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Protection of nickel by self-assembled monolayers
prepared in an aqueous self-emulsifying solution of
a novel amphipathic organothiol

Tao Yeyin, Li Xiaoya, Hou Peiming, Peng Shusen®* and Ma Yongcun

This report explored a novel amphiphilic organothiol and prepared self-assembled monolayers (SAMs) on Ni
substance in the aqueous micellar solution of this amphiphilic organothiol. The as-prepared amphiphilic
organothiol can self-emulsify and disperse in an aqueous solution to form a stable emulsion without any
additional emulsifier. The experiment shows that the self-emulsifying solution remains stable after six
months at room temperature. The resulting SAMs are characterized by electrochemical measurements,
XPS, porosity tests, and neutral salt spray experiments. XPS results show that the as-prepared self-
emulsifying organothiol can bond to the Ni surface by forming strong thiolate Ni—-S bonds. The
electrochemical measurements show that the inhibition efficiency (n) and surface coverage (f) increase
with the immersion time in the aqueous micellar solution, reaching the maximum value of about 90 min.
Experiments prove that AGE-CA SAMs provided better protection for Ni substances and electroplated Ni

rsc.li/rsc-advances

1. Introduction

Self-assembled monolayers (SAMs) are organic ultrathin films
that spontaneously form on metal surfaces and have the char-
acteristics of a dense arrangement and stable structure.’” Since
Laibinis et al demonstrated that organothiols can self-
assemble on a Cu surface, protecting it from air oxidation;?
SAM corrosion protection has attracted considerable attention
as these do not affect the appearance and conductivity or
thermal conductivity of the metal.** The commonly used orga-
nothiol is alkanethiol, structurally composed of a long n-alkane
chain with a thiol group at one end. Upon adsorption, alka-
nethiols are reduced to alkanethiolates, and the alkane chain
self-assembles into a more organized and insulating film, which
provides a hydrophobic barrier for protecting metal corrosion.
However, the industrial-scale application of alkanethiol SAMs is
subject to some problems, such as alkanethiol having a peculiar
smell and being usually insoluble in water. In aqueous solu-
tions, the length of the alkane chain decreases the solubility of
thiols. Therefore, an organic solvent is often used to dilute
alkanethiol in the self-assembly process, resulting in environ-
mental and safety problems. In addition, it also has been found
that commonly used organic solvents, such as ethanol, harm
the quality of SAMs. Over the past few years, waterborne® and
supercritical CO,-borne”® strategies have been developed to
replace organic solvents to obtain an eco-friendly film.
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film than the OT SAMs from the ethanol solution.

In water, hydrophobic alkanethiol spontaneously stratifies at
the air interface. The addition of surfactants results in micelle
formation around the alkanethiol molecule and aids in its
diffusion to the metal surface.”’® Studies™™* by Yan et al
indicate that the selection of surfactants determined the
micellar-borne SAMs on gold. Ganesh et al.*'® concluded that
the micellar-borne SAMs have denser molecular packing and
higher corrosion protection than SAMs formed in dichloro-
methane solvent. Raya et al.'” also reported that the micellar-
borne SAMs were included quickly and displayed better
electron-transfer blocking properties. Liang et al.*® investigated
the anti-tarnishing ability of silver protected by the micellar-
borne octadecanethiol (OT) with different surfactants. Wang
et al.*®* revealed that the micellar-borne SAMs had comparable
properties to those formed in ethanol. Wu et al.** investigated
the dodecanethiol SAMs on copper from aqueous micellar
solutions with CTAB surfactant and found that CTAB molecules
were trapped into dodecanethiol (DT) SAMs. K. Ono et al.** also
revealed that the corrosion resistance of OT SAMs for the elec-
troless Au/Ni-P layer obtained in an aqueous micellar solution
with a non-ionic surfactant was equivalent to that of SAMs from
ethanolic solutions. On the other hand, organothiol with
hydrophilic groups may be soluble in an aqueous solvent.* In
this regard, Canaria et al** prepared SAMs on gold in an
aqueous solution without surfactant-aid using an amphipathic
organothiol, structurally composed of an n-alkane chain with
a thiol group at one end and a hydrophilic triethylene glycol
group at the other end. However, to the best of our knowledge,
reports on corrosion protection studies associated with
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Fig. 1 Schematic diagram of (a) the reaction for synthesizing AGE-CA, (b) forming an AGE-CA emulsion, and (c) self-assembly of AGE-CA

molecules on metal surfaces.

micellar-borne SAMs using an amphipathic organothiol are
limited.

