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Graphene quantum In this study, we demonstrate that few-layered graphene quantum dots (F-GQDs) can be used as
dots; hole-extraction layer (HEL) for high efficiency polymer solar cells (PSCs). As a new class of HEL
Graphene qxide; material, graphene oxide (GO) is not suitable for polymer solar cells (PSCs) based on highly
Work function; efficient donor polymers due to the relatively low work function and the poor film-forming

Hole-extraction layer;

Selbrrar sl @l property of GO. To circumvent these two problems, we develop F-GQDs with a small size of

about 4 nm and high content of periphery COOH groups. The small size of F-GQD ensures an
excellent film-forming capability and the abundant COOH groups increase the work function of
F-GQD to 5.26 eV from 5.01 eV of GO. As the result, when used as HEL in high efficiency PSC
devices with PTB7:PC74BM or PCDTBT:PC,1BM as the active layer, F-GQDs outperforms GO and
the state-of-the-art HEL, PEDOT:PSS. These results demonstrate the great potential of F-GQD as
efficient HELs to achieve high-performance PSCs.

© 2015 Published by Elsevier Ltd.

Introduction

Owing to their low cost, light weight, flexibility, and ever-
increasing efficiency, polymer solar cells (PSC) have att-
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recombination at the interfaces between the active layer
and the cathode/anode electrodes. Therefore, a hole-
extraction layer (HEL) between the anode and active layer
and/or an electron-extraction layer (EEL) between the
cathode and active layer are often required for high-
performance PSCs [6-8]. However, the state-of-the-art
HEL, poly(3,4-ethylenedioxythiophene) doped with poly
(styrene sulfonate) (PEDOT:PSS), is still suffering from strong
acidity and hygroscopicity to cause the device instability [9]. In
order to maximize the PCE without the detrimental effect on
device stability, several inorganic semiconductors, such as
MoOs3, V,05, NiO, WO; and RuO,, have been used as the HEL
in high-performance PSCs [10-14]. However, the use of these
inorganic semiconductors increases the manufacturing cost as
they need to be vacuum deposited. Recently, graphene oxide
(GO) and its derivatives have emerged as a promising class of
HEL materials with advantages of solution processability and
low cost [15-24].

GO, a derivative of the one-atom-thick graphene with
hydroxyl (OH) and epoxy groups on its basal plane and
carboxyl groups (COOH) at the edge (see Scheme 1), often
has a lateral size larger than several hundred nanometers
and the work function of 4.7-5.0 eV [25,26]. Since the work
function of GO matches well with the highest occup-
ied molecule orbital (HOMO) level of the prototype donor
polymer poly(3-hexylthiophene) (P3HT, HOMO: —4.9eV)
[20] for hole extraction, GO has been used as HEL in PSCs
by several groups including our own one [15-19]. Due to the
poor film-forming property intrinsically associated with the
difficulties for large flakes of GO to uniformly cover the
rough surface of indium-tin oxide (ITO) anode [16], the
device performance of GO HEL cannot surpass that of
PEDOT:PSS. Moreover, GO is not suitable for PSCs based on
highly efficient donor polymers with deep HOMO levels
(< —5.1eV) [15,19]. The relatively low work function of
GO induces an energy barrier for hole extraction and greatly
decreases the PSC device efficiency. Therefore, solution-
processable graphene materials with high work function and
excellent film-forming property should be developed for
high-efficiency PSC devices [21-24].

In this manuscript, we report the use of few-layered
graphene quantum dots (F-GQD) with a small size of about
4nm and high content of periphery COOH groups (see,
Scheme 1) as excellent HEL in PSCs based on a highly efficient
donor polymer, poly[[4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-
b:4,5-b']dithiophene-2,6-diyl][3-fluoro-2-[(2-ethylhexyl) car-
bonyl]thieno[3,4-b]thiophenediyl]] (PTB7). The small size of
F-GQD ensures an excellent film-forming capability [27,28]
while the abundant COOH groups increase the work function

of F-GQD to 5.26 eV [29] from 5.01 eV of GO. The PSC device
with PTB7 and [6,6]-phenyl-C71-butyric acid methyl ester
(PC71BM) as the active layer and F-GQD as the HEL is
demonstrated to exhibit a PCE of 7.91%, outperforming its
counterparts based on the GO (6.33%) and PEDOT:PSS (7.46%)
HEL. To our best knowledge, the PCE thus achieved among
the highest values reported for PSCs containing graphene
materials [30-32].

