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Abstract

This work reports a simple, versatile and facile one-step process to prepare the three-dimensional
(3D) N-doped noncovalent functionalization polystyrene/reduced graphene oxide (PS/rGO)
composites. In this, N, N-dimethylformamide (DMF) acts as the solvent, reducing agent, and more
importantly, the N-doping agent. Various measurements have been carried out to characterize

the structure and morphology of PS/rGO composites, in particular for the excellent electrical
conductivity of PS/rGO composites compared with virgin PS, which was attributed to the 3D pores
structure and the N-doping. With regards to the unique properties of graphene, the 3D framework
structure and the N-doping, this composite material has great potential properties such as electro-
magnetic interference shielding effectiveness (EMI) to be explored.

1. Introduction

Graphene is a single atom-thick layer sp>-bonded carbon atoms of two-dimensional (2D) honeycomb lattice
carbon material, and has attracted extensive interest since 2004 due to outstanding properties such as large
specific surface area, charge carrier mobility, preeminent mechanical strength, excellent electrical and thermal
conductivities, and excellent stability [ 1-3]. A large number of works have indicated the tremendous potential
of graphene in many scientific fields, for instance chemical and biological sensors, electrocatalysis, polymer
composites, energy-storage materials and environmental protection materials, etc [4, 5].

In recent years, a lot of work has been devoted to the 2D graphene nanosheets/polymer composites into
three-dimensional (3D) network-based materials, such as hydrogels, acrogels, sponges and some other pores
structures [6, 7]. The 2D structure of polymer/graphene composites in general sacrifices the unique properties
of graphene nanosheets, and the graphene sheets were more easy to restack and aggregate on account of the 7—m
interaction, van der Waals force and hydrophobic interaction. But the 3D framework structures could solve these
above-mentioned problems and retain the unique properties of individual graphene sheets, such as high specific
surface areas etc, to a certain extent [8, 9]. So far, there are some strategies that have been reported for fabricating
3D graphene-based architecture materials including template-directed methods, like the template-directed CVD
method and template-directed assembly method [ 10, 11], electrochemical synthesis [ 12], etc. These strategies are
all complex and need special facilities. In addition, most of the 3D polymer/graphene composites were dried by
supercritical fluid drying and freeze-drying, which were expensive and relatively time-consuming [13, 14].

In this work, a simple, versatile and facile one-step process for the preparation of the noncovalent function-
alization polystyrene/reduced graphene oxide (PS/rGO) composite with 3D framework networks is reported. In
the N, N-dimethylformamide (DMF) solvothermal process, the graphene oxide (GO) could be reduced in-situ
without extra deoxidizers like NH,OH [15], hydrazine monohydrate etc [16], thus achieving the noncovalent
functionalization PS/rGO composite through the strong 7— interaction. Furthermore, the DMF not only was
used to dissolve the PS, but could provide the nitrogen (N) source to achieve N-doping without extra N-doping
agents like melamine [17], ammonia etc [18]. And the samples of this work were dried by a flexible ambient-
pressure-drying that was cheaper and safer, which could also achieve the same effect as the supercritical fluid dry-
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ing or freeze-drying. In summary, the 3D noncovalent functionalization PS/rGO composites were prepared by a
simple DMF solvothermal reaction and ambient-pressure-dried, without extra deoxidizers and N-doping agents.
With regards to the unique properties of graphene, the PS/rGO composites potential properties will be explored.

2. Experimental

2.1. Preparation of GO

The GO was synthesized from natural graphite powder (average area: 2025 ;zm?, Qingdao Huatai Lubricant Sealing
S&T Co. Ltd) according to the modified Hummers’method [ 19, 20]. For the method, concentrated sulfuric acid
(75ml), the graphite powder (1 wtequiv) and NaNO; (0.75 wt equiv) were added to a 250 ml bottle equipped with
a treater, and put into an ice bath to control the temperature to below 5 °C. Then the KMnOy (3 wt equiv) was
added slowly to keep the reaction temperature below 10 °C. After that, the reaction temperature was increased to
35 °Cin 2 h, then the suspension was stirred for 2 d. Deionized water (140 ml) was added slowly to deliquate the
suspension, then the reaction temperature was increased to 80 °C for 30 min. 30% H,0, (10 ml) was added into
the bottle after the temperature was cooled to room temperature. The mixture was centrifuged and washed with
5% HCl solution, deionized water for three times to purify the GO. The concentration of GO was about 5.0 mg -
ml ™!, which was confirmed four times by the drying GO solution at 60 °C for 12 h.

