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Abstract. In this work we presented a general review on nanostructured composite materials con-
sisting of electrically conducting polymers (CPs) and inorganic nanoparticles used for Organic
Light-Emitting Diodes (OLED:s), Solar Cells (OSCs) and Gas Sensors (OGSs). This work gives
a topical overview on the synthesis methods and characterization of structure, morphology, and
electrical and optical properties as well as performance behaviour of the nanocomposite devices.
The analyzed data have demonstrated that the nanostructured composite materials have signifi-
cantly contributed in the enhancement of both the performance parameters and working time of
devices. In this work we concentrated to analyze the most interesting properties of the OLED:s,
OSCs and OGSs, such as electro-luminescence, photo-electrical conversion, and gas sensing. This
review also presents in general, the discovery of the CPs, some typical CPs and their composites
used for fabrication of highly-efficient optoelectronic devices for further applications.
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1. Introduction

Since the discovery of the electrically conducting polymers (CPs) by Heeger, Shirakawa
and MacDiarmid (Nobel prize in Chemistry, 2000), the researches of CPs and CP-based devices
have strongly been increasing [1-5]. Similar to inorganic semiconductors, CPs also possess an
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energy bandgap - the gap from the highest occupied molecular orbital (HOMO) to the lowest
unoccupied molecular orbital (LUMO). When a CP is excited by a sufficient energy, electrons
jumped from HOMO to LUMO, and holes appeared in HOMO. This results in the generation
of so-called electron-hole-pairs (EHPs) or “excitons”. Fabrication of CP-based devices is much
easily in comparison with inorganic devices, because thin films of CPs can be deposited by using
dip-coating or sol-gel techniques. However, the performance efficiency of the polymeric devices
is still low, and it quikly decreased at elevated temperatures, in particular. Embedding inorganic
nanoparticles in CPs like metal-oxides, CNTs, quantum dots (QDs), graphene (G), one can pro-
duce nanocomposites with enhanced efficiency and long service time of the polymeric devices.
There are three main methods used for producing nanocomposites, (i) in-situ polymerization: inor-
ganic nano-agents are mixed in monomers then polymerization is taken [6], (ii) solution blending:
nano-agents are embedded in polymer solution by carefully stirring, then solvent is removed, inter-
calated structure remains, resulting in solid nanocomposite [7], and (iii) melt intercalation method:
mixtures of polymer and nano-agents are blended in the molten state, followed by annealing to get
nanocomposites [8]. The second method is most often used for preparing optoelectronic devices.
Comparing with pristine conducting polymers, nanocomposite materials are used in the optoelec-
tronic applications with improved performance efficiency. Next section gives a brief introduction
on a group of most used CPs.

2. Electrically conducting polymer — organic semiconducting materials

Inorganic materials often have crystalline structures, whereas polymers and CPs have chain
structures from monomers. Bonding in CPs is electronic bonds o, o and 7w, ©°. Electrons
occupy 7 levels in the HOMO, similar to energy levels in the valence band of inorganic semi-
conductors. 7" levels in the LUMO are empty like the energy band in the conducting band
of semiconductors. Doping of n- or p-type in a CP is usually carried-out by oxidation or con-
jugation with another polymer (creating so-called conjugate polymer). Since CPs have quite
similar properties of inorganic semiconductors, CPs have also been considered as organic sem-
inconducting materials. Thus, both electronic and optoelectronic devices made from CPs are
also based on the p-n junctions, creating organic electronics, such as Organic Light Emitting
Diodes (OLED), Organic Solar Cells (OSC), etc. In this section we introduce some typical con-
ducting polymers that are most used: Polyaniline (PANI), Polypyrrole (PPy), Polyacetilene (PA),
Poly(3,4- ethylenedioxythiophene):(poly(styrenesulfonate) (PEDOT-PSS), Poly[2-methoxy-5-(2'-
ethyl-hexyloxy)-1,4-phenylene vinylene] (MEH-PPV), and Poly(3-hexylthiophene) (P3HT).

