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n this study, two inorganic additives with perovskite structure have been 

used as additives in fabrication of perovskite solar cells (PSCs). 

Ba2In2O5·(H2O)x and Ba2(In1.8Cr0.2)O5·(H2O)y was applied in perovskite 

precursor solution for synthesis of photo absorption layer in PCSs by a one-step 

solution method with solvent engineering technique. Cr-substituted and pristine 

Ba2In2O5·(H2O)x were prepared by solid-state and soft chemistry methods like 

the procedures in previous work, and utilized to improve the crystal structure 

and morphology of perovskite layer of PSCs. The morphology of the new 

perovskite layers was studied by FE-SEM, and XRD analysis. The results showed 

using 2 wt % of additives in precursor solution of fabricated PCSs increased the 

open-circuit voltage (Voc) of cells, also the power-conversion efficiency of the 

cells improved from 7.8 % to 9.7, and 9.3 % by using both additives respectively. 

Cr-substituted and pristine Ba2In2O5·(H2O)x could modify the coverage of 

perovskite film on the TiO2 layer and consequently improve the photovoltaic 

stability and performance of perovskite solar cells. Prog. Color Colorants Coat. 

16 (2023), 21-29© Institute for Color Science and Technology. 
 

 

 

 

 

 

 

1. Introduction 

Perovskite solar cells (PSCs) have attracted lots of 

academic and significant attention due to their exciting 

properties such as the wide adsorption coefficient, 

broad adsorption range, long diffusion length, and 

outstanding charge carrier’s mobility [1-4]. The critical 

issue in PSCs is controlling the morphology of the 

perovskite layer due to improving the stability and 

power-conversion efficiency (PCE) of cells [5-7]. For 

this purpose, various methods proposed, in which that 

one of this method is adding additive in the perovskite 

precursor solutions. For example, polymer, metal-

halide salts, fullerene, organic halide salts, and 

inorganic acids were used in perovskite solution [8]. In 

many types of research, Metal-Organic Frameworks 

(MOFs) have been used as a kind of applications such 

as gas storage [9], separation [10], chemical sensing 

[11], catalysis [12, 13], photocatalysis [14-16]. 

The significant progress in light-harvesting by MOFs 

was studied, and evaluated by Wang et al [17]. Recently, 

MOFs were applied as new additives in PSCs, For 

example, Vinogradov et al. [18] were applied  

Ti8O8(OH)4-(O2C-C6H4-CO2)6 (MIL-125) in electron 

transport layer to enhancing the stability of PSCs. So, 

Wei et al. [19] employed C8H10N4Zn (ZIF-8) for 

improving the crystallization and the photovoltaic 
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properties of PSCs. Then, Ho et al. [20] applied MOF-

525 as additives into the CH3NH3PbI3 solution, and 

reported due to adding MOF-235 in CH3NH3PbI3 

solution the crystallinity of perovskite layer was 

improved. Moreover, Li et al. [21] used a 3D MOF 

[In2(phen)3Cl6].CH3CN.2H2O(In2) as additive into the 

hole transport materials. In other efforts, they employed 

this 3D MOF in PbI2 solution to modify perovskite layer 

[22]. Ranjbar et al. [23- 27] used Zirconium, Zinc, 

Indium metal-organic-framework, and MOF-235 as 

additives into the CH3NH3PbI3 solution, and led to a 

significant increase inefficiency. As a results, MOFs are 

considered to be a be large additives for apply in PSCs 

and it is possible to attain optimal result in quality 

crystallinity and morphology of perovskite film.  

In our study, we employed additives with the 

perovskite structure, which used Metal-Organic 

Framework (MOFs) in their synthesis were used in 

perovskite solar cells (PSCs). Cr-substituted and 

pristine Ba2In2O5·(H2O)x utilized as new additives in 

perovskite precursor solution. Cr-substituted and 

pristine Ba2In2O5·(H2O)x was first prepared by our 

group, and Yoon et al. [28]. We proposed 

Ba2In2O5·(H2O)x and Ba2(In1.8Cr0.2)O5·(H2O)y because 

MOFs such as InLH2, and CrLH2 are used as 

precursors in their synthesis. In addition these additives 

have a perovskite structure, and are expected to be 

more compatible with CH3NH3PbI3. 

Then, we choose an anti-solvent technique and a 

one-step method for fabrication of PSCs because this 

method achieved a good result in the previous report. 

