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H I G H L I G H T S

• Graphene-based CHSs were synthe-
sized for MBI corrosion inhibitor en-
capsulation.

• The carbon structure of the shells was
characterized by Raman spectroscopy
and XRD.

• pH-dependent release of MBI from the
carbon capsules was evaluated using
UV–vis.

• MBI release from carbon capsules in-
creased with the pH of the NaCl solu-
tion.

• MBI released from CHSs forms a pro-
tective film on mild steel retarding
corrosion.

G R A P H I C A L A B S T R A C T

A R T I C L E I N F O
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A B S T R A C T

In this work, we synthesized carbon hollow spheres (CHSs) using the silica templating method, encapsulated 2-
mercaptobenzimidazole (MBI) inhibitor in the CHSs and evaluated their corrosion inhibition performance upon
exposure of mild steel to a saline solution containing the released inhibitor. The effects of silica template surface
modification on the CHS structure was evaluated, while the structure and morphology of the synthesized CHS
was analyzed using field emission scanning electron microscope (FE-SEM), transmission electron microscope
(TEM), Raman spectroscopy and X-ray diffraction (XRD) spectroscopy. Furthermore, thermogravimetric analysis
(TGA), energy-dispersive X-ray spectroscopy mapping (EDS-mapping) and UV–vis were employed to evaluate
the MBI release from carbon capsules at different pH values. Corrosion protection performance of the doped CHS
was evaluated using potentiodynamic polarization and electrochemical impedance spectroscopy (EIS) techni-
ques. The results showed tunability of the shell structure between an amorphous carbon and graphene structure
using surface modification of the silica templates. Moreover, the MBI release from the CHSs showed to be pH-
dependent allowing smart protection of mild steel when exposed to corrosive conditions.

1. Introduction

Corrosion inhibitors are generally used to protect metallic surfaces

in corrosive media. Direct incorporation of corrosion inhibitors in or-
ganic protective coatings may lead to reduction of their barrier and
mechanical properties due to possible interference of the inhibitor with
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functional groups and curing reactions of the coatings [1,2]. One of the
common strategies is the encapsulation of corrosion inhibitors in
micro/nano containers to control the release of inhibitors and increase
the durability and protection efficiency of the coatings [1]. Self-healing
polymer coatings containing containers doped with active agents are
used increasingly for extending the substrate life-time upon the occur-
rence of coating damage [3–7]. Recently, micro/nano containers such
as zinc phosphate, double layered hydroxyl (LDH) pigments [8,9],
halloysite [10], montmorillonite [11], metal-organic structures, mi-
neral and organic containers [4,12] doped with corrosion inhibiting
agents are used to fabricate self-healing and smart coatings. Despite the
capability of the capsules to contain the active agents, they suffer from
substantial drawbacks such as unchangeable specific volume, poor
mechanical properties and thermal and chemical instability [13–15].
Tedim et al. [16] evaluated the active corrosion protection performance
and efficiency of LDH containers doped with vanadate, phosphate and
2-mercaptobenzothiazole in sodium chloride solution. The release of
benzotriazole from layer-by-layer nanocontainers based on zinc mo-
lybdate was studied by Karekar et al. [17]. Jadhav et al. investigated
synthesis, corrosion protective properties and controlled release of
imidazole from layer by layer assembled zinc phosphate nanoparticles
[18–20]. The obtained results showed that the release of the organic
inhibitors from the micro/nano containers could protect the metallic
substrates and enhance the corrosion protection performance of the
coatings.

Corrosion inhibitors could be categorized to the organic inhibitors
and active inorganic pigments [21,22]. Among the organic components,
mercaptocarboxilic acids, azoles, thioglycolate esters, organic phenols,
sulfides, phosphates and amines could form protective thin films on the
surface of metals [23]. The inhibition performance of the organic
coatings depends on the type, distribution and concentration of the
inhibitors in the system. Incorporation of the organic inhibitors in
protective overlayers such as organic coatings leads to the enhancement
of barrier properties of the coatings and formation of passive films at
the metal/coating interface [16,23].

Carbon in different configuration, e.g. fullerenes, graphite, gra-
phene and carbon nanostructures have been used for different advanced
applications such as batteries, energy and hydrogen storage systems,
catalyst, sensors, membranes, etc. [24–29]. Carbon hollow spheres
(CHSs) represent a new class of carbon nanostructures attracting sub-
stantial attention due to its exceptional characteristics such as excellent
mechanical strength and thermal conductivity as well as tunable shell
structure, porosity, thickness and size [29,30], making them excellent
candidates for high-tech applications such as supercapacitors [31], li-
thium-sulfur batteries [32,33], fuel cells, solar cells and nanoelectrodes
[8,34–37]. While most of prior studies deal with the CHS synthesis and
fabrication of mesoporous carbon spheres for encapsulation of chemi-
cals into the CHSs for drug delivery purposes [26,38], there is no record
on the encapsulation of corrosion inhibitors in CHSs for smart corrosion
protective coatings.

CHSs reported in literature were synthesized by different methods
such as chemical vapor deposition [39], self-assembly [27], carboni-
zation and templating [26,40]. Templating, used for the preparation of
the core material, can be classified in soft templating and hard tem-
plating approaches [26,41]. For the hard templating routes, rigid par-
ticles such as polystyrene (PS) [28] and silica [41,42] are employed as
the hard core is sacrificed after formation of the carbon-based shell. In
order to prepare the shell, the carbon precursor, e.g. sucrose, glucose,
furfuryl alcohol, pitch and phenol, is turned to a carbon structure after
carbonization at high temperatures [26,30]. Carbonization parameters
such as temperature, time, atmosphere and surface chemistry of the
hard templates determine the carbon structure type [28,29,43].

