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A R T I C L E  I N F O   

Keywords: 
Edge oxidized graphite 
PEDOT:PSS 
Nanocomposites 
Sustainability 
Solvent-free doping 
Thin films 

A B S T R A C T   

Poly(3,4-ethylenedioxythiophene): polystyrene sulfonate (PEDOT:PSS) is a soft and conjugated polymer whose 
conductive properties can be properly tuned through doping with various additives or solvents, preserving its 
excellent processability. In this work PEDOT:PSS was combined with a cost-effective graphite derivative named 
Edge Oxidized Graphite (EOG) for developing a nanocomposite with improved electrical conductivity, with 
respect to the pristine PEDOT:PSS, through an easy and environmentally friendly doping process. Firstly, the 
EOG powders, produced by a green oxidation process of graphite, were deeply characterized through Fourier 
transform infrared (FT-IR), Thermogravimetric (TGA), and Wide-angle X-ray scattering (WAXD) analysis, 
showing that this nanofiller has oxygenated functional groups on the sheet edges. The quality and the stability of 
the EOG dispersions within PEDOT:PSS were investigated at different carbon-filler concentrations, up to high 
loading of 25 %wt/V of EOG through rheological analyses, demonstrating pseudo-plastic behavior and excellent 
long-term stability of the inks due to the absence of inhomogeneities and aggregates over time; in fact, the same 
inks were tested under the same rheological conditions after 21 days, showing the same viscosity trend for all 
EOG concentrations (%wt/V). Transmission electron microscopy (TEM) and (Scanning Electron microscopy) 
SEM investigation of spin-coated samples onto glass substrates were performed to morphologically evaluate the 
nanocomposites and estimate the average size of the sheets, particularly the mean length of 1.2 μm and an 
approximated thickness of 26 nm of the EOG sheets dispersed into the polymer matrix (PEDOT:PSS) was 
determined, while WAXD analysis allowed to identify the average layer number of the EOG sheets, obtaining 
thus, a direct measurement of the EOG sheets aspect ratio equal to 45. Finally, sheet resistance tests showed that 
the increasing concentration of EOG leads to a significant improvement in the electrical conductivity of the 
nanocomposites, from 1.1 S/cm for pristine PEDOT:PSS to 21.9 S/cm for nanocomposites with the highest EOG 
content (25 %wt/V). This work demonstrates the successful development of nanocomposite based on PEDOT:PSS 
doped with carbon-based filler synthesized through a green and cost-effective process, promoting their use in the 
production of bio/electrochemical sensors or optoelectronic devices.   

1. Introduction 

Over the last few years, great research efforts have been carried out 
on the development of polymer-based nanocomposites with different 
functionalities for the specific applications in the field of opto- and bio- 

electronics [1–3], in particular for (bio)- and electrochemical sensors 
[4–6], solar cells [7,8], supercapacitors [9–12], fuel cells [13,14], H2 
storage [15–17], transistors [18], etc. The use of graphite and its de
rivatives has rapidly increased due to their outstanding physicochem
ical, electrical, mechanical, and thermal properties. These materials are 
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often used as carbon-fillers of several epoxy resins [19–22] as polymer 
matrices, and above all, the conductive polymers, obtaining 
highly-performance nanocomposites for cutting-edge applications 
[23–25]. Among all the classes of polymers, conjugated polymers have 
gained particular interest because, due to the typical molecular structure 
with σ single bonds alternating with π double bonds, they are charac
terized by electrons weakly held in the backbone and by weak π bonds 
that allow delocalization and free movement of electrons [26]. Different 
conductivity values can be reached as a function of the chemical struc
ture and doping state [27,28]. Among conjugated polymers, poly(3,4 
ethylenedioxythiophene): polystyrene sulfonate (PEDOT:PSS) received 
significant interest from the scientific community owing to its water 
solubility, good film-forming properties, high transparency, and excel
lent processability [29–31]. Particularly, it is made up of two monomers: 
poly(3,4-ethylenedioxythiophene) (PEDOT), derived from poly
thiophene, which carries positive charges, and polystyrene sulfonic acid 
(PSS), which carries negative charges on the deprotonated sulfonyl 
groups [29]. PSS is the most commonly used counterion, allowing the 
synthesis of a stable aqueous dispersion form, but due to its insulating 
nature, it strongly influences the electrical properties of PEDOT, which 
are highly dependent on the PEDOT/PSS ratio. 