Cysteamine, containing both thiol and amine groups, has
attracted the attention of many researchers and proved to be
a suitable corrosion inhibitor for metals.***® Burleigh et al.””
claimed that fluorinated amidethiols synthesized from fluo-
roalkyl acid chloride and cysteamine have a very low mercaptan
odor, unlike conventional alkanethiols used to protect the
metal. Herein, we envisioned that an odorless amphipathic
organothiol might reveal industrial-scale application and
enhanced corrosion protection of SAMs for metals from an
aqueous solution without surfactants. Therefore, in this work,
we present the first report about the feasibility of preparing
SAMs on nickel surfaces in an aqueous solution using an
amphipathic organothiol (AGE-CA), which is synthesized by
reacting C12-14 alkyl glycidyl ether (AGE) and cysteamine (CA).
This amphipathic organothiol can anchor to metal surfaces
through the terminal thiol group, and the C12-14 alkyl chain
can form a hydrophobic protective layer. Moreover, the hydro-
philic chain from the -NH, and glycidyl group reaction can
endow the AGE-CA molecule with the self-emulsifying property.
Different methods were used to characterize the resulting AGE-
CA SAMs on nickel, and their protective properties were
compared with those of the octadecanethiol SAMs prepared in
ethanol solution Fig. 1.

2. Experimental
2.1 Chemicals

Octadecanethiol (OT), cysteamine, and C12-14 alkyl glycidyl
ether are commercially available from Shanghai Aladdin
Biochemical Technology Co., Ltd. All the other reagents are of
chemical grade.

2.2 Preparation of AGE-CA

0.2 mol AGE and 0.1 mol cysteamine are dissolved in 100 ml of
absolute ethanol, respectively. Then the two solutions are mixed

4332 | RSC Adv, 2023, 13, 4331-4339

evenly and reacted at 60 °C under stirring. After the reaction,
ethanol is removed by rotary evaporation to obtain a colorless
viscous liquid product (AGE-CA).

2.3 Preparation of aqueous micellar solutions of AGE-CA

1 g AGE-CA is poured into 100 ml deionized water, and the pH
value is adjusted to 5.5 with acetic acid. This solution is
dispersed by ultrasound for 10 minutes, and an opaque solution
is finally obtained (Fig. 2).

2.4 Preparation of copper electrodes

A nickel rod with a diameter of 1 cm is soldered with Cu-wire for
electrical connections and mounted into epoxy resin. Electrodes
are polished with successive grades of SiC-type emery papers.
Then the working electrodes are etched in 10% H,SO, solution
for 30 s and rinsed with distilled water immediately. Next, the

Fig. 2 Optical photos of AGE-CA self-emulsifying solution after six
months at room temperature.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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electrodes were immersed into the aqueous micellar solution of
AGE-CA at room temperature for the designated time. Upon
removal, the samples were washed with water and dried with
nitrogen. For comparison, OT SAMs formed in 1 wt% OT
ethanol solution at room temperature were also prepared.

The compositions of the nickel-plating baths used in this
study were as follows: 250-300 g L™ nickel sulfate, 35-40 g L™
boric acid, 30-50 g L' nickel chloride, 0.05-0.10 sodium
dodecyl sulfate, and pH 3.8-4.5. The nickel films are deposited
on carbon steel at room temperature with a current density of
1.0-2.5 A dm ™ for about 10 min.

2.5 Characterization

The scanning range of FT-IR is 4000-400 cm ™', and the scan-

ning rate is 4 cm ™' s~ ', Liquid samples were dropped onto dry
KBr sheets, and solid samples were ground with KBr into
powder and pressed into sheets (1 mg of sample was added to
100 mg of KBr).

XPS revealed the surface chemical interaction between
organic thiols and copper surfaces. XPS measurements were
performed with an X-ray photoelectron spectrometer (AXISUL-
TRA) manufactured by KRATOS, UK. The C1s central peak was
shifted to 284.7 eV for correction to compensate for the binding
energy offset caused by the sample surface charge, and the peak
fitting was automatically processed using Casa XPS software.

