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Graphene Oxide Nanoribbon as Hole Extraction Layer to
Enhance Efficiency and Stability of Polymer Solar Cells

Jun Liu, Gi-Hwan Kim, Yuhua Xue, Jin Young Kim, Jong-Beom Baek, Michael Durstock,

and Liming Dai*

Owing to its unique 2-dimensional carbon nanostructure with
unique electrical, optical, thermal, and mechanical properties,
graphene has attracted a great deal of interest.'’”) While the
pristine graphene is a zero-bandgap material with metal-like
conductivity, graphene nanoribbon (GNR) is semiconducting
with an opened bandgap induced by the quasi-one-dimensional
confinement of charge carriers.>® However, graphene and
its nanoribbons without functionalization are insoluble and
infusible. The poor processability has precluded the pristine
graphene materials, including GNR, for various potential appli-
cations. This limitation has been circumvented by oxidizing
graphene with acids (e.g., H,SO,/KMnO,) to produce graphene
oxide (GO) with oxygen-containing groups (e.g., -COOH, ~OH)
around and on the carbon basal plane,? leading to low-cost
mass production of soluble graphene derivatives for potential
applications. By introducing the oxygen-rich groups around a
graphene nanoribbon, the resultant graphene oxide nanoribbon
(GOR) should show a synergistic effect to have the bandgap of
GNR and solution processability of GO. Therefore, GORs could
be a new class of solution-processable semiconducting mate-
rials attractive for optoelectronic applications. In this study, we
demonstrate, for the first time, that GOR can be used as an
excellent hole-extraction material to significantly improve the
performance of polymer solar cells (PSCs).

PSCs using polymeric materials to convert solar energy to
electricity is an emerging photovoltaic technology to compete
with the widely used photovoltaic technologies based on inor-
ganic materials.’] In spite of many advantages (e.g., low cost,
flexibility, and semi-transparency), the efficiency and lifetime of
PSCs are still largely limited by, among other factors, the poor
charge extraction from the active layer to electrodes.'>!! Thus,
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a hole/electron extraction layer is often required to maximize
the device efficiency. An ideal hole extraction material should
have a proper energy level alignment to improve hole extrac-
tion and to selectively block electrons to diminish electron-
hole recombination on anode. Moreover, the hole extraction
material should also have solution processability and good
film-forming property for low-cost device fabrication.'%]
However, the widely used hole extraction layer (HEL), poly(3,4-
ethylenedioxythiophene) doped with poly(styrenesulfonate)
(PEDOT:PSS), suffers from poor device lifetime due to its
acidic and hygroscopic nature!? while other HELs, such as sem-
iconducting metal oxides (e.g., NiO, MoOs, V,0s), always need
to be vacuum-deposited with a high manufacturing cost.[13-16l
Although solution-processable GO has recently been used as
the HEL with no obvious detrimental effect on the device life-
time, it suffers from low device efficiency owing to its unproper
energy level alignment and insulating property.'’-22 Unlike
the two-dimensional GO, the quasi-one-dimensional GOR
possesses a proper energy level alignment, good solubility,
and excellent film-forming capability. As demonstrated in this
study, GOR surpasses the existing hole extraction materials, in
terms of the device efficiency, stability, and manufacturing cost,
to facilitate the development of high-performance PSCs.

As shown in Scheme 1, GOR was synthesized from oxida-
tive unzipping of single-walled carbon nanotubes (SWCNTs)
with KMnO, as oxidant in concentrated H,SO,. Slightly dif-
ferent from the published procedure® in which 500 wt%
KMnO, was used for unzipping of SWCNTIs to afford graphene
ribbons, we added extra 200 wt% KMnO, (0.4 equiv) after the
unzipping process with 500 wt% KMnO, for further oxidiza-
tion of GOR to generate additional defect sites on the GOR,
and hence more bandgap opening. The additional oxidation
process could also shorten the GOR. Upon completion of the
oxidation reaction, the resultant GOR was purified by repeated
centrifuging to remove the residual SWCNTs, if any (see
Experimental Section). The purified GOR can be readily dis-
persed in water (>8 mg mL™!) or other polar organic solvents
(e.g., dimethylformamide).

