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Abstract

GO thin films and coatings are regarded as superior in quality to other materials especially for
biomedical applications. However, the lack of stability and understanding of their structure and defects
hinder their use in value added applications. Here, we stabilized GO by reduction and functionalization
through multiple plasma treatments with polymerizing (to deposit a crosslinking and compressing layer
of diamond like carbon, DLC) and non-polymerizing precursors (Hz, Oz and N2). The hybrid GO and
DLC coatings on semi crystalline PEEK (Polyether-ether-ketone) were evaluated using AFM, SEM
and XPS. The GO deposited layer showed roughness around 70 nm and, despite care, resulted in
several wrinkles and particle aggregations. The hybrid coatings conformed to the roughness and
crystalline features of PEEK. XPS showed that the DLC layer cross-linked the GO nano-flakes while
not completely masking which enable the partial exposure of GO. The GO-DLC hybrid interface is
higher in thickness than the PEEK-GO and is dominating the overall thickness of the hybrid structure =~
13+ 1 pm. XPS measurements showed that the often unstable C-O functional groups on the surface of
the hybrid coating can be reduced by effective plasma treatment. Plasma treatments also generated

C=0 functional groups that probably originated from the decomposed carboxyl groups. The plasma
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treatment also contributed to the reduction of GO. Treatment with Hz was more effective in oxygen
reduction than with the N2, however, treatment with Nz increased the reactants on GO as N3 is heavier
tending to deposit more on a surface. Plasma treatment with O increased the surface oxygen content

further and hence more defects on the hybrid surface.
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Introduction

Graphene oxide (GO) and reduced graphene oxide (rGO), are oxide forms of graphene having the same
monatomic structure and hexagonal carbon framework but with different physical and chemical
properties 1 2]. These materials were extensively utilized in current research because of the superior
properties and the possibility to produce bulk quantity by the exfoliation of graphite. However, GO
contains a considerable amount of residual oxygen which is difficult to be removed leading to a large
number of structural defects. Moreover, owing to the high polarity of GO surfaces, water molecules are
easily coupled onto GO surfaces and penetrate through leading to detachment of GO flakes, therefore,
the stability of GO substrates in aqueous environments is still questionable for bio-applications.

The carbon atoms in graphene are tightly packed together through the sp? orbital hybridization that is a
combination of orbitals s, px and py constituting of the o-bond and n-bond. Based on graphene structure,
GO is non-stoichiometric, consisting of carbon sheet covalently bonded to oxygen-containing groups
including epoxy (R-O-R’) and hydroxyl (R-OH) groups at the basal plane and carbonyl (C=0),
carboxyl (R-COOH) and lactol (O-C-0) functionalities at the edge®”. The presence of these functional

groups offer GO with several advantages, such as tunable electronic property through reduction process
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changing GO from insulation to conduction®, effective solution processability with solvents,
hydrophilic characteristics, making GO ready to attract water molecules for stabilization, anti-
restacking ability of the carbon sheets, and anchoring ability providing reactive sites to immobilize
various active species over GO sheets®. On the contrary, the oxygen functional groups in GO could
degrades the thermal, electrical and mechanical properties relative to graphene 3 # & 1012 The presence
of oxygenic moieties causes thermal decomposition of GO at the temperature between 150-200 °C
leading to the evolution of CO and CO,’]. During low temperature reduction of GO, the water
molecules trapped among the layers are desorbed first in the RT — 100 OC temperature range. From 100
0C to 150 0C, hydroxyl and epoxy bonds are gradually decomposed. Concurrently, carbonyl and sp2
bonds are formed 3. Carbonyl bonds will be then degraded at higher temperatures and hence make it

the most thermally stable bond.