3. Results and discussion

3.1 IR measurements

Fig. 3 shows the FT-IR spectra of CA, AGE, and the reaction
product. For AGE, epoxide ring peaks at 3045, 1263, and
907 cm™ " are visible. Among those peaks, the most important
one is the peak at 907 cm ™', which is very strong and allows for
monitoring of the reaction of the epoxy group.*® As shown in
Fig. 3, the peak at 907 cm ™' disappears from the IR spectra of
the AGE-CA sample. According to a previous report, it can be
known that the bending peak of N-H is 1521 cm™'. Thus, the
absence of the peak at 1521 cm™' indicates that CA has
a complete reaction with the epoxy group. Those results of IR
analysis demonstrate that, in this case, the possible reaction
between CA and AGE is a 1: 2 adduct reaction between the N-H
of CA and the epoxy group of the AGE molecule.

3.2 Effect of self-assembly time on the film properties

Fig. 4 shows the OCP curves of Ni electrodes in 3.5 wt% NaCl
solution without and with AGE-CA. For the nickel electrode in
the blank NaCl solution, the potential gradually increased from
—0.258 V at the beginning and reached the maximum value of
—0.229 V at about 25 min. Then the potential decays with
a small amplitude, and the potential is —0.231 V after 120 min.
The appearance of a potential peak at about 25 min may be
related to the formation of nickel surface oxide. The subsequent
possible decay is attributed to the chemical dissolution of
nickel oxide, but this process is relatively slow, indicating that
the dense oxide layer formed acts as a protective substrate and
prevents further corrosion of the nickel surface in the NaCl

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 FT-IR spectra of (a) CA, (b) AGE, and (c) the reaction product
AGE-CA.

solution. In the NaCl solution containing AGE-CA, the potential
increased from —0.262 V at the beginning to —0.217 V at
120 min. This may be because the thiol group of AGE-CA reacted
with the nickel, and an AGE-CA film was formed on the nickel
surface. The potential did not proliferate in the solution with
AGE-CA before 50 min and was lower than in the blank solution.
Subsequently, the potential still increases slowly and tends to be
stable without a trend of decay, indicating that the formation of
AGE-CA SAMs becomes more compact with immersion time
prolonged. The OCP curve initially proves that the synthesized
compound AGE-CA can form a protective film on nickel.

Fig. 5 presents the Tafel curves of the bare Ni and the Ni
electrodes treated with different immersion times in the self-
micellar AGE-CA solution. The anodic Tafel curve for the bare
Ni electrode has a linear region. The apparent Tafel slope
indicates mixed mass transfer and kinetic control.”® Fig. 5
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Fig. 4 Open potential curves of the Ni electrode in 3.5 wt% NaCl
solution without and with AGE-CA.
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demonstrates that both the anodic and cathodic current
densities of the Ni electrodes are reduced significantly, and the
suppression increases with prolonged treatment time. After
self-assembly for 1 h, the current densities are cut down by two
orders of magnitude.

According to the Tafel curves, the corrosion current density
(fcorr) can be calculated by extrapolating the linear Tafel section
of the anode and cathode curves to the corrosion potential
(Ecorr), and the fitting parameters are presented in Table 1. The
following equation calculates the inhibition efficiency (n):

n= (17 l—) % 100%
l((.’)O[T

wherein i.o,° and i, are the corrosion current densities of the
bare and modified nickel electrode, respectively. The results
show that the 7 value of the Ni electrode treated for 30 min is
about 61.1%. When the electrode is immersed for 60 min and
90 min, the n value increases to 89.3% and 96.4%, respectively.
The high 7 value of SAMs against the corrosion of Ni may be
attributed to the non-conductivity and hydrophobicity of
alkanes in densely stacked AGE-CA molecules on the Ni surface.
As the immersion time continued to prolong to 120 min, the 7
value slightly decreased to 93.2%, possibly due to the forming
defects in SAMs caused by the AGE-CA molecular desorption.*®

Fig. 6 shows the Nyquist diagrams obtained for the bare Ni
electrode in a 3.5 wt% NacCl solution, diagrams that offer only
one semi-circle in the range of the frequencies studied. The
presence of this capacitive loop is attributed to the charge
transfer process and the double-layer capacitance at the metal/
solution interface; similar results were previously reported for
Ni electrodes in NaCl solutions. The EIS results of the bare Ni
can be analyzed with the equivalent circuit in Fig. 8, wherein R
is the solution resistance, R, is the transfer resistance, and CPE
is the constant phase element.

