A Single-step Process towards Achieving

Superhydrophobic Reduced Graphene Oxide

Zhong Li,” Xiu-Zhi Tang,” Zhu Wenyu,r Brianna C. Thompson,” Mingyue Huang,” Jinglei Yang,

Xiao Hu,gand Khiam Aik Khor ™7

fSchool of Mechanical & Aerospace Engineering, Nanyang Technological University, 50

Nanyang Avenue, Singapore 639798. E-mail: mkakhor@ntu.edu.sg.

*School of Civil & Environmental Engineering, Nanyang Technological University, 50 Nanyang

Avenue, Singapore 639798

School of Materials Science & Engineering, Nanyang Technological University, 50 Nanyang

Avenue, Singapore 639798

KEYWORDS: graphene oxide, thermal reduction, spark plasma sintering, superhydrophobicity,

antibacterial nanomaterials



ABSTRACT: We report the first use of Spark Plasma Sintering (SPS) as a single-step process to
achieve superhydrophobic reduced graphene oxide (rGO). It was found that SPS was capable of
converting smooth and electrically insulating graphene oxide (GO) sheets into highly electrically
conductive rGO with minimum residual oxygen and hierarchical roughness which could be well
retained after prolonged ultrasonication. At a temperature of 500 °C, which is lower than the
conventional critical temperature for GO exfoliation, GO was successfully exfoliated, reduced
and hierarchically roughened. rGO fabricated by only 1 min treatment at 1050 °C was
superhydrophobic with a surface roughness (R,) 10 times as big as GO as well as an
extraordinarily high C:0 ratio of 83.03 (at.%) and water contact angle of 153°. This
demonstrates that SPS is a superior GO reduction technique, which enabled superhydrophobic
rGO to be quickly and effectively achieved in one single step. Moreover, the superhydrophobic
rGO fabricated by SPS showed impressive bacterial antifouling and inactivation effect against
Escherichia coli in both aqueous solution and solid state. It is envisioned that the
superhydrophobic rGO obtained in this study can be potentially used for a wide range of
industrial and biomedical applications such as the fabrication of self-cleaning and antibacterial

surfaces.

1. INTRODUCTION

Graphene is a fascinating 2D nanomaterial with exceptional electronic, mechanical, optical and
thermal properties.” Due to the difficulty in large-scale fabrication of pristine graphene,
graphene oxide (GO) is one of the major precursors to graphene-based applications.*® The
numerous similarities between reduced graphene oxide (rGO) and pristine graphene have made

the reduction of GO one of its most important reactions.” "'



Compared with chemical reduction which usually involves the use of hazardous reagents

1213 thermal reduction of GO is an efficient and

and requires post-reduction purification,
convenient high-yield process. Thermal reduction of GO is typically conducted by briefly
inserting a quartz tube filled with GO and flushed with inert gas into a furnace preheated to 1050
°C with a typical heating period of 30 seconds.™ '*""* Besides strict safety precautions that have
to be taken, such processes suffer from poor repeatability caused by varying inert gas
concentration in the quartz tube, unknown real-time temperature in the furnace, and

uncontrollable speed of quartz tube insertion. Thermal reduction processes with improved

feasibility and repeatability are thus warranted.

Spark Plasma Sintering (SPS) has emerged as an advanced materials processing technique
which has been utilized to develop a wide variety of structural and functional materials.'®'® In
the SPS process, pulsed DC flows through both the die and the sample and generates spark
plasma within the sample.'”° The sample was thus subjected simultaneously to a high electric
field treatment and heated internally by Joule heating and externally by spark plasma and heat
transferred from the die and punches. Several unique characteristics of SPS solidify its great
potential in the thermal reduction of GO: (1) it can offer a heating rate as high as 2000 °C/min,*’
which is desirable in conventional thermal reduction processes; (2) the process is conducted in
vacuum (~5 Pa), meaning that GO can be protected from reacting with air at high temperatures;
(3) GO is sealed in a graphite die-punch combination, which minimizes contamination and
sample loss; and (4) the generated spark and plasma®* and the high temperature can possibly
result in a synergetic effect to minimize residual oxygen-containing functional groups and
achieve high reduction degree of rGO. It has been reported that GO could be reduced in situ

when SPS was used to fabricate rGO-ceramic composites with matrixes such as silica® and
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silicon nitride” . However, there has been no systematic investigations into the reduction of

GO by SPS to date.

Superhydrophobic surfaces (with water contact angle (CA) larger than 150°) have found
many intriguing applications such as self-cleaning surfaces and antifouling coatings.”*** Two
important factors contributing to the realization of superhydrophobicity are: (1) a material with
low surface energy, and (2) hierarchically rough surface microstructure.” To this end, research
efforts have been dedicated to two major areas: (1) decreasing the surface energy of graphene

8

and rGO by various methods such as chemical modification,”® and (2) enhancing surface

roughness by either roughening the graphene/rGO surface or coating graphene/rGO sheets onto

26.3031 ¢ date the two purposes have been realized by two separate

rough scaffolds or substrates.
processes in most studies. It is believed that a single process capable of achieving both outcomes

will lower the fabrication cost and improve the scalability of graphene-based superhydrophobic

surfaces.

