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ABSTRACT: Heterojunctions between different graphitic nano-
structures, including fullerenes, carbon nanotubes and gra-
phene-based sheets, have attracted significant interest for light
to electrical energy conversion. Because of their poor solubility,
fabrication of such all-carbon nanocomposites typically involves
covalently linking the individual constituents or the extensive

surface functionalization to improve their solvent processability

for mixing. However, such strategies often deteriorate or conta-
minate the functional carbon surfaces. Here we report that
tullerenes, pristine single walled carbon nanotubes, and gra-
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phene oxide sheets can be conveniently coassembled in water to yield a stable colloidal dispersion for thin film processing. After
thermal reduction of graphene oxide, a solvent-resistant photoconductive hybrid of fullerene—nanotube—graphene was obtained
with on—off ratio of nearly 6 orders of magnitude. Photovoltaic devices made with the all-carbon hybrid as the active layer and an
additional fullerene block layer showed unprecedented photovoltaic responses among all known all-carbon-based materials with an
open circuit voltage of 0.59 V and a power conversion efficiency of 0.21%. The ease of making such surfactant-free, water-processed,
carbon thin films could lead to their wide applications in organic optoelectronic devices.

B INTRODUCTION

Graphitic nanostructures are usually used as adducts to
facilitate the separation, transport, and collection of ghotodisso—
ciated charges in organic optoelectronic devices.' ° Since full-
erenes are n-type semiconductors,” while semiconducting carbon
nanotubes'”'" and graphene-based sheets'>'> exhibit p-type-like
behavior in ambient conditions, nanoscopic heterojunctions can
be generated if these carbon nanostructures are brought
together.''* Because of their poor solubility, fabrication of
such all-carbon nanocomposites typically involves covalently
linking the individual constituents or the extensive surface func-
tionalization to improve their solvent processability before direct
mixing,' ’ However, such strategies tend to break the conju-
gated carbon networks or contaminate their functional surfaces
thus compromising the material’s performance. Recently we
discovered that graphene oxide (GO), the chemical exfoliation
product of graphite, can act as a surfactant sheet to stabilize oil
droplets in water and disperse graphite and carbon nanotubes in
water.">” 7 One of the advantages of using GO as a dispersing
agent for carbon materials is the ability to generate clean,
electrically addressable carbon—carbon interfaces in the final
composite because GO can be cleanly converted to chemical-
modified graphene (also known as reduced GO, r-GO) without
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producing hard-to-remove byproducts.'®>° Here we extend and
build upon our previous dispersion work to create functional all-
carbon hybrids made of fullerenes, single walled carbon nano-
tubes (SWCNTs), and graphene. It was found that although GO
cannot disperse fullerene molecules in water, synergistic coas-
sembly of fullerene, unfunctionalized SWCNTs, and GO in
water readily yields a stable colloidal dispersion. This opens up
new possibilities for making all-carbon composite materials
without the need for any surface functionalization or dispersing
agents for fullerenes and the hard-to-process carbon nanotubes.
The fullerene—SWCNT —graphene hybrid was found to exhibit
unprecedented photoconductive and photovoltaic properties
when compared to the all-carbon or carbon-rich materials made
by previous methods.

B EXPERIMENTAL SECTION

Graphite powder (SP-1 grade) was purchased from Bay Carbon, Inc.
Single wall carbon nanotubes (P2-SWCNTs) were purchased from
Carbon Solutions, Inc. GO was synthesized by a modified Hummers’
method®" as reported elsewhere.”> The dispersion was extensively
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Figure 1. Picture of cuvettes C1—C7 containing aqueous dispersions of 1 mg/mL GO, 1 mg/mL SWCNTs, 0.5 mg/mL Cgo, their binary blend
SWCNTSs/GO, C40/GO, and Cg,/SWCNTs, and the ternary blend Cq0/SWCNTs/GO, respectively. The picture was taken 30 min after
ultrasonication. GO can effectively disperse insoluble SWCNTs (C4) and Cg/SWCNTs complex (C7) in water, forming colloid dispersions that

are stable for months.

