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nctionalized graphene oxides as
a new class of corrosion inhibitors for mild steel: an
experimental and DFT approach†

Rajeev Kumar Gupta,a Manisha Malviya,a Chandrabhan Verma,ab Neeraj K. Guptaa

and M. A. Quraishi *ac

The aims of the present work were to synthesise two functionalized graphene oxides, namely, diazo

pyridine functionalized graphene oxide (DAZP-GO) and diamino pyridine functionalized graphene oxide

(DAMP-GO), and to evaluate them as corrosion inhibitors on mild steel in 1 M hydrochloric acid.

Electrochemical studies reveal that the inhibition efficiencies of both of the tested functionalized

graphene oxides were enhanced with increasing concentration and the maximum inhibition efficiencies

of 95.08% and 96.73% were obtained for DAMP-GO and DAZP-GO, respectively, at a concentration as

low as 25 mg L�1. A potentiodynamic polarization study suggests that both DAZP-GO and DAMP-GO act

as mixed type inhibitors with a slight cathodic predominance. The formation of a protective film on the

mild steel surface was confirmed using scanning electron microscope, energy dispersive X-ray

spectroscopy, atomic force microscopy and X-ray photoelectron spectroscopy techniques. Dynamic

functional theory parameters such as EHOMO, ELUMO, energy band gap (DE), electronegativity (c), hardness

(h), softness (s) and a fraction of electron transfer (DN) were calculated to support the experimental results.
1. Introduction

Corrosion is a destructive phenomenon that results in huge
economic losses and many safety issues.1–3 The global cost of
corrosion is estimated to be $2.5 trillion (USD) which is
approximately equivalent to 3.4% of the total Gross Domestic
Product (GDP).4,5 A signicant amount of this cost, approxi-
mately 15–35%, could be avoided by implementing suitable
anti-corrosion technology. Among the available methods of
corrosion control, the use of corrosion inhibitors is one of the
most popular methods because of its cost-effectiveness and ease
of application.6,7 Organic compounds with heteroatoms have
been reported as potential corrosion inhibitors for metallic
corrosion.8–10 However, because of their toxicity and thermal
instability in an acid medium, they are not very useful for
practical applications.11–13

Recently graphene derivatives have been reported as anti-
corrosive coating materials for marine and other corrosive
environments because of their various unique properties such
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as high surface area, chemical resistance, thermal and electrical
conductivity, enhanced mechanical strength, high level of
impermeability and hydrophobicity.14–21 It is documented in the
literature that the graphene is insoluble in an aqueous medium
because of the lack of functional groups and therefore they are
used as anti-coating materials only.15,16 However, graphene
oxide (GO) and functionalized GOs could act as good corrosion
inhibitors in the solution phase because of the presence of
various oxygen (O)-containing functional groups such as
hydroxyls, epoxides, carboxyl and carbonyl on their surfaces.17–19

In view of this observation, two functionalized GOs were
synthesized, diazo pyridine functionalized graphene oxide
(DAZP-GO) and diamino pyridine functionalized graphene
oxide (DAMP-GO), to study their corrosion inhibition behavior
on mild steel in 1 M hydrochloric acid (HCl) solution using
experimental and dynamic functional theory (DFT) methods.
2. Experimental sections
2.1. Chemicals

The following chemicals were used in the present study: 2,6-
diaminopyridine (DAP; Sigma-Aldrich), sodium hydroxide
(NaOH; SD Fine Chemicals Ltd.), sodium nitrite (NaNO2;
Merck), crystalline graphite powder (Alfa Aesar), sodium chlo-
ride (Merck), hydrogen peroxide (30%, Merck), concentrated
sulfuric acid (Merck, 98% pure), potassium permanganate
(Merck), methanol (99.9%, Merck), HCl (35%, Merck) and
double distilled water.
RSC Adv., 2017, 7, 39063–39074 | 39063
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2.2. Procedure for synthesis of inhibitors

2.2.1. Synthesis of diaminopyridine functionalized gra-
phene oxide (DAMP-GO). In the present investigation, GO was
synthesized using crystalline graphite powder and the modied
Hummers' method.22 For synthesizing the DAMP-GO
composite, GO solution (10 mL) was dissolved in double
distilled water (100mL), and thenmixed ultrasonically for 1 h to
obtain a homogeneous solution. To this solution, 500 mg of
DAP was added at 50 �C for 1 h, and then mixed ultrasonically
for 90 min and then the temperature was gradually elevated to
80 �C with constant stirring for 4 h. The crude product was
puried using ltration, and the residue was washed with
copious amounts of water, ethanol and nally dried under
vacuum at 60 �C for 24 h.22,23

2.2.2. Synthesis of diazopyridine functionalized graphene
oxide (DAZP-GO). Synthesis of DAZP-GO involved two-steps,
rstly diazotization was performed followed by the coupling
of the diazopyridine compound with GO. For the diazotization,
DAP (500 mg) was dissolved in 2 mL of distilled water at 50 �C
and concentrated HCl (35%, 2 mL) was added dropwise under
constant stirring to obtain a clear solution. The resulting solu-
tion was cooled to 2 �C, and NaNO2 solution (420 mg, 2 mL) was
added dropwise (to keep the temperature at 2 �C).24,25 In order to
complete the diazotization process, the resulting mixture was
stirred at 2 �C for 1 h, and then urea was added to this mixture
to remove the excess nitrous acid (HNO2).