Many efforts, such as several solvent post-treatment and filler 
doping, have been investigated to improve the conductive properties of 
PEDOT:PSS. Solvents like diethylene glycol (DEG), dimethylsulfoxide 
(DMSO) and ethylene glycol (EG) can well remove PSS from the PEDOT: 
PSS structure by dissolving it, resulting in enhancing charge transfer 
between the closer PEDOT chains. However, even if the solvent post- 
treatment is simple, it can affect the surface of the sample and reduce 
the stability of the performance [32–35]. 

Concerning the filler doping, the use of carbon-based fillers as sec
ondary dopants for PEDOT:PSS to develop a composite with restored or 
improved conductivity properties is widespread due to the synergistic 
effect induced by the interfacial contact between the great specific 
surface areas of the carbon materials and PEDOT:PSS polymers, that 
improves the performances [36]. 

In this context, several carbon-based materials from graphite with 
different dimensionality and functionalization (i.e., graphene, graphene 
oxide (GO), reduced graphene oxide (rGO), chemically functionalized 
graphene oxide (fGO)) to carbon nanotubes (CNTs), up to the less noble 
carbon filler derived from waste (i.e., carbon ashes, carbon black etc.) 
were used to develop nanocomposites with high performance for the 
most disparate applications [8,10–12,37]. In particular, the choice of 
using graphite-based fillers is strictly related to their excellent proper
ties, for example, graphene is an attractive nanofiller owing to its high 
intrinsic charge mobility (200 000 cm2 V− 1 s− 1), a high current density 
of 108 A cm− 2, a large surface area (2630 m2 g− 1), thermal conductivity 
of ≈5000 W m− 1 K− 1, an elastic modulus of ≈1.0 TPa, and optical 
transmittance of ≈97.7% [38]. However, recent studies show that gra
phene is a 2D material with 3D deformation [39] that exhibits hydro
phobicity, making it unstable in an aqueous medium. To address this 
problem, graphene can be functionalized with oxygen-containing func
tionalities to form GO that is hydrophilic and water-soluble but less 
conductive than pure graphene. Therefore, GO is reduced through 
chemical [40,41] or thermal treatment [42,43] to produce rGO [44], 
which exhibits higher conductivity than GO. The level of electrical 
conductivity achieved in rGO is directly proportional to the degree of 
reduction of GO. With a high degree of reduction, rGO exhibits prop
erties similar to pure graphene, but with some structural defects, 
depending on the reducing agent and the experimental conditions 
employed [45]. 

The inclusion of these graphitic fillers into a proper polymer matrix 
allows the development of composite materials with excellent properties 
resulting from the combination and possibly interaction between the 
two. 

In particular, regarding the inclusion of graphitic fillers into PEDOT: 
PSS, Chang et al. [46] have reported other solutions, which include the 

fabrication of transparent, low-temperature, flexible PEDOT:PSS/gra
phene nanocomposites for electrodes using a solution-based technique. 
To further simplify the manufacturing process of PEDOT:PSS/graphene 
nanocomposite, Soltani-Kordshuli et al. [47], have developed a novel, 
controllable, and scalable ultrasonic substrate vibration-assisted spray 
coating method to produce a high-performance hybrid 
graphene-PEDOT:PSS film. Kim et al. [30] developed high performance 
thermoelectric PEDOT:PSS/graphene nanocomposite thin films with a 
small amount of graphene and a high level of carrier mobility; while 
Mahakul et al. [48] coupled the use of CNT and rGO to produce hybrid 
nanocomposites with improved conductivity for transparent electrode 
applications. Seol et al. [49] developed PEDOT:PSS-based nano
composites with enhanced conductivity by incorporating 
functionalized-rGO fillers for producing stretchable transparent con
ducting electrodes. 