2.1. Common structure of conducting polymers

Figure 1 shows the molecular structure of an organic compound "melamine" - C3HgNg.
Electrons in outermost orbit create covalence bonding ¢ of two carbon atoms (C-C). Two other
electrons create m-bonding. This bonding is rather weak, resulting in instability of the electrons
along the polymer chains. However, this is the origin of the larger mobility of the electrical charges
in polymers. Conjugate polymers have a larger conductivity compared to standard CPs. Fig. 2
gives the comparison of the conductivities of different materials from metals to semiconductors
and isolators. Conjugate polymers possess conductivities lying from 10" to 10® S/cm.
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Fig. 1. Molecular structure of melamine, n is the repeatable number of molecules [9].
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Fig. 2. Electric conductivity of isolators, semiconductors, and conductive materials [10].
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2.2. Polyaniline

The first CP has been known since the publication of Letheby in 1862, when he carried-out
a series of chemical reactions on aniline, resulting in formation of polyaniline (PANI) [11]. The
work of Letheby can be seen as the first discovery on PANI. Later, PANI has been researched
much more carefully, then it is discovered that PANI is also a good conducting polymer. The
colour change of PANI occurs due to the oxidation (receiving more electron), PANI changes to
blue colour, corresponding to its emeraldine state. This phenomenon was described by Runge in
1834 [12]. When PANI is completely oxidized, it has black colour, corresponding to pernigrani-
line form. The pale reduced form of polyaniline is leucoemeraldine, and the green, half-oxidized
intermediate is emeraldine form. Leucoemeraldine, emeraldine, and pernigraniline are three im-
portant oxidation states of PANI. The molecular structures of these three states are shown in Fig. 3.
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Fig. 3. Polyaniline oxidation states (three different colours) with corresponding their
molecular structures [13].

2.3. Poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT-PSS)

Poly(3,4-ethylenedioxythiophene) (PEDOT) is combined with polystyrene sulfonate (PSS)
to form PEDOT:PSS. It is also a well-known conjugate polymer where PEDOT is a conducting
polymer, and PSS is a counter-ion to balance the charge and improve the water solubility and
processability of PEDOT. The molecular structure of PEDOT-PSS is described in Fig. 4 [14].

To synthesize PEDOT:PSS, an aqueous solution of PSS is mixed in EDOT monomer with
the addition of the solution of sodium persulfate and ferric sulfate. As a result, these reagents
initiate the oxidative chemical polymerization of EDOT in water to form PEDOT. The negatively
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Fig. 4. Molecular structure of PEDOT-PSS [14].

charged sulfonic acid ions help stabilize the positively charged PEDOT ions. PEDOT-PSS are
usually used as the hole transport layer (HTL) in OLEDs and OSCs.

2.4. Polyacetylene

The most important period of the discovery process on the CPs is the work on the doping
polyacetylene (PA) with the molecular structure shown in Fig. 5.

The most important discovery on the CPs was published in 1977 with an experiment of
Heeger, MacDiarmid and Shirakawa on the polyacetylene (PA), it's chemical formula is (CoHz)y,
doped with metallic ions (PA-d). Their articles have been published in 1997 and 2001 [15, 16].
Basing on the theory of solid-state physics and quantum chemistry, the authors have explained
the mechanism of the electrical condutance of PA-d. Doping metallic ions in the polymer created
new energy level of the carries. In CP carries are not simply electrons or holes, they are electri-
cal complexes, for example, tetrathiafulvalene-tetracyanoquinodimethane [10] which is described
in Fig. 6. Among these complexes, phonons are the most important in the CPs. With the published
articles on the doping PA, Heeger, Shirakawa and MacDiarmid received Nobel prize in 2001.

Fig. 5. Molecular structure of polyacetylene [17].
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Fig. 6. Tetrathiafulvalene-tetracyanoquinodimethane complex [10].

2.5. Poly[2-methoxy-5-(2'-ethyl-hexyloxy)-1,4-phenylene vinylene] (MEH-PPV)
Molecular structure of MEH-PPV is shown in Fig. 7.
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Fig. 7. Molecular structure of MEH-PPV [18].

MEH-PPV is a conjugate polymer which has low molecular weight and hydrophobic
characteristic. It is a poly(phenylenevynylene (PPV) derivative with Poly[2-methoxy-5-(2'-ethyl-
hexyloxy)(MEH) with HOMO below the fermi level of gold. The bandgap of MEH-PPV is ca.
2.47 eV [14] that is suitable for using as an emission layer in OLEDs or a photoactive layer in
OSCs.
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2.6. Poly(3-hexylthiophene) (P3HT)

P3HT is a type of conducting polymer that is used for flexible polymer electronic devices
like organic solar cells and gas sensors. P3HT with an energy bandgap of 1.9 eV [19] is often used
as the electron donor in a bulk heterojunction. The molecular structure of is shown in Fig. 8.
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Fig. 8. Molecular structure of P3HT [19].

3. Some optoelectronic devices made from nanocomposites

In this section we analyze main results of the overseas researches, included of ourselves
on nanocomposite materials used for optoelectronic devices. Similar to inorganic semiconduct-
ing materials, conducting polymers possess an energy band structure with a bandgap, separating
between the HOMO and LUMO levels (for inorganic semiconductors there are the valence and
conducting bands). When applying an external electric field, after the formation of EHPs (namely,
excitons) and in case EHPs are not recombinated, electrons and holes move to the opposite direc-
tions, as shown in Fig. 9.
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Fig. 9. Formation of excitons (a) and the excitons dissociation (b) [20].