Experimental section
Synthesis of GO

A mixture of graphite powder (1.00g, 325 mesh), concen-
trated H,SO4 (25 mL), sodium nitrate (0.50 g) was stirred for
30 min in an ice-water bath and was slowly added KMnO,4
(4.50 g) under vigorously stirring, followed by stirring at 35 °C
for 30 min and at 90 °C for another two hours. After cooled
down, the mixture was slowly added into de-ionized water
(100 mL) and H,0, (30 mL). Centrifugation was carried out to
precipitate the solid, which was washed with 1 M hydrochlo-
ric acid for three times and de-ionized water for another
three times. The resultant solid was then dispersed in water
by ultrasonication for 30 min, followed by centrifugation at
6000 rpm for 30 min. The supernatant was collected and
purified through dialysis to afford aqueous GO solution (ca.
200 mL). To determine the concentration, 20 mL of the GO
solution was filtered with a 0.22-pym membrane and then the
dried in vacuum to give a solid content of 0.09 g. Hence, the
concentration of the GO solution was 4.5 mg/mL and the
yield of the reaction was 90%.

Synthesis of F-GQD

Vulcan VXC-72 carbon black (5.00g, purchased from Cabot
Corporation) was added into a mixture of concentrated H,50,
(200 mL) and concentrated HNO3 (100 mL). The mixture was
stirred and refluxed for 24 h. After cooled down to room
temperature, the mixture was at first neutralized with
Na,CO; powder and then acidified with hydrochloric acid to
give pH=1. The resulting mixture was added into acetone
(300 mL), followed by filtration to remove the precipitate.
The filtrate was collected and the solvent was removed by
rotary evaporation. The resulting deep yellow solid was dried
in vacuum to afford F-GQD. Yield: 1.90 g, 38%.
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Scheme 1
F-GQD underneath of the schematic structures.

(a) Device structure of the PSC. (b) Schematic structures of GO and F-GQD. Note the size and work function of GO and
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PSC device fabrication and measurement

PTB7 (1-material Chemscitech Inc.) and PCBM (American
Dye Source) were purchased from the commercial resources
and used as received. poly[N-9”-hepta-decanyl-2,7-carba-
zolealt-5,5-(4',7'-di-thienyl-2’,1",3'-benzothiadiazole)]
(PCDTBT) was synthesized in our laboratory. ITO glass
substrates were ultrasonicated for 10 min each sequentially
with detergent, de-ionized water, acetone, and iso-propa-
nol, followed by drying at 120 °C overnight and UV-ozone
treatment for 25 min. PEDOT:PSS (Baytron P VP A1 4083) was
spin-coated on the pre-cleaned ITO substrate and baked at
120 °C for 30 min. The GO or F-GQD was spin-coated on the
pre-cleaned ITO substrates from the aqueous solution with a
concentration of 0.3 mg/mL, followed by annealing at 70 °C
for 10 min. Then, all the substrates were transferred to
a nitrogen-filled glove box. The PTB7:PC,:BM (1:1.5 by
weight) active layer (100 nm) was spin-cast with the solu-
tion in chlorobenzene/1, 8-diiodoctane (97:3 by volume).
The PCDTBT:PC,BM (1:4 by weight) active layer (75 nm)
was spin-coated from the dichlorobenzene solution. Finally,
LiF (1 nm) and Al (100 nm) were sequentially deposited on
the top of the active layer in a vacuum chamber with a
pressure of about 4 x 10~ *Pa. The cell active area was
8 mmZ2. Under illumination with the intensity of 100 mW/
cm? provided by an Oriel 150 W solar simulator with an AM
1.5 G filter, J-V curves of the devices were measured using a
Keithley 2400 source meter. The EQE was measured under
the short-circuit condition with a lock-in amplifier (SR830,
Stanford Research System) at a chopping frequency of
280 Hz during illumination with a monochromatic light from
a Xenon lamp.

Results and discussion

F-GQD was synthesized by chemical oxidation of carbon
black (Vulcan VXC-72, Cabot Corporation) in HNO3/H,S0,4 at
gram scale following a modified literature method [33,34].
Since carbon black is the aggregates of spherical graphite
particles with a diameter of about 30 nm, chemical oxida-
tion of carbon black with strong acid readily affords F-GQD
of even smaller lateral size. Compared with other solution
approaches to synthesize graphene quantum dots from
graphite, carbon nanotubes or fullerene, this approach from
carbon black has advantages of scalability, high yield and
low cost [33,34].

As shown in Figure 1, transmission electron microscopy
(TEM, Figure 1a) reveals a uniform diameter of ca. 4 nm for
F-GQD. The inset of image in Figure 1a shows that an in-
plane lattice fringe of 0.208 nm, which may be reference to
the (102) facets of sp? graphitic carbon [35]. The atomic
force microscopic (AFM, Figure 1b) images shows that the
thickness of F-GQD is about 2 nm. As single-layered gra-
phene quantum dots or graphene oxide sheets have the
thickness of 0.7-1 nm by AFM measurements, we estimated
that F-GQD should contain two or three graphene layers
[36,37]. The stacked graphene sheets in F-GQD may be
attributed to the very low content of epoxy/hydroxy groups
on the basal plane of the graphene sheets (vide infra).