[7]. So, at the first time the Ba2In2O5·(H2O)x and 

Ba2(In1.8Cr0.2)O5·(H2O)y utilized an additive in 

perovskite solutions to improve the performance of 

PSCs. The effect of additives on perovskite films shows 

better morphology. Thus, it provides development in the 

performance of PSCs. Our discussion mainly focused on 

the effect of Ba2In2O5·(H2O)x and Ba2(In1.8Cr0.2) 

O5(H2O)y in perovskite films and their roles in light 

absorption, film morphology and performances of 

devices. 

  

2. Experimental 

2.1. Materials and physical techniques 

All of materials for the preparation of additives and 

analysis were commercially obtained from Merck 

Company. Materials for the fabrication of solar cells 

such as PbI2, the TiO2 paste, CH3NH3I, and spiro 

purchased from Sharif Solar Company.   

The Fourier transform infrared (FT-IR) spectra was 

registered on a Bruker tensor 27 spectrophotometer by 

using of the KBr disk technique in the range 400–4000 

cm
−1

. The investigation of absorption of perovskite 

films, UV-Vis spectra were recorded on a Perkin-

Elmer, lambada = 25. 

The crystalline nature, and phase purity examined 

using powder X-ray diffraction (XRD) technique 

(X’Pert Pro, INEL Equinox 3000, X-ray diffractometer) 

at room temperature with Cu-Kα (λ = 1.54 Å) radiation. 

The crystallite sizes of perovskite layer were calculated 

using the Scherrer formula [30]. Tescan Mira FE-SEM, 

and energy dispersive X-ray (EDX) instrument was used 

to study the surface morphology of perovskite layers.  

Current-voltage (I-V) curves were calculated under 

simulated sunlight instrument SIM10 model, air mass 

1.5 G illumination (palmsens) sharif solar, Iran at 100 

mW/cm
2
. Impedance spectroscopic measurements were 

performed using an electrochemical workstation 

(Autolab 302 N) with the frequency range from 

(100kHz-100 mHz), scan rate and scan range are 0.1 v/s, 

(-0.4-0.8), and Vocp= 0.17 V., for cyclic voltammetry 

(CV). 

 

2.2. Preparation of Ba2In2O5·(H2O)x and 

Ba2(In1.8Cr0.2)O5·(H2O)y by solid-state and soft 

chemistry methods 

Cr-substituted and pristine Ba2In2O5·(H2O)x were 

prepared by the previous report [28]. Ba2In2O5·(H2O)x 

and Ba2(In1.8Cr0.2)O5·(H2O)y powders by solid-state 

reactions were synthesized, and prepared. For 

preparation of additives, Ba2In2O5·(H2O)x, 0.03 mol 

BaCO3 and 0.015 mol In2O3 powder, by using an agate 

mortar mixed, then were calcined in the air for 12 h at 

1173 K, and finally for 12 h at 1473 K with grinding 

steps. In the following, 0.03 mol BaCO3, 0.0015 mol 

Cr2O3 , and 0.0135 mol In2O3 powders were employed 

to synthesis Ba2(In1.8Cr0.2)O5·(H2O)y. 

In FT-IR spectra of Ba2In2O5·(H2O)x and 

Ba2(In1.8Cr0.2)O5·(H2O)y, the peaks at 871 and 2981 cm
−1

 

are assigned to the vibrations of InO4 tetrahedra units 

and OH- stretching, respectively  The peak at 1416 cm
−1

 

is interpreted as the C=O vibration of carbonate. It can 

be seen that for Ba2(In1.8Cr0.2)O5·(H2O)y the peaks at 871 

and 2980 cm
−1

 are significantly smaller, whereas  

the peak at around 1416 cm
−1

 is more pronounced 

compared to the pristine Ba2In2O5·(H2O)x. Additionally, 
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characteristic small peaks of Ba2In2O5·(H2O)x in the 

wavenumber range of 1250 to 1050 cm
−1

 (small arrows), 

completely vanished by Cr substitution. In particular, the 

in XRD Pattern the absence of peaks at 15.5 ° and 21.6 ° 

suggests a crystal structure with higher symmetry, and 

form a tetragonal phase. 

