CHEMISTRY OF

MATERIALS

Article

Chem. Mater. 2011, 23, 935-939 935
DOI:10.1021/ecm 1019553

High Throughput Preparation of Large Area Transparent Electrodes
Using Non-Functionalized Graphene Nanoribbons

Yu Zhu, Wei Lu, Zhengzong Sun, Dmitry V. Kosynkin, Jun Yao, and James M. Tour*

Department of Chemistry, Department of Mechanical Engineering and Materials Science, and the Smalley
Institute for Nanoscale Science and Technology, Rice University, MS 222, 6100 Main Street, Houston,
Texas 77005, United States

Received July 15, 2010. Revised Manuscript Received December 14, 2010

Transparent conducting films were prepared by using non-functionalized, non-oxidized graphene
nanoribbons. Two different dispersion methods were compared. The produced films show sheet
resistance as low as 800 €2/sq when the transmittance at 550 nm is 78%. The performance of the films
were close to the entry level for transparent electrode applications and is comparable to those of
graphitized chemically converted graphene films, but in this case, no high temperature annealing step
was required, thereby rendering this a technique suitable for use on thermally sensitive materials.

Introduction

Theoretical and experimental studies of graphene show
that it is a promising material for use in transparent elec-
trodes." As a single-atom layered material, graphene
absorbs 2.3% of visible light."® Pristine graphene can be
produced by mechanical exfoliation of highly ordered
pyrolytic graphite (“Scotch tape” graphene),” epitaxial
growth on silicon carbide® and chemical vapor deposition
on metals such as Ni* and Cu.’ These methods produce
high quality graphene and are widely used for under-
standing the intrinsic properties of graphene. However,
the limited throughput makes these processes difficult to
use for the preparation of large area transparent electrodes.
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Recently, reports**® have demonstrated transparent
electrodes made using CVD graphene, and a large-scale
transfer method by Bae et al.” seems particularly attrac-
tive for flexible substrates; nevertheless, the CVD gra-
phene transfer process still needs to be improved for rigid
substrates such as glass. Another type of graphene deri-
vative that researchers use frequently is graphene oxide
(GO).® Unlike pristine graphene, GO is readily dispersi-
ble in water as a single layer because of the presence of
hydrophilic oxygen groups on the basal planes and edges.
However, the defects and oxygen-containing side groups
introduced by the oxidative exfoliation reaction also
render GO poorly conductive. Reduction by chemical,**’
thermal'® or electrochemical' treatment results in partial
recovery of the graphitic character, producing what is
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called chemically converted graphene (CCG). Large
transparent GO films can be prepared by spin-coating,'>
filtration,"® dip-coating,'* and Langmuir—Blodgett
assembly.'? After reduction using, for example,
hydrazine®®'?>13713 or sodium boron hydride, '® the films
become conductive. After further treatment at high tem-
perature, typically, 1000—1200 °C, the sheet resistance of
the film can be 1 K Q/sq with a transmittance of 80% at
550 nm. This value is the entry level at which the materi-
al’s properties become valuable for some transparent
electrode applications.'” However, only limited substrates
can withstand the graphitization temperature, which make
practical applications of CCG-based films difficult.

Recently we reported that high aspect ratio, non-oxi-
dized graphene nanoribbons (GNRs) can be synthesized
by splitting multiwall carbon nanotubes with potassium
vapor.'® The potassium produced GNRs (K-GNRs) are
only 3 to 5 graphene layers. The width of the ribbons is
between 100 and 500 nm, and the length is over 5 um. The
new GNRs are promising transparent electrode materials
because they combine the merits of both graphene sheets
and carbon nanotubes: they are as transparent as few
layered graphene and they can form percolation networks
like carbon nanotubes, so complete surface area coverage
is not essential. In addition, since they are free of oxygen
containing groups, K-GNRs are highly conductive even
without annealing. Single K-GNRs exhibit conductivities
of 80,000 S/m. Although the intrinsic pristine graphene-
like structure also renders K-GNRs poorly soluble in
common solvents, they can be dispersed at | mg/mL in
aqueous sodium dodecyl sulfate (SDS) or in chlorosulfo-
nic acid, both of which are used to disperse carbon nano-
tubes.'” By using K-GNR solutions, a high-throughput
procedure for preparing transparent GNR films on glass
substrates is reported in this work. The produced film is
transparent and has a sheet resistance comparable with
the graphitized CCG films. The use of a low cost substrate
and a scalable solution-based procedure renders this method
an attractive procedure to prepare graphene-based trans-
parent electrodes.