For the coupling of diazopyridine with GO, a homogenous
solution of GO in 10 mL of water was made by mixing the
solution ultrasonically for 1 h. To this solution, 25 mL of 2%
NaOH was added dropwise and then stirred for 2 h. To this
solution, diazonium salt solution was added dropwise at such
a rate that the pH of the resulting solution remained constant at
9 and the temperature of the solution did not exceed 2 �C. Aer
the reaction was complete, the pH of the reaction mixture was
reduced to 7 and the crude product was then washed with
double distilled water, methanol and dried at 80 �C under
vacuum.24,25 Scheme 1 shows the synthesis of functionalized
GOs.
2.3. Materials and measurements

2.3.1. Materials. The working electrode used in all the
experiments were performed with the mild steel specimens with
a composition (wt%) of: carbon (C, 0.076), phosphorus (0.012),
manganese (0.192), chromium (0.050), silica (0.026), aluminum
(0.023), and iron (Fe, 99.41). The test solution was prepared by
diluting analytical grade HCl (AR grade; 37% from Merck) in
double deionized water. Before the experiments, these speci-
mens were abraded with emery paper of several grades (600–
1200 mesh size), washed with water, degreased (in acetone),
dried in a hot air oven and stored in moisture free desiccators.

2.3.2. Physicochemical measurements. The synthesized
GOs and their composites were characterized using powder X-
ray diffraction (XRD) measurements with a Rigaku high-
resolution (HR)-XRD (SmartLab, 9 kW power) with Cu Ka radi-
ation (l ¼ 1.5406 Å) and a nickel lter. Fourier transform-
infrared (FT-IR) spectroscopic measurements were made
39064 | RSC Adv., 2017, 7, 39063–39074
using a PerkinElmer spectrometer (Spectrum 100). Raman
spectra were obtained with a Renishaw confocal Raman spec-
trometer (inVia) equipped with a diode pumped solid state laser
of wavelength 532 nm. The Raman scattered light was collected
using backscattering geometry with a slit width of 50 mm. X-ray
photoelectron spectroscopy (XPS) analysis was carried out,
using Mg Ka (1253.6 eV) radiation as the source of the X-rays,
with a Kratos Analytical spectrometer (Amicus).

2.3.3. Electrochemical measurements. The electro-
chemical analysis was performed using the Gamry Potentiostat/
Galvanostat (Series G 300) which consists of the Gamry Echem
Analyst 5.0 soware for tting, simulating and analyzing the
Nyquist plots. Similar to our previous investigations,26,27 the
mild steel specimens with exposed area of 1 cm2, saturated
calomel and pure platinum were as working electrode (WE),
reference electrode (RE) and counter electrode (CE), respectively
for all electrochemical measurements. All the electrochemical
measurements were performed in triplicate in order to ensure
the reproducibility of the results. The experiments were carried
out aer 30 min immersion time in order to establish the open
circuit potential. A potentiodynamic polarization study was
carried out by recording the Tafel slopes in the absence and
presence of several concentrations of both inhibitors by varying
the WE potentials from �0.25 to +0.25 V versus the corrosion
potential (Ecorr) at a continual sweep rate of 1.0 mV s�1. These
Tafel slopes were extrapolated to derive corrosion current
densities (icorr) for inhibited and uninhibited metallic speci-
mens. The inhibition efficiency at different concentrations of
inhibitors was determined using relationships given next:26,27

h% ¼ i0corr � iicorr
i0corr

� 100 (1)

where, i0corr and iicorr represent corrosion current densities
without and with inhibitors, respectively. The electrochemical
impedance spectroscopy (EIS) measurements were carried out
in the frequency range of 100 kHz to 0.01 Hz by using AC having
an amplitude of 10 mV peak to peak. The Nyquist plots of
inhibited and uninhibited specimens were tted to a suitable
circuit to obtain charge transfer resistance and using that, the
percentage inhibition (h%) performance was calculated as
follows:26,27

h% ¼ Ri
ct � R0

ct

Ri
ct

� 100 (2)

where, R0
ct and Ri

ct represent transfer resistances for uninhibited
and inhibited metallic specimens, respectively.