 

2.3. Fabrication of perovskite solar cell 

Materials for fabrication of solar cells: FTO 

(Fluorinated-doped Tin Oxide) glass sheets with (15 

Ω/square. Device fabrication: FTO coated glass 

substrates were cut into 1.5×1.5 cm sizes. One piece of 

the FTO glass was etched by Zn powder in 6 M HCl 

solution. Then sonicated in soap and water solution, DI 

water, acetone, a diluted solution of HCl, and 

isopropanol for 10 min respectively, and then dried in 

oven 500 °C for one hour. To form a thick TiO2 

blocking layer, diluted titanium isopropoxide solution 

in ethanol, spin-casted (1000 r.p.m, 30 sec) onto FTO 

substrated. They were followed by annealing at 500 °C 

for one hour. A mesoporous TiO2 layer (m-TiO2) was 

deposited by spin coating for (4000 r.p.m, 20 sec). The 

substrate was immediately and quickly annealed at  

100 °C for 10 min, in the following sintered at 450 °C 

for 30 min. Perovskite precursor with CH3NH3PbI3 

formula obtained by 462 mg PbI2, and 159 mg 

CH3NH3I in 1mL mixed solvent of DMF: DMSO = 4:1 

(volume ratio), with solvent engineering techniques 

were deposited by spin–coating (4500 r.p.m, 30 sec). 

During spin-coating, diethyl ether (150 µL) was poured 

on the spinning substrate each 12 seconds. [7] Then, 

the substrated annealed at 100 ºC for 10 min. 

Subsequently, the hole transport layer, Spiro-

MeOTAD, was deposited by spin-coating (3000 r.p.m, 

30 sec). Finally, Au was evaporated on the top of the 

perovskite to produce a completed PSC device. 

 

3. Results and Discussion 

In this work, Ba2In2O5·(H2O)x and Ba2(In1.8Cr0.2) 

O5·(H2O)y employed as additives in a one-step  

spin-coating deposition method with solvent engineering 

technique to prepare the perovskite layer, and solar  

cell device. The CH3NH3PbI3 perovskite absorber  

layers was synthesized with various amount of additive 

(0.0, 6.2, and 12.4 mg/mL) and perovskite solar cells 

was fabricated with the FTO/C-TiO2/Meso-TiO2/ 

CH3NH3PbI3 /Au arrangement. 

 

3.1. Characterization of prepared PSCs 

CH3NH3PbI3 solutions with acceptable amounts of 

additives than others were prepared. Then, the device 

was fabricated and that performance was studied and 

shown in Figure 1, and Table 1. The solar cells 

fabricated without additive (pristine) has the lower 

open-circuit voltage (Voc ) and power-conversion 

efficiency (PCE), which adopted to result of XRD and 

SEM that are discussed below, another hand by adding 

additives in perovskite solution (CH3NH3PbI3 in DMF 

and DMSO), the PCE of solar cell is improved because 

Voc and fill factor (FF) are increased. Maybe one 

reason due to the structure properties of inorganic 

materials with perovskite structural, and the 

presence of MOFs, which can help to light 

harvesting. Among them the devices with 5 wt. % 

of additive displayed better J-V results than 

others, (Figure 1a). Figure 1b shows IPCE spectra 

of perovskites prepared with and without 

additives. The device containing additives 

displayed broader and improved IPCE spectra 

from 370 to 800 nm, relative to that prepared 

without additives. The IPCE spectra of the top-

performing compound II reached over 95 %, 

whereas that of the device prepared without 

additives was 80 %. The improvement in IPCE 

spectra is mainly due to the better morphology 

and crystallinity of the perovskite film. In 

addition, IPCE spectra of devices showed the 

different photocurrent generation that confirmed 

the effects of additives and improvement in 

exciting band gaps of perovskite structure for 

harvesting of light.  

FE-SEM was applied to investigation of surface 

morphology of perovskite film, (Figure 2). FE-SEM 

shows some pinholes in pristine film, and particles are 

irregular distribution while in Figure 2b, and 2c the 

particles were almost regular agglomerated with less 

pinholes. In Figure 3a, 3b, EDX analysis of perovskite 

layers clearly shows the existence of Barium, Indium, 

and Chromium in perovskite layers and confirms the 

presence of elements. For more study in layers, X-ray 

diffraction (XRD) was used to measure crystallinity 

and phase purity. XRD pattern of pristine film is shown 

in Figure 4. The diffraction peak at 2θ: 14.2 °, 20.02 °, 

24.5 °, 28.5 °, 31.9 °, and 41.6 °  assigned to (110), 
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(200), (202), (220), (310), and (400) peaks for 

tetragonal crystal of CH3NH3PbI3 films. Other peaks 

at 26.5, 37.9, 45.5 and 51.7 have corresponded to the 

FTO layer. All of XRD patterns are shown in Figure 4a 

(pristine), 4b, 4b (2 wt. % Ba2In2O5·(H2O)x ), and 4c 

(2 wt. % Ba2(In1.8Cr0.2)O5·(H2O)y) exhibit one 

phase with different intensity of some peaks, for 

example the peak at 2θ=12.6 is appeared due to 

decomposition of CH3NH3PbI3 and converting to 

PbI2  (Eq. 1)[29]. 
  