Experimental Procedures

Two kinds of K-GNRs solution were prepared: K-GNRs can
be directly dispersed either in chlorosulfonic acid or in water
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Figure 1. (a) Relationship of transmittance and sheet resistance of
graphene-based thin films. (A) K-GNRs film prepared from chlorosulfonic
solution in this work. (B) K-GNRs film prepared from SDS solution in
this work. The red and magenta curves are descriptive curves of the R~T
% relationship for two K-GNRs films, respectively. (C) Graphene oxide
film reduced by hydrazine and annealed at 400 °C from Becerril et al.'*
(D) Graphene oxide film reduced by hydrazine and annealed at 1100 °C
from Becerril et al.'** (E) Graphene oxide film reduced by hydrazine and
annealed at 1100 °C from Wang et al.'* (F) Graphene oxide film reduced
by hydrazine and annealed at 1100 °C from Wu et al.'*® (G) Graphene
oxide film reduced by hydrazine and annealed at 200 °C from Eda et al.'®
(H) Graphene oxide film reduced by hydrazine and annealed at 200 °C
from Zhu et al."> (I) Graphene oxide film reduced by hydrazine and
annealed at 800 °C from Lietal.'¥ (J) CVD grown graphene from Lietal.®
(K) CVD grown 4%raphene from Kim et al.** (L) CVD grown graphene
from Reina et al.”™ The transmittance values in panel a are measured at
550 nm, except for (I), which were measured at 1000 nm. (b) Full range
transmittance of the K-GNRs films prepared in this work. Inset: Photo of
a1l x 3in. glass slide with a K-GNR film.

with SDS. The concentration of K-GNRs is 1 mg/mL in both
cases. Normal glass substrates (Premiere Microscope slides
9101) were used as supports for the K-GNR thin films. Since
high temperature annealing was not necessary, quartz was not
required for this work. Several scalable solution-based film forma-
tion methods such as spin-coating, blade coating, and spray coating
were tested. Spray coating was chosen because of the high quality of
the films formed. Films were immediately formed upon the
evaporation of the solvent from the preheated substrate. They
were cleaned by washing procedures based on the solvents used.

Preparing Graphene Ribbons Film using Chlorosulfonic Acid.
Twenty milligrams of K-GNRs was dissolved in 20 mL of
chlorosulfonic acid (Aldrich 98%). The mixture was sonicated
in a bath sonicator (Cole Parmer, Model 08849—00) for 1 min
and then centrifuged for 3 h at 10000 rpm. The supernatant,
which had a concentration near that of the starting solution since
very little precipitate was observed, was collected by decanting
into a glass vial inside a glovebox. The clean glass substrates
were placed on a hot plate and heated to ~350 °C. The glass vial
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Figure 2. SEM images of graphene nanoribbons films on glass. a,b: films formed by spraying a surfactant K-GNR solution and chlorosulfonic acid
K-GNR solution, respectively; ¢,d: the same films at lower magnification, respectively. The concentrations of the K-GNRs were 1.0 mg/mL in both cases.
The concentration of surfactant was 0.5 mg/mL. The same volume of solution was sprayed and the films were cleaned as described in the Experimental
Procedures. The images indicate that the GNR film from the chlorosulfonic acid solution is less aggregated.

containing K-GNRs solution was connected to an Iwata Eclipse
HP-BCS airbrush by a homemade acid resistive junction. The
solution was then sprayed onto the hot glass substrates. The acid
evaporated quickly from the hot glass and a gray transparent
K-GNRs film was immediately formed. The spraying must be
carried out in a well ventilated fume hood. After the substrates
cooled, they were immersed into hot ethanol (80 °C) and hot
ethanol/water mixture (1:1 volume ratio, 80 °C) for 5 min to
remove residual acid. The film was dried in a vacuum oven (75 mm Hg)
at 80 °C for 24 h before the electrical measurements.

