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12 Abstract: Polystyrene as a thin film on arbitrary substrates or pellets form defective graphene films
13 or powders that can be dispersed in water and organic solvents. The materials were characterized
14 by visible absorption, Raman and X-ray photoelectron spectroscopy, electron and atomic force
15 microscopy and electrochemistry. Raman spectra of these materials show the presence of the

16 expected 2D, G and D peaks at 2750, 1590 and 1350 cm, respectively. The relative intensity of the
17 G vs. the D peak is taken as a quantitative indicator of the density of defects in the G layer.
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20 1. Introduction

21 Due to its wide availability and with the main objective of plastic wastes reutilization as carbon
22 source, pyrolysis of polystyrene has attracted considerable attention.[1,2] Starting from the first
23 report on 1950,[3-6] it was found that polystyrene decomposes in very high yields at temperatures
24 above 370 °C affording a complex mixture of volatile compounds.[4-9] Polystyrene pyrolysis can be
25 carried out at convenient rates at temperatures about 700 °C. Depending on temperature and
26  operating conditions the formation in significant amounts in variable proportions of toluene,
27 ethylbenzene, cumene, styrene and other benzene derivatives is observed.[8,10]

28 Since the target of all these studies has been the use of polystyrene wastes as feedstock,[1,11-13]
29  the vast majority of the reports on polystyrene pyrolysis have focused on the analysis of the gas phase
30  products, with the target being on the obtainment of a suitable mixture to be used as fuel.
31  Surprisingly, as far as we know, none of these studies have paid attention to the nature of the possible
32 solid residue that could remain after the pyrolysis. Evidence will be presented here showing that the
33 residue of the polystyrene pyrolysis is a defective graphene.

34 A few years ago, we reported that pyrolysis of natural polysaccharides considered food and
35  agricultural wastes is a suitable process for the preparation of defective graphenes either as a large
36  area films on arbitrary substrates[14] or as a suspensions after sonication of the carbonaceous residue
37  in liquid media.[15] About 40 % of the mass of these polymeric carbohydrates are converted into
38  carbonaceous residue. On one hand, our contribution to this field was to show that these filmogenic
39  polysaccharides form films on hydrophilic surfaces of appropriate substrates that upon pyrolysis are
40  converted into continuous films of single or few-layers defective graphenes.[14] On the other hand,
41 it was shown that pyrolysis of carbohydrate particles as powders and subsequent sonication of the
42 carbonaceous residue renders dispersions of single or few-layers defective graphene particles in
43 almost quantitative exfoliation yield.[15]

44 Although the procedure was adapted also to the preparation of doped and co-doped defective
45  graphenes,[16-18] it has not been possible to decrease the oxygen content of the resulting graphenes
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46  below 10 wt%. The presence of residual oxygen is proposed to be due to the composition of the
47  carbohydrates whose composition contains over 50 wt% in oxygen. After pyrolysis, a fraction of the
48  initial oxygen content remains as oxygenated functional groups on the defective graphene sheet.

49 Continuing with alternative procedures for graphene preparation based on pyrolysis, either as
50  films or as dispersible powders that could render graphene suspensions, it is of interest to explore
51  the possibility to use also synthetic organic polymers that do not contain oxygen in its composition
52 asprecursors. In this way, it could be possible the formation of graphene materials lacking oxygen in
53 their composition. In addition, a well-known property of synthetic plastic polymers is their ability to
54 form high quality films on arbitrary supports what is a prerequisite to obtain graphene films.

55 Herein it will be shown that polystyrene, either cast as films on arbitrary surface or as pellets,
56  upon pyrolysis at 900 °C form single or few layers graphenes or graphitic residues that can be
57  efficiently dispersed as single or few layers graphene in liquid media. The procedure can be adapted
58  to the formation of tridimensional (3D) graphene sponges by coating using silica spheres of uniform
59  particle size as hard templates.

