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Abstract
This paper describes anodic electrophoretic deposition of graphene oxide (GO) on 316L SS with pH-dependent microstruc-
tures. GO flakes were synthesized by modified Hummers’ method. Detailed studies on structural characteristics, thermal 
stability, and elemental composition of the GO flakes were carried out using advanced characterization techniques. Results 
showed successful oxidation and exfoliation forming GO flakes that are hydrophilic in nature. Acidic (pH 3.4) and basic 
(pH 11) aqueous GO suspensions were prepared, and the zeta potential as well as the average particle size distribution of 
the suspensions was ascertained. The GO suspensions were exhibiting zeta potential values of −32.9 and −36.8 mV and 
average particle size of 1–2 µm and 800–900 nm at acidic pH of 3.4 and alkaline pH of 11, respectively. Using anodic 
electrophoretic deposition (EPD) methods, GO was coated on 316L SS substrate from acidic and alkaline suspension and 
coatings were characterized. The increased value of ID/IG by Raman spectra analysis, partial restoration of C = C skeleton 
in the de-convoluted C 1s XPS spectra analysis, and the presence of C–C and C–H stretching bands in ATR-FTIR spectra 
were correlated with partial reduction of GO during the deposition on 316L SS surface. Though there was no difference 
in the chemical composition of the coatings formed from the acidic and alkaline pH suspension, atomic force microscopy 
and field emission scanning electron microscopy characterization showed difference in topography and morphology of the 
coatings. 316L SS substrates coated with GO in acidic pH showed higher RMS and average roughness and dense agglomer-
ated wrinkled microstructure compared to substrates coated with alkaline pH suspension. Again GO coating from acidic pH 
suspension showed hydrophobicity. The present study showed that the microstructures of the GO coatings on 316L SS can 
be tuned by varying the pH of the GO suspension during EPD process.
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1  Introduction

Applications of the novel graphene-based materials 
emphasize the synthesis and fabrication of graphene oxide 
on different substrates by simple and cost-effective meth-
ods. Graphene refers to the family of graphitic materials, 
including pristine graphene (G), graphene oxide (GO), and 
reduced graphene oxide (rGO) [1]. Graphene exhibits a 
flat (2D), single-layer tightly packed honeycomb structure 
with sp2-bonded carbon atoms, which is the basic block for 
all other structured graphitic materials [2]. Wang et al. [3] 
reported the synthesis of large-scale and highly efficient 
graphene by electrolytic exfoliation method. The solvo-
thermal and sonication-assisted graphene production was 
reported by Choucair et al. [4]. Wang et al. [5] produced 
graphene nanosheets in large quantity via synthetic chemi-
cal route involving oxidation of natural graphite, followed 
by ultrasonic exfoliation, and chemical reduction. Gra-
phene oxide sheets are the oxygen-functionalized deriva-
tives of graphene, consisting of monolayer carbon atoms 
with oxygen-containing functional moieties. The widely 
accepted structural model for GO was proposed by Lerf 
and Klinowski [6]. Basically, graphene basal plane con-
sists of hydroxyl and epoxy groups, and the edges of the 
sheets are occupied by carboxyl moieties. Because of these 
oxygen-containing groups, defects are introduced into the 
graphite stacked sheets. These oxygen functional groups 
in graphene sheets impart hydrophilicity to the individual 
sheets. As reported by Konkena and Vasudevan [7], the 
pH changes brought in by the addition of acids and bases 
reveal the key role of the carboxyl groups in the suspen-
sion characteristics. The GO is considered as an insulator 
because of the distortion of sp2-hybridized graphene struc-
ture [8]. Nevertheless, the graphitic distortion-less struc-
ture can be restored by reducing the oxygen functional 
group either by chemical reductants or by heat treatment 
[9].The hydrophilicity of GO also opened a new channel 
to synthesize many composite materials which find wide 
applications as antimicrobial coatings [10–12], corrosion-
resistant coatings [13], in microelectronics [14], etc.