PbI2 (s)    3N 3I (aq)    3N 3PbI3 (s) (1) 

In CH3NH3PbI3 layer, the intensity of peak PbI2 is 

significant, which indicant a further degradation of 

CH3NH3PbI3 layer, in comparison to with CH3NH3PbI3 

with additives. Finally, in the perovskite layer which 

contains additives, this peak disappears completely. 

These results show a positive effect of additives on the 

stability of the perovskite layer against the ambient 

condition, which can indicate that by using the 

additives the stability of layers is improved. 

 

 

 

 

Figure 1: J-V curves of CH3NH3PbI3 PSC devices with or without additive measured under illumination of an AM 1.5 

solar simulator (100 mW cm
-2

) in air. The scanning direction is from open-circuit voltage to short circuit. Ba2In2O5·(H2O)x 
(compound I), and and Ba2(In1.8Cr0.2)O5·(H2O)y (compound II), IPCE spectra of CH3NH3PbI3 PSC devices with or without 

additive. 

 

 

Table1: Photovoltaic properties of prepared cells. 

No 
Additive in perovskite 

precursor solution 

Jsc 

[mA/cm2] 

Voc 

[V] 
FF 

η  

 [%] 

η after 20 days 

[%] 

I 0 wt % of additive 13.4 0.99 0.59 7.8  3.4 

II 2 wt % of  compound I 12.6 1.03 0.75 9.7 3.9 

III 2 wt % of compound II 14.3 1.02 0.64 9.3  4.9 
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Figure 2: FESEM micrograph of the a) CH3NH3PbI3 without additive (pristine perovskite film), b) with 2 wt. % of 

Ba2In2O5·(H2O)x (compound I) and c) with 2 wt. % of Ba2(In1.8Cr0.2)O5·(H2O)y (compound II). 

 

Figure 3:  EDX analysis of a) pristine perovskite layer b) perovskite layer with Ba2In2O5·(H2O)x (compound I) and c) 

perovskite layer with Ba2(In1.8Cr0.2)O5·(H2O)y (compound II). 

c) with compound II 
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Figure 4: The X-ray powder diffraction pattern of a) CH3NH3PbI3 film without additive (pristine perovskite film), b) with 2 

wt. % of Ba2In2O5·(H2O)x (compound I), c) with 2 wt. % of Ba2(In1.8Cr0.2)O5·(H2O)y (compound II). 

 

From the most intense (110) peaks the average 

crystallite size of the layer was estimated using the Sherrer 

equation [30]. The calculated crystallite size show 49.4 

(for pristine), 67.5 (for 2 wt. % of Ba2In2O5·(H2O)x), 66.4 

(for 2 wt. % of Ba2(In1.8Cr0.2) O5·(H2O)y) as additive. As a 

result, large-crystal- size perovskite formed in the 

presence of additives [31]. The grain size of crystals 

increases the quality of perovskite film and can improve 

the performance of solar cells. These results are adopted 

to FE-SEM images. The CH3NH3PbI3 absorber layers 

with the various additive amount (0, 12.4 mg/mL) and 

perovskite solar cells with the FTO/C-TiO2/Meso-

TiO2/CH3NH3PbI3with or without additives, structure 

were fabricated and used for UV-Vis test. Figure 5 

exhibits the absorption of CH3NH3PbI3 film with different 

amounts of additives. The optical absorbance by adding 2 

wt. % of additives in perovskite solution shows better 

absorption. It indicates the optical field in perovskite film 

due to better surface coverage is increased. Moreover, the 

color of solution changed and orange color is formed. 