2.3.4. Surface measurements. The properly cleaned
metallic specimens were permitted to corrode for 3 h in the
absence and presence of an optimum concentration of both of
the inhibitors before scanning electron microscopy-energy
dispersive X-ray spectroscopy (SEM-EDX) and atomic force
microscopy (AFM) analyses were carried out. Aer 3 h, the
specimens were washed with double distilled water, dried in
a hot air oven and nally analyzed using SEM-EDX and AFM
methods. The SEM-EDX analyses were carried out using a Carl
Zeiss SEM (Evo 50 XVP) instrument at 500� magnication,
whereas, the atomic force microscopy (AFM) was performed
This journal is © The Royal Society of Chemistry 2017
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Scheme 1 Synthesis of the inhibitors to be investigated.
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using a NT-MDTmultimode AFM (Russia) controlled by a solver
scanning probe microscope controller. The instrument consists
of a single beam cantilever that has a resonance frequency
between 240 and 255 kHz under semi-contact mode together
with a corresponding spring constant of 11.5 N m�1. The
instrument contains NOVA soware which was used for image
elucidation. A scanning area of 5 mm � 5 mm was used during
the AFM analysis.

2.3.5. Computational measurements. The quantum
chemical calculations were performed using Gaussian 09 so-
ware, as described previously in various papers in the litera-
ture.28–32 The optimized structures of both the basic ligands
were obtained using the B3LYP/6-31G (d) model of the DFT
method. According to several highly cited papers, the value of
energy of the highest occupied molecular orbital (EHOMO) and
the energy of the lowest unoccupied molecular orbital (ELUMO)
correspond to the ionization potential (I) and electron affinity
(A) as shown by eqn (3) and (4). Several quantum chemical
calculation indices based on energies of frontier molecular
orbitals (EHOMO and ELUMO) were obtained using the following
relationships:

I ¼ �EHOMO (3)

A ¼ ELUMO (4)

h ¼ ELUMO � EHOMO

2
¼ DE

2
(5)
This journal is © The Royal Society of Chemistry 2017
s ¼ 1

h
(6)

DE ¼ ELUMO � EHOMO (7)

c ¼ � 1

2
ðELUMO þ EHOMOÞ (8)

DN ¼ cFe � cinh

2ðhFe þ hinhÞ
(9)

In the previous equations, EHOMO and ELUMO represent
energies of highest occupied molecular orbital and lowest
unoccupied molecular orbital, respectively, I is the ionization
potential, A is the electron affinity, DE is the energy band gap, h
is the hardness, s is the soness, c is the global electronega-
tivity, and DN is the fraction of electron transfer. A value of
7.0 eV was used for the cFe, whereas hFe was taken as 0 eV for
bulk Fe atoms in accordance with the Pearson's electronega-
tivity scale.
3. Results and discussion
3.1. Characterization of the inhibitors

The synthesis of GO and its functionalization with dia-
minopyridine (DAMP-GO) and diazopyridine (DAZP-GO) was
conrmed using FT-IR. Fig. 1(a) shows the FT-IR spectra for GO
RSC Adv., 2017, 7, 39063–39074 | 39065
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Fig. 1 (a) FT-IR spectra of synthesized GO, DAMP-GO and DAZP-GO
composites; (b) XRD peaks of synthesized GO, DAMP-GO and DAZP-
GO composites; (c) Raman spectra of synthesized GO, DAMP-GO and
DAZP-GO composites; (d) TEM images of the GO, DAMP-GO and
DAZP-GO composite material showing a layered-type structure.

39066 | RSC Adv., 2017, 7, 39063–39074

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
A

ug
us

t 2
01

7.
 D

ow
nl

oa
de

d 
on

 7
/3

0/
20

25
 6

:3
0:

29
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
and DAMP-GO and DAZP-GO. For pure GO, the peaks at 3402,
1703, 1631, 1388, and 1048 cm�1 occur because of the ns(O–H),
ns(C]O), ns(C]C), nb(O–H), ns(C–O) of the epoxides ns(C–O–C),
respectively.22,24 The broad peak in the region centered at 3500
cm�1 to 3000 cm�1 in DAMP-GO and DAZP-GO composites
conrms the presence of –OH and –NH groups. The presence of
the benzene ring is conrmed by the peak between 1633 and
1499 cm�1 occurring because of the ns(C]C) in the benzene
ring. In the DAZP-GO composites, the presence of the azo (–N]
N–) group is conrmed by a peak at 1460 cm�1 which occurs
because of the ns(N]N).24,25 In both DAMP-GO and DAZP-GO
composites, the ns(C–N) peaks between 1277 and 1210 cm�1

are observed. Also, the band at 1055 cm�1 represents the C–O
group. The breaking of the epoxy bonds because of the addition
of alkali is conrmed by the ns(C–O) of the epoxides (C–O–C).23