For the fabrication of graphene derivatives on conduc-
tive and nonconductive substrates, coating techniques 
such as chemical vapor deposition (CVD) [15, 16], Lang-
muir–Blodgett method [17, 18], and electrophoretic dep-
osition (EPD) [13, 19–22] have been employed. Among 
these techniques, EPD is proven to be the most effective 
method with respect to simple instrumentation, economic 
viability, and ease of coating of graphene derivatives on 
conductive substrates. The increasing interest toward 
EPD technique is also due to the formation of a uniform, 
stable, and few nanometer-thick coating [21]. Another 
advantage of EPD is that there is no constraint on substrate 

dimensions. Diba et al. [22] studied the EPD kinetics of 
GO on indium tin oxide (ITO) substrates by varying the 
deposition time and voltage. Flexible reduced GO mem-
brane on stainless steel substrate was developed using EPD 
method by Wang et al. [23]. The EPD method was adopted 
by Sung et al. [20] to fabricate GO platelets on 200 mesh 
stainless steel. Deposition of GO on mild carbon steel by 
EPD was carried out by Park et al. [24]. Singh et al. [13] 
reported the deposition of GO composite on Cu substrate 
by EPD. The stability of GO colloid in water medium 
depends on the ionization of carboxyl group as well as 
electrostatic repulsion among the negatively charged car-
boxylate ions and is crucial for EPD process. Apart from 
these physical restrictions, the well-established mathemat-
ical model for the EPD kinetics proposed by Hamaker [25] 
predicts that the deposited mass during EPD process is 
directly proportional to the deposition time, concentration 
of the loaded particles, electric field strength, and surface 
area of the electrodes used as well as the electrophoretic 
mobility which is correlated with zeta potential.

Due to excellent corrosion resistance offered by pas-
sivation, stainless steels are used in aggressive corrosive 
environments [26–29]. However, there is a big concern 
that stainless steels are susceptible to localized corrosion 
in chloride environments. Therefore, in the present study, 
an attempt has been made to deposit GO on 316L SS using 
EPD for developing a corrosion-resistant coating for chlo-
ride environments. Successful synthesis of GO flakes by 
modified Hummers’ method, and anodic electrophoretic 
deposition of graphene oxide on 316L stainless steel with 
pH-dependent microstructures, is described in this paper.

2 � Experimental Methods

2.1 � Materials

Graphite powder with a purity of 90% from Nice was used 
to prepare GO. Type 316L austenitic grade stainless steel 
(Fe, < 0.03% C, 16-18.5% Cr, 10-14% Ni, 2-3% Mo, < 2% 
Mn, < 1% Si, < 0.045% P and < 0.03% S) coupons of dimen-
sions 35 × 25 × 3 mm were polished with silicon carbide grit 
sheets up to 1000 grit. The polished samples were washed 
with Millipore water and acetone successively for 10 min 
using a bath sonicator and were employed as both working 
and counter electrodes in the EPD.

2.2 � Synthesis of GO Flakes

Graphene oxide was prepared by modified Hummers’ 
method through oxidation of as-received graphite powder 
[30, 31].About 1 g of graphite and 1 g of NaNO3 were taken 
in a beaker and kept in an ice bath. 50 ml of H2SO4 was 
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introduced into the beaker containing the reaction mixture. 
The solution was stirred for 30 min, and 7 g of KMnO4 was 
added to the acid mixture slowly, over an hour. The solu-
tion was stirred continuously for complete dissolution of 
KMnO4. The temperature of the homogeneous mixture in 
the beaker was raised to 35 °C, and stirring was continued 
for 2 h. The mixture was cooled to room temperature and 
then added to ~ 90 ml of Millipore water slowly. About 3 ml 
of 30% H2O2 was added subsequently for reducing the resid-
ual permanganate and manganese dioxide to water-soluble 
manganese sulfate. Addition of 30% H2O2 is considered as 
the purification step during GO preparation. Another 55 ml 
of Millipore water was further added for washing the GO. 
The bright yellow-colored reaction mixture was kept undis-
turbed to allow the GO to settle down, and the supernatant 
was discarded. The GO was washed with 3% HCl (100 ml) 
to remove the metal ions from the solution. This was fol-
lowed by washing with Millipore water several times till 
neutral pH was achieved. Then, after washing with ethanol 
twice, the GO prepared was kept in an oven at 60 °C for dry-
ing. From 1 g of graphite, 1.496 g of GO was synthesized 
using modified Hummers’ method.

