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Sulfur as an important co-factor in the formation of multilayer graphene in the
thermolyzed asphalt reaction

Yuqun Xie,a Simon D. McAllister,a Seth A. Hyde,a Jency Pricilla Sundararajan,b B. A. FouetioKengne,b

David N. McIlroyb and I. Francis Cheng*a

Received 17th November 2011, Accepted 12th January 2012

DOI: 10.1039/c2jm15934a
The results indicate a first ever hypothesized role of sulfur in the low temperature formation of

graphene. Multilayer graphene was prepared with various hydrocarbons and sulfur mixtures by the

University of Idaho Thermolyzed Asphalt Reaction (UITAR). Graphene films were synthesized with

the UITAR process through the original flame-heated crucible, and in thermogravimetric analysis

apparatuses. The latter was carried out under N2 purge. The morphology of these films synthesized by

cyclohexanol and sulfur was characterized by scanning electron, transmission electron, and atomic

force microscopies, which indicate a flat (over several mm2) and layered structure consistent with

graphitic structures. Elemental composition as determined by X-ray photoelectron spectroscopy

indicated primarily sp2 C with trace O and N impurities. Raman spectra of the UITAR graphene have

D and G bands at 1350 cm�1 and 1594 cm�1. Based on the wavenumber positions of these bands, the

Ferrari amorphization trajectory indicates that the UITAR graphene films are primarily sp2 C with

nano-crystalline characteristics. The I(D)/I(G) ratio is 0.97 with an average grain size of 5 nm as

determined by the Tuinstra–Koenig relationship. A proposed scheme illustrates the role of sulfur in

graphene growth based on thermogravimetric analyses. We hypothesize that elemental sulfur is

involved with the dehydration/dehydrogenation and eventual crosslinking of cyclohexanol between

100 and 140 �C. In the range of 240–400 �C further dehydrogenation steps occur giving an unidentified

intermediate with a sharp Raman peak at 1450 cm�1. At 550 �C a mixture of graphene-like Raman D

and G bands appear with the 1450 cm�1 intermediate. At 600 �C the intermediate peak is lost with only

bands characteristic of UITAR graphene. Therefore the minimum temperature of graphene formation

with the UITAR reaction is 600 �C. The proposed mechanism is reinforced by results with other

hydrocarbons. Other organics succeeded or failed in the UITAR reaction based on melting and boiling

considerations.
1. Introduction

In a previous publication we demonstrated the deposition of

multilayer graphene at 650 �C onto a variety of substrates in

a flamed heat ceramic crucible.1 The UITAR process is a pyrol-

ysis of asphalt in a partially enclosed system. Air is allowed to

circulate in the apparatus and the fumes from asphalt combus-

tion/degradation were condensed on the hottest surfaces within

the flame heated apparatus. The UITAR process is among the

lowest temperature recorded for the formation of graphene, and

significantly, does not require a crystalline template.

Because of its physico-chemical characteristics, graphene has

attracted significant attention culminating in the 2011 Nobel
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Prize in Physics.2–5 A multilayered form known as graphene

paper, has garnered similar notice, especially in the fields of

batteries, ultracapacitors, and electrodes.6–8 However, simple,

low-cost, synthetic techniques have remained elusive and are the

subject of intensive research. Since 2006, several methods have

been developed: mechanical exfoliation of graphite,2 chemically

reduced graphene oxides,9 epitaxial growth on silicon carbide,10

chemical vapor deposition (CVD),11 sodium reduction of

ethanol,12 and unzipped carbon nanotubes.13,14 However, the

UITAR technique stands unique in its ability to make conformal

multilayer graphene coatings onto templates whose only quali-

fication is that it can withstand the 650 �C deposition tempera-

ture. Graphene nanostructures based on UITAR coatings onto

diatomites and silica nanosprings were demonstrated.1

This investigation considers the components of the asphalt

mixture (roofing tar) that occur in the UITAR process. Obser-

vations from our laboratories indicate that other starting mate-

rials produced similar results. These include crude oils, fried taco
J. Mater. Chem., 2012, 22, 5723–5729 | 5723
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Fig. 1 (a) A photograph of graphene film formation (left crucible).

