
Electrophoretic Deposition of Graphene on Copper and its Corrosion Behaviour 
 

Duleshwar Singh1, Amlan Das1, Archana Mallik1*  
 

1Electrometallurgy and Corrosion Lab, Department of Metallurgical and Materials Engineering, National Institute of 
Technology, Rourkela, Odisha 769008 

 
*Corresponding Author. Email: archanam@nitrkl.ac.in 

 
Abstract: Graphene, a two dimensional hexagonal network of carbon atoms, often known as “the thinnest material” has 
sparkled the interest of many researchers in the last decades. Endowed with superior physical, mechanical, electrical and 
optical properties, graphene stands as the “next-gen” material for many uses. Graphene has proven to be an excellent 
corrosion resistant coating for materials. In our study, we have utilized electrophoretic deposition (EPD) technique as the 
coating mechanism using copper as the substrate. Initially, we have synthesized graphene through electrochemical 
exfoliation of Pyrolytic Graphite sheets. The obtained GO (graphene oxide) solution was put up in an EPD set-up with 2 
cm2 area copper sheets with varying concentrations of graphene. We employed an anionic surfactant sodium dodecyl 
sulfate (SDS) for the purpose of a binder. Post coating, various characterizations like surface profiling, atomic force 
microscopy, FESEM and XRD gave a clear idea about the morphology of graphene nanosheets and graphene coatings 
along with the topographical analysis of the specimen and crystal structure. Electrochemical corrosion tests affirmed the 
protective nature of graphene and lead to the conclusion that GO coating can be explored as an anti-corrosive coating on 
Cu.  
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Introduction  
 
Mouras et al. [1] first put the term “graphene” forward in 1987 to identify single layers of graphite as one of the 
elements. It’s existence came to forefront when Geim and Novoselov [2,3] peeled a thin layer of graphite by mechanical 
exfoliation and produced graphene. Graphene can be defined as the single layer of graphite or carbon atom, which is 
bonded in 2-dimensional hexagonal or honeycomb lattice structure. It has excellent properties like high electrical 
conductivity, high mechanical strength, high thermal conductivity, super hydrophilic properties etc. [4–6] that can be 
used in various prospects such as composite materials, graphene based electronics, molecular gas sensors, batteries, 
transistors and biosensors. Graphene has been synthesized through various methods such as chemical vapor deposition 
[7], Hummer’s method, Epitaxial growth of graphene on SiC [8] and Micromechanical cleavage, but they have their cons 
which includes limited production of graphene and decreased quality [9]. Synthesis of graphene by electrochemical 
exfoliation is simple, fast and eco-friendly with minimal defects [10-12]. Many researchers have used graphene as a 
protective layer on metal to prevent from corrosion. EPD process is a low cost, non-toxic approach and can be performed 
at ambient temperature and pressure [13]. Graphene thin film is used as corrosion protective layer because it has super 
hydrophobic and hydrophilic properties [14–16]. The objective of our work is to obtain a corrosion resistive graphene 
thin layer to protect the Cu substrate by using the in-house synthesized graphene. The optimization studies were carried 
out at various concentrations, along with sodium dodecyl sulfate (SDS) as an additive in the solution. 
 
Experimental Procedure 
 
The precursor material for graphene synthesis (electrochemical exfoliation) was a Pyrolytic Graphite sheet of 3 mm 
thickness, which constituted of both cathode and anode. Electrodes of 1.0 cm x 1.5 cm x 0.3 cm were prepared. The 
electrolytic medium was an aqueous solution of H2SO4, HNO3, and HCLO4 at 1.5 molar concentrations. The setup 
comprising of the electrodes was connected to a voltage regulated DC bias system (Aplab, Model No. 7103). Cathodic 
pre-treatment comprised of subjecting the working electrode (WE) to a potential of 3V for 10-15 min in order to desorb 
physical impurities and prepare the graphite sheet surface for more efficient intercalation. The pre-treated electrode 
formed the anode, after which a ramped bias from 0 to 8 V was initiated. The potential of 8 V was kept constant for acute 
exfoliation to occur. The exfoliated graphite flakes that sedimented at the bottom of the bath, were collected and 
thoroughly washed with DD (double distilled) water to remove the acidic contents. The obtained content was sonicated 
for 4 hours to disintegrate the graphite flakes. The sonicated samples were centrifuged at 5500 rpm for 30 minutes. The 
resulting samples were oven dried or dispersed for characterization purposes. The graphene nanosheets (GNs) collected 
after oven drying was converted into a solution for electrophoretic deposition (EPD). Different concentrations of 
graphene oxide (GO) were prepared for EPD process such as 0.1 wt %, 0.5 wt% and 1 wt%. 
 



