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ABSTRACT

We successfully synthesized two types of bismuth tri-iodide nanoparticles:

uncapped (BiI3) and capped with aniline (BiI3_ani), in order to study their

potential as inorganic semiconductor for an organic–inorganic hybrid material

with poly(3-hexylthiophene-2,5-diyl) (P3HT). We developed a novel direct

synthesis method that avoids ligand exchange (for BiI3_ani), as well as the

necessity of capping agent removal steps (for BiI3) and the formation of sec-

ondary compounds obtained by other techniques. Additionally, we evaluated

and compared the properties of solution-processed P3HT:nanoparticles layers

with the film sequence ITO/PEDOT:PSS/P3HT:nanoparticles, where ITO is

indium tin oxide and PEDOT:PSS is poly(3,4-ethylenedioxythiophene) poly-

styrene sulfonate. We analyzed the layers by UV–Vis spectroscopy, X-ray

diffraction, focused ion beam scanning electron microscopy and photolumi-

nescence analysis. We proved that aniline restricts the growth of nanoparticles

and improves the processability of the material compared to nanoparticles

without capping agent. We demonstrated that both types of nanoparticles can

be successfully suspended in a solvent in which P3HT is soluble, improve the

UV–Vis absorption of P3HT and interact with this polymer leading to an

improved crystalline ordering on the blends compared to pristine P3HT layers.

We also demonstrated that BiI3 nanoparticles produce a nanoscopic mixture

with P3HT and that it is possible to exploit the photoluminescence emission of

P3HT:BiI3_ani layers. Our results show that both types of nanoparticles can be

good candidates for use in solution-processed organic–inorganic hybrid
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material with P3HT, which could be employed for the fabrication of hybrid

polymeric–inorganic solar cells with BiI3 nanoparticles as electron acceptor and

P3HT as electron donor.

GRAPHICAL ABSTRACT

Introduction

Organic–inorganic hybrids have emerged as a new

class of highly versatile functional materials in which

the organic and inorganic components combine their

inherent physical properties and provide novel

characteristics, increasing the range of electrical,

optical, and morphological properties than those of

the separated materials. Generally, organic molecules

improve the optoelectronic properties of inorganic

materials and provide low-cost and straightforward

processability, such as spin coating, inkjet printing

and roll-to-roll deposition, which are not always

compatible with pure inorganic materials. In addi-

tion, they have high visible light absorption coeffi-

cients and offer the possibility of creating flexible and

low-weight devices. At the same time, inorganic

components offer useful optoelectronic properties,

substantial mechanical toughness, heat resistance,

and favorable optical properties given by the option

to modify the bandgap by changing the sizes and

morphologies (due to the quantum confinement

effect) [1–4].

The aforementioned characteristics allowed that

organic–inorganic hybrids were considered as alter-

native to conventional materials for several applica-

tions, leading to a huge increase in research works

related to them. For example, they demonstrated to

have potential in the development of photoelectro-

chemical (PEC) and photovoltaic (PV) devices, a

subject promoted by the necessity of finding new

energy sources because of the considerable increase

in the worldwide energy demand and the eventual

depletion of resources used in non-renewable energy

sources [5–9].

In the case of PV devices, besides all the alterna-

tives that have been investigated with the final

objective of achieving a more efficient energy con-

version and/or reduce the cost in potential applica-

tions [10, 11] one of the possibilities that became very

popular and include organic–inorganic hybrid

material was the investigation of hybrid cells with

mixtures of conjugated polymers as electron donors
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and inorganic nanocrystals as electron acceptors.

These cells are the so-called hybrid solar cells

(specifically, hybrid polymer–inorganic solar cells)

and investigations on this field have produced a

much deeper understanding of optoelectronic inter-

actions in organic–inorganic hybrid systems [12]. The

favorite material of choice as conjugated polymer has

been the poly(3-hexylthiophene-2,5-diyl) (P3HT), due

to its improved optical absorption, better environ-

mental stability and higher holes mobility, compared

to some other studied polymers [13, 14]. The use of

inorganic nanoparticles (Nps) in PV devices has some

advantages, mainly related to the versatility of these

materials, which can be synthesized in a great variety

of sizes and morphologies according to the desired

properties [15]. The properties of nanoscale materials

(such as optical absorption/emission and electronic

affinity) depend on their size. For example, as size

decreases, the maximum absorption shifts toward

blue due to a quantum confinement effect that

changes the bandgap. In addition, inorganic Nps

offer the advantage of being synthesized with mor-

phology of spheres, rods, prisms, wires, tetrapods,

hyperbranched nanocrystals, among others, with

which not only the optical properties can be con-

trolled but also, for example, solubility [16].

Choosing the appropriate inorganic semiconductor

for organic–inorganic hybrids remains a challenge,

because of the difficulty of finding a material with

suitable properties, non-toxic, abundant, and with a

simple and inexpensive synthesis procedure. Bis-

muth tri-iodide (BiI3) has arisen as an excellent can-

didate given its remarkable properties. Their

compound elements are earth abundant, and it has

low toxicity. Also, it has a bandgap of 1.67 eV, which

makes it a candidate for employing it as photoelec-

trode in PEC devices or as electron acceptor for solar

cells, given the fact that P3HT and BiI3 presents cas-

cading energy levels [17–19]. In these last devices, the

electrons coming from the dissociation of the excitons

generated as a product of the photon absorption in

the P3HTare transferred from the LUMO of this

polymer (more negative) to the conduction band of

BiI3(less negative) at the interface and are transported

to the cathode for charge collection. The holes are

transferred from the HOMO of P3HT to valence band

of BiI3 and are collected at the anode [19].

Moreover, Bi3? has a large ionic radius, a more

disperse valence band, and superficial intrinsic point

defects because of its 6s2 lone pair of electrons, which

consequently position the material among the defect-

tolerant compounds [20].