2.3 � Characterization of GO Flakes

Elemental analysis (Carbon/Hydrogen/Nitrogen/Sulfur) 
was carried out using CHNS system (Elementar, Model: 
Vario MICRO cube) by a conventional combustion method, 
based on the burn off of the sample, and the gases were 
detected by a thermo-conductivity detector (TCD) to obtain 
the weight percentage of elements present in the GO flakes. 
Fourier transform infrared (FTIR) spectra were recorded 
using infrared spectrometer (ABB, Versatile FTIR Labo-
ratory Spectrometer, Model: MB3000, Canada) in the 
range 400–4000 cm−1. X-ray diffraction (XRD) pattern was 
recorded by X-ray diffractometer (Inel X-Ray Diffractom-
eter, 35 kV, 20 mA Equinox 2000, France) using Co Kα 
radiation (λ = 1.79 Aº) in the 2θ range 0°–80°. Thermogravi-
metric analysis (TGA) was carried out using the Calorimetry 
and Thermal Analysis Unit (SETSYS 12, Setaram, France) 
in the temperature range 25–800 °C with the heating rate of 
5 °C/min and with argon gas purging. For TGA, 4 mg of GO 
flakes was used. Proton-decoupled 13C NMR was recorded 
with Bruker Avance IIIHD spectrometer, in a magnetic field 
of 9.4 T and the resonance frequency of 13C as 100.64 MHz 
in order to identify the different carbon environments exist-
ing in the prepared GO flakes in the range 0–180 ppm 
(parts per million) on TMS (Tetramethylsilane) scale. The 
Raman spectrum and AFM topography of the GO flakes 
were recorded using Multiview 2000 instrument (Nanonics, 
Israel) coupled with Olympus optical microscope, using a 
50X objective lens employed for both, excitation and col-
lection. Nd: YAG laser having a wavelength of 532 nm was 

used as the excitation source. The laser power on the sam-
ple’s surface was 3 mW. The laser spot size of 0.7 µm diam-
eter was focused on the sample surface using diffraction-
limited 50X objectives. The Raman spectrum was acquired 
over the range 1000–1700 cm−1 with 1 s exposure time and 
50 CCD accumulations. Field emission scanning electron 
microscope (FESEM) image of the GO flakes was taken 
using Gemini, Zeiss, Germany. For SEM investigation, the 
GO suspension was drop coated over sapphire substrate. 
The analysis of oxygen-containing group in GO flakes was 
carried out using X-ray photoelectron spectroscopy (XPS) 
(SPECS, Germany) system equipped with a monochromatic 
Al Kα source (1486.7 eV) operated at 350 W with detec-
tion pass energy of 10 eV. The high-resolution spectra of 
carbon and oxygen were acquired for all the samples and 
fitted with Gaussian–Lorentzian line shapes using CASA 
XPS software. The assignment of C 1s and O 1s components 
was based on the data available in literature.

2.4 � Preparation of GO Suspension

GO flakes of concentration 1 mg/ml were dispersed in the 
suspension medium (Millipore water with a conductivity of 
0.5 µS/cm) by ultrasonication (Ultrasonic Processor, Hiels-
cher, UP400S) for 1 h at room temperature. The pH of the 
GO suspension was varied from acidic to alkaline using 2M 
NaOH solution.

2.5 � Characterization of the GO Suspension

Zeta potentials and average particle size distribution of the 
as-prepared GO suspension and pH-varied GO suspensions 
were measured using dispersion optical analyzer (Zeta sizer, 
Malvern, ZEN3690) to establish the stability of the suspen-
sion. Absorbance of the aqueous suspension of GO flakes 
was measured using UV–Vis spectrophotometer (Shimadzu, 
UV-2450) in the range 900-200 nm.

2.6 � Anodic Electrophoretic Deposition of GO 
on 316L SS

The EPD was carried out using two GO suspensions with 
pH 3.4 (acidic) and pH 11 (alkaline). The 316L SS coupons 
served as both working electrode (anode) and counter elec-
trode (cathode) in the EPD process [19, 20]. The two elec-
trodes were immersed in as-prepared GO suspension. The 
distance between working electrode and counter electrode 
was kept constant as 10 mm during EPD process, and the 
electrodes were connected to a regulated DC power sup-
ply (AplabTS3202D). Other parameters such as deposition 
time, concentrations of GO, and applied voltage were kept 
constant. After EPD process, the coated samples were dried 
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in ambient conditions. Schematic of GO coating on 316L SS 
by EPD is shown in Fig. 1.