Regarding to polymeric nanocomposites, the main differences from CPs are the hetero-
junctions formed in the composites which strongly affect the excitons decay process. Polymeric
nanocomposites are easy prepared by embedding nanoparticles/nanocrystals or QDs in pristine
CPs. The enhancement of both the efficiency and service duration of the nanocomposite devices
can be reached by adding inorganic nanostructured additives particles. The next section gives an
overview analysis of the influence of nanoparticles on the characteristic properties of three types
of optoelectronic devices, namely OLEDs, OSCs and OGSs.
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3.1. Organic light-emitting diodes (OLEDs)

OLEDs have many advantages over inorganic LEDs, such as easy fabrication process,
large-area emission, possible flexible devices, etc. However, there are considerable limitations
of OLEDs for instance, fast aging of both the materials and devices, low performance efficiency,
etc. In difference from LEDs, OLEDs consist of thin-film layers where the first layer is a transpar-
ent conducting electrode (TCE) that is often deposited onto glass substrates or flexible polymethyl
methacrylate (PMMA). Due to a high work function, Sn-doped In,O3 (ITO) is prefered to used
for the transparent anode. Next to the TCE, there is a hole transport layer (HTL), then an emission
layer (EML), an electron transport layer (ETL), and a metallic cathode (Fig. 10). The metallic
cathode (Al or Mg) is a mirror-like layer, reflecting light emitted from EML, consequently con-
tributes to the enhanced lighting efficiency of devices.

Fig. 10. Structure a laminar OLED.

Each polymeric thin layer (namely EML, HTL and ETL) is the specific conducting one.
Recently, to enhance both the performance efficiency and the lifetime of devices, these layers
were replaced by their composites with inorganic nanoparticles of ZnO (ns-Zn0O), TiO, (nc-TiO;),
nano-semiconductors, QDs or carbon-based nanomaterials (CNT, rGO, G) etc. [21,22].

As reported in [23], Nguyen et al. have prepared nanocomposite films of PEDOT-PSS and
nc-TiO, for the HTL in OLEDs. This because PEDOT-PSS possesses a high transmission and
a large conductivity [24,25]. Homogenous distribution of nc-TiO; particles in PEDOT-PSS was
observed by AFM micrographs (Fig. 11).

For OLEDs made from all the nancomposite component layers (namely HTL, EML and
ETL), Nguyen et al. [23] have demonstrated that the current-voltage (I-V) curve was much en-
hanced in comparison with that of the other devices (Fig. 12). The efficiency of these OLEDs
increased about 35%, whereas the thermal stability was also improved. This is explained due to
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Fig. 11. AFM of the nanocomposite PEDOT-PSS+TiO, film used for HTL in OLED. 20
wt.% nc-TiO, was embedded in polymer [23].

numerous nc-TiO,/polymer heterojunctions created in nanocomposite layers, and due to eliminat-
ing the thermal power generated from Joule-Lenz current.
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Fig. 12. [-V characteristics of OLEDs with (a) Single pristine EML (MEH-PPV), (b)
Standard HTL (PEDOT-PSS), (c) Composite HTL and EML, and (d) all composites [23].

In a work of Al-Asbahi [26], poly(9,9-di-n-octylfluorenyl-2,7-diyl) (PFO) was used as an
additive in the composite EML. The authors used both planar (SiO,/TiO,+MEH-PPV) and bulk
Si0,/TiO2+PFO/MEH-PPV heterojunctions for EML. Comparing Fig. 13 (a) and Fig. 13 (b) one
can see that with the addition of SiO,/TiO; in PFO/MEH-PPYV, the I-V curves were improved
considerably: the current density increased more than 40-times, whereas the turn-on voltage de-
creased around three times. Moreover, in case of nanocomposite OLEDs at the turn-on voltage,
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the current quickly increased. This demonstrates that the charges (electrons and holes) balance
has been obtained in the EML of the OLEDs, resulting in the increase of the emission efficiency
of the composite OLEDs, namely about 30% in comparison with standard polymer devices [26].
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Fig. 13. [-V characteristics of OLED based on PFO/MEH-PPV without (a) and with of
Si0,/TiO, (b) The optimal percentage of the MEH-PPV in PFO is 1 wt.% [26].

Bis(3-(3,5-bis(dodecyloxy)phenyl)-(5-pyridin-2-yl)pyrazolate)platinum(Il) complex (PT12)
was used as a dopant in PFO [27]. The color coordinates of the devices exhibited a broad shift
in the CIE color space. Interestingly, Cuerva et al. showed that with a suitable addition of PT12,
white-OLEDs for solid-state lighting (SSL) can be produced [28].