BiI3 has been widely studied as a material for X and

gamma radiation detectors. Ionizing radiation detec-

tors have been constructed from monocrystals, thick

films, and lately from Nps [21–27]. Recently, given

the drawbacks of lead perovskites for solar cells

applications, as their toxicity and its rapid degrada-

tion, a great number of researchers have investigated

BiI3 films and perovskites as an alternative. For

instance, BiI3 has been electrodeposited and then

transformed to the perovskite (CH3NH3)3Bi2I9, and

the same bismuth-based perovskite has been repor-

ted to provide power conversion efficiencies of 1.12%

and 1.62% [28, 29]. Moreover, BiI3 thin films have

been obtained using different processing methods for

photovoltaic applications [18, 30].

In light of the above, hybrid materials based on BiI3

Nps have become relevant, because they will poten-

tially show semiconductor character and interesting

optical and electronic properties. However, not only

the selection of the inorganic material is important,

but also the nanoparticle coating which can influence

the carrier transport and the compatibility processing

with other materials. The nanoparticle synthesis

generally involves the use of capping agents for

controlling parameters as solubility, size, and shape.

These molecules can remain in the nanoparticle sur-

face and have a function or must be removed or

exchanged for another useful molecule. Particularly,

in organic–inorganic hybrid materials intended for

practical applications, as in polymer–inorganic solar

cells, the inorganic nanoparticle surface plays a cru-

cial role [31]. For instance, the capping agents can

passivate the surface by bonding the uncomplete

dangling orbitals of Nps surface that can act as

trapping sites of charge carriers [12]. Besides, the

coating determines the ability of Nps to mix with the

polymer (and the solvents used in the device fabri-

cation process). Several studies were made on the

influence of capping agents on the properties pointed

out before. To mention, thiols and molecules con-

taining amines and aromatic rings are among the

most reported ones [31–34]. For example, Kumar

et al. demonstrated that CdSe Nps capped with

pyridine provides a low barrier distance that facili-

tates the charge transfer from the polymer to the Nps
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in developing hybrid solar cells [33]. On the other

hand, the solution processability of Nps is funda-

mental to obtain a homogeneous hybrid material.

Pyridine and/or dodecanethiol were demonstrated

to help in the suspension stability of SnS2, CdSe and

CdTe Nps in chloroform (solvent used to dissolve

P3HT) [34–36]. In the case of Bi-based Nps such as

BiI3, the selection of the capping agent must contain a

borderline base to stabilize the capping agent on the

surface. This is explained because Bi3? is a borderline

acid, according to hard and soft Lewis acids and

bases (HSAB) theory. This requisite leaves the amines

(as pyridine and aniline) as potential candidates. In

particular, aniline stabilized Nps with nonvolatile

properties have been reported for memory applica-

tions, and BiI3/PVAL (polyvinyl alcohol) nanocom-

posites have been studied for laser CUT-OFF optical

devices [37–39].

In the present work, we successfully synthesized

two kinds of Nps: BiI3 without capping agent and BiI3

capped with aniline (named herein after as BiI3 and

BiI3_ani, respectively) in order to study their poten-

tial as inorganic semiconductor for an organic–inor-

ganic hybrid material using P3HT as conjugated

polymer. This allows us to evaluate and compare the

properties of solution-processed P3HT:Nps layers

using as a model the classical partial film sequence of

a hybrid polymer–inorganic solar cell, namely ITO/

PEDOT:PSS/P3HT:Nps, where ITO is indium tin

oxide and PEDOT:PSS is poly(3,4-ethylene-

dioxythiophene) polystyrene sulfonate. We consid-

ered these two types of Nps due to the capping agent

has the advantages mentioned above but it has also

been reported cases in which a reduced insulating

barrier given by the washing of capping agent led to

an improved charge transfer between P3HT and Nps

as well as an improved electron transport between

Nps used in hybrid polymer–inorganic solar cells

[12, 40]. We surmise that a small ligand as aniline

could have the advantages of having a capping agent

while avoiding its disadvantages.

We developed a novel direct synthesis method to

obtain BiI3_ani that prescind from ligand exchange so

excluding its intrinsic limitations. Our synthesis

method also allowed us the straightforward obtain-

ing of BiI3 without the necessity of washing steps.

Additionally, for both types of Nps our method

avoids the formation of secondary compounds

obtained by other techniques, such as BiOI, Bi5O7I9

and Bi2O3. On the other hand, we demonstrated that

both BiI3 and BiI3_ani can be good candidates for use

in organic–inorganic hybrid material with P3HT,

which could be used for the fabrication of hybrid

polymeric–inorganic solar cells with Nps as electron

acceptor and P3HT as electron donor.

Experimental

BiI3 nanoparticles synthesis
and characterization

We dissolved 2.25 9 10-3 mol of BiCl3 (Merck, 98%)

in 10 mL of HCl 4.5 M (Dorwil, analytical grade), and

13.7 9 10-3 mol of NaI (Mallinckrodt, analytical

reagent) in 5 mL of distilled water. We added the NaI

solution to the BiCl3 solution dropwise. The final

orange solution was transferred to a 20 mL home-

made Teflon-lined stainless-steel autoclave, heated at

180 �C for 8 h, and then cooled naturally to room

temperature. After the hydrothermal treatment, a

strong red solution was obtained. We injected 3.5 mL

of that solution into 100 mL of distilled water, both at

room temperature. We prepared samples without

(BiI3) and with a capping agent (BiI3_ani); when a

capping agent was used, 250 lL of freshly distilled

aniline (Mallinckrodt, ACS) was added to the dis-

tilled water before the injection of bismuth and iodide

precursors solution. We isolated the obtained black

precipitates from the solution by centrifugation,

washed them with chloroform repeatedly (Dorwil,

analytical grade), and dried at 40 �C for 24 h. We

chose chloroform because is possible to wash the

product without decomposition. Moreover, we could

suspend Nps in the solvent very well and it is com-

patible with the procedure for obtaining P3HT and

nanoparticles blends.