2.7 � Characterization of GO‑Coated 316L SS

The Raman spectra and AFM topography of the GO-coated 
substrates were recorded using Multiview 2000 instrument. 
Attenuated total reflectance Fourier transform infrared 
(ATR-FTIR) transmission spectra were recorded for 316L 
SS substrates coated with GO suspension of pH 3.4 and 
pH 11 using infrared spectrometer (Bruker, Germany) in 
the range 500–4000 cm−1. The surface morphologies were 
investigated using FESEM (Gemini, Zeiss Germany). Water 
contact angles (WCA) for GO-coated samples were meas-
ured using the contact angle goniometer (OCA15EC, Data 
Physics Instruments, Germany). The WCA measurements 
were recorded at five different locations using sessile drop 
method using Millipore water of 10 µl dosing volume with 
a dosing rate of ~ 1 µl s−1, and their average was taken as the 
WCA of the coated substrates. XPS characterization of 316L 
SS substrates coated with GO suspension of pH 3.4 and pH 
11 was carried out with same instrumental parameters as 
given in 2.3 for GO flakes.

3 � Results and Discussion

3.1 � Characterization of Synthesized GO Flakes

The result of the elemental analysis of GO powder is given in 
Table 1. The weight percentage of C in GO sheet was about 
39.48%. In addition, H (3.39%) and S (1.69%) were observed 

in the GO flakes. The content of O in GO was about 55.44%. 
Functional groups analysis of the as-prepared GO flakes 
using FTIR spectroscopy showed a strong and broad peak 
between 2800 and 3700 cm−1 and a sharp peak at 1402 cm−1 
in the spectrum reproduced in Fig. 2a, corresponding to the 
stretching and bending vibrations of the O–H groups of car-
boxylic acid present on the edges of GO sheets as well as 
water adsorbed on GO, respectively. C–H vibrational stretch-
ing band is observed at ∼ 2360 cm −1 and assigned to either 
symmetrical or asymmetrical > CH2 bonds. Two absorption 
peaks observed at 1627 and 1735 cm−1 could be attributed 
to the stretching vibration of C = C and C = O of carboxylic 
acid and carbonyl groups present at the edges of GO. The 
absorption peaks at 1229 and 1087 cm−1 corresponded to 
the stretching vibration of C–O of epoxy and C–OH of alco-
hol, respectively. The presence of these oxygen-containing 
groups revealed that graphite had undergone oxidation and 
the synthesized product was hydrophilic in nature due to its 
tendency to form hydrogen bonds with water [31]. The oxi-
dation of graphite was further characterized by XRD. XRD 
technique is very sensitive to interplanar crystal structure 
as well as the distortion occurring in layer structures. XRD 
pattern (Fig. 2b) of natural graphite showed one intense and 
sharp peak at 2θ value of 30.65° corresponding to the (002) 
plane, and a low intense peak was observed at 51.5° cor-
responding to the (004) plane. For GO flakes, a broad peak 

Fig. 1   EPD setup for GO coat-
ing on 316L SS

Table 1   Elemental analysis of GO flakes

Element (in %) Carbon Hydrogen Sulfur Oxygen

GO 39.48 3.39 1.69 55.44
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was observed at 2θ value of 10.87° corresponding to the 
(002) reflection, indicating the interplanar distance between 
the graphene layers. The FWHM of (002) reflection in GO 
flakes was broader and peak intensity was lower than natu-
ral graphite. The shift was also observed in (002) reflec-
tion in GO flakes implicating the presence of strains/defects 
as well as larger interplanar d spacing. Another peak at 2θ 
value of 48.97° in GO flakes corresponding to the plane 

(10) indicates the short range order of stacked graphene 
oxide layers [32]. Applying the Bragg’s law to the reflection 
(002), the interplanar distance was evaluated to be 0.33 and 
1.79 nm for natural graphite and GO flakes, respectively. The 
larger interplanar spacing indicated the successful oxidation 
of graphite by modified Hummers’ method. The Scherrer 
equation was applied to the reflection (002) by taking struc-
tural factor value as 0.9, and the average height of natural 