QDs made by CdSe/ZnS combined with poly[(9,9-di-n-octylfluorenyl-2,7-diyl)-alt-
(benzo[2,1,3]thiadiazol-4,8-diyl)] (F8BT) were used for the EML in OLEDs [29]. The authors
made bulk heterojunctions in the composites by mixing QDs with F8BT, whereas planar hetero-
junctions were made by coating QDs onto FSBT. These composite films emitted a broad peak of
500 - 700 nm that has been attributed due to the contribution of the emission of 540 nm from the
polymer and the emission of 634 nm from QDs. For planar structures, QDs substantially con-
tributed to the fluorescence spectrum. As reported in [29], OLEDs with the EML of 15 wt.%
QDs embedded in polymers have the largest luminance efficiency, the turn-on voltage is slightly
larger comparing to pristine polymer devices. Polythiophene/SnO; nanocomposites (PTh-SnO5)
have been synthesized for EML in OLEDs, this EML emitted blue-green colour, near to white
light [30]. The authors explained this due to the addition of nc-SnO, in PTh-SnO, nanocompos-
ites, resulting in lowering optical band gap of the material down to 2.07 eV. It was shown that
the thermal stability of samples with 15% PTh—SnO; is much better in comparison with the pure
polythiophene.

As reported in [31], Metal-Organic Frameworks (MOFs) were also used as the additive
in EMLs for OLEDs, since MOFs exhibited a good fluorescence lifetime, a large quantum effi-
ciency and an excellent tunability. With the addition of MOFs in EMLs, both the Correlated Color
Temperature (CCT) and Color Rendering Index(CRI) values of OLEDs were much improved, re-
sulting in widerring the color emission spectrum range. This suggests potential applications of the
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MOFs in OLED industry. In a recent work [32], a composite of PEDOT:PSS and graphene ox-
ide (PEDOT:PSS-GO) was used for the HTL in perovskite light-emitting diodes (PeLEDs), where
perovskite CH;NH3PbBr3; was used for the EML. The work function of PEDOT:PSS-GO HTL has
been increased, whereas the hole injection barrier at the HTL/EML interface was decreased. This
proves that GO additive in PEDOT:PSS resulted in reducing the luminescence quenching from the
emission layer. Fig. 14 (a) shows the current dependence of the luminance of the PeLED.

For PeLEDs using pure PEDOT:PSS as the HTL, the maximum luminance intensity is of
ca. 2,305 cd/m?2, whereas the devices with PEDOT:PSS-GO served as the HTL have the value of
the maximum luminance intensity as large as 3,302 cd.m? (43.3% larger in comparison with the
value of the undoped device). Fig. 14 (b) shows the voltage dependence of current density for the
PeLEDs with the HTLs doped by different GO contents. The turn-on voltage is lowered from 4.30
V to 3.87 V with the increase of GO ratio from 0 to 0.5. The authors explained this effect due to
the efficient hole injection, but the GO ratio larger 0.5 resulted in opposite effect, i.e. the efficiency
for the device fast decreased.
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Fig. 14. Performance characteristics of PeLEDs: (a) Luminance vs. current density, (b)
Current density vs. voltage [32].

By embedding nc-MoS; in PEDOT:PSS, nanocomposite HTL with a MoS,/PEDOT:PSS
ratio of 3.3%, 6.6%, and 10% have been made [33]. By using spin-coating, 30 nm-thick com-
posite HTL films were deposited onto ITO substrates. At A = 450 nm, the HTL films have a
transparence of ca. 90%, showing that nc-MoS; nanoparticles not much affected the transparence
of PEDOT:PSS. The authors of [33] demonstrated that nc-MoS; nanoparticles enabled to prolong
the lifetime of the devices under standard ambient up to 1,000 hours. The work function of the
HTL has also been enhanced due to the addition of MoS; in polymers. A recent review work [34]
showed that different types of nanoparticles like metallic-based, carbon-based, organic, inorganic,
and hybrid nanoparticles which were embedded in PEDOT:PSS used for the HTL considerably
affected the performance parameters of OLEDs. Herein, the authors pointed out that the surface
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plasmon resonance (SPR) from metallic-based nanoparticles facilitated charge transport and elec-
trical properties of PEDOT:PSS.

