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Abstract: Conducting films comprising conducting polymers and carbon nanomaterials have 
gained a lot of interest for applications in several fields, including transparent electrodes, superca-
pacitors, light-emitting diodes (LEDs), polymer solar cells (PSCs), etc. One of the main motivations 
is the replacement of costly oxides and degradable materials, like indium tin oxide (ITO). On the 
other hand, graphene oxide (GO) has emerged as an ideal filler to reinforce polymeric matrices ow-
ing to its large specific surface area, transparency, flexibility, and very high mechanical strength. 
Nonetheless, functionalization is required to improve its solubility in common solvents and expand 
its practical uses. In this work, the potential of polymer nanocomposites based on hexamethylene 
diisocyanate (HDI)-functionalized GO (HDI-GO)/poly(3,4-ethylenedioxythiophene):poly(styrenesul-
fonate)(PEDOT:PSS) for use as active layers (ALs) or interfacial layers (IFLs) in PSCs has been as-
sessed. Conventional deposition techniques applied to thin films were tested for the developed 
nanocomposites. Deposition methods included drop and spin casting, where different type of sub-
strates, as clean glass and glass/ITO were tested. The results of deposition essays were analyzed by 
atomic force microscopy (AFM) and UV-Vis spectroscopy. In addition, thermal evaporation was 
tried with the aim of obtaining homogeneous layers. The layers obtained by drop casting showed 
poor film quality, with large aggregates. On the other hand, spin coating lead to layers not fully 
wetting the substrate. New synthesis procedures for the nanocomposites and/or alternative treat-
ments of the substrate surface will be investigated in the future to optimize their composition and 
properties (i.e., transparency) and improve their suitability for use in PSCs. 
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1. Introduction 
Conducting polymers are materials with a wide range of applications, such as light-

emitting diodes (LEDs) [1], supercapacitors [2], transparent electrodes [3], polymer solar 
cells [4–10], etc. The combination of conducting polymers with graphene-based materials 
has also proved to be suitable for specific applications in some fields [11]. In polymer or 
organic solar cells, the typical structure involves costly oxides and degradable materials, 
like indium tin oxide (ITO) as a transparent electrode, but the recent tendency is to avoid 
the use of ITO due to indium scarcity [12]. Graphene oxide (GO) has become an ideal filler 
to enhance the properties of polymeric matrices in different layers and different kind of 
cells [13,14], but its poor solubility in common solvents requires improvements using 
functionalization methods. Previous works presented different approaches for GO func-
tionalization and its possible applications [15–22]. 

Citation: Luceño-Sánchez, J.A.;  

Charas, A.; Díez-Pascual, A.M.  

Assessment of the Potential of  

Polymer/HDI-GO Nanocomposites 

for Use in Organic Solar-Cells.  

Mater. Proc. 2021, 4, 11. 

https://doi.org/10.3390/ 

IOCN2020-07842 

Academic Editors: Ana María  

Díez-Pascual, Antonio Di  

Bartolomeo and Guanying Chen 

Published: 11 November 2020 

Publisher’s Note: MDPI stays neu-

tral with regard to jurisdictional 

claims in published maps and institu-

tional affiliations. 

 

Copyright: © 2020 by the authors. Li-

censee MDPI, Basel, Switzerland. 

This article is an open access article 

distributed under the terms and con-

ditions of the Creative Commons At-

tribution (CC BY) license (http://crea-

tivecommons.org/licenses/by/4.0/). 



Mater. Proc. 2021, 4, 11 2 of 8 
 

 

In this work, the potential of nanocomposites based on the mixtures of hexameth-
ylene diisocyanate (HDI)-functionalized GO (HDI-GO)/poly(3,4-ethylenedioxythio-
phene): poly(styrenesulfonate)(PEDOT:PSS) for use in organic solar cells, as an alternative 
to ITO or as an interfacial layer to assist on charge transport at the interface with ITO (as 
a secondary hole transport layer, HTL), has been assessed. The chemical structure of HDI-
GO is shown in Scheme 1. The most typical deposition techniques employed in the prep-
aration of organic solar cells, the characterization of the samples using UV-Visible spec-
troscopy and atomic force microscopy (AFM) measurements, as well as the evaporation 
of samples to obtain homogeneous thin layers are described in this paper. 