 
Figure 1: Schematic diagram of graphene preparation by electrochemical synthesis process and electrophoretic 
deposition on Cu [adapted from 15,16] 
 
Electrophoretic deposition of graphene oxide was carried out on copper substrate with working area of 2 cm2. The EPD 
setup consisted of two parallel copper plates, in which one was used as working electrode and another as counter 
electrode. The working distance between working and counter electrode was 10 mm and it was connected to a D.C. 
voltage system (Aplab, Model No.7103). The GO solution was initially sonicated for 2 min and the copper plates cleaned 
using etchants (diluted hydrofluoric acid and acetone). The sodium dodecyl sulfate (SDS) anionic surfactant was used as 
binder in graphene oxide solution. When a voltage of 15 V was applied, the GO particles deposited at the anode within 
15 minutes. The EPD operation was performed at different concentrations (0.1 wt %, 0.5 wt % and 1 wt %.) with fixed 
voltage and time. The coated samples were instantly dried using a dryer. X-Ray diffraction analysis was done for few 
layer graphene nanosheets (FLGNS) in the range of 2θ from 5° to 70° at the scan rate 10°/min with the time step 0.02 at 
Co Kα radiation (λ= 0.154 nm) using Rigaku (Model: Ultima IV). Surface morphology analysis was done by FESEM 
(Model: Nova NanoSEM 450). Topographical analysis of graphene coated thin film was done by silicon nitride probe in 
contact mode using lab programmed Vecco Di Innova, atomic force microscopy. Surface profilometer tests were carried 
out in Veeco Dektak 150. The corrosion test has been performed by using linear sweep voltammetry. The experimental 
setup consists of three electrodes and utilizes a potentiostat to deliver the potential to an electrolyte. All the 
electrochemical measurements were conducted in 0.1 M NaCl electrolyte at ambient conditions in the tri-electrode setup 
using a Gamry potentiostat, where the working electrode was a graphene coated Cu substrate with a working area of 2 
cm2. A platinum rod was employed as a counter electrode with a higher surface area compared to the working electrode 
and a saturated calomel electrode was used as a reference electrode. The graphene coated sample was polarized from 
-1.1V to 0 V at a scan rate of 5 mV/s.  
 
Results and Discussion 
 
Electrochemical exfoliation of graphene and their characterization: 
 
Electrochemical exfoliation of graphite sheet was carried out in different electrolytes H2SO4, HNO3, and HCLO4 at 1.5M 
concentration. During cathodic pre-treatment, the graphite crystal absorbs H+ ions from electrolyte and releases vigorous 
amount of hydrogen gas at cathode. Thus, surface impurities of graphite lattice are removed enabling more intercalation. 
When potential is increased from 0 to 8 V with a step size of 0.5 V, small bubbles and gases evolve initially. Due to 
electrochemical reactions at anode, CO2 and O2 gases are released and multilayer exfoliated graphite flakes settle down at 
the bottom. However, thin graphite flakes consisting of graphene nanosheets are found in the bulk electrolyte. Figure 2 
shows the relation between voltage and current change with respect to time for the three different electrolytes used 
(H2SO4, HNO3, and HCLO4 have been stated as S, N, and C respectively). The graph between voltage and current depicts 
an initial increase in current up to exfoliation point and a decrease in current during expansion or exfoliation of graphite 
flakes. In the H2SO4 electrolyte (S), the intercalation and exfoliation of graphite flakes is high with a higher current 
average leading to fine exfoliated particles. The higher current average indicates that generation of new layer of graphite 
lattice is very fast with the occurrence of thin layer flakes. In HNO3 electrolyte (N), the intercalation and exfoliation of 
graphite flakes slow as compared to sulfuric acid electrolyte. During anodic reaction, small graphite flakes are exfoliated 
from the electrode and a semitransparent electrolyte is produced. In HCLO4 electrolyte (C), the exfoliation of graphite 
flakes is very slow. The current increases slowly and at around 5V it starts exfoliation. The localized stress in graphite 
lattice is more prominent, which results in thick layer of graphite settling down at the bottom. In case of HCLO4, solution 
after exfoliation is transparent because of heavy size of graphite flakes exfoliated. The start of full exfoliation foe 
different electrolytes are at Imax (S) = 7.0 amp, Imax (N) = 5.8 amp and Imax (C) = 5.0 amp respectively. It is observed that 
current decreases as graphite layer detachment proceeds.  
 