Core-shell nanoparticles were embedded in PEDOT:PSS polymer for the modification of
HTL [35]. These core-shell nanoparticles were prepared by covering silver nanoparticles (Ag-
NPs) with W-polyoxometalate compound (POM/Ag-NPs). The authors demonstrated that Ag-NPs
generated the plasmonic phenomenon in the HTL helping the balance of the hole and electron
movements to the EML. Thus, the performance efficiency of the devices is enhanced. The effect
of the POM/Ag-NPs on the enhancement of the efficiency of OLEDs was studied by combin-
ing electrical measurements with the UV-Vis spectra, AFM micrographs, and photoluminescence
(Fig. 15). The obtained results showed that the hole-electron charge balance and exciton recom-
bination rate have been enhanced. In [35] POM gold NPs (POM/Au-NPs) were also added into
the polymers for the comparison between two metallic nanoparticles (namely Au-NPs and Ag-
NPs). As a result, the POM-Ag NPs exhibited considerable advantages over the POM/Au-NPs.
The authors showed that the approach using core-shell nanoparticles in polymers has considerably
contributed to the production of the high-quality composite OLEDs.
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Fig. 15. Ag-NPs concentration effect of the POM/Ag-NPs embedded in HTL: I-V char-
acteristics (a) and Electro-Luminance of the OLED vs voltages (b) [35].

3.2. Organic solar cells (OSCs)

Comparing with inorganic (c-Si) solar cells, OSCs have many advantages such as simple-
technology processes, possible large-area panels, easy installations, etc. However, OSCs have
also disavantages, such as low performance efficiency, fast aging, impossible working at high
humidity and temperatures. There are several ways to overcome above-mentioned disadvantages,
one of them is to make polymeric nanocomposite used in devices. Distinguishing Si-solar cells
where there are p-n junctions, OSCs consist of heterojunctions of different organic semiconducting
materials. OSCs usually have five layers: a positive electrode (e.g. ITO-coated substrate), a
hole transport layer (HTL), a photoactive layer (PhL), an electron transport layer (ETL), and a
negative electrode acting as a large reflector (e.g. Al) (Fig. 16). The PhL layer often consists of
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donor/acceptor heterojunctions. As shown in [36], highly-efficient devices were prepared by using
bulk heterojunctions of fullerene derivatives (donors) and polymers (acceptors). The operation
steps of these OSCs occurred as follows. Under solar exposing, electrons generated in the donor
layer jumped to acceptor layer, forming the EHPs (excitons). At the moment, a local electrical field
occurred in the PhL resulting in the charge separation. Due to the HTL and ETL, electrons moved
to the negative electrode and holes - to the positive one, creating so-called open-circuit voltage
(Voe). If the circuit is short, a short-circuit current can be obtained. In almost measurements
a short-current density that is the current per area unit (Jy) is used instead of the short-circuit

current.
- | +
Al | '

T—
ET.—¥ 7 == =
«~—— PhL
HTL —
= | TO
Glass
Light

Fig. 16. Schematic drawing of a laminar organic solar cell.

To enhance the thermal endurance of OSCs, Tran et al. [37] have prepared nanocomposite
PhL film by embedding nc-TiO, in P3HT polymer (P3HT+nc-TiO,). This is based on the better
thermal endurance and stability of the composite film [38] where the authors demonstrated that the
thermal expansion coefficient () of the P3HT+nc-TiO, composite PhL is much smaller than the
one of the pristine P3HT. The enhanced performance parameters of the composite-based OSCs op-
erating at elevated temperatures have been demonstrated by the comparison of two deices: the first
one was prepared from a pristine P3BHT-PhL and the second one was made from a nanocomposite
PhL, namely ([6,6]-phenyl C61 butyric acid methylester (PCBM)/P3HT mixed with nc-TiO,. The
thermal expansion properties of both PhL materials and P-V devices have been studied on AFM
images and I-V characteristics, respectively. Herein, the annealing effect on the morphology of the
pristine polymer and nanocomposite PhL was clearly observed (see Fig. 17): for the pristine P3HT
annealed at 130 °C, many large pores occurred, whereas for the composite PhL annealed at the
same temperature, nc-TiO, particles were filled-up the pores. Consequently, the pores acting as
the charge traps in the PhL have been eliminated, resulting in the increase of the FF, V., and J.
It is known that the photoelectrical conversion efficiency (PCE) of OSCs is determined by PCE =
(FFXV oexJ 5o )/Pin (where Py, is the density of the illuminating power), thus PCE of the composite
device increased due to with the increase of FF and V., Jc.