We studied the identity of samples by X-ray

diffraction (XRD) in a PANalytical Empyrean

diffractometer equipped with a Cu(Ka) source

(k = 1.5418 Å). The diffractograms were obtained at

room temperature in a Bragg–Brentano configura-

tion. We used diffuse Fourier-transform infrared

spectroscopy (FTIR) to study the presence of the

capping agent, in a Shimadzu IRPrestige-21 with a

DiffusIR Pike Technology accessory. We employed

transmission electron microscopy (TEM) with a Jeol

2100 microscope to study size and morphology.

Bandgap was determined by UV–visible (UV–Vis)

spectroscopy using a Shimadzu 2600
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spectrophotometer with a diffuse reflectance sphere.

Besides, we analyzed the stability and solubility of

suspensions by turbidimetry, using a PerkinElmer

Lambda 35, in chloroform as solvent. To do this we

made absorbance measurements at 150 and 475 nm

(wavelengths where none of the species absorb)

every 15 min, from 0 to 60 min. In the stability study

the Nps suspension was left at rest all the time, while

in the solubility study the suspension was sonicated

just before each absorbance measurement.

P3HT:nanoparticles blend layers fabrication
and analysis

We separately prepared a stock suspension of BiI3_-

ani or BiI3 Nps and a stock solution of P3HT (elec-

tronic grade, Rieke Metals, Inc.) in chloroform

(99.98%, Dorwil) with sonication for 5–10 min at

room temperature. For most studies, P3HT:Nps

blends were obtained by combining appropriate

amounts of both stock mixes in order to get a final

suspension of 20 mg Nps mL-1 and 1:2 m-m pro-

portion of P3HT:Nps after sonication at room tem-

perature for 60 min.

We fabricated the P3HT:Nps layers considering the

film sequence of a hybrid polymer–inorganic solar

cell, namely ITO/PEDOT:PSS/P3HT:Nps. First, un-

patterned ITO coated glass substrates (Delta Tech-

nologies Ltd, 20 mm 9 20 mm, 1.1 mm of thickness,

sheet resistance 4–10 X cm-2) were rinsed with type I

grade water and cleaned by successive ultrasonica-

tion at 60 �C for 10 min in (1) deep cleaning detergent

(Hellma Analytics, Hellmanex� III) solution in type I

grade water, (2) type I grade water and (3) 2-propanol

(Merck, C 99.8%), leaving them in a fresh serving of

2-propanol. Rinses were made with sufficient type I

grade water between each change of cleaning sub-

stance. We then dried the substrates with a nitrogen

stream and treated with UV/ozone for 15 min using

a UV/ozone cleaner Ossila L2002A2. Subsequently,

we transferred all cleaned substrates to a glove box

under a nitrogen atmosphere. All layers were

deposited under this atmosphere using a spin coater

Laurell Technologies WS-650 Hz-23NPP-UD-3. We

deposited the PEDOT:PSS layer onto ITO film by

dynamic spin coating 35 lL of aqueous dispersion of

the commercial reagent (Ossila Ltd, HTL Solar For-

mulation, AI 4083), previously filtrated by 0.45 lm

syringe filter, at 5000 rpm for 45 s followed by heat-

ing at 120 �C for 10 min. Finally, films of P3HT:Nps

were prepared by dynamic spin coating 150 lL of

blend suspension onto a PEDOT:PSS film at 700 rpm

for 3 min and then annealing at 150 �C for 15–30 min.

It is worth mentioning that most of the work

involving the manipulation of P3HT was done inside

a glove box under a nitrogen atmosphere. In cases

where it was necessary to handle the P3HT (or any

mixture containing this substance) outside the glove

box, we took care to protect it from white light.

In order to study if there is any interaction between

P3HT and Nps, we analyzed the blend layers by UV–

Vis spectroscopy and XRD. These studies were

complemented through focused ion beam scanning

electron microscopy (FIB-SEM) and photolumines-

cence (PL) analysis. The UV–Vis spectroscopy was

also performed to make an optical characterization of

the blend layers and XRD allowed us to analyze the

crystalline behavior of the blend layers. In cases in

which P3HT layers were included for comparative

reasons, we deposited these layers onto ITO/PED-

OT:PSS system using an utterly analogue procedure

as stated above. UV–Vis studies were performed

employing a PerkinElmer Lambda 35 UV–Vis spec-

trophotometer. XRD analyses were performed in the

same equipment and under the same conditions used

for nanoparticle characterizations. FIB-SEM images

were taken with a ZEISS Sigma 300 microscope from

Carl Zeiss Microscopy Research Solutions, and the PL

emission spectrum was obtained using a Fluorolog�-

3 spectrofluorometer, FL3-221 Horiba-Jobin Yvon.

Figure 1 XRD patterns of BiI3_ani and BiI3 samples, compared

with the BiI3 ICDD file 48-1795.
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Results and discussion

BiI3 nanoparticles synthesis
and characterization

XRD patterns show that bismuth tri-iodide was

obtained in all cases. Figure 1 shows the obtained

patterns indexed to the rhombohedral BiI3 phase

(ICDD file 48-1795). A slight peak broadening can be

observed in the sample BiI3_ani, as in the peaks at

25.9� and 33.4�, evidencing that the sample is com-

posed of nanometric crystallites.

The novel synthesis method developed in this

work avoids the formation of secondary compounds

obtained using other techniques, such as BiOI, Bi5-

O7I9 or Bi2O3. These compounds result from the poor

dissolution of bismuth precursors, which are difficult

to dissolve in water, and that hydrolyze with

humidity [41]. Bi3? ion is susceptible to hydrolysis

even at pH as low as 1–2 forming basic salts [42].

However, BiCl3 dissolves in strong acids in the

presence of the common ion Cl-. In our procedure,

we used a method that employs acid medium com-

bined with hydrothermal treatment, which allows the

complete dissolution of all reactants, avoiding the

formation of undesired compounds. After the

hydrothermal treatment, all the ions are in aqueous

solution. Considering that the BiI3 solubility product

constant (Ksp = 7.7 9 10-19) is a billion times smaller

than Ksp for BiCl3 (2.45 9 10–7) and BiOI

(2.1 9 10–11), when we inject the solution rapidly into

the water, pH increases and BiI3 precipitates [43–45].