Starting materials in the left crucible 6.0 g of cyclohexanol and 5.0 g of

sulfur; sulfur is omitted in the right crucible. (b) A photomicrograph of

exfoliated graphene flakes from the left crucible.
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chips and some candy bars. Besides the hydrocarbon content, the

other common feature of these materials is sulfur which by mass

ranged from 0.1 to 5% in these mixtures. Significantly, sulfur has

figured prominently in the growth of graphitic planes in carbon

steel, graphite planes, carbon nanotubes, carbon nanofibers, and

crystallization of diamond from graphite.15–23 Also perhaps of

significance to the formation of graphene from the polymeric-like

compounds in asphalt is the important role sulfur plays in the

vulcanization process. In this case, sulfur is responsible for the

cross-linking of unsaturated organic polymers.24,25 Elemental

sulfur has also been implicated in the dehydrogenation and

dehydration of organics and coal.26,27 All these processes occur at

relatively low temperatures. The sum of these effects may indi-

cate a crucial role of sulfur in the UITAR process. We report on

the role of elemental sulfur in the formation of graphene films by

the UITAR process using a variety of simple hydrocarbons.

2. Experimental

2.1 Chemicals

Multilayered graphene films were produced in a similar fashion

as described in our previous study.1 In this investigation, the

starting materials consisted of various ratios of elemental sulfur

(99.5% Alfa Aesar, Ward Hill, MA) with organics used in place

of asphalt as described in the initial study.1 These consisted of

cyclohexanol (99% Aldrich, Milwaukee, WI), thiophenol (97%

Aldrich, Milwaukee, WI), 1-octanethiol (97% Acros Organic,

NJ), ethyl alcohol (AAPER Alcohol and Chemical Co., KY), 2-

propanol (99.9% Fisher Scientific, NJ), 1-hexanol (98% Acros

organics, NJ), hexane (99.9% Fisher Scientific, NJ), phenol (99%

Acros Organic, NJ), paraffin (J.T. Baker chemical Co., NJ),

toluene (99.5% Mallinckordt Chemicals, NJ), naphthalene

(Willert Home Products, USA), fluoranthene (93%, Acros

Organic, NJ), anthracene (98% Aldrich Chemical Company,

Inc., USA), pyrene (98% Acros Organic, NJ). Mica sheets (Ted

Pella, Redding, CA) were used as flat substrates for depositing

UITAR graphene films.

All graphene samples used for XPS, AFM, Raman, and SEM,

TEM microscopy studies were produced using cyclohexanol and

elemental sulfur. Prior to the above analysis, graphene samples

were sonicated in toluene for 15 minutes to remove sulfur

particles from the surface.

2.2 Material characterization

Scanning electron microscope images were obtained with a Zeiss

Supra 35 (Carl Zeiss, Germany) SEM. Transmission Electron

Microscopy (TEM) observations were conducted with a JEOL

2010J at 200 kV. Free standing graphene flakes were obtained by

placing graphene coated mica sheets into water. The UITAR

graphene films spontaneously separated from the hydrophilic

mica surface and floated on the surface of water. These flakes

were found to adhere well to copper TEM grids.

The X-ray photoelectron spectroscopy (XPS) apparatus was

built in-house at the Department of Physics at the University of

Idaho. The XPS analyses were performed at a base pressure of 1

� 10�10 torr and at room temperature. Measurements were made

with the Mg Ka emission line (1253 eV) and a hemispherical

energy analyzer with a resolution of 0.025 eV. During spectral
5724 | J. Mater. Chem., 2012, 22, 5723–5729
acquisition the samples were grounded and exposed to a 500 eV

electron beam to eliminate spurious charging.

The WITec Alpha300 (WITec Instruments Corp., Ulm, Ger-

many) scanning confocal Raman microscope system used a 532

nm laser with 20� optical magnification which produced an

image spot size of 2.5 mm in diameter. Spectral scans were taken

at 1 s integration times averaged over 60 sweeps with a pixel

resolution of approximately 2.4 cm�1 for the wide scans. Post-

acquisition data processing provides better than 1 cm�1

discrimination, or effective resolution. Various incident power

settings up to 25 mW were used with no instability or transient

effects observed in the spectra of the sample. Multiple locations

across multiple samples were analyzed.

The layered structure of the graphene was obtained in ambient

conditions using a Veeco di CP-II atomic force microscope

(AFM) operating in contact mode. The tips were made of non-

conductive silicon nitride with a spring constant of 0.01 N m�1.

Before observation under AFM, the samples were cleaved to

obtain a clean surface free of contamination. Topographic

images were obtained in constant-height mode, where the tip-to-

sample spacing is not varied as the feedback is minimal (gain z
0.05), and at a scan rate of 1 Hz. The AFM was operated in low

voltage mode with a contact force (between the cantilever and

sample) of approximately 10�9 N.

