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Ultrasonic spray pyrolysis method for
graphene films synthesis1

Zhe Li2

Abstract. Graphene films were synthesized by ultrasonic spray pyrolysis. The well-graphitized
Graphene films with different layers from 2 to 8 have been obtained on nickel foam substrate by
using ethanol precursor. Scanning electron microscope images show continual large area graphene
films covered whole nickel foam surface, while Raman spectra confirm that as-grown multi-layer to
few-layer graphene films with high quality were obtained at different zones. Transmission electron
microscope results further show high degree of crystallinity of transferred graphene sheets. The
procedure described can be scaled up for large-scale production at low cost.
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1. Introduction

Graphene films possess unique geometrical structure and properties for the fab-
rication of wide range of potential applications, including transparent electrode,
Lithium battery, nanoelectronics and organic photovoltaic [1–4] etc. Micro mechan-
ical cleavage [5], epitaxial [6],chemical and thermal reduction of graphene oxide (GO)
[7], chemical vapor deposition (CVD) [8], are well-established methods to synthesis
graphene sheets. Graphene flakes produced by exfoliating graphite are limited by
its size and scalability [5]. Epitaxial growth of multilayer graphene on SiC single
crystal at atmospheric pressure requires high temperatures above 1600 ◦C [9]. Films
derived from liquid suspensions of graphene flakes obtained by GO reduction have
not achieved the intrinsic properties of graphene [10]. Among various graphene syn-
thesis techniques, CVD growth is particularly advantageous for the preparation of
large area and high quality graphene films.

Compared with conventional gas precursor, liquid precursors are cheap, easy to
use, and less flammable and thus were chose as alternative of gas precursor. Alcohol
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[11, 12], hexane [13], benzene [14], etc. were already reported as liquid precursors
to synthesis graphene films successfully. Ultrasonic spray pyrolysis (USP) is an al-
tered method of CVD, which reveals promising results for many materials synthesis
[15, 16], especially for novel morphology carbon such as carbon nanotubes (CNTs),
carbon nanowalls (CNWs) and carbon nanofibers (CNFs) [17–19]. In this method,
ultrasonic spray is generated by an ultrasonic atomizer, when a high frequency ul-
trasonic is directed to a gas-liquid interface, mist forms at the surface and then
swept by a carrier gas into furnace. Ultrasonic spray consist of enormous numbers
of liquid drop in µm size spread uniformly over space, which is beneficial to the uni-
formity of large area films. Therefore, USP method is expected to synthesize-large
area graphene films at low cost. However, to the best of our knowledge, there are
no reports about this graphene growth method up to now.

In this work, a simple and inexpensive method that enables the production of
graphene films with relatively high graphization degree and controlled layers grown
on nickel foam by USP using ethanol precursor was developed. This opens a new
way to prepare graphene films with high quality at low cost.

2. Experiment

The graphene films were prepared by the ultrasonic spray pyrolysis of ethanol on
nickel foam substrate. A1 7MHz nebulizer was used to produce the “mist” which
was carried into a furnace set to 1000 ◦C using a mixture of argon and hydrogen
(500 sccm and 200 sccm, respectively) as carrier gas. The reactants were passed
through a quartz tube (100 cm in length and 45mm in diameter) placed horizontally
in an electric furnace. All experiments were conducted at atmospheric pressure.

Fig. 1. Scheme of substrate zones in the quartz tube

Three pieces of nickel foam substrate (size: 15mm×15mm×1.5mm) cleaned by
acetone were placed in three different zones (zone 1, 2, and 3) inside the quartz tube,
as shown in Fig. 1. When electric furnace reached to set temperature, ultrasonic
nebulizer was switched on during a certain time period, then the furnace was rapidly
cooled to room temperature under Ar and H2. The obtained products from zone 1, 2,
and 3 were identified respectively as GNs-1, GNs-2, GNs-3. As-grown samples were
characterized by scanning electron microscopy (SEM; Hitachi S-4800), transmission
electron microscopy (TEM; Hitachi JEM-2100F), and Raman spectroscopy (LabRam
HR800 with a laser wavelength of 488 nm).
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Fig. 2(a)–(c) show SEM images of As-grown samples from zone 1 to 3. Typi-
cal morphology as reported [20] of the graphene films with many wrinkles grown
on nickel foam was obtained for all of the samples. The formation of such wrin-
kles was suggested as a mechanism of strain relaxation caused by the coefficient
of thermal expansion mismatch between nickel and graphene during the cool-down
process [21]. It is worth noting that the surface is very clean and no amorphous
carbon was observed, which might be very important in applications for transpar-
ent electronic devices. Compared Fig. 2(a) with Fig. 2(c), it is obvious to find that
graphene sheet in Fig. 2(c) is more transparent than that in Fig. 2(a). Furthermore,
in Fig. 2(c), nickel grain boundaries under graphene sheet are clearly visible and cov-
ered by graphene sheet with mild ripples, In the contrary, more graphene wrinkles
are observed with less transparency in Fig. 2(a). This may be an intuitive evidence
to estimate the layer number of graphene sheet from different zones. This demon-
strated indirectly that the GNs-3 has fewer graphene layers than GNs-1. Another
different SEM image from the GNs-2 (Fig. 2b) shows a continual graphene film cross-
ing nickel grain boundaries spread over the whole substrate surface, indicating that
the lateral growth rate is much quicker than the graphene nucleation rate at this
zone.