In this work, we have synthesized CHSs using the silica templating
method and encapsulated them with MBI as a typical corrosion in-
hibitor for mild steel. Moreover, a surface treatment was applied on the
silica templates to alter the surface structure and consequently the

surface charge. The pH triggered release of MBI from the doped CHS
was studied using UV–vis and the corrosion inhibition of the system was
evaluated by means of electrochemical measurements.

2. Experimental

2.1. Chemicals

Tetraethyl orthosilicate (TEOS, ≥98%) as a silicon dioxide pre-
cursor, aqueous ammonia (28 wt%) as a catalyst of sol-gel reactions, (3-
aminopropyl) triethoxysilane (APTES,≥99%) as a surface modifier and
MBI (≥98%) as a corrosion inhibitor were supplied by Sigma-Aldrich.
Sucrose (≥98%) was purchased from Chem-Lab and used as a carbon
precursor for fabrication of the carbon shells. Absolute ethanol (99.6%)
was used as a supporting electrolyte to synthesize the silica templates
purchased from Arak Distillation Co. Sodium hydroxide (NaOH,≥99%)
and hydrochloric acid (HCl, 37 wt%) were used for pH adjustment,
while sodium chloride (NaCl, ≥99%) was used for preparation of the
saline corrosive medium and hydrofluoric acid (HF, 40 wt%) was used
for the silica core removal, all supplied by Mojalali Co. Double distilled
and DI water were used for washing and preparation of the solutions,
respectively. Mild steel panels (99.01 wt% Fe, 0.34 wt% Si, 0.32 wt%
Mn, 0.19 wt% C, 0.05 wt% S, 0.05 wt% P and 0.04 wt% Al) were pur-
chased from Foolad Mobarake Co. Argon gas with purity of 99.99% was
provided by Arkan Gas Co. Industrial grades of columns of P2O5, KOH
and activated 13X/4A type molecular sieves (Arak Petrochemical Co.)
were used for dehydration and purification. Other chemicals were used
as received.

2.2. Synthesis of CHS

Synthesis of silica templates with an average particle size of 260 nm
was performed in an alkali ethanol-water solution according to the
Stober’s method [44]. Ethanol (13ml), DI water (0.5 ml) and aqueous
ammonia (1.5 ml) were added into an Erlenmeyer flask of 25ml. Then,
a uniform mixture of ethanol (5 ml) and TEOS (0.5ml) was prepared
and added dropwise to the solution made earlier under continuous
stirring of 300 rpm at 30 °C. After 3 h, the synthesized silica template
was extracted by centrifugation (7000 rpm, 10min) and washed with
ethanol and double distilled water for several times.

In order to chemically modify the surface chemistry of synthesized
silica templates with APTES, the synthesized silica nanoparticles (1 g)
were dissolved in absolute ethanol (80ml) in a glass container equipped
with a reflux column. Consequently, 2 ml of APTES was added directly
to the solution under continuous stirring (110 rpm) at 70 °C. In order to
graft APTES properly to the surface of CHSs, the solution was con-
tinuously stirred for 36 h. Then, the precipitation was collected using
centrifugation (7000 rpm, 10min), washed with absolute ethanol for
three times and dried in a vacuum oven at 110 °C for 6 h.

Polysaccharide shells were fabricated on the modified and un-
modified silica templates by means of hydrothermal treatment in an
aqueous sucrose. The silica templates (1 g) were dispersed uniformly
into a 0.5mol l−1 aqueous sucrose solution. Then, the suspension was
transferred into a 50ml Teflon-sealed autoclave at 190 °C for 3 h. Next,
the precipitation was collected using centrifugation (5000 rpm, 5min)
and washed with ethanol and double distilled water for three times and
dried in a vacuum oven at 50 °C for 12 h. Carbonization of the poly-
saccharide coated silica templates was carried out at 900 °C in a tubular
furnace (AZAR FURNACE, TF5/40-1250, Iran) under argon atmosphere
for 3 h to obtain the silica core/carbon shell structure. Finally, the silica
templates were removed by 10% aqueous hydrofluoric acid solution for
2 h to form the CHSs. After the silica core removal, the procedure
conducted for the surface modification of silica templates was repeated
for the surface modification of CHSs.
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2.3. Encapsulation of corrosion inhibitor

In order to encapsulate MBI into CHSs, a 0.2 g CHSs was added into
a 40ml of MBI solution in absolute ethanol with concentration of
35mgml−1 (35,000 ppm) under stirring at 110 rpm for 12 h.
Afterwards, the suspension was transferred into a round-bottom flask
evacuated by a vacuum pump for 30min under continuous stirring to
ensure a complete release of the trapped air and to maximize loading of
the inhibitor in the CHSs. Finally, the MBI doped CHSs were collected
using centrifugation (7000 rpm, 10min), washed with mixture of
ethanol and water for three times and dried at 50 °C for 12 h. The MBI
doped CHS is called MBI@CHS in this work.

2.4. Preparation of samples and test solutions

To prepare the extract solution, a 1 g of the MBI@CHS was sus-
pended uniformly into a 1 L of 3.5 wt% NaCl solution under stirring
conditions (110 rpm) for 24 h. Then, the suspension was centrifuged
(7000 rpm, 10min) to obtain the extract solution. The 3.5 wt% NaCl
solution without MBI@CHS was used as the blank solution for com-
parison.

Mild steel panels (8 cm×3 cm×0.2 cm) were polished with emery
papers No. 200, 400, 800, 1200 and 1500, respectively followed by
degreasing in acetone. Exposed areas of 1 cm2 were used for the elec-
trochemical measurements and the rest areas of the samples were
sealed with a hot mixture of beeswax and colophony (in 3:1 wt% ratio).
The polarization and EIS measurements were repeated three times to
ensure reproducibility of the results.

