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Abstract: Electropolishing is one of the most widely applied metal polishing techniques for passivat-
ing and deburring metal parts. Copper is often used as cathode electrode for electropolishing due
to its low electrical resistance and low flow values. However, during the electropolishing process,
elution of the cathode electrode caused by the electrolyte and remaining oxygen gas also causes
critical water pollution and inhibits electropolishing efficiency. Therefore, to achieve an efficient and
eco-friendly electropolishing process, development of a highly corrosion resistive and conductive
electrode is necessary. We developed a highly oriented graphene nanoplatelet (GNP) electrode that
minimizes water pollution in the electropolishing process. We functionalized GNP by a one-step
mass-productive ball-milling process and non-covalent melamine functionalization. Melamine is
an effective amphiphilic molecule that enhances dispersibility and nematic liquid crystal phase
transformation of GNP. The functionalization mechanism and the material interaction were con-
firmed by Raman spectroscopy after high-speed shear printing. After the electropolishing process
by melamine-functionalized GNP electrodes, 304 stainless steel samples were noticeably polished
as copper electrodes and elution of carbon was over 50 times less than was the case when using
copper electrodes. This electropolishing performance of a highly oriented GNP electrode indicates
that melamine-functionalized GNP has great potential for eco-friendly electropolishing applications.

Keywords: graphene; electrode; functionalization; electropolishing; eco-friendly

1. Introduction

Electropolishing is one of the most widely applied metal polishing processes, used to
passivate and deburr metal parts. Materials to be polished are located as anodes, and coun-
terelectrodes such as Cu, Pb, and Fe are located as cathodes. A direct electric current (DC)
passes through the positive terminal (anode) to the electrolyte and the negative terminal
(cathode). Electropolishing is the reverse process of electroplating, in which electric current
passes from the anode to cathode, resulting in oxidation of the material surface. The main
purposes of the electropolishing process are the removal of impurities on the material
surface, establishment of uniform surface roughness, and selective control of surface ele-
ment composition ratio. Common electrolytes for electropolishing are concentrated acidic
solutions based on sulfuric and phosphoric acid. Therefore, elution of the cathode electrode
inevitably occurs under this electropolishing process environment.
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Elution from cathode electrodes, such as high concentration Cu2+, is toxic and affects
the metabolic processes of marine organisms. Although, naturally, the marine environment
contains low concentrations of Cu2+, a concentration of Cu2+ > 0.08µM very negatively
affects the completion of different life stages of brown macroalgae. Cu2+ usually forms
inorganic and organic complexes with ligands such as thiols and humic substances [1].
Often, the production of high concentration Cu2+ with organic complexes can counteract
critical toxic effects to humans and related organisms, including photosynthetic organ-
isms [2]. Moreover, accumulated Cu in polluted plants can be horizontally transported
to other plants directly in soil via connected stolons [3]. Therefore, a highly conductive
graphene-based carbon material could be an alternative for cathode electrodes. Graphene
has excellent chemical resistance in acidic environments, with high levels of electrical
conductivity, mechanical strength, surface area, and flexibility [4,5]. Moreover, graphene
with π–π-interacted functional molecules provides homogenous dispersion of graphene
which enable solution-based process for conductive electrode applications [6,7].

Herein, we demonstrated an eco-friendly GNP electrode for electropolishing by non-
covalently melamine-functionalized GNP electrodes. These functionalized GNP electrodes
were fabricated from highly oriented liquid crystals and shear-induced alignment. The elec-
tropolishing and elution properties of the GNP electrodes were compared with those of
conventional Cu electrodes. The surface morphologies and compositions of the polished
304 stainless steels were studied to assess the electropolishing quality of GNP electrodes.

2. Materials and Methods
2.1. Materials

We purchased melamine (Sigma Aldrich, St. Louis, MO, USA), graphene nanoplatelets
(GNP) (XG Science, grade M-5, St. Louis, MO, USA), N,N-dimethylformamide (DMF)
(Fisher Scientific Co. L.L.C., Pittsburgh, PA, USA), Cu electrode (POSCO, Gyeongsangbuk-
do, Korea), sulfuric acid (Samchun, Seoul, Korea, 95%), phosphoric acid (Junsei, Tokyo,
Japan, 85%), and 304 stainless steel (POSCO, Gyeongsangbuk-do, Korea).