60 2. Materials and Methods

61 2.1 Preparation of Graphene films

62 Polystyrene (Mw 280,000 amu by GPC, Aldrich) was dissolved in dichloromethane at
63  concentration of 3-30 mg/mL. The films were obtained by spin coating over 1x1 cm? quartz or Copper
64  substrate (APT-POLOS spin-coater: 4000 rpm, 30s). Polystyrene was pyrolysed under argon
65  atmosphere using the following oven program: heating at 5 °C/min up to 900 °C for 2 h.

66 In an additional experiment, conversion of expanded polystyrene into graphene was performed
67 Dby pyrolysis under argon atmosphere in a tubular oven heating at rate of 5 °C/min up to 900 °C for 2
68 h

69 2.2 Preparation of graphene sponges

70 1 g of monodispersed silica spheres (80 nm) were suspended in a solution of polystyrene in

71 dichloromethane at concentration of 50 mg/mL and stirred for 24 h under 40 °C reflux. This mixture
72 was centrifuged at 4000 rpm for 5 min (Hettich Zentrifugen EBA 21) and washed twice with
73 dichloromethane. After drying at 80 °C, the conversion of polystyrene into graphene was performed
74 under argon atmosphere using an electrical furnace heating at rate of 2 °C/ min up to 900 °C for a
75  holding time of 2 h. Then, the silica spheres were removed in a 2 M NaOH solution by stirring for 2
76 hat80°C. Finally, the product was collected by filtration.

77 2.3 Electrocatalytic measurements

78 Cyclic voltammetric (CV) and electrochemical impedance spectroscopy (EIS) measurements
79  were performed at graphene sheets deposited onto glassy carbon electrode (geometrical surface area
80  0.071 cm?) in a conventional three-electrode electrochemical cell completed with an Ag/AgCl (3 M
81  NaCl) reference electrode and a Pt wire auxiliary electrode using a CH 6601 potentiostat. Air-
82  saturated 0.10 M potassium phosphate buffer solution at pH=7 was used as a supporting electrolyte
83  incorporating 0.5 mM KsFe(CN)s plus 0.5 mM KsFe(CN)s as a redox probe. EIS experiments were
84  performed upon application of a sinusoidal potential modulation of £5 mV amplitude in the 105> Hz-
85 107 Hz range. The bias potential was that of the equilibrium potential of the Fe(CN)e/Fe(CN)s*
86  couple determined in CV measurements.
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93  3.Results
94 3.1. Graphene films
95 Initial experiments were carried out by casting polystyrene (average MW 280 000) onto copper

96  foils or rigid transparent quartz substrates. Figure 1 illustrates the procedure of the formation of
97  defective graphene films. It has been reported that pyrolysis of polystyrene converts almost
98  quantitatively this polymer into volatile organic compounds.[3] In agreement of these precedents,
99  thermogravimetric analysis under inert atmosphere of our polystyrene sample indicates a weight loss
100 about 99 %, confirming that most of the polymer has decomposed into volatile products.
101
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114 Figure 1. Illustration of the preparation procedure of defective graphene films by pyrolysis of polystyrene.

115 i) spin coating of clean substrate with a CH2Cl2 solution of polystyrene; ii) pyrolysis under N2at 900 °C for
116 2nh

117

118

119 In spite of an almost complete weight loss, and completing the previous studies analyzing
120 volatile products, characterization of the substrate surface after the pyrolysis of polystyrene films
121 shows the presence on these surfaces of defective graphene films, either as single layer, few-layers or
122 multilayers. In accordance with the expected mass loss and also with the tendency of graphene layers
123 to form stacks, the pyrolytic process results in a considerably decrease in the thickness of the resulting
124 graphene films after pyrolysis that is about three orders of magnitude decrease of the initial
125 polystyrene film thickness. In this way, micrometric polystyrene films typically result as a rule of
126  thumb after the pyrolysis at 900 °C for 4 h under inert atmosphere into nanometric thick films
127  corresponding to the stack of graphene layers. As an example, Figure 2 shows AFM images of a
128  polystyrene film precursor that is converted in the pyrolysis into a defective few-layers graphene
129 film.
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166 Figure 2. AFM images of a) polystyrene film precursor with a measured thickness of 1.5 pm and b) defective
167 graphene film from pyrolysed polystyrene with a measured thickness of 5Snm.