Figure 1a shows a typical transmission electron microscopy
(TEM) image for the resultant GOR having a width of about
8 nm and length of more than 100 nm. The corresponding
atomic force microscopic (AFM) image shown in Figure 1b
reveals that the GOR has a thickness of about 1 nm similar to
that of a single-layer GO sheet.?3? TEM and AFM images taken
from the GOR samples prepared from a concentrated aqueous
solution (1 mg mL™) (Figures Sla and S1b, Supporting Infor-
mation) indicate that the GOR tends to entangle in the solid
state due to their large aspect ratio, good flexibility, and strong
hydrogen bonding between the COOH/OH-containing GORs.
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Scheme 1. Schematic illustration of synthesizing GOR from oxidative
unzipping of SWCNTs.

The X-ray photoemission spectroscopic (XPS) survey spectrum
of the GOR given in Figure 1lc shows a significant amount
of oxygen (24.9 at%). In a good consistence with Scheme 1,
the presence of C-C, C-O (hydroxyl/epoxy) and COOH moi-
eties in the GOR structure is clearly evident by the corre-
sponding curve-fitted XPS Cls spectrum (Figure 1d). The
much higher percentage of COOH groups in the XPS Cls
spectrum of GOR (11.6 at%) than that reported for GO (ca.
3 at%),12%24 is attributable to the large aspect ratio of the edge-
carboxylated GOR.

GOR is amorphous in solid state, as evidenced by the
absence of diffraction peak in our X-ray diffraction (XRD) pro-
files (Figure S2). Unlike GO that is semicrystalline with dif-
fraction peaks arising from its layered structure in the solid
state, 2324 therefore, the entanglement of GOR has prevented
the face-to-face stacking of the GOR basal plane, leading to
an amorphous state. As a result, GOR can readily form a uni-
form and smooth film by simple spincoating. Figure 2 shows
the AFM height and phase images for a bare ITO surface
before and after spincoating with an aqueous solution of GOR
(3 mg mL™). Owing to the rough surface of ITO, the deposi-
tion of a thin GOR film causes no obvious change in its height
image (Figures 2a and 2b). The root mean square (rms) rough-
ness of the AFM height image after GOR spincoating (3.46 nm)
is quite close to that (3.86 nm) of the bare ITO surface. How-
ever, the corresponding phase image of the GOR-coated ITO
(Figure 2d) become much more uniform than that of the bare
ITO surface (Figure 2c), indicating the presence of a uniform
and thin GOR layer. The observed excellent film forming prop-
erty of GOR is a good advantage for its application as HEL in
PSCsl'%1 (vide infra). The uniformity of the GOR film will be
analyzed in future studies.

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. TEM image (a), AFM image and height profile (b), XPS survey
spectrum (c), and XPS Cls spectrum (d) of GOR.

Cyclic voltammetry (CV) has been routinely used to deter-
mine the LUMO and HOMO levels of organic molecules and
polymers. Since GOR can be regarded as a quasi-one-dimen-
sional polymer, we adopted CV to investigate the LUMO/HOMO
energy levels of GOR. As shown in Figure 3a, both reduction
and oxidation peaks are evident in the cyclic voltammetry (CV)
of the GOR film. According to the onset potential of the reduc-
tion and oxidation process, the LUMO and HOMO energy
levels of GOR are estimated from the formula (E;yyo = —€ (Ereq
+4.4) [eV], Egomo = —€ (Eoxt+ 4.4) [eV])1?’ to be —3.5 eV and -5.0
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Figure 2. AFM height and phase images of ITO glass before (a,c) and
after (b,d) being spincoated with GOR.

eV, respectively. Thus, the electrochemical bandgap of GOR is
1.5 eV. More importantly, the HOMO level of GOR is very close
to that of the donor material, poly(3-hexylthiophene) (P3HT),
which can improve hole extraction (Figure 4a). Besides, the
relatively large energy barrier between the LUMO of GOR and
that of the acceptor material, phenyl-Cg;-butyric acid methyl
ester (PCBM), can effectively block electrons to minimize pos-
sible charge combination loss at the anode. Therefore, GOR
possesses desirable energy levels for efficient hole extraction.
Figure 3b reproduces a typical UV/Vis absorption spectrum of
a GOR film on quartz, showing an absorption peak at 234 nm
with an onset absorption wavelength at around 800 nm equiva-
lent to an optical bandgap of about 1.5 eV in a good consistence
with the electrochemical bandgap. The weak absorption in the
visible range is an additional advantage for the use of GOR as
HEL since its high transparency in the visible range allows for
more efficient solar absorption by the active layer in PSCs.