2.5. Release of corrosion inhibitor at different pHs

In order to investigate the release of MBI from MBI@CHS at dif-
ferent pHs, the doped capsules were suspended in the HCl solution with
pH=3, DI water with pH=7 and NaOH solution with pH=11. The
concentration of released MBI during certain period of time was mea-
sured using UV–vis spectroscopy. Calibration curves were recorded for
each pH containing certain concentration of MBI.

2.6. Characterization techniques

2.6.1. Characterization of CHSs
Morphology of the synthesized silica templates and CHSs was

evaluated using FE-SEM (Mira 3-XMU, TESCAN, Czech Republic) and
TEM (EM 900, ZEISS, Germany). Droplets of diluted suspensions of si-
lica and CHS were placed on clean aluminum foils and let them to dry.
To avoid surface charging, the samples were double-coated with gold
and elemental maps of carbon (C), sulfur (S), nitrogen (N) and oxygen
(O) were collected using EDS (Oxford Instruments, United Kingdom).
Surface morphologies and the elemental mapping of C, S and N for the
mild steel samples after 24 h exposure to the test solutions were eval-
uated using FE-SEM (Jeol, JSM-6500F, Japan).

Nitrogen (N2) physisorption measurements were conducted using
BELSORP-mini II instrument at −200 °C after a pretreatment at 250 °C
under the vacuum for 8 h. The specific volume and surface area, pore
volume and pore size distribution of the silica core/carbon shell and
CHS structures were determined using Brunauer-Emmett-Teller (BET)
and Barrett-Joyner-Halenda (BJH) methods. Raman spectra of CHSs
synthesized using unmodified and modified silica templates were de-
termined by means of Handheld Raman analyzer (Firstguard, Rigaku,
Japan) at Raman shift range of 1200–2700 cm−1. XRD spectra of the
silica templates, silica core/carbon shell and CHS structures were ob-
tained using a X-pert Philips diffractometer (PW 3040/60, The
Netherlands) with an Cu-Kα1 radiation (λ=1.54 Å), copper anode and
graphite monochromator. The XRD patterns were obtained at 2θ range
from 10° to 75° with the scanning rate of 2.5° min−1, and the accel-
erating voltage and current of 40 kV and 20mA, respectively. To assess

the chemical composition and grafting of APTES onto the surface of the
silica templates and CHSs before and after surface modification with
amino groups, a Fourier transform infrared spectrometer (FTIR, Bruker,
Tensor 27, Germany) was employed to measure the molecular vibra-
tions within the wavenumber range of 400–4000 cm−1. The samples in
the form of KBr pellets were used for FTIR spectroscopy. Also, a con-
focal FTIR spectrometer (Thermo SCIENTIFIC, NICOLET 6700, USA)
was employed in order to evaluate the chemical composition of the
rusts and corrosion products formed on the mild steel surface immersed
in the test solutions.

2.6.2. Characterization of the MBI loaded CHSs
TGA analysis was used to estimate the extent of MBI encapsulated

into CHSs using a LINSEIS analyzer (L-801I, Germany) from ambient
temperature to 700 °C at a heating rate of 10 °Cmin−1 under an argon
atmosphere. Concentration of the released MBI into the solutions was
determined using a UV–vis spectrometer (RAYLEIGH, UV-2601, China).
Zeta potentials (surface charge) of the CHSs dispersed into the aqueous
solutions with different pHs were measured using a Malvern zeta po-
tential analyzer (3000HS, United Kingdom). The pHs of the solutions
were adjusted by gradual addition of the diluted HCl (0.1M) or NaOH
(0.1M) solutions.

2.6.3. Electrochemical measurements
Open circuit potential (OCP) values were monitored during 24 h of

exposure of steel samples to the test solutions. Polarization and EIS
measurements were conducted on mild steel samples (1 cm2) after 1, 4
and 24 h immersion in the test solutions using a three-electrode cell
including saturated calomel electrode (SCE, 3M KCl), platinum and the
mild steel samples as reference, counter and working electrodes, re-
spectively. The polarization tests were carried out using a CorrTest
(CS350, China) from −200mV to +200mV at a scan rate of
0.5 mV s−1. The EIS measurements were implemented in the frequency
range of 10 kHz–10mHz at open circuit potential (OCP) with 10mV
perturbation. The obtained spectra were analyzed using CorrTest soft-
ware.

3. Results and discussion

3.1. Characterization of nanostructured CHS capsules

3.1.1. FE-SEM
The morphology of the synthesized silica templates before and after

hydrothermal and carbonization treatment is illustrated in Fig. 1. It can
be seen that the synthesized silica templates are spherical in all steps
with an average diameter of ∼240 nm. Moreover, the synthesized silica
templates are monodisperse with a narrow size distribution due to the
catalysis effect of ammonia in the Stober method [44]. Accordingly, the
alcohol and catalyst type as well as the water, alcohol and TEOS pro-
portions into the synthesis media affect the monodispersity, mor-
phology and size of the synthesized silica particles. As shown in Fig. 1b,
after the hydrothermal treatment of the surface modified silica tem-
plates, the small polysaccharide particles disappear. This is due to the
fact that polysaccharide tends to polymerize onto the surface of the
modified spherical silica templates and form a silica core/poly-
saccharide shell structure with a uniform spherical morphology
[41,45]. Surface modification of the silica nanoparticles with aminosi-
lane makes the silica surfaces positively charged. Thus, saccharide
molecules with negative surface charge can adsorb and condense
properly on silica surfaces. The efficiency of the hydrothermal process
is decreased in the presence of the unmodified silica templates. In fact,
synthesized silica particles in presence of ammonia catalyst have a
negative surface charge because of the surface hydroxyl groups. Hy-
drothermal process of the saccharide solution in presence of the nega-
tively charged silica particles leads to formation of the spherical poly-
saccharide particles while the saccharide chains have no tendency to
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cover the surface of the silica nanoparticles [41]. This phenomenon
leads to formation of the physically adsorbed polysaccharide shells and
carbon with more sp3 structures after carbonization on the surface of
silica templates [41,45].