Preparing Graphene Ribbons Film Using Surfactant Solution.
Twenty milligrams of K-GNRs was dissolved in 20 mL of 0.5 M
sodium dodecylsulfate (SDS) aqueous solution. The mixture
was sonicated using a tip sonicator (MISONIX sonicator 3000)
for 3 h and then centrifuged for 30 min at 3000 rpm. The super-
natant, which had a concentration near that of the starting
mixture since very little precipitate was observed, was collected
by decanting into a glass vial. The clean glass substrates were put
on a hot plate and heated to 100 °C. The K-GNRs SDS solution
was then sprayed on the hot glass substrates by using an Iwata
Eclipse HP-CS airbrush. The water evaporated quickly from the
hot glass, and a gray transparent K-GNRs/SDS film was immedi-
ately formed. After the substrates were cooled to room tempera-
ture, they were immersed into 50% H,SO, for 5 s, (this short
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exposure to sulfuric acid had proved to be a key step in removing
surfactant®®), then soaked in hot ethanol/water mixture (80 °C,
1:1 volume ratio) for 1 h.2% The film was dried in a vacuum oven
(75 mm Hg) at 80 °C for 24 h before the electrical measurements.

Results and Discussion

The sheet resistance and transmittance of the cleaned
transparent K-GNRs films were measured using a four-
point probe and a UV/vis spectrophotometer, respec-
tively. The relationship between sheet resistance and
transmittance is shown in Figure la.

The films formed using the chlorosulfonic acid solution
exhibit good electric properties (red circles in Figure 1a).
The transmittance of the film (at 550 nm) reaches 83%
when the sheet resistance is 1500 € /sq. At lower trans-
mittance (78%), the sheet resistance of the film was
800 Q/sq. The results of K-GNR films are better than or
comparable to the published graphene oxide based films
(data points C—I in Figure 1a), in which a high tempera-
ture graphitization was applied.'®'>!'* Note that glass
cannot be used for high temperature graphitization, but
works well with our procedure. The film is robust enough
to be measured many times by the four point probe equip-
ment. Although the K-GNR films are less conductive
than CVD graphene (J—L in Figure la), the solution
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Figure 3. (a) SEM image of exfoliated K-GNRs ribbons. The sample was prepared by drop casting K-GNRs chlorosulfonic acid solution on a silicon chip
with 300 nm thermal oxide. (b—e) AFM images of graphene nanoribbons on silicon chip with 300-nm-thick thermal oxide. The samples were prepared by
drop-casting the surfactant K-GNR solution. b,d: AFM images. c,e: The height profiles along marked paths in b and d, respectively. The heights of the
ribbons are 20—30 nm. (f—i) AFM images of graphene nanoribbons on silicon chips with 300-nm-thermal oxide. The samples were prepared by drop-
casting the chlorosulfonic acid K-GNR solution. f,h: AFM images. g,i: The height profiles along marked paths in f and h, respectively. The heights of the

ribbons are 5—12 nm.

processed K-GNR films provide transparent electrodes
in a high-throughput procedure. By using an airbrush
(Iwata Eclipse HP-CS and Iwata Eclipse HP-BCS), five
1 x 3in. glass substrates can be coated with K-GNR films
in 30 s. Figure 1b is the typical transmittance spectra of
the sprayed films. The blank glass was used as background
during the measurements. The transmittance of films
slightly decreases when the wavelength decreases, but it
maintains a variation smaller than 5% in the entire measured
range from 400 to 1200 nm. The inset of Figure 1b shows a
1 x 31in. glass slide coated with a K-GNR thin film having
a transmittance of 80% at 550 nm.

When the surfactant dispersed K-GNR solution was
used to form K-GNR films, the results are shown as
magenta solid circles in Figure 1a. On average, these films
are 10 times less conductive than the chlorosulfonic acid-
prepared films at the same transmittance. The reason
could be the higher aggregation states for the film prepared

from the surfactant solution, which was confirmed by our
SEM experiments (see below). Additionally, because of
the existence of surfactant, the as prepared K-GNRs films
are almost non-conductive, implying the washing proce-
dure is crucial for surfactant solution-prepared films. Acid
dipping is an effective way to remove surfactant;** how-
ever, in some cases the films became detached from the
substrate after acid dipping. The higher the transmittance
of the film, the easier the film became detached. It was
challenging to get films with transmittance over 80% by
acid treatment. The reason for the easy detachment of the
film after acid treatment is the existence of the surfactant
in the solid film, which upon washing will be dissolved
and cause the destruction of the film.

