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Abstract 

Hybrid composites based on inorganic nanomaterials embedded into a polymer matrix 

have were synthesized and characterized. Oxide semiconductor nanoparticles (SnO, SnO2, 

TiO2, Ga2O3, and NiO) and Si nanoparticles were employed as inorganic counterparts in the 

hybrid composite, while a conductive polymer (PEDOT:PSS) with diverse additives was used 

as the organic matrix. The composites were spin-coated on Si or glass substrates. The potential 

use of these materials in photovoltaic devices to improve Si surface passivation behavior was 

investigated. Besides, the use of the nanoparticles as active materials for anodes in Li-ion 

batteries was evaluated. Some other aspects, such as the durability and stability of these 

materials, were also assessed.  
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1. Introduction 

Hybrid composites are materials composed of at least two compounds, mostly organic and 

inorganic, used to improve the properties of the parent material. Most commonly used organic 

compounds include carbon allotropies or polymers, while metallic and semiconducting 

nanomaterials have been usually used as the inorganic counterparts. These hybrid materials have 

recently emerged as good candidates in the fields of electronics, sensors [1, 2], photovoltaics [3], 

and other energy storage devices [4], mainly due to the positive synergy between organic and 

inorganic compounds and their low-cost and easy scalability. However, challenges are still being 

faced to improve these hybrid composites and widen their applicability in diverse fields of 

technological research. 

Poly(3,4-ethylenedioxythiophene)polystyrene sulfonate (PEDOT:PSS) is a widely used conducting 

polymer with wide applications in energy storage devices [5], thermoelectrics [6], and photovoltaics 

[7], such as flexible solar cells, perovskite solar cells, and hybrid silicon solar cells [8-10], due to its 

unique properties including p-type behavior, optical transparency in the visible range, good 

electrical conductivity, chemical stability, and flexibility, thus allowing it to form different 

geometries as thin layers or films. However, it shows a relatively low conductivity, typically in the 

range of 0.1–1 S cm–1, which is insufficient for a few applications. This behavior depends on the 

structure of PEDOT:PSS, which comprises two ionomers, PEDOT and PSS. PEDOT is water-insoluble, 

whereas PSS is water-soluble. PSS possesses a strong insulating behavior, which is directly related 

to the overall low conductivity of the polymers. Thus, controlling or modifying the ratio of PEDOT 

and PSS in the polymer or the Coulombic interaction is important to achieve enhanced electrical 

conductivity [11]. Further, its low stability at high temperatures, in UV light, and moisture should be 

overcome for its complete utilization. 

Hybrid composites based on PEDOT:PSS in combination with inorganic nanomaterials have shown 

remarkable results so far [12]. The combination of inorganic and organic materials can provide 

improved stability and tunable electrical and optical properties and thus can be used for 

photovoltaics and energy storage devices. In this regard, PEDOT:PSS has shown great results as a 
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passivation layer for silicon [13] in different silicon-based solar cell architectures [14]. In order to 

push the boundaries and improve their performances, different approaches such as the addition of 

solvents [15-20] to control the SiOx layer [10] and different post-treatments of the layers [21] have 

been established. Also, nanoparticle addition has shown some preliminary results of preventing 

PEDOT:PSS degradation since the addition of inorganic materials can enhance its performance [22]. 

In addition to the use of metallic nanostructures such as Ag or Au in the hybrid composites [21], the 

use of semiconductor nanomaterials as counterparts has garnered significant attention. Wide 

bandgap oxide semiconductors (WBS), such as SnO, NiO, SnO2, TiO2, and Ga2O3 nanostructures, 

have great optoelectronic properties due to high surface-volume ratio and low dimensions, making 

them a standpoint for solar cell or energy storage technologies. Further information on the synthesis 

and applications of these oxide nanomaterials can be found in the literature [23]. PEDOT:PSS has 

also been used as a binder in Li-ion battery anodes. The addition of Si nanoparticles [24] showed an 

improved specific capacity of the anode. Similarly, oxide nanoparticles have been used as high 

capacity anodes in Li-ion batteries [25-27], and their composites [28, 29] have demonstrated 

potential applicability in this field of research. 

In this review, we present recent advances in hybrid/composite materials for energy-related 

applications. In particular, we focused on PEDOT:PSS and its functionalization with different 

nanoparticles, including Si and different oxide nanoparticles for the passivation of Si surface in 

photovoltaic devices and anode designing for Li-ion batteries. 

2. Experimental Section 

2.1 Metal Oxides and Silicon Nanomaterials  

Among the different metal oxide nanoparticles, two p-type (SnO and NiO) and three n-type WBS 

(SnO2, TiO2, and Ga2O3) were selected. In recent years, various methods have been established to 

obtain highly crystalline nanoparticles with small average sizes. Different synthesis routes for oxide 

nanoparticles, including NiO [30], SnO2 [31], TiO2 [32], and Ga2O3 [33], summarized in Figure 1, can 

be followed to obtain the desired materials. 
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Figure 1 Chemical routes to synthesize SnO, SnO2, anatase TiO2, and Ga2O3 via hydrolysis. 