The X-ray photoemission spectroscopy (XPS) survey spec-
trum shown in Figure 2a indicates that F-GQD (27.79 at.%)

contains a high content of oxygen species, similar to that of
GO (29.27 at.%). The XPS C1s spectrum of F-GQD (Figure 2b)
clearly shows the presence of C=C, C-C, C-O (hydroxy and
epoxy), and COOH groups. Compared with GO, F-GQD
possesses a much higher content of COOH groups and a
significantly lower content of C-O groups, indicating that F-
GQD contains a low content of epoxy/hydroxy groups on
its basal planes and a high content of COOH groups at the
edges, as schematically shown in Scheme 1. The high
content of periphery COOH groups in F-GQD leads to good
solubility in water and polar organic solvents, such as
dimethylformamide (DMF), methanol, and acetone. More-
over, the F-GQD is insoluble in low-/non-polar organic
solvents, such as chlorobenzene and o-dichlorobenzene,
which are often used for spin-coating the active layer of
PSCs. As such, F-GQD can be used as the underneath HEL
free from being dissolved by the solvent used for solution-
casting the active layer on top in the PSC (vide infra).
Moreover, according to the theoretical calculation by Kumar
et al., COOH groups can increase the work function of
graphene oxide much more significantly than epoxy/hydroxy
groups [29]. The high content of COOH groups in F-GQD
is thus expected to result in a high work function, as
seen below.

To verify the effect of chemical structure on work
function of F-GQD and GO, we use ultraviolet photoelectron
spectroscopy (UPS) to measure their work functions. The
results are displayed in Figure 3b. According to the second
electron cutoff in UPS spectra, the work functions of ITO,
GO and F-GQD are estimated to be 4.80¢eV, 5.01 eV and
5.26 eV, respectively. The higher work function of F-GQD
than that of GO by 0.25eV is attributed to the higher
content of electron-deficient COOH groups in F-GQD (vide
supra). The work function of F-GQDs is also higher than that
of the graphene quantum dots (4.90 eV) reported by Chen
et al., probably because of the smaller size (ca. 4 nm vs. 20-
30 nm) and the higher content of periphery COOH groups in
F-GQDs [27]. As shown in Figure 3c, with the increased work
function, F-GQD can form Ohmic contact with the high-
efficiency donor polymers, such as PTB7 [38] and PCDTBT
[39], which can improve the hole extraction and suppress
the electron/hole recombination on anode to afford a high
photovoltaic efficiency.

In addition, F-GQD exhibits good film-forming property
and high transparency in visible range, both are attractive
for the HEL application. Figure 4 shows the AFM height
images of F-GQD and GO films spin-coated on mica sub-
strates from their 1 mg/mL aqueous solution. The F-GQD
film is smooth and homogeneous with a root-mean-square
(RMS) roughness of 0.14 nm and a peak-to-valley distance of
0.9 nm. No obvious voids can be observed in the AFM image
of F-GQD film. In contrast, GO film is inhomogeneous with
a RMS value of 0.73nm and a peak-to-valley distance
of 4.8 nm with various overlapped flakes and voids. For
application of GO as HEL in PSCs, the overlapped flakes
could suppress hole transport while the presence of voids
would lead to direct contact of the anode and active layer
[15] to reduce the device efficiency. The F-GQD with good
film-forming capability can effectively avoid these problems
associated with GO. Besides, the UV/Vis absorption spec-
trum of an aqueous solution of the F-GQD shows a peak
at 225 nm with a shoulder at 355 nm and no absorption in
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Figure 2 XPS survey spectra (a) and C1s spectra (b) of GO and
F-GQD.

visible range (Figure S1). The F-GQD film spin-coated on an
ITO glass is more transparent than PEDOT:PSS film in the
region of 500-800 nm (Figure S3), allowing for more absor-
bance of solar light by the active layer in PSCs. The high
work function, good film-forming capability, and high trans-
parency of F-GQD prompt us to investigate the F-GQD as HEL
for high-efficiency PSCs.
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Figure 3 (a) Chemical structures of PTB7, PCDTBT and
PC;4BM. (b) UPS spectra of ITO, GO and F-GQD. (c) Energy level
alignment of the PSC devices with GO or F-GQD as HEL and PTB7
or PCDTBT as the donor polymer.

