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Abstract 

Photovoltaic solar energy has been widely used as an alternative energy source. Polymers can be considered promising 

materials to produce organic solar cells. This work aimed to synthesize and characterize composite membranes of 

polysulfone and chitosan (PSF/CS) incorporated with different concentrations of nanoparticles (NPs) of nickel-zinc ferrite 

(PSF/CS/NZFP) and magnetite (PSF/CS/MP). The NZFP with stoichiometry Ni0.5Zn0.5Fe2O4 was synthesized by a 

modified polyol method, while the MP was commercially acquired. The PSF/CS membranes were produced in a 2:1 mass 

ratio and the NPs of NZFP or MP were added to the PSF/CS solution at concentrations of 0.018 to 0.073% (w/v). PSF/CS 

composite membranes incorporated with inorganic NPs were uniform, resistant, and transparent without clusters or 

heterogeneities. The addition of inorganic NPs can increase the efficiency of organic substrates for organic photovoltaic 

cells. 
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Introduction 

The growing energy demand has driven the use of alternative energy sources to decrease 

environmental impacts attributed to the use of fossil energies. Among the renewable sources, 

photovoltaic solar energy has been applied in electricity distribution systems and private consumption 

[1]. The semiconductor silicon dioxide (SiO2) is commonly used in photovoltaic solar cells. However, 

its high cost has stimulated the search for alternative materials for organic solar cells [2]. The use of 

polymers is a promising way to produce organic solar cells. However, one of the biggest challenges 

is the development of materials with desirable characteristics such as transparency, low roughness, 

and photon conducting ability to convert solar energy to photovoltaics [3]. Chitosan is a biopolymer 

obtained through chemical processing of chitin found mainly in shrimp shells. It is widely used due 

to its versatility in membranes, gels, microparticles, and composite materials. It is a material with 

good chemical properties, easy to obtain, low cost, and biodegradability [4-6]. The mixture of 

polysulfone (PSF) and chitosan (CS) can be seen as a promising alternative to produce composite 

membranes for organic solar cells because PSF provides greater strength and rigidity to the 

membrane. Recently, a patent (BR1020200110861) was published for an electronic device based on 

CS and PSF aiming to replace polyethylene terephthalate (PET) in organic solar cell applications [7]. 

Considering that the addition of inorganic nanoparticles (NPs) on the organic substrate can increase 

the efficiency of organic solar cells, the present work aimed to synthesize and characterize composite 

membranes of PSF/CS with different concentrations of nickel-zinc ferrite (Ni0.5Zn0.5Fe2O4) NPs 

(PSF/CS/NZFP) and magnetite (Fe3O4) NPs (PSF/CS/MP). 

 

Experimental 

Preparation of PSF and CS solutions 

PSF solution (0.036 g mL-1) was prepared by adding 0.3 g of PSF (35 kDa, Sigma Aldrich) in 8.4 mL 

of 1-Methyl-2-pyrrolidinone (NMP) under magnetic stirring for 3 h at 50 °C until complete 
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solubilization. CS solution (0.013 g mL-1) was prepared by adding 2 g of CS (degree of deacetylation 

62%, 137 kDa, Sigma Aldrich) in 150 mL of 15% (v/v) acetic acid at 50 °C. The CS solution was 

filtered in a Büchner funnel with a sintered glass filter and left to stand for 3 h. 

 

Preparation of inorganic NPs of NZFP and MP 

The NZFP with stoichiometry Ni0.5Zn0.5Fe2O4 was synthesized by the modified polyol method 

previously described [8]. The MP (Fe3O4, Sigma Aldrich) was used as received. 

 

Preparation of PSF/CS composite membranes with inorganic NPs of NZFP and MP 

The PSF/CS membranes were produced in a 2:1 mass ratio based on preliminary studies developed 

by the LABMATER research group. This ratio resulted in more flexible and homogeneous 

membranes with less roughness. Then, 15.9 mL of CS solution was added in 11.4 mL of PSF solution 

under magnetic stirring at 60 °C until complete homogenization. Subsequently, NPs of NZFP or MP 

were added to the PSF/CS solution at concentrations of 0.018 to 0.073% (w/v) to produce the polymer 

composites PSF/CS/NZFP and PSF/CS/MP. After drying in an oven at 50 °C, the residual acetic acid 

in the membranes was neutralized with 2 mol L-1 NaOH solution, and the membranes were washed 

with distilled water to neutral pH. 

