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ABSTRACT: We report the self-assembly of poly(3,4-ethylene
dioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) organo-
gel films incorporating graphene quantum dots (GQDs).
Because of the electrostatic interaction between the GQDs and
the PEDOT chains, GQD@PEDOT core—shell nanostructures
are readily formed. We demonstrate that the GQDs affect the
reorientation of PEDOT chains and the formation of
interconnected structure of PEDOT-rich domains, improving
the charge transport pathway. The power conversion efficiency
of the organic photovoltaic device containing the self-assembled
organogel as the hole extraction layer (HEL) was 26% higher

than the device with pristine PEDOT—PSS as the HEL.
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O rganic photovoltaics (OPVs) have drawn much attention
as potential next-generation renewable energy sources on
account of low production costs and solution processability,
which make mass production of OPVs viable." ™ To fabricate
OPVs, we inserted poly(3,4-ethylenedioxythiophene):poly-
(styrenesulfonate) (PEDOT:PSS) as the hole extraction layer
(HEL) between the anode and the active layer to overcome
issues arising from energy level alignment and the surface
roughness of anode.”® However, PEDOT:PSS shows poor
electrical properties because the PSS chains, which are the
counterions of PEDOT, are insulators. The electrical properties
of PEDOT:PSS are usually improved by solvent or acid
treatment,” > annealing,'*"® and by adding organic com-
pounds'®™"® affecting the orientation of the PEDOT chains
within the matrix, leading to expanded-coil conformation that
strengthen interactions between the PEDOT chains. These
strategies focus on increasing the conductivity of PEDOT:PSS
by controlling the PEDOT chain orientation, but unfortunately
the improvement of OPV performance was not directly
proportional to the increase in conductivity. Thus, fine-tuning
the orientation and morphology of PEDOT:PSS to improve
electrical percolation pathways for achieving optimized device
efficiency remains a challenge.

Recently, graphene oxide (GO), a two-dimensional carbon
allotrope, has been used to improve the electrical properties of
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PEDOT:PSS by gelation,"”™>" although GO by itself is
insulating. These studies indicate that GO can also act as an
effective additive for PEDOT:PSS; however, the aggregation of
large-sized GO sheets and their wide size distribution make it
difficult to achieve the fine-tuning of the electrical properties of
PEDOT:PSS for practical applications. In this letter, we report
the synthesis of PEDOT:PSS organogels incorporating
relatively uniform-sized graphene quantum dots (GQDs).
The GQDs can act as a physical linker among PEDOT chains
through electrostatic interaction, resulting in the formation of
core—shell nanostructure. The nanoscopic morphology and
orientation of PEDOT:PSS in the organogel were investigated
to clarify the influence of the incorporation of GQD on their
electrical properties. The PEDOT:PSS films containing the
GQDs were subsequently used as the HEL in a typical poly(3-
hexylthiophene) (P3HT):[6,6]-phenyl-Cg;-butyric acid methyl
ester (PCBM) bulk heterojunction OPV.

The pristine GQDs were fabricated from carbon nanofibers
(CNFs) via excess oxidation and size-selective precipitation.
The as-synthesized GQDs with a diameter of about 8—10 nm
were characterized by high-resolution transmission electron
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microscopy (HRTEM) (Figure la). The results are consistent
with structures previously reported.”* The organogel was

Figure 1. (a) High-resolution transmission electron microscopy
(HRTEM) image of the as-synthesized GQDs. (b) Photograph of
the pristine PEDOT:PSS and the self-assembled organogel. Cross-
sectional high-angle annular dark-field scanning TEM (HAADF-
STEM) images of (c) 0gG,, and (d) ogG,s PEDOT:PSS organogel
with 20 vol % and 50 vol % GQD solution, respectively. The inset
shows the magnified the core—shell nanostructures (CSNSs). All the
scale bars are 20 nm.

prepared by mixing a GQD (0.19 wt %)-isopropyl alcohol
(IPA) solution with a 70 vol % aqueous solution of
PEDOT:PSS (CLEVIOS PHS500) in IPA. The mixture was
left undisturbed for 1 h. Consequently, the PEDOT:PSS
solution readily formed viscous organogels, as shown in Figure
1b. The prepared organogels are termed as 0gGy, and 0gGg s
with the subscripts denoting the volume fraction of the GQD
solution. As a control, pristine PEDOT:PSS sample was also
treated with IPA and prepared with the same procedure
without GQDs. Figure 1c, d shows the cross-sectional high-
angle annular dark-field scanning TEM (HAADF-STEM)
image of the organogel films obtained by drying the solvent.
Interestingly, the results indicate the formation of core—shell
nanostructure (CSNS) with an average diameter of about 12
nm in the organogel, whereas the pristine PEDOT:PSS only
had a granular structure of the PEDOT:PSS agglomeration in
the matrix.'>*® Because of the high GQD content in
PEDOT:PSS, 0gG,s showed more aggregated CSNSs than
0gGy,, although their morphologies were similar. It is
noteworthy that the core size of the CSNSs is almost identical
to the as-synthesized GQD diameter. Because the HAADF-
STEM image of as-synthesized GQD only shows a particlelike
structure (Figure S1 in the Supporting Information) and the
brightness of the HAADF-STEM image is proportional to the
sample thickness and the square of the atomic number,> it is
obvious that the bright shell (ca. 2.5 nm in thickness) in the
HAADF-STEM images indicates the agglomeration of
PEDOT:PSS chains on the GQD.