As shown in [37], at 60 °C, the maximum value of the PCE of the OSC using pristine
P3HT as the PhL reached only 1.6%, and fast decreased to zero at 140 °C (Fig. 18). Whereas, the
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Fig. 17. The annealing effect on the morphology of the photoactive layers in OSCs: AFM
micrograph of pristine P3HT (a) and composite P3HT (5 wt.% nc-TiO;) (b) [37].

composite devices still worked and their PCE lowered to a value of 1.2%. The authors explained
this due to the improved thermal expansion coefficient of the composite PhL material, o¢ = 0.91 x
107 K~! that is much smaller than the one of the pristine PhL (¢ = 7.60 x 107 K1) [38]. In
the polymer, with increasing temperature, the pores appeared and fast expanded, generating large
defects which trapped both holes and electrons. For the composite PhL, in the nc-TiO,/P3HT
interfaces there are numerous heterojunctions replacing pores, and the charge carriers easy moved
through the interfaces and faster reached the electrodes. Thus, the fill factor (FF) of the devices
increased, consequently both the V. and Jg also increased. As a result, the PCE of the OSCs with
PhL is much larger than the one of the devices using the pristine polymer PhL material (Fig. 18).
From this figure one can see that at 70°C the PCE of the composite devices has a value as large as
2.2%. This means that the effective temperature range for the composite solar cell is from 60-80
°C that is lower than the effective temperature range for some types of inorganic solar cells [39].
Metal-oxide nanoparticles (MNPs) were also used for preparing both OSCs and perovskite
solar cells (PSCs) [40]. Nanoparticles of ZnO, TiO, were used as the electron-transport materi-
als [41,42], while NiOxNPs, Cu-doped NiOxNPs, and graphene oxide (GO) functionalized with
MoOxNPs were used as hole-transport materials [43, 44]. It is shown that embedding MNPs in
polymeric layers has efficiently improved the thermal stability of both the OSCs and PSCs, espe-
cially when the polymers are coated on top of the active layers. Metal-oxide nanorods (MNRs)
embedded in the active layers of OSCs were also investigated [45,46]. With use of the combi-
nation of ZnO-NRs and TiO,-NRs, the authors proved the enhancement of the charge separation
efficiency. As reported in [47], Nguyen et al. have shown a supper thin ZnO layer deposited onto
ITO electrode has acted as a buffer layer between the ITO electrode and the hole transport layer.
By this way, the FF of the OSCs much increased, resulting in the increase of the PCE nearly 30%.
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Fig. 18. The influence of working temperature on the PCEs for the OSCs with a pristine
PhL material (curve “a”) and for the OSCs with a composite PhL (curve “b”) [37].

Indeed, it has increased from PCE = 1.75% (for OSCs without ZnO) to 2.12% (for OSCs with
Zn0).

As reported in [48] the MNPs caused the localized surface plasmonic resonance (LSPR).
This also affected to the performance parameters, especially the PCE of OSCs. With the presence
of the LSPR, the exciton dissociation has been strongly enhanced, resulting in the charge carrier's
separation and elimination of the hole-electron recombination. Besides, the LSPR effect of MNPs
contributed in the enhancement of the electromagnetic field, activating a strong photoabsorption
and generation of excitons in the PhL materials. Due to the light scattering in PhLL materials, the
effect of the exciton generation increased [49]. Moreover, generated excitons combined with the
MNPs in the electromagnetic field also facilitated the charge separation, resulting in improving
the performance parameters (FF, V. and J.) of the composite OSCs. Although the MNPs can be
embedded in all functional layers of the bulk-heterojunctions (BHJ) OSCs [50], it is more efficient
if they are added in the PhL, since the LSPR effect may disappear over few nanometers [51]. As
reported in [52], by using a graphene additive in pristine P3HT (G-P3HT) served as the PhL, one
can enhance both the optical and spectral properties of P3HT. In the G-content range of 0.1 - 5.0
wt.%, the additive with 1.0 wt.% G was found to be optimum for the OSCs performance. This
enhancement was explained due to both the lowering of the bandgap and better hole collection
efficiency, carrier mobility, refractive index, and the extinction coefficient.

In [53] ZnO nanoparticles were embedded in pristine PANI (PANI-ZnO) used as the donor
material in composite OSCs. The composite devices with a laminar structure of ITO/P3HT/PANI-
ZnO/Ag (abbreviated to PPZ) were made by a spin-coating technique. I-V curves of the PPZs
devices were measured under illuminating by AM 1.5G with a power density of 100 mW/cm? as
shown in Fig. 19. It is clearly seen that the current (or Js.) of the cells are strongly dependent
on the concentration of ZnO nanoparticles (ZnO NPs) embedded in PANI. The obtained results
have demonstrated that the optimum concentration of ZnO NPs is of 3.0 wt.%. According to this
optimum ZnO NPs concentration, the PCE of the composite PPZs devices was found to be of 4.48
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% that is much larger than the one of the devices using pristine PANI, namely only 3.10 % as
reported in [53].
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Fig. 19. I-V characteristics of ITO/P3HT/PANI-ZnO/Ag with use of a pristine PANI (the
lowest curve) and ZnO NPs/PANI (1, 2, 3, and 4 wt.% of ZnO NPs) as the donor materials
in the devices [53].