When interacting with bacterial cells, a number of superhydrophobic coatings have
demonstrated plausible antifouling and/or antibacterial properties.”*>* The intrinsic
hydrophobicity of graphene and rGO means that they have potential in the fabrication of
superhydrophobic surfaces and may be utilized to achieve antibacterial effects. It has been
reported that rGO nanowalls were more toxic to bacteria than the GO ones due to their sharper
edges and the better charge transfer between bacteria and rGO nanowalls.>> By comparing the
antibacterial activity of different graphene-based materials, Liu et al. found that conductive rGO
could impose higher oxidative stresses on bacterium cells than insulating GO.*® In addition, Hu

et al. reported that compared with GO, the cytotoxicity of rGO was significantly higher, although



their antibacterial properties was slightly lower.>” Nevertheless, the antifouling and antibacterial

effects of superhydrophobic rGO have been much less studied.

In this study, SPS, which can overcome the aforementioned drawbacks of conventional
thermal reduction processes, is reported for the first time as a facile single-step process to
fabricate superhydrophobic rGO. SPS-reduced GO (SPSrGO) treated at 1050 °C for only 1 min
demonstrated a water CA as high as 153° due to minimal residual oxygen and hierarchical
roughness in both micro- and nano-scale. Furthermore, the superhydrophobic SPSrGO also
showed excellent bacterial antifouling and inactivation properties when tested with Escherichia

coli (E. coli) due to its hierarchical roughness and high electrical conductivity.

2. EXPERIMENTAL SECTION

2.1. GO Reduction by SPS. GO was synthesized from natural graphite flakes using a
modified Hummers method.**>° 0.24 g freeze-dried GO powder was loaded into a graphite die
with an inner diameter of 20 mm and clamped between two graphite punches. All the reduction
processes were conducted by holding the GO sample in an SPS system (Dr. Sinter 1050,
Sumitomo Coal Mining, Japan) at preset temperatures for 1 min, unless otherwise specified. A
schematic of the SPS setup used is given in Fig. 1. Heating and cooling rates were both set to
be 100 °C min™'. Sample names and the corresponding SPS parameters are summarized in Table
1. Temperature measurement was realized by an infrared pyrometer focused on a 2 mm hole on
the graphite die, or when the highest temperature was < 600 °C, a thermal couple inserted into

the hole.
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Fig. 1. Schematic of the setup for reducing GO by SPS.

Table 1. Processing parameters and properties of GO and SPSrGO samples “

Sample  Processing C:O ratios BET Interlamellar  Ip/Ig Buckypaper
name parameters  (by at. %/ surface spacing (A)  ratio  sheet resistance
wt. %) area (m?/g) (Q/sq.)
GO N.A. 2.26/1.70 83 8.07 0.85 >2 % 10°
SPSrGO-  500-1-1 9.62/7.22 734 3.56 0.80 12.4+£0.8
500
SPSrGO-  900-1-1 82.33/61.8 806 3.55 0.91 1.77 £0.05
900 9
SPSrGO-  1050-1-1  83.03/62.6 859 3.57 1.05 1.85+0.03
1050 9
SPSrGO-  500-1-2 15.13/11.3 818 3.42 0.74 13.61 £ 0.04
2C500 5
SPSrGO-  500-1-3 14.90/11.1 1266 3.43 0.76 17+1
3C500 8
SPSrGO-  500-3-1 11.71/8.78 800 3.40 0.79 14.0+£0.2
500E

“ Processing parameters: highest temperature (°C) — holding time (min) — No. of processing

cycles; Ip/Ig ratio calculated from Raman spectra; C:O ratios were determined from the XPS



detail scan spectra; Interlamellar spacing calculated from XRD patterns; buckypaper sheet
resistance data given as average =+ standard deviation; sheet resistance of GO could not be

obtained as it exceeded the measuring range (1 m€2/sq. to 2 M€Q/sq.) of the four-point probe.

In order to elucidate the role of spark and plasma generated during the heating up stage in
reducing the GO, two samples, denoted as SPSrGO-2C500 and SPSrGO-3C500, were fabricated
with the number of processing (i.e., heating-holding-cooling) cycles being 2 and 3, respectively,
using 500 °C as the highest temperature. For comparison SPSrGO-500E was also fabricated by

holding at 500 °C for an extended duration of 3 min in one processing cycle.

2.2. Characterization. The chemical state of C and O in GO and SPSrGO samples was
investigated by X-ray photoelectron spectroscopy (XPS, Kratos, Axis-ULTRA, UK) equipped
with an Al Ka (1486.6 ¢V) monochromatic X-ray source. Thermal stability of the GO and
SPSrGO samples was investigated by Thermal Gravimetric Analysis (TGA, TA Instruments
Q500, US) using a heating rate of 10 °C min™. Specific surface area of the powders was
determined by a gas sorption analyzer based on the Brunauer-Emmett-Teller (BET) method,
using a QuadraSorb Station 2 Surface Area and Pore Size Analyzer (Quantachrome Instruments,
US). Crystallinity of the SPSrGO samples was tested using an X-ray Diffractometer (XRD,
Philips MPD 1880 diffractometer, The Netherlands) at 0.01 ° s with a Cu Ka radiation. Fourier
Transform Infrared Spectroscopy (FTIR, PerkinElmer Frontier) was used to compare the
functional groups in GO and SPSrGO powders. Raman spectra of GO and SPSrGO samples
were collected using a Rapid Imaging Micro-Raman Spectrophotometer System (Renishaw
Invia, UK) with a 488 nm line of HeNe laser. Sheet resistance of GO and SPSrGO buckypaper
prepared with a hydraulic press was measured by a four-point probe (CMT-SR2000NW,

Materials Development Corporation, US) and averaged from 6 measurements.