The reduction of GO ex-situ and after inclusion into PEDOT:PSS by 
means of different green reducing agents, such as UV irradiation or 
glucose (G), has been widely investigated by Giuri et al. for photovoltaic 
applications [7,8]. Moreover, they demonstrated that glucose can be an 
effective green dispersing/reducing agent to produce G-GO-PEDOT:PSS 
ternary nanocomposite films by drop casting technique into a silicone 
mold, resulting in a flexible thin film for supercapacitor applications 
[10,50]. Recently, they developed an innovative method for recycling 
carbon-based ashes waste, using them as fillers of electrically conductive 
PEDOT:PSS-based inks suitable for the fabrication of supercapacitors 
[11,51]. While the use of a waste product contributes to a change of 
mindset towards a circular economy model, the heterogeneity of the 
waste product itself is a limiting factor in achieving positive 
bio-electronic properties. Therefore, the use of a commercial GO, as 
reported in our previous work [12], seemed to be a more suitable choice 
to achieve the tightening properties that bio- and optoelectronic appli
cations require. 

Generally, solution processing techniques such as drop-casting [52], 
spin coating [53], spray coating [54], inkjet printing [55], and aerosol 
jet printing [11,12] have been successfully used for fabricating PEDOT: 
PSS based thin films in biosensors and flexible electronic devices. 

Starting from the promising results on PEDOT:PSS increased con
ductivity, specific capacitance, stability, and film-forming properties [7, 
10,11]; in this paper the inclusion of a new green carbon-filler Edge 
Oxidized Graphite (EOG) into PEDOT:PSS has been explored for devel
oping nanocomposites with increased electrical conductivity. EOG was 
obtained through a simple, sustainable and cost-effective process, by 
functionalizing high surface area graphite (HSAG) in presence of an 
excess of hydrogen peroxide (H2O2), acting as reactant and solvent in 
the absence of a catalyst [56]. 

The functional groups of the synthesized filler were evaluated by FT- 
IR, TGA, and WAXD analyzes to better understand the characteristics of 
EOG and optimize the process conditions for the nanocomposite devel
opment. Several EOG concentrations, from 0 to 25 %wt/V, have been 
explored and characterized by a rheological, morphological, and elec
trical point of view for better understanding the interaction between the 
two components of the nanocomposite and the influence of the filler 
inclusion on the PEDOT:PSS properties, for possible applications as bio/ 
electrochemical sensors or optoelectronic devices. 

2. Experimental 

2.1. Materials 

PEDOT:PSS aqueous dispersion (Clevios™ PH 1000) was purchased 
by Heraeus with 1.0–1.3 %wt PEDOT:PSS concentration and the typical 
PEDOT:PSS ratio of 1:2.5 w/w. It appears as a dark blue liquid, 
completely miscible in water with 850 S/cm of specific conductivity, 
measured on the dried coating after the addition of 5% Dimethyl sulf
oxide and 15–60 mPa s of viscosity range as reported in its technical data 
sheet [57]. PEDOT:PSS was used as received without any further 
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purification process. 
Edge Oxidized Graphite (EOG) was prepared by a green method with 

hydrogen peroxide [56], which simplifies exfoliation and turns it into 
powder form. The preparation procedure is explained in detail below. 

High surface area graphite (HSAG), with a minimum carbon of 99.5 
%wt and a surface area of 330 m2/g, was purchased from Asbury 
Graphite Mills Inc. and HSAG oxidation has been obtained by hydrogen 
peroxide. HSAG (500 mg) and H2O2 (500 mL) were introduced in a 1 L 
flask and placed in a thermostat bath at 60 ◦C, under magnetic stirring. 
After 24 h, about 1 L of water was added, the whole was centrifugated 
and finally, the isolated pellet was dried at 60 ◦C overnight. 

2.2. Edge Oxidized Graphite (EOG) characterization 

Surface areas of the graphite sample were measured by nitrogen 
adsorption at liquid nitrogen temperature (77 K) with a NOVA Quan
tachrome 4200e instrument. Before adsorption measurements, the 
samples were degassed at 60 ◦C under vacuum for 24 h. 