 

Characterization of inorganic NPs and composite PSF/CS/NZFP and PSF/CS/MP membranes 

The inorganic NPs were analyzed by dynamic light scattering (DLS, Nanopitic 90, Bettersize), 

scanning electron microscopy (SEM, Vega3, Tescan), and energy dispersive spectroscopy (EDS, 

Penta FET Precision, Oxford Instruments). The PSF/CS composite membranes with inorganic NPs 

were analyzed by SEM/EDS (Vega3, Tescan/Penta FET Precision, Oxford Instruments), Fourier 

transform infrared spectroscopy (FTIR, Vector 22, Bruker), and X-ray diffractometry (XRD, Rigaku 

Geingerflex). 

 

Results and Discussion 

Fig. 1 shows the image of the composite membranes PSF/CS/MP and PSF/CS/NZFP, respectively. 

The obtained membranes were uniform with a slightly rough surface, with 87.8 mm diameter and 

450 µm thickness. 

 

 
Figure 1. Composite membranes of (a) PSF/CS/MP with 0.073% (w/v) magnetite and (b) PSF/CS/NZFP with 

0.036% (w/v) ferrite. 

 

According to DLS analysis, the inorganic NPs showed a hydrodynamic size in the nanometer scale 

(Fig. 2). The size distribution of NZFP showed two bands, the first in the range of 97-200 nm and the 

second in the range of 315 nm to 2.2 µm, with D50 in 356 nm. Similarly, the MP showed the first 

band in the range of 100-158 nm and the second between 560 nm and 5 µm, with D50 in 1,2 µm. 

These results showed that both materials have particles in the nanometer scale. However, these 

particles follow a heterogeneous size distribution, once the analysis showed two bands. The particle 

size measured by the DLS technique is related to the light scattering arising from the Brownian motion 

of particles in suspension [9]. In the DLS analysis, the size distribution is obtained from 
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measurements based on the light intensity, in which the ratio between 2 peaks is 1:1000000 [10]. 

Although there is a portion of the material in the micrometer scale, the presence of particles in the 

nanometer scale is predominant. 

 

 
Figure 2. DLS of ferrite (NZFP) and magnetite (MP) particles. 
 

The SEM analysis of NZFP showed agglomerates of amorphous and spherical particles with several 

sizes that corroborate the DLS results. The MP was predominantly spherical with average sizes 

smaller than 500 nm. Compared to the DLS analysis, this difference may be related to the NPs 

movement during the measurements. The EDS analysis pointed out the elements O, Fe, Ni, Zn, and 

Si in NZFP. In contrast, in the PSF/CS/NZFP composite membranes, the elements C, O, Na, S, Cl, 

Fe, Ni, and Zn were identified (Table 1), indicating the efficiency in the synthesis. The elements C, 

O, Na, S, and Cl are related to the CS and PSF in membranes. The content of Fe in membranes 

increased with the addition of NZFP in membranes, except for the sample with 0.073% (w/v), 

possibly due to a non-homogeneity of the region analyzed by EDS. 

 
Table 1. Chemical element composition of NZFP, MP, PSF/CS/NZFP, and PSF/CS/MP composite 

membranes. 

Sample Concentration 

(% w/v) 

Elements (wt.%) 

C O Na S Cl Fe Ni Zn Si 

NZFP - - 31.14 - - - 42.91 11.66 13.29 0.88 

PSF/CS/NZFP 0.018 71.24 22.79 0.31 5.36 0.16 0.10 - 0.04 - 

0.037 70.14 22.82 0.30 6.20 0.21 0.20 0.07 0.06 - 

0.055 69.56 22.57 0.40 6.64 0.20 0.47 0.09 0.07 - 

0.073 68.96 24.72 0.12 5.46 0.27 0.37 0.07 0.04 - 

MP - - 28.87 - - - 71.13 - - - 

PSF/CS/MP 0.018 71.20 23.31 - 5.19 0.19 0.11 - - - 

0.037 67.90 26.40 0.26 5.00 0.17 0.28 - - - 

0.055 69.40 24.72 0.20 5.16 0.15 0.38 - - - 

0.073 69.32 25.18 0.24 4.62 0.14 0.49 - - - 

 

The element Fe in MP was also verified in the PSF/CS/MP composite membranes, including the 

elements C, O, Na, S, and Cl. The presence of Fe increased with increasing the mass of MP in 

membranes, indicating an efficient synthesis with different concentrations of MP in the membranes. 