3.1.2. TEM
TEM was employed to evaluate the structural morphology of the

synthesized silica core/carbon shell before and after the silica core re-
moval. TEM images of the synthesized silica core/carbon shell and CHS

are shown in Fig. 2. Fig. 2a shows a spherical morphology of the syn-
thesized silica core/carbon shell structures which is in agreement with
FE-SEM results. The observed dark regions in the center of the particles
are attributed to the silica core. As indicated by formation of trans-
parent regions in centers of the particles shown in Fig. 2b, the silica
cores are removed after the treatment in the aqueous HF solution. A
comparison of Fig. 2a and b shows that the silica core removal has no
significant influence on the original spherical morphology of the par-
ticles. Earlier studies reported that the thickness of the polysaccharide

Fig. 1. FE-SEM images of the synthesized silica templates (a), silica core/polysaccharide shell structure (b), silica core/carbon shell structure (c) and CHS (d).

Fig. 2. TEM images of the silica core/carbon shell structure before (a) and after (b) the silica core removal.
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shell onto the surface of the silica templates may change from ≤10 nm
to ≥30 nm, depending on the hydrothermal conditions, such as the
aqueous sucrose solution concentration, duration and temperature of
hydrothermal process and surface chemistry of the silica templates
[28,29]. Moreover, during the polysaccharide shell carbonization and
the consequent release of the volatile components, the polysaccharide
shell shrinks forming nano-sized pores on the shell [41]. Therefore, it
can be inferred that the HF solution penetrates via these pores to re-
move the silica templates from the inside.

3.1.3. N2 adsorption-desorption isotherms
The N2 adsorption-desorption technique was used to determine the

specific surface area and volume, total pore diameter and mean pore
diameter values of the silica core/carbon shell before and after silica
core removal using BET and BJH methods.

The N2 adsorption-desorption isotherms and pore size distribution
of the silica core/carbon shell nanostructures before and after the core
removal are presented in Fig. 3a. A mesoporous structure of CHSs can
be proven by a type H3 hysteresis located in a relative pressure of
0.41–0.95 for the IV-shaped isotherm of CHS according to the IUPAC
classification [30,46]. The microporous structure of silica core/carbon
shell is related to the nanoporosity of the carbon shell itself while the
porosity of the CHS samples originates from both the interior region
and carbon shell nanoporosity according to Fig. 3b.

The specific volume and surface area, total pore diameter and mean
pore diameter values are calculated using BET and BJH methods as
summarized in Table 1. As expected, the BET surface area and volume
and BJH average pore diameter for CHSs are found to be higher than
that of the silica core/carbon shell structure due to the silica template
removal. This can be due to the fact that removal of the silica core
increases the specific surface area and vacant volume of CHSs to ∼77%
in comparison with the silica core/carbon shell while the mean pore
diameter is approximately the same for both samples. In addition, the
increment of as and Vm of CHSs after acid treatment proves the suc-
cessful removal of the silica templates. Consequently, with removal of
the silica core, more volume and surface area are obtained to dope the
corrosion inhibitor into the CHSs. Li et al. [47] and Fang et al. [48]
showed that the removal of templates from core/shell structures re-
sulted in an increment of the specific surface area and volume. As

shown in Fig. 3b, the pore size distribution obtained by the BJH method
for both samples illustrates one peak at ∼2.45 nm while the mean pore
size for the synthesized CHSs was ∼4 nm as reported by Ikeda et al.
[41]. It can be inferred from this result that the mean pore size of the
carbon shell can be altered by changing the synthesis parameters.

3.1.4. Raman spectroscopy
Raman spectroscopy was employed to evaluate the effects of silica

template surface modification on the structure of the carbon shell.
Raman spectra of the synthesized CHSs using the unmodified and
modified silica templates and the high resolution Raman spectra at D, G
and 2D bands are shown in Fig. 4a and b, respectively. The G band is
the in-plane vibrational state related to the sp2 hybridized carbon atoms
comprising the graphene sheets. For graphene, the G band is a sharp
peak and its position is highly sensitive to the number of layers [49,50].
The D band which is also introduced as the disorder band originates
from a ring breathing state of sp2 carbon rings [49]. Intensity of the D
band is related to the defect density. The 2D band or the second order of
D band, originates from a two phonon lattice vibrational process. The
2D band does not present the structural defects. The number of layer
can be determined by not only the peak position, but also the shape of
the 2D band [49,51].

According to Fig. 4a, the D, G and 2D bands of the synthesized CHSs
appear at ∼1277, ∼1598 and ∼2614 cm−1, respectively. As shown in
Fig. 4a, the intensity proportions of the G band to the D band (IG/ID) of
the CHSs formed on the surface of the unmodified and silanized silica
templates are ∼0.75 and ∼1.51, respectively. The IG/ID value is higher
than 1 for the CHSs synthesized via the modified silica templates in-
dicating that the formed carbon shells are largely graphitized posses-
sing lower structural defects with sp2 carbon structures. However, in
the presence of unmodified silica templates the IG/ID value is smaller
than 1 indicating the formation of sp3 carbon shells. Formation of sp2 or
sp3 carbon structures influences the physicomechanical properties,
overall efficiency and permeability of the doped active agents [26]. For
successful encapsulation of the active agents, carbon shells with high
mechanical strength are required. It is reported that the doped carbon
shells with sp3 carbon structure exhibit relatively weak mechanical
properties resulting in damage of the capsule during the doping process,
whereas sp2 carbon structures present better mechanical properties.