Using MNPs for the interface modification of the HTL in OSCs has resulted in the charge
separation. Moreover, a better ohmic contact between HTL and electrodes in composite devices
has also been enhanced [54]. A mixture of Fe304 and GO (Fez04/GO) nanocomposite was used
as the secondary additive in PEDOT:PSS to make OSCs with a large performance efficiency. This
composite HTL has not only a high transmittance, but also a large value of the work function.
The authors of [54] indicated that as Fe304/GO is a magnetic compound, when doping it in PE-
DOT:PSS, one can get an improved conductivity of the HTL. Doping with an optimum concentra-
tion of Fe304/GO, the PCE of the composite OSCs measured in experiments has been found to be
of 18.91%.

3.3. Organic film gas sensors (OGSs)

Distinguishing from OLEDs and OSCs, organic thin film gas sensors (OGSs) possess a
considerably simple structure which may consist of a single layer of a pristine polymer or a com-
posite material and two separated Pt electrodes (Fig. 20). Nanocomposite sensors can be made
by mixing pristine polymers (namely PEDOT:PSS, P3HT, and PFO, etc.) and inorganic additives
such as nc-TiO,, nc-ZnO, CNTs, and graphene quantum dots (GQDs). The working principle of
the resistance sensors is as follows, a gas absorbed on the sensor's surface results in the change
of the sensor resistance vs the gas contentration in ambience. A sensitive sensor can detect gases
with a concentration of few ppm [55].

In [56] Olenych et al. have made sensors based on PEDOT:PSS doped with porous sili-
con (PS) and CNTs (PEDOT:PSS-PS-CNTs) for detecting gases in atmospheric ambience. The
authors indicated that for PEDOT:PSS-PS-CNTs composite films, the considerable influence of
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Fig. 20. Schematic drawing of a thin film gas sensor.

atmospheric conditions like humidity, temperature to both the electrical resistance and capaci-
tance of the composite films. The dynamic dependencies for the PEDOT:PSS-PS-CNTs com-
posite sensor were characterized by R-t and C-t curves. These effects were explained due to the
increase of electrical conductivity of the sensors during the composite surface contacting with
H,O molecules [57].

As reported in [58], to avoid uncontrolled effects of the modification of the commercial
CNTs surface before embedding in polymers, the authors used directly pitch to make so-called
carbon replica (CR). Using nano-casting method reported in [59], CRs were made by replacing
nc- SiO;, templates of 10 nm in size due to HF acid etching. Then CR-P3HT (P3C) solution with a
weight ratio 0.10 of CR/polymer was deposited by spin-coating on the grid ITO electrodes to get
P3C sensors. P3C composite sensors were exposed to NH3 gas with a concentration Cg, of 10,
20, 30, 40 and 50 ppm. The obtained results of detecting NH3 vs. exposing (adsorption) and out
(desorption) time are shown in Fig. 21. It is seen that the response time of P3C sensors is of 30 s,
the sensing response obtained at the NH3 concentration deacreasing from 50 to 40, 30, 20, and 10
ppm was found to be of 6.78, 5.27, 3.75, 2.72, and 1.97, respectively (Fig. 21).

50 ppm

N W A N @
T

Sensing Response (%)

0 100 200 300 400 500 600
Time (s)

Fig. 21. NHj3 gas monitoring of composite P3C sensors [58].

Thus, with the addition of CRs in pristine P3HT, an enhanced sensitivity of the composite
sensors was obtained. Similar to the other composites, CRs-P3HT films possess numerous hetero-
junctions formed between the P3HT and carbon nanospheres, resulting in faster charge transferring
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and improvement of the adsorption efficiency of NH3 molecules. This efficiently contributed in
the enhancement of the sensing response of such resistive sensors as composite CRs-P3HT.

