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Abstract

We report the synthesis of single-layer graphenes on polycrystalline Ni foils by alcohol-based
chemical vapor deposition (CVD) with IR-lamp heating. Heating with an IR lamp allows fast cooling and a
reduction in the overall CVD time because of the rapid thermal processes in the heating and cooling stages.
Spatially resolved Raman spectroscopy shows that single-layer graphenes are synthesized by CVD of alcohol
with IR-lamp heating. The effects of the reaction temperature and alcohol type on the number of layers and

graphene quality are investigated.



1. Introduction

Graphenes, which are novel nanocarbon materials, have attracted much interest in recent years. Some
potential applications of graphenes have been proposed, such as field effect transistors [1] and transparent
conductive films [2]. These applications have accelerated research activities on the syntheses of graphenes in
the past few years.

Chemical vapor deposition (CVD) is expected to be a simple and low-cost method for the industrial
synthesis of graphenes. Large-area graphenes have been grown by CVD on transition-metal substrates such as
Ni [2-9], Co [10], and Cu [11-13]. In the case of Ni, a mechanism of graphene synthesis consisting of carbon
precipitation from Ni during cooling after the reaction has been proposed [2-4], and a deposition mechanism
that is similar to growth on Cu has recently been proposed [5]. In growth by carbon precipitation from Ni, the
number of layers and graphene quality depend on the cooling rate. Yu et al. reported that few-layer graphenes
were obtained on Ni foils by methane CVD with a cooling rate of 10 °C/s [3]. The rapid cooling process was
carried out by mechanically pushing the sample holder to a lower-temperature zone after the reaction. Lee et
al. reported the large-area synthesis of few-layer graphenes on Ni using a cold-wall CVD system with
methane as the carbon source [6]. Their CVD system with a local Joule heater achieves faster cooling than
that obtained with a conventional hot-wall CVD system. Recently, graphene growth using acetylene with a
photothermal CVD system was reported [7]. Fast cooling, at a rate of 100 °C/min, was achieved in the CVD
process.

Typical CVDs of graphenes use hydrocarbon gases such as methane [2-6,10,11] and acetylene [7,8]
as the carbon source. Recently, CVD growth of graphenes using liquid carbon sources has been demonstrated
and is expected to be a milestone in graphene synthesis because liquid precursors are inexpensive and easy to
use [9,12-13]. Srivastava et al. reported the synthesis of single- and few-layer graphenes on Cu foils using
hexane [12]. The synthesis of single-layer graphenes from ethanol on Ni foils using flash cooling by
extracting the substrate from the electric furnace after the reaction has been reported [9]. However, further
studies on CVD of graphenes using liquid precursors are required for facile graphene synthesis.

Here we report the synthesis of single-layer graphenes on Ni foils by alcohol-based CVD with
IR-lamp heating. Heating with an IR lamp allows rapid cooling and a reduction in the overall CVD time

because of the fast thermal processes in the heating and cooling stages. The obtained graphene materials were
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characterized by Raman spectroscopy, which revealed that single-layer graphenes were synthesized by alcohol
CVD with IR-lamp heating. We have investigated the effects of the reaction temperature and alcohol type on

the number of layers and the graphene quality.

2. Experimental Details

Graphenes were synthesized on polycrystalline Ni foil (thickness 10 um and area 1 cm x 1 cm) by
CVD using ethanol or 2-propanol as the carbon source. An IR heating system with a SiC-coated graphite
susceptor was used as the CVD reactor. The temperature of the CVD reactor was controlled using a
thermocouple mounted in the susceptor. The CVD process was carried out at atmospheric pressure. Ni foil
was loaded in the reactor, and the temperature was raised to the reaction temperature at a heating rate of 17
°Cl/s under a N2 flow of 1000 mL/min, followed by annealing at the reaction temperature for 10 min. After
annealing, the reaction was carried out by introducing alcohol into the reactor for 5 min. The alcohol vapor
concentration in the CVD reactor was controlled to 1% by bubbling N2 gas at a rate of 56 mL/min through
temperature-controlled liquid ethanol and a 1000 mL/min dilution N2 flow. After the reaction, the alcohol
bubbling was stopped and the reactor was cooled to room temperature under N2 flow. The temperature profile
of the synthesis at 1000 °C, measured by a thermocouple mounted on the surface of the sample during the
cooling process, is shown in Fig. 1. The temperature measured by this thermocouple is about 20 °C higher
than that measured by the thermocouple mounted in the susceptor. The obtained graphene materials were
characterized by spatially resolved Raman spectroscopy (JASCO; NRS-3300) with a x50 objective lens. The
Raman mappings were measured over 30 umx30um area with 3um steps. The excitation wavelength of the
Raman measurements was 532 nm. Transmission electron microscopy (TEM) observation was carried out on

a JEOL JEM-z2500.

3. Results and Discussion

Fig. 2(a) shows a TEM image of graphenes synthesized using ethanol at 1000°C. The presence of
graphenes was confirmed by TEM observation. Raman measurements were carried out to determine the
number of layers and the graphene quality. The full width at half maximum (FWHM) of the 2D-band peak at

around 2700 cm™ and the intensity ratio of the G peak at around 1580 cm™ to the 2D peak (Ic/l2p) provide
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information on the number of graphene layers [11,14-16]. Fig. 2 (b) shows the Raman mapping results for the
FWHMs of the 2D peaks of graphene materials synthesized using ethanol at 1000 °C. It can be seen that
several regions clearly show narrow FWHMs, colored in red. Fig. 2 (c) shows the map of Ic/l2p in the same
area. Comparisons between the 2D-FWHM and lc/l.o maps reveal that narrower 2D-FWHM regions are
almost consistent with smaller Ic/l2p regions. Fig. 2 (d) shows the Raman spectra obtained at the points A, B,
and C marked in Fig. 2 (b). At A, there are a narrow 2D peak with an FWHM of 27 cm™* and a small 1c/l2p of
0.29; this indicates formation of single-layer graphenes. The 2D-FWHM and Ic/l2p at B are 60 cm ™ and 1.31,
respectively. This indicates that few-layer graphenes are formed at point B. The Raman spectrum at C has a
large FWHM (76 cm™) and lc/l2p (1.89), indicating thicker-layer graphenes. The D-band peak at around 1350
cm L is negligible in these spectra, indicating high-quality graphene materials.

The distribution of the numbers of layers was estimated using the 2D-FWHM statistics. Fig 2 (e)
shows the histogram of the FWHM of the 2D-band obtained from the Raman mapping. The histogram has a
bimodal distribution. The peak positions of the distribution were evaluated to be 34 cm™ and 63 cm™ by
Gaussian fitting; these correspond to single- and double-layer, and multi-layer graphenes, respectively.
Furthermore, the cumulative counts plotted in Fig. 2 (f) indicate that about 33% of the FWHM values are less
than 40 cm™L,

The effects of synthesis temperature on the number of layers and the graphene quality were
investigated systematically. Fig. 3(a)-(c) show Raman mappings of the 2D-FWHMs of samples synthesized
using ethanol at 700 °C, 800 °C, and 900 °C. The samples synthesized at 700 °C and 800 °C show broader
FWHMs of the 2D peak. Compared with the samples synthesized at 700 °C and 800 °C, there were smaller
2D-FWHM regions, colored in green, in the mapping of the sample synthesized at 900 °C. However, narrow
FWHMs, less than 35 cm™, are not observed in the 900 °C sample. Fig. 3(d) shows Raman spectra taken from
point A in Fig. 2 (b) and Fig. 3(a)-(c). As the growth temperature increased from 700 °C to 1000 °C, the
intensity of the D-band peak decreased. This indicates that increasing the growth temperature increases the
graphene crystal domain size [17] and improves the graphene quality.

We also tried to synthesize graphenes using 2-propanol as another alcohol carbon source. Fig.4(a)
and (b) show a Raman map and the histogram of 2D-FWHM of the sample synthesized at 1000°C using

2-propanol, respectively. As shown in Fig.4(a), the Raman map shows narrow FWHM region, colored in red.
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However, narrow FWHM region decreases in the mapping of the 2-propanol sample compared with that using
ethanol as shown in Fig. 4(b). Therefore ethanol is better than 2-propanol for synthesis of single-layer

graphenes in the present CVD process.

4. Summary

We have presented the synthesis of single-layer graphenes on polycrystalline Ni foils by alcohol
CVD with IR-lamp heating. Spatially resolved Raman measurements show that about 33% of the 2D-FWHM
values are less than 40 cm™ for the graphene materials synthesized using ethanol at 1000 °C. We believe that
these results will play an important role in developing facile syntheses of graphenes on Ni using liquid

precursors.
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Figure captions
Fig. 1 Temperature profiles under cooling process, measured using a thermocouple mounted on the sample

surfaces.

Fig. 2 (a) A TEM image of grahpenes synthesized using ethanol at 1000 °C. The scale bar is 0.2 um. (b)-(f)
The results of spatially resolved Raman spectroscopy of graphene materials synthesized using ethanol at 1000
°C. Raman mappings of (b) FWHMs of 2D-band and (c) lc/l2p values. (d) Raman spectra obtained at the
points A, B, and C marked in (b). (e) Histogram of 2D-FWHM (gray bars) taken from the Raman mapping.
The dotted lines denote fitting curves with Gaussian functions. The solid line indicates the sum of the fitting

curves. (f) Cumulative count plot of FWHMs of 2D-band.

Fig. 3 Raman mappings of FWHMs of 2D-bands in samples synthesized using ethanol at (a) 700 °C, (b) 800

°C, and (c) 900 °C. (d) Raman spectra obtained at point A in Fig. 2 (b) and Fig. 3(a)-(c).

Fig. 4 (a) Raman mapping of 2D-FWHMSs in the sample synthesized using 2-propanol at 1000 °C. (b)

Histogram of 2D-FWHMs (gray bars) taken from the Raman mapping. The dotted lines denote fitting curves
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with Gaussian functions. The solid line indicates the sum of the fitting curves.
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