  

Figure 2: Relation between current, voltage and time 
during electrochemical exfoliation 

Figure 3: XRD pattern of graphene nanosheets 
exfoliated at different electrolyte C, N and S 

 
XRD analysis 
 
XRD analysis shows intensive peaks of 30.87°, 30.81° and 30.68° (2θ values) for C, N and S graphene nanosheets as 
depicted in Figure 3. The corresponding d-spacing values are 3.362 Å, 3.369 Å and 3.383 Å. The peaks shown can be 
correlated to (0 0 2) and (1 0 0) crystalline planes. The value of d-spacing of S graphene sheet is higher than others. We 
can also notice the shifting of (002) plane to a lower angle. The increase in d-spacing of graphene sheet points to the 
increase in interlayer spacing of graphite lattice, which suggests an increase in the intercalation and exfoliation rates. 
 
Analysis of graphene coated Cu: 
After the coating of graphene, the coated copper substrates were analyzed for their uniformity, distribution and structural 
variation. Fig. 4 shows the roughness and thickness measurement of the films. The nitric graphene oxide N (GO) 
deposition on Cu has high thickness layer (1.5μm >0.68 μm >0.54 μm) compared to sulfuric S and perchloric C GO 
coating. 
 

 
Figure 4: Graph of thickness of graphene coated Cu from surface profiler 
 
The morphology analysis of EPD layer of graphene on Cu was performed by FESEM. Figure 5(a) describes the coated 
and uncoated conditions of Cu substrate at 50000X magnification. Figure 5(b) shows a uniform coating on the substrate 
wherein the small dark portions are porous regions.  Figure 5 (c) and (d) show N and S graphene coatings which present 
uniformity at some areas whereas other portions contain micro cracks, crust and wafer. EPD layers of N and S 
configurations with SDS (Sodium dodecyl sulfate) solution show homogeneous or uniform graphene layer at 5000X 
magnification which are depicted by Figure 5 (e) and (f). Figure 5 (g) shows GO coating has been conducted in low 
concentration where we can notice non-uniformity in the coating layer. At high concentration as pointed in Figure 5(h), 
microstructure of EPD layer is uniform and thickness of layer is more. The images are at 50000X magnification. 
 
Corrosion behavior: 
 
Corrosion behavior of graphene coated thin film on copper has been studied through potentiodynamic polarization 
methodology using linear sweep voltametry in 0.1 M NaCl solution. After the nose point of corrosion potential, oxide 
layer forms on the surface and further oxidation is prevented. The potentiodynamic curves of graphene coated Cu shows 
corrosion potential (Vcorro) has a more negative value (-349.7, -329.6) in comparison to bare Cu (-264.1) as presented in 
Table 1 indicating that corrosion resistance of coated Cu lower than bare Cu.  
 