2.2. Synthesis of Melamine-GNP (M-GNP) and Film Fabrication

Melamine-GNPs (M-GNPs) were fabricated by the following method. Melamine
and GNP were mixed with 200 mL DMF in a beaker. The mixture was sonicated for 1 h.
The mixture and stainless balls were poured into a polypropylene bottle and mixed for 24 h
at 50 rpm with a ball milling machine. The ball milling process (SH-BALL700-2, Samheung
Energy, Sejong, Korea) product was vacuum filtrated through a polytetrafluoroethylene
(PTFE) (Hyundai Micro Co., LTD., Seoul, Korea) membrane. The resultant M-GNP was
dried in a vacuum oven at 70 ◦C for 24 h. DI water was added to the dried M-GNP powder.
The mixture was dispersed using a vortex mixer for 10 min. The nematic phase of the
mixture had a concentration of 250 mg/mL. The mixture was poured onto a flat PTFE sheet
and spread by high-speed extrusion using a doctor blade (BEVS1811/1 Automatic Film
Applicator, BEVS, Guangzhou, China) at a speed of 50 mm/s. After this, the film was dried
in a vacuum oven at 70 ◦C for 24 h.

2.3. Characterization
2.3.1. M-GNP Film Characterization

The chemical composition of the M-GNP was analyzed by X-ray Photoelectron Spec-
troscopy (XPS) (K-alpha plus, Thermo Fisher Scientific, Waltham, MA, USA) and Confocal
Micro-Raman (FEX, NOST, Gyeonggi, Korea) Spectroscopy. The microstructure M-GNP
and pristine GNP were analyzed by Scanning Electron Microscopy (SEM) (APREO, FEI,
Hillsboro, OR, USA). The mechanical strength of the GNP film was measured using a
micro-force testing machine (Micro Tester 8848; Instron, Seoul, Korea). The conductiv-
ity of the M-GNP film was measured using a 4-point probe (CMT-SR1000N, Advanced
Instrument Technology, Cumming, GA, USA).
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2.3.2. Electropolishing Characterization

The roughness of each electrode was measured using a surface roughness tester
(Bruker Korea Co., LTD., DektakXT, Seoul, Korea). The chemical composition of the
GNP electrode, copper electrode, and pristine stainless steel was determined by X-ray
Photoelectron Spectroscopy (XPS) (K-alpha plus, Thermo Fisher Scientific, Waltham, MA,
USA). For comparison of the Cr/Fe ratios, each electrode was analyzed by Auger Electron
Spectroscopy (AES) (PHI-700, ULVAC-PHI, Kanagawa, Japan). Analysis to determine the
component content eluted from each electrode was performed by ICP (Thermo Fisher
Scientific, iCAP 7000, Waltham, MA, USA) and TOC (Shimadzu, Total Organic Carbon
Analyzer TOC-L, Kyoto, Japan). For the electropolishing process, 304 stainless steel (10 cm
× 10 cm) was connected to the positive electrode (anode). The negative electrode (cathode)
was connected to a copper or GNP electrode. Then, a current density of 20 ASD was
induced at a temperature of 45 ◦C for 10 min [8–10].