The surface area values were determined by using an 11-point Bru
nauer− Emmett− Teller (BET) analysis. Elemental analysis was per
formed with a Thermo FlashEA 1112 and evaluated by a CHNS–O 
analyzer after pre-treating the samples in an oven at 100 ◦C for 12 h. 

Fourier transform infrared (FT-IR) spectra were obtained with a FT- 
IR (BRUKER Vertex70) spectrometer equipped with a deuterated tri
glycine sulphate detector and a KBr beam splitter, at a resolution of 2.0 
cm− 1. The frequency scale was internally calibrated to 0.01 cm− 1 using a 
He− Ne laser. 32 scans were averaged to reduce the noise. Spectra of 
powder samples have been collected by using KBr pellets. 

Thermogravimetric analysis (TGA) was carried out on TA In
struments Q500, from room temperature up to 800 ◦C at a heating rate 
of 10 ◦C/min, under N2 flow of 60 mL/min. 

Wide-angle X-ray diffraction (WAXD) patterns were obtained by an 
automatic Bruker D2 phaser diffractometer, in reflection, at 35 KV and 
40 mA, using nickel-filtered Cu Kα radiation (1.5418 Å). Correlation 
lengths (D) were determined by using Scherrer’s equation (Eq. (1)): 

D=
Kλ

β cos ϑ
(1)  

where λ is the wavelength of the incident X-rays, β is the line broadening 
at half the maximum intensity, after subtracting the instrumental line 
broadening, in radians, and θ is the diffraction angle, assuming the 
Scherrer constant K = 1. 

Bragg’s law (Eq. (2)) and Scherrer equation (Eq. (1)) were used to 
determine the interlayer spacing and the crystal size of EOG, respec
tively. Taking into account the crystal size evaluated on the higher 
reflection (002) and the d002 interlayer distance, the average layer 
number of the EOG stacks dispersed in the PEDOT:PSS was evaluated 

nλ= 2dsen(θ) (2) 

WAXD analysis was performed on EOG powders and on liquid EOG- 
water formulations drop-casted onto glass substrates and thermally 
annealed at 120 ◦C for 20 min to evaluate the EOG solubility and 
exfoliation in water and optimize the inks preparation. EOG-water so
lutions non-sonicated, sonicated, and extremely diluted with water were 
analyzed and compared with pristine EOG. This analysis showed us that 
the best method to prepare the inks is described below. 

2.3. EOG/PEDOT:PSS inks preparation 

Firstly, PEDOT:PSS aqueous solution was sonicated into an ultra
sonic cleaner for 10′ minutes and filtered by PVDF filter (0.45 μm), then 
EOG, in several concentrations, was weighted through BEL Engineering 
M5-HPB-105i-ION balance and directly added into PEDOT:PSS aqueous 
solution; the mixture was magnetically stirred at 700 rpm and room 
temperature (RT) for 60’ min and the influence of EOG was evaluated by 

preparing several EOG/PEDOT:PSS dispersions (0.2, 1, 5, 10, 15, 20, 
and 25 %wt/V). Each solution developed is labeled as reported in 
Table 1. 

2.4. EOG/PEDOT:PSS inks characterization 

The rheological analysis of the liquid formulations was performed 
using a Malvern Kinexus Pro + strain-controlled rheometer equipped 
with a parallel plate geometry (radius = 12.5 mm) in steady state mode 
with 0.4 gap and a shear rate range from 0.1 to 1000 s− 1 at RT. All so
lutions were tested just after being prepared and after 21 days, and each 
test was repeated at least three times to check the repeatability of the 
results. 

The stability of the formulations was assessed qualitatively by taking 
photographs of the solutions on day 0 and after 21 days of storage in air. 