As shown in Fig. 7, the Nyquist plots of AGE-CA treated
electrodes differ from those of the bare one in shape and size.
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Fig. 5 The Tafel curves of the bare Ni and the electrodes treated with
different immersion times in the self-micellar AGE-CA solution.
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Table1 Electrochemical parameters for the bare and SAM-covered Ni
electrodes calculated from the Tafel curves

Ecorr (V
Sample vs. SCE) fcorr (A cm™?) n
Bare —0.271 3.09 x 107° —
30 min —0.222 1.21 x 10°° 61.1%
60 min —0.221 3.31 x 1077 89.3%
100 min —0.224 8.09 x 1078 97.4%
120 min —0.219 2.08 x 1077 93.2%

With the increase of immersion time, the increasing diameter
of the Nyquist semi-circle indicates that AGE-CA SAMs signifi-
cantly but gradually change the corrosion kinetics of the Ni
surface, which means that the formation of AGE-CA SAMs
changes the electrode interfacial structure. In the case of long
immersion time, reflecting that the SAMs have a good inhibi-
tion effect, they can prevent the diffusion processes of the ions.
It is reasonable to analyze these plots with the equivalent circuit
in Fig. 8. R. stands for the transfer resistance of electrons
through the monolayers, and Q¢ represents the capacitance of
the SAMs.

The values of the elements of the equivalent circuits ob-
tained by fitting are given in Table 2. The listed surface coverage
(6) is calculated with the following formula:

0=1-— R—g‘
RCt
wherein R, is the charge transfer resistance of the bare Ni
electrode and R is the charge transfer resistance of the corre-
sponding SAM-covered electrodes. Here, Ry is used instead of R,
to calculate the surface coverage. Compared with the inhibition
efficiency obtained from the Tafel study, the values of ¢ are
almost identical to those of 7. For example, the § and 7 values
obtained after self-assembly for 90 min are 98.2% and 97.4%,
respectively.
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Fig. 6 The Nyquist plots of the bare Ni electrodes measured in
a 3.5 wt% NaCl solution.
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Fig. 7 The Nyquist plots of the Ni electrodes treated with different
immersion times in the self-micellar AGE-CA solution.

Qd| or Qf
— 1

R

— 1
Ret

Fig. 8 The equivalent circuits for bare and AGE-CA treated Ni
electrodes.

According to the above studies, high-quality SAMs can be
assembled in the AGE-CA emulsion for 90 min. Cyclic voltam-
metry (CV) provides valuable information on the electro-
chemical stability and charge behavior of oxidation and
reduction reactions on Ni electrodes in solution. As seen in
Fig. 9a, the bare Ni electrodes show that the anode current
increases sharply during the first cycle from —0.07 V and
decreases rapidly at the first return potential. In the subsequent
cathodic scan, no current peak corresponding to the anode is
found, which is caused by the formation of an oxide layer on the
nickel surface, leading to passivation.*® During the second cycle,
a small current peak at 0.12 V appeared on the anode, and then
the current density increased at 0.16 V, indicating that the Ni

Table 2 The equivalent circuits parameters of the bare and SAM-
covered Ni electrodes calculated from EIS; electrochemical parame-
ters and surface coverage (f) of bare Ni and the electrodes treated with
different immersion times in the self-micellar AGE-CA solution

Q

(5s"107°) na R (Ohm cm?) 0
bare 78.5 0.80 8.61 x 10° —
30 min 2.31 0.90 2.33 x 10* 63.1
60 min 0.61 0.93 1.11 x 10° 92.3
90 min 0.12 0.97 5.56 x 10° 98.2
120 min 0.37 0.98 1.81 x 10° 95.3

© 2023 The Author(s). Published by the Royal Society of Chemistry
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surface was further oxidized.* The anode current in the fourth
cycle decreased by magnitude compared with that in the first
cycle, indicating that the oxide film covering the nickel surface
was gradually dense, and the contact between chloride ions and
nickel substance was hindered. In the cathodic scan, there is no
current peak, and the cathode current almost does not change
with the increase of the number of cycles, indicating that the
dense oxide layer covering the nickel surface in NaCl solution
has not been reduced to nickel metal. Fig. 9b shows no oxida-
tion peak interval in the anode process, indicating that the AGE-
CA film inhibits the oxidation of the nickel surface. The current
density of the anode and cathode is significantly reduced,
indicating that the film is relatively dense and the AGE-CA
molecule has a strong interaction with the nickel surface.