168

169 After the pyrolysis, the films were also characterized by Raman and visible absorption
170 spectroscopy. The Raman spectra of the graphene films show the expected G band at about 1590 cm-
171  taccompanied by a D peak at 1350 cm! that is associated to the presence of defects on graphene. The
172 presence of a 2D peak at 2700 cm! on top of a broad background was also observed. Figure 3c shows
173 a representative example of the Raman spectra obtained for these defective graphene films. The
174 relative intensity of the G vs. the D peak is usually taken as a quantitative indicator of the density of
175  defects in the G layer.[19,20] In the present case the Ic/Ip ratio is about 1.19 that compares favorably
176  with previous Ic/Ip ratio values reported in the literature, for instance for reduced graphene oxides
177  that are about 0.9 [21] or even for defective graphenes obtained by pyrolysis of natural
178  polysaccharides (I¢/Ip 1.15).[15]
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Figure 3. Photograph of quartz support with a) PS film before pyrolysis and b) graphene film after
pyrolysis of PS; c) Raman spectrum recorded upon 514 nm excitation for defective graphene films on
quartz obtained by pyrolysis of polystyrene films; d) Optical transmittance vs wavelength for 1 layer
graphene film ([PS]= 3 mg/mL), 2 layers graphene film ([PS]= 10 mg/mL), 10 layers graphene film
([PS]= 30 mg/mL), spin coating rate 4,000 rpm.

For those films on quartz, optical transparency was in agreement with the number of layers of
the resulting graphene films. As reported,[14,22,23] the optical transmittance measured at long
wavelengths (660 nm) can serve to determine the number of layers of the samples. As an example,
Figure 3 shows photographs of the polystyrene film on quartz before and the resulting defective few-
layers graphene film after pyrolysis, as well as the relative transmittance of the samples.

The nature of the carbon atoms in the defective graphene film was determined by deconvolution
of the Cls peak in high resolution XPS (Figure 4). Survey XPS analysis shows in the film the presence
of C and O as the only detectable elements. Deconvolution of the Cl1s for films of defective graphene
films on quartz substrates indicates that about 92 % of the carbon atoms are graphitic carbons
appearing at the expected 284.5 eV binding energy.[24] It was estimated that about 8 % are sp? C
atoms bonded to oxygen with a binding energy value of 286 eV. It should be commented that,
depending on the nature of the substrate, the percentage of C atoms bonded to oxygen can increase
respect to this value. In this way, using copper foils as substrates, the defective graphene films exhibit
very similar Raman spectra as those presented in Figure 3, but in XPS the Cls peak was broader,
more asymmetric, shifted towards higher binding energies and presented a significant larger
contribution of C atoms bonded to O at 286.5 eV and even the presence of carboxylic C atoms in 6.4
% at 289.0 eV. Since the oxygen content of polystyrene precursor is negligible and the pyrolysis is
carried out under inert atmosphere, XPS data suggests that the surface of the substrate is providing
during the pyrolytic process some oxygen to the nascent defective graphene that becomes
incorporated into the defective graphene. It should be remarked that no special precautions on the
presence of surface oxides were taken in the case of copper foils. It also appears that quartz appears
more reluctant than copper to act as oxygen donor during the pyrolysis. This seems to be in
accordance with the chemical nature of copper that is more reducible in comparison with silicon.

d0i:10.20944/preprints201811.0437.v1


http://dx.doi.org/10.20944/preprints201811.0437.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 19 November 2018 d0i:10.20944/preprints201811.0437.v1

6 of 12

245
246
247 60000- 80000-
248 ) Cls b)
249 92 % graphitic

250 carbon 60000
251
252
253
254
255
256 o s 2 B Do 2 S0 e 22 28 Ba 30
257 Binding Energy (eV) Binding Energy (eV)
258
259

Cls

67.3 % graphitic
carbon

C.PS

2)': 40000 1
263%C-O

20000 6.4% C(O),

260 Figure 4. Deconvolution of the Cls peak in high resolution XPS of a) defective graphene on quartz
261 support and b) defective graphene in Copper foil.

