMSO) is 2.07 (for step no. 1) and 0.28 ¢tep no. 18), respectively,
indicating that the Pblfilm (DMSO) will show excellent wettability with-reg P3HT, when
Pbk is exposed to water and air. Note that whas less than 0.5, it is usually a miscible
system in polymer science [34,48]. On the othedhahthat same temperature of 298 K, the
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x value for r-reg P3HT:Pblsystem (DMF) is 2.19 (for step no. 1) and 2.23 ¢iep no. 18),
respectively, indicating that, although Pbfilm’'s surface changed drastically from
hydrophobic to hydrophilic, the relative differenbetween two solubility parameters are

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

Table 4.Flory-Hugging interaction parameter for binary r-reg P3HTAPhistem, when Ppl

films were processed using DMSO or DMF solventpeetively.

r-reg P3HT/Phl System (DMSO) r-reg P3HT/PiBystem (DMF)

Step Number 1 18 1 18
X 616.34 KT 76.03 KT 649.85 KI' 665.38 KI

Furthermore, based on the theory of melting poegrdssion combined with the Flory-
Huggins theory, we may examine qualitatively tifeafofy on the melting behavior of r-reg

P3HT:Pb} system [34, 46, 47].

1 1 R
T_m‘TTg:A_mvTZ(”_X“f) (@)

whereT, andTrg (= 490.2 K) are the melting temperature of r-re¢diP3vith the Pbj and the
melting temperature of pure P3HAH (= 47.5 J/g) and/, (= 151.18 criymol) are the unit
enthalpy and the unit volume of r-reg P3HT [46]pbrtantly, the melting point depression is
a function of three factorfdH,, @, and y . In this work, we studied comparatively the
effect of y on T . As displayed in eq. 4, in front gf, there is a negative sign, indicating that

the smallery will results in a more depresség Here, if ¥ is small, it means that the

intermolecular interactions [expressed bwr (cohesive energy density)¥?] in two different

pure components, r-reg P3HT and £hte similar.
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For example, as shown in Figure 10, in the cagbef-reg P3HT:Pblsystem (DMSO),
when y(= 76.03 KT) is relatively small, a more dramatic melting gochepression is
observed. However, in the case of the r-reg P3H} :8stem (DMF), the parameters are
very close each other (665.38TK¥s. 649.85 KT) in the ' and 18' steps, leading to a
similar depression of melting points as proved ig. EOb. Note that, strictly speaking, the
hydrophilic surface (step no. 18) in Fig. 10b exsila slightly smaller depression than the
initial film (step no. 1). Hence, the aforementidrebservation demonstrates that the Flory-
Huggins theory withy interaction parameter is useful for elucidatinge timterfacial
interactions between two molecules or films (irstparticular case, r-reg P3HT and £bl

(@) (b)
500

500

r-reg P3HT:Pbl2 (DMSO) r-reg P3HT:Pbl2 (DMF)

475+ ,
—— Step Number: 1 480 F — Step Number: 1
—— Step Number: 18 | —— Step Number: 18
450 - -
3 < 460}
~ 425 . ~
400 - 440

| x=665.38K/T
375 -
420 X = 649.85 K/T
350 —
0. 1.0 0.6 0.7 0.8 0.9 1.0
¢, %

Figure 10.Melting point depression theory as a fimncof step number. (a) r-reg P3HT:Rbl
system (when solvent is DMSO). (b) r-reg P3HT:Rlystem (when solvent is DMF).

4. CONCLUSION

Lead (Il) iodide particles were synthesized via rfadifferent methods: hydrothermal,
refluxing, solid-state reaction, and co-precipdati showing unanimously the optical
bandgap of 2.31 eV. When Bbparticles were characterized by XRD, they showed a

hexagonal layered 2H structure, and the averaggatlite size of 5710 nm. Then Blilms
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were deposited on the top of mesoporous, Bbstrate using dipolar aprotic solvent, DMSO
or DMF. The PHi film (DSMO) showed a relatively homogeneous nanmstire, whereas
the Pbj film (DMF) exhibited crack morphologies. Then tweater contact angle was
measured, leading to the solubility parameters4¢il-4.62 (cal/cth*’>. However, when the
Pbk films were exposed to 4@ molecules in air, the solubility parameters weventually
changed into 7.28 (cal/é)’? for PbL(DMSO) and 12.98 (cal/cih’? for PbL(DMF),
respectively. Finally, based on the theory of meltpoint depression combined with Flory-
Huggins theory, we characterized the interfaci&ractions between BPband r-reg P3HT.
The Pb} film (DMSO) with y= 76.03 KT (e.g.,y= 0.26 at 298 K) showed dramatic melting
point depression compared to the film (DMF) with 665.38 KT (e.g.,y= 2.23 at 298 K).
These observations show that the Flory-Hugginsrtheath y interaction parameter is still
useful for understanding the interfacial interactidoetween a polymer (e.g., r-reg P3HT) and
an inorganic film (e.g., PBLFinally, we believe that our results offer a newight for
understanding solvent processing-structure-progetttionship of Pblthin-film, applicable

to a sequential deposition method leading to higifigpmance perovskite PVs.
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Highlights

Pbl particles were successfully synthesized throughsatde synthesis methods
(hydrothermal, refluxing, solid-state reaction, amdprecipitation), exhibiting hexagonal
layered 2H structure with particle size 57+10 nrd #re optical bandgap of 2.31 eV.
The surface properties (morphology, surface tensisolubility parameter) of
nanostructural Pblifilms deposited on the top of mesoporous ;T&e dependent on the
processing solvents (DMSO and DMF).

The interfacial interactions between fahd r-reg P3HT were characterized successfully
based on the theory of melting point dispersion lwioed with Flory-Huggins theory.

The Pb} film (DMSO) with y= 76.03 Kf(e.g., y= 0.26 at 298 K) showed dramatic
melting point depression compared to the film (DM#h y= 665.38 KT (e.g.,y= 2.23
at 298 K).

The Flory-Huggins theory with interaction parameter is still useful for undemsliag

the interfacial interactions between a polymer.(a-geg P3HT) and an inorganic film

(e.g., Pbi).
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