Morphology of the samples was observed using both Transmission Electron Microscope
(TEM, JEOL JEM 2010, Japan) and Field Emission Scanning Electron Microscope (FESEM,
JEOL JSM 7600F, Japan). Atomic Force Microscope (AFM, Park Systems, Suwon, South
Korea) imaging was conducted in ambient environment to obtain topographic and phase images

of the samples as well as to determine the thickness of the GO sheets.

2.3. Wettability and Antibacterial Tests. GO and SPSrGO were dispersed at a
concentration of 1 mg mL™" in DI water and dimethylformamide (DMF), respectively. 1 mL of
both solutions was then used to cast a coating on parafilm for hydrophobicity tests. An Attension
Theta Optical Tensiometer (Biolin Scientific, Sweden) was used to obtain the water contact

angle.

Using E. coli (ATCC 8739) as the model bacterium, bacterial attachment and growth on GO
and SPSrGO-1050 were investigated with two different culture media. Firstly, the bacterial cell
culture was conducted in aqueous conditions. GO and SPSrGO-1050 were dispersed at 50 pg
mL" in 0.85% saline solution by ultrasonication. After E. coli cells (~10” colony forming units)
were added into both solutions, they were incubated at 37 °C for 2 h, during which the incubator
bed kept shaking at 250 rpm to ensure homogeneous dispersion of GO and SPSrGO-1050 in the
saline solution during the entire incubation process. For comparison purposes E. coli was also
cultured in 0.85% pure saline solution under the same conditions. After incubation the solutions

were dropped onto Si wafer and dried at 37 °C for FESEM studies.

Moreover, we further studied the possible antibacterial effect of filtered GO and SPSrGO-
1050 coatings. 600 pL of sonicated GO/DMF and SPSrGO-1050/DMEF solution (1 mg mL™") was

carefully dropped onto 0.1 um Teflon filters. The same amount of pure DMF was dropped onto a



Teflon filter as control. The filters had been left to dry in the fume hood for 12 h before they
were treated overnight in a 60° oven to fully remove the residual DMF. These filters were then
carefully put onto solid Luria-Bertani nutrient agar plates with newly inoculated E. coli. The agar
plates were incubated at 37°C for 18 h after which the coated filters were carefully removed for

FESEM observation.
3. RESULTS AND DISCUSSION

3.1. Chemical Composition and Structural Characteristics. Fig. 2 shows the XPS survey
and C 1s detail scan spectra for GO and SPSrGO-1050. Only peaks corresponding to C and O
were present in the spectra (Fig. 2a), demonstrating no contamination from other elements. It can
be seen that SPSrGO samples all showed enhanced C 1s peak and weakened O 1s peak as
compared to GO, and this phenomenon was more obvious as reduction temperature increased.
To quantify the change in the relative intensity of those two peaks, we calculated each sample’s
C:O ratio, which has been widely used to indicate the extent of reduction for rGO where a higher
value means elimination of more oxygen-containing functional groups and greater extent of
reduction. As shown in Fig. 2b and Table 1, GO has a low C:O ratio of 2.26 (by at.%). This
value was improved by over 4 times to 9.62 for SPSrGO-500. Most excitingly, SPSrGO900 and
SPSrGO-1050 achieve an extraordinarily high C:O ratio of 82.33 and 83.03, respectively,
corresponding to more than 30-fold increase as compared with GO. Such a high C:O ratio has
rarely been reported for rGO, and to the best of our knowledge, this is the highest value achieved
for thermally reduced rGO thus far (Table S1). It is worth mentioning that although an even
higher value was reported by Gao et al.,* a complex chemical reduction process was used in

conjunction with thermal annealing at 1100 °C.
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Fig. 2. (a, ¢, d) XPS spectra of GO and SPSrGO: survey scan spectra (a), and C 1s spectrum of
GO (c) and SPSrGO-1050 (d), where the purple line stands for fitted envelops and open circle
for measured data and numbers denote at.% of major deconvoluted components; (b) C:O ratios
and O content (wt %) in GO and SPSrGO, where the star represents C:O ratio from Ref % where
rGO was fabricated by conventional thermal reduction at 400 °C for 30 min followed by 1200 °C

for 30 min.

Fig. 2¢ and d shows the as-obtained and deconvoluted Cls detail-scan spectra for GO
and SPSrGO-1050. A C-O component stronger than the C-C one was seen for GO, together with
two other components corresponding to C=0 and O=C-OH. This proves the existence of a large
quantity of oxygen-containing groups. The C-O component intensity was significantly decreased
in SPSrGO-1050, and correspondingly, C-C component obviously intensified. In addition, after
the SPS process one new component located at ~291.2 eV appeared, which was the shake-up

satellite (pi-pi* bonding) stemming from the aromatic character of graphene. This distinct pi-pi*
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bonding was also observed in SPSrGO-500 and PSrGO-900 (Figure S1), and it clearly

demonstrates the restoration of the conjugated network that did not exist in GO.