Fig. 3. N2 adsorption-desorption isotherms (a) and pore size distribution (b) of the silica core/carbon shell structure and CHS.

Table 1
The N2 adsorption-desorption isotherm values obtained by BET and BJH methods.

Sample Specific surface area (as)/m2 g−1 Specific volume (Vm)/cm3 g−1 Total pore volume/cm3 g−1 Mean pore diameter/nm

Silica core/carbon shell structure 326 75 0.8 3.1
CHS 579 133 1.3 3.4
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Therefore, it can be inferred that fabrication of CHSs synthesized via the
modified silica templates is beneficial to obtain robust capsules.

In graphene-like structures, the 2D band is a sharp strong symmetric
peak. With a decrement of the graphene layers, the shape of the peak
changes to a wide peak formed due to overlaps of different layer in-
teractions [49]. According to the literature [49,50], for graphene
compared to graphite with the low structural defects, D and G bands
shift to a lower energy while the 2D band shifts to a higher energy,
sharpening the peak to an asymmetric shape. As shown in Fig. 4b, the

D, G and 2D bands of the CHSs are overlapping which can be attributed
to the presence of an asymmetric graphite structure with extensive
structural defects and impurities. However, the D and 2D and G bands
of the CHSs synthesized with the silanized silica templates are sym-
metric and sharp showing ∼9, ∼8 and ∼14 cm−1 Raman shifts, re-
spectively. These shifts indicate that the surface modification of the
silica templates prepares an appropriate surface for the polysaccharide
molecules to adsorb and then polymerize uniformly on the surface of
the silica templates to form the symmetric graphene-like structures
after carbonization.

In fact, after surface modification of the silica templates by APTES,
the polysaccharide molecules fully cover silica template surfaces and
form uniform layered shells due to the enhancement of the electrostatic
interactions between saccharide molecules and surfaces of the modified
silica templates with amino groups. Also, formation of the hydrogen
bonds between the hydroxyl groups of saccharide molecules and amino
groups of the surface modified silica templates lead to the formation of
the uniform polysaccharide shells on the silica template surfaces. The
2D band change from the wide overlapped band to a symmetric sharp
band for the synthesized CHSs with the silanized silica template in-
dicates transformation of the carbon shells from a graphene-like
structure with many defects to graphene having<10 layers [52].

3.1.5. XRD spectroscopy
The Raman results showed that surface modification of silica tem-

plates leads to formation of a symmetric graphene-structure. XRD is
employed to investigate the structure of the silica templates in more
detail. XRD patterns of the silica templates and silica templates/core
shell before and after silica removal are shown in Fig. 5. The broad peak
at 2θ=22.4° can be attributed to the amorphous structure of SiO2 as
hard templates [53]. The intense peaks at 2θ=24.2° and the small
peaks at 2θ=42.2° are indexed to the C (0 0 2) and C (1 0 0) reflection
of the hexagonal graphene structure, respectively [29,54]. It should be
noted that for the silica core/carbon shell structure, the relatively low

Fig. 4. Raman spectra of the synthesized CHSs using unmodified and modified silica templates (a) and the high resolution Raman spectra at D, G and 2D bands (b).

Fig. 5. XRD patterns of the silica templates, silica core/carbon shell structure
and CHS.

Table 2
XRD data of CHS sample calculated using the Scherrer method and Bragg law.

Peak position (°) βStruct. (°) L (Å) dspacing (Å) Number of graphene layers

24.2 5.3 15 3.7 5
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thickness of carbon shell leads to the lower intensity of the C (0 0 2) and
C (1 0 0) reflection peaks compared to the silica reflection peak. The
main portion of the ejected electrons from the surface originates from
the silica core rather than from the carbon shell. Additionally, the silica
core is structurally amorphous which in-turn expands the peak width
resulting in the wider appearance of the peaks presented. Furthermore,
the weight and volume ratios of the silica core to the carbon shell are
high. This leads to a greater amount of the electrons ejected from the
silica core compared to carbon shell intensifying the silica peak

compared to the carbon one. Moreover, the SiO2 peak overlapping with
the C (0 0 2) reflection peak of the carbon shell is excluded upon the
core removal leading to the peak sharpening.

The mean size of crystallite of the carbon shells was calculated ac-
cording to the line width of the C (0 0 2) plane refraction peak
(2θ=24.2°) using Scherrer Eq. (1) [29].

=L Kλ
β θcos (1)

where L is the mean size of the crystallite, K is the dimensionless factor
(K=0.9), λ is the wavelength (λ=1.54 Å), β is the full width at half
maximum of the diffraction peak and θ is the diffraction angle. Ad-
ditionally, the interlayer spacing of graphene structure of the carbon
shell was calculated by Bragg law according to Eq. (2) [29].

= =nλ d θ or d nλ
θ

2 sin ( )
2sinspacing spacing (2)

where, d is the interlayer spacing, n is the positive integer (1), λ and θ
are the wavelength (λ=1.54 Å) and the peak position, respectively. It
should be noted that the calculation of the interlayer spacing and
number of layer have be performed for the main characteristic peak
which is about 24.2° for graphene structure of CHS sample [55]. The
values calculated by the Scherrer method and Bragg law for CHS sample
is summarized in Table 2.

Accordingly, the mean crystallite size and interlayer spacing of the
carbon shell values are ∼15 and ∼3.7 Å respectively, indicating that
the number of graphene layers is ∼5. The overall structure of graphite

Fig. 6. Graphene structure of the CHS shell.

Fig. 7. FTIR spectra of the silica templates and CHS before and after surface
modification with amino groups.

Fig. 8. TGA (a) and DTG (b) curves of MBI, CHS and MBI loaded carbon capsules.
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Fig. 9. FE-SEM image of MBI doped CHS and elemental mapping of C, S, N and O.