To further test the performance of GOR as HEL in PSCs,
we fabricated PSC devices based on the widely-studied
P3HT:PCBM bulk heterojunction active layer with the structure
of ITO/HEL/P3HT:PCBM (200 nm)/Ca (20 nm)/Al (100 nm)
without and with PEDOT:PSS, GO or GOR as the HEL (see
Figure 4b). The GOR layer was deposited by spincoating from
its aqueous solution with a concentration of 3 mg mL™ to give
a thickness of about 1 nm. We have tested the GOR concen-
tration from 1 mg mL™ to 8 mg mL™ and found that 3 mg
mL! gave the best device performance. Figures 4c and 4d show
the current density-voltage (J-V) and the external quantum
efficiency (EQE) curves, respectively, measured from these
devices under AM1.5G illumination. As can be seen, the device
with GO as the HEL exhibits an open-circuit voltage (Voc) of
0.62 V, short-circuit current density (Jsc) of 8.42 mA cm™, fill
factor (FF) of 0.60, and power conversion efficiency (PCE) of
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Figure 3. Cyclic voltammetry (a) and UV/Vis absorption spectrum
(b) of GOR.

3.08%. This performance is much better than that of the cor-
responding device based on the bare ITO without HEL. When
GOR was used as HEL, the device shows a Voc of 0.62 V, Js¢
of 9.96 mA cm2, FF of 0.67, and PCE of 4.14%. The much
better performance of the GOR-based device than its GO-
counterpart indicates that GOR is an excellent hole extraction
material for PSCs. Table 1 lists the numerical performance
data, along with the corresponding series resistance (Rg) and
shunt resistance (Rgy). Compared with the GO-based device,
the GOR-based device exhibits a lower Rg and a higher Rgy.
In view of the energy level alignment shown in Figure 4a, we
attribute the excellent performance for the GOR-based device
to the improved hole extraction and electron blocking capabili-
ties. In addition, the formation of a thin and uniform film of
GOR on the ITO electrode offers an additional advantage for
the PSC application. Both the proper energy level alignment
and the excellent film forming property of GOR contribute to
the observed excellent device performance.
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Figure 4. Device energy level alignment (a) and device structure (b) of the GOR-based PSC device. Current density-voltage (J-V) curves (c) and EQE
curves (d) under AM1.5G illumination of the PSCs without and with PEDOT:PSS, GO or GOR as the HEL.

As mentioned earlier, the conventional PEDOT:PSS HEL suf-
fers from poor device stability due to its acidic and hygroscopic
nature.l'Zl To test the stability of the GOR-based device, we
studied two PSCs with the configuration of ITO/PEDOT:PSS
or GOR/P3HT:PCBM (200 nm)/Al (100 nm). For the stability
study, Ca was eliminated because Ca was too sensitive to
oxygen and moisture. The device performance was recorded as
a function of storage time in a Nj-filled glovebox without any
device encapsulation. As shown in Figure 5, the PCE of the
PEDOT:PSS-based device drops to 75% of its original value
after storage for 90 days. In contrast, the GOR-based device
remains 86% of the original value under the same condition,
suggesting that GOR is a more stable hole extraction interfacial
layer than PEDOT:PSS.

In summary, we have demonstrated, for the first time, that
GOR possesses proper energy level alignment, good solubility,
and excellent film-forming propertie to be an excellent hole
extraction material to enhance efficiency and stability of PSCs.
PSC devices based on the GOR HEL outperform their counter-
parts based on conventional hole extraction materials, including
PEDOT:PSS. The unique structure, interesting properties and

Table 1. Characteristics of the PSC devices without or with different HEL
under AM1.5G illumination.

HEL Voc Jsc FF PCE PCE® Rs Reh
V)  (mAcm?) (%) (%) (Qecm?) (Qcm?)
none 0.56 875 045 220 206020 1837 194
GO 0.62 842 060 3.08 286042 1250 696
PEDOT:PSS  0.61 1070 0.68 419 416+023 659 958
GOR 0.62 996 067 414 402:029 675 945

@average PCE and deviation of nine devices.