SnO and SnO2 nanoparticles were synthesized via chemical co-precipitation based on hydrolysis, 

as explained in [34] and [35], respectively. This method produced a large amount of highly crystalline 

nanoparticles fundamental for large-scale applications. Anatase TiO2 synthesis [36] method was 

similar to that used for SnO2 and followed a soft chemistry route based on hydrolysis to produce 5-

8 nm-sized nanoparticles. Also, in the case of TiO2, pH control of the reaction was not necessary, 

thus simplifying the synthesis route. Ga2O3 nanoparticles were obtained in two different phases, β 

and γ [37]. After the synthesis of the nanoparticles, as depicted in Figure 1, the obtained dry powder 

was heated for 14 h in a neutral atmosphere at two different temperatures, 750 °C to obtain β-

Ga2O3 and 250 °C to obtain the γ -Ga2O3 nanoparticles. Nickel oxide (NiO) nanoparticles were 

synthesized following a hydrothermal procedure with optimized conditions as explained in [38] to 

ensure the production of highly crystalline nanoparticles.  

The as-synthesized nanoparticles were further characterized by X-ray diffraction (XRD) (not 

shown here), transmission electron microscopy (TEM), and Raman spectroscopy (results not 

shown) to study their microstructure, morphology, size, and crystallinity [34-38]. The 

corresponding TEM images of TiO2, SnO2, and NiO nanoparticles are shown in Figure 2. The results 

showed that all the nanoparticles existed in a single phase with a size usually below 10 nm. 
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Figure 2 TEM images of the synthesized TiO2, SnO2, and NiO nanoparticles. 

Si nanoparticles 30-50 nm in size were purchased from US-nano, whereas those of size 300 nm 

were provided by the Institute for Energy Technology (IFE, Norway).  

2.2 Deposition of PEDOT:PSS Thin Films and Synthesis of Hybrid/Composite Films  

Several efforts have been made to enhance the conductivity of PEDOT:PSS. Usually, post-

treatment of the PEDOT:PSS layers with organic solvents such as dimethyl sulfoxide (DMSO) [15], 

ethylene glycol (EG), and diethylene glycol (DEG) have shown to improve the conductivity [21]. 

However, the addition of organic solvents in the PEDOT:PSS mixture before deposition, instead of 

treating the film with DMSO [16], EG [17], and other solvents [18], was chosen as the primary 

method to improve the conductivity of the polymer. Besides, surfactants like Triton X-100 [19] have 

shown remarkable improvement in the overall wettability and surface coverage, including 

conductivity. The polymer mixture was prepared by mixing PEDOT:PSS (Clevios, PH1000, 1.0%-1.3% 

wt. in water) and DMSO or EG (both 5% wt.) in different concentrations [20]. Triton X-100 was also 

added in 0.1% wt. and higher concentrations to assess its effect on the overall coating properties 

and achieve improved wettability and slightly increased conductivity.  

In order to prepare a hybrid composite, a controlled amount of the selected inorganic 

nanoparticles were added to the PEDOT:PSS-based mixture and magnetically stirred for 2 h. 

Following this, the mixture was filtered with a polyethersulfone (PES) membrane (pore size = 0.45 

m) to achieve higher homogeneity. Furthermore, some other parameters were also evaluated in 

this work. The obtained PEDOT:PSS-based mixture or the composite with inorganic nanoparticles 

(either Si or metal oxides) was spin-coated on n-type or p-type silicon float-zone (FZ) substrates 

(TOPSIL, thickness 280.00 ±20 nm) as described in [34, 36, 37]. Glass substrates were also used when 

necessary and were pre-treated with isopropanol and boiling water and dried with N2. Some other 

substrate post-treatments, such as thermal treatment to evaporate the remaining water or solvents, 

were also evaluated in this review. 

2.3 Cell Preparation and Test Procedure 

For the preparation and testing of the anodes using SnO2, please refer to [35]. For TiO2 and Si 

based-anodes active materials, binder and carbon black (CB) were mixed in water (weight ratio of 

TiO2/(PAA)/CB = 70/20/10, Si/PA:PVA/CB/CNT = 70/20/7.5/2.5, and Si/PEDOT:PSS = 80/20) and 

stirred for 3 h. Slurries were coated on the surface of copper foil by a doctor blade. After drying, the 
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electrodes were cut as disks for coin cell assembling. They were placed in the glovebox overnight 

and further dried in a vacuum oven at 90 °C for 12 h to completely remove the water. Celgard 2400 

separator obtained from Celgard PAA (Mw: 450,000, Sigma Aldrich) was used as the binder. Lithium-

ion electrolyte (BASF), 1.2 M lithium hexafluorophosphate (LiPF6) in ethylene carbonate (EC), diethyl 

carbonate (DEC) (EC/DEC = 3:7 by weight), and fluoroethylene carbonate (FEC, 30% by weight) were 

added together. The electrodes were used to assemble the coin cells. The Li metal was used as a 

counter electrode. The performance of the assembled 2032 coin cells was evaluated with the 

Neware battery test system. The cut-off voltage of cell testing was between 1.2 V and 0.01 V, 

assuming a theoretical value of 3500 mAh/g for Si and 330 mAh/g for TiO2. Half cells were cycled at 

C/25 for 2 cycles, C/10 for 2 cycles, and C/5 for the following cycles. 