Concerning morphology, we obtained Nps of

638 nm and 200 nm average size in BiI3 and BiI3_ani

samples, respectively, as can be seen in TEM images

in Fig. 2. Moreover, the narrowest size dispersion

was obtained in the BiI3_ani sample. In the BiI3

sample, we obtained wider size distribution and poor

morphology uniformity. From these images we can

asseverate that aniline plays an important role

restricting the size of these Nps. Moreover, in BiI3_ani

sample we also found smaller nanoparticles, between

1 and 9 nm. These results show that aniline restricts

the growth of nuclei, improving morphology homo-

geneity and size distribution. It also enhances the

suspension of nanostructures in organic solvents

such as chloroform (as we demonstrated later), which

is necessary to obtain a good mixture with the poly-

mer in an organic–inorganic hybrid material. The

high-resolution image of one of these particles and its

respective Fourier Transform shows that they are

crystalline, and they grow mainly in the [1 1 3]

direction. This growth orientation has been already

observed in other works, and it coincides with the

highest intensity peak in the BiI3 X-ray diffractogram

[27].

When we compare our results with bismuth tri-

iodide Nps synthesized by other authors, we can see

that our Nps are smaller in size than the Nps syn-

thesized by a wet chemical route but without the

hydrothermal step and with higher amounts of ani-

line [37, 38], as can be seen in Table 1. Furthermore,

when we attempted to increase the aniline concen-

tration, we obtained orange oxide bismuth com-

pounds in all cases. XRD analysis of these samples

can be seen in Fig. S1 (Supplementary Information).

Besides, as pyridine is a known capping agent for

Nps to be included in hybrid materials, we tried to

use it in our synthesis. However, we did not obtain

bismuth tri-iodide, but we obtained orange oxide

bismuth compounds no matter the amount of pyr-

idine employed.

Regarding to the study related to the presence of

aniline as the capping agent through diffuse FTIR

spectroscopy the results are shown in Fig. 3, when

the spectrum of BiI3_ani and BiI3 can be compared.

The first difference we saw is the broadband at

2982 cm-1 and the band at 2592 cm-1 in the sample

BiI3_ani. These bands can be attributed to the N–H

stretching of the amine salt. We could not identify the

bands corresponding to the N–H stretching (between

3300 and 3500 cm-1) and the N–H bending (between

1650 and 1580 cm-1) of the primary amine in the

same sample. However, we can conclude that aniline

is present in the sample because of the band at

1493 cm-1, corresponding to the vibration of the

aromatic C–C bond, and the bands at 744, 690, 999,

1026, 1079, 1102, 1188, 1286, and 1324 cm-1, corre-

sponding to C–H bonds. Given the previous evi-

dence, we can state that aniline is linked to the BiI3

Nps. We also can assume that aniline is linked to the

Nps by the amine segment, because all the bands

corresponding to the primary amine are missing [46].

The bandgap of the samples was obtained by UV–

Vis spectrometry, estimating the values with the Tauc

equation:

ahm ¼ Aðhm� EgÞn ð1Þ

where a is the absorption coefficient, hm corresponds

to the photon energy, A is a constant, and n denotes

J Mater Sci (2022) 57:17592–17608 17597



Figure 2 TEM images of a particles of average size 638 nm in the

BiI3 sample, b respective histogram, c particles of average size

200 nm in size in the BiI3_ani sample, d respective histogram,

e particles of 5 nm average size in the BiI3_ani sample, inset:

HRTEM image of a particle with the Fourier Transform of that

image, f histogram of particles in e.

Table 1 Comparison of

nanoparticles results with

similar works

Source Method Smallest size Amount of aniline

This work Hydrothermal ? precipitation 5 nm 2.6 9 10–6 M

Ghosh et al. [37] Wet chemical 17–20 nm 1.0 M

Perla et al. [38] Wet chemical 18 nm 1.0 M

17598 J Mater Sci (2022) 57:17592–17608



the nature of the transition, being n = � for a direct

transition and n = 2 for an indirect transition. The

Tauc plots for both samples can be observed in Fig. 4.

We obtained bandgap values of (1.79 ± 0.04) eV and

(1.81 ± 0.07) eV for BiI3 and BiI3_ani samples,

respectively, considering that BiI3 is an indirect

semiconductor [17]. There is no significant difference

between both values; therefore, we can state that both

samples are equivalent from the light absorption

perspective. The values are also in agreement with

the bandgap obtained for BiI3 in previous works

(1.67 eV for single crystals, 1.79 eV for films grown

by physical vapor deposition, and 1.80 eV for solu-

tion-processed films [17, 20]).

On the other hand, the results of stability and sol-

ubility tests are displayed in Fig. 5. In the stability

tests, the absorbance diminishes with time in both

samples, but in much greater proportion for the BiI3

one, which indicates a higher decantation for these

particles. According to the solubility tests, for the

suspension with the BiI3_ani the absorbance remains

mainly constant (with a slight decrease of 8% if we

compare the initial value with the one at 60 min). For

the BiI3 sample, we observe a more pronounced

decrease, which indicates that the particles dissolve

in a higher proportion. Therefore, after 60 min the

absorbance of the BiI3 sample decreased 62% com-

pared with the initial value. These results also explain

the non-lineal decrease observed for the BiI3 sample

in the stability test (Fig. 5a), given the fact that not

only the decantation of the particles is occurring but

also its dissolution in chloroform.

Analysis of P3HT:nanoparticles layers

Figure 6 shows the normalized UV–Vis absorption

spectra of P3HT:Nps and pristine P3HT layers.

It is seen that both the blend layers and the pristine

polymer layer absorb light mainly in the 450–650 nm

visible range. The results coincide with that reported

in the literature for layers of regioregular P3HT or

mixtures that contain it, where this polymer has a

strong and wide p–p* absorption band between 450

and 650 nm, which indicates an extensive p electrons

delocalization [47].