 



 
 
Figure 5: FESEM image of (a) Uncoated and Coated Cu (b) Uniformly Coated Cu (c) N (HNO3) graphene film (d) 
S (H2SO4) graphene film (e) [N + SDS] film (f) [S + SDS] film (g) Coating observed at low concentrations (h) 
Coating observed at high concentrations  
 

 
Figure 6: Potentiodynamic polarization curves of bare Cu and EPD graphene coated Cu 
 
Table 1: Corrosion results of 0.1, 0.5 & 1 wt % concentration coated sample in 0.1 M NaCl solutions 

Deposition Condition Vcorro (mV) Icorro (μA) 

 Bare Cu -264.1 5.56 

 
0.1 wt % Concentration 

C 

N 
S 

C  + SDS 
N + SDS 
S + SDS 

-349.7 
-364.8 
-349.7 
-279.7 
-249.7 
-329.6 

2.90 
0.035 
1.294 
0.972 
4.44 
5.17 

 
0.5 wt % Concentration 

C 
N 
S 

C + SDS 
N + SDS 
S +  SDS 

-505 
-245.1 
-505 

-255.6 
-216.2 
-216.5 

12.77 
2.3 

1.58 
1.215 
1.215 
2.60 



 
1 wt % Concentration 

C 
N 
S 

C + SDS 
N + SDS 
S + SDS 

-545.1 
-245.1 
-355 

-274.9 
-189.9 
-280 

2.64 
2.3 

2.02 
0.443 
0.803 
1.46 

 
The current density (Icorro) of coated substrate is lower than bare Cu as seen from Table 1, which suggests that graphene 
can form a protective layer on Cu and can improve the corrosion resistance of Cu substrate in chloride solution. Figure 6 
tells that that the corrosion potential of graphene with SDS coated on Cu has more positive values  in comparison to non-
SDS coated Cu and bare Cu. This suggests that the corrosion resistance of graphene SDS coated substrate is high and it 
forms a better corrosion protective layer. Non SDS coated substrate has more negative values and does not given 
effective protection and its corrosion resistance is very poor. The nitric acid exfoliated graphene oxide deposited on Cu 
with and without SDS (N and N+SDS) has more positive values compared to bare Cu (-264.1mV), which shows that 
nitric acid exfoliated graphene forms a better corrosion protective layer on Cu substrate. 
 
Analysis of corroded graphene coated Cu: 
 
Surface roughness of the EPD graphene thin layer was determined for nitric acid exfoliated graphene nanosheets 
deposited on Cu for various concentrations (0.1, 0.5, and 1 wt % ) as listed in Table 2. It is reported that 0.1 wt % 
graphene coated Cu has minimum roughness Ra = 0.39 μm corresponding to average height or thickness Rz = 0.63 μm, 
which suggests that a smooth graphene layer forms on the Cu surface in comparison to others. It is noticed that in lower 
concentrations of EPD solution, there is a more uniform thin layer formation. It also gives an idea about the topography 
of specimens before and after corrosion. It can clearly pointed out that corroded specimens have more roughness (hills 
and valleys) as compared to the original coated specimens. The surface roughness of EPD graphene layer on Cu is low as 
compared to corroded surface because of oxide layer formation. 
 
Table 2: Roughness of EPD GO layer at different concentration before and after corrosion 

 

 

Concentration 
Roughness (Ra) 

μm 
Before corrosion 

After 
corrosion 

Roughness(Rz) 
μm 

After corrosion 

0.1 wt % GO N 0.398 0.636 

 

0.5 wt % GO N 0.906 

 

1.23 

1 wt % GO N 0.931 

 

1.30 

 



Conclusions 
 
Graphene nanosheets were synthesized using electrochemical exfoliation. The synthesized products were later on used in 
EPD (electrophoretic deposition) setup to coat Cu substrate. Graphene exfoliation rates are recorded through linear sweep 
voltametry, which indicates that exfoliation rate is high in 1.5 M, H2SO4 electrolyte leading to formation of thin layers of 
graphene. XRD studies confirm that the d-spacing value of graphene nanosheets exfoliated in sulfuric electrolyte is high, 
hence the inter spacing layer of graphite sheet is high during exfoliation. FESEM images of EPD of graphene oxide layer 
on Cu substrate showed flake and crust type of microstructures with non-uniformities whereas SDS anionic surfactant 
aided coatings display a densely packed and homogeneous structure. AFM results state that the roughness of graphene 
layer on Cu increases with EPD concentration and after corrosion due to oxide layer on coating. Corrosion tests 
significantly point that the corrosion resistance properties are high in nitric GO solution and with SDS deposited on Cu. 
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