Fig. 10. Release kinetics of MBI from carbon capsules (10mg) in the 3.5 wt% NaCl solution (10ml) after 120 h at different pHs (a), zeta potential values of CHS at the
different pHs (b) and the proposed deprotonation and protonation mechanism of MBI (c).
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and graphene is the same. Actually, graphite represents a stack of
hundreds or even thousands layers of graphene. If the number of layers
in stacks of graphite is limited e.g. less than 10, the characteristics of
graphite is similar or close to that of graphene [56,57]. Therefore, the
carbon structure of CHS synthesized in this work is more graphene-like.
A scheme showing the graphene structure of CHS is provided in Fig. 6.

3.1.6. FTIR spectroscopy
FTIR spectroscopy was used to investigate the grafting of APTES

onto the surface of the silica templates and CHSs. Surface modification
of the silica templates was carried out to improve adsorption of the
polysaccharide layer on the template surface. Also, surface modification
of CHSs was performed to functionalize the surface of CHSs with amino
groups. FTIR spectra of the silica templates and CHSs before and after
surface modification are presented in Fig. 7. The wide peak at
∼3471 cm−1 observed in the spectra of the modified silica templates
and unmodified and modified CHS is attributed to vibration of the OeH
stretching [58]. The peaks at∼2875 and∼2925 cm−1 are attributed to
asymmetric stretching of CeH in the CHSs structure and CH2 group of
APTES [58,59]. The bands at ∼790 and ∼1640 cm−1 are attributed to
NeH and eNH2 groups originating from the amino groups of APTES
[60]. The asymmetric vibrations of Si-O-Si network of the silica tem-
plates and the surface modified CHSs are detected at ∼1075 cm−1

[58,61]. These indicate successful grafting of APTES.

3.2. Characterization of the MBI loaded CHSs

3.2.1. TGA
TGA analysis was conducted to quantify the amount of MBI doped

into the CHSs. Fig. 8 shows the TGA and derivative TG (DTG) curves of
MBI, empty carbon capsules and MBI doped CHSs. TGA and DTG curves
of MBI show a two-step weight loss. The first prominent weight loss of
MBI occurred at the temperature range of 270–380 °C due to the

thermal decomposition of MBI and release of the degraded components
which is about 68%. At temperatures higher than 425 °C, the remained
components including aromatic carbon structures turn to ash with the
value of∼21%. The TGA and DTG curves of CHSs illustrate a slight and
steady weight loss between 25 and 125 °C and 125–425 °C attributed to
the water removal from the surface and diffusing to the cavities and
pores of CHSs (∼9%) and thermal degradation of APTES grafted to the
surface of CHSs (∼2%). At temperatures above 550 °C, graphene sheets
of the shells are subjected to thermal fracture leading to a partial re-
lease of volatile aromatic components, while the remaining weight of
CHSs at 700 °C is ∼81%.

It can be seen that the remaining weight for MBI@CHS between 25
and 525 °C is higher than that of CHS indicating a successfully loading
of MBI into the cavities and pores of CHSs. Additionally, the thermal
degradation of MBI occurs at a lower rate shifted to higher tempera-
tures as compared to the pure MBI due to the inhibition of CHS shells.
Moreover, due to the thermal degradation of MBI at higher tempera-
tures, the remaining weight of MBI@CHS is lower than that of CHS. The
8% difference between the residue ash of CHS and MBI@CHS is at-
tributed to MBI doped into CHSs. To confirm the encapsulation of MBI
in CHSs, the solvent extraction method was used to determine the core
content of MBI@CHSs using the process described below:

Firstly, a certain amount of MBI@CHS (WMBI@CHS) was dispersed in
acetone by a bath sonicator at ambient temperature. After 6 h of ex-
traction, the extracted CHSs were carefully separated using the cen-
trifugation and after complete draining the solvent and three times
washing with ethanol, the extracted CHSs were dried in oven at 50 °C
for 48 h. The final weight of the extracted CHSs (WCHS) was recorded
and the core content of MBI@CHSs was measured by Eq. (3).

=
−

Core content of MBI CHSs
W W

W
@ MBI CHS CHS

MBI CHS

@

@ (3)

Based on calculation of the core content of MBI@CHS using Eq. (3),
the MBI doped content in CHSs was estimated to be ∼7.2 wt% which is
in good agreement with the result obtained from the TGA analysis.

3.2.2. FE-SEM
Fig. 9 shows the FE-SEM images and the elemental mapping of

MBI@CHS. The C elemental mapping is correlated to CHS shells. The C
map depicts that the entire spherical form of CHSs remained the same
after doping of MBI into the galleries of CHSs indicating sufficient
mechanical strength of the carbon shell during the synthesizing pro-
cedure. Additionally, sulfur, nitrogen and oxygen are attributed to MBI
doped in CHSs. The elemental maps demonstrated successful doping of
MBI in the CHS shells.

Fig. 11. Polarization curves of the mild steel samples after 24 h immersion (a) and OCP values (b) in the blank and MBI@CHS extract solutions.

Table 3
Electrochemical parameters obtained from the polarization curves of the mild
steel samples versus the immersion time in blank and MBI@CHS extract solu-
tions.