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

excellent device performance of GOR offer a new pathway for
the development of novel carbon nanomaterials for high-perfor-
mance PSCs.

Experimental Section

Synthesis and Purification of GOR: GOR was prepared according to the
published procedure.l”®l To start with, SWCNTs (from Cheap tubes Inc.)
were subjected to thermal annealing at 220 °C in humid air atmosphere
overnight, and then were washed with hydrochloric acid to remove
the catalyst residual. Thereafter, the SWCNTs were rinsed sequentially
with aqueous Na,CO;, H,0, and methanol, followed by dried at 50 °C

1.1
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Figure 5. PCE decay of a PEDOT:PSS-based device and a GOR-based
device unencapsulated and stored in a N,-filled glovebox.
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overnight. A mixture of the purified SWCNTs (100 mg) and 98% H,SO,
(150 mL) was ultrasonicated in a water bath for 20 minutes and stirred
overnight at room temperature. To the SWCNT dispersion, KMnO,
(500 mg) was then added in five portions and stirred at room temperature
for 2 hours. After the resulting mixture was stirred at 70 °C for two more
hours, extra KMnO, (200 mg) was added in several portions, which was
accompanied by color change from dark to light violet-red. Upon cooling
down to room temperature, the reaction mixture was carefully poured
into a mixture of 400 g ice, 50 g water, and 5 mL H,0, under stirring.
Finally, the resultant dispersion was centrifuged (22000 rpm, 20 min) to
give crude GOR as dark precipitate (110 mg).

Our AFM and TEM measurements indicated that the crude GOR
product contained a high content of residual SWCNTs in a bundle form
or complexed with the GOR. So, tedious centrifuging was performed
to remove the residual SWCNTs. To start with, the crude GOR (30 mg)
was dispersed in water (20 mL) and one drop of hydrochloric acid,
followed by filtration through 0.2 um membrane to remove inorganic
impurities. The collected solid was then redispersed in water (20 mL)
and centrifuged at 6000 rpm for 20 minutes. The precipitate (most
probably SWCNT bundles) was discarded. To the supernant, ammonium
hydroxide (2 mL) was added, followed by bath ultrasonication for
30 minutes for dissociating GOR and SWCNTs. The resulting dispersion
was centrifuged at 20000 rpm for 20 minutes to remove the black
precipitate. The supernant was collected, to which hydrochloric acid
was added to tune the pH = 2 for precipitation of the purified GOR. The
dispersion was further centrifuged at 20000 rpm for 20 minutes and
the black precipitate was collected as the purified GOR. The solid was
further put on a 0.2 pm membrane and washed sequentially with water
and methanol. Finally, the solid was dried at 35 °C in vacuum for two
hours. The yield of the purified GOR was 18 mg (60%).

Device Fabrication and Measurements: 1TO glass substrates were
cleaned sequentially with detergent, de-ionized water, acetone, and
iso-propanol, followed by drying with N, flow and UV-ozone treatment
for 15 minutes. Then, the HEL was spincoated as follows. GO was
spincoated from its 1 mg mL™" aqueous solution at 2000 rpm for 60 s.
GOR was spincoated from its 3 mg mL™' aqueous solution at 2000 rpm
for 60 s. PEDOT:PSS was spincoated from the solution (Al4083 from
H. C. Starck) at 5000 rpm for 40 s, followed by heating at 140 °C for
10 minutes. After spincoating HEL, the device was transferred to a N,-
filled glovebox. Then, the active layer was spin-coated from the solution
of P3HT/PCBM = 1/1 in o-dichlorobenzene (17 mg mL™") at 600 rpm
for 60 s, followed by thermal annealing at 120 °C for 10 minutes. Finally,
the device was transferred to a vacuum chamber for deposition of Ca
(20 nm) and Al (100 nm) by thermal evaporation at a pressure of 10~
Torr. The area of each device was 0.12 cm?, as determined by the overlap
of the ITO and the evaporated Al. All the devices were tested in a N,-
filled glovebox using a Keithley 2400 source meter and a Newport Oriel
sol 2A solar simulator (300 W). The light intensity was calibrated to be
100 mW /cm? using a calibrated Si solar cell and a KG5 color filter. The
device parameters were obtained from the current-voltage curves of the
devices under illumination. The external quantum efficiency was recorded
by a Solar Cell Measurement System from PV measurement Inc.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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