2.2. Preparation of 3D self-assembly PS/rGO

The PS/rGO composites were prepared according to a facile one-pot self-assembly N, N-dimethylformamide
(DMF) solvothermal method. The PS (molecular weight M,, = 142kg mol ! and M,/M,, = 1.21 was offered by
Yangzi-BASF Styrenics Co., Ltd) was dissolved in the DMF. And the GO (40, 50, 60, 70, 80, 90, 100 mg) aqueous
solution was displaced to GO DMF solution by stirring in the water bath at 80 °C for several hours which must
ensure total replacement. Then the PS solution was mixed with the GO solution to 50 ml DMF solution, followed
by ultrasonication for 1h. If there was water remaining in the GO DMF solution, the PS precipitated from the
mixture. The mixture containing PS and different concentrations of GO was sealed in a 100 ml Teflon-lined
autoclave and retained at 180 °C for 12 h. The amounts of GO were 4 wt.%, 5 wt.%, 6 wt.%, 7 wt.%, 8 wt.%, 9
wt.% and 10 wt.% of the PS, which were labeled as 4, 5, 6, 7, 8,9, and 10 respectively. The as-prepared cylindrical
hydrogels were taken out when the autoclave was cooled to room temperature. Then the samples were washed,
soaked in ethanol at room temperature and 50 °C for several days. The as-prepared black hydrogel was solvent-
exchanged with ethanol to remove the DMF dissolvant as much as possible [ 21]. Finally, the composites were dried
atroom temperature and ambient pressure. For comparison, the rGO was prepared the same way.

2.3. Characterization

The morphologies of the samples were observed via a Sirion-200 (FEI, America) scanning electron microscopy
(SEM) with an accelerating voltage of 20 kV. The morphology of PS/rGO were characterized via transmission
emission microscopy (JEM-2010 TEM) which was equipped with energy dispersive spectroscopy (EDS). X-ray
film and powder diffraction (XRD) patterns were carried out by a Philips X’ Pert Pro MPD x-ray diffractometer
(40kV,40 mA) with CuKaradiation (k = 0.154 nm), with 20 mode range of 5-80° ata scan speed of 10° min~'. XPS
ofthe GO and composite 10 were obtained via an x-ray photoelectron spectroscopy (American Thermo ESCALAB
250). Infrared (IR) spectra were measured by a Nicolet 8700 FTIR spectrometer (Thermo Scientific Instrument
Co.USA). A Confocal Raman Microscopy (Renishaw inVia Reflex) with an excitation wavelength of 532 nm was
used to measure the Raman spectra of specimens. The electrical conductivity of cylindrical samples were measured
byadigital, four-point probe RTS-9 resistivity measurement system at room temperature. Thermal properties of
samples were characterized by thermal gravimetric analysis (TGA) usinga Q5000 IR thermal gravimetric analyzer
ataheating rate of 10 °C min ! under nitrogen and nitrogen conditions from 50—700 °C. High volume resistivity
beyond 10° ) - cm for example pure PS (20 x 15 x 5mm?®) was measured by high resistivity meter LK2679A. The
data of specimens were from the average of three measurements. The frequency dependence of EMI shielding
effectiveness of the samples which were the toroidal shaped samples with an outer diameter of 7.00 mm and inner
diameter of 3.00 mm were measured viaa AV3629A vector network analyzer with 300 kHz to 9 GHz.