The mechanical properties of GO are mostly related to the physical and structural properties that are the
thickness and oxidation degree (the ratio of carbon to oxygen) ** 5, therefore, the Young’s modulus
and tensile strength have been reported in a wide range of 6-42GPa and 76-293MPa respectively*®-2,

Structural defects, intrinsic type (sp?-type) and extrinsic type (vacancy-type), identified in the graphitic
structures of GO and rGO %18 are the critical determinants for the physical properties. Compton 3
summarized the works done on GO and rGO regarding the production methods with manipulating GO
including the synthesis of transparent conductive thin films, their properties, and applications. Banhart
16 reviewed the defects types, generations, and properties of graphene and stated the electronic and
optical properties of graphene can be manipulated by managing the intrinsic or extrinsic type defects. It
is worth noting that the contained residual oxygen and other heteroatoms in GO and rGO degrades the
mechanical strength of defect-free structures as extrinsic type defects®. Extrinsic defects also deviate

the properties like electrical conductivity of graphite and rGO from defect-free structures, nevertheless,
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Dreyer and Mao * © found these defects serve as active sites for reduction-oxidation (redox) reactions.
The restoration strategy could be utilized by supplying additional carbon atoms on GO, which reduces
the chemical functional groups attached to the carbon atoms and inhibits the sp?-interactions, was
found to repair the defective graphitic structure thus improve the stability. In this respect, partial and
complete reduction methods of GO including the graphitization at high temperature?™ 22, epitaxial
growth?, charge-transfer chemical doping®, plasma deposition®®, and chemical vapour deposition
(CVD) % have been extensively studied in detail®” %,

The stability of GO membranes in water is rather in debate still. Yeh 2° showed that GO instability is
due to the electrostatic repulsion of negatively charged GO sheets on hydration. Another study showed
the stability of GO is not affected by the pH (4-10 value) of the solution, but the salt type and ionic
strength have significant influences under the electrostatic layer-to-layer compression®. The stability of
GO powdered sheets in aqueous solution can be enhanced by converting them into membrane form
with few micron thickness through filtering and drying procedures®:. While the stability of GO
membranes is achieved through the crosslinking of individual GO sheets with the implementation of
multivalent cationic metal contaminants?®. Carbonaceous nanomaterials of good conductivity, chemical
stability and large surface area enhances the charge storage through generating electric double layer
capacitors by adsorption of ions. Another possibility is by forming a pseudo capacitor and producing
energy from redox reaction during charge/discharge 3% . Accordingly, the intercalation of molecules
like carbon nanotube (CNT) and fullerene is useful for charge storage applications by electrostatic
adsorption of ions %,

Previous studies showed GO membranes exhibit hydration or solvation properties which is not found in
their precursor GO powders 3 and GO membranes show a faster water permeation and decreased
permeability for alcohols like methanol and ethanol®® %, Moreover, GO membranes permeated NaOH

faster than Na salts indicating their expansion in alkaline solutions * and GO membranes emerged as
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efficient filters for molecular or ionic separation®. Chowdhury also observed the stability of GO in
natural aquatic environment and indicated aqueous transportation of GO is possible and useful for
effluent treatment. Hence, all the findings mentioned confirm the stability of GO is directly correlated
to the carbon-to-oxygen ratio in GO sheets and their cross linkages among the GO sheets.
Polyether-ether-ketone (PEEK), a semi-crystalline thermoplastic with non-toxicity, natural
radiolucency, excellent thermal and chemical stability, and good mechanical properties. PEEK have
been a substitute for metal alloys in orthopedic applications®“2. However being bio-inert and
hydrophobic limits its applications. Implementing diamond-like carbon (DLC) coatings on PEEK is a
promising strategy for bio-applications owing to their good bio-compatibility, such as their elastic
modulus close to the cortical bone in human, excellent tribological and mechanical properties*®4S.
However, the adhesive strength at the interface of DLC coating and PEEK substrate poses a weakness
in performing the function when high internal compressive stress and corrosive environment are
present in human body. Escudeiro and Dufils ** * proposed incorporating with metallic compounds at
the interlayers and altering the C to H ratio of the deposited thin film to improve the device
performances. Bzaka et al.*® explained that plasma assisted techniques as suitable option for controlled
modification of a variety of biocompatible surfaces by surface oxidation, nitration, hydrolyzation and
amination. Plasma treatment were shown to be effective method to decontaminate and sterilization of
biomaterials and medically-relevant devices by generating active surfaces of plasma generated radicals.
Moreover, desirable chemistry can be obtained by surface functionalization with specific moiety like
amines, hydrogen, oxygen etc. which leads to controlled morphology, desirable substrate adhesion and
stability.