washed and filtered to remove the salt byproduct and excess acid.”> The
dry GO filter cakes were redispersed in water to create a stock solution of
1 mg/mL, which may be further diluted to various concentrations. To
create the dispersion of the binary mixtures of Cg, (Nano C), unfunc-
tionalized SWCNT powders, or GO, the individual components are
blended in a mixture of water and methanol (10 to 1 volume ratio) and
sonicated using a tip-sonicator (Misonix ultrasonic cell disruptors) for
2 h. Typically the concentrations of C4p, SWCNTS, and GO are 0.5, 1,
and 1 mg/mL, respectively. To create the ternary composite, the three
components were directly mixed and sonicated, or alternatively, C4o and
SWCNT were first sonicated together to form a complex and then added
into GO dispersion. Black colloidal dispersions with no visible precipita-
tion were formed by either method. However, the dispersions made by
the two-step mixing were found to produce more uniform thin films and
therefore were used for preparing thin films for device studies. Typically
to prepare the Cgo/SWCNTs/GO hybrid, 100 uL of Csn/SWCNTSs
stock solution was carefully added into the GO solution (1 mg/mL) and
was sonicated for two hour to ensure the stable colloidal dispersion. The
resulting dispersion is stable for months.

Microscopy observations were made with scanning electron micro-
scopy (SEM, Hitachi S-4800-11 FEG), transmission electron microscopy
(TEM, JEOL JEM-2100F), and atomic force microscopy (AFM, Multi-
mode, DI). Confocal Raman spectroscopy studies were done at a fixed
excitation wavelength of $14.5 nm on a silicon substrate. UV—vis spectra
were acquired with an Agilent 8653 spectrometer. The spectra of
SWCNTs and Cg were measured on the supernatant right after
sonication. As for preparation of all-carbon composite devices, S—
8 nm thick active layer material of fullerene—SWCNTs—GO was spin
coated onto a prepatterned indium tin oxide (ITO) anode (20 ©2/sq)
with a thin buffer layer of poly(3,4-ethylenedioxythiophene):poly-
(styrenesulfonate) (PEDOT:PSS) (20 nm). The layer was annealed
in ambient conditions at 150 °C for 30 min to reduce GO. A 15 nm thick
corresponding fullerene layer was thermally evaporated followed by a
100 nm thick Al as the top electrode through a shadow mask. Photo-
voltaic measurements were done under AM1.5 80 mW cm ™ illumina-
tion from a Thermal Oriel Xe solar simulator equipped with an Oriel 130
monochromator. Filters were used to cut off grating overtones. A
calibrated silicon reference solar cell with a KGS filter certified by
the National Renewable Energy Laboratory was used to confirm the
measurement conditions. Device configurations for external quantum
efficiency (EQE) measurement were similar to those used in photo-
voltaic measurement. The work function measurements were carried
out by ultraviolet photoelectron spectroscopy (UPS) (ULVAC-PHI,
Chigasaki) under ultrahigh-vacuum conditions (107® Pa). UPS spectra

were collected on r-GO and SWCNTs thin films spin coated on the
silver-coated silicon substrates under positive bias. Films were annealed
at 150 °C in ambient conditions prior to characterization. Helium lamp
emitting at 21.2 eV was used as the light source to excite the valence
electrons.