To clarify the PEDOT:PSS agglomeration, we acquired X-ray
diffraction (XRD) patterns of PEDOT:PSS films obtained with
various volume fractions of GQD solutions, as shown in Figure
2a. The pristine PEDOT:PSS film exhibited two broad peaks at
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Figure 2. (a) X-ray diffraction (XRD) patterns of the PEDOT:PSS
organogel films obtained with volume fractions of GQD solution. The
inset shows the molecular structure of crystalline PEDOT chains with
the (010) lattice spacing. (b) Schematic representation of the
formation of the GQD@PEDOT CSNS.
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20 = 25.8 and 18.0°, which correspond to the 7— interchain
stacking of PEDOT and the amorphous halos of PSS chains,
respectively.'>** In the case of the organogel with GQDs, the
XRD patterns indicate a significant increase in the peak
intensity at 20 = 3.5 and 25.8°, representing the enhancement
of the crystalline structure along the (100) and (010) lattices,
corresponding to the lamella stacking and interchain stacking of
PEDOT chains, respectively.”® With increase in the GQD
solution volume fraction, the crystallinity of the PEDOT
interchain stacking (d-spacing = 3.5 A) gradually increased;
however, the crystallinity corresponding to the lamella stacking
of PEDOT showed no significant difference in terms of the
peak intensity. Notably, the peak intensity at 260 = 18.0°,
corresponding to the interchain stacking of PSS chains reduced
after the addition of GQDs. The intensity ratio of the peaks at
20 = 25.8 and 18.0° (i.e,, the ratio of the interchain stacking of
PEDOT to PSS) was about four times larger than that shown
by samples without GQDs. From these results, the agglomer-
ation of PEDOT:PSS chains onto the GQDs might mainly lead
to ordered crystalline PEDOT with interchain z—z stacking.
Thus, the bright shell in the HAADF-STEM images indicates
the agglomeration of the stacked PEDOT chains on the surface
of the GQDs.

We propose a model to explain the formation of the GQD@
PEDOT CSNS shown in Figure 2b. It is known that the
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Figure 3. Phase and topographic images of PEDOT:PSS organogel films of (2, d) pristine PEDOT:PSS, (b, e) 0gGy,, and (c, f) 0gGy 5 samples. All

scale bars are 200 nm.

insulating PSS counterions enable the conducting PEDOT
chains to exist as a stable aqueous suspension through
Coulomb interaction. The addition of IPA into the
PEDOT:PSS aqueous solution readily weakens the Coulomb
interaction between the positively charged PEDOT and
negatively charged PSS components by the screening effect,
resulting in a conformational transition into an extended-coil
structure of PEDOT.>® Subsequently, the addition of GQDs
would allow the extended PEDOT chains to interact with the
GQDs because of the presence of abundant negatively charged
functional groups on the GQD surface. During gelation, the
PEDOT chains preferentially interacting with the GQDs were
stacked on the GQD surface because of the electrostatic
interaction as well as 7—x stacking,13 leading to the formation
of CSNSs.

The addition of GQDs affected the surface morphology of
the PEDOT:PSS film as well as the interactions between the
PEDOT chains in the polymer matrix. Figure 3 shows the
nanoscopic morphology of the PEDOT:PSS film with GQDs
obtained by atomic force microscopy (AFM). The phase image
of the pristine PEDOT:PSS demonstrated phase separation
between them where each domain had a disconnected and
isolated nanostructure (Figure 3a) with the bright and dark
regions in the phase image of PEDOT:PSS representing the
PEDOT-rich and PSS-rich domains, respectively.'* In contrast,
Figure 3b, ¢, which are images from samples containing the
GQDs, show relatively homogeneous and interconnected
PEDOT-rich domains. This morphological transition of the
PEDOT-rich domain implies that the GQDs not only act as
physical linkers within the organogels, but also hold the
PEDOT-rich domains by the aggregation of CSNSs. The
topological images of the organogels also reveal a more
interconnected and reticulated structure. The formation of the
reticulated structure was observed by a time-dependent AFM
study during the gelation, as shown in Figure S2 (Supporting
Information). Interestingly, the incorporation of GQD did not
significantly affect the surface roughness of PEDOT:PSS film in

contrast with the incorporation of GO sheets,”! because of the
small-sized GQD. In addition, the organogel films also showed
a high transparency (Figure S3 in the Supporting Information),
similar to the PEDOT:PSS/GO composite.'’