2.4 Electrode Characterization  

TEM images were acquired with a JEOL JEM 1400 TEM microscope, while Raman spectroscopy 

measurements were carried out on a confocal microscope Horiba Jobin Yvon LabRam HR 800 using 

a He-Ne red laser ( = 633 nm) and a He-Cd UV laser ( = 325 nm) equipped with a charge-coupled 

device (CCD). Different neutral filters were used to attenuate the total laser intensity by a factor of 

0.5, 0.25, and 0.1. Hall effect measurements were performed at room temperature using a Hall 

Ecopia AMP55T HMS-7000 equipped with four gold probes. Gold contacts (20 nm thick) were 

deposited with thermal evaporation (Quorum Q150T ES) using a mask to obtain contacts with the 

Van der Pauw configuration. On top of the Au contacts, silver paint was deposited. 

Optical absorption was measured with a UV-vis-NIR light source DH-200 ocean optics with a 

deuterium and halogen lamp. Effective charge carrier lifetime values were calculated from the PL 

intensity based on the quasi-steady-state photoconductance (QSS-PC) measurements using a LIS-

R1 PL imaging setup from BT Imaging with an excitation wavelength of 808 nm and constant 

illumination intensity of 4.2 × 10–2 W cm–2. Silver contacts were deposited with the aid of a mask by 

Kurt J Lesker FTC-2800 thermal evaporator. I-V curves were obtained with a Keithley 4200 

semiconductor characterization system.  

3. Results and Discussion 

3.1 Hybrid Materials for Si Passivation and Solar Cells Applications 

PEDOT:PSS/Si solar cell junctions have shown high power efficiency [14, 39], thus garnered 

interest as promising p-n junction materials for high-efficiency solar cells. However, PEDOT:PSS 

layers should fulfill different requirements, such as homogeneity in the deposition process, high 

mobility of charge carriers, and low degradation over time, to be used as a p-n junction. The 

inorganic/organic interface between silicon and PEDOT:PSS has been widely investigated to obtain 

long-lasting and high-performance solar cells.  

Previous results have shown that the addition of a range of compounds could boost PEDOT:PSS 

conductivity. Among them, nanoparticles such as metallic Au and Ag have improved film properties 

due to the modified electrostatic interaction between PEDOT and PSS [40]. Recently, oxide 

nanoparticles such as TiO2 and SnO2 have been tested and some preliminary results were obtained 

[15], showing that inorganic WBS could lead to highly conductive PEDOT:PSS films. García-Tecedor 

et al. [22] reported that adding 0.5% wt. of SnO2 to the PEDOT:PSS matrix, deposited over n-type 
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silicon, improved the passivation behavior as the carrier lifetime was increased by seven times; also, 

better I-V rectification behavior was shown. In addition, a simple spin-coating method for effective 

deposition of PEDOT:PSS was described. 

Hence, firstly, PEDOT:PSS passivation of the floating zone (FZ) Si wafer was studied, including the 

inorganic nanoparticles in the hybrid material. Different wide bandgap semiconductor oxide 

nanoparticles were tested, including both n-type (SnO2, TiO2, Ga2O3) and p-type (SnO and NiO) oxide 

materials as well as silicon nanoparticles. 

3.1.1 PEDOT:PSS/Silicon Interfaces  

Good surface passivation was obtained by spin-coating PEDOT:PSS over FZ silicon [41], most 

noticeable when higher concentrations of Triton X-100 were used, which further improved the 

adhesion of PEDOT:PSS on the surface of the untreated Si. Moreover, HF-treated Si was used to 

assess the effect of etching on the native silicon layer, which also showed good adhesion and 

coverage. Stability over time was analyzed by measuring the carrier recombination, as observed in 

Figure 3, which displays the PL images of the films over 42 days. The results showed that the 

degradation of charge carrier lifetime was reduced to 260 µs within about three weeks and then 

stabilized at around 160 µs. In addition to low surface recombination velocities, good uniformity 

across large areas was obtained.  

 

 

Figure 3 PL images of n-type Si wafer passivated with PEDOT:PSS over the course of 42 days. 

Reproduced from [41]. 