All spectra are highly structured and exhibit the

common vibrational modes of absorption peaks of

regioregular P3HT layers, which implies the presence

of highly ordered structures. These vibrational

modes, that correspond to the excited electronic state,

were designated as signal 1, 2 and 3, respectively, in

the table inserted in Fig. 6. These results are in

agreement with that reported in the literature [48] for

the absorption spectra of regioregular P3HT films,

which present two differentiated parts: the one with

the shortest wavelength (higher energy) is most likely

associated with intra-chain states related to

Figure 3 FTIR spectra of BiI3_ani and BiI3 samples.

Figure 4 Tauc plot of BiI3
and BiI3_ani samples.
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disordered chains in the amorphous part of the film,

while the part with higher wavelength (lower energy)

denotes H-type aggregates that interact weakly in the

crystalline regions of the layer. Thus, we can assign

the signals observed in the spectra to the A0–2 and

A0–1 intra-chain excitation transitions and the A0–0

transition of p–p interaction between P3HT chains,

for signals 1, 2 and 3, respectively, with signal 3 being

the result of p-stacking within the more ordered

regions of the polymer layer and suggesting that the

chain packing is compact in all samples [49–51].

It is necessary to point out that in all cases the

contribution of the Nps in the optical absorption of

the active layer is perceived. Thus, we found that the

spectra of the blend layers tends to increase below

350 nm and that the baseline increases compared to

pristine P3HT. Additionally, the intensity of signal 3

for the blend layers is greater than that of pristine

P3HT and the absorption spectra of the blend layers

are wider than that corresponding to pristine P3HT,

as was previously reported for P3HT:CdSe blends

that were used in solar cells [52].

Furthermore, for the P3HT:BiI3 blend layer there is

a change in the relative intensities of signals 1, 2 and

3, as well as a redshift of these signals when com-

pared to those of pristine P3HT. We attribute this

hypsochromic shift to the presence of p-stacked

aggregates in which the twist of the P3HT chain is

strongly restricted, leading to planar molecules with

extended conjugation, which is not necessarily a sign

of a ground state interaction, but is often due to an

increase in electron delocalization along the chain

[48]. This redshift, which implies a greater conjuga-

tion length, leads to an increase in the light absorp-

tion capacity of P3HT with the inclusion of

nanostructures. These results could suggest that the

Figure 5 a Stability test, and

b solubility test performed to

BiI3 and BiI3_ani samples in

chloroform.

Figure 6 Normalized UV–visible absorption spectra of

P3HT:BiI3_ani, P3HT:BiI3 and pristine P3HT layers deposited

onto glass-ITO/PEDOT:PSS system. The blank consisted of a

layer of PEDOT:PSS deposited onto an ITO substrate. We

prepared P3HT:Nps blends from suspensions of 20 mg Nps

mL-1 and 1:2 m-m proportion of P3HT:Nps in chloroform. P3HT

layer was prepared with the same procedure and P3HT

concentration of the blends.
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conformation of the P3HT is being modified by its

interaction with the Nps, i.e., the incorporation of the

latter modifies the structure of the polymer, pro-

moting ordering and, therefore, greater crystallinity.

Moreover, this order increases the interactions

between the P3HT chains in the mixtures in com-

parison with the pristine polymer. This has been

previously reported, for example, for active layers of

P3HT with ZnO Nps doped with Ho3?, where it is

concluded that the nanostructures induced an

improvement in the structural ordering of the hybrid

heterostructure [53].

The aforementioned results look promising when

considering the use of the P3HT:BiI3 blend as the

active layer of a hybrid polymer–inorganic solar cell.

Similarly, from an analysis by FIB-SEM (Fig. 7) it was

clearly perceived that there are BiI3 Nps within the

matrix of P3HT forming a nanoscopic mixture with it,

which is highly positive and desirable when consid-

ering the use of P3HT:Nps blends as active layers on

PV devices.

On the other hand, for the case of P3HT:BiI3_ani

blend layers we can observe from Fig. 6 that the

spectrum of the mixture tends to increase below

350 nm, is slightly wider than that of pristine P3HT

and the baseline increases, but there is no significant

change with the addition of Nps.

In order to deepen the above and determine if

BiI3_ani Nps could be useful, we used three

approaches: (1) comparison of spectra of

P3HT:BiI3_ani layers using the same amount of P3HT

with different amount of Nps to determine if there is

any influence of Nps in P3HT absorption band; (2) PL

analysis to study a possible autoabsorption within

the layer, and (3) analysis of the results of the H-type

aggregate model proposed by Spano et al. [54]. This

model provides quantitative estimates on the degree

of excitonic coupling within the aforementioned

H-type aggregates, a parameter that is related to the

average conjugation length and the crystalline quality

of the layers and that finally conditions the properties

of the devices made with such layers (more details of

this model in Supplementary Information).

With regard to approach (1), Fig. 8 shows that the

intensity of the P3HT UV–Vis absorption band

increases when the amount of Nps in the blend layer

increases. This is highly desirable for application in

solar cells as it is an indication of a ‘‘coupling’’

between the polymer and the Nps, and because it

implies that the active layer would have a greater

capacity to absorb light. This is in agreement with

what is reported in the literature, for example, in

mixtures of P3HT with Nps of CdSe with thioglycolic

acid as capping agent [55], of CdSe with

tributylphosphine oxide as capping agent, of ZnO

doped with Ho3? [53], or with PC71BM as electron

acceptor in solar cells, among others [49, 56].

For approach (2), the results of PL analysis can be

seen in Fig. 9. They show that it is possible to exploit

the PL emission centered at 450 nm, as it can be

absorbed by the layer and promote extra charge

carrier generation.

Finally, the results of the H-type aggregates model

[approach (3)] can be seen in Table 2, which also

includes what corresponds to BiI3 for comparative

reasons.