 
Scheme 1. Hexamethylene diiscocyanate-functionalized graphene oxide structure. 

2. Materials and Methods 
2.1. Reagents 

PEDOT:PSS aqueous dispersion (Clevios PVP AI 4083, 1:6 PEDOT:PSS weight ratio) 
was purchased from Heraeus Electronic Materials (Germany); H2SO4, KMnO4, P2O5, 
K2S2O8, and H2O2 were acquired from Sigma-Aldrich. Graphite powder was obtained 
from Bay Carbon, Inc. For the synthesis of HDI-GO, triethylamine (TEA, >98%, MW = 
101.193 g/mol) and hexamethylene diisocyanate (HDI, >99%, MW = 168.196 g/mol) were 
purchased from Acros Organics. The HPLC grade organic solvents used in the essays 
were acquired from Scharlau S.L. (Barcelona, Spain). The deionized water was produced 
with a Milli-Q-Water-Purification-System. All the chemicals were employed as received. 
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2.2. Synthesis of GO and HDI-GO 
The preparation of GO was carried out using Hummers’ method from graphite pow-

der as reported in previous works [19]. Firstly, graphite powder was heated with P2O5 and 
K2S2O8, and later deionized water was added and the product was filtered and then mixed 
with KMnO4, H2O2, and H2SO4. The final product was purified by centrifugation, followed 
by several cycles of purification with H2O2/H2SO4 washing, bath ultrasonication, and fi-
nally washed with deionized water followed by vacuum-drying. 

The synthesis of HDI-GO was achieved by applying the procedure described in pre-
vious works [19], which can be summarized as: (1) GO functionalization step using HDI 
as reagent and TEA as catalyst, added dropwise at 60 °C under Ar atmosphere, followed 
by stirring overnight (12 h). (2) preparation of HDI-GO samples with different function-
alization degree (FD) to study their effect on the deposition process: (a) 1:1:1 (FD of 3.12%, 
named as HDI-GO4), and (b) 1:1:1 with a previous ultrasonic tip treatment (5 min) (FD of 
17.20%, named as HDI-GO5). 

2.3. Deposition of HDI-GO and HDI-GO/PEDOT:PSS Films 
HDI-GO samples were dispersed in different solvents (N-Methyl-2-pyrrolidone, 

NMP, 2-propanol and dimethyl sulfoxide, DMSO) at a concentration of 5 wt.% and the 
dispersions were stirred to achieve a good dispersion; this fact is very important since 
photovoltaic device preparation requires very homogeneous dispersions to avoid imper-
fections in the layer surface. Then, the dispersions were deposited by two different meth-
ods: drop casting and spin coating. The samples were deposited onto glass substrates, 
except some spin coating essays that employed glass/ITO substrates. 

The drop casting method consists in the dropwise addition onto the substrate surface 
until the whole surface is covered. In our samples, a thermal annealing step was applied 
to dry the samples. 

Spin coating deposition involves the use of a speed-regulated rotative support where 
the substrate to be covered is placed. The substrate is hold using a vacuum pump, and 
subsequently, the solution is added and the rotation of the substrate is started. 

2.4. Instrumentation 
The thermal annealing of drop casted and spin coated layers was carried out with a 

conventional heating plate. The spin coating was performed using a spin coater. UV-Vis-
ible spectra were recorded using a Cecil 2700 spectrophotometer. The AFM measurements 
were obtained using a Nano-Observer–Model 5100 microscope. 

3. Results 
3.1. Layer Deposition 

The dispersions obtained presented the tendency to get aggregated after a small time 
of no use, so a previous sonication cycle is recommended before the employment of solu-
tion if they are not prepared at the moment of the essay. 