The stability studies of the n-type and p-type FZ-Si passivated surfaces have been performed 

qualitatively, as depicted in Figure 4. The longest lifetime was observed in n-Si passivated by 

PEDOT:PSS, whereas in p-Si, the absolute values of the lifetime were smaller. Within the first 50 

days, the charge carrier lifetime decreased to about 50% in both n-type and p-type Si, which later 

stabilized, as observed in Figure 4, where the lines are exponential fits to the measured decay, 

showing consistent results with Figure 3.  
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Figure 4 Measured carrier lifetime at an injection level of 1·1015 cm–3 for FZ n-and p-type 

Si wafers passivated with PEDOT:PSS on both sides. The inset shows similar samples with 

longer intervals between the measurements and displaying similar degradation. 

Reproduced from [41]. 

Although all films do degrade with time, many conditions lead to long-term surface passivation 

with sufficient quality for high-efficiency silicon-based hybrid solar cells. Surface passivation was 

studied in different climatic conditions (Figure 5). In addition, the pathways to maintain improved 

surface passivation in a finished device were also determined.  
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Figure 5 Measured carrier lifetime at an injection level of 1·1015 cm–3 for FZ n-type Si 

wafers passivated with PEDOT:PSS on both sides. The wafers were fabricated slightly 

differently and stored at different conditions – in a fridge (cold), in a dark cupboard 

(dark), and exposed inside a fume hood. It appeared that storing the wafers in the cold 

condition provided the best stability, especially in combination with 1% Triton X-100 in 

the PEDOT:PSS solution. Reproduced from [41]. 

Current (J) voltage (V) dependence (J-V) was studied for the PEDOT:PSS/Si heterojunction. The 

appearance of the S-shaped J-V dependence curve was attributed to the mismatch between the 

energy levels of the absorber layer and the charge extraction layer, or the contact interface, 

resulting in a barrier for charge extraction. Energy onset at the interface of PEDOT:PSS corresponded 

to the hole injection barrier at the acceptor–donor interface. A reduction in this barrier decreased 

the series resistance and thus lowered the S-shaped behavior. Additionally, a reduction in the 

thickness of passivating, charge blocking, or buffer layer was shown to mitigate the S-shaped curve, 

as observed in Figure 6. 
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Figure 6 Current-voltage dependence in the PEDOT:PSS/Si heterojunction. Reproduced 

from [41]. 

3.1.2 PEDOT:PSS with SnO, SnO2, and TiO2  

SnO is one of the few p-type semiconducting oxides with a bandgap in the range of 2.7–3.4 eV, 

which shows promising applications in solar cells and Li-ion batteries. However, its low stability due 

to easy oxidization to a more stable rutile phase SnO2 limits its applicability. SnO-based composites 

have been studied previously [34], where 1% wt. SnO was added to the PEDOT:PSS based-mixture, 

as mentioned in section 2.2, and deposited over n-type Si. 

The hybrid composite showed good transparency in the visible range and slight improvement in 

the absorption in the range of 350–450 nm in comparison to the bare PEDOT:PSS, as observed in 

Figure 7(a). Besides, the electrical conductivity was increased from 1.89·102 to 6.33·102 Ω–1 cm–1 

(Table 1)observed from 1.89·102 to 6.33·102 Ω–1 cm–1 (Table 1) when SnO nanoparticles were added. 

This increase in the conductivity was accompanied by changes in the Raman spectra of the hybrid 

composite. The initial PEDOT:PSS-based mixture without nanoparticles was irradiated with a UV 

laser (λ = 325 nm) and different filters were used during the illumination to evaluate possible light-

induced degradation effects, while the Raman spectra after illumination were collected with a red 

laser (λ = 633 nm) and a constant filter. The same process was repeated for the composite with SnO 

nanoparticles. According to Figure 7 (b), irrespective of the laser intensity, similar Raman signals 

were observed for the hybrid composites, exhibiting differences when compared to the PEDOT:PSS 

without nanoparticles (Figure 7(c)). This effect could be understood based on conformational 

changes in the polymer coils due to electrostatic interactions between surface-charged SnO 
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nanoparticles and the polymer matrix [18]. However, this interaction proved beneficial for the 

composite since it not only showed higher stability under irradiation but also a conductivity 

enhancement. It should be noted that the oxidation of SnO to SnO2 was prevented during the 

experiments as no significant oxidation effects were observed in the Raman analysis after 

continuous laser irradiation of the SnO nanoparticles embedded in the polymeric matrix.  

 

Figure 7 (a) Absorption spectra of PEDOT:PSS and hybrid composites and the optical 

image of the composite in the inset, (b) Raman spectra of the hybrid composite acquired 

with variable UV laser intensity, and (c) Raman spectra of the bare PEDOT:PSS and the 

hybrid composite acquired using the same laser intensity (I0). Reproduced with 

permission from [34]. Synergetic Improvement of Stability and Conductivity of Hybrid 

Composites formed by PEDOT:PSS and SnO Nanoparticles, Vázquez-López, A., Yaseen, 

A., Maestre, D., Ramírez-Castellanos, J., et al.,. Molecules 2020, 25, 695 from MDPI. 