The use of plasma treatments with graphene based materials provides an effective means of doping,
generation of reactive species and other ionic parameters which modulates the charge transfer

characteristics*”. For instance, NHz plasma can induce nitrogen radical covalently binding with carbon
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lattice, oxygen plasma treatment can alter the bandgap of graphene based materials, driving transition
from semi-metallic to semiconductor “¢. Conversely, certain optimized plasma treatment at controlled
atmosphere (eg. Remote methane plasma) used to reduce GO by lowering its oxygenic content and
decreases band gap of the material. Furthermore, plasma-treatments enabled the reduction of GO to
graphene that is facilitated by significant defect healing which causes improvement in material quality
%5, Thus, oxidation and reduction reaction carried out by controlled and optimized plasma treatment can
regulate defects and functional groups which is useful for enabling life cycle of carbon based precursor.
The present study employs plasma deposition to modify the surface of GO coated PEEK with DLC and
implements SEM, AFM and XPS to evaluate the topography and chemical compositions of the
DLC/GO solid thin film on PEEK. This engineered material is expected to achieve good stability in an
aqueous environment, excellent tribological properties, and electrical characteristics for bio-

applications.

Materials and Methods

Materials

Commercial graphene oxide (GO), dispersion (4mg/ml) in water obtained from Graphenea (Spain), was
initially ultrasonicated at 40-50 °C for 2 hours. About 2-3ml of dispersed GO in water was drop-casted
over polyether-ether-ketone (PEEK) polymer and dried at room temperature for 24 hours to produce
GO/PEEK. PEEK substrates were then introduced in a plasma-enhanced chemical vapour deposition

(PECVD) reactor for the deposition of diamond-like carbon (DLC) films to stabilize the GO coating.

PEEK Surface Modification
The plasma treatment apparatus that was used for this study was a custom build instrument. The plasma

source is a COPRA GTE200 RF-inductively coupled plasma high density source from CCR-technology
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GmbH, Germany supplied with a radiofrequency at 13.56 MHz and operated at 200W. In the
deposition process, the pressure inside the reactor was maintained constantly at 0.15 mbar by adjusting
a butterfly valve. Different plasma precursor mixtures shown in Table 1 were utilized to obtain the
DLC films deposited on GO with different chemical compositions and functional groups on their
surfaces. Three groups of samples were produced for the study including plasma treated and deposited
PEEK substrates (samples la-1f), the same plasma treatment adopted on GO-coated PEEK substrates
(samples 2a-2f), and oxygen-rich precursors plasma treatment samples employed on GO-coated PEEK
substrates (samples 3a and 3b). Pure methane (CH4) and a mixtures of methane and hydrogen
(CHa+H>) were utilized to deposit neutral DLC films, the mixture of methane and oxygen (CH4+05)
was utilized to introduce negative carboxyl and hydroxyl functional groups while the mixture of

methane and nitrogen (CH4+N2) was utilized to deposit amine-rich coatings.

Table 1 Plasma precursor mixtures (in sccm) utilized for the deposition of DLC film on each sample

Samples Simple PEEK substrates ‘

CH4 Hz 02 N2
la 80 0 0 0
1b 60 20 0 0
1c 54 26 0 0
1d 40 40 0 0
le 30 30 20 0
1f 30 30 0 20

GO/PEEK substrates

CH4 Hz (07} N2
2a 80 0 0 0
2b 60 20 0 0
2c 54 26 0 0
2d 40 40 0 0
2e 30 30 20 0
2f 30 30 0 20

