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ABSTRACT

We report the formation of a nanocomposite comprised of chemically converted graphene and carbon nanotubes. Our solution-based method

does not require surfactants, thus preserving the intrinsic electronic and mechanical properties of both components, delivering 240 Ω/0 at

86% transmittance. This low-temperature process is completely compatible with flexible substrates and does not require a sophisticated

transfer process. We believe that this technology is inexpensive, is massively scalable, and does not suffer from several shortcomings of

indium tin oxide. A proof-of-concept application in a polymer solar cell with power conversion efficiency of 0.85% is demonstrated. Preliminary

experiments in chemical doping are presented and show that optimization of this material is not limited to improvements in layer morphology.

Since their creation in bulk form in 1991, carbon nanotubes

(CNTs) have delivered high axial carrier mobilities in small-

scale devices, making them an obvious choice for use as

transparent conductors. High aspect ratios lead to low

percolation thresholds, meaning very little material is needed

for conduction.1 Thus far, CNTs are capable of delivering

resistivities around 500 Ω/0 at 80-85% transmittance.1-8

Graphene, a single layer of carbon, has been touted for

its potential as an excellent electrical conductor since its

experimental discovery in 2004.9-13 Graphene is essentially

a CNT cut along its axis and unrolled to lay flat. It can

provide conduction pathways to a greater area per unit mass

than CNTs, which should translate into improved conductiv-

ity at lower optical densities. The challenge has been in

scaling up the mechanical cleavage of graphite.14 Single-

layer samples are most often the result of a laborious peeling

method, which is neither scalable nor capable of producing

uniform depositions. Recently, researchers have circum-

vented the problem of mechanical cleavage by using graphite

oxide (GO), a layered compound that can be readily dispersed

as individual sheets in a good solvent.15-23 Although GO

itself is not electrically conductive, the conjugated network

may be restored upon reduction in hydrazine vapor or with

high heat after deposition.18,21,22 However, both reduction

methods have their drawbacks, as high temperatures are

incompatible with flexible substrates (e.g., poly(ethylene

terephthalate), PET) and hydrazine vapors are only able to

access and reduce the outer surface of deposited films. Other

reduction methods, such as NaBH4, phenyl hydrazine, and

KOH in aqueous solution, have been suggested. However,

incomplete reduction or large aggregates are often observed.

Hence, the resulting graphitic regions are limited, which is

detrimental to carrier transport and conductivity. Films of

vapor phase reduced GO were reported recently, but dis-

played a relatively poor conductivity, i.e., 104
-105

Ω/0 at

80% transmittance.24-29

Attempts to combine CNTs and chemically converted

graphene (CCG) in a single layer have also been reported, but

the resulting films were too thick for optical applications.30,31

By combining CNTs and CCG in a single layer, we envision

enhancing the conductivity, while sacrificing little in trans-

parency. As a result, an efficient and facile synthesis to

deliver such a hybrid material is of great importance.

To this end, graphite oxide was first synthesized and

purified using Hummers method (see Supporting Informa-
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tion). The resulting dry graphite oxide powders were

dissolved in deionized (DI) water with the assistance of

ultrasonication. The stable dispersion was filtered through

an alumina membrane and allowed to dry for several days.

Once dried, the graphite oxide paper was carefully peeled

from the filter and stored under ambient conditions. In order

to enhance the solubility, CNTs were refluxed in a mixture

of nitric acid and sulfuric acid to activate the surface with

oxygen functionalities. As a result, most of the CNTs are

terminated with hydroxyl and carboxylic moieties. After

being refluxed for 24 h, the resulting black dispersion was

filtered and washed repeatedly with a combination of DI

water and ethanol. To produce hybrid suspensions of CCG

and CNTs (called G-CNT), dry powders of GO and slightly

oxidized CNTs were dispersed directly in anhydrous hydra-

zine and allowed to stir for 1 day, as shown in Scheme 1.21

Hydrazine bubbles violently upon contact with the carbon

powders but soon forms a uniform dark-gray suspension with

no visible solids remaining. A range of compositions were

achieved following this protocol, with GO and CNT con-

centrations observed up to at least 1 mg/mL. A post-treatment

process combining ultrasonication and centrifugation can be

used to vary the composition of the dispersions before

deposition.

To our knowledge this is the first report of dispersing

CNTs in anhydrous hydrazine. This is an important observa-

tion as it provides a route to deposition that does not involve

the use of surfactants, which typically degrade electrical

performance. For the stable dispersion of CNTs in hydrazine,

we suggest the formation of hydrazinium compounds com-

prised of negatively charged CNTs surrounded by N2H5
+

counterions. Such hydrazinium compounds are known to

readily disperse in hydrazine.32 The mechanism for hydrazine

reduction of the CNTs is not entirely understood but is

Scheme 1

Figure 1. Preparation of chemically converted graphene-SWCNT suspensions. (a) A representative SEM image of a G-CNT film. (b)
Photographs of 1 mg of graphite oxide (GO) paper and 5 mg of SWCNT dissolved in pure hydrazine (left) and in dichlorobenzene (DCB)
(right), respectively. After 1 h, G-CNT in DCB already precipitates out.
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consistent with our observations of gas evolution upon

contact. Unlike CNT suspensions in organic solvents, CNT

and G-CNT dispersions in hydrazine are stable for months

with little aggregation as shown in Figure 1b. Moreover,

UV-vis spectra were carried out to characterize the disper-

sions (see Supporting Information). Solutions prepared using

1 mg of graphene, 10 mg of CNTs, and a combination of

the two were directly dispersed into anhydrous hydrazine.