All these peaks and the other peaks in the region 800–650 cm�1

conrm the formation of the DAMP-GO and DAZP-GO
composites.22–24

XRD results likewise conrm the formation of GO and its
functionalized composite with diaminopyridine (DAMP-GO)
and diazopyridine (DAZP-GO). The acquired XRD patterns of
GO and DAMP, DAZP functionalized GO are presented in the
Fig. 1(b). Diffraction peaks seen at a 2q value of 11.6� in the XRD
pattern of GO arise because of the diffraction from the different
oxygen containing functional group on the sides of the sheets.22

Aer covalently bonding DAMP and DAZP with GO, the XRD
peak of GO was observed to shi to the lower 2q value of 7.6 in
the DAMP-GO and DAZP-GO. The decrease in the XRD pattern
occurs because of the expansion in the interlayer spacing in the
presence of a ligand (DAMP and DAZP) in the GO sheets. A
similar shi in the XRD pattern has been observed.22 The
reduced intensity of peaks in pure GO and functionalized GO
indicates that exfoliation occurs during the ultrasonic mixing.

The data obtained from Raman spectra shown in Fig. 1(c)
further support the formation of DAMP-GO and DAZP-GO. The
Raman spectra of GO shows the presence of a G peak (sp2)
hybridized carbon atom at 1604 cm�1 and a D peak (sp3)
hybridized carbon atom at 1334 cm�1. The functionalized GO
shows shiing of these peaks which represents surface modi-
cation by incorporation of ligands (DAZP and DAMP) and the
ratio of the intensity of the D-Raman peak and the G-Raman
peak (ID/IG) ratio of DAMP-GO and DAZP-GO were found to be
0.98 and 0.96, respectively, which is smaller than that of GO
(�0.99). These observations support a percentage increment in
sp2 carbon atoms in functionalized GOs which is caused by
nucleophilic addition of the azo and amino groups of DAZP and
DAMP to GO molecules and also supports the formation of
covalent bonds. A similar explanation has been given for GO
and functionalized GO by Gupta et al.22,24 and Singh et al.33

The transmission electron microscopy (TEM) images shown
in Fig. 1(d) were used to characterize the GO, DAMP-GO, and
DAZP-GO. The TEM images of GO indicate that there is typically
two to three layers of GO. Aer the functionalization with DAMP
and DAZP ligands, the GO layers are stacked together to form
a composite structure, and the surface becomes very rough
which is shown in Fig. 1(d) (DAMP-GO and DAZP-GO). This
This journal is © The Royal Society of Chemistry 2017
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crosslinking of GO layers resulting from functionalization by
ligands has also been reported by Gupta et al.22,24

XPS was utilized to determine the binding energies of
various functional groups in GO, DAMP-GO and DAZP-GO
composites. The XPS pattern of GO, the core-level photoemis-
sion peaks [Fig. 2(a)] show the presence of only C and O 1s
orbitals. The high-resolution carbon 1s XPS spectrum of GO
[Fig. 2(b)] shows three peaks at 285.1, 286.4, and 287.9 eV,
corresponding to C–C, C–O (hydroxyl and epoxide), and C]O
(carboxyl) groups of GO, respectively. The XPS pattern of the
DAMP-GO composite [Fig. 2(c)] indicates the characteristic C 1s,
N 1s, and O 1s centered photoemission signals at �286, �401.5
and �534 eV, respectively.22 The high-resolution C 1s XPS
spectrum of the DAMP-GO composite shown in Fig. 2(d) is
conveniently tted using ve components. The rst peak at
284.9 is ascribed to the C–C bond in graphene and its analogs.
Likewise, the peaks at 285.4 and 286.0 arise from the C–N and
–C]N bonds, respectively. Another peak at 286.6 represents the
C–O bonds and the maximum binding energy peak at 287.5,
Fig. 2 (a) Wide scan spectra of GO, (b) high-resolution XPS peaks for C
resolution XPS peaks for C 1s in the DAMP-GO composite, (e) high-resolu
of the DAZP-GO composite, (g) high-resolution XPS peaks for C 1s in the D
GO composite.