OGSs have also been prepared by a simple drop-casting method where a grid ITO-coated
glass was used as the substrate [60]. A mixture composite made from pristine P3HT, reduced
graphene oxides (rGO) and carbon nanotubes (CNTs) (abbreviated to PGCs) was used as the
sensitive layer to NH3z gas. The PGS solutions were dropped onto the grid ITO substrates, then
annealed for drying getting solid PGS sensors. The resistances between two ends of the electrodes
for the initial PGSs and for PGSs exposed in NH3 was measured using a 2400-Keithley power
meter. The results obtained in experiments measuring the sensors resistances vs. the weight ra-
tio of the three components showed that the sensor with the ratio of 20%:60%:20%, respectively
to P3HT:rGO:CNTs was the best for detecting NH3. The performance parameters of this sen-
sor (abbreviated to PGC-60) were found to be of 30 s (response time) and 3.6% (sensitivity) at
NHj; concentration of 10 ppm; and a relative sensitivity of 0.031%/ppm was reached. The authors
of [60] explained the enhancement of the sensitivity of P3HT:rGO:CNTs composite sensors due
to the efficient NH3 adsorption of P3HT, improvement of the electron transport of rGO, and fast
movement of holes from the polymer to cathodes due to the CNT nano-bridges. An optimum
P3HT/rGO/CNTs ratio for detecting NH3 gas was found to be of 20/60/20 (namely, sensor PGC-
60, curve “b” in Fig. 22). Recent work [61] showed that the nanocomposites have been efficiently
used for different applications included gases sensors, bio-sensors, and chemical sensors. The
enhanced parameters of sensors like sensitivity, selectivity and response time can be obtained by
choosing appropriate nanocomposites to attain the efficient interactions between the molecules of
gases and the nanocomposite surfaces. From the interactions one can define the sensing mecha-
nism of the composite devices. The authors of [61] used composites of a mixture of molecularly
imprinted polymer (MIP), PANI and copper oxide nanoparticles (CuONPs) for monitoring blood
glucose levels (BGL) in humans. To modify graphite electrode, CuONPs were coated onto the bare
graphite by electrochemical deposition in H,SO4 solution. With use of the modified G-electrodes,
the selectivity of the glucose sensors was considerably improved.

PANI/ZnO-NPs nanocomposites used for NH3 sensors have made by covering ZnO-NPs
with PANI [62]. Li et al. showed that the form of the nanocomposites considerably affects the
sensing response of the devices. The PANI/ZnO composite with ZnO nanorods (PANI/ZnO-NRs)
has a very low detection limit (Fig. 23a) significant change in the resistance when exposed to NH3
concentrations as low as 5 ppm, exceptional repeatability, and excellent selectivity (Fig. 23b).

The authors of [63—65] used composites of PANI/G or PANI/G-based forms for making
gas sensors, ion senosors, and bio-sensors. Wu et al. [66] used the Ppy, PANI, and G-nanofiller
nanocomposite for different kinds of sensors. These nanocomposite-based sensors were also used
to monitoring the volatile sulfur compounds and NH3 gases. The useful informations of the devel-
opment in gas sensors based on the polymeric nanocomposites are given in [67,68]. The authors
revealed the role of inorganic nanomaterials including metal oxides, metal, carbon (CNT, G and
rGO) in the enhancement of the performance parameters of gas polymeric sensors.

There are many other gases like NO;, H,S , LPG, H», etc. in ambience have also been mon-
itored using appropriate nanocomposite-based sensors. Since the limitation of an article length,
this section is concerned to some polymeric nanocomposites used for gas sensors. More detailed
discussions on the sensing properties of different nanocomposite-based sensors are refered in a
recent review [69].
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Fig. 22. Sensitivity vs. rGO concentration embedded in P3HT:rGO:CNTs composites
with a weight ratio of P3HT/rGO/CNTs equal to 30/40/30, 20/60/20, and 10/80/10, as
shown respectively in (a), (b) and (c). The measurements of the resistances were carried-
out at 10 ppm of NHj3 concentration [60].
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Fig. 23. Sensing response (a) and Selectivity (b) of PANI/ZnO-NRs composite towards
NH3 gas [62].
4. Conclusions

In summary, in this work a topical review is given on the electrically conducting polymers
and polymeric nanocomposites. With embedding nanostructured additives of MNPs, CNTs, QDs,



20 Composites of conducting polymers and nanoparticles for thin-film-multilayers organic light emitting diodes ...

rGO etc. in conducting polymers, all their properties like the thermal, mechanical, and physical
have been considerably improved. This is explained due to (i) the elimination of nanopores (act-
ing as the charge carriers traps in CPs), and (ii) the formation of numerous heterojunctions in the
nanocomposites. These advantages of the nanocomposite materials suggest prospective applica-
tions of the nanocomposites in further organic optoelectronics.

For more efficient applications of the nanocomposites, future investigations should be con-
centrated to deal with following topical areas:

(1) Environmentally friendly technologies that can reduce both the energy consumption
and carbon footprint.

(2) Artificial intelligence (AI) exploitation to design and optimize nanostructured poly-
meric composites for the efficient use of resources and faster developing materials
applications.

(3) 3D printing technology to enhance manufacturing polymeric nanocomposites with the
precise control of their structure and properties.

Combining these advancements, one can find out principal solutions for a wide range of
efficient applications of polymeric nanocomposites.
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