2.5. Thin films of EOG/PEDOT:PSS nanocomposites preparation and 
characterization 

TEM analyses were performed by using a Jeol Jem-1011 microscope 
operating at 100 kV and equipped by a high-contrast objective lens, with 
a W filament as an electron source, and an ultimate point resolution of 
0.34 nm. Images were acquired by a Quemesa Olympus CCD 11 Mp 
Camera. Samples were prepared by drop-casting 3 μl of the samples onto 
300 mesh amorphous carbon-coated Cu grids, spinning at 9000 rpm for 
1 min. Size statistical analysis of the EOG sheets was performed by using 
the freeware ImageJ analysis program. 

All nanocomposites were spin-coated using a Laurell 650 M Spin 
Coater and depositing 100 μl at 2000 rpm for 40 s onto glass substrates 
(3 × 3 cm) in air. After deposition, the thin films were thermally 
annealed at 120 ◦C for 20 min on a hot plate. The substrates were pre
viously cleaned with detergent solutions (deionized water, acetone, and 
isopropanol solvents) in an ultrasonic cleaner for 10’ min for each step 
and their surfaces were hydrophilized by a 20′ min UV/Ozone treatment 
using the UV/Ozone ProCleanerTM Plus. 

SEM images of spin-coated nanocomposite were acquired with a 
FESEM microscope Zeiss Sigma 300 VP, using a GEMINI technology and 
an applied acceleration voltage of 5 and 10 kV. 

The thickness of all the spin-coated films was measured using a D- 
120 KLA Tencor stylus profiler. 

Sheet resistance measurements of EOG/PEDOT:PSS thin films on 
glass were performed in air and at RT conditions using an Ecopia 3100 
system in the van der Paw configuration where gold tips were placed on 
the four corners of squared samples (1.5 × 1.5 cm). 

3. Results and discussion 

3.1. Edge oxidized graphite characterization 

The EOG was fully characterized by elemental analysis, FT-IR, TGA, 
and WAXD. As previously reported [56] the oxidation is effective after 
24 h providing the EOG powder with an O/C ratio of 0.11. The FT-IR 
spectroscopy analysis shown in Fig. 1a revealed the nature of the 
functional groups introduced by this oxidation procedure in comparison 

Table 1 
EOG content and ID of the developed nanocomposites.  

PEDOT:PSS V [μL] EOG wt [mg] Nanocomposite ID 

500 0 PEDOT:PSS 
500 1 EOG (0.2%)/PEDOT:PSS 
500 5 EOG (1%)/PEDOT:PSS 
500 25 EOG (5%)/PEDOT:PSS 
500 50 EOG (10%)/PEDOT:PSS 
500 75 EOG (15%)/PEDOT:PSS 
500 100 EOG (20%)/PEDOT:PSS 
500 125 EOG (25%)/PEDOT:PSS  
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with the pristine graphite used as the starting material. As a result, the 
appearance of a band at 1730 cm− 1 is in agreement with the introduc
tion of carbonyl groups, mainly carboxyl, as well as the broad band in 
the region 1220-1020 cm− 1, related to the stretching of C–O single 
bonds. In addition, the peak centered at 1575 cm− 1 is attributed to the 
C––C stretching that is shifted with respect to graphite (G) (1630 cm− 1) 
and increases in intensity due to oxidation. 

The TGA scans of G and EOG in Fig. 1b show minimal variations in 
thermal degradation, with an increased weight loss percentage for EOG, 
indicating an increased degree of oxidation. 

More interestingly is the WAXD pattern after the oxidation procedure 
(Fig. 1c). Specifically, the maintenance of 002 reflection after oxidation 
with d = 0.34 nm, reveals an unchanged interlayer distance due to the 
presence of the oxygen functionalities on the edge of the graphitic planes 
rather than between the layers. As the π-system of graphite has not been 
altered, this feature is crucial for the possible electric properties of this 
filler. Moreover, the 002 peak becomes narrower after the oxidation 
possibly due to the removal of an amorphous component as previously 
reported [56]. 