B RESULTS AND DISCUSSION

Synergistic Assembly of Fullerene, SWCNTs and GO. The
cuvettes in Figure 1 contain the aqueous dispersions of GO,
unfunctionalized SWCNTs, Cgo, their binary mixtures, and the
ternary mixture after ultrasonication treatment, respectively. As
expected, GO (C1) disperses very well in water but SWCNTs
(C2) and Cg4p (C3) do not. In an earlier work, we reported that
GO can be used to disperse both multiwall and single wall carbon
nanotubes in water through 7—m interaction.'® The colloidal
dispersion of SWCNT/GO (C4) was found to be stable for at
least months and can be spin coated on a variety of substrates to
create a smooth composite thin film (Figure 2a). However,
attempts to disperse Cq powders with GO (CS) were not
successful. After sonication, the majority of C4y powders re-
mained in the precipitate. Although the supernatant did appear
darker, SEM observation on spin-coated thin films revealed a
large amount of micrometer- to submicrometer-sized particles
covered by GO sheets (Figure 2b). Meanwhile, AFM measure-
ments showed that the 1 nm apparent thicknesses of GO sheets
before and after sonicating with C4y powder were largely un-
changed (Figure 2b), suggesting that GO sheets were not coated
by a Cg layer. Therefore the darkening of supernatant in Cgo/
GO dispersion (Figure 1, CS) is due to the formation of GO-
stabilized Cgo microcrystals during sonication. It has been known
that Cgo molecules can readily adsorb onto graphitic surfaces
through strong van der Waals attraction.”* However, since the
basal plane of GO is functionalized with hydroxyl and epoxide
groups, they effectively increase the separation between Cg and
GO, thus screening off the van der Waals attraction.”> As for
SWCNTs or Cgp microcrystals, they can adhere to GO sheets
due to much larger interacting areas than individual C4o mole-
cules. Although SWCNTs are insoluble in water, their graphitic
nature can help to disperse C4o upon sonication, as evident by the
much-reduced amount of powdery precipitates of C4o and much-
darkened supernatant (Figure 1, C6). However, the Co/SWCNT
complex is not processable in water. Figure 2c shows that the
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Figure 2. (Top): SEM images of spin-coated thin films of: (a) SWCNTs/GO; (b) Cg0/GO; (c) Cgo/SWCNTs; and (d) Cgo/SWCNTSs/GO,
respectively. (Bottom): AFM (a, b, and d) and optical (c) images with height profile along the white line on each image. The optical image and height
profile in (c) were obtained using a profilometer (Veeco Dektak 150). Scale bars = 2.5 um.
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Figure 3. (a) Solution phase UV—vis and (b) solid-state Raman spectra (excitation wavelength of $14 nm) of the C4,/SWCNTs/GO composite and
the individual components. Both spectra of the composite display a red shift, and the bands of the individual components were red shifted, suggesting

strong 7T— stacking between the components.

spin-coated Cgo/ SWCNT thin film was very uneven with surface
roughness at submicrometer scale.

If the basal plane of GO can be made more graphitic, it should
become a better dispersing agent for C4o molecules. A straight-
forward idea would be reducing it to chemically modified
graphene (r-GO). Unfortunately, the colloidal stability of r-GO
sheets is much lower compared to GO,*® making it less ideal for
this purpose. Note that while GO makes SWCNTs water
dispersible, the SWCNTs attached to the GO also effectively
make the basal plane of GO sheets more graphitic. Therefore, a
SWCNTs/GO complex should better disperse Cgo molecules

than GO. Indeed, colloidal dispersions of Cg/SWCNTs/GO
can be successfully created by sonicating SWCNTs and Cg in
GO water (Figure 1, C7). It can also be made by first creating
Cg0/SWCNTs (Figure 1, C6) and then dispersing the insoluble
complex with GO. The dispersion can produce smooth thin films
by spin coating (Figure 2d). Adding a small amount of methanol
(up to 10 vol %) can greatly facilitate the dispersion due to
improved wetting on the hydrophobic carbon surfaces as well as
its deposition on common glass or silicon substrates. UV—vis
spectrum (Figure 3a) of the ternary hybrid, C4o/SWCNTs/GO
shows two bands characteristic of SWCNTs at around 750 and

4942 dx.doi.org/10.1021/ja1103734 |J. Am. Chem. Soc. 2011, 133, 4940-4947



Journal of the American Chemical Society

Figure 4. (a) High-magnification cross-sectional SEM image of a thick composite film clearly shows SWCNTs bridging the exfoliated graphene
sheets. Scale bar = 500 nm. (b) Low-resolution TEM image of the Cs,/SWCNTs reveals rough coatings on the SWCNTs. Scale bar = S0 nm. High-
resolution TEM images of (c) a bare pristine SWCNT and (d) a SWCNT half coated with clusters of 1—2 nm after sonicating with C4, powders in water.