The structural characteristics of SPSrGO were extensively characterized by TGA, XRD, selected
area electron diffraction (SAED), FTIR, Raman spectroscopy, and BET surface area
measurement. SPSrGO-500, SPSrGO-900 and SPSrGO-1050 all showed significantly higher
thermal stability and surface area than GO (Figure S2 and Table 1). Interestingly, it has been
reported that a critical temperature of 550 °C has to be exceeded for GO to be thermally
exfoliated.'* Nevertheless, it is clearly seen in the current study that a lower SPS temperature of
500 °C could effectively exfoliate GO. SPS thus appears to be a superior thermal treatment
procedure for GO exfoliation and reduction. XRD patterns shown in Figure S3 clearly signified
decreased crystallinity in SPSrGO, which is supported by the TEM SAED patterns (Fig. 3¢ and d
insets). A typical sharp polycrystalline ring pattern was observed for GO, while diffuse and weak
rings without any bright spots were seen for SPSrGO-1050. The calculated interlamellar spacing
(Table 1) decreased from 8.07 A for GO to 3.4-3.6 A for SPSrGO, mainly due to the
decomposition of oxygen containing groups and their associated structural defects as well as the
evaporation of intercalated water. FTIR spectra showed significantly suppressed absorption
peaks for C=0O carboxyl/carbonyl and C-O epoxy in all SPSrGO samples (Figure S4), indicating
that most of those groups had been removed in the SPS process. Peaks corresponding to the D
and G band were explicitly seen at ~1357 and ~1595 cm™, respectively, in Raman spectra of GO
and SPSrGO (Figure S5). In addition, it was found that all SPSrGO samples reduced at 500 °C
had decreased Ip/Ig (defect index: intensity ratio of the D band and G band) compared with GO.
This could be attributed to the removal of oxygen-containing functional groups and restoration of

sp” bonds in the graphite lattice.** On the contrary, SPSrGO samples reduced at above 500 °C
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showed Ip/Ig higher than that of GO. This was probably caused by an increased number of
structural defects induced at higher temperatures due to the generation of more intense spark and
plasma. It is worth mentioning that the SPSrGO-900 and SPSrGO-1050 still showed remarkably
lower sheet resistance than SPSrGO treated at 500 <TC (Table 1). As evidenced by the much
higher C:O ratios, both 900 <C and 1050 <C could enable a significantly higher number of
oxygen containing groups to be removed than 500 <C, although the I/l values imply that more
SPS-induced structural defects would probably be introduced at those temperatures. The much
higher reduction degree should be the main contributor to the lower sheet resistance of SPSrGO
reduced at above 500 <C. SPSrGO-900 demonstrated a notably high electrical conductivity of
1564 + 40 S/m, which is higher or comparable to those from other thermal processes (Table S1).*
1415-41 Tt has been reported previously that In/Ig was only observed to decrease with thermal
annealing temperature higher than 1000 °C.** Our results further confirm the superior

effectiveness of SPS in restoring sp® carbon-carbon bonds as it enabled a decreased Ip/Ig to be

achieved at a low temperature of 500 °C.

3.2. Morphological Characteristics and Underlying Mechanisms. Fig. 3 shows the
FESEM and TEM images of dried GO and SPSrGO-1050 after brief bath sonication in ethanol.
While GO sheets were smooth, SPSrGO samples were characterized by micro-scale sheet
bending as well as submicron or nano-sized rough structures. Similar hierarchically rough
morphology was also seen for SPSrGO-500 and SPSrGO-900 (Figure S6). In addition, when
dispersed in DI water by sonication and dropped onto Si wafer, GO sheets were able to stretch
out and overlap each other, whereas SPSrGO demonstrated an agglomerated and granular
appearance (Figure S7). In TEM images (Fig. 3¢ and d), the morphology of GO also contrasted

dramatically with that of SPSrGO-1050. While GO presented very smooth sheets, SPSrGO-1050
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was wrinkled and corrugated with both micro- and nano-sized structures. The drastic difference
in topography between GO and SPSrGO-1050 was also obvious under Atomic Force Microscope
(AFM, see Figure S8). GO sheets tend to spread and adhere to the silicon substrate, with the
majority of their surface being flat and smooth. On the contrary, SPSrGO-1050 showed a much
rougher surface with numerous micron and submicron scale protrusions. The surface roughness
(R,) was obtained from three 0.5 pm % 0.5 um regions randomly selected in Figure S8a and b. It
was found that the average R, for SPSrGO-1050 (19 + 4 nm) was increased by a factor of ~10
compared with that of GO (1.9 = 0.3 nm). The height profile was recorded for one GO sheet
(Figure S8g) and gave an average sheet thickness of ~2 nm which is typical for few-layer GO
sheets. The FESEM, TEM and AFM results confirm that SPS induced the formation of

hierarchical surface roughness in the SPSrGO samples.