Furthermore, as reported in Fig. 1d, the presence of water, used to 
disperse the EOG sheets before dispersing them in the PEDOT:PSS 
aqueous solution, in the initial procedure, seems to remove the exfoli
ated part of EOG and recompose the graphitic structure, because the 
reflection 002, characteristic of the order perpendicular to the plane, 
becomes narrower and shifts slightly to the right both with and without 
sonication process. The reflections, on the other hand, relating to the 
structure between 40 and 45◦ theta are not visible, probably because the 
film is too thin, and the amount of sample is not sufficient. 

This analysis showed that the best way to preserve the exfoliated part 
of the EOG sheets is to add it directly into the polymer (PEDOT:PSS), 
rather than pre-mixing the EOG in distilled water before dispersing it in 
PEDOT:PSS, so this is the procedure adopted for making the 
nanocomposite. 

3.2. Characterization of EOG/PEDOT:PSS inks rheological analysis 

The viscosity of pristine PEDOT:PSS as a function of the shear rate 
(ranging from 0.1 to 1000 s− 1) was compared with that of PEDOT:PSS 
mixed with different EOG concentrations (0.2, 1, 5, 10, 15, 20 and 25 % 
wt/V) as reported in Fig. 2b,c,d,e,f,g and h. Each investigated solution 
has shown a pseudo-plastic behavior; therefore, the viscosity decreases 
as the shear rate increases. Particularly, the addition of a small amount 
of EOG (0.2, 1, and 5 %wt/V) does not seem to change the viscosity of 
the solutions compared to pure PEDOT:PSS, over the entire shear rate 
range analyzed, that is around 1.15 Pa s at the lower shear rate (0.1 s− 1) 
and 0.013 Pa s at the highest (1000 s− 1). Instead, after adding the EOG in 
10 and 15 %wt/wt, the viscosity of the PEDOT:PSS increases above all, 
in the entire investigated shear rate range, passing to 1.65 Pa s at 0.1 s− 1 

and 0.025 Pa s at 1000 s− 1. However, the highest increment of viscosity 
(2.03 Pa s at 0.1s− 1 and 0.037 Pa s at 1000s− 1) is reached after adding 
the 25 %wt/V of EOG, probably due to the interaction between the 
functional groups of EOG and PEDOT:PSS polymer chains [20]. The 
stability of the developed formulations was qualitatively assessed by 
taking photographs of the inks immediately after preparation and after 
21 days, as shown in insets of Fig. 2. The pictures were analyzed to check 
for any inhomogeneities or aggregates, and none were found, indicating 
that the inks remained stable after 21 days. To further validate the 
above, the same solutions were tested again from a rheological point of 
view after 21 days under the same conditions. The results showed that 
the viscosity curves have the same trend for all EOG concentrations (% 
wt/V) used, indicating that the viscosity values of the solutions did not 
change over time. Therefore, the inks have excellent long-term stability. 

3.3. EOG/PEDOT:PSS nanocomposites film characterization 

The effectiveness of the nanocomposite development was demon
strated through the combination of morphological and physical tech
niques, such as SEM and TEM with WAXD, on thin film deposited by spin 

Fig. 1. a) Comparison of FT-IR spectra b) TGA scan and c) WAXD patterns between G (black) and EOG (red). d) Comparison of WAXD patterns of EOG/water solution 
ultrasonicated, non-ultrasonicated and extremely diluted with pristine EOG. 
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coating, whose results were reported respectively in Figs. 3 and 4. 
It is visually evident that a homogeneous darkening of the film by 

increasing the amount of EOG in the polymer matrix, as reported in 
Fig. 3a. Particularly, SEM analysis evidenced a good and homogeneous 
dispersion of the EOG sheets within the PEDOT:PSS. Indeed, Fig. 3b 
shows the morphology of a pristine PEDOT:PSS film having a uniform 
surface, while Fig. 3c and d shows a clear distribution and intercon
nection of irregularly shaped EOG sheets among each other, with 15 and 
25 %wt/V of EOG/PEDOT:PSS, respectively. 