Thermogravimetric analyses (TGA) were carried out in a TGA

Q50 (TA Instrument Inc., USA). Cyclohexanol (40 mg) and

sulfur (1 mg) were used as the starting materials. All samples

were placed in covered aluminium pans (TA Instruments) prior

to TGA runs. A flow of N2 (99.97%, Oxarc, Spokane, WA) was

used to displace ambient atmosphere.

3. Results

3.1 Sulfur is required for graphene formation in the UITAR

process

Fig. 1a illustrates the importance of sulfur in the formation of

graphene in the UITAR process. A multilayer-graphene deposit

with a metallic sheen is evident in the left-hand crucible when the

reagents consisted of 6.0 g of cyclohexanol with 5.0 g of sulfur.

These deposits are identical in visual appearance with a previous

investigation using roofing tar as a starting material.1 Fig. 1b

shows a photomicrograph of graphene flakes which matched the

morphology of those obtained in a previous study.1 The
This journal is ª The Royal Society of Chemistry 2012
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right-hand crucible (Fig. 1a) that contained the same amount of

cyclohexanol, but no added sulfur, did not produce graphene.

Similar results are obtained with other hydrocarbon reagents.

These include naphthalene, cyclohexanol, and paraffin which all

successfully produced multilayered graphene films when

elemental sulfur was present. A complete presentation with all

reagents examined in this study is provided in Table 1. The

exceptions to the formation of multilayered graphene were

ethanol, 2-propanol, anthracene, fluoranthene and pyrene.

Otherwise, the structure including considerations of aromaticity

of the starting organic did not follow any trends. In cases where

the sulfur was part of the chemical composition, specifically that

of 1-octanethiol, and thiophenol, multilayered graphene was

produced without added elemental sulfur.
3.2 Morphology and microstructure of UITAR graphene films

The flat flakes with a metallic appearance in Fig. 1a and 2a are

consistent with literature observations regarding multilayer

graphene films.4,8,28 The SEM image of UITAR graphene on

a copper grid in Fig. 2b demonstrates a flat and nearly trans-

parent nature to electrons. The TEM images in Fig. 2c show

corrugations and layered edge features, which are consistent with

previous reports.29,30
3.3 Atomic Force Microscopy characterization

Micron-scale Atomic Force Microscopy (AFM) (Fig. 3)

demonstrates the flatness and step-like features of the multilayer

graphene produced in this investigation. This is consistent with

a previous investigation where multilayered graphene was

produced with roofing tar as a starting material.1 The AFM

profile in Fig. 3 demonstrates the relative flatness of UITAR

graphene. A height profile of Line 1 of that figure indicates

flatness over several microns, and 3 steps with height differences

of 52.05, 41.84 and 23.71 nm. This stepped morphology is

expected for graphitic structures such as those observed with

highly ordered pyrolytic graphite (HOPG).31–34
Table 1 The lists of qualitative visual observations for UITAR graphene f
graphene film formation, ++ moderate film formation, + uneven film, � no

Starting carbonaceous
material, all 6.0 g Added sulfur/g Melting point/

Hexane 5.0 �95
Ethanol 5.0 �114
2-Propanol 5.0 �89
1-Hexanol 5.0 26
Cyclohexanol 5.0 26
Cyclohexanol 1.0 26
Cyclohexanol 0.0 26
Thiophenol 0.0 �15
Phenol 5.0 40.5
1-Octanethiol 0.0 �49
Toluene 5.0 �93
Naphthalene 5.0 80.3
Paraffin 5.0 45–58
Anthracene 5.0 218
Fluoranthene 5.0 110
Pyrene 5.0 145–148

This journal is ª The Royal Society of Chemistry 2012
3.4 X-Ray photoelectron spectroscopy analysis