Thus the absorption of films in visible spectra are 

changed. The intensities of absorption signal is decreased 

in the order Ba2(In1.8Cr0.2)O5·(H2O)y > Ba2In2O5·(H2O)x 

>pristine. The powder color changed the color of 

CH3NH3PbI3 solution from yellow to red in the presence 

of Ba2In2O5·(H2O)x, and Ba2(In1.8Cr0.2)O5·(H2O)y. The 

absorption curve covered a wide range of wavelengths 

from visible to the near-infrared. In the absorption spectra, 

the excitation peak appears between 400 to 450 nm, and 

the onset of absorption is in the range of 700-800 nm. It is 

observed in Figure 5 that the absorption onset shifts 

towards the longer wavelength region with adding 

additives. Because of the increased grain size of the 

perovskite layer, the absorption onset shifts towards the 

longer wavelength region. When the perovskite precursors 

were fabricated with additives, the absorption in range 

400-800 nm was very similar. A higher absorption for 

longer wavelength (> 550 nm) is calculated for samples 

that made by additives, because of larger grain size that 

enforces more significant scattering and in addition to that 

absorption. However, higher optical absorption is 

measured for perovskite film that fabricated with 

additives, which is consisted of SEM result indicating. In 

addition, Cr substitution in Ba2In2O5·(H2O)x lead to a 

reduction of the slope of the absorption and a slight 

increase of the absorption. 

UV-Vis absorption was also used to check the band 

gap. As a result, the amount of band gaps for pristine, 

and cells with additives obtained 1.1-1.3 ev 

respectively (Figure 6). Therefore, in the presence of 

Barium, Indium, and Chromium metals, the band gap 

of perovskite layer is decreased. This calculation was 

performed with the Tauck equation (Eq. 2). 
 

(αhν)=B       
 

     (2) 

 

In this formula, α is absorption coefficient, B is 

constant absorption, hν is Stimulation energy, Eg is 

Band gap energy, and n is constant number which is 

one for direct transfer, and four for indirect transfer. 
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Absorption coefficient was calculated using the 

following formula (Eq. 3). 
 

α=2/0303      (
  

  
)    (3) 

 

In this formula, α is absorption coefficient, L is 

optical path length, A is sample adsorption amount in 

UV-Vis, C is sample molar concentration, and P is 

density [32, 33].  

Figure 7 shows the Nyquist plots of electrochemical 

impedance spectroscopy of perovskite solar cells with 

and without additives under AM1.5 sun illumination. 

The resistance of perovskite layers decreases in the 

presence of additives compare to pristine layer that is 

indication of better performance and probably less 

recombination reactions of cells containing additives, 

or improving the morphology of perovskite layers of 

solar cells with additives as a result of reducing defects 

and holes in them. 

 

 
Figure 5: UV-Vis absorption spectra of a) pristine perovskite film b) with 2 wt % of Ba2In2O5·(H2O)x (compound I), c) with 

2 wt. % of Ba2(In1.8Cr0.2)O5·(H2O)y (compound II). 

 
Figure 6: Band gap comparation of a) pristine perovskite film b) with 2 wt. % of Ba2In2O5·(H2O)x (compound I), c) with 2 

wt. % of Ba2(In1.8Cr0.2)O5·(H2O)y (compound II). 

a) 

b) 

c) 
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Figure 7: Nyquist plots of pristine perovskite film, with 2 wt. % of Ba2In2O5·(H2O)x (compound I), and with 2 wt. % of 

Ba2(In1.8Cr0.2)O5·(H2O)y (compound II). 

 

4. Conclusion 

The Ba2In2O5·(H2O)x and Ba2(In1.8Cr0.2)O5·(H2O)y 

perovskite compounds were used as additives in 

perovskite precursor solution of CH3NH3PbI3 by one-

step spin-coating method with anti-solvent technique to 

improve the performance of perovskite solar cells. 

After fabrication of the PCSs, the device efficiencies 

increased from 7.8 % to 9.7 %, and 7.8 % to 9.3 % for 

cells containing additives. XRD patterns of perovskite 

layers after addition of Cr-substituted and pristine 

Ba2In2O5·(H2O)x showed the stability of devices 

improved because the peaks of perovskite destruction 

was removed in the presence of the additives. 

Moreover, this can be due to the improvement of 

crystal structure and the quality of perovskite layer. On 

the other, the materials with perovskite structure such 

as Cr-substituted and pristine Ba2In2O5·(H2O)x are 

better able to communicate with the CH3NH3PbI3 and 

TiO2 and facilitating electron transfer. Finally, the 

results of this research indicate that the use of Cr-

substituted and pristine Ba2In2O5·(H2O)x additive in 

perovskite precursor solution is a suitable way for 

designing and fabrication of stable perovskite solar 

cells with considerable efficiency. 
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