262 Scanning electron microscopy images of the defective graphene films after pyrolysis show a
263 smooth continuous films at the submillimetric length scale (Figure 5a). Upon detaching some material
264  from these films, transmission electron microscopy (TEM) images of the detached film can be taken.
265  These images from the detached films show the expected layered morphology of the material. High
266  resolution TEM images clearly show the structural ordering at the nanometric scale characteristic of
267  graphene (Figure 5).
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289 Figure 5. a) SEM images and b) high resolution TEM images of the defective graphene films after
290 pyrolysis and c) and d) High resolution TEM images of defective graphene from polystyrene pellets.

291

292 Films on quartz of defective few-layers graphene obtained from polystyrene exhibit a notable
293  electrical conductivity in the range below kQ/square, typically about 170 and 270 Q/square. This
294 electrical conductivity was sufficiently high to allow recording high resolution scan tunneling
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295  microscopy (STM) of the samples. Figure S1 (supporting information) presents an illustrative
296  example of the images taken for these defective graphene films, showing the presence of atoms in the
297  expected arrangement. Unfortunately, the lack of sufficient flatness of the quartz substrate,
298  particularly after being submitted to the thermal stress of the pyrolysis process, precludes recording
299  the image of a large area of these films. It should be noted in this context that previous attempts to
300  record STM images of defective graphene films from chitosan and alginate pyrolysis met with failure,
301  due to their insufficient electrical conductivity. In this regard, the behavior of polystyrene derived
302  graphene films are remarkable compared to precedents in the literature that report STM for high
303  quality graphene films prepared by chemical vapor deposition on facet oriented clean metal
304  surface.[25]

305 Besides films, polystyrene was also pyrolyzed as pellets. It was observed that during the initial
306  stages of temperature increase, polystyrene pellets melt and coat the ceramic crucible used in the
307  pyrolysis process forming a spontaneously a high quality film. If the amount of polystyrene in the
308  crucible is large, films of several millimeters thickness can be obtained due to melting of the plastic.
309 At the end of the pyrolysis, bright metallic carbon residues coating the ceramic crucible are formed.
310  For thick films, the carbonaceous residue can be recovered from the crucible by scratching and the
311  solid suspended by sonication on various solvents. Figure 5 also provides some TEM images of the
312 graphene material present in the suspensions, whereby the typical hexagonal atomic arrangement
313 characteristic of graphene can also be observed.

314 The films of defective graphenes on glassy carbon electrodes were characterized
315  electrochemically by electrochemical impedance spectroscopy (EIS) and cyclic voltammetry (CV)
316  using Fe(CN)s*/Fe(CN)s# couple as a redox probe. EIS of defective graphene films is shown in Figure
317 6. The experimental data were satisfactorily modeled using the Randles-type equivalent circuit (see
318  inset in Figure 6) composed by solution resistance (Rs) in series with a parallel combination of a
319  constant phase element (Qua) representative of the non-ideal capacitance at the electrolyte/sheet
320  interface with a branch containing a resistance (R«), representative of the charge-transfer resistance
321  atthe above interface, in series with a Warburg element (W), representative of the existing diffusive
322 effects. This equivalent circuit is coincident with that proposed for describing the EIS of graphene
323 oxide sheets on glassy carbon electrode.[26-28] The Rs, Ret, Qai and W values determined from the EIS
324 of these defective graphene films were 200 Q, 7900 Q, 6.8x10° Q s™ (n 0.92) and 2.3x103 Qxs172,
325  respectively.