The HDI-GO/PEDOT:PSS samples obtained by drop casting onto glass resulted in 
little transparent layers to be employed either as HTL before the ITO layer or in between 
ITO and the photoactive layer [23,24], considering DMSO and NMP solvents. Further-
more, a clear phase separation between HDI-GO and PEDOT:PSS was observed, which 
suggests a very heterogeneous layer deposition. These two facts, opacity and heterogene-
ity, are not compatible with the requirements for HTL layers, i.e., transparency in the vis-
ible spectral region and homogeneous deposition. Regarding HDI-GO4 and HDI-GO5, 
the samples showed higher transparency in the visible than the samples with PEDOT:PSS, 
although some agglomerates were present. Further, the substrates’ surfaces were not cov-
ered in all their extension. The results of drop casting deposition (Figure 1) suggest that 
the high hydrophobic nature of the nanomaterials, and the strong Van der Wall forces 
between flakes, hinders a homogeneous deposition and forms agglomerates. 
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The second approach was the spin coating deposition of HDI-GO5 in DMSO onto 
glass. The deposition of each sample follows different preparation conditions. The values 
of each deposition variable considered are collected in Table 1. 

 
Figure 1. Typical images of drop-casted (DC) samples (caption inside the figure). 

Table 1. Experimental conditions for spin coating essays. 

Sample 
With Plasma Treat-

ment 
No Plasma Treat-

ment 
Coating Speed 

(rpm) 
Drying Speed (rpm) 

Annealing 
Time (min) 

Annealing  
Temperature (°C) 

PEDOT:PSS 
Deposition of sample 

Clean the substrate 
surface with N2  

1800 1800 10 125 
HDI-GO5 + DMSO 1800/1000 1800/1000 30 165 

HDI-GO + 2-propanol 1800/1000 1800/1000 10–15 150 

In comparison with the drop casting reference,  the spin coating method produces 
thinner and more transparent layers than drop casting. However, the samples do not 
show a clear layer deposition on to the surface, and small aggregates can be observed in 
all samples. The size of these aggregates seems to be reduced with increasing coating 
speed, which can be explained considering that it provides less time to the samples to get 
attached to the surface. Furthermore, it was found that surface plasma treatment had no 
effect on the morphology of samples deposited with the same speed. 

3.2. UV-Visible Spectra Analysis 
The UV-Visible spectra were recorded for the spin coated samples and the drop cast-

ing reference. The other drop casted layers were not considered due to their opacity. The 
spectra of the samples studied are shown in Figure 2. 

There is a clear difference between the transmittance of the drop casting sample (GO-
dro) and the spin coating samples. This fact is consistent with the visual observations. The 
spin coated samples do not show significant changes in their transmittance values, neither 
comparing the treatment with plasma (cp vs. sp) or the coating speed (1000 rpm vs. 1800 
rpm). These results point out that the coating speed or plasma treatment have no direct 
correlation with the transmittance values, and the differences found among them could 
be due to scattering or experimental errors in the measurements. 
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Figure 2. UV-Visible spectra of samples: the abbreviation “sc” means spin coating sample; the abbreviation “drop” denotes 
drop casting sample; the numbers indicate the coating speed; the abbreviation “cp” denotes surface plasma treatment, and 
“sc” no surface plasma treatment. 

The effect of different solvents was also studied. Three samples using DMSO without 
plasma treatment, 2-propanol with plasma treatment, and 2-propanol without plasma 
treatment were prepared. The substrate, in this case, was ITO onto glass. The results reveal 
no noticeable changes between DMSO and 2-propanol transmittance, and neither for both 
of the 2-propanol samples, hence it was concluded that a possible solvent effect was neg-
ligible with these nanocomposites. 