3.3 XPS

XPS was used to investigate the Ni surface oxidation and AGE-
CA chemisorption. Fig. 10 shows the survey spectra of bare
and the AGE-CA modified Ni. For AGE-CA modified nickel, the
presence of N 1s and S 2p binding energies indicates that AGE-
CA molecules have been successfully assembled on the nickel
surface. The binding energies of about 853.8 eV and 874.4 eV are

Anod Bare Ni
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Fig.9 Cyclic voltammetry of bare and AGE-CA modified Ni electrodes
in 3.5 wt% NaCl solution with a scan rate of 0.01V s™%.
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attributed to Ni 2p3/2 and Ni 2p1/2, respectively. Compared 0.0
with the bare Ni, the relative intensity of the two peaks in the '/b
modified Ni was significantly reduced. This indicated that the 5.0x10% 1 a-~”
metal oxides on the AGE-CA modified nickel surface are ¢
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Fig. 12 LSV of Ni electrodes in 3.5 wt% solutions: (a) bare, (b) with
AGE-CA SAMs, and (c) with DT SAMs.
N 1s
S 2p
e reduced. Fig. 11 shows the high-resolution spectra. The O 1s
1200 1000 800 600 400 200 0 peak with a binding energy of about 529.1 eV can be attributed
Binding Energy (eV) to the Ni-O bond. The relative strength of this peak is signifi-

Fig. 10 The survey spectra of (a) bare Ni and (b) AGE-CA modified Ni.

cantly reduced in the modified Ni, which further indicates that
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Fig. 11 Full resolution XPS: O 1s for bare Ni, and O 1s, N 1s, and S 2p for AGE-CA SAM-covered Ni.
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Fig. 13 The Tafel curves of bare and SAM-covered Ni electrodes in
3.5 wt% solutions.

the AGE-CA SAMs inhibit the production of nickel oxide. The O
1s peak can be convoluted to C-O-C (532.6 eV) and -OH (533.6
eV), which are unique structures of AGE-CA. The binding energy
of the chemisorbed S 2p3/2 component on nickel ranges from
161.8 to 163.3 €V.*? The binding energy of the S atom in the Ni-S
form ranges from 161.0 to 162.2 eV.*® Thus, the peak of about

View Article Online

RSC Advances

161.7 eV in Fig. 10 can be attributed to the Ni-S bond. XPS
analysis shows that AGE-CA is successfully adsorbed on the Ni
surface to form SAMs.

3.4 Comparison of the properties of the AGE-CA SAMs and
OT SAMs

To investigate the differences between the AGE-CA SAMs
formed in an aqueous micellar solution and the DT SAMs
created in an ethanol solution, Ni electrodes and plating Ni are
assembled in the two kinds of solutions for 90 min.

Linear sweep voltammetry (LSV) was performed in 3.5 wt%
NacCl solution, to determine the desorption behavior of AGE-CA
SAMs on the Ni surface, relative to the reference electrode of
—0.2-1.25 V. As shown in Fig. 12, for the bare Ni and DT SAM-
covered electrode, when the potential reaches —1.1 V, the
current densities increase suddenly, indicating that the oxide
film and DT SAMs on the Ni surface have been damaged,
respectively. For the AGE-CA SAM-covered electrode, when the
potential reaches —1.2 V, the current density remains at a small
value, which means that AGE-CA SAMs are firmly anchored on
the Ni surface. Fig. 12 shows the Tafel curves of bare and SAM-
covered Ni electrodes in 3.5 wt% solutions. It can be concluded
from the figure that the AGE-CA SAMs from the aqueous self-
emulsifying solution provide better protection for Ni than the
OT SAMs from the ethanol solution (Fig. 13).

Fig. 15 Salt spray test of electroplated Ni samples: (a) bare (after 1 h), (b) with OT SAMs (after 2 h), and (c) with AGE-CA SAMs (after 8 h).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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It was also found that AGE-CA SAMs could improve the
corrosion resistance of the electroplated Ni coating on carbon
steel. Fig. 14 shows