Si passivation behavior of these hybrid composites was also studied by PL and QSS-PC lifetime, 

as shown in Figure 8. In this case, the average carrier lifetimes of 410 s and 308 s were estimated 

for PEDOT:PSS and composites with SnO, respectively. The results further confirmed that SnO 

composites showed a worse passivation behavior in comparison to PEDOT:PSS, which was further 

diminished with the use of SnO2 in the hybrid composite, as observed in Figure 8(c). Despite the 

reduced lifetime, these composites were still optimal for application in solar cells due to the 

increased conductivity. 

 

Figure 8 PL images and quasi-steady-state photoconductance (QSS-PC) lifetime values 

of (a) PEDOT:PSS, (b) hybrid composite, (c) results from an analogous hybrid composite 

using SnO2 nanoparticles (1% wt.), included for comparison, and (d) the corresponding 

QSSPC graph. Reproduced from [34]., Synergetic Improvement of Stability and 

Conductivity of Hybrid Composites formed by PEDOT:PSS and SnO Nanoparticles, 
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Vázquez-López, A., Yaseen, A., Maestre, D., Ramírez-Castellanos, J., et al., Molecules 

2020, 25, 695 from MDPI. 

TiO2-based composites were also studied, as reported in an earlier study [36]. TiO2 (titania, 

titanium dioxide) is a well-known n-type semiconductor, with potential applications in 

optoelectronic devices, gas sensors, and photocatalysis. TiO2 exists in different crystallographic 

structures, two metastable (anatase tetragonal, I41/amd, Eg = 3.2 eV at RT and brookite, 

orthorhombic, Pbca) and one stable (rutile, tetragonal, P42/mnm, Eg = 3.05 eV at RT) [42]. In the 

present review, anatase TiO2 nanoparticles were chosen due to their superior optoelectronic 

properties. The Si passivation behavior was analyzed for anatase TiO2-based composites via QSS-

PC-calibrated PL images. Enhanced carrier lifetime values of = 0.5 ms were obtained by adding a 

controlled amount of TiO2 nanoparticles (0.5% wt.) to the PEDOT:PSS matrix for an injection level of 

0.5·1015 cm–3. As observed in Figure 9, the lifetime values decreased with the addition of TiO2 in 

concentrations over 0.5 wt %. Also, an increase in the conductivity of the hybrid composite, 

compared to the PEDOT:PSS, was achieved by using oxide nanoparticles (Table 1). Hence, an 

improved passivation behavior could be achieved by selecting the proper concentration of 

nanoparticles in the polymeric matrix. 

 

Figure 9. PL images of the composites with different concentrations of TiO2 nanoparticles 

(a) 0.5% wt., (b) 1% wt., and (c) 2% wt. Reprinted with permission from [36].  Journal of 

Materials Letters, 271, Vázquez-López, A., Yaseen, A., Maestre, D., Ramírez-Castellanos, J., et 

al. , Improved silicon surface passivation by hybrid composites formed by PEDOT:PSS with 

anatase TiO2 nanoparticles, Pages 127802., Copyright 2020, with permission from Elsevier. 

Table 1 Hall effect measurements for bare PEDOT:PSS and hybrid composites measured 

at I = 0.1 mA, obtained [34], Synergetic Improvement of Stability and Conductivity of 

Hybrid Composites formed by PEDOT:PSS and SnO Nanoparticles, Vázquez-López, A., 

Yaseen, A., Maestre, D., Ramírez-Castellanos, J., et al., Molecules 2020, 25, 695 from 

MDPI. and reprinted from [36]., Journal of Materials Letters, 271, Vázquez-López, A., 

Yaseen, A., Maestre, D., Ramírez-Castellanos, J., et al. , Improved silicon surface 

passivation by hybrid composites formed by PEDOT:PSS with anatase TiO2 nanoparticles, 

Pages 127802., Copyright 2020, with permission from Elsevier. 

Sample 
Charge carrier 

concentration (cm–3) 

Conductivity σ (Ω–1 cm–

1) 

PEDOT:PSS (7.37 ±1.38)·1021 (1.89 ±0.01)·102 
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PEDOT:PSS + 0.5%wt TiO2 (2.99 ±0.71)·1021 (2.33 ±0.03)·102 

PEDOT:PSS + 1%wt TiO2 (1.24 ±0.38)·1021 (1.92 ±0.05)·102 

PEDOT:PSS + 2%wt TiO2 (1.30 ±0.49)·1022 (4.39 ±0.03)·102 

PEDOT:PSS + 1%wt SnO (1.41 ±0.27)·1022 (6.33 ±0.01)·102 

3.1.3 PEDOT:PSS with β-and γ-Ga2O3 Nanoparticles 

β -or γ -Ga2O3 nanoparticles were also studied to enhance the optoelectronic properties of 

PEDOT:PSS. Three different methods were followed to incorporate these nanoparticles into the 

PEDOT:PSS as described in [37]. The first method (β-A) involved mixing of PEDOT:PSS, 5% wt. of 

DMSO, and 0.1% of Triton X-100 followed by stirring and filtration. Later, 1% wt. β -Ga2O3 

nanoparticles were added to the filtered solution. In the second method (β-B or γ-B), a solution of 

PEDOT:PSS with 0.1% wt. of Triton X-100 and another solution containing DMSO and β- or γ-Ga2O3 

nanoparticles in a weight ratio of 5:1 were taken separately and then mixed and stirred. In the third 

method (γ-C), a solution of PEDOT:PSS and 5% DMSO was filtered, followed by the addition of 0.1% 

wt. Triton X-100 and 1% wt. of γ-Ga2O3 nanoparticles. Finally, the solution was stirred and sonicated. 