Sample Time (h) Ecorr vs SCE
(V)

icorr (μA
cm−2)

ba (V/
dec)

bc (V/
dec)

η (%)

Blank 1 −0.67 17.8 0.10 0.34 –
4 −0.68 19.5 0.08 0.38 –
24 −0.71 22.2 0.07 0.41 –

MBI@CHS 1 −0.64 11.5 0.07 0.42 35
4 −0.63 9.6 0.07 0.35 51
24 −0.64 8.0 0.07 0.34 64
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3.2.3. Release of MBI from the doped carbon capsules at different pHs
Release of MBI from the carbon capsules was investigated at dif-

ferent pHs. Fig. 10 shows the extent of MBI released within 120 h using
UV–vis, zeta potential values of the carbon shells at different pHs and
schematic deprotonation and protonation mechanisms of MBI. Fig. 10a
shows release of MBI from the carbon capsules triggered at pH ∼11.
The release of MBI in the acidic solution (pH ∼3) indicates suppression
of MBI release from the inner cavities of the carbon capsules saving the
doped MBI in the capsules, while the maximum release is obtained at
the basic pH (pH ∼11). Therefore, the MBI release from the capsules
increases with the pH value indicating potential efficiency of the fab-
ricated system for corrosion inhibition owing to the fact that corrosion
of the metallic substrates in the neutral aqueous solutions comes with
an increase of local pH due to the following cathodic reaction (Eq. (4))
[4]:

+ + →− −O H O e OH2 4 42 2 (4)

Fig. 10b shows that the zeta potential values of CHSs are negative at
all pHs, while the zeta potential values increase with the order of pH
∼7, pH ∼11 and pH ∼3. It is logical to assume that deprotonation of
surface carboxylic acid groups of CHSs increases with increasing pH
[62]. However, carboxylic acid groups are not the only chemical groups
on the surface of CHSs. In fact, after removing the silica cores via acid
treatment, the surface modification of CHSs with APTES was performed
and a polysiloxane network was formed during the surface modifica-
tion. The slight dissolution of the formed polysiloxane network at the
alkaline solutions (pH=11) is responsible for the slight change in the
surface charge of CHSs. Consequently, the surface charge of CHSs at pH
∼7 is more negative than pH ∼11 due to the changing surface
chemistry of CHSs. Deprotonation of the MBI molecules occurs at

pH > 11 [63–65]. In fact, deprotonation of both thiol and thione
groups of MBI molecules in the carbon capsules is responsible for the
MBI release at pH ∼11. This is due to the fact that negative charge of
the carbon shell repels the negative charge of deprotonated MBI. Con-
sequently, in alkaline solutions, deprotonation of MBI molecules results
in the remarkable release of MBI in forms of thione and thiolate anions
[64,66] as schematically shown in Fig. 10c.

3.3. Corrosion inhibition performance of MBI loaded carbon capsules

3.3.1. Potentiodynamic polarization and OCP measurements
The inhibition performance of MBI in the extract saline solution

(3.5 wt% NaCl solution) was evaluated using potentiodynamic polar-
ization and OCP measurements. Fig. 11 displays the polarization
curves, corresponding images and OCP values of the mild steel samples
after 24 h immersion in the blank and MBI@CHS extract solutions. The
polarization curves indicate that both the anodic and cathodic activities
are diminished in the presence of MBI@CHS extract, whereas the de-
crease of the anodic reaction is more pronounced than the cathodic one
indicating a prevailing anodic inhibition of MBI@CHS. This phenom-
enon is in line with the observed shift of the corrosion potential to more
positive values for the mild steel samples immersed in the MBI@CHS
extract solution due to the adsorption of inhibitor on the surface. The
electrochemical parameters including corrosion potential (Ecorr), cor-
rosion current density (icorr), anodic Tafel slope (ba) and cathodic Tafel
slope (bc) were derived from the polarization curves using Tafel ex-
trapolation method and the results are summarized in Table 3. Inhibi-
tion efficiency (η) in this table was calculated according to Eq. (5) [9].

Fig. 12. Nyquist ((a) and (c)) and Bode ((b) and (d)) plots of mild steel samples immersed in the blank and MBI@CHS solutions for different immersion times. The
markers and solid lines are the experimental and fitted data, respectively.
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In Eq. (5), icorr,i and icorr,b values are corrosion current densities of
the samples in the corrosive solution with and without the MBI@CHS
extract, respectively. The samples immersed in the MBI@CHS extract

solution showed a decrease of the icorr and an increase of η with im-
mersion time indicating increasing inhibitor adsorption with exposure
time. Fig. 11a shows that the mild steel sample dipped in the blank
solution is covered with a corrosion product layer. Unlike the blank
solution, the sample immersed in the extract solution exhibited no
corrosion product due to inhibition by the MBI@CHS extract.

Fig. 13. Ct (a), Rt (b), |Z|f=0.01 Hz (c) and nt (d) values calculated from the EIS data of the mild steel samples immersed in the test solutions for different immersion
times.

Fig. 14. FE-SEM micrograms of the mild steel samples after 24 h immersion in the 3.5 wt% NaCl solutions without (a) and with (b) MBI@CHS extract and the
elemental mapping of C, S and N of the inhibited sample (c).
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Fig. 11b shows that the OCP values of the mild steel samples im-
mersed in the MBI@CHS extract solution are more positive than of
those immersed in the blank solution indicating an anodic protection of
the MBI@CHS extract. This result indicates that the adsorption of
MBI@CHS extract on the surface of the mild steel sample is responsible
for the more positive values of OCP. For all samples immersed in the
test solutions, a remarkable potential drop during the initial immersion
times was observed which can be assigned to the initial metal surface
oxidation and formation of electrical double layer. For the sample im-
mersed in the corrosive solution with the MBI@CHS extract, the OCP
values stabilized after 250min immersion at around −630mVSCE,
while for the blank sample a steady trend was obtained after 750min at
a lower OCP value of around −710mVSCE indicating inhibition of the
MBI@CHS extract in the saline solution.