An in-depth analysis of the nanocomposite was carried out by 
combining the high-resolution technique of TEM with WAXD. In Fig. 4 
(a,b) TEM micrographs of the nanocomposite containing the 25% EOG 
have been reported, showing EOG flakes of irregular morphology with a 
wide range of sizes from hundreds of nanometers to 2.5 μm and exhib
iting an inhomogeneous image contrast. The latter is reasonably due to 

sheets overlapping in multilayers, which originates from aromatic π-π 
stacking interactions among sheets, as well as chemisorption of PEDOT: 
PSS onto the EOG basal plane. As evidenced by WAXD spectra of the 
most concentrated nanocomposites (20 and 25 %wt/V) reported in 
Fig. 4c,d, together with the characteristic 002 reflection of the graphite, 
there is an increased amorphous band that can be attributed both to the 
PEDOT:PSS and to the exfoliated EOG homogeneously distributed into 
the polymer [53,58]. 

The results obtained by TEM and WAXD characterizations were 
combined to calculate the aspect ratio of the EOG sheets dispersed 
within the PEDOT:PSS, as further confirmation of the nanocomposite 
formation. In detail, the characteristic mean size of the sheets (average 
length) were estimated using the freeware ImageJ analysis program on 
TEM images of EOG (25%)/PEDOT:PSS nanocomposite and the inter
layer spacing was calculated from the WAXD spectra of the most 

Fig. 2. Rheological behavior of PEDOT:PSS based inks, at day 0 and 14, without (a) and with b) EOG (0.2%); c) EOG (1%); d) EOG (5%); e) EOG (10%); f) EOG 
(15%); g) EOG (20%); h) EOG (25%). 
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concentrated nanocomposites (20 and 25 %wt/V). More specifically, an 
average layer number of 77 and a mean length of 1.2 μm of the EOG 
sheets dispersed into the polymer matrix (PEDOT:PSS) was determined, 
showing an aspect ratio value of 45 with an approximated thickness of 
26 nm. The high aspect ratio value indicates good intercalation of EOG 
sheets among PEDOT:PSS polymer chains. Hence, the obtained results, 
in agreement with the data obtained from the EOG synthesis in the 
previous work [56], confirm the formation of a nanocomposite with 
graphite edge homogeneously distributed in the PEDOT:PSS, further 
validating the effectiveness of the developed approach. Furthermore, 
the possible connection between the carboxyl groups on the edges of the 

layers through hydrogen bonds may promote an increase in electrical 
conductivity. 

3.4. EOG/PEDOT:PSS nanocomposites electrical characterization 

In Table 2 we reported the experimental data on the sheet resistance 
(Rs) of EOG/PEDOT:PSS films against EOG concentration (%wt/V) 
compared with the reference sample (PEDOT:PSS). Pristine PEDOT:PSS 
shows an Rs = 1.3*105 (Ω/sq), which is consistent with previously re
ported results for as-prepared PEDOT:PSS films from PEDOT:PSS 
aqueous solution [59]. However, it is worth noting that for bio and 

Fig. 3. a) Thin films developed through spin-coating deposition of all liquid formulations, b) SEM image of spin-coated pristine PEDOT:PSS; c) SEM image of spin- 
coated EOG (15%)/PEDOT:PSS; d) SEM image of spin-coated EOG (25%)/PEDOT:PSS. 

Fig. 4. a)-b) TEM images of EOG sheets dispersed into PEDOT:PSS with a concentration of 25%, at different magnifications (5kx and 10kx); c)-d) WAXD spectrum of 
the most concentrated solutions (EOG (20%)/PEDOT:PSS (c) and EOG (25%)/PEDOT:PSS (d)). 
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optoelectronic applications, usually, its conductivity is enhanced by 
orders of magnitude by adding dimethyl sulfoxide (DMSO) or ethylene 
glycol (EG) into the aqueous solution [60–63], which are typically 
non-green chemical agents or by incorporating carbon fillers such as 
CNT [64], rGO [48], and fGO [49] whose production process is 
time-consuming and expensive. 