3. Results and discussion

3.1. Preparation process

The overall procedure for preparing for PS/rGO compositesisillustrated in scheme 1. The GO was synthesized by
the the modified Hummers’method. The PS/rGO composites were synthesized by a simple DMF solvothermal
process in a 100 ml sealed Teflon-lined stainless-steel autoclave at 180 °C after 12h. DMF was decomposed into
carbon monoxide (CO) and dimethylamine (NH(CH3),) at the DMF solvothermal process (chemical reaction
formula in scheme 1). It is proverbial that carbon monoxide is a good reducing agent, which can efficaciously
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Scheme 1. Illustration of the formation process of GO and the solvothermal self-assembly of PS/rGO composites. Inset: digital
image of the sample (4).

remove oxygen from GO. So, the GO could be reduced into rGO via carbon monoxide chemical reduction and
thermal reduction, which has been known as the reduction of GO at the DMF solvothermal reaction. On the other
hand, dimethylamine (NH(CH3),) could be intuitively determined by how the color of solution turned to yellow
and the smell of amine after the reaction. As a result of protonation, NH(CH3), could become positively charged
in the shape of [NH,(CH3),] " And the [NH,(CHj3),] ™ could interact with the negatively charged like COO ™, O~
etc, which are residual in the rGO sheet driven by electrostatic interaction [22, 23]. The PS chain was binded and
adhesed on the surfaces of rGO through the strong 7— interaction. The formation of noncovalent cross-linking
sites of the framework of the 3D PS/rGO resulted from the partial overlapping or coalescing of flexible rGO sheets,
then the 3D networks was formed by multifarious interactions including the strong 7— stacking interaction, the
physical twine of the rGO sheets, and hydrogen bonding [24, 25].

3.2. Structureand morphology

Figures 1(a)—(d) show the investigation of the morphology and microstructure of sample 4, 6, 8, and 10 via SEM.
For these composites, a well-defined and 3D pore architecture which has randomly opened micropores could be
distinctly observed from figures 1(a)—(d). The sizes of the pores are from submicrometer to several micrometers
and the walls of the randomly opened micropores consisted of thin layers of stacked reduced graphene sheets.
Similar morphology and microstructure were reported in other literature [26, 27]. The TEM and EDS analysis were
used to further explore the morphology and microstructure of the samples. The selected-area electron diffraction
pattern (SAED) of graphene oxide was exhibited the clearly typical sixfold symmetry that was considered for
graphite/reduced oxied graphene. And the SAED of 10 without any points is shown in the inset of figure 1(f),
supposed the PS chain was adhesed on the surfaces of rGO through the strong 7 interaction. From the TEM
image of 10 which is shown in figure 1(f) it was observed kinds of different lamellas were stacked, confirming
the PS chain was adhered on the surfaces of rGO again. The TEM—EDS patterns of 10 are shown in figure 1(g),
corresponding peaks of C, O, and N atomic. The peak of N atomic demonstrated that N-doping was achieved by
the DMF decomposition in the DMF solvothermal process. The results of the PS chain adhering on the surfaces
of rGO and N-doping were also comfirmed by the XRD (figure 2), FTIR spectrometer (figure 4) and Raman
microscopy (figure 5).

The XRD patterns of GO, and the 3D PS/rGO composite are shown in figure 2. The XRD pattern of the GO
showed a notable peak at 10.22°, corresponding to an interplanar spacing of 8.66 A, due to the chemical oxidation
breaching the ordering of layers and bringing oxygen-containing groups such as epoxy, hydroxyl, carboxyl and
carbonyl groups adhering on the GO sheets [28, 29]. The XRD pattern of PS shows two primary peaks. The first
one around 10.30° is the polymerization peak which could be a result of the intermolecular backbone-backbone
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Figure 1. SEM images of (a) sample 4, (b) sample 6, (c) sample 8, (d) sample 10. TEM images of (¢) GO, inserts show SAED, (f) 10,
inserts show SAED. EDS patterns of (g) 10.
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Figure2. X-ray diffraction patterns of GO, PS, 4, 6, 8, 10.

mutuality and the size of the side groups, corresponding to a similar hexagonal ordering of the molecular chains.
The other peak about 19° of the PS exhibits a broad diffraction peak, indicating that PS is basically amorphous
in nature [30, 31]. In the XRD patterns of 10, 8, 6, 4 in figure 2, the diffraction peak of GO (10.22°) disappeared
thoroughly after the DMF solvothermal reaction, indicating the solvothermal reaction is an effective method
which could remove most of the oxygen-containing groups on the graphene oxide nanosheets [29]. Two peaks of
these composites, which looked like the peaks of the PS, were observed in the figure 2. But the diffraction peaks of
PS-rGO composites which have different concentration of GO have some changes compared to the pure PS, due
to the PS chains binding and resulting from PS chains attached on the surfaces of rGO through the strong 7—m
interaction [32].