This journal is © The Royal Society of Chemistry 2017
occurs because of the carboxylic groups. In order to understand
the chemical character of nitrogen (N) in the DAMP-GO, it is
important to know the nature of the interaction between the GO
sheet and the nitrogen containing functional group in DAMP-
GO. Fig. 2(e) shows a high-resolution N 1s XPS spectrum,
which was tted with three peaks. The lower segment at 399.3 is
ascribed to the –C]N bond of diaminopyridine and a middle
segment comprises of the peak at 400.2 and indicates the
presence of the amine group. This peak conrms the graing of
the amino group in DAMP with a GO skeleton. The third
segment consists of the peak with the maximum binding energy
at 401.03 and this occurs because of the protonated amino
group in the DAMP-GO framework.22

The XPS [Fig. 2(f)] of the DAZP-GO composite at �285, �401,
and �534 eV emerges because of photoemission from the 1s
orbital of C, N, and O, respectively.24 The highly resolved C 1s
XPS composite represented in Fig. 2(g) consists of four parts.
The minima and the maxima at 284.8 and 288.0 occur because
of the presence of the C–C bond and a carboxyl group in the
1s in GO, (c) wide scan spectra of the DAMP-GO composite, (d) high-
tion XPS peak of N 1s of the DAMP-GO composite, (f) wide scan spectra
AZP-GO composite, (h) high-resolution XPS peak of N 1s of the DAZP-

RSC Adv., 2017, 7, 39063–39074 | 39067
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graphitic framework. The intermediate peaks at 285.6 and 286.5
occur as a result of the C–O and C–N bonds, respectively.
Fig. 2(h) represents the high-resolution XPS originating from
the 1s orbital of N. The peaks at 400.0 and 400.4 represent
a composite band occurring because of the combined effect of
C–N and the azo group in the DAZP-GO composite.24 The
previous facts conrm the formation of DAZP-GO and DAMP-
GO composite structure obtained by interacting GO with
DAZP and DAMP atoms as proposed schematically in Scheme 1.
The presence of a large number of epoxy and phenolic groups in
the GO framework help in the interaction of aryl azo and amino
cation with the GO and the formation of the C–N bond.
3.2. Corrosion inhibition studies

3.2.1. EIS study. Fig. 3(a and b) and 4(a and b) represent the
tted and observed Nyquist plots for uninhibited and inhibited
mild steel specimens by DAMP-GO and DAZP-GO in 1 M HCl and
the various EIS parameters such as solution resistance (Rs), charge
transfer resistance (Rct), phase shi (n), double and layer capaci-
tance (Cdl) together with the percentage of inhibition performance
(h%). The EIS parameters were derived using the equivalent circuit
shown in Fig. 4(c). It can be seen that the Nyquist plots represent
a single semicircle whose diameter increases with increasing
concentration of the DAMP-GO and DAZP-GO. This nding
suggests that the metallic corrosion involves a single charge
transfer process and the DAMP-GO and DAZP-GO inhibit corro-
sion by forming a protective lm at the metal surface.34–39 In acidic
solution, rapid corrosion makes the metallic surface inhomoge-
neous, and therefore, in the present study constant phase element
(CPE) has been used in the place of the pure capacitor. The
impedance of the CPE can be represented as follows:

ZCPE ¼
�

1

Y0

��ðjuÞn��1

where Y0 is the CPE constant, commonly known as admittance,
u is the angular frequency, n is the phase shi, and j is the
imaginary number. The value of n is a measure for surface
roughness, in general, a lower value of n is associated with
a higher surface roughness and vice versa. Careful observation
of the results shown in Table 1 suggests that values of n are
higher for inhibited metallic specimens (0.829 to 0.899) when
compared to the uninhibited mild steel specimen and this
Fig. 3 (a and b) Nyquist plots for mild steel corrosion in 1 M HCl in the
absence and presence of different concentrations of composites, (c)
equivalent circuit used for fitting the EIS data.

39068 | RSC Adv., 2017, 7, 39063–39074
suggests that mild steel surfaces are more smooth in the pres-
ence of DAMP-GO and DAZP-GO which is attributed to the
formation of a protective lm by DAMP-GO and DAZP-GO. The
double layer capacitance (Cdl) value was calculated using
following equation:

Cdl ¼ Y0(umax)n
�1

where umax represents the frequency at which the imaginary
part of the impedance is maximum (rad s�1). From the results
shown in Table 1 it can be seen that values of Rct increase
whereas values of Cdl decrease with concentration which is
attributed to the either successive replacement of water mole-
cules from the metal surface and adsorption of DAMP-GO and
DAZP-GO at the metal/electrolyte interfaces or because of the
Fig. 4 (a and b) Nyquist plots for mild steel corrosion in 1 M HCl in the
absence and presence of different concentrations of composites, (c)
equivalent circuit used for fitting the EIS data.