To further confirm the formation of graphene, X-ray Photo-

electron Spectroscopy (XPS) was performed to characterize the

degree of sp2 hybridized carbon bonding. Fig. 4 is the spectrum

of C 1s and corresponding de-convolved XPS spectrum of the

UITAR graphene. The C 1s XPS spectrum is identical with the

graphene previously synthesized from pyrolyzed asphalt.1 Curve-

fitting identifies the presence of bands at 284.6, 285.2 and 286.4

eV. The 284.6 eV peak agrees with the literature for the sp2

hybridized carbon–carbon bonding, which exists in carbon

nanotubes, graphite, graphene and reduced graphene oxide.35–40

The peak at 285.2 eV is assigned to C]N sp2 hybridization, as

has been suggested for nitrogen doped graphene and carbon

nanotubes,29,30,33 where nitrogen was observed in wide XPS scans

of cleaved, in situ annealed graphene samples.1 However, this

feature may also be assigned to C–H sp3 hybridization.29,30,33 The

286.4 eV peak is associated with C–O sp3 or other possible forms

of C]N sp2.29–33
3.5 Thermogravimetric Analyses

A series of Thermogravimetric Analyses (TGA) were performed

to determine the minimum temperature for graphene formation

and detect possible intermediates. Fig. 5 shows thermograms of

cyclohexanol (40 mg) with elemental sulfur (1 mg) and that of

each of them in its pure state. The TGA runs were conducted by

starting at room temperature with a ramp of 10 �C min�1 to

a final temperature of 600 �C. Pure substances boiled away

completely at their expected boiling points of 161 �C (cyclo-

hexanol) and 444.6 �C (sulfur). When each of them is present the

thermogravimetric curve indicates a sequence of reactions.

Inflection points are separated by two broad plateaus between

140 and 240 �C, and 288 and 600 �C. The TGA curve drops to

a complete mass loss at 450 �C; however, as observed previously

the UITAR process is a very low yield reaction.1ATGA run with

40 mg of toluene and 1 mg of sulfur yielded a nearly identical

curve to the one in Fig. 5.
ormation with various starting materials. +++ indicates thick (>30nm)
formation observed

�C
Boiling point of
the organic precursor/�C

Observed formation
of graphene films53

69 ++
78 �
82.5 �
158 ++
161 +++
161 +
161 �
169 ++
181.7 ++
199 ++
110 +
218 ++
>300 ++
340 �
375 �
404 �

J. Mater. Chem., 2012, 22, 5723–5729 | 5725
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Fig. 2 (a) A photograph of large graphene sheets floating on the surface of water. (b) SEM of the graphene flake on top of copper grid. (c) Typical TEM

image of the graphene film with a layered feature.
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3.6 Raman analysis

The Raman spectra of UITAR graphene obtained from the

cyclohexanol/sulfur TGA experiments as a function of the final

temperature are shown in Fig. 6c. The materials obtained

either through cyclohexanol/sulfur or toluene/sulfur have the

characteristic G band at 1594 (cm�1) and D band at 1350 cm�1

for the product obtained at 600 �C. The G band arises from the

first order scattering of the E2g phonon of sp2 carbon hybrid-

ization with the D mode associated with the disordered, defect

and edge carbons in graphene.41 The position of these bands

indicates that the material lies between crystalline and nano-

crystalline, sp2 carbon from the Ferrari amorphization trajec-

tory.34 From Fig. 6c, the I(D)/I(G) ratio is 0.97 with either of

the starting materials. This ratio compares well with those

obtained for other forms of multilayer and disordered gra-

phenes.32,42–46 The Tuinstra–Koenig relationship allows for an

approximation of the nano-crystal grain size based on the

ratio: I(D)/I(G) ¼ C(l)/La, where C(l) is 4.96 nm for a 532 nm

excitation laser.47 The calculated grain size (La) is approxi-

mately 5 nm for the UITAR graphene produced from the TGA
Fig. 3 Top left: a 3D AFM image of UITAR graphene. Top center: a 2D AF

the height profile of the dashed line with the analysis (top right).

5726 | J. Mater. Chem., 2012, 22, 5723–5729
runs. This result is similar to multilayer graphene prepared by

other methods.48,49

Fig. 6a and b show the Raman spectra for the cyclohexanol/

sulfur mixture with 400 �C and 550 �C terminal temperatures,

respectively. For the TGA with the 400 �C final temperature an

intermediate to graphene is evident by a single sharp peak at

1450 cm�1. This band was also noted for the toluene/sulfur

combinations. When the TGA terminated at 550 �C (Fig. 6b) the

D and GRaman bands appear, along with the intermediate band

observed in Fig. 6a. The 1450 cm�1 intermediate is not evident in

Fig. 6c, thus the minimum temperature for UITAR graphene is

taken to be 600 �C. This is in good agreement with our previous

report.1

4. Discussion

Multilayer graphene was prepared with cyclohexanol and sulfur

as the starting reagents through the UITAR process with both

the original flame and in the TGA apparatuses. This is indicated

by the observed morphological, XPS and Raman

evidence (Fig. 1–4 and 6). Interpretation of the TGA
M image of UITAR graphene for an 8 mm� 8 mm scanning area. Bottom:

This journal is ª The Royal Society of Chemistry 2012
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Fig. 4 XPS spectrum of the C 1s core level state of graphene. The peaks

at 284.6, 285.2 and 286.4 eV are assigned to sp2 C–C, sp2 C]N and sp3

C–O or sp2 C–N, respectively.