3. Results and Discussion

GNP was noncovalently functionalized by melamine to form highly oriented liquid
crystals. We used a one-step ball milling process for the melamine functionalization process.
The ball milling process for graphene functionalization has advantages on mass production
for defect-free graphenes [11]. The functionalization of GNPs was verified by spectro-
scopic analysis. The XPS and Raman spectra of the functionalized GNP are presented
in Figure 1. Peaks corresponding to C and O elements were observed for pristine GNPs,
and after melamine functionalization, additional N element was observed in a survey
scan (Figure 1a). The C1s peak region in the XPS spectra of the GNPs (Figure 1b,c) was
deconvoluted into five peaks at about 284.6, 285.2, 286.2, 286.58, and 289.08 eV, which cor-
responded to C=C, C−C, C−O, C−N, and π−π* shake-up entities, respectively. The peak
at 284.6 eV was attributed to the sp2 graphitic structure with a π−π* transition peak at
289.08 eV, indicating interaction between GNPs. The peak at 286.2 eV was attributed to
defects in the GNPs (Figure 1b). After non-covalent functionalization, an additional peak at
286.58 eV was exhibited, corresponding to the C−N bonds of melamine (Figure 1c) [12,13].
The Raman spectra of pristine GNPs and M-GNP showed D-, G-, and 2D bands at 1345,
1574, and ~2700 cm−1 (Figure 1d), respectively. GNP and M-GNP had similar ID/IG ratios
because noncovalent processes do not affect the intrinsic properties of GNP. The ID/IG
ratio of the pristine GNP was 0.906; that of M-GNP was 0.95. However, a significant shift
and shape difference in the 2D band was observed between GNP and M-GNP. Compared
with that of pristine GNPs (2688 cm1), the 2D band of the M-GNPs was upshifted to
2690 cm−1 [14]. The increase in the number of π–π interactions among the hexagonal rings
of graphenes split the π and π* bands due to the frequency of the scattering phonons, which
is determined by the double-resonance condition [15]. As a result, the increased number of
π–π interactions resulted in an upshift of the 2D bands. Therefore, the upshifted 2D band
of M-GNP indicates that melamine molecules interacted with the GNP surface via π–π
interactions [11].

To observe the liquid crystal phase transition of M-GNP from isotropic to nematic,
a 20 mg/mL M-GNP suspension was observed by polarized optical microscopy (POM)
(Figure 2a). The birefringence domains were observed at 20 mg/mL of M-GNP, which is
a common characteristic of lyotropic liquid crystal materials. Then, these nematic-phase
gels were spread on a PTFE substrate with direct doctor blades printing. By applying shear
forces to nematic-phase gels, M-GNP particles created highly aligned parallel structures
of pre-standing films. The M-GNP film was fabricated into a rectangular shape with
dimensions of 5 cm × 2 cm; the thickness of the M-GNP film was 15.59 ± 0.493 µm
(n = 6) (Figure 2b) [16]. We observed that M-GNP was highly oriented in the lateral
direction, and micrometer-scale voids and defects disappeared. This highly oriented
structure offers a larger sized graphene domain and induces both high load transfer and
modulus properties. Micro-voids and defects often cause stress concentration during
deformation of the films. Therefore, the lateral orientation of the graphene particle is one
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of the key elements enhancing the mechanical and electrical properties of the films [17].
Within this highly oriented structure, the M-GNP film exhibited both higher modulus
(4.2 ± 0.71 GPa, n = 6) and 161 higher strength (70.5 ± 10.8 MPa, n = 6) than those
values of vacuum-filtered GNP films (Figure 2c). Ideal GNP has a high mobility beyond
200,000 cm2/Vs, but M-GNP films were fabricated using multiple lateral crystals, for which
the electrical conductivity of the film depends on the tunneling model [18]. With this
highly oriented structure, the effective contact area was maximized compared to the case
of vacuum-filtered GNP films (89.54 ± 17.49 S/cm, n = 9); the liquid crystal-based M-GNP
film exhibited a 1150% enhanced electrical conductivity (1032.89 ± 26.41 S/cm, n = 6)
(Figure 2d) [19]. Compared to M-GNP films, the GNP film is fragile and has less than 1/10
of the electrical conductivity that GNP films could be directly applied as cathode electrodes
for electropolishing.
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Figure 1. X-ray Photoelectron Spectroscopy (XPS) of GNP and M-GNP. (a) Survey and (b) high
resolution C1s peak regions of GNP and (c) M-GNP. (d) The Raman spectroscopy of GNP and M-GNP.