O2rich films on GO/PEEK substrates

CHs H2 02 N2

3a 40 0 40 0




3b 60 0 20 0

XPS Characterization

The surfaces of all samples were characterized using X-ray photoelectron spectroscopy (XPS), a non-
destructive technique, to obtain their profiles of chemical composition, elemental concentration, and
atoms bonding mechanisms. XPS analyses were performed using an Axis Ultra DLD from Kratos, UK
equipped with a monochromated Al Ko radiation and 300pm x 700pm sample area. Charge
compensation was employed due to the non-conductive substrates. The charge neutralizer in the
instrument is coaxial to the analyzed lenses allowing optimal charge compensation even in the presence
of surface roughness. A wide and high energy resolved spectrum was acquired for each sample. The

final energy resolution was approximately 0.35eV in the last operating mode.

SEM
Scanning electron microscopy (SEM) was conducted using Jeol JSM7401F at 5KeV beam energy and
10 pA of emitted current. The SEM micrograph was carried out over PEEK substrate covered with GO,

DLC and GO/DLC.

AFM
High resolution topography and roughness measurement was carried out by Psolver 47 NT-MDT in
semi-contact mode. Silicon probe (stiffness nearly 30 N/m) radii approx. 10 nm has been used for

imaging the samples in air conditions.

Results and Discussion

Topographic analysis from SEM and AFM measurement



Figure 1 is showing the topographic images from the SEM and AFM for different coatings namely
DLC, GO and the hybrid structure of GO/DLC on the PEEK substrates. The GO has introduced the
wrinkled structure (nealy 15 nm altitude) over the semi-crystalline PEEK morphology along with
aggregated flakes. The DLC coatings conform the PEEK substrate (Figure 1(b)) revealing comparable
values of roughness (rms, root mean square) in Table 2. The GO layers elevated in altitude at the local
nucleate site of the PEEK substrate that remarkably increases the roughness up to 3 folds. Unlike DLC,
the distribution of GO flakes are not uniform and the interlayer spacing between GO-layers has
contributed to the increase in roughness (Figure 1(a, d)). Deposition of DLC over wrinkled and
accumulated GO surface further enhances the roughness of the hybrid structure (PEEK+GO+DLC) up
to 4 folds. The improper conformation between DLC and GO at the wrinkled region is responsible for

such higher roughness.

a GO on PEEK b PEEK+DLC c PEEK+GO+DLC

2.0pm
rrrnm

Figure 1 SEM micrograph of (a) PEEK covered GO showing contrast between GO layers, flakes and
PEEK substrate; (b) uniform coverage of DLC on PEEK substrate; and (¢) GO sandwiched between
DLC and PEEK substrate with relatively high magnitude of wrinkle. AFM topographic image of (d)
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thin GO coating with PEEK substrate; (¢) DLC conformed with PEEK substrate; and (f) GO
sandwiched between DLC and PEEK substrate.

Table 2 Roughness measurement in root mean square (rms) and average roughness (Ra)

Roughness RMS (nm)
PEEK 22+2
PEEK+DLC 22+4
PEEK+GO 70+5
PEEK+GO+DLC 86+6
a b SEM- cross section
Schematic
View

33835qNs Y334

Figure 2 (a) Schematic view for the arrangement of GO and DLC layers over PEEK substrate. (b)
SEM image of the cross section of the hybrid GO/DLC on the PEEK substrate. The arrows are showing
the thickness of the corresponding layers. The present image is from sample no. 2d
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The thickness and distribution of the GO/DLC over a PEEK substrate is clearly resolved in the cross-
section area of the hybrid structure at Figure 2. Schematic view (Figure 2(a)) is showing the
arrangement of the heterostructural coatings in which GO is sandwitched between PEEK and DLC.
Cross-section SEM micrograph in Figure 2(b) is illustrating two major contrast from the interfaces (a)
PEEK-GO and (b) GO-DLC. The sandwitched structure of GO is showing thickness of 8 microns due
to compression from the DLC layer of thickness 4 microns. The interlayer separation between GO-
DLC interface is higher than the PEEK-GO and is dominating overall thickness of the hybrid structure
~ 13+ 1 pm. The presence of interfacial gap between the DLC and GO indicates lower interfacial
interaction between chemically inert DLC and GO rather than plasma enhanced PEEK-GO. While,
PEEK-GO interface, the n-conjugated structure in the GO-graphitic basal plain can form strong n-n
stacking interaction with the n-conjugated system (such as benzene ring) in PEEK*. The functional
groups associated with GO can be used to bind heterostructures for higher mechanical, thermal and
chemical stability®® 51, Peng et al. “*found the improvement in thermal stability and mechanical
properties at PEEK-GO interface due to n-conjugated structure. It helps to transfer the stress directly
from the matrix to GO and stabilize the entire system. The interface between GO-DLC comprises