The ultrasonication effect on HDI-GO deposition was also investigated by UV-Vis 
spectra. A set of samples were prepared according to two different sonication cycles: (a) 1 
h of sonication, followed by a rest of 12 h and another 2 h of sonication; and (b) 2 h of 
sonication. Both sonication cycles were applied for HDI-GO4 and HDI-GO5 nanocompo-
sites, with and without plasma treatment. In the case of HDI-GO4, no changes between 
samples with different sonication cycles or plasma treatments were found. However, in 
the case of HDI-GO5, the sample without plasma treatment presents a slightly better 
transmittance in the range 300–570 nm, but also shows less scattering when the sonication 
cycle was a). This result can be related with the higher FD value of the sample comparing 
with HDI-GO4: the higher FD, the higher the HDI-GO remnant at the hydrophobic sur-
face. 
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3.3. AFM Results 
The AFM technique was applied to study HDI-GO5 samples, since UV-Visible spec-

tra results showed a slightly better deposition than HDI-GO4. DMSO and 2-propanol 
were selected as solvents, and typical results are shown in Figures 3 and 4. 

 
Figure 3. Atomic force microscopy (AFM) measurement of HDI-GO5 in indium tin oxide (ITO) using 2-propanol as sol-
vent: (A) topography and (B) phaseimage. 

 
Figure 4. AFM measurement of HDI-GO5 in ITO using DMSO as solvent: (A) topography and (B) phaseimage. 

In both figures, the phase images do not show distinct regions and the topography 
images resemble those of bare ITO surface, which means that HDI-GO5 was poorly or not 
even deposited onto the ITO surface. No conclusive results could be obtained from the 
AFM images, given that the layers were too heterogeneous to be properly characterized. 

3.4. Thermal Evaporation 
The thermal evaporation was applied to obtain a homogeneous thin film of HDI-

GO5, with the aim of avoiding the problem of processing it as a dispersion. The evapora-
tion was carried out under high vacuum-atmosphere (2 × 10−6 mbar). However, the sample 
did not evaporate under the tested conditions. This can be due to the high thermal stability 
of HDI-GO5 (higher than 600 °C under air [25]). 

4. Conclusions 
In this work, the potential of HDI-GO based nanomaterials to form transparent and 

homogeneous layers on top of glass and glass/ITO substrates was studied considering the 
most typical deposition techniques employed for organic photovoltaic solar-cells. Sam-
ples prepared via spin coating technique also showed heterogeneities, but only small ir-
regular depositions were detected, however, the loading of HDI-GO on the surface was 
very low. These visual observations were corroborated by UV-Visible spectra. A plausible 
solution for these issues could be to modify the synthesis procedure of the nanocompo-
sites in order to achieve transparent and homogeneous layers. The effect of solvents, sur-
face plasma treatment and ultrasonication cycle were also studied, and the results were 
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almost the same considering the different conditions investigated. Overall, it can be con-
cluded that the synthesis procedure of these promising nanomaterials should be tailored 
and optimized, which will be the task of future works. 

Author Contributions: J.A.L.-S. performed the experiments and wrote the draft of the article; A.C. 
and A.M.D.P. performed the formal analysis and reviewed the manuscript. All authors have read 
and agreed to the published version of the manuscript. 

Funding: Financial support from University of Alcalá (FPI mobility grant) is gratefully acknowl-
edged. A.C. thanks to Instituto de Telecomunicações (contract no. UIDB/ 50008/2020) and the project 
Suprasol (LISBOA-01-0145-FEDER-028365 - PTDC/QUI-QIN/28365/2017), funded by Fundo Eu-
ropeu de Desenvolvimento Regional (FEDER), through Programa Operacional Regional LISBOA 
(LISBOA2020), and by national funds, through Fundação para a Ciência e Tecnologia (FCT).  

Acknowledgments: J.A. Luceño-Sanchez wishes to acknowledge the University of Alcalá for a “For-
mación de Personal Investigador (FPI)“ PhD fellowship. 

Conflicts of Interest: The authors declare no conflict of interest. 