Scale bars = S nm.
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Figure 5. Thermal annealing of C4o/SWCNTSs/GO creates a solvent-resistant all-carbon composite. Raman and UV—vis spectroscopy were used to
monitor the amounts of Cg left in the solid samples of (a) Cso/SWCNTS, (b) Cso/SWCNTs/GO, and (c) Cso/SWCNTs/r-GO and in those released
into toluene after sonication, respectively. The insets show the color of the supernatants. Results clearly show that GO and r-GO suppress the release of

Cgo into the supernatant.

930 nm (red, dashed arrows), respectively.27 In addition, two
distinct absorption bands at around 360 and S0S nm can be
attributed to Cgo (blue, dashed arrows).”® Another band near
300 nm can be attributed to GO.>® While the hybrid dispersion
exhibits the characteristic absorption bands of each component,
the overall spectrum was red shifted in regard to the individual

constituents. This indicates intimate contact between these
carbon nanomaterials formed by strong —s stacking. The
ternary colloidal dispersions can be readily used for spin coating
to make thin films. The Raman spectrum (Figure 3b) of the dried
composite thin film shows signatures of all the constituents:* a
stretching mode of Cg cages at 1464 cm” !, two dominant peaks
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Figure 6. All-carbon photovoltaic device. (a) Schematic diagram illustrating the photovoltaic device structure with Cgo/SWCNTs/r-GO as the active
layer and an additional layer of thermally evaporated Cg as the protection/hole blocking layer. The photograph on the right shows one such device.
(b) Corresponding schematic energy level diagram of the device. The all-carbon composite is shown in the dashed box. The IP of the SWCNTs sample is
experimentally determined from a thin film comprised of a mixture of semiconducting and metallic nanotubes. LUMOs of SWCNTs is not marked
because their band gap varies by diameter. (c) Representative I—V curves measured in the dark and under illumination.

at 1596 and 1587 cm™ " associated with the phonon transition
within the SWCNTs, and a D peak at 1350 cm” ! from GO. Note
that the absence of a D band in the Raman spectrum of SWCNT's
confirmed that their surfaces are unfunctionalized.

Solvent-Resistant All-Carbon Composite. After thermal
treatment, the GO sheets in the film can be converted to chem-
ically modified graphene, making the product a C4o/SWCNTs/
r-GO all-carbon composite. Figure 4a is a cross-sectional SEM
image of a thick film of such an all-carbon composite, which was
thermally exfoliated to show SWCNTs bridging the r-GO sheets.
TEM (Figure 4b) observation showed that the SWCNTSs were
largely debundled. Only individual tubes or bundles of a few
tubes were found. High-resolution TEM images revealed that all
the tubes have a rough coating on the surface. From half-coated
tubes, the thickness of the coating was estimated to be around
1—2 nm thick, which is presumably a layer of Cqy clusters
(Figure 4c and d).?

The Cgo/SWCNTs complexes (Figure 1, C6) formed by
sonicating individual components in water can be readily dis-
sociated in organic solvents that can dissolve fullerenes, such as
toluene. However, the addition of GO not only helps to disperse
the Cgo/SWCNTSs complex in water but also greatly improves
the solvent resistivity of the complex as demonstrated by
“toluene wash” tests on the composite thin films. Three thin
films consisting of C5o/SWCNTS, Cgo/SWCNTs/GO, and Cgo/
SWCNTSs/r-GO were prepared. The samples were then soni-
cated in toluene for 10 min and thoroughly rinsed with toluene
before dried in air. Raman and UV—vis spectroscopy were used
to monitor the amounts of Cg left in the samples and released
into toluene during sonication, respectively. In Figure Sa, Raman
spectrum shows that C4o was completely removed from the Cyo/
SWCNTSs complex. Meanwhile, the supernatant became purple
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with a nearly saturated, characteristic C¢( absorption band at 340 nm
in its UV—vis spectrum. For the Cg/SWCNTs/GO complex,
dissociation of Cg was greatly suppressed (Figure Sb). This is likely
due to the wrapping or sandwiching of Cs,/SWCNTSs complex,
which is consistent with the thin film morphology revealed by SEM
and AFM images (Figure 2d). After reducing GO, even tighter
protection can be expected due to much increased 77—77 and van der
Waals attraction between Cgy-coated SWCNTs and r-GO. In-
deed, Raman and UV—vis spectra (Figure Sc) show that the
solid thin film of Cg/SWCNTSs/r-GO has become resistant to
toluene even after sonication. Thus a clean, solvent-resistant,
all-carbon composite made of Cgp, SWCNTs, and graphene
had been successfully created. The drastic change in solvent
processability of such all-carbon composites before and after
reduction opens up their use in solution-processed organic thin
film devices, in which a great challen%e is the materials’ solvent
stability during multilayer deposition.™