In order to compare the results, a reference sample without nanoparticles was prepared using 

method C. The composites were deposited on an n-type FZ Si wafer by spin-coating.  

The properties of thin layers of the composite deposited on the Si wafer were characterized by 

studying the charge carrier lifetime, sheet resistance, and I-V curves of the thin layers. Figure 10 

shows the PL decay maps of samples β-A, β-B, γ-C, and γ-B. The results, in general, showed similar 

lifetime values for all samples. Moreover, the darker colors in Figure 10(c) indicate that the γ-C 

sample had the longest lifetime of 335 µs. The quantitative lifetime values of the four samples are 

listed in Table 2. In addition to the lifetime values, the sheet resistance values were also measured 

for these samples, where the γ-C sample showed the highest value, while the β-A exhibited the 

lowest one (Table 2).  

 

Figure 10 PL images of samples (a) β-A, (b) β-B, (c) γ-C, and (d) γ-B. Reprinted from [37]. 

Journal of Materials Letters, 261, García-Carrión, M., Ramírez-Castellanos, J., Nogales, 

E., Méndez, B., et al., Hybrid solar cells with β-and γ-gallium oxide nanoparticles, Pages 

127088., Copyright 2020, with permission from Elsevier. 

Table 2 Properties of PEDOT:PSS/Ga2O3 nanoparticle composite. Reprinted from [37], 

Journal of Materials Letters, 261, García-Carrión, M., Ramírez-Castellanos, J., Nogales, 
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E., Méndez, B., et al., Hybrid solar cells with β-and γ-gallium oxide nanoparticles, Pages 

127088., Copyright 2020, with permission from Elsevier.. 

Sample   (µs)  Rsheet (KΩ/sq) 

β-A 288 1.15 ±0.10 

β-B 301 1.13 ±0.10  

γ-C 335  5.15 ±0.10  

γ-B 309 3.17 ±0.10  

PEDOT:PSS (reference)  310 0.75 ±0.10  

Finally, the I-V characteristics of the composite layers were investigated. In order to achieve this, 

Ag contacts were made on the composite thin layer, as shown in Figure 11(c). The I-V curves under 

dark conditions for samples β-A, β-B, and γ-C, γ-B are shown in Figure 11(a) and (b), respectively. 

The behavior was characteristic of a Schottky contact, as expected [22]. In all the cases, better 

results were obtained for the hybrid layers of samples β-A and γ-B than the reference PEDOT:PSS 

sample prepared without nanoparticles by following the same procedure. 

 

Figure 11 a) and (b) I-V curves of PEDOT:PSS with Ga2O3 NPs and the reference sample, 

and (c) the contact montage scheme, Reprinted from [37]., Journal of Materials Letters, 

261, García-Carrión, M., Ramírez-Castellanos, J., Nogales, E., Méndez, B., et al., Hybrid 

solar cells with β-and γ-gallium oxide nanoparticles, Pages 127088., Copyright 2020, 

with permission from Elsevier. 

3.1.4 Electrical and Optical Properties of Thin Films of the PEDOT:PSS/NiO Composite 

A p-type semiconductor oxide, such as NiO, was incorporated into PEDOT:PSS. Next, PEDOT:PSS 

was mixed with DMSO and, as reported, superior conductivity was obtained. However, other 

organic solvents could also be used. In the present case, PEDOT:PSS was mixed with Triton X-100 

and DMSO or EG to obtain a homogenous film that could passivate the Si surface with a charge 

carrier lifetime of 300–400 µs along with good reproducibility [43]. The surfactants like DMSO or EG 

did not change the optical properties of PEDOT:PSS (Figure 12(a)). However, Si surface passivation 

was changed substantially (Figure 12(b)) at low injection levels.  
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Figure 12(a) Optical properties of PEDOT: PSS (DMSO) and PEDOT: PSS (EG) and (b) 

charge carrier lifetime in PEDOT:PSS (DMSO) and PEDOT: PSS (EG). Reprinted from [44].  

Mater. Today Proc, Author(s), Moldarev, D., Taeño, M., Maestre, D., Cremades, A., et al., 

Electrical and optical properties of composite PEDOT:PSS-based thin films with NiO 

nanoparticles, Copyright 2020, with permission from Elsevier. 