When we analyze the values of bandwidth of the

free excitons within the crystalline domains (W) it is

seen that they are lower in the blend layer compared

to pristine P3HT. These results suggest that there is

an increase in the length of conjugation and the order

of the chains (and, therefore, a higher crystalline

quality of the layers could be expected) with the

inclusion of Nps. This fact coincides with that

reported in the literature, for example, for solar cells

made with blends of P3HT and ZnO nanostructures

doped with Ho3? [50]. As the functional properties of

solar cells depend to a large extent on this order of

the P3HT chains, the results obtained seem

Figure 7 Backscattered electrons (BSE) FIB-SEM cross-sectional

image of a P3HT:BiI3 layer deposited onto glass-ITO/PEDOT:PSS

with an electron high tension of 1.4 kV. The light areas correspond

to BiI3 and the dark areas to P3HT since the detection included

backscattered electrons. We prepared the blend from suspensions

of 20 mg Nps mL-1 and 1:2 m-m proportion of P3HT:Nps in

chloroform. Images courtesy of ZEISS Research Microscopy

Solutions acquired with the ZEISS Sigma 300.
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promising when considering the use of both, BiI3 and

BiI3_ani Nps for hybrid solar cells with P3HT, since it

is known that the effective length of polymer conju-

gation in the thin films of active layer is a critical

parameter to define the general performance in

optoelectronic devices [57]. In fact, it has been

reported that local crystallinity may play a key role in

the efficiency of long-range charge pair generation in

hybrid polymer–inorganic heterojunctions [51].

We deepened in the study of the crystalline

behavior of the blends with the XRD analysis that

follows. Figure 10 shows the powder diffractograms

for layers of pristine P3HT and P3HT:Nps blends, as

well as the diffractograms of the BiI3 and BiI3_ani

powder samples. Powder diffractograms of ITO and

PEDOT:PSS are included as we deposited all layers

onto glass-ITO/PEDOT:PSS system.

In general, for the case of the blends we can

observe that there is an appropriate phase

Figure 8 UV–visible absorption spectra of P3HT:BiI3_ani layers

deposited onto glass-ITO/PEDOT:PSS system, with the same

concentration of P3HT and different concentrations of BiI3_ani

nanoparticles. The percentages correspond to volume percentages

of Nps suspension in each blend. The P3HT:BiI3_ani proportions

are also presented. The concentration of P3HT was 10 mg mL-1

in all samples and that of BiI3_ani ranged from zero (pristine

P3HT) to 20 mg mL-1 [P3HT:BiI3_ani 50% (1: 2)].

Figure 9 Absorption spectrum and PL emission spectrum of

P3HT:BiI3_ani layer deposited onto glass-ITO/PEDOT:PSS

system. Excitation wavelength = 350 nm. P3HT:Nps blend was

prepared from suspensions of 20 mg Nps mL-1 and 1:2 m-m

proportion of P3HT:Nps in chloroform.

Table 2 Results for the

calculation of the bandwidth of

the free excitons within the

crystalline domains (W) and

comparison of pristine P3HT

versus P3HT:BiI3 blend layers

Sample Absorbance (a.u) W (meV) Decrease in W (%)

Signal 3

A0–0

Signal 2

A0–1

P3HT 0.620 0.956 117.28 –

P3HT:BiI3_ani 0.631 0.952 111.73 5.0

P3HT:BiI3 0.781 1.000 68.72 70.7
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composition within the layers. As expected, in the

cases of the mixtures, P3HT and the glass-ITO/

PEDOT:PSS system, an amorphous region is

observed, given by a wide halo between approxi-

mately 17� and 35�.
To deepen the analysis of this section, we separated

the results according to three approaches: (1) com-

parison of P3HT:Nps blends diffractograms with

those corresponding to pure Nps, (2) comparison of

P3HT:Nps blends diffractograms with those corre-

sponding to pristine P3HT, and (3) determination of

relative crystallinity degree of P3HT:NPs layers.

(1) Comparison of P3HT:Nps blends diffrac-

tograms with those corresponding to pure Nps:

In both cases (BiI3_ani versus P3HT:BiI3_ani and

BiI3 versus P3HT:BiI3), there is no significant differ-

ence in the width of the signals corresponding

exclusively to BiI3 or BiI3_ani, which implies that

P3HT does not impair the crystalline ordering within

the Nps. Similarly, there is no significant change in

the angles at which the different reflections appear

(Table S1, Supplementary Information). Thus, there is

no significant change in the interplanar distances

when comparing each of the signals from the

nanoparticle diffractograms with those correspond-

ing to the blends. This implies that no changes occur

in the crystalline structure of the Nps with the

incorporation of P3HT.

Another interesting aspect to mention is that cor-

responding to relative intensities (Table S2, Supple-

mentary Information). In general, the relative

intensities are greater in mixtures than in pure Nps.

This constitutes an improvement in the crystalline

ordering of the layers as the width of the signals

remains with no change.

Additionally, we determined if there is any pref-

erential orientation of the Nps in blend layers. In

order to do this, we calculated the texture coefficients

shown on Table 3 (see Supplementary Information

for more details).

Considering that TC values greater than 1 indicate

a preferential orientation of the crystals/grains in the

samples [58], the values obtained for our layers

indicate that in all cases there is a preferential crys-

tallographic orientation in the [0 0 3] direction, as

have been previously reported for bismuth tri-iodide

Nps synthetized by hydrothermal method and elec-

tron beam irradiation [34, 59]. Our results imply that

the preferential orientation observed in the Nps is

retained in the blends.

(2) Comparison of P3HT:Nps blends diffrac-

tograms with those corresponding to pristine P3HT:

Figure 11 shows powder diffractograms of P3HT,

P3HT:BiI3 and P3HT:BiI3_ani layers deposited onto

glass-ITO/PEDOT:PSS system.

The results are indicative of well-organized inter-

planar structures. There is also the [1 0 0] diffraction

at 5.3�, which has been reported for P3HT layers and

implies a crystalline phase with lamellar structure in

which the P3HT chains adopt an edge-on orientation

(Fig. S2a) [52, 60, 61]. This is stated since the position

of the latter signal is associated with a separation of

the lattice of 1.64 nm, which corresponds to the dis-

tance between the main chains of P3HT and the

periodicity along the direction of alkyl groups

(Fig. S2b). Thus, our results suggest that the orienta-

tion of the P3HT chains is parallel to the direction of

growth, with the plane of the thiophene rings per-

pendicular to the substrate [62–64]. It is worth men-

tioning that we did not observe the diffraction peaks

corresponding to P3HT crystallites with other orien-

tations (for example, both the main chain of the

polymer and the side chains parallel to the substrate).