The SEM images of the thin films are shown in Figure 2.
Figure 2a and 2b are the films formed by surfactant
solution and chlorosulfonic acid solution, respectively.
It is clear that percolation paths are formed in both films.
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Figure 4. XPS spectra of a K-GNR thin film on glass substrate. The
K-GNRs thin film was prepared by spraying K-GNR chlorosulfonic acid
solution on heated glass substrates. The signals from the glass were also
obtained (Si and O signals).

The K-GNRs are in contact with each other and there are
many empty spaces for high transmittance. Figures 2c
and 2d are SEM images of a larger area. The K-GNRs
covered the substrate with entangled coils that appear to
be evenly distributed. Furthermore, based in Figure 2a and
2b, the K-GNR ribbons were better exfoliated by using
the chlorosulfonic acid procedure. When the surfactant
solution was used to disperse graphene, the as-prepared
films contained many open nanotubes consisting of many
layers of stacked graphene ribbons (Figure 2a). However,
in the films formed by chlorosulfonic acid dispersions, the
major components are well exfoliated thinner ribbons.
Recent reports'®?! have confirmed that chlorosulfonic acid
exfoliates graphene and bundled nanotubes. In this work,
we also found the thinner exfoliated ribbons (4—12 nm)
(Figure 3) are the major form of K-GNR in chlorosulfo-
nic acid solution. However, the thicker ribbons (20—30 nm)
are the major form of K-GNRs produced from the sur-
factant solution (Figure 3). The conclusion that chloro-
sulfonic acid exfoliates K-GNRs is supported by the fact
that centrifuging 1 mg/mL of K-GNRs in chlorosulfonic
solution at 10000 rpm did not produce a visible precipi-
tate, but the same treatment of 1 mg/mL surfactant K-GNR
solution produced an obvious precipitate albeit minimal.
The more highly exfoliated K-GNRs in the chloro-
sulfonic acid solution as compared to the surfactant solu-
tion explains the different sheet resistances of the films
formed. The flat, exfoliated K-GNRs in Figure 2b should
have smaller contact resistance between ribbons, which
would lead to lower sheet resistance of the film.

To understand why the film was highly conductive even
without doing any thermal annealing treatments, we ana-
lyzed the products using X-ray photoelectron spectroscopy
(XPS); the spectra of the thin films are shown in Figures 4
(survey) and 5 (high resolution Cls). Previous results for
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Figure 5. High-resolution XPS Cls spectra of oxidized GNRs (red),
reduced GNRs (blue), and K-GNRs films (black). The fwhm of the major
Cls peak are 1.67 eV, 1.13, and 0.87 eV for oxidized GNRs, reduced
GNRs, and K-GNRs, respectively. The base pressure of the system was at
5% 10”7 Torr. A monochromatic Al X-ray source at 100 W was used with
a pass energy of 26 eV and with a 45° takeoff angle. The beam diameter
was 100.0 um. Binding energy values were referenced externally to a gold
4f peak at 84.00 eV and internally to a carbon 1s binding energy of 280.50
eV (NIST XPS Database).

the oxidized GNRs**?? and chemically reduced GNRs*4-?
are also shown in Figure 5. The high resolution XPS Cls
spectrum of oxidized ribbons (red curve in Figure 5) show
strong signals at 286—290 eV, indicating the existence of
C—0 and C=0O0 functionalities. Those oxygen-containing
functionalities were partially removed by reduction, as
shown in the Cls spectrum of reduced ribbons (blue curve
in Figure 5), which shows only one strong signal at
285 eV. The Cls spectrum of the K-GNR film (black
curve in Figure 5) looks similar to that of reduced GNRs;
however, the full width at half-maximum (fwhm) of the
K-GNR film and reduced GNRs are 0.87 and 1.13 eV,
respectively. The larger fwhm for the reduced GNRs
indicates the presence of contributions from a variety of
different carbon bonding configurations while the nar-
rower peak for the K-GNR film indicates the carbon
bonding of the K-GNRs is more homogeneous than
other GNRs.

Conclusion

In summary, transparent conducting films are dis-
closed using non-functionalized, non-oxidized graphene
nanoribbons. This solution-based process is suitable for
forming large area transparent electrodes. No high tem-
perature annealing under hydrogen of the film is required.
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