The XPS was employed to analyze the characteristics of the GO and the electronic states of N doped for PS/
rGO composites. The survey XPS spectrums of the GO and the PS/rGO composites (sample 10) are shown in
figure 3(a). The obvious Ols peak (533 ¢V) of the GO was observed, but sample 10 had a significantly weaker
O1lspeak than the GO (rectangular label in figure 3(a)) and presented a N1s peak (400.23 V), indicating that the
GO was an effective reduction and the N was doped into the composites during the DMF solvothermal process
[33]. The Cls peak of the GO (figure 3(b)) was deconvoluted into five peaks, which were C-C (284.4eV), C-OH
(285.1eV), C-O-C(286.5¢V), C=0 (287.1eV) and -O-C=0 (287.9eV), respectively [34, 35]. In figure 3(c),
The Cls spectrum of the sample 10 could be split into two peaks, which were C—C (284.6 eV) and C-N (285.3eV)
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Figure 3. (a) Survey XPS spectrum of GO and composite 10; (b) Cls spectrum of the GO; XPS spectrum of composite 10 (c) Cls
and (d) N1s.

respectively [36, 37]. Compared with the Cl1s of the Go and sample 10, the existence of the C-N could confirm
the N doping. And the N1s deconvolution of sample 10 (figure 3(d)) showed the pyrrolidic C-N (399.9eV) and
C-NH, (400.6 eV) [38]. The result also confirmed the success for the N doping during the DMF solvothermal
process. All the results could also indicate the DMF acting as the N-source, because the DMF was the only chemical
containing nitrogen.

The FT-IR was used to indicate the existent of functional groups of the GO and PS/rGO composites. The spectr-
oscopy are shown in figure 4. The pure PS shows the characteristic aromatic C = C stretching absorption peaks
at 1600 cm !, 1492 cm ! and 1452 cm ™ ; the peaks around 696 cm ! and 755 cm ™! are due to aromatic C = C
bending and aromatic C-H bending, respectively [39]. The C~H stretching of the phenylis around 3025 cm ™!, and
the C—H stretching band of methylene and methenyl groups are about 2921, 2850 cm ™", respectively [40, 41]. It
could obviously be found that these composites (4, 6, 8, 10) also have similar absorption peaks as the pure PS. This
resultalso proves that the PS twining and resulting from PS chains on the surfaces of rGO during the DMF solvo-
thermal process. Butitalso found these composites have two new obvious absorption peaks ataround 1178 cm™!
and 3400 cm ™! compared to the pure PS, due to C-N stretching vibration and N—H may be with the same O-H
stretching vibrations, respectively. It might confirm the appearance of the C-NH-Cbands, because the DMF was
decomposed into carbon monoxide and dimethylamine during the DMF solvothermal process [20, 42]. Also, it
successfully brought the N groups into the composites, realizing the N doping.

Figure 5 shows the Raman spectroscopy of GO and PS/rGO composites. The Raman spectroscopy could inves-
tigate the structure and quality of carbon materials, especially the defects and structures of graphene. In here, the
Raman spectra of these samples were measured by Confocal Raman Microscopy at an excitation wavelength of
532 nm without any solvent. All of the samples show two representative Raman active peaks which were located at
1340-1348 cm ' and 1589-1597 cm ™}, corresponding to the D and G modes respectively. The D band is known as
the structural defects and disordered structures of the sp”. And the G band is about the E,,-vibration mode of sp*
bonded carbon, which is the main active mode of the graphite and reflects the degree of graphitization [43]. The
peaks of G of the 4, 6, 8, 10 (1597, 1590, 1591, 1590 cm ™}, respectively) were shown slight blue-shift to compare
with the GO (1589 cm™!), indicating the strong 7— interaction between PS and rGO [21]. Also, the integrated
intensities ratio of the D and G band (Ip/I;) of the 4,6,8,10 (1.489, 1.451, 1.486, 1.453, respectively) were greater
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Figure 5. The Raman spectroscopy of4, 6,8, 10, GO.

than the GO (1.305), indicating that the GO was not only reduced, but produced more defects as a result of the
strong m— interaction between PS and rGO at the DMF solvothermal process.