Fig. 2   a FTIR transmission 
spectrum, b XRD spectrum, 
c TGA curve, d 13C NMR 
spectrum, e Raman spectrum, f 
AFM image, g height pro-
file, and h scanning electron 
micrograph image of GO flakes 
produced by modified Hum-
mers’ method
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graphite and graphene oxide stacking layers was calculated 
to be 15.198 and 5.492 nm, respectively. The decrease in 
average height of stacking layers indicated the successful 
chemical exfoliation that has occurred during the oxidation 
of natural graphite to GO flakes. The Scherrer equation was 
also applied to the two-dimensional reflection (10) using 
the value of Warren constant as 1.84 [33], and the average 
diameter of stacking layers was estimated to be 24.97 nm. 
Figure 2c shows the results of the thermogravimetric analy-
sis of GO flakes. From the figure, it is evident that the weight 
loss in natural graphite was in one step in the temperature 
range 465–731 °C, while GO decomposed in three steps. 
The first weight loss in GO at 27–126 °C corresponded to 
the loss of water molecules. The second step weight loss 
observed in the range 127–225 °C is due to the decomposi-
tion of oxygen-containing groups, and the third step weight 
loss above 500 °C is pertained to the combustion of gra-
phene structure. The report by Sasha et al. [34] corrobo-
rated this observation. In concordance with the literature 
data [35], the proton-decoupled 13C NMR spectrum of GO 
flakes (Fig. 2d) consisted of four peaks at 60, 68, 132, and 
169 ppm (parts per million). The first two peaks (60 and 
68 ppm) are known to originate from tertiary C–OH and 
C–O–C groups, respectively [35]. In the present study, the 
C–OH and C–O–C group peaks were not prominent. Rather, 
they appeared to be merged, because of the condensation 
of C–OH groups to form C–O–C linkage. The third peak 
around 132 ppm showed the presence of very stable aro-
matic C = C regime. The less intense peak corresponding to 
the C = O peak from carboxylic acid group at 169 ppm was 
present at the edges of the GO sheet.

Raman spectroscopy, which is a nondestructive tech-
nique, was used for the characterization of carbon products 
to provide information regarding degree of hybridization, 
crystal disorder, the extent of chemical modification, and 
distinction of single-layer graphene structure to multilayer 
graphene structure. The Raman spectra arising from the lat-
tice vibrations (phonons) of graphitic materials consisting 
of stacked graphene layers are very sensitive to the degree 
of structural disorder (defects). The Raman spectrum for 
GO flakes is shown in Fig. 2e. It revealed a D band around 
1359.7  cm−1 and a G band around 1607.08  cm−1 with 
ID/IG value as 0.94. The G mode is a doubly degenerated 
phonon mode of in-plane E2g symmetry at Brillouin zone 
center originated from in-plane vibration of C = C conju-
gate bonds. The D mode is arising from the doubly resonant 
disorder-induced mode of graphitic hexagonal structure [19, 
34]. Figure 2f, g shows the AFM topography of GO flakes 
with its height profile. Topography showed the well-defined 
sharp edges of GO sheets present in prepared GO flakes. 
The height profile showed the average roughness and RMS 
roughness of GO flakes as 155.7 and 200.0 nm, respectively. 
The FESEM analysis indicated the morphology of the GO 

flakes to be crumbled paper sheets with sharp edges and 
multiple-layered-like structure, as shown in Fig. 2h. XPS 
is widely being used to analyze oxygen-functionalized gra-
phitic material as well as its coating on various substrates. 
Since GO is synthesized by the oxidation of graphite, it is 
found from many characterization techniques that oxygen-
containing groups exist in the forms of hydroxyl, carbonyl, 
and epoxide attached to the graphene basal plane [36]. 
The de-convoluted C 1s and O 1s spectra of GO flakes are 
presented in Fig. 3a, b. The C 1s spectrum of GO flakes 
showed the binding energy at 284.8, 285.7, 286.8, 287.9, and 
289.5 eV was assigned to C = C (sp2-bonded graphene basal 
plane skeleton), C–OH, C–O–C, > C=O, and O = C–OH, 
respectively, present in GO flakes. The lowest intense 
peak for C = C corresponded to the successful oxidation 
of graphite. The quantification result of de-convoluted C1s 
spectrum showed the atomic percentage of carbon as 3% in 
C = C regime. The O1 s spectrum of GO can be curve-fitted 
into five peaks, which are corresponding to HO-C = O (car-
boxyl 531.4 eV), > C=O (carbonyl 532 eV), C–O–C (epoxy 
532.6 eV), C–OH (hydroxyl 533.4 eV), and adsorbate like 
water or hydrate (534 eV), respectively. The assignments 
are in agreement with the literature [36–38]. No metal oxide 
peak was observed in GO flakes.