functional groups of -OH, -COOH, -O- bonding to produced hydrogen bonds®?.

XPS

The elemental abundances of the plasma treated samples are summarized in Table 3. The carbon
concentration is higher in the list of samples from 1a to 1f obtained from the plasma treatment on
simple PEEK. The oxygen concentration is higher in the list of samples from 2a to 2f obtained from the
plasma treatment on GO/PEEK. This implies the stabilizing films deposited on GO are unable to mask

a high concentration of oxygen deriving from GO. The stabilization of GO is highly desired for the
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substrates by which plasma treatment enables a much higher stability on the treated samples while
preserves the functions of the underlying GO coating.

The stability of the GO films depends on the oxygen concentration present on the graphene flakes.
Oxygen defects leads to a change of the carbon hybridization from sp? to sp® preventing -r interaction.
It is then expected that the higher is the oxygen content the lower is the coupling between flakes with
decreased mechanical properties and stability. Smaller interaction between graphene sheets can also
lead to risk of detachment with adverse consequences on its use. A diamond like amorphous
hydrogenated films was deposited on the GO film to increase its solidity. The plasma deposition is
performed that was generated using mixture of CHa4, Hz, Oz and N in different proportion. A high
concentration of ions of the precursor molecules will readily react with the carbon atoms of the
graphene flakes leading to the formation of an amorphous network steadily “gluing” the GO flake to
flake.

The concentration of the oxygen and nitrogen, listed in Table 3, increases in both group of samples
from 1a to 1f and 2a to 2f when O; and N are introduced in the precursor mixtures respectively and
surprisingly the higher oxygen concentration is obtained through N3z treatment. The XPS results
obtained from Bertoti % studying the surface composition of graphene and graphite treated by nitrogen
plasma show agreeable results with the current study on GO which the oxygen and nitrogen
concentration in the samples appear consistent against the carbon concentration. There are two
processes can explain the results. When NHs with highly hydrophilic property is introduced in the
reactor chamber, NHsz fragments easily and couples with water molecules which are desorbed by the
reactor walls and then deposited on the substrate surface. On the other hand, NHs fragmentation leads
to the presence of hydrogen radicals which etches the substrate surface and unmask the underlying GO

coating.
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In Figure 3A the C1s core lines form pristine GO and PEEK together with the same polymer treated in
plasma containing CHa, O2 and Nz are shown. As it can be seen, in the Cls from GO the highest
component is the one relative to the C-OH bonds. In pure PEEK this component is replicated but with a
much less extent. The PEEK sample treated with pure CH4 shows a carbon peak featured essentially by
CHx components. Only a mild asymmetry on the high BE side reveals the presence of weak oxidized
components. Differently, the Oz plasma treated PEEK shows a distinct C-OH component slightly
higher respect to that of PEEK, and those related to carbonyl and carboxyl functional groups. Finally,
the N2 containing plasma treatment shows a less structured C1s peak since the -C-N- bonds fall at
~285.7eV rather near to the hydrocarbon CHx main peak. Noticeable also difference among samples is
the presence of the graphitic component only in the GO sample while in the other samples this peak is

substituted by the hydrocarbon peak at 285eV.