Si surface passivation properties, most of the time, strongly depended on the surfactants (Figure 

13(a)) and NiO nanoparticle concentration (Figure 13(b)) [43]. Furthermore, there was a high 

possibility of degradation of the passivation properties in the air, whereas, in the N2 atmosphere, 

charge carrier lifetime saturated at 150 µs. Also, the lifetime values worsened further (Figure 13(b)), 

probably due to the formation of large-sized agglomerates exceeding the film thickness. 

 

Figure 13 Time-resolved measurements of the lifetime for PEDOT:PSS with (a) DMSO in 

the air and N2 and EG in the air and (b) pure PEDOT:PSS and NiO-doped PEDOT:PSS. 

Reprinted from [43]. , Mater. Today Proc, Author(s), Moldarev, D., Taeño, M., Maestre, 

D., Cremades, A., et al., Electrical and optical properties of composite PEDOT:PSS-based 

thin films with NiO nanoparticles, Copyright 2020, with permission from Elsevier. 
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3.1.5 Incorporation of Si-nanoparticles in PEDOT:PSS for Si Surface Passivation  

Si-nanoparticles containing the PEDOT:PSS composite were spin-coated on the top of the n-Si 

wafer [44]. Although the composite enhanced the Si surface passivation by increasing the carrier 

lifetime from 320 µs to 420 µs at a minority carrier injection level of 2·1015 cm–3, it did not change 

the kinetics of the carrier lifetime degradation considerably. Figure 14 shows the time dependence 

of charge carrier lifetime as a function of temperature for composites with variable concentrations 

of Si nanoparticles. 

 

Figure 14 Time dependence of charge carrier lifetime for the hybrid/composite of 

PEDOT:PSS and Si nanoparticles with temperatures reprinted from [44]. , Mater. Today 

Proc, Mater. Today Proc, Influence of Si-nanoparticles on PEDOT:PSS properties for 

hybrid solar cells, Copyright 2020, with permission from Elsevier. 

3.2 Hybrid Composites for Li-ion Batteries 

Li-ion batteries have been established as the main energy storage devices during the past 

decades. The most commonly used anodes are based on carbon allotropies, which exhibit a low 

specific capacity (around 372 mAh/g). This raised the need to discover novel materials that can be 

used as negative electrodes to achieve high performance. Silicon and transition metal oxides 

possess higher specific capacities than carbon-based materials. Del Prado [25] et al. showed that 

SnO2 and TiO2 as anodes in Li-ion batteries could show specific capacities of ~615 mAh/g and ~125 

mAh/g, respectively. Si, with an extremely high theoretical capacity (3576 mAh/g at RT), exhibits 

attractive cycling capacity. Although it has a specific capacity almost 10 times higher than the 

commercial graphite-based anodes, it still presents some challenges, including low conductivity that 

must be overcome for its commercialization. 

Conventional electrodes generally consist of active material, a conductive additive, and a 

polymeric binder. When the conductive additive and binder are used, they significantly reduce the 

volumetric and gravimetric capacity of the electrode. Therefore, it was reported that only the 

conductive polymer should be used instead of both conductive additive and conventional binder 

[45]. Previous studies have investigated the performance of the Si anode with different kinds of 

binders, including conductive polymers and their combinations [46-50]. 
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In the present review, the conductivity of the Si electrode in combination with different polymers 

and their effects on the Li-ion battery performance were summarized (Figure 15). In Figure 15(a) 

and (b), the cycling performance of Si with PEDOT:PSS and PEDOT:PSS (Heraus), respectively, 

showed that the different behaviors of electrodes were ascribed to the conductivities of the two 

types of PEDOT:PSS polymers used. Si was used with the PAA/PVA binder and conductivity of the 

electrode was provided by carbon black (CB) and carbon nanotube (CNT) (Figure 15(c)). The specific 

capacities after 100 cycles at C/5 were found to be 1071, 1560, and 1506 mAh/g for Si/PEDOT:PSS, 

Si/PEDOT:PSS (Heraus), and Si/PAA-PVA/CB/CNT, respectively. These results showed that the 

electrodes with conductive PEDOT:PSS and non-conductive binder combination showed very similar 

values of specific capacities, whereas an electrode with only conductive polymer (Si/PEDOT:PSS 

(Heraus)) showed a high volumetric capacity of 566 mAh/cm3 after 100 cycles, in comparison to 363 

mAh/cm3 for Si/PEDOT:PSS and 558 mAh/cm3 for Si/PAA-PVA/CB/CNT. The other advantage of 

using the conductive polymer only with Si was the easy electrode preparation process to get a 

homogeneous electrode slurry due to the hydrophobic properties of CB and CNT. 

 

Figure 15 Cycling performance of (a) Si/PEDOT:PSS, (b) Si/PEDOT:PSS (Heraus), and (c) 

Si/PAA-PVA/CB/CNT. 