3.2 � Characterization of GO Suspension

The zeta potentials measured for the GO suspensions at dif-
ferent pH are plotted in Fig. 4a. The GO suspensions were 
exhibiting zeta potential values of −32.9 and −36.8 mV at 
an acidic pH of 3.4 and alkaline pH of 11, respectively. The 
negative zeta potential values are due to the presence of elec-
tronegative functional groups formed on the graphene sheets 
during oxidation. With the successive increase in oxida-
tion, more number of electronegative functional groups are 
formed in GO resulting in high negative zeta potential values 
[39]. The stability of GO suspension is improved by adding 
NaOH because it acted as a hydrogenating agent for gra-
phene oxide. It has the ability to remove oxygen functional 
groups from GO sheets and make it as activated graphene 
sheets. The change in color to black and stability could 
be due to the decrease in particle size and well-dispersed 
suspension. For the GO suspension with acidic pH 3.4, the 
average particle size varied in the range of 1–2 µm. The 
average particle size varied in the range of 800–900 nm for 
the GO suspension with alkaline pH 11. Two characteris-
tic peaks were observed in the UV–Vis spectrum (Fig. 4b) 
of the aqueous dispersion of GO [40], recorded over the 
range of 200-900 nm. The intense absorption peak observed 
at 232.5 nm corresponded to a π–π* plasmon transition. 
Appearance of π–π* plasmon transition is due to two kinds 
of conjugation effects. One of these conjugation effects 
is associated with sp2 planar cluster, and the other one is 
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Fig. 3   XPS spectra of C 1s and O 1s and its de-convoluted profiles for a, b GO flakes produced by modified Hummers’ method, c, d 316L SS 
substrates coated with GO suspension of pH 3.4 and e, f 316L SS substrates coated with GO suspension of pH 11

Fig. 4   a Zeta potential as a 
function of suspension pH and 
b UV–Vis spectrum of the GO 
suspension produced by modi-
fied Hummers’ method
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associated with chromophore units such as C = O, C = C, 
and C–O bonds linkage. The intensity of the π–π* plasmon 
peak could be correlated with the conjugation effects of 
chromophore concentration. The shoulder peak observed 
at ~ 300 nm corresponded to the n–π* plasmon transition 
(transitions of C = O bonds) in GO.

3.3 � Characterization of GO‑Coated 316L SS

Raman spectra recorded on the 316L SS substrates coated 
with GO suspensions under acidic pH (3.4) and alkaline pH 
(11) are shown in Fig. 5a. The spectra revealed a D band 
at 1343.07 cm−1 and a G band at 1605.8 cm−1 with ID/IG 
value of 1.007 and 1.004, respectively. The blue shift was 
observed in wave number of D and G bands for GO-coated 
substrates in comparison with GO flakes, which revealed 
the partial reduction of GO sheets and the higher values 
of ID/IG for GO-coated specimens compared to the value 
of 0.94 for GO flakes also depicted the same with restora-
tion of sp2 domain by the application of potential during 
EPD process as well as introduction of a low-defect density 
regime [19, 20] in GO-coated substrates. There was a broad 
second-order band (2D) observed for both the GO-coated 
substrates. The 2D band represented the second-order two-
phonon process. Combined with the G band, 2D band is a 
Raman signature of graphitic sp2 materials. 2D band exhib-
ited a strong frequency dependency on the excitation laser 
energy. 2D band can be used to determine the number of 
layers of graphene. The broad 2D band represented oxida-
tion of sp2 carbon structure to sp3 carbon structure and also 
indicated the presence of multilayer graphene structures in 
GO coatings. Generally, higher intensity is proportional to 
the mass, and hence the higher intense peak for GO-coated 
substrate with acidic GO suspension can support the dense 
deposition in this condition compared to the GO-coated 