3.3.2. EIS measurement
EIS measurement was employed to evaluate the corrosion inhibition

of MBI@CHS in 3.5 wt% NaCl solution. Bare mild steel samples (1 cm2)
were immersed in the blank and MBI@CHS extract solutions for 1, 4
and 24 h. Fig. 12 shows the Nyquist and Bode plots of the EIS mea-
surements. The increasing trend of the Nyquist semicircle diameters by
time indicated a gradual formation of a MBI layer on the sample ex-
posed to the MBI@CHS extract. The Nyquist plots indicated that the
mild steel samples immersed in the extract solutions exhibited larger
semicircles during all immersion times as compared to those of the
blank solution revealing corrosion inhibition of the samples by MBI. All
solutions exhibit one relaxation time during all immersion times. A one-
time constant electrical equivalent circuit containing Rs (solution re-
sistance), Rt (polarization resistance) and CPEt (constant phase element)
was used to fit the EIS data [9]. The double layer capacitance is cal-
culated according to Eq. (6) [67].

= ×C Q R
R

( )
t

t
n

t

0
1/ t

(6)

where Ct, Q0, Rt and nt are double layer capacitance, CPE admittance
magnitude, total resistance (Rt=charge transfer resistance
(Rct)+ inhibitor layer resistance (Rf)) and empirical exponent coeffi-
cient, respectively. The calculated Ct, Rt and low frequency impedance
(|Z|f = 0.01 Hz) values of the mild steel samples immersed in the test
solutions for different immersion times are presented in Fig. 13. It can
be seen that the lowest Ct and the highest Rt and |Z|f = 0.01 Hz values are
obtained for the mild steel samples immersed in the MBI@CHS solution
at all immersion times attributed to the adsorption of the released MBI
from MBI@CHS on the mild steel surfaces. The significant decrease of Ct

with immersion time for the samples immersed in MBI@CHS extract
solution can be attributed to the formation of a protective inhibitor-
containing layer on the metal surface. As shown in Fig. 13c, immersion
in the extract solution resulted in increase of |Z|f = 0.01 Hz values due to
increase of the surface coverage by the inhibitor. According to Fig. 13d,
the nt values of the samples immersed in the extract solution are higher
than those of the blank solution due to the lower surface heterogeneity
[68,69]. These observations are in good agreement with the potentio-
dynamic polarization and OCP measurements.

3.3.3. FE-SEM
Fig. 14 shows the morphology of mild steel surfaces after 24 h im-

mersion in the blank and MBI@CHS extract solutions. The elemental
composition of the corrosion products extracted from the EDS analyses

Table 4
Elemental weight percentage of the formed films on the samples immersed in
the blank and inhibited solutions for 24 h.

Sample O C N S Fe

Blank 25.5 – – – balance
MBI@CHS extract 21.7 4.2 2.6 1.7 balance

Fig. 15. FTIR spectra of the mild steel samples after 24 h immersion in the
blank and MBI@CHS extract solutions and pure MBI.

Fig. 16. Schematic illustration of MBI release from CHSs (a) and the consequent adsorption of thiolate and thione configurations of MBI on the mild steel surface (b).
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are summarized in Table 4. It can be seen that sediments were formed
on the samples immersed in both blank and extract solutions. The dif-
ferent morphologies of the sediments on the blank and inhibited sam-
ples indicated formation of a protective layer on the inhibited sample
with lower roughness and porosity. EDS-mapping analyses showed the
presence of C, S and N on the inhibited sample verifying the release and
consequently deposition of MBI. Additionally, the lower concentration
of O on the inhibited sample than the blank one implied a lower amount
of oxidation or corrosion [9] which in-turn verifies the inhibitive action
of MBI.

3.3.4. Confocal FTIR
FTIR spectra of the mild steel samples immersed in the blank and

inhibited solutions for 24 h are shown in Fig. 15. Several additional
peaks were observed in the FTIR spectrum of the sample exposed in the
extract solution as compared to that of exposed in the blank solution
indicating the presence of MBI on the inhibited sample. The broad
absorption peak at 2800–3600 cm−1 of the sample exposed in the blank
solution originated from the OeH groups while that of the inhibited
spectrum overlapped with NeH stretching band at 3400 cm−1 origi-
nating from MBI [23]. The peaks of lepidocrocite (γ-FeOOH) observed
at 765, 863 and 1026 cm−1 [23] of the blank sample can hardly be
detected for the inhibited sample indicating different surface chemistry
due to the adsorption of MBI. The peaks at 2579 and 1845 cm−1 can
also be assigned to the S-H and C-SH stretching of MBI [23,60].
Moreover, the shoulders observed at 800–1000 cm−1 and
1200–1600 cm−1 were correlated to the carbon-carbon bonds of the
MBI aromatic structure adsorbed on the surface [60].

Fig. 16 schematically shows the CHSs doped with MBI as well as the
possible adsorption of the released MBI in forms of thiolate and thione
on the mild steel surface. The permeable structure of the CHSs allowed
a gradual release of MBI through the porous structure of CHSs pro-
viding corrosion inhibition. The inhibitor release occurred in a wide
range of pHs, especially at high local pH values, reacting with the metal
surface and consequently retarding corrosion.

4. Conclusions

In the present work, a new generation of graphene-structured cap-
sules based on carbon hollow spheres (CHSs) was synthesized via silica
templating method for corrosion protection applications. Synthesis of
CHSs was performed using polymerization of sucrose and carbonization
of polysaccharide shells onto the silanized silica templates. Raman
spectroscopy and XRD results revealed formation of graphene-struc-
tured shells with low structural defects. It was shown that the surface
modification of silica templates contributes to the formation of shells
with sp2 carbon structures providing favorable mechanical properties
for subsequent MBI doping. The pH responsive release of MBI from
CHSs was observed at pH∼11 indicating a high potential of MBI-doped
CHSs for corrosion inhibition of mild steel which was verified by the
electrochemical measurements. Moreover, FE-SEM/EDS and local FTIR
results proved adsorption of the released MBI onto the surface of the
mild steel samples after 24 h immersion in the MBI-doped CHSs extract
solution.
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