Prior to characterization, ultrasonication was used to ensure

a stable dispersion. If one wishes to avoid spin-coating from

a solvent of hydrazine’s toxicity, the hydrazinium complexes

can also be dried and resuspended in DMSO, DMF, and THF

before deposition.21

G-CNT dispersions were readily deposited onto a variety

of substrates by spin-coating and subsequently heated to 150

°C to remove excess solvent. Note that the modest temper-

ature of this post-treatment is fully compatible with flexible

substrates, especially in contrast to previously explored

procedures used for GO electrodes.24-29 The present synthesis

is facile and provides the following advantages: (i) a one

phase reaction without additional surfactants, (ii) the homo-

geneity and composition of the films is simply determined

Figure 2. Representative SEM and AFM images of a G-CNT film, along with 3-D topographies of (a) chemically converted graphene, (b)
a single-wall carbon nanotube network, and (c) G-CNT hybrid film. Note that the dense network of the G-CNT film exceeds the percolation
threshold with average surface roughness of 5-10 nm. Inset: phase image juxtapose the large sheet of chemically converted graphene and
individual SWCNT. (d) a G-CNT film after surface optimization. Height profile (blue curve) taken along the white solid line shows an
average surface roughness of 1.49 nm.
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by the composition of the parent suspension, spin-coating

parameters (speed and duration), and surface modification

of the substrate, (iii) relatively inexpensive starting materials,

and (iv) high throughput and low temperature processing.

The initial characterization of depositions was carried out

by examination with a scanning electron microscope (SEM).

Figure 1a provides an SEM image of one such deposited

film. These images are used primarily to determine structural

information for hybrid films and to understand the effects

of different coating conditions. We explored a myriad of spin

speeds and durations as well as surface modification of

substrates via an O2 plasma treatment. The image presented

shows the percolating network of intertwined graphene and

CNTs common to most films. Good contrast in SEM can be

difficult to obtain, with relatively low accelerating voltages

(1.5-3.0 kV) and probe currents (5-8 µA) delivering the

best results on 300 nm Si/SiO2 substrates.

Although SEM images can be used to understand generally

the morphology of the films, they are not accurate repre-

sentations of topography. Hence, we employed atomic force

microscopy (AFM) to establish the thickness and surface

roughness of the depositions. Figure 2 shows representative

AFM images for single-component films, (a) CNTs and (b)

graphene, as well as for the (c) hybrid. The hybrid film is

approximately 5 nm thick and exhibits a rough surface

covered with CNT bundles/ropes. These bundles are prob-

lematic for device fabrication as they often protrude up

through the active layers and cause shorting. In order to

improve this roughness, G-CNT dispersions were sonicated

for 90 min prior to deposition. This treatment was sufficient

to break up the CNT bundles and remove the troublesome

protrusions, reducing the root mean square surface roughness

to ∼1.49 nm as shown in Figure 2d.

Once we achieved the desired surface roughness, G-CNT

films were deposited on glass substrates and further char-

acterized by UV-vis spectroscopy at normal incidence. Spin

speed had the most direct effect on transmittance, as is

evident in the photographs and spectra presented in Figure

3. As expected, higher spin speeds delivered thinner films

that were more optically transparent, with those deposited

at 1050, 1250, 1500, and 1750 rpm displaying optical

transmittances of 58%, 70%, 87%, and 92%, respectively.

Note that compared with electrodes comprised of graphene

only, the addition of CNTs does not appear to significantly

increase the overall absorbance. Four-point sheet resistance

measurements were made on the same devices after deposi-

tion of small gold fingers. Figure 3c shows the relationship

between spin speed and sheet resistance. Again the observed

relationship is consistent with expectations, with higher spin

speeds delivering less material and hence fewer conduction

pathways. As shown in the figures, the film deposited at 1750

rpm showed optical transmittance of 92% and a sheet

resistance of only 636 Ω/0. Control experiments were also

performed on single-component CNTs and graphene films

deposited from hydrazine, which reveal sheet resistances of

22 and 490 kΩ/0, respectively (see Supporting Information).

Note that the high conductivity of the graphene-only

electrode can be attributed to more complete reduction. This

sheet resistance is nearly 2 orders of magnitude lower than

the analogous vapor reduced GO films reported previously

(∼1 MΩ/0 and 80-85% transmittance).13-18 To explain the

vast improvement in sheet resistance of a G-CNT electrode,

we suggest the formation of an extended conjugated network

with individual CNTs bridging the gaps between graphene

sheets. The large graphene sheets cover the majority of the

total surface area, while the CNTs act as wires connecting

the large pads together.