The M-GNP film was directly applied as cathode electrode for electropolishing of
304 stainless steel through an electrolyte (sulfuric acid: phosphoric acid = 2:8) [20–22] in an
electrolytic cell (temperature: 45 ◦C, current density: 20 ASD, sample size: 10 cm × 10 cm,
experiment time: 10 min). Figure 3 provides a comparison of 304 stainless steel elec-
tropolished by the conventional Cu electrode and by the M-GNP electrode. Before the
electropolishing process, the microstructure of the 304 stainless steel specimen showed
clear grain boundaries with surface roughness (R0

a) of 5.25 ± 1.15 µm (n = 5). However,
after the electropolishing process, most of the grain boundaries faded out, leading to low
surface roughness (Rf

a) of both the Cu (0.62 ± 0.12) µm (n = 5), Figure 3b) and M-GNP
(0.67 ± 1.8) µm (n = 5), Figure 3c) electrodes [23,24]. The polishing percentage was calcu-
lated in terms of decreasing percentages of the arithmetic mean roughness value; both Cu
(88%) and M-GNP (86%) electrodes had polishing values of over 85%. The XPS spectra
of the binding energy regions of Fe2p (714.68 eV), Ni2p (858.1 eV), and Cr2p (580.32 eV)
electrons were obtained from the polished 304 stainless steel [25,26]. The composition
and thickness of the surface were calculated using theoretical auger depth profiling analy-
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sis [27]. At the surface and in the internal areas, the pristine 304 stainless steel exhibited
a composition of Fe 26.56%, Ni 7.36%, and Cr 2.37% (Figure 3d). After electropolishing
with Cu electrodes, surface Fe decreased to 12.65% and surface Cr increased to 16.65%
(Figure 3e). After electropolishing with M-GNP electrodes, surface Fe decreased to 17.64%
and Cr increased to 16.28% (Figure 3f). The intent of passivation of stainless steel is to
remove free iron or other foreign matter from the surface and to create a Cr-rich surface that
is resistant to corrosion [28,29]. Therefore, as well as surface polishing, M-GNP showed
similar levels of surface passivation of 304 stainless steels.
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(c) Tensile properties of GNP and M-GNP and (d) their electrical conductivity.
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304 stainless steel and stainless steel after (b) electropolishing at the Cu electrode and (c) M-GNP electrode. Auger depth
profiling analysis of (d) pristine 304 stainless steel and stainless steel after (e) electropolishing at the Cu electrode and
(f) M-GNP electrode.
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After 400 cycles of electropolishing, elution of cathode electrode was observed by ICP
analysis. Figure 4 shows the amount of eluted Cu electrodes and M-GNP electrodes. After
100 cycles of electropolishing, the Cu electrode eluted by 14 ppm (Figure 4a). Until 400 cycles,
the eluted Cu constantly increased as the electropolishing process continued. After 400 cycles,
eluted Cu was over 41 ppm. This degradation of the electrode can be directly observed in
the SEM image (Figure 4b). Compared to the pristine Cu electrodes, few-micrometer-sized
pores were observed because of degradation of Cu [26]. On the other hand, the elution of the
M-GNP electrode was under 0.8 ppm for the entire 400 cycles, and this elution of M-GNP is
50 times less than those of the Cu electrodes (Figure 4c). The microstructure of the M-GNP
electrodes remained similar to the pristine state (Figure 4d). This result indicates that M-GNP
electrodes have enhanced durability compared to that of Cu electrodes and could minimize
water pollution during the electropolishing process.
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Figure 4. Cyclic elution of Cu and M-GNP electrodes. (a) Cu components of electrolytes after
400 cycles of Cu electrode electropolishing. (b) SEM image of Cu electrodes after 400 cycle of elec-
tropolishing. (c) C components of electrolytes after 400 cycles of M-GNP electrode electropolishing.
(d) SEM image of M-GNP electrodes after 400 cycles of electropolishing.

4. Conclusions

In summary, eco-friendly GNP electrodes for the electropolishing process were de-
veloped using melamine-functionalized liquid crystal GNP-based films. Highly oriented
conductive M-GNP electrodes were directly fabricated by nematic liquid crystal phase
transformation. The polishing performance of the M-GNPs, as indicated by the arithmetic
mean roughness value (over 85%), and the surface passivation of the stainless steel were
comparable to those of conventional Cu electrodes. Furthermore, after 400 cycles of elec-
tropolishing, elution of M-GNP was over 50 times less than is the case for conventional Cu
electrodes. This electropolishing performance of M-GNP electrodes indicates that M-GNP
has great potential to reduce critical water pollution as a durable and eco-friendly electrode
electropolishing process.
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