Fig. 3. FESEM (a, b) and TEM (c, d) images of GO (a, ¢) and SPSrGO-1050 (b, d). SAED

patterns are shown in the inserts of (c, d).
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Wrinkled structures in rGO thermally treated by a tube furnace have also been observed.'*"
However, in the previous studies the corrugated appearance could no longer be retained after
dispersing the rGO sample by sonication,'* while in the current study it remains well preserved.
Consideration is thus directed to the unique characteristics of the SPS process, which are the
major differences between our thermal reduction route and the previously reported ones. It has
long been recognized that the application of pulsed DC grants SPS a number of advantages over
conventional sintering techniques, such as generation of speak and plasma, high-density energy

supply and local high temperature.”" *

In our previous studies SPS has been applied as an
effective heat treatment technique.'”* This idea was also adopted by Cao et al.** who processed
rGO by SPS at 1300 °C for 5 min. It was found that SPS induced the formation of many ripples
which changed smooth rGO surfaces into rough ones. They proposed that on rGO surfaces there
exist high/low regions with a larger electronic density which are susceptible to discharge and
plasma striking during the SPS process. Unlike this previous work, in the current study smooth
GO sheets were directly treated by SPS with no prior heating/reduction. GO reduction and ripple
formation thus occurred simultaneously. It is interesting to note that in the study by Cao et al. ,**
GO sheets thermally reduced by conventional method at 700 °C for 2 h were still very smooth

while in our study SPSrGO-500 already showed obvious hierarchical surface roughness. This

further confirms the superiority of SPS in inducing rough rGO surfaces.

Because of the low density of freeze-dried GO, the 0.24 g GO clusters used in all SPS
experiments were in good contact with other GO flakes as well as with the graphite die and
punches. During SPS, electric current flows through both the graphite die and GO powder, with
the majority of current likely flowing through the die due to its higher conductivity. Current flow

results in joule heating from both the die and the GO powder leading to uniform heating across
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the whole sample. SPS has been well known to result in surface purification and activation due
to the spark plasma.*? In our study, the spark plasma likely contributes to the cleaving of oxygen-
containing functional groups and assisting reduction of GO, as shown in the schematic reduction
mechanism proposed in Scheme 1. Local high-density energy enables electrical breakdown and
discharge at narrow gaps between adjacent GO sheets (Scheme la and b). The generated local
high temperature can be particularly beneficial to the efficient removal of the functional groups
(as shown in Scheme la and c). Furthermore, spark impact pressure, together with high-speed
ion migration, may also have a deoxygenation effect and contribute to local sheet deformation
through striking and sputtering (as depicted in Scheme 1b and d). The generated gaseous
products, mainly water vapor and carbon dioxide, escape from GO laminae and lead to further
GO expansion and exfoliation (Scheme 1la). As a result, it was observed that the SPSrGO
samples had increased in volume during the process of SPS. Unlike conventional thermal
reduction processes, SPS is conducted in vacuum, which probably facilitates the escape of those
gaseous by-products from GO laminae and thus expedites GO expansion and exfoliation. This is
possibly an important reason for the notably high surface area values (up tol265.5 m?/g)
achieved in this study (Scheme 1). Therefore, SPS can be regarded as a multi-functional process
that integrates surface roughening into the exfoliation and reduction of GO. In this process, local
high temperature, spark impact pressure, and rapid ion migration act in concert and result in
hierarchical roughness which can be well maintained during subsequent ultrasonication

processes.
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Scheme 1. Proposed mechanism for GO reduction by SPS: local high temperature, spark impact
pressure and rapid ion migration effectively convert most oxygen-containing functional groups
into gaseous products (a and c) and generates lots of hierarchical rough structures on the

SPSrGO surface (b and d).
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It is believed that the quantity of spark plasma is highest in the early stage of SPS and
decreases gradually.*” Since spark plasma was possibly a significant contributor to GO reduction,
cyclic SPS was attempted in hope of achieving a higher degree of reduction by introducing more
“early stages”. At the SPS temperature of 500 °C, the number of sintering cycles was increased
to two (SPSrGO-2C500) and three (SPSrGO-3C500). It was found that the C:O ratio was
increased from 9.62 for SPSrGO-500 to 15.13 and 14.90 for SPSrGO-2C500 and SPSrGO-
3C500 (Table 1), respectively, corresponding to a much smaller change as compared with that
induced by increasing SPS temperature. Furthermore, increasing number of SPS cycles from
two to three had virtually no influence on the C:O ratio. Such phenomena can be attributed to
several causes. Firstly, a higher temperature may have brought about more intense heating which,