References 
1. Braun, D. Semiconducting polymer LEDs. Mater. Today 2002, 5, 32–39, doi:10.1016/S1369-7021(02)00637-5. 
2. Shi, Y.; Peng, L.; Ding, Y.; Zhao, Y.; Yu, G. Nanostructured conductive polymers for advanced energy storage. Chem. Soc. Rev. 

2015, 44, 6684–6696, doi:10.1039/C5CS00362H. 
3. Ji, C.; Liu, D.; Zhang, C.; Guo, L.J. Ultrathin-metal-film-based transparent electrodes with relative transmittance surpassing 

100%. Nat. Commun. 2020, 11, 3367, doi:10.1038/s41467-020-17107-6. 
4. Yuan, W.; Zhao, H.; Hu, H.; Wang, S.; Baker, G.L. Synthesis and Characterization of the Hole-Conducting SIlica/Polymer Nano-

composites and Application in Solid-State Dye-Sensitized Solar Cell. ACS Appl. Mater. Interfaces 2013, 5, 4155–4161, 
doi:10.1021/am4001858. 

5. Williams, E.L.; Jabbour, G.E. Conducting polymer and hydrogenated amorphous silicon hybrid solar cells. Appl. Phys. Lett. 2005, 
87, 223504, doi:10.1063/1.2136409. 

6. Kayser, L.; Lipomi, D.J. Stretchable Conductive Polymers and Composites Based on PEDOT and PEDOT:PSS. Adv. Mater. 2019, 
31, 1806133, doi:10.1002/adma.201806133. 

7. He, L.; Rusli; Jiang, C.; Wang, H.; Lai, D. Simple Approach of Fabricating High Efficiency Si Nanowire/Conductive Polymer 
Hybrid Solar Cells. IEEE Electron. Device Lett. 2011, 32, 1406–1408, doi:10.1109/LED.2011.2162222. 

8. Wei, W.; Wang, H.; Hu, Y.H. A review on PEDOT-based counter lectrodes for dye-sensitized solar cells. Int. J. Energy Res. 2014, 
38, 1099–1111, doi:10.1002/er.3178. 

9. Xia, J.; Chen, L.; Yanagida, S. Application of polypyrrole as a counter electrode for a dye-sensitized solar cell. J. Mater. Chem. 
2011, 21, 4644–4649, doi:10.1039/C0JM04116E. 

10. Liang, Y.; Feng, D.; Wu, Y.; Tsai, S.-T.; Li, G.; Ray, C.; Yu, L. Highly Efficient Solar Cell Polymers Developed via Fine-Tuning of 
Structural and Electronic Properties. J. Am. Chem. Soc. 2009, 131, 7792–7799, doi:10.1021/ja901545q. 

11. Díez-Pascual, A.M.; Luceño Sánchez, J.A.; Peña Capilla, R.; García Díaz, P. Recent Developments in Graphene/Polymer Nano-
composites for Application in Polymer Solar Cells. Polymers 2018, 10, 217, doi:10.3390/polym10020217. 

12. Lu, S.; Sun, Y.; Ren, K.; Liu, K.; Wang, Z.; Qu, S. Recent Development in ITO-free Flexible Polymer Solar Cells. Polymers 2018, 
10, 5, doi:10.3390/polym10010005. 

13. Prabakaran, K.; Jandas, P.J.; Mohanty, S.; Nayak, S.K. Synthesis, characterization of reduced graphene oxide nanosheets and its 
reinforcement effect on polymer electrolyte for dye sensitized solar cell applications. Sol. Energy 2018, 170, 442–453, 
doi:10.1016/j.solener.2018.05.008. 

14. Lyu, C.-K.; Zheng, F.; Babu, B.H.; Niu, M.-S.; Feng, L.; Yang, J.-L.; Qin, W.; Hao, X.-T. Functionalized Graphene Oxide Enables 
a High-Performance Builk Heterojunction Organic Solar Cell with a Thick Active Layer. J. Phys. Chem. Lett. 2018, 9, 6238–6248, 
doi:10.1021/acs.jpclett.8b02701. 