The reorientation of PEDOT chains with phase separation is
advantageous in enhancing the conductivity of PEDOT:PSS
because of the lowered energy barrier required for charge
hopping across the domains and chains."' Because the PEDOT
chains in the organogel prefer to interact with each other in the
CSNS and the PEDOT-rich domains show a three-dimension-
ally interconnected structure in the PEDOT:PSS matrix
simultaneously, the charge hopping pathway is improved,
leading to enhanced conductivity of the organogel.

The organogel films were used as the HEL in P3HT/PCBM
bulk heterojunction OPVs fabricated by solution-processing
(Figure 4a). The characteristic parameters, such as the open-
circuit voltage (Voc), short-circuit current (Jgc), fill factor (FF),
and power conversion efficiency (PCE), are summarized in
Table 1. Because the work function of the GQD film was 5.0 eV
(as obtained by ultraviolet photoelectron spectroscopy), the
energy barrier to hole injection between the anode and the
HEL was insignificantly affected by the GQD incorporation.
Minor differences were also identified in V5 among the OPVs,
indicating that the ohmic contact of the anode/active layer was
maintained in the presence of GQDs. These results suggest that
including GQDs in the HEL preserves the interfaces of the
OPV system without disruption.

Indeed, using 0gG,, as the HEL leads to an increase in the
PCE by 26% compared to the PCE of the OPV with pristine
PEDOT:PSS as the HEL. This significant enhancement in PCE
is mainly attributed to the increase in Jsc, resulting from the
enhanced conductivity and lowered series resistance of the
organogel, as shown in Figure 4b. The organogels showed more
than four times higher conductivity in comparison to the
pristine PEDOT:PSS whose conductivity was just about 1 S/
cm. It can support the fact that the CSNSs provide a better
pathway for the charge hopping with three-dimensionally

DOI: 10.1021/acsami.5b02434
ACS Appl. Mater. Interfaces 2015, 7, 11069—11073


http://dx.doi.org/10.1021/acsami.5b02434

ACS Applied Materials & Interfaces

10-a H

54

o

'
[$)]
1

-10 4
—— pristine
—0—09G,,
——09Gg 5

Current density (mA/cmz)

-0.2 0.0 0.2 0.4 0.6 0.8
Voltage (V)
350

m Il Series resistance F5
300+ I Shunt resistance

—
2501
2001

150

100 A

Resistance (ohm/cmz)
Conductivity (S/cm)

50 A

pristine 0g9Gy , 0gG, 5

Figure 4. (a) Current density—voltage (J—V) characteristics of the
OPV with the pristine PEDOT:PSS, 0gG,, and 0gG;s as the hole
extraction layer (HEL). (b) Series and shunt resistances of OPVs and
the conductivity of the pristine PEDOT:PSS, 0gGy,, and 0gG films.

Table 1. Photovoltaic Performance of OPVs with Various
HELs”

HEL Jsc (mA cm™) Voc (V) FF PCE (%)
pristine 11.97 0.58 0.54 3.77
0gGo, 16.08 0.59 0.50 474
0gGos 14.59 0.58 0.48 4.08

“Device structure in all cases is ITO/HEL/P3HT:PC¢BM/LiF/Al

interconnected structure of the HEL. However, the enhanced
charge hopping pathway in the HELs with the GQDs shows a
negative effect on FF. In general, the decrease in FF is related
to the increase in series resistance or the decrease in shunt
resistance of OPV.>” The shunt resistance is also reduced with
the incorporation of the GQDs, resulting in a leakage current
between the electrodes. In contrast, the OPV with 0gGy s as the
HEL showed a decrease in both Jgc and FF, and a small
increase in device efficiency. The increased series resistance of
0gGys in comparison to that of 0gGy, implies that excess
GQDs disrupt charge transport within the HEL because of the
aggregation of CSNSs and the higher population of the
insulating GQDs. Thus, 0gGy, is considered as the optimum
HEL to yield OPVs with the best performance.

In conclusion, we have successfully demonstrated a simple
process to fabricate a PEDOT:PSS-based organogel containing
GQDs for efficient charge transport in a HEL of OPVs. The
organogel film consisted of PEDOT-rich domains in the matrix,
formed by stacking PEDOT chains on the surface of GQDs,
leading to CSNSs. These structures were formed because of the
electrostatic interactions between the components. Further-
more, during gelation, three-dimensionally interconnected
structures were also formed in the organogel film through the
aggregation of the GQD@PEDOT CSNSs, which improved

the charge transport pathway. The use of organogel films with
these distinct conformations and morphologies of the PEDOT-
rich domains improved the OPV performance by up to 26% (in
comparison to that of the OPV containing the pristine
PEDOT:PSS as HEL). These results suggest that incorporation
of GQDs in the organogel is compatible with the solution
processing of OPV devices and is a promising strategy for
enhancing the electrical properties of PEDOT:PSS, leading to
the performance enhancement in flexible devices such as OPVs
and polymer-based light-emitting diodes.
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Experimental section, HAADF-STEM image of the as-
synthesized GQDs, time-dependent AFM images during
gelation, and UV/vis transmittance spectra of the organogels.
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