QY (B)

Cls Cls
15 15

" Pristine GO
\ Pristine PEEK

Pristine GO
Pristine PEEK

CH4 treated PEEK
02 treated PEEK
N2 treated PEEK

GO + CH4 treated PEEK
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GO + N2 treated PEEK
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Figure 3: (A) C1s core lines from plasma treated PEEK samples. Spectra are normalized to a common
height and shifted in ordinate to facilitate the comparison; (B) C1s core lines from GO + plasma treated
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PEEK samples. Spectra are normalized to a common height and shifted in ordinate to facilitate the
comparison.

Looking at values summarized in Table 4, it appears that the concentration of nitrogen based
functional groups is significant only when N is present as a plasma precursor. Difference is the case of
the presence of graphene on the PEEK substrate. In this case, nitrogen is present in all the plasma

treatments.
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Figure 4 C1s core lines form the indicated samples. Spectra are normalized to a common height and
shifted in ordinate to facilitate the comparison.

Figure 4 compares the Cls peaks of pristine GO and PEEK samples with those obtained after
deposition of GO and subsequent plasma treatment only with CHs, adding O to the precursors or
adding Na2. In this case we observe that already the sample treated with pure CHs displays oxidized

components mainly described by C-OH functional groups. Similar to the work done by Baraket®, a
15
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strong reduction in the O concentration in GO with a significant reduction on C-O was demonstrated
effectively by introducing CH4 plasma. The work also suggests the presence of carbon species plays a
key role in increasing the sp? phase in GO upon reduction. From table 4 one sees that the CHx
component increases. This is not the C-C graphitic sp2 component but likely carbon atoms as in
polypropylene (sp3) which is described by fits a component at 285eV. Aromatic rings as benzene fall at

284.5eV which is not our case.

This components increase with Oz containing plasma treatments. In particular in this case the carboxyl
component become evident and this may play an important role in the cell assays because it is a polar
component. Several reports showed that surface rich in oxygenic functional groups like hydroxy and
carboxyl on a polymer surfaces and functionalized carbon materials (like graphene, GO and rGO)
effectively inhibit the growth of bacteria like E. coli and P. aeruginosa by damaging the cell membrane
especially at the edge region (rich in hydroxyl and carboxyl groups) 5 56, The respiratory proteins on
the surface of bacteria behave as n-type semiconductors and electrons are effectively transferred from
the microbial membrane to the carbon materials coated on a conducting surface responsible for
retarding bacterial growth. By conducting direct contact between Gram-negative and Gram-positive
bacteria to GO, a charge transfer between the bacteria and the carbon material responsible for microbial
toxicity %. Thus, the presence of the oxygenic functional groups are characterized by biocidal and

antifouling activities.

The XPS analyses from Zhao 57 yet well confirms our results which the O, plasma treatment on GO
reduced the graphitic structure C=C-C while increased the other carbon-oxygen structures, C-OH, C=0
and O-C=0. This implies Oz plasma introduces numerous defects in GO providing more binding sites

for molecule attachment. Finally, the sample treated with a plasma containing N2 the C1s spectrum is
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dominated by the CHy component. At higher BE Figure 4 shows the presence of a broad tail. This
feature can be assigned to multiple bonds of carbon with nitrogen and with the different bonds with
oxygen. Another similar study using XPS to analyse the composition and chemical state of GO treated
by H plasma and a gas mixture of Hz and N2 was done by Chen®, Various identified carbon-oxygen
bonds, C-O in C-OH, epoxy type C-O-C, carbonyl type C=0, and carboxylic type O-(C=0), are similar
to our results. The work also suggests C-O is unstable which can be reduced by effective plasma
treatment. C=0 is developed most probably from the decomposed carboxyl groups due to the plasma
treatments. In terms of reducing GO, H2 shows more effective than with the N2 introduced, but on the
other hand, implementing N2 increases the reactants on GO as N is heavier tending to deposit on a
surface.