as in all other thermal reduction processes, was beneficial for the removal of oxygen-containing
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groups. It should be noted that the thermal stability of oxygen containing groups varies (e.g.,
epoxide < carbonyl < hydroxyl) and a temperature higher than 500 °C is required to remove
certain groups.* This was probably the reason why extending the holding time at 500 °C from 1
min to 3 min (SPSrGO-500E, Table 1) only achieved a minor increase in C:O ratio (from 9.62 to
11.71, Table 1). In SPS, higher sintering temperatures are realized by exerting a higher voltage
and current. This leads to a stronger electric field, higher spark impact pressure and faster ion
migration, which possibly further contributed to the removal of the surface functional groups.
Secondly, in the later cycle(s) it was likely more difficult to generate spark plasma due to higher
vacuum in the chamber. During SPS, the chamber was actively being evacuated, resulting in less
and less residual air inside the chamber as the process continued, as confirmed by the increasing
vacuum level in the chamber indicated by the Pirani gauge. This weakens the generation of
plasma, because the presence of gases is essential for creating plasma. It is worth mentioning that
both oxygen-containing groups and intercalated species (mainly water) in GO turned into
gaseous products during the reduction process, which could enhance plasma generation.
However, their conversion is believed to happen mainly in the early stage of the first SPS cycle,
which can be supported by the fact that major weight loss occurred at below 250 °C during the
TGA test of GO (Figure S2). The significantly reduced sample resistance and increased electrical
conductivity in the first SPS cycle may also have made spark generation more difficult in the
subsequent cycles. As shown in Table 1, SPSrGO-500 possessed a buckypaper sheet resistance
as low as 12.4 + 0.8 Q/sq. As a result, there already existed a highly conductive sponge-like
network inside the graphite die during the later SPS cycles which likely facilitated current flow

and reduced spark generation.
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3.3. Superhydrophobicity. It is believed that both low oxygen content and hierarchical
roughness can contribute to the hydrophobicity of SPSrGO,* so water contact angles (CAs) were
measured on GO and SPSrGO-coated parafilm. It is found that GO possessed a small DI water
contact angle of 53.16°, which was smaller than 90° and confirmed its hydrophilicity (Fig. 4a).
Reducing GO by SPS at 3 different temperatures significantly increased the DI water contact
angle by a factor of two (Fig. 4a), converting it into a highly hydrophobic material. Specially,
SPSrGO-1050 showed a DI water contact angle of 153°, indicating that it was superhydrophobic.
Using the Young-Dupre’s equation,”’ the work of adhesion () was calculated for 4 coatings and
plotted in Fig. 4a. While W for GO was 116.6 mN/m, SPSrGO-1050 had a W as low as 8.0
mN/m which was two orders of magnitude lower than GO. The significantly decreased W of the
SPSrGO-1050 coating could enable very swift movement of liquid droplet on its surface and
hence the achievement of a self-cleaning effect. It should be noted that SPSrGO-1050 solution in
DMF used for producing the coatings had undergone prolonged ultrasonication which consisted
of 10 min bath sonication (550 W) and 5 min horn sonication (130 W). The clearly visible
hierarchical rough structures and superhydrophobicity seen in Fig. 4 provide strong evidence for
the enduring deformation and roughening effect induced in SPSrGO-1050 during the SPS
process. Unlike rGO obtained by conventional thermal reduction,'* SPSrGO sheets were able to
maintain the hierarchical rough structures even after prolonged ultrasonication and thus expected

to possess sustained superhydrophobicity over a longer period.
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Contact angle (*)

Fig. 4. (a) Water CAs and work of adhesion of GO and SPSrGO coatings, with insets showing a
water droplet on different coatings; (b, c) FESEM images of the surface morphology (b) and

cross-section (c¢) of SPSrGO-1050 coating; (d) FESEM image of the GO coating.

The drastically different wettability of GO and SPSrGO can be explained by both
morphological and chemical changes with thermal reduction. Compared with the smooth surface
of the GO coating (Fig. 4d), SPSrGO-1050 surface possessed lots of hierarchical micro/nano-
sized wrinkled structures (Fig. 4b, ¢) which could trap air and therefore greatly reduce their
contact area with the water droplet.” The influence of decreased gas-solid interface can be

explained by Cassie’s model:**
cos &,=f(cos s+ 1)—1 (1)

where f'is the fraction of solid contact area, &, and &, are CAs on the rough and smooth surface,
respectively. With the presence of hierarchical roughness, there existed numerous protrusions

and peaks on the SPSrGO-1050 coating which prevented the penetration of water into the valleys
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between them. Therefore, the water-rGO contact area was significantly reduced and a low fand
high &, could be obtained. In terms of chemical composition, most hydrophilic functional groups
were removed during the SPS process (Fig. 2 and Figure S4), which substantially lowered the

surface energy and drastically altered the samples’ wettability.

3.4. Bacterial Antifouling and Inactivation Performances. The morphology of E. coli
after 2 h incubation under aqueous conditions is presented in Fig. 5. As shown in Fig. 5a and b,
after 2 h interaction with GO many E. coli cells were observed on GO sheets and many of them
were either covered or wrapped by GO. This was possibly due to the smooth surface topography
and homogeneous dispersion of GO in 0.85% saline solution, both of which contributed to a
large contact area between the E. coli cells and GO sheets. In the three-step antibacterial

mechanism for single walled carbon nanotubes and graphene based materials,*® *

cell deposition
on the materials is the first step and it can be strongly influenced by the surface functional
groups.””*” Because of the presence of a large quantify of oxygen containing functional groups,

GO sheets could form stable aqueous dispersions and provide plentiful opportunities for E. coli

cells to interact with and bind to them.

20



Fig. 5. FESEM images of E. coli after 2 h incubation in GO dispersion (a, b), SPSrGO-1050

dispersion (c-¢), and pure saline solution ().