substrates with alkaline suspension. The ATR-FTIR spec-
tra were taken to reveal the transmission band of different 
functional groups presented in electrophoretically deposited 
GO on 316L SS for different pH-varied GO suspensions. 
Figure 5b showed the ATR-FTIR transmission spectra of 
316L SS substrates coated with GO suspension of pH 3.4 
and pH 11 by EPD. Spectra revealed the absence of C-O 
stretching band in epoxy, C = O stretching band in carboxylic 
group, O–H stretching and bending bands in carboxylic acid 
group. The presence of C = C and C–H stretching bands was 
correlated with the partial reduction of GO during EPD [41]. 
Figure 3c and 3e shows XPS spectra of the C 1s core level 
obtained from the GO-coated 316L SS substrates using GO 
suspension of pH 3.4 and pH 11, respectively. The quanti-
fication result of de-convoluted C 1s spectrum showed the 
atomic percentage of sp2 carbon in C = C regime for both the 
316L SS substrates coated with GO suspension of pH 3.4 
and pH 11 was 47%, which is higher than the value observed 
in GO flakes. The results confirmed the partial restoration 
of C = C skeleton upon reduction of oxygen functionalities 
by the applied electric field during EPD. Figure 3d and 3f 
shows XPS spectrum of the O 1s core level in 316L SS 
substrates coated with GO suspension of pH 3.4 and pH 11, 
respectively. The binding energy at 530.4 eV for both the 
316L SS substrates coated with GO suspension of pH 3.4 
and pH 11 revealed the oxygen is bonded to metal, which 
was not observed in GO flakes [42, 43]. The quantification 
result of de-convoluted O 1s spectrum showed the overall 
decrease in atomic percentage of oxygen of GO-coated sub-
strates than GO flakes indicating the partial reduction.

AFM topography of 316L SS substrates coated with GO 
suspension under acidic and alkaline pH conditions is shown 
in Fig. 6a, d. The average roughness and root-mean-square 
(RMS) roughness are calculated and tabulated in Table 2. 
316L SS substrates coated with GO in acidic pH showed 

Fig. 5   a Raman and b ATR-IR spectra of 316L SS substrates coated with GO suspension of pH 3.4 (red) and pH 11 (black) (Color figure online)
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higher RMS and average roughness in comparison with 
the 316L SS substrates coated with GO suspensions in pH 
11. The FESEM images of GO-coated 316L SS samples 
deposited from acidic and alkaline GO suspensions, shown 
in Fig. 6b, e confirmed the dense agglomerated wrinkled 
morphology of GO coating obtained from acidic suspen-
sion and a interconnected branched network morphology 
of the GO coating produced from alkaline suspension [44]. 
Figure 6c, f shows the static WCA images of GO-coated 
316L SS specimens. The contact angle values measured 
were 91.2 ± 2.3° and 85.3 ± 1.6° for the GO coatings from 
acidic and alkaline suspensions, respectively. Thus, the GO 

Fig. 6   AFM, FESEM, and WCA images of a–c 316L SS substrates coated with GO suspension of pH 3.4 and d–f 316L SS substrates coated 
with GO suspension of pH 11

Table 2   RMS roughness and average roughness values for GO flakes, 
316L SS substrates coated with GO suspension of pH 3.4 and pH 11

Samples Average roughness (Ra 
in nm)

RMS rough-
ness (Rrms in 
nm)

GO flakes 155.7 200.0
316L SS substrates coated 

with GO suspension of 
pH 3.4

77.43 111.52

316L SS substrates coated 
with GO suspension of 
pH 11

29.19 37.86
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coating on 316L SS substrate from acidic suspension exhib-
ited hydrophobic characteristics in comparison with the GO 
coating from alkaline suspension. According to Cassie-Bax-
ter model [45], heterogeneity of the coated surface acts as 
an effective block for the penetration of water molecules. 
The air pockets on the surface introduced by heterogeneity 
result in reduced water molecule penetration and thereby 
a higher WCA value. The higher RMS and average rough-
ness values of the GO coating from acidic suspension could 
have contributed to higher heterogeneities, which in turn 
increased WCA values [46–49]. The WCA value character-
izes their intrinsic wettability properties. The higher water 
contact angle value corresponds to low surface energy value 
[50]. So, it can be concluded that the GO coating on 316L 
SS substrate from acidic GO suspension has lower surface 
energy than GO coating on 316L SS substrate from alkaline 
GO suspension.