The behavior of the C1s associated to the different samples mirrors the concentration of the functional
groups listed in Table 4. Peak fitting the core lines pertaining each of the samples it is possible to
estimate the abundance of functional groups present on the substrate surface. These abundances will

play an important role in the process of the cell adhesion and growth.

Table 3 Elemental abundance (in percent) estimated through XPS of the plasma treated sample
surfaces

Samples Simple PEEK substrates

C (o} N
la 96.6 33 0.1
1b 97.2 2.7 0.1
1c 95.4 45 0.2
1d 93.8 5.7 0.5
le 79.6 20.2 0.2
1f 87.4 6.5 6.1

GO/PEEK substrates

Cc (e} N
2a 80.9 15.6 3.4
2b 74.3 20.8 49
2c 69.3 25.1 5.5
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2d 81.6 15.7 2.7
2e 66.6 29.5 3.9
2f 58.6 322 9.2

Table 4 Abundance (in percent) of functional groups found on the substrate surfaces in relation to the
performed plasma treatment

‘ Samples Simple PEEK substrates

Cls Ols N1s

Ar+C  C- C-O0-C C=0 O- C=0 C-O 0-C-O C- C-

Hx NH2 C=0 NH2 NH2+
la 86.89  0.06 6.7 2.12 0.86 0.74 1.84 0.72 0.04 0.03
1b 87.89  0.19 6.03 2.13 0.96 0.54 1.64 0.48 0.09 0.6
1c 82.01 1.06 8.6 2.6 1.12 0.83 2.69 0.91 0.08 0.07
1d 79.73 1.03 9.42 2.53 1.09 1.4 3.43 0.91 0.18 0.2
le 51.2 0.64 19.25 5.28 3.21 6.71 12.6 0.84 0.06 0.16
1f 64.83  6.01 1132 3.2 2.03 1.34 4.07 1.06 3.16 2.99

GO/PEEK substrates

Cls Ols N1s

Ar+C  C- C-O-C C=0 O- C=0 C-O 0-C-O C- C-

Hx NH2 Cc=0 NH2 NH2+
2a 65.29 46 5.84 4.15 1.02 10.5 4.28 0.73 0.37 3.19
2b 5496  4.26 8.16 5.84 1.1 13.6 5.94 1.24 0.55 43
2c 4225 558 13.67 5.94 1.9 15.1 8.58 1.37 0.62 4.9
2d 59.95  3.89 9.79 6.25 1.77 10.3 4.59 0.73 0.37 2.33
2e 3359 44 8.05 11.7 6.86 12.2 11.6 5.6 1.15 2.77
2f 25.17 10.4 16.61 6.31 2.04 14.6 11.1 6.43 5.52 3.65
Conclusion

The plasma deposition of DLC layer over GO coating created a stable hybrid coating through the
actions of crosslinking and compression. XPS showed that plasma treatment enables a much higher
stability on the treated samples while preserves the functions of the underlying GO coating. The
deposited GO layer on PEEK took the shape of the local nucleate site of the PEEK substrate with
remarkable increase in roughness up to 3 folds. Despite care, the distribution of GO flakes were not

uniform with observable interlayer spacing that contributed to the increase in roughness. Deposition of
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DLC over wrinkled and aggregated GO surface further increased the roughness of the hybrid structure
up to 4 folds. The conformation of the DLC and associated plasma bombardment on the wrinkled GO
region is responsible for such higher roughness. Effective plasma treatment lead to the reduction of the
C-O functional groups on the coating surfaces which increased the coatings stability. XPS
measurements showed that the oxygen reduction on the surface of the GO-DLC hybrid was possible
using Hz as a precursor. Using N2 plasma treatment increased surface functionality while the use of O
oxidised the surface even further leading to increased defects. While the use of the plasma treatment
post GO drop casting on PEEK improved stability and connectivity of the nano particles to each other
and to PEEK. It would be beneficial development for this technology to plasma treat the PEEK surface
prior to GO drop casting which may reduce the effects of wrinkling and agglomeration of the GO nano

particles.
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