Mechanically, ITO’s rigid inorganic crystal structure

develops hairline fractures upon bending, which are quite

detrimental to the overall electrical performance. To inves-

Figure 3. Optical and electrical characterization of G-CNT films. (a) Photographs of G-CNT films with increasing spin speed (from left to
right), 1050, 1250, 1500, and 1750 rpm, respectively. (b) Optical transmittance of G-CNT films as a function of different spin speeds. (c)
Sheet resistance versus different spin speeds.
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tigate the flexibility of G-CNT electrodes, hydrazine solutions

were spin-coated directly on PET substrates. For the densest

film, a resistance as low as 44 Ω/0 was observed at 55%

transmittance (see Supporting Information). The film’s low

transmittance is attributed to suboptimal surface morphology.

Parts a and b of Figure 4 present the current-voltage

characteristics before and after bending of the G-CNT film

and a standard ITO on PET electrode for reference. After

bending to 60° more than 10 times, the resistance of the

brittle ITO film increased by 3 orders of magnitude, while

the G-CNT electrode remained nearly unchanged.

Although G-CNT films perform well during electrical

characterization, it is important to understand the feasibility

of incorporating this new material in actual optical electronic

devices. To this end, we used G-CNT films as a platform

for the fabrication of P3HT:PCBM photovoltaic devices. To

fabricate the devices, the precleaned glass substrates were

subjected to the O2 plasma to activate the surface. Subsequent

to surface treatment, the hydrophilic substrates were brought

into contact with PDMS stamps used for patterning the

electrode area. Typically, a mixture of 1 mg/mL graphene

and 10 mg/mL CNTs were used for spin-coating. The

electrodes used were coated on glass and exhibited sheet

resistances around 600 Ω/0 at 87% transmittance. The device

structure included a thin PEDOT:PSS buffer layer followed

by a 2% 1:1 weight ratio of P3HT:PCBM spin-coated and

“slow-grown” from dichlorobenzene.34 Finally, thermal

evaporation of Al and Ca provided the reflective cathode.

Similar devices have been reported using vapor reduced

GO as the bottom electrode, but high resistivity was

detrimental to solar cell performance, i.e., reduced short

circuit current (Jsc) and fill factor (FF) resulted in a power

conversion efficiency (PCE) of 0.2%.27,35 The device structure

and performance characteristics of our PV devices are

presented in Figure 5. With a device area of 4 mm2, power

conversion efficiency (PCE) of 0.85% was measured under

illumination of AM 1.5 G. The Jsc, Voc, and FF were 3.47

mA/cm,2 0.583 V, and 42.1%, respectively. The low Jsc and

FF are detrimental to PCE and likely due to poor contact at

the interface between the G-CNT and the polymer blend.

Further engineering of the electrode morphology will likely

improve the diode properties of these devices and lead to

higher PCEs. That said, the performance of these proof-of-

Figure 4. Electrical measurements of G-CNT and ITO films (a)
before and (b) after bending at 60° 10 times. The ITO resistance
increases 3 orders of magnitude, while the resistance of the G-CNT
hybrid electrode remains.

Figure 5. Band diagram, device structure, and current density-voltage (J-V) curves. (a) The G-CNT based organic solar cell device consists
of G-CNT (5 nm)/PEDOT (25 nm)/P3HT:PCBM (230 nm)/Ca: Al (80 nm). (b) Current density voltage (J-V) curves in the dark (red) and
under simulated AM1.5G irradiation (100 mW cm-2) using a xenon-lamp-based solar simulator (black).
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concept devices far exceeds those previously reported and

are encouraging for the development of G-CNT electrodes.

Chemical doping has been widely explored as an effective

method for increasing the conductivity of CNT elec-

trodes.7,8,36 Simple treatment with SOCl2 vapor is often

employed as a means of anion doping and does not

significantly affect the optical transmittance of CNT films.

We used a similar method for this hybrid system by exposing

as-deposited G-CNT films to SOCl2 vapors after spin-coating.

The sheet resistance before and after treatment is recorded

in Figure 6. An exposure of 15 min to room temperature

SOCl2 vapors resulted in a decrease in sheet resistance by a

factor of 1.5-2 for all deposited films. The sheet resistance

for the 1500 rpm film was reduced from 636 to 240 Ω/0

after doping, while transmittance dropped only slightly from

88 to 86%. To confirm the mechanism of anion doping,

similar experiments were performed using I2 vapors and

delivered comparable results. These initial doping experi-

ments indicate that further improvements are likely.

Here we report a competitive synthetic approach using a

hybrid layer of carbon nanotubes and chemically converted

graphene. This technology is facile, inexpensive, scalable, and

compatible with flexible substrates. We present conductivity

and optical data demonstrating comparable performance to the

ITO used in flexible applications, 240 Ω/0 at 86% transmittance

after chemical doping, and also a proof-of-concept application

in a polymer solar cell with a power conversion efficiency (PCE)

of 0.85%. Our preliminary experiments using chemical doping

show that optimization of this material is not limited to

improvements in layer morphology. With future work, this

versatile material could well provide an appropriate transparent

electrode for tomorrow’s optical electronics.
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