3.3. Properties of PS/rGO composites

The curves of figure 6 were characterized in nitrogen condition by TGA, which was explained by the thermal
stability of the 6,8, 10, PS, rGO, and explored the influences of the rGO on the thermal stability of the composites.
There could be split into three weight loss process. First, there was slight weight loss for the composites under 270
°C, due to fewadsorbed solvent and the residual oxygen functional groups on the rGO sheets [26]. But the pure PS
had no weightloss under 270 °C. Second, because the lower molecular of the all samples began to decompose from
270 to 370 °C, the weight loss was around 5%. In the last process, the samples were degraded over 374 °C, which
might result from the decomposition of higher molecular of the PS [44]. Besides, the temperatures of the 80%
weightloss (Tggo,) of the 6,8, 10 were higher 11, 15, 16 °C than the pure PS, respectively. These results showed the
thermal stability of the composites was higher than the pure PS, which may attribute to the strong 7—m interaction
between the PS and rGO sheets [45].

The room temperature conductivity of samples containing different amount of GO was illustrated in figure 7.
The internal framework structure of PS/rGO composites with uniformly dispersed rGO network in the PS matrix
causes their relatively high conductivity compared with the pure PS. The results show that the conductivity was
increased by the amount of GO and the increment was obvious for the amount of GO less than 4 wt.%, indicating
the percolation thresholds are in the intervals (lower than 4 wt.%) for the PS/rGO composites. In other words,
this increment in the conductivity of these composites is controlled by the conducting rGO networks. The con-
ductivity of 4 (1.57 x 10~>S m™!) was twelve orders of magnitude larger than the pure PS (1.5 x 10" Sm™1)
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Figure?7. Electrical conductivity as a function of GO concentration for PS/rGO composites.

which isinsulating and was higher than some reported references of graphene-based composites with some load-
ing [46,47]. The higher electrical conductivity of our 3D composites compare to the pure PS could be attributed
tounique 3D pore structure and relatively high level N-doping. First, the 3D pore structure plays an important role
in efficiently reducing the degree of restacking of graphene sheets, which could not only keep the high structural
integrity of the sheets, but also provide continuous electron conduction pathways that were favorable for electron
transport [48,49]. Second, the abundance of doping N atoms may increase the concentration of the charge carriers,
and further improve the ion transfer efficiency [50]. The relatively high conductivity of PS/rGO composites and
the unique 3D structure could enhance the EMI shielding effectiveness of PS/rGO composites.

In general, the EMI shielding effectiveness (SE) of composites was related to factors such as frequency, thick-
ness, dielectric properties and magnetic permeability [51]. It was noted the effect of frequency range from 1 to 9
GHz on the EMI SE of samples with different GO concentration in figure 8. The curves show EMI SE increased
with a rise in the GO concentration. The result was similar to the electrical conductivity of the samples shown in
figure 7. In other words, the shielding effectiveness of PS/rGO composites increased when electrical conductivity
of composites were improved.

The total EMI SE (SE) was the sum of the absorption (SE,), the reflection (SEg) and the internal multiple
reflection (SEp;) which was usually neglected when SEr > 10 dB [52]. So it could be generally described as

SET ~ SEA + SER + SEM

For example, the SEr, SE4 and SEg of the composite with 10 wt.% rGO were 15.57 dB, 14.48 dBand 1.09 dB at
9 GHz, respectively. It was indicated that the contribution of SE, was a dominant role in the total EMI SE. Ling et al
had presented that the EMI SE of microcellular polyetherimide/graphene composites foams were about 12 dB for
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10 wt.% graphene [53]. Li et al had reported the SEt of polystyrene/functionalized graphene nanocomposite
foams (10 wt.%, thickness of 2.88 mm) using supercritical carbon dioxide was about 15 dB at 9 GHz [46]. The EMI
SE of 3D PS/rGO using a simple method in this work could be ascribed to the conductive fillers and 3D networks.

4. Conclusions

In this work, we focused on using a simple, versatile, facile, low-cost and environment-friendly one-step rational
route for the preparation of 3D PS/rGO composites with N-doping, with no extra complicated chemical functional
surfactants and N-doping agents. 3D structure brings a relatively high conductivity and thermal stability. The
electrical and EMI measurement confirms the typical N-doped structure, which offers an effective way to tailor
the properties of PS/rGO composites, thus making N-graphene a promising material for use in electronic devices.
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