In the FTIR analysis, the main absorption bands of the PSF/CS composite membranes were identified 
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at 828 cm-1 (stretching of the PSF aromatic ring), 1012 and 1100 cm-1 (symmetric and asymmetric 

stretching of the sulfone group), 1146 cm-1 (aromatic C-H bond), 1168, 1290, and 1324 cm-1 

(stretching of the O=S=O sulfone group), 1242 cm-1 (C-O-C ether stretching of PSF) [11-14]. The 

band at 1410 cm-1 is assigned to CH2 and CH3 stretchings, 1486 and 1584 cm-1 (stretching of aromatic 

carbon C=C), 1642 cm-1 (amide I), 2970 cm-1 (CH stretching), and the band between 3300 and 

3500 cm-1 can be assigned to the vibrations of hydroxyl and amino groups of CS. These results are 

consistent with those observed in previous works [11,12,14-16]. Some characteristic bands of CS 

were not identified due to an overlap with the PSF bands. The crystallinity of the composite 

membranes, determined by XRD analysis, ranged from 26 to 27% for PSF/CS/NZFP membranes and 

between 22 and 29% for PSF/CS/MP membranes. The lowest crystallinity values were observed for 

membranes containing the highest amount of NPs. 

 

Conclusions 

The PSF/CS composite membranes incorporated with inorganic NPs (NZFP and MP) were uniform, 

resistant, transparent, with absence of agglomerates or heterogeneities, evidencing a good dispersion 

and fixation of NPs as well as the homogeneity of the synthesized material. These characteristics are 

important for the use as organic substrates in organic solar cells. Future tests should be performed to 

verify their performance in organic photovoltaic cells, among other applications. 

 

Acknowledgments 

M. A. Polinarski acknowledges the Coordenação de Aperfeiçoamento de Pessoal de Nível Superior 

(CAPES) – finance code 001. G. R. M. Burin is grateful to the network of the National System of 

Nanotechnology Laboratories (SisNano) and the National Council for Scientific and Technological 

Development (CNPq, grant 381945/2020-0). 

 

References 

1.  Vieira FM, Moura PS, de Almeida AT. Renew Energy. 2017, 103:308–20. 

2.  Brabec CJ. Sol Energy Mater Sol Cells. 2004;83(2–3):273–92. 

3.  Masters RC, Wan Q, Zhang Y, Dapor M, Sandu AM, Jiao C, Zhou Y, Zhang H, Lidzey DG, 

Rodenburg C. Sol Energy Mater Sol Cells. 2017;160:182–92. 

4.  Silva FB, Gasparrini LJ, Cremonez PA, Burin GRM, Machado B, Polinarski MA, Arantes MK, 

Alves HJ. J Appl Polym Sci. 2021, 50841. 

5.  Polinarski MA, Beal ALB, Silva FEB, Bernardi-Wenzel J, Burin GRM, de Muniz GIB, Alves 

HJ. Part Part Syst Charact. 2021;38(4):2100009. 

6.  Alves HJ, Gasparrini LJ, Silva FEB, Caciano L, de Muniz GIB, Ballester ELC, Cremonez PA, 

Arantes MK. Environ Sci Pollut Res. 2021;28(9):10977–87. 

7.  Neves MFF, Roman LS, Alves HJ, Silva ES. BR1020200110861, 2020. 

8.  Bellucci FS, de Almeida FCL, Nobre MAL, Rodríguez-Pérez MA, Paschoalini AT, Job AE. 

Compos. B. Eng. 2016;85:196–206. 

9.  Tosi MM, Ramos AP, Esposto BS, Jafari SM. In: Characterization of Nanoencapsulated Food 

Ingredients. Elsevier; 2020. p. 191–211. 

10. Malvern. Dynamic Light Scattering: an introduction in 30 minutes. Technical note. 2009. 

11. Nadour M, Boukraa F, Ouradi A, Benaboura A. Mater Res. 2017;20(2):339–48. 

12.  Padaki M, Isloor AM, Wanichapichart P, Ismail AF. Desalination. 2012;298:42–8. 

13.  Singh K, Devi S, Bajaj HC, Ingole P, Choudhari J, Bhrambhatt H. Sep Sci Technol. 

2014;49(17):2630–41. 

14.  Smitha B, Devi DA, Sridhar S. Int J Hydrogen Energy. 2008;33(15):4138–46. 

15.  Elshaarawy RFM, Abd El-Aal RM, Mustafa FHA, Borai AE, Schmidt S, Janiak C. Int J Biol 

Macromol. 2021;170:572–82. 

16.  Lupatini KN, Schaffer JV, Machado B, Silva ES, Ellendersen LSN, Muniz GIB, Ferracin RJ, 

Alves HJ. J Polym Environ. 2018;26(7):2964–72. 

1120