Thus, Raman, XPS, and ATR-FTIR spectra analysis 
confirmed the successful development of graphene coat-
ing on 316L SS substrate The increased value of ID/IG 
by Raman spectra analysis, partial restoration of C = C 
skeleton in the de-convoluted C 1 s XPS spectra analy-
sis, and the presence of C–C and C–H stretching bands in 
ATR-FTIR spectra were also correlated with the partial 
reduction of GO during the deposition on 316L SS surface. 
Though there was no difference in the chemical composi-
tion of the coatings formed from the acidic and alkaline 
pH suspension, atomic force microscopy (AFM) and field 
emission scanning electron microscopy (FESEM) charac-
terization showed difference in topography and morphol-
ogy of the coatings. The structural model of GO shows 
hydrophobic property for its basal plane made up of poly-
cyclic C = C domains and hydrophilic property for carbox-
ylic group present along the edges. The negative charge 
is attributed to the ionization of carboxylic acid present 
along edges when these get hydrolyzed. The hydrophilic 
property of carboxylic acid can be varied by changing the 
pH from acid to alkaline. The different microstructures are 
likely due to the difference in hydrophilicity of GO under 
different pH values. 316L SS substrates coated by EPD in 
acidic suspension showed a dense wrinkled structure with 
higher average and RMS roughness. Under acidic condi-
tions, GO sheets are more hydrophobic, which would force 
the sheets to squeeze each other when compressed, leading 
to dense microstructures. The dense agglomerated wrin-
kled morphology along with the presence of hydrophobic 
polycyclic C = C domain contributed to the higher hydro-
phobic nature of the coating. Under alkaline condition, 
GO sheets are more hydrophilic. Cote et al. mentioned 
about the water lubricating layer, which would allow them 
to form face-to-face adhering multilayer prior to deposi-
tion on the electrode finally upon deposition to form net-
work structure. The acidic suspension had micron-sized 

particles and had a lesser negative zeta potential compared 
to the basic suspension with nanoparticles and more sta-
ble zeta potential value. As the particle size reduced and 
the distribution of particle size was narrow in the case 
of alkaline GO suspension, a GO coating with smoother 
lesser dense network morphology emerged. Under alkaline 
condition, GO sheets are more hydrophilic. Cote et al. [44] 
mentioned about the water lubricating layer, which would 
allow them to form face-to-face adhering multilayer prior 
to deposition on the electrode finally upon deposition to 
form network structure. Hasan et al. [19] mentioned the 
same network structure for alkaline GO coating on 316L 
SS. Thus, the present study showed that the microstruc-
tures of the GO coatings on 316L SS can be tuned by 
varying the pH of the GO suspension during EPD process.

4 � Conclusion

Graphene oxide flakes were successfully synthesized by 
adopting modified Hummers’ method, and the suspension 
of GO was used for the coating on 316L SS substrates 
by EPD under acidic and alkaline conditions. GO flakes 
and the pH-dependent microstructures of the GO-coated 
316L SS coupons were characterized. The following con-
clusions were extracted from this study: Introduction of 
various oxygen functional groups in graphitic structure 
upon oxidation, the extent of disorder with a prominent 
D band, confirmed the GO formation. GO showed maxi-
mum weight loss due to pyrolysis of liable oxygen func-
tional groups at 150 °C. The negative zeta potential value 
confirmed the stability of GO suspensions in both acidic 
and alkaline conditions. The increased value of ID/IG for 
GO-coated substrates than GO flakes showed the anodic 
reduction of GO during EPD. The C and O 1s spectra 
of GO flakes and both the GO-coated substrates revealed 
the partial reduction of GO during EPD. 316L SS sub-
strates coated with GO in acidic pH showed higher RMS 
and average roughness value which leads to higher water 
contact angle in comparison with the 316L SS substrates 
coated with GO suspensions in pH 11. The morphology 
of GO-coated 316L SS samples deposited from acidic and 
alkaline GO suspensions confirmed the dense agglomer-
ated wrinkled morphology of GO coating obtained from 
acidic suspension and smoother network morphology of 
the GO coating produced from alkaline suspension.
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