Although Si-based anodes in Li-ion batteries have been studied enormously, improvement in the 

cycling stability of the batteries still needs to be investigated further. For this purpose, transition 

metal oxides have been regarded as important anode candidates for achieving high-performance 

Li-ion batteries. TiO2, one of the main candidates, has been investigated widely, owing to its cycle 

stability, chemical inertness, and high safety [51-54]. It is well known that the optoelectronic 

properties of nanoparticles depend on the morphology and size or volume-surface ratio, and thus, 

can be modified by doping these nanomaterials with other elements [23, 35]. 

Herein, we summarized a few studies on the doping of TiO2 with Li metal. In one of the studies, 

TiO2 was doped with 20% wt. and 30% wt. Li (labeled as 0.2Li and 0.3 Li), and then used as the anode 

material. In order to prepare the Li-doped TiO2, a diluted stoichiometric quantity of Li was added 
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using a method similar to the one explained in [35]. The cycling results of TiO2, TiO2(0.2Li), and 

TiO2(0.3Li), shown in Figure 16, revealed that after 200 cycles at C/5, cells with TiO2, TiO2(0.2Li), and 

TiO2(0.3Li) electrodes exhibited the cyclic capacities of 225, 261, and 396 mAh/g, respectively. The 

results from other studies show that TiO2 doped with other materials including graphene and Si 

could be a potential anodic material for Li-ion batteries due to its excellent stability [54-56]. 

 

Figure 16 Cycling performance of (a) TiO2, (b) TiO2 (0.2Li), and (c) TiO2(0.3Li).  

Similarly, SnO2 has also been evaluated as a possible anode material for Li-ion batteries[35]. 

Briefly, the cycling performance of the batteries comprising SnO2-based active materials, binder, 

and carbon black (CB) mixed in water, with the optimized weight ratio of SnO2 nanoparticle/PAA/CB 

= 70/20/10, and SnO2 doped with Li or Ni (20% wt. or 30% wt.) were investigated (Figure 17). The 

specific capacity measurement results showed that undoped SnO2 nanoparticles and the one doped 

with 30% wt. Li exhibited the highest capacity values of about 600 mAh/g after 100 cycles. The 

resulting capacity and the electrical, morphological, and luminescent properties showed that the 

charge state of the dopants influenced the cycling performance and must be taken into account 

during the synthesis of these anodes.  
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Figure 17 Cycling performance of (a) SnO2, SnO2 (0.2Li), SnO2(0.3Li) and (b) SnO2, SnO2 

(0.2Ni) and SnO2(0.3Ni). Reprinted with permission from Vázquez-López, A., Maestre, D., 

Ramírez-Castellanos, J., González-Calbet, J.M., et al., Influence of Doping and Controlled 

Sn Charge State on the Properties and Performance of SnO2 Nanoparticles as Anodes in 

Li-Ion Batteries. J. Phys. Chem. C 2020, 124, 18490–18501 Copyright (2020) American 

Chemical Society [35]. 

4. Conclusions 

Hybrid materials are gaining continuous attention in the scientific community due to their 

synergetic and tailored properties as well as low-cost processing and scalability. In this review, we 

summarized our recent research on the synthesis and characterization of hybrid composites and 

nanomaterials for silicon passivation in photovoltaic devices and utilization as anode materials in Li-

ion batteries. The organic component of the investigated hybrid composites consisted of the 

conductive polymer PEDOT:PSS with some selected additives. Diverse nanomaterials (Si, SnO2, SnO, 

TiO2, NiO, and Ga2O3) were synthesized and embedded in the polymeric matrix as inorganic 

counterparts. SnO-based composites showed an improved conductivity in comparison to the 

unfunctionalized PEDOT:PSS due to a synergetic effect, preventing the oxidation of SnO to SnO2. 

The addition of Ga2O3 and anatase TiO2 to the PEDOT:PSS improved carrier lifetime values compared 

to bare PEDOT:PSS. Also, the addition of Si nanoparticles to the hybrid composite increased the 

charge carrier recombination lifetime up to 420 µs. Furthermore, the stability of thin layers of these 

hybrid materials on the surface of different substrates, including n-and p-type FZ Si was evaluated. 

The use of semiconductor oxide nanoparticles in the composite not only enhanced their electrical 

conductivity but also increased the lifetime of the charge carriers, leading to improved cyclic 

performance with potential applicability in hybrid solar cell devices.  

Besides, TiO2, SnO2, and Si were evaluated as possible active anode materials in Li-ion batteries. 

Si exhibited improved specific capacity and stability with bare PEDOT:PSS as the conductive polymer 

without any binders or conductive additives. Anodes based on undoped or Li-doped TiO2 and SnO2 

showed improved capacities of around 400 and 600 mAh/g, respectively. All anode materials were 

stable up to 150 cycles and were considered safe materials. 

Hence, with their unique synergistic properties achieved by the controlled addition of 

nanomaterials to the polymeric matrix, hybrid composites have demonstrated potential for 
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applications in energy storage devices, such as solar cells and Li-ion batteries. These promising 

results could extend the use of these versatile hybrid materials in other research areas. 
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