Fig. 5 A TGA thermogram of cyclohexanol (40 mg), elemental sulfur

(1 mg), and combination of cyclohexanol and sulfur. The starting

temperature is 23 �C, with a 10 �C min�1 ramp to 600 �C under N2 flow.

Major inflection points are labeled.

Fig. 6 Raman spectra of the products obtained from TGA runs (see

Fig. 5) with cyclohexanol (40 mg) and sulfur (1 mg) and at (a) 400 �C, (b)
550 �C, and (c) 600 �C final temperatures with a ramp from room

temperature of 10 �C min�1.
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thermogram in Fig. 5 offers a possible route to UITAR gra-

phene. There is a reaction between sulfur and cyclohexanol, as

evident in the thermogram in Fig. 5. The initial loss of mass of

cyclohexanol in the presence of sulfur between room temperature

and 140 �C can be attributed to evaporation; however, the mass

stabilizes between 140 and 240 �C. Between these limits a series of

reactions are possible. Fig. 7 illustrates the proposed scheme.

Sulfur is known to dehydrate organics, for example, cyclo-

hexanol to cyclohexene in Step I, as well as dehydrogenate

alkanes to olefins.50–52 Sulfur then reacts with cyclohexene

forming bridging polysulfide linkages followed by degradation to

a monosulfide (Steps II and III).24,25,53 The faster initial loss of

mass in the cyclohexanol/sulfur mixture, as opposed to the

cyclohexanol-only control, can be attributed to the formation of
This journal is ª The Royal Society of Chemistry 2012
the more volatile cyclohexene (boiling point 83 �C). Past 240 �C,
a sequence of dehydrogenation steps continue up to 400 �C.26,27

At that temperature the 1450 cm�1 intermediate forms, where

subsequent dehydrogenation produces H2S and multilayer gra-

phene. Note, the mass loss is nearly complete as this is a low yield

reaction.1 Presumably the nonvolatile components beyond

450 �C rearrange to form graphene between 400 and 600 �C.
Table 1 summarizes the qualitative visual observations for

UITAR graphene formation and offers insights. The table is

arranged in a sequence of increasing boiling point temperatures

for the starting organic. Hexane, ethanol, and 2-propanol all

have similar relatively low boiling points. Of this sequence only

hexane was successful. The failure of the latter two may be

viewed in the context of the volatility of the dehydration prod-

ucts, ethene and propene, which immediately boil off upon

formation. On the other hand, the possible hexenes have boiling

points (>60 �C) that indicate that these compounds will linger in

the reaction mixture. This observation lends credence to the

dehydration and coupling mechanism presented in Fig. 7. The

failures of anthracene, fluoranthene, and pyrene may be viewed

in a similar light. The relatively high melting points (>100 �C)
indicate that the compounds may be in the solid state at

temperatures required for sulfur cross-linking, i.e. steps II and III

Fig. 7, precluding the ability to synthesize requisite

intermediates.
J. Mater. Chem., 2012, 22, 5723–5729 | 5727
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Fig. 7 The proposed overall scheme for graphene formation from sulfur

and cyclohexanol based on thermogravimetric analyses (see Fig. 5). Steps

I–III occur concurrently between 100 and 140 �C. Above 240 �C
a sequence of sulfur based dehydration steps occur to give the 1450 cm�1

(as detected by Raman) intermediate. That intermediate rearranges to

give graphene between 450 and 600 �C.
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Further investigations will be aimed at isolating and charac-

terizing the 1450 cm�1 intermediate, as well as exploring the

kinetics of graphene formation in the UITAR process. Also of

interest is the fate of sulfur. Wide scan XPS results of this

investigation and of the previous indicate a nearly sulfur-free

graphene composition.

Conclusion

In summary, we report a new approach to the synthesis of

multilayer graphene with various hydrocarbons and sulfur at low

temperature and atmospheric pressure. It is proposed that sulfur

promotes the dehydration, dehydrogenation and cross-linking of

organic reagents at between the temperatures of 100 and 600 �C.
The presented work offers a route to the inexpensive production

of graphene as costs of reagents, conditions and equipment are

modest.
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