This is likely due to improved P3HT p–p stacking [65]

and is a similar result to that reported in the literature

for nanocomposite of carbonaceous graphene oxide

and P3HT [52], Br-P3HT films [60, 63], pristine P3HT-

films and powder [61, 62, 64], among others. It could

Figure 10 Powder diffractograms of P3HT, P3HT:BiI3 and

P3HT:BiI3_ani layers deposited onto glass-ITO/PEDOT:PSS

system, and of powder samples of BiI3 y BiI3_ani. All

diffractograms were normalized with respect to the signal

2h = 35.2� and they are displayed offset on the intensity axis

for better visualization. We prepared the blends from suspensions

of 20 mg Nps mL-1 and 1:2 m-m proportion of P3HT:Nps in

chloroform. P3HT layer was prepared with the same procedure

and P3HT concentration of the blends.
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be produced by the sonication treatment of P3HT

blend solutions as it was previously reported for

P3HT solutions and films [65].

In all cases, there is also a lower intensity peak at

10.6�, corresponding to the second order reflection

whose Miller index is [2 0 0]. On the other hand, the

third-order reflection [3 0 0] at approximately 15.9� is

observed in the diffractogram of pristine P3HT as a

signal with very little intensity. In the case of

mixtures, at this angle there is a superimposition of

the signal corresponding to BiI3Nps (observed in

Fig. 10) and the one from P3HT.

Finally, when we compare the angles at which

diffraction [1 0 0] occurs and, therefore, the inter-

planar distances, we obtained the results of Table 4.

These results indicate that the incorporation of BiI3

within the P3HT matrix does not generate significant

structural perturbations in the direction of the

stacking of the alkyl chains of the polymer. This is

probably due to the fact that Nps are incorporated

into the P3HT matrix through the zone correspond-

ing to the p–p stacking of polythiophene chains

which is also in agreement with what was said above

regarding the improvement in P3HT p–p stacking.

(3) Determination of relative crystallinity degree of

P3HT:Nps layers:

In this section, we made an estimation of the

degree of relative crystallinity of the layers, consid-

ering the diffractograms of the P3HT and the mix-

tures P3HT:BiI3 and P3HT:BiI3_ani with the

subtracted background. For this, we did the pro-

cessing in exactly the same way for all the samples,

taking into account that the information can be

extracted approximately from the following equation:

Crystallinityð%Þ ¼ Acrystalline

Acrystallineþamorphous

� 100 ð2Þ

where Acrystalline is the total area of crystalline signals

and Acrystalline?amorphous is the total area of all signals.

The results are presented in Table 5, below.

Table 3 Texture coefficients

corresponding to

representative signals of the

diffractograms of

P3HT:nanoparticles blends

and pure nanoparticles

Miller index P3HT:BiI3_ani BiI3_ani P3HT:BiI3 BiI3

RelI.a (%) TCb RelI.a (%) TCb RelI.a (%) TCb RelI.a (%) TCb

0 0 3 100 3.86 23.95 1.37 100 3.73 20.38 1.20

1 1 3 8.27 0.05 100 0.97 16.47 0.10 100 1.00

3 0 0 1.25 0.03 25.05 0.87 3.31 0.07 25.65 0.92

1 1 9 1.03 0.05 10.72 0.80 1.96 0.10 11.3 0.87

aRel I. = relative intensity
bTC = texture coefficient

Figure 11 Powder diffractograms of P3HT, P3HT:BiI3 and

P3HT:BiI3_ani layers deposited onto glass-ITO/PEDOT:PSS

system. Signals with asterisks correspond to the substrate. All

diffractograms were normalized with respect to the signal

2h = 30.1� and they are displayed offset on the intensity axis

for better visualization. We prepared the blends from suspensions

of 20 mg Nps mL-1 and 1:2 m-m proportion of P3HT:Nps in

chloroform. P3HT layer was prepared with the same procedure

and P3HT concentration of the blends.

Table 4 Comparison of the

angles and interplanar

distances corresponding to [1 0

0] diffraction for pristine

P3HT and P3HT:nanoparticles

blends

Sample 2h (�) D (nm) P3HT versus blends D difference (nm)

Pristine P3HT 5.23 1.69 –

P3HT:BiI3_ani 5.41 1.63 - 0.06

P3HT:BiI3 5.32 1.66 - 0.03
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As can be seen, the relative crystallinity is higher in

the case of blends compared to pristine P3HT. This

agrees with what was discussed before, where we

suggested that the incorporation of Nps in the P3HT

matrix promotes ordering (and, therefore, greater

crystallinity). In addition, it also agrees with that

reported in the literature for blends of P3HT:CdS

Nps, where it is stated that a higher content of CdS

results in a more crystalline character, which would

favor the transfer of electrons in a hybrid polymer–

inorganic solar cell made with this blend as active

layer [51].

Conclusions

We developed a novel synthesis method to obtain

bismuth tri-iodide Nps without the formation of

secondary phases, with and without aniline as cap-

ping agent. For BiI3_ani our method leaves out ligand

exchange so excluding its intrinsic limitations, and

for BiI3 it allows the straightforward obtaining of the

Nps without the necessity of capping agent removal

steps. We proved that aniline not only restricts the

growth of the Nps, but also allows a better mixture

between the Nps and the solvent used further to

fabricate the polymer–Nps layers, improving there-

fore, the processability of the material.