326 Cyclic voltammograms of the Fe(CN)e*/Fe(CN)s*~ redox pair at the defective graphene film on
327  glassy carbon displayed the characteristic peaks for the essentially reversible interconversion of the
328  two species (Figure 6). The peak current corresponds to an effective electrochemical area of the
329  working graphene electrodes 4.8 times larger than the geometrical surface area of the bare glassy
330  carbon electrode.
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367 Figure 6. Electrochemical characterization of graphene films deposited on glassy carbon electrode in
368 contact with 1.0 mM KsFe(CN)s/KsFe(CN)s solution in 0.10 M potassium phosphate aqueous solution
369 at pH 7.0. a) Nyquist plot of EIS at a bias potential of 0.20 V vs. Ag/AgCl; b) CV, potential scan rate 20
370 mV/s. The inset in Fig. 6a corresponds to the equivalent circuit providing the theoretical impedance
371 spectrum depicted as the continuous line in the same.

372 3.2.3D graphene sponges

373 Besides forming flat films, the possibility to exploit the filmogenic ability of polystyrene to adopt
374  the form of the substrates for the formation of 3D graphene sponges was considered. Structuring of
375  graphene into 3D objects is important as a way to increase the surface area of the material, for instance
376  in the preparation of electrodes and supercapacitors, among other possible applications.[29-32] A
377  general strategy to obtain 3D graphene sponges with regular pore size is the use of hard
378  templates.[33] Silica spheres of uniform diameter are among the preferred hard templates to form 3D
379  sponges.[34] In some procedures, graphene was formed by chemical vapor deposition on the silica
380  spheres as templates[35] or graphene oxide was adhered to the silica spheres and used as precursor
381  of reduced graphene oxide sponges.[33]

382 In the present study, silica spheres of uniform dimensions about 80 nm were prepared by the
383  Stober hydrolysis procedure and used as templates.[36] These silica spheres were impregnated with
384  polystyrene by stirring a suspension of both components in CH:Cl.. After recovery of the
385  impregnated spheres and washings to remove polystyrene excess, pyrolysis of the impregnated silica
386  spheres was carried out at 900 °C under N2 atmosphere. The silica spheres were removed by etching
387  of the resulting carbonaceous composite material with NaOH. Figure 7 summarizes the procedure
388  for the preparation of the 3D defective graphene sponges.
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412 Figure 7. llustration of the preparation procedure of 3D defective graphene sponges.

413
414
415 Raman and X-ray photoelectron spectroscopy of the 3D defective graphene sponges were mostly
416  coincident with those previously commented. Interestingly, SEM images of the 3D porous graphene
417  sponge after removal of the silica spheres shows the presence of a regular porosity in the material.
418  Figure 8 shows some selected images at different magnifications to illustrate the morphological
419  features of the 3D graphene sponges prepared from polystyrene.
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443 Figure 8. SEM images at different magnifications of 3D graphene sponges prepared from polystyrene.
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448

449 As observed in these images, the 3D graphene sponge morphology is constituted by hexagonal
450  cavities of very uniform dimensions of about 80 nm. This dimension is commensurate with the
451  diameters of the silica spheres used as templates. These cages have four windows of about 40 nm
452  diameter that are tetrahedrally arranged. The thickness of the wall is about 5 nm that is consistent

453  with them being constituted by few-layers defective graphene.
454

455 4. Conclusions

456 Although pyrolysis of graphene has been exhaustively studied as a way to convert this synthetic
457  polymer into fuels, no attention was paid to the possibility to form graphene. In the present
458  manuscript, it has been shown that pyrolysis of polystyrene films or pellets form defective graphenes
459  either as films or as residues that can be dispersed in liquid media. Depending on the nature of the
460  substrate, the resulting graphene can incorporate oxygen in a variable percentage. The notable
461  electrical conductivity of these defective graphene films allows to monitor the surface by scanning
462  tunneling microscopy and to use these films as electrodes. The filmogenic properties of polystyrene
463  make also possible the preparation of 3D graphene sponges with remarkable uniform pore size by
464  using silica spheres as hard templates. The present finding paves the way to the preparation of doped
465  defective graphene and heterojunctions by taken advantage of the ability of polystyrene to form these
466  graphenes.

467 Supplementary Materials: The following are available online, Figure S1: High resolution scan tunneling
468 microscopy (STM) of defective graphene using polystyrene as precursor.
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