To evaluate the PSC device performance of the F-GQD HEL,
we choose the benchmark highly efficient donor polymer,
PTB7 [38], with HOMO of -5.15 eV. The device configuration is
ITO/HEL/PTB7:PC74BM (100 nm)/LiF (1 nm)/Al (100 nm)
while HEL is none, PEDOT:PSS, GO or F-GQD. The chemical
structures of PTB7 and PC,4BM are shown in Figure 3a. The
current density-voltage (J-V) curves of the devices under
simulated AM1.5 G illumination at 100 mW cm~2 are shown
in Figure 5a and the corresponding parameters, including
short-circuit current density (Jsc), open-circuit voltage (Voc),
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Figure 4 AFM height images of F-GQD film (a) and GO film (b) on mica substrates spin-coated from their 1 mg/mL aqueous
solutions. The height profiles corresponding to the lines in the AFM images are also shown.
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Figure 5 J-V curves (a) and EQE curves (b) of the devices based on PTB7 with different HELs. J-V curves (c) and EQE curves (d) of
the devices based on PCDTBT with different HELs.

fill factor (FF) and PCE, are summarized in Table 1.The
device with GO as HEL shows an Voc of 0.69V, Jsc of
13.58 mA/cm?, FF of 0.68 and PCE of 6.33%. In comparison,
the control device with PEDOT:PSS as HEL exhibits the V¢ of
0.74V, Jsc of 13.96 mA/cm?, FF of 0.72 and PCE of 7.46%.

The low Vo of GO-based device is due to the non-Ohmic
contact of the anode interface caused by the relatively low
work function of GO (Figure 3b) [6-8]. In contrast, the F-GQD-
based device shows the Vpc of 0.75 V, Jsc of 15.20 mA/cm?, FF
of 0.70 and PCE of 7.91%. The higher V¢ of the F-GQD-based
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Table 1  Characteristics of the PSC devices based on
PTB7 or PCDTBT with different HELs.

Donor HEL Voc (V) Jsc (mA/cm?) FF PCE (%)
PTB7 None 0.64 13.51 0.61 5.27
PEDOT: 0.74 13.96 0.72 7.46
PSS
GO 0.69 13.58 0.68 6.33
F-GQD 0.75 15.20 0.69 7.91
PCDTBT None 0.52 9.92 0.59 3.03
PEDOT: 0.90 10.11 0.66 6.02
PSS
GO 0.67 9.97 0.65 4.34
F-GQD 0.89 10.65 0.67 6.30

device than that of the GO-based device is attributable to the
high work function of F-GQD, which leads to Ohmic contact.
The major improvement of the F-GQD-based device compared
to the PEDOT:PSS-based device comes from the increased Js¢
from 13.96 to 15.20 mA/cm?. The increased Jsc is consistent
with the higher external quantum efficiency (EQE) of the F-
GQD-based device than that of the PEDOT:PSS-based device
(Figure 5b). F-GQD outperforms PEDOT:PSS due to the better
transmittance of F-GQD than PEDOT:PSS (see Figure S3), which
allows more solar light absorption by the active layer. More-
over, the good film-forming property of F-GQD is also crucial
for its excellent PSC device performance.

The PSC device performance of F-GQD as HEL is further
tested with PCDTBT:PC,4BM as the active layer. PCDTBT has an
even deeper HOMO level of —5.50 eV and its chemical structure
is shown in Figure 3a [39]. Figures 5c and d shows the J-V
characteristics and the EQE curves, respectively, for the PSC
devices with different HELs. Similar to the PSCs based on the
PTB7:PC;1BM active layer, the PCDTBT:PC74BM device with the
GO HEL exhibits a low Voc and low PCE due to the relatively low
work function of GO. The corresponding device with F-GQD as
HEL exhibits a Vo of 0.89V, Jsc of 10.65 mA/cm?, FF of 0.67,
and PCE of 6.30%, outperforming the counterpart with the
PEDOT:PSS HEL (Table 1). Graphene quantum dots (GQDs) have
been previously used as HEL in prototype P3HT-based PSCs [27],
though with an inferior performance to PEDOT:PSS. In contrast,
F-GQD with the unique structure (vide infra) is an excellent HEL
superior to PEDOT:PSS, as demonstrated by the good device
performance of F-GQDs in high-efficiency PSC devices investi-
gated in this study.

Conclusions

In summary, we have developed F-GQD with a size of ca. 4 nm
and abundant COOH groups as HEL materials for PSCs. Owing
to its high work function, good film-forming property, and high
transmittance, F-GQD HEL is demonstrated to show superior
device performance than that of GO and PEDOT:PSS in PSCs
based on high-efficiency donor polymers. The PSC with PTB7:
PC+BM as the active layer and F-GQD as the HEL exhibits a
PCE of 7.91%, which is among the highest values reported for
PSCs based on graphene materials. This work represents a
major advance toward the practical application of solution-
processable graphene materials in high-performance PSCs.
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