15. Adeel, M.; Bilal, M.; Rasheed, T.; Sharma, A.; Iqbal, H.M.N. Graphene and graphene oxide: Functionalization and nano-bio-
catalytic system for enzyme immobilization and biotechnological perspective. Int. J. Biol. Macromol. 2018, 120, 1430–1440, 
doi:10.1016/j.ijbiomac.2018.09.144. 

16. Georgakilas, V.; Tiwari, J.N.; Kemp, K.C.; Perman, J.A.; Bourlinos, A.B.; Kim, K.S.; Zboril, R. Noncovalent Functionalization of 
Graphene and Graphene Oxide for Energy Materials, Biosensing, Catalytic, and Biomedical Applications. Chem. Rev. 2016, 119, 
5464–5519, doi:10.1021/acs.chemrev.5b00620. 

17. Ossonon, B.D.; Bélanger, D. Synthesis and characterization of sulfophenyl-functionalized reduced graphene oxide sheets. RSC 
Adv. 2017, 7, 27224–27234, doi:10.1039/C6RA28311J. 



Mater. Proc. 2021, 4, 11 8 of 8 
 

 

18. Jebaranjitham, J.N.; Mageshwari, C.; Saravanan, R.; Mu, N. Fabrication of amine functionalized graphene oxide—AgNPs nano-
composite with improved dispersibility for reduction of 4-nitrophenol. Compos. B Eng. 2019, 171, 302–309, doi:10.1016/j.compo-
sitesb.2019.05.018. 

19. Luceño-Sánchez, J.A.; Maties, G.; Gonzalez-Arellano, C.; Diez-Pascual, A.M. Synthesis and Characterization of Graphene Oxide 
Derivatives via Functionalization Reaction with Hexamethylene Diisocyanate. Nanomaterials 2018, 8, 870, 
doi:10.3390/nano8110870. 

20. Luceño Sánchez, J.A.; Peña Capilla, R.; Díez-Pascual, A.M. High-Performance PEDOT:PSS/Hexamethylene Diisocyanate-Func-
tionalized Graphene Oxide Nanocomposites: Preparation and Properties. Polymers 2018, 10, 1169, doi:10.3390/polym10101169. 

21. Luceño Sánchez, J.A.; Díez-Pascual, A.M.; Peña Capilla, R.; García Díaz, P. The Effect of Hexamethylene Diisocyanate-Modified 
Graphene Oxide as a Nanofiller Material on the Properties of Conductive Polyaniline. Polymers 2019, 11, 1032, 
doi:10.3390/polym11061032. 

22. Luceño-Sánchez, J.A.; Díez-Pascual, A.M. Grafting of Polypyrrole-3-carboxylic Acid to the Surface of Hexamethylene Diisocy-
anate-Functionalized Graphene Oxide. Nanomaterials 2019, 9, 1095, doi:10.3390/nano9081095. 

23. Yun, J.-M.; Yeo, J.-S.; Kim, J.; Jeong, H.-G.; Kim, D.-Y.; Noh, Y.-J.; Kim, S.-S.; Ku, B.-C.; Na, S.-I. Solution-Processable Reduced 
Graphene Oxide as a Novel Alternative to PEDOT:PSS Hole Transport Layers for highly Efficient and Stable Polymer Solar 
Cells. Adv. Matter. 2011, 23, 4923–4928, doi:10.1002/adma.201102207. 

24. Luceño-Sánchez, J.A.; Díez-Pascual, A.M.; Peña Capilla, R. Materials for Photovoltaics: State of Art and Recent Developments. 
Int. J. Mol. Sci. 2019, 20, 976, doi:10.3390/ijms20040976. 

25. Eigler, S.; Grimm, S.; Hof, F.; Hirsch, A. Graphene oxide: A stable carbon framework for functionalization. J. Mater. Chem. A 
2013, 1, 11559–11562, doi:10.1039/C3TA12975F. 