This journal is © The Royal Society of Chemistry 2017
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Table 1 EIS parameters for mild steel in 1 M HCl in the presence and absence of different concentrations of composites

Inhibitor Conc. (mg L�1) Rs (U cm2) Rp (U cm2) n Y0 Cdl (mF cm�2) h% q

Blank — 1.120 9.58 0.827 482.3 138.23 — —
DAMP-GO 5 0.129 20.86 0.868 218.5 98.35 51.69 0.5169

10 0.880 40.52 0.829 136.5 48.98 73.59 0.7359
15 1.097 54.07 0.899 80.29 44.44 80.21 0.8021
20 0.822 111 0.879 85.8 43.58 90.36 0.9036
25 1.104 217.6 0.806 102.3 41.99 95.08 0.9508

DAZP-GO 5 0.881 25.18 0.805 315.2 112.55 57.50 0.5750
10 1.396 45.08 0.839 145.8 57.49 76.26 0.7626
15 0.800 80.10 0.849 119.6 55.36 86.64 0.8664
20 0.866 151.4 0.835 97.15 41.99 92.93 0.9293
25 0.899 328.2 0.841 78.4 40.43 96.73 0.9673

Fig. 5 (a and b) Potentiodynamic polarization curves for mild steel
corrosion in 1 M HCl in the presence and absence of various
concentrations of composites studied.
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decrease in the value of the dielectric constant and/or because
of the combined effect of both.40,41 It was further observed that
an increase in the value of Rct is larger in the presence of DAZP-
GO when compared to DAMP-GO suggesting that DAZP-GO is
a better inhibitor than DAMP-GO. It is also important to
mention that graphene and GO possess low solubility in polar
solvents such as water, methanol, 1 MHCl, and so on because of
the presence of their long carbon skeletons.18,20,42However, their
functionalization with diazopyridine and diaminopyridine and
possibly with other heterocyclic compounds, results in the
formation of highly dispersible functionalized GOwhich can act
as efficient inhibitors for mild steel corrosion in a solution
phase such as 1 M HCl. The high solubility and anti-corrosive
property of these functionalized GO in the present investiga-
tion are attributed to the presence of heteroatoms such as N, O
and the double bond of the azo group (–N]N–) which enhance
the adsorption tendency of the functionalized GOs.

3.2.2. Potentiodynamic polarization study. Polarization
curves for mild steel corrosion with and without inhibitors
(DAMP-GO and DAZP-GO) are shown in Fig. 5(a) and (b) and
polarization parameters such as current density (icorr), corro-
sion potential (Ecorr), Tafel slopes (ba) and (bc) together with
percentage inhibition efficiency and surface coverage are pre-
sented in Table 2. It can be seen from Fig. 5 that the shapes of
the polarization curves are similar for inhibited and uninhib-
ited metallic specimens indicating that both DAMP-GO and
DAZP-GO inhibit corrosion simply by blocking the active sites
located on the surface without affecting the mechanism of
corrosion.43,44 Further, inspection of the results shown in Table
2 reveals that on increasing the concentrations of the inhibitors,
values of corrosion current densities (icorr) decreased, and the
maximum decrease was observed at 25 mg L�1 concentration
without causing any substantial change in the value of Ecorr
indicating that both the inhibitors act as mixed types. However,
in the presence of inhibitors, values of cathodic Tafel slopes (bc)
are relatively more affected when compared to the values of
anodic Tafel slopes (ba) indicating that both the investigated
functionalized GOs act predominantly as a cathodic type.34–36,45

3.2.3. Surface study
3.2.3.1. SEM-EDX study. The SEM micrographs of the

inhibited and uninhibited metallic specimens aer 3 h
immersion time are shown in Fig. 6. It can be seen that the
This journal is © The Royal Society of Chemistry 2017
surfaces of the inhibited specimens are smoother when
compared to the uninhibited specimen. The corresponding
EDX spectra of inhibited and uninhibited metallic specimens
are shown in Fig. S1 (ESI).† Careful inspection of the EDX
spectra reveals that the spectrum of the uninhibited mild steel
surface shows signals for the presence of C, O and Fe. However,
RSC Adv., 2017, 7, 39063–39074 | 39069

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra05825j


Table 2 Tafel parameters for mild steel in 1 M HCl in the presence and absence of different concentrations of composites

Inhibitor Conc. (mol L�1) Ecorr (mV per SCE) ba (mA cm�2) bc (mV dec�1) icorr (mV dec�1) h% q

Blank — �445 70.5 114.6 1150 — —
DAMP-GO 5 �467 73.0 119.3 552.0 52.00 0.520

10 �477 89.1 128.2 309.3 73.10 0.731
15 �482 51.9 73.6 212.7 81.50 0.815
20 �492 105.2 122.9 101.2 91.20 0.912
25 �491 97.4 121.4 59.8 94.80 0.948

DAZP-GO 5 �477 85.5 116.1 481.8 58.10 0.581
10 �477 75.1 107.2 278.3 75.80 0.758
15 �487 58.4 77.5 147.2 87.20 0.872
20 �483 74.9 103.7 79.3 93.10 0.931
25 �528 88.1 158.0 35.6 96.90 0.969
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the EDX spectra of inhibited mild steel specimens showed an
additional signal for N indicating the presence of DAMP-GO and
DAZP-GO on the surface which could be possible because of
their adsorption on the metallic surface (Table 3).