We also demonstrated that both BiI3 and BiI3_ani

Nps are good candidates for use in solution-pro-

cessed organic–inorganic hybrid material with P3HT,

which could be employed for the fabrication of

hybrid polymeric–inorganic solar cells with Nps as

electron acceptor and P3HT as electron donor. This is

due to Nps can be successfully suspended in a sol-

vent in which the polymer is soluble (chloroform),

improve the magnitude of polymer absorption in part

of the UV–Vis range and interact with the polymer in

the mixtures improving the crystalline ordering of

the blends compared to pristine P3HT layers. We also

demonstrated that there are BiI3 Nps within the

matrix of P3HT forming a nanoscopic mixture with it

and that it is possible to exploit the PL emission of

P3HT:BiI3_ani layers, as it can be absorbed by the

layer and promote extra charge carrier generation.

Our results can also be a starting point for future

studies related to a deeper understanding of opto-

electronic interactions in organic–inorganic hybrid

systems, which can lead to very interesting practical

applications.
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[2] Duché D, Bencheikh F, Ben DS et al (2014) Optical per-

formance and color investigations of hybrid solar cells based

on P3HT:ZnO, PCPDTBT:ZnO, PTB7:ZnO and

DTS(PTTh2)2:ZnO. Sol Energy Mater Sol Cells

126:197–204. https://doi.org/10.1016/j.solmat.2014.03.049
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Hydrothermal synthesis and characterization of SnS2
nanoparticles with capping pyridine and aniline. MRS Adv

3:2–7. https://doi.org/10.1557/adv.2018

[35] Verma VK, Singh Y, Chauhan RN et al (2010) Characteri-

zation of CdSe nanocrystals for hybrid solar cells. Integr

Ferroelectr 120:1–5. https://doi.org/10.1080/10584587.2010.

491010

[36] Ananthakumar S, Ramkumar J, Moorthy Babu S (2014)

Effect of ligand exchange in optical and morphological

properties of CdTe nanoparticles/P3HT blend. Sol Energy

106:151–158. https://doi.org/10.1016/j.solener.2014.01.046

[37] Ghosh SK, Perla VK, Mallick K (2020) Organic molecule

stabilized bismuth iodide nanoparticles: a hybrid system with

multifunctional physical properties. Phys Chem Chem Phys

22:3345–3351. https://doi.org/10.1039/C9CP06183E

[38] Perla VK, Ghosh SK, Mallick K (2020) Aminobenzene sta-

bilized bismuth halide nanoparticles with O-shaped hysteresis

behaviour. J Mater Sci Mater Electron 31:22652–22661. h

ttps://doi.org/10.1007/s10854-020-04777-7

[39] Ali HE, Khairy Y (2020) Facile synthesis, structure, AFM,

thermal, and optical analysis of BiI3/PVAL nanocomposite

films for laser CUT-OFF optical devices. Vacuum

180:109640. https://doi.org/10.1016/j.vacuum.2020.109640

[40] Zhou Y, Riehle FS, Yuan Y et al (2010) Improved efficiency

of hybrid solar cells based on non-ligand-exchanged CdSe

quantum dots and poly(3-hexylthiophene). Appl Phys Lett

96:013304. https://doi.org/10.1063/1.3280370

[41] Zhang J, Han Q, Wang X et al (2016) Synthesis of d-Bi2O3

microflowers and nanosheets using CH3COO(BiO) self-

sacrifice precursor. Mater Lett 162:218–221. https://doi.org/

10.1016/j.matlet.2015.10.024

[42] Ahrland S, Grenthe I (1957) The stability of metal halide

complexes in aqueous solution—III. The chloride, bromide

and iodide complexes of bismuth. Acta Chem Scand

11:1111–1130

[43] Lide D (2006) CRC handbook of chemistry and physics.

CRC Press/Taylor and Francis Group, Boca Raton

[44] The IUPAC Stability Constants Database, SC-Database. h

ttps://www.acadsoft.co.uk. Accessed 11 Oct 2021

[45] Kandanapitiye MS, Gao M, Molter J et al (2014) Synthesis,

characterization, and X-ray attenuation properties of ultra-

small BiOI nanoparticles: toward renal clearable particulate

CT contrast agents. Inorg Chem 53:10189–10194. https://d

oi.org/10.1021/ic5011709

J Mater Sci (2022) 57:17592–17608 17607

https://doi.org/10.1016/j.nima.2010.12.013
https://doi.org/10.1109/TNS.2002.803883
https://doi.org/10.1109/TNS.2002.803883
https://doi.org/10.1002/crat.200410276
https://doi.org/10.1002/crat.200410276
https://doi.org/10.1002/crat.200410274
https://doi.org/10.1002/crat.200410274
https://doi.org/10.1109/NSSMIC.2004.1466888
https://doi.org/10.1109/NSSMIC.2004.1466888
https://doi.org/10.1016/j.nima.2009.05.184
https://doi.org/10.1016/j.nima.2009.05.184
https://doi.org/10.1016/j.jcrysgro.2016.06.024
https://doi.org/10.1021/acs.chemmater.0c02304
https://doi.org/10.1021/acs.chemmater.0c02304
https://doi.org/10.1038/s42004-019-0195-3
https://doi.org/10.1038/s42004-019-0195-3
https://doi.org/10.1002/inf2.12070
https://doi.org/10.1002/inf2.12070
https://doi.org/10.1016/j.mattod.2014.07.004
https://doi.org/10.1002/bio.2877
https://doi.org/10.1002/bio.2877
https://doi.org/10.1007/s00604-007-0806-z
https://doi.org/10.1007/s00604-007-0806-z
https://doi.org/10.1557/adv.2018
https://doi.org/10.1080/10584587.2010.491010
https://doi.org/10.1080/10584587.2010.491010
https://doi.org/10.1016/j.solener.2014.01.046
https://doi.org/10.1039/C9CP06183E
https://doi.org/10.1007/s10854-020-04777-7
https://doi.org/10.1007/s10854-020-04777-7
https://doi.org/10.1016/j.vacuum.2020.109640
https://doi.org/10.1063/1.3280370
https://doi.org/10.1016/j.matlet.2015.10.024
https://doi.org/10.1016/j.matlet.2015.10.024
https://www.acadsoft.co.uk
https://www.acadsoft.co.uk
https://doi.org/10.1021/ic5011709
https://doi.org/10.1021/ic5011709
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