Photoconductive All-Carbon Composite and Photovol-
taic Devices. Thin films of spin-coated C¢y/ SWCNTs/GO were
found to exhibit surface roughness of around only a few nano-
meters (Figure 2d), which makes it possible to use them in
photovoltaic devices. First, a C4o/SWCNTs/GO thin film of S—
8 nm was spin cast onto an ITO glass substrate, which was
pretreated with a smooth 20 nm layer of PEDOT:PSS (Sigma-
Aldrich). Thermal reduction of GO at 150 °C was found to turn
the insulating composite sufficiently conductive. Next, an addi-
tional layer of 15 nm thick C4o was thermally evaporated onto the
all-carbon active layer, acting both as a blocking layer to prevent
shorting and as an electron-transporting layer. Finally, 100 nm
thick of Al electrodes were deposited to complete the device.

Figure 6a shows the device structure using the Cgo/SWCNTSs/
r-GO composite as the active layer. Corresponding schematic

dx.doi.org/10.1021/ja1103734 |J. Am. Chem. Soc. 2011, 133, 4940-4947
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Figure 7. Effects of the thickness of the thermally evaporated Cg, blocking layer (e-Cq) on (a) the short circuit current and (b) corresponding EQE of

the devices. The optimal thickness was found to be around 15 nm.

diagram of the energy levels of the individual components is
shown in Figure 6b. The work functions of ITO, PEDOT:PSS,
and Al, the energy level of the highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO) 3132 of Cgo, are taken from literature. The ionization
potentials (IP) of r-GO and SWCNTs were determined by ultra-
violet photoelectron spectroscopy (UPS) to be 5.0 and 4.8 eV,
respectively (Supporting Information, Figure S1). Since the
SWCNTs sample used here (Carbon Solution Inc. P2-SWCNT)
was made by arc-discharge method, which contains both metallic
and semiconducting nanotubes of various chiralities,>>** the
measured IP of the SWCNT's sample could correspond to the
work function of the metallic nanotubes or the HOMO level of
the semiconducting ones. Since a random distribution of chirality
would result in one-third of metallic and two-thirds of semicon-
ducting nanotubes,*® we assume there were more semiconduct-
ing nanotubes in the sample. Therefore, the IP was taken to
represent the average HOMO level of the semiconducting
carbon nanotubes in the sample. The LUMO value is not marked
on the diagram (Figure 6b) since the band gap of semiconducting
carbon nanotubes varies by diameter, which is polydispersed in
the sample. The energy level offset at the C4o/SWCNT's hetero-
junction is sufficiently large to dissociate photogenerated exci-
tons. Electrons and holes can then be transported to the cor-
responding electrodes through the e-C4o and SWCNTs/r-GO
network, respectively, to generate photocurrent. The output
current—voltage characteristics of the device are shown in
Figure 6¢. The dark current exhibits a distinct diode behavior
with a rectification ratio of 10*. Upon illumination (AM 1.5, 80
mW/cm?), the device showed a photoconductive response with
an on/off ratio of near 10°, which surpasses those of covalently
linked, polymer-wrapped, or extensively surface functionalized
all-carbon composites."* ® More significantly, the device dis-
played an unprecedented photovoltaic response for devices using
all-carbon-based materials as the active layer,' ” with a short
circuit current (J,) of 1.23 mA/cm? an open circuit voltage
(Vo) of 0.59 V, and a fill factor of 0.29, giving rise to a power
conversion efficiency of 0.21%.