By contrast, almost no E. coli cell was found on SPSrGO-1050 (Fig. 5c-e). Those found
around the SPSrGO-1050 clusters were probably cells in the 0.85% saline solution introduced in
the preparation of the FESEM samples. It was observed that the continuous shaking during the 2
h incubation could prevent the sedimentation of SPSrGO-1050. Therefore, it is believed that the
interactions between E. coli and suspended SPSrGO could take place at a high rate. However, it
seemed to be much harder for E. coli cells to adhere onto SPSrGO-1050 compared with GO.
This can be ascribed to two possible reasons. Firstly, the superhydrophobicity of SPSrGO-1050

decreased the solid-liquid contact area, which minimized the chances of E. coli cells reaching the
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SPSrGO sheets. Secondly, for those cells attached to the SPSrGO surface, they could be easily
“washed” away by the flowing water due to the weak adhesion strength originating from the
limited number of attachment points on the hierarchically rough SPSrGO. Topographically
corrugated surfaces have long been regarded as promising antifouling solutions, provided that
the surface roughness is smaller than the size of the settling cell.”” In SPSrGO-1050 numerous
protrusions smaller than the length of E. coli (~2 pm) were explicitly seen (Fig. 3). Furthermore,
the hierarchical roughness could further strengthen the bacterial antifouling efficacy because
corrugations in multiple length scales were able to act synergistically to tackle E. coli cells in
different stages of the cell cycle. Based on the above two reasons, it would be energetically more
favorable for E. coli cells to stay in 0.85% saline solution rather than to attach onto the SPSrGO-

1050 surface.

In addition, compared to E. coli cells incubated in pure saline solution (Fig. 5f), cell
deformation was clearly observed for those treated by GO or SPSrGO-1050 dispersion. As
displayed in Fig. 5b and e, shrinkage of cells could be apparently found, indicating the leakage of

- 1-52
3637.51552 \where both

intercellular substances. Similar results were also reported by other studies,
GO and rGO showed antibacterial effect to some extent. It was proposed in those studies that the
inactivation of bacterial cells resulted from the membrane stress caused by the sharp edges and

- . - 4 1
oxidative stress of the nanosheets.’>?% 4% 3

Generally, the hydrophilic nature enables GO to
disperse stably in water, offering it increased possibilities to interact with and thereafter
inactivate bacterial cells. On the other hand, rGO was believed to possess a stronger capability to
oxidize thiols or other cellular components by virtue of its eminent electrical conductivity,

although this effect may be hindered by its poor dispersion in water.’® In this study, both GO and

SPSrGO-1050 were found to be able to inhibit the growth of E. coli cells via damaging their
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membranes (Fig. 5b and e), which was probably caused by the aforementioned cytotoxicity
mechanism in aqueous conditions. It should be pointed out that quite a few conflicting results
have been reported with regard to the bacterial inactivation effect of GO and rGO.***">* These
reports imply that the antibacterial performance of GO and rGO is time and concentration
dependent, and higher efficiency may be achieved by applying extended incubation time and/or
increased dosage concentration. GO and SPSrGO-1050 coatings were thus fabricated on Teflon

filters to interact with E. coli cells for a longer incubation period of 18 h.

Figure SO presents the photos of E. coli agar plates after 18 h incubation with uncoated as
well as GO and SPSrGO-1050 coated Teflon filters. While clear E. coli culture was observed in
the areas covered by pure Teflon filter and GO coated filter (Figure S9a, b, d, e), such culture
could not be found in the region where SPSrGO-1050 coated filter had been placed (Figure S9c,
f). It suggests that E. coli cells were able to grow well when in contact with uncoated Teflon and
the GO coating while SPSrGO-1050 could effectively inhibit the adhesion and proliferation of E.

colli.

FESEM was applied to further observe the surface morphology of these filters (Fig. 6). As
can be seen from Fig. 6a and b, numerous E. coli cells attached tightly on the uncoated Teflon
filter. A very similar phenomenon was observed on the filter coated with GO (Fig. 6¢ and d),
indicating that these cells could firmly adhere and vigorously proliferate on the GO coating.
Unlike in the saline solution, GO sheets on the surface of Teflon filter were static. This would
not only reduce their interactions with E. coli cells and mitigate the membrane stress induced by
the sharp edges of GO nanosheets, but also lessen the destructive change in membrane
permeability caused by the accumulation of GO sheets on the cell surface.”® As an electrically

insulating material, GO has a much weaker oxidation ability than rGO which could further
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restrict its inhibition effect on E. coli cells.*® Without strong membrane stress or oxidation stress,

E. coli cells could readily attach to the GO sheets and actively grow to form colonies.

Fig. 6. FESEM images of 3 different Teflon filters placed on agar plate inoculated with E. coli

for 18 h: (a, b) uncoated, (¢, d)GO coated, and (e, f) SPSrGO-1050 coated.