3.2.3.2. AFM analysis. Fig. 7 shows the AFM micrographs of
corroded mild steel surfaces in the presence and absence of
25 mg L�1 concentrations of the DAMP-GO and DAZP-GO. The
average surface roughness of the uninhibitedmetallic specimen
Fig. 6 SEM micrographs in the absence (a) and the presence of DAMP-

39070 | RSC Adv., 2017, 7, 39063–39074
was 394 nm. However, in the presence of DAMP-GO and DAZP-
GO, the surface roughness was reduced to 146 nm and 84 nm,
respectively. Increased surface smoothness for inhibited speci-
mens suggested that the inhibitors had been adsorbed by the
metallic surface.

3.2.3.3. XPS analysis aer inhibition. The XPS analysis aer
inhibition was used to study the adsorption of inhibitors on
mild steel specimens in the presence of 25 mg L�1 of inhibitor
GO (b) and DAZP-GO (c) after 3 h immersion time.

This journal is © The Royal Society of Chemistry 2017
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Table 3 Some common DFT-based quantum chemical calculation indices derived for diaminopyridine and diazopyridine using Gaussian 09

Compounds

Parameters

EHOMO (eV) ELUMO (eV) DE (eV) c h s DN

DAMP �4.739 0.379 5.118 2.18 2.559 0.391 0.375
DAZP �3.036 �2.432 0.604 2.73 0.302 3.311 4.100
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and the results of this are shown in Fig. 8(a)–(d). The high-
resolution C 1s XPS spectrum of mild steel specimens with
concentrations of 25 mg L�1 of DAZP-GO consists of four peaks
as shown in Fig. 8(a). The rst signal at a binding energy of
284.6 eV is assigned to the C–C of graphene and its analogs. The
second signal at 285.3 eV is attributed to the carbon atom
Fig. 7 AFMmicrographs in the absence (a) and presence of DAMP-GO
(b) and DAZP-GO (c) after 3 h immersion time.

This journal is © The Royal Society of Chemistry 2017
bonded to nitrogen in DAZP-GO. The third and fourth signal are
attributed to the C–O bond of the hydroxyl group (C–OH) and
the presence of carboxylic group at 286.4 eV and 288.6,
respectively.22,24 The high-resolution N 1s XPS spectrum of mild
steel specimens with concentrations of 25 mg L�1 of DAZP-GO
consists of three peaks as shown in Fig. 8(b). The rst signal
shows a peak at 398.8 eV from the nitrogen atoms of the DAZP
ring bonded with the steel surface (N–Fe).46 The second signal at
399.7 eV in DAZP-GO results from the C–N bonds and unpro-
tonated N atoms in DAZP-GO. The signal at 400.4 eV in DAZP-
GO is from the protonated nitrogen atoms in the DAZP ring.22

The O 1s XPS spectra for DAZP-GO adsorbed mild steel speci-
mens tted the three signals as shown in Fig. 8(c). The rst
signal at 530.3 eV is attributed to O2� and this is attributed to an
oxygen atom bonded to Fe3+ in the FeO, Fe2O3, and Fe3O4

oxides. The second signal observed at 531.6 eV indicates the
presence of OH�, which can associate with the occurrence of
hydrous iron oxides, such as FeOOH. The third signal at
532.7 eV indicates the presence of oxygen as an hydroxyl group
(C–OH) in DAZP.46 The high-resolution Fe 2p XPS spectrum of
mild steel specimens with concentrations of 25 mg L�1 of DAZP
consists of three peaks which are shown in Fig. 8(d). The rst
signal at 710.2 eV indicates the presence of Fe3+ in ferric
compounds such as Fe2O3 and FeOOH. The second signal at
711.7 eV indicates the presence of a small concentration of
FeCl3 on the mild steel surface. The signal at a 713.6 eV indi-
cates the presence of Fe(III).46 The results obtained from XPS
analysis support the adsorption of inhibitors on the mild steel
surface.