Figure 7 shows the effects of the thickness of the evaporated
Ceo layer on the device’s photocurrent and external quantum
efficiency (EQE). Typically an e-Cg layer is used to assist electron
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transport, retard hole transport, and prevent shorting. The optimal
thickness was found to be around 15 nm yielding a PCE of 0.21%.
When the thickness of this layer was increased from 7.5, 10, 12.5, to
1S nm, gradual increase in photocurrent was observed. The same
trend is observed in EQE measurement, suggesting that the e-Cq
layer is also contributing to light absorption, in addition to being the
electron-transporting and hole-blocking layer. However, decreased
photocurrent and EQE were observed when the thickness of e-Cyg
exceeded 20 nm. This is attributed to increased probability of
charge recombination due to short exciton diffusion length, which
limited the overall production of photocurrent.

Although this e-Cg layer is also contributing the light absorp-
tion, devices using only the evaporated Cgp thin film (e-Cqj,
15 nm thick) as the active layer lacked effective means for hole
transport, yielding a photocurrent 3 orders of magnitude lower
than those using the all-carbon composite (Figure 8, green line).
Since Cgo, SWCNTS, Cso/ SWCNTS, or Cgo/GO were not pro-
cessable (Figure 1), their spin-coated thin films were very rough
and uneven (Figure 2). As a result, all these devices failed due to
shorting. Smooth films of SWCNTs/GO were obtained, and the
corresponding SWCNTs/r-GO devices did produce a photo-
voltaic effect since there are also heterojunctions between the
e-Cgo and SWCNTs (Figure 8, red line). However, the photo-
current of the ternary all-carbon composite was 2 orders of mag-
nitude higher (Figure 8, black line) likely due to the preas-
sembled Cgo helping to form higher quality interfaces and
heterojunctions between SWCNT's and the evaporated Cgp.

These control experiments suggest that in the all-carbon
composite, GO’s main function is in material processing. It acts
as a dispersing agent to enable solution processability of Cgo/
SWCNTs. In addition, its sheet-like morphology helps to lower
the surface roughness of the spin-coated thin films, which is
critical for making photovoltaic devices. The insulating GO can
be “cured” by gentle heating to become conductive and insoluble,
thus electrically activating the device and preventing Cgo from
leaching out of the composite. The efficiency of the all-carbon
composite devices here should be readily improved by optimiz-
ing the relative fractions of the individual constituents to obtain
processable ternary composites with maximal content of Cgo/
SWCNTs heterojunctions. Other possible means include reducing
the size of GO sheets,* optimizing the reduction conditions for
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photocurrent and decreased V. compared to the all-carbon hybrid device (black line).

GO, removing the metallic nanotubes from the SWCNT's sample,
and/or using a more efficient light absorbing fullerenes, such as
C,o. These will also help to better understand the role of each
carbon building blocks in the device.

B CONCLUSION

In conclusion, surfactant-free, water-processable composites
made of Cgp, SWCNTSs, and GO can be conveniently created by
simply assembling the constituents in water. Gentle thermal
treatment turns it into a solvent-resistant, photoconductive all-
carbon composite, which displays unprecedented photoconduc-
tive responses with an on/off ratio of nearly 10° and a photo-
voltaic effect with a V. of 0.59 V and a power conversion
efficiency of 0.21%. With the great variety of different fullerenes,
carbon nanotubes, and graphene derivatives, numerous types of
all-carbon composites can be envisioned through this “green”
processing route that could lead to exciting new materials for
energy conversion and storage. The coassembly strategy to
create all-carbon composite reported here should be applicable
to prepare many other water-based, carbon-rich photovol-
taic materials by dispersing hard-to-process aromatic dyes on
SWCNTs/GO scaffolds.
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