In the present study, the measured Rs of each film was found to be 
strongly dependent on the EOG content in the nanocomposite as shown 
in Fig. 5a. For an EOG concentration lower than 1 %wt/V there is a 
negligible variation of the film’s sheet resistance, but as the EOG con
centration increases further, the sheet resistance decreases down to 3 
orders of magnitude as we move up to 25 %wt/V of EOG. The addition of 
EOG into the matrix with a concentration of 25 %wt/V results in a 
composite film sheet resistance of 3.8*102 (Ω/sq) that is comparable to 
that of DMSO (5%) doped PEDOT:PSS, whose measured Rs turned out to 
be of 2*102 (Ω/sq). This result is consistent with films morphology 
studied in the previous section, in which the EOG leaflets intertwine 
among themselves and with the polymer chains of PEDOT:PSS, gener
ating strong interconnections that allow the movement of weakly 
retained electrons in the backbone and π-bonds of the PEDOT:PSS 
chains. Therefore, the increase in EOG concentration has led to a 
stronger interconnection between EOG leaflets themselves and with 
PEDOT:PSS polymer chains, as shown in Fig. 3b-d. 

We also calculated the DC electrical resistivity and conductivity ac
cording to the following equation [65,66]: 

σ =
1
ρ =

1
Rs ∗ d

(3)  

where σ is the electrical conductivity, ρ is the resistivity and d the sample 
thickness. From the analysis of Fig. 5 we can clearly see that both the 
sheet and the bulk resistance tend asymptotically to a minimum value 
for an EOG concentration larger than 10 %wt/V. Furthermore, to verify 
that this asymptotic value is a key feature of our EOG-based composite, 
we performed sheet resistance measurements on two other nano
composites based on different formulas of PEDOT:PSS (Clevios 4083 and 
Sigma-Aldrich). Figure S1 shows that although pristine PEDOT:PSS films 
are characterized by different sheet resistance values, all of them have 
similar values once doped with the same amount of EOG. 

4. Conclusion 

The present work shows the successful development of a conductive 

nanocomposite based on EOG/PEDOT:PSS through a sustainable, cost- 
effective and highly reproducible process. Compared with the other 
more expensive carbon based fillers used in literature, the EOG used in 
this work is produced through a green, and cheap oxidation process of 
graphite, resulting in the formation of oxygenated functional groups 
only on the sheet edges rather than within the sheet or between the 
layers. These oxygenated functional groups allowed the inclusion and 
the dispersion of the carbon filler directly into the PEDOT:PSS aqueous 
solution through an easy and fast mixture process without using further 
costly steps. Rheological characterization highlights a pseudo-plastic 
behavior and an increase in viscosity of the EOG (25%)/PEDOT:PSS 
ink up to 2.03 Pa s and 0.037 Pa s at 0.1 s− 1 and 1000 s− 1, respectively; 
furthermore, long-term stability and good dispersion of the EOG sheets 
within PEDOT:PSS is demonstrated because there is no significant 
variation in viscosity after 21 days, these are fundamental characteris
tics for optimizing the spin coating deposition. By means of ImageJ 
software applied on TEM images combined with WAXD analysis, a high 
aspect ratio value of 45 is calculated, evidencing a good EOG interca
lation within PEDOT:PSS polymer chains and exfoliation of the EOG 
stacks. This results in a homogeneous distribution of EOG sheets into the 
PEDOT:PSS film as shown by SEM analysis. Furthermore, the sheet 
resistance (Rs) is strongly dependent on the EOG content, decreasing 
down to 3 orders of magnitude as we moved from pure PEDOT:PSS (1.3 
* 105 Ω/sq) to the 25 %wt/V EOG/PEDOT:PSS nanocomposite (3.8 * 
102 Ω/sq), simply using a green and environmentally friendly filler, 
without the use of solvents. Future developments of this work will 
proceed with further optimization of the preparation of the inks to 
improve the intercalation, exfoliation, and dispersion of the EOG sheets 
within the PEDOT:PSS, using green dispersing agents and aiming to a 
further improvement of nanocomposites electrical properties. This result 
is of crucial importance for producing biosensors, electrochemical sen
sors, and/or optoelectronic devices where adequate conductivity values 
are required. 
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