3.2.4. Computational study. DFT is an important theoret-
ical tool used to predict the inhibition efficiency of organic
molecules and to correlate their molecular structure with effi-
ciency. The optimized and frontier molecular orbital pictures of
basic organic compounds of DAMP-GO (diaminopyridine) and
DAZP-GO (diazopyridine) are shown in Fig. 9 and 10. Generally,
HOMO and LUMO represent the electron donating and electron
accepting tendency of the molecule. A molecule with a high
value of HOMO energy (EHOMO) is consistent with a high elec-
tron donating ability to the appropriate acceptor molecule and
vice versa. Conversely, a molecule with lower value LUMO energy
(ELUMO) is consistent with a high electron accepting ability from
the appropriate donor molecule. It is well established that
adsorption of organic inhibitors over a metallic surface involves
donor–acceptor interaction. It is postulated that organic
inhibitors donate their bonding and non-bonding electrons to
the d-orbital of the surface Fe atoms during metal–inhibitor
interactions.47–49 However, metals are already electron rich
species, and this type of electron donation causes inter-
RSC Adv., 2017, 7, 39063–39074 | 39071
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Fig. 8 (a) High-resolution C 1s XPS spectrum of mild steel specimens with DAZP-GO inhibitor, (b) high-resolution N 1s XPS spectrum of mild
steel specimens with DAZP-GO inhibitor, (c) high-resolution O 1s XPS spectrum of mild steel specimens with DAZP-GO inhibitor, (d) high-
resolution Fe 2p XPS spectrum of mild steel specimens with DAZP-GO inhibitor.
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electronic repulsion, which further causes the transfer of an
electron from metal to an anti-bonding molecular orbital of the
inhibitor molecule. This type of electron transfer is known as
retro-donation. Both donation and retro-donation occur
simultaneously during metal–inhibitor interaction and
strengthen each other through synergism.50–55 Therefore, an
inhibitor with a higher value of EHOMO and a lower value of
ELUMO favors strong adsorption and inhibition efficiency. The
energy band gap is another reactivity parameter, which can be
used to predict the chemical reactivity and adsorption tendency
of the inhibitor molecule. Generally, a compound with a lower
value of DE is associated with high chemical reactivity and
thereby acts as an efficient corrosion inhibitor. In the present
study, values of EHOMO, ELUMO and DE suggest that diazopyr-
idine acts as a better corrosion inhibitor when compared to
diaminopyridine and this agreed well with the experimental
order of inhibition efficiency.56,57 A hard molecule has a lower
Fig. 9 Optimized structure of (a) diaminopyridine (b) diazopyridine.

39072 | RSC Adv., 2017, 7, 39063–39074
chemical reactivity and therefore a lower inhibition efficiency.
The values of hardness follow the order: diazopyridine (0.302
eV) < diaminopyridine (2.559 eV) indicating that diazopyridine
is a soer molecule and acts as better inhibitor when compared
to diaminopyridine. In contrast, a soer molecule is related to
a high chemical reactivity, and therefore a compound with high
soness is consistent with a high chemical reactivity and
therefore a high inhibition efficiency. In the present case, the
value of soness follows the order: diazopyridine (3.311) >
diaminopyridine (0.391) which is in accordance with the order
of inhibition efficiency obtained by experimental methods.
Fig. 10 Frontier molecular electron distribution of (a) diaminopyridine
(b) diazopyridine; highest occupied molecular orbitals (left) and right
lowest unoccupied molecular orbitals (right).

This journal is © The Royal Society of Chemistry 2017
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Lastly, a higher value of electron transfer (DN) for diazopyridine
(4.100) when compared to diaminopyridine (0.375) indicates
that the former is a better corrosion inhibitor than the latter. In
summary, it can be concluded that both experimental and
theoretical methods showed that the inhibition efficiency of the
tested compounds follows the order: DAMP-GO (diaminopyr-
idine) < DAZP-GO (diazopyridine).
4. Conclusions

The present study involves the synthesis of two functionalized
GOs. Namely, diazopyridine functionalized graphene oxide
(DAZP-GO) and diaminopyridine functionalized graphene oxide
(DAMP-GO) and their characterization using FT-IR, XRD,
Raman, XPS and TEM methods. The inhibitive action of these
functionalized GO was evaluated in 1 M HCl solution using
several techniques. The following conclusions were drawn:

(1) Both the functionalized GO act as superior corrosion
inhibitors and their inhibition efficiency increases with their
concentrations. Themaximum inhibition efficiencies of 95.06%
and 96.73% were obtained for DAMP-GO and DAZP-GO,
respectively, at a concentration as low as 25 mg L�1.

(2) The EIS results showed that DAMP-GO and DAZP-GO
inhibits corrosion by adsorption on the metallic surface, thus
forming a protective barrier.

(3) The results of a potentiodynamic polarization study
showed that both functionalized GOs acted as mixed type
corrosion inhibitors.

(4) The results of the SEM and AFM studies suggest that
surfaces of the inhibited metallic specimens become smoother
when compared to the surface of the uninhibited metallic
specimen which results in the adsorption and formation of the
protective barrier by the functionalized GOs which protect the
metal from corrosion. The formation of a protective lm was
further supported by the results of the EDX spectroscopic
analysis where signicant enhancement in the signal for
nitrogen was observed with the inhibited metallic specimens.

(5) Adsorption of the tested functionalized GO on the
metallic surface was further supported by the results of the XPS
analysis.

(6) Experimental results were supported by DFT-based
quantum chemical calculations. Several derived DFT-based
parameters such as EHOMO, ELUMO, DE, c, s, h, and DN vali-
dated the experimentally determined order of inhibition
efficiency.
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