On the contrary, no E. coli cell was found on the surface of SPSrGO-1050 coated Teflon
filter as displayed in Fig. 6e, f. It signifies that SPSrGO-1050 coating could effectively inhibit
the attachment and growth of E. coli cells. This may be caused by two major reasons. First, the
well retained hierarchical rough structure of SPSrGO-1050 could effectively hinder the adhesion
of E. coli cells (Fig. 6 e, f). More importantly, the excellent electrical conductivity (Table 1) of

SPSrGO-1050 could impose strong oxidation stress on the cells in contact with the SPSrGO
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sheets. Under these two stresses, the growth and proliferation of E. coli cells would be strongly
inhibited or even inactivated. Consequently, no adhesion of cells was spotted on the SPSrGO-
1050 coating and no E. coli culture formation was observed in the agar plate area underneath the
coating. This excellent inactivation effect against E. coli implies that it is highly promising to use

SPSrGO-1050 to fabricate antibacterial surfaces.

The adhesion and proliferation of bacterial cells on abiotic surfaces can lead to the
formation of colonies or even biofilms, which are detrimental to many medical and industrial
applications. To date, various strategies have been devised to restrain the colonization of bacteria
on material surfaces and a great deal of effort has been devoted to the development of
antibacterial materials. In the past few decades, the imprudent and excessive usage of various
natural or synthetic biocides has induced various problems such as the emergence of bacterial
resistance and potential threats to human health and the environment.>® Considering these
issues, enormous attention has been aroused to design antibacterial materials without using any
biocide. In our study, the superhydrophobic SPSrGO has demonstrated remarkable bacterial
antifouling and inactivation effect both in aqueous solution and as a coating. Therefore, the
superhydrophobic SPSrGO fabricated in this study can be a very promising material for

achieving long-term antibacterial effect without the addition of any antibacterial agent.

4. CONCLUSIONS

In summary, we demonstrated for the first time a single-step process towards achieving
superhydrophobic rGO through SPS. GO could be successfully exfoliated, reduced and
hierarchically roughened by SPS at a temperature as low as 500 °C, which is lower than the
critical temperature (550 °C) required for GO exfoliation in a conventional thermal process. In

addition, SPS demonstrated superior efficacy in minimizing residual oxygen content and creating
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surface roughness on both micron and nano-scale. After 1 min of SPS treatment at 1050 °C, the
R, value was increased by a factor of ~10 from GO to SPSrGO. Unlike rGO obtained by
conventional thermal reduction, the hierarchical surface roughness in SPSrGO could be well
preserved after prolonged ultrasonication. SPSrGO-1050 showed notable electrical conductivity
and water CA of 153° as a result of the synergistic effect of local high temperature, spark impact
pressure and rapid ion migration. While bacterial attachment on GO was ubiquitously observed
in saline solution and solid state, SPSrGO-1050 could effectively prevent the adhesion of E. coli
cells under both conditions. Although GO and SPSrGO-1050 were both capable of inhibiting the
growth of E. coli in aqueous conditions to a certain extent, only SPSrGO-1050 coating showed
antibacterial effect on E. coli cells in the agar plate. We therefore believe that the
superhydrophobic SPSrGO is endowed with enormous potential in a wide variety of industrial

and biomedical applications.

Furthermore, SPSrGO has great promise to be utilized as a reinforcing agent in
metal/ceramic-based composites which can be fabricated by SPS. The current study thus
provides valuable insights into the in sifu reduction and enhancement effects in those composite

systems as well.
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Note the obviously decreased intensity of the two peaks in red rectangles for SPSrGO. Figure
S4 shows four major absorption peaks in the FTIR spectrum of GO centered at 1730, 1625,
1380, and 1070 cm™, which can be attributed to C=O carboxyl/carbonyl, aromatic C=C, C-O

epoxy, and C-O alkoxy, respectively.'
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Figure SS. Raman spectra of GO and SPSrGO.

Figure S6. FESEM images of a) SPSrGO-500 and b) SPSrGO-900 cast from a dispersion in

ethanol.
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Figure S8. AFM images of GO

cast from a dispersion in water (a, ¢, and e-g) and SPSrGO-

1050 cast from a dispersion in DMF (b, d). (a, b) 3D topography images; (c, d) 3D phase

images; (e, f) 2D topography

images; (g) height profile of a GO sheet in f). Note that

different GO concentrations were used for samples in (a, c¢) and (e, f).
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Figure S9. Photos of E. coli agar plates covered by uncoated (a), GO-coated (b), and
SPSrGO-coated (c) Teflon filters after 18 h incubation; photos of the same agar plates after

removing uncoated (d), GO-coated (e), and SPSrGO-coated (f) Teflon filters.
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Table S1. Comparison of properties between SPSrGO and other thermally reduced GO

references method C:0 BET interlamellar I/l electrical
ratio (by  surface  spacing (A) ratio conductivity
atom %) area (S/m)
(m*/g)
Current SPS at 83.03 859 3.57 1.05 1564
study 1050 °C for (900 °C) “
1 min
> Annealing at ~ 50.55 Not 3.44 1.06  Not available
1200 °C in available
Ar for 30
min
4 Microwave 5.46 Not Not available 0.96 200
treatment at available
800 W for 10
min
>0 Held in Ar 9.75  600-1500 Not available  Not 1000-2300
atmosphere available
at 1050 °C
for 30 s
7 Flash 4.23 Not Not available Not ~1000
reduction available available
8 Microwave  2.75 463 3.6 Not 274
treatment in available
air at 700 W
for 1 min

“ Sheet thickness was measured to be 362 pm

resistance x thickness).
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