Fig. 2. SEM images of the As-grown graphene films on nickel foam from zones 1
to 3 with 1 minute growth time, (a)–(c)

Raman spectroscopy provides a quick and facile structural and quality character-
ization of the graphene sheets. The Raman spectra of exfoliated graphene have three
major bands named D (∼1350 cm−1), G (∼1580 cm−1) and G’ (∼2700 cm−1).The
G-band is representative of the degree of graphitization associated with the graphene
growth. The D-band represents the number of defects (open ends, disorder, amor-
phous deposit, etc.). The G’ band at ∼2700 cm−1 in particular is a second-order
process related to a phonon near the K point in graphene, activated by double
resonance(DR) processes [22, 23].

Generally, the ratio of peak intensities (ID/IG) in the Raman spectra indicates
the degree of carbon ordering (graphitization), which is an important parameter
for evaluating the quality of GNs. The integrated intensity ratio (IG’/IG) and full
width at half maximum(FWHM) are also important factors, from which the number
of layers can be estimated.

Figure 3 show typical Raman spectra of samples from three zones. All the spectra
indicate the presence of G-band (at ∼1590 cm−1). For the defect-related D bands,
the intensity of D band almost disappears, indicating a higher quality of the as-
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obtained graphene. The IG’/IG and FWHM of the sample from zone 1 are 1.1 and
64 cm−1, suggesting that the sample is predominantly composed of multilayer flakes.
Furthermore, the Raman spectrum of the sample from zone 2 reveals a symmetric
G’ peak with FWHM of about 38 cm−1 and IG’/IG of 2.0, confirming the presence
of 5–8 layers dominant. Whereas, for the sample from zone 3, IG’/IG is about 3.0
and the FWHM of the G’ peak is about 34 cm−1, which indicates the as-obtained
graphene flakes are less than 5 layers.

Fig. 3. Typical Raman spectra of As-grown graphene films on nickel foam

It is well known that graphene formation on Ni substrate is a carbon segregation
or precipitation process. When ethanol is nebulized and carried to high temperature
zone, some C-H-O radicals are decomposed on the surface of Ni. A limited quantity
of carbon atoms is incorporated into the Ni substrate to precipitate in the form of
graphene layers [23]. During this process, the density of ethanol mist arrived at the
Ni substrate declined from zone 1 to 3 because of the grade distribution along flow
direction for ethanol mist. Consequently, the numbers of carbon atom dissolved into
the Ni substrates gradually decreased as USP growth proceeded from zone 1 to 3,
resulting in difference of the graphene layers grown at different zones. This result
means that the number of graphene layers is sensitive to the carbon concentration
at reactant zone.

To test and verify the above result, parallel experiment was carried out with 5
minutes growth time. Fig. 4 presents surface morphology of prepared samples from
zone 1 to 3 with 5 minutes growth time. From Fig. 4, parts (a) and (b), much fringe
of graphene sheets was observed with obvious fold and terraces, which suggests that
the graphene layers is too much to maintain an integral continual membrane. In
comparison, Fig. 4(c) presents a smooth surface corresponding to the continual film.

Figure 5 compares typical Raman curves of samples from zone 1 (curve (a)),
2(curve (b)) and 3 (curve (b)) with 5 minutes growth time. Curves (a) and (b)
exhibit similar shape with FWHM of G’ band about 79 cm−1, which associate with
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Fig. 4. SEM images of the As-grown graphene films on nickel foam from zone 1 to
3 with 5 minutes growth time. (a)–(c)

multi-layer graphene structure. However, obvious D band presented only in curve
(a) confirmed that more fringes and defects for the sample from zone 1, as shown
in Fig. 4(a). For the sample from zone 3, FWHM of G’ band is about 50 cm−1 with
IG’/IG of 1.4, corresponding to graphene layers of 5 to 8. Therefore, these results
indicate that longer growth time give rise to the increase of carbon species decom-
posed at the reaction zone. With evaporation and reaction effect, concentration of
carbon species declines from the inlet end to the outlet end obviously, which caused
different morphologies and layer number of obtained graphene films.

Fig. 5. Typical Raman spectra of As-grown graphene films from zone 1 (curve
(a)), 2 (curve (b)) and 3 (curve (c)) with 5 minutes growth time

To further characterize the graphene films obtained from zone 2 and 3, direct
wet chemical transfer of graphene from nickel foam to TEM grid was implemented.
Figure 6(a) shows TEM image of the graphene sheets (zone 2, 1 minute growth)
with the wrinkles and folded zones. Figure 6(b) displays flat few-layer graphene
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zone with high transparency at the edge site, in which the electron diffraction (ED)
pattern (upper right inset) shows a hexagonal spot pattern, confirming the threefold
symmetry of the arrangement of carbon atoms. This is the symbol of single crystal
graphene material. All of these results suggest that the USP method is favored for
the growth of graphene films in a suitable environment, and a large area continual
graphene film with high quality can be obtained from zones 2 and 3.

Fig. 6. TEM images of the fabricated graphene sheets transferred to copper grid,
(a) wrinkles and folded fringe; (b) flat fringe, the upper right inset is the ED

pattern

3. Conclusion

USP method was used to synthesis graphene films under ambient pressure. It is
proved that the graphene films synthesized by this method have similar quality as
that of conventional CVD method. By its simplicity, rapidness and compatibility
with other carbon nanomaterial, it is an appropriate way using liquid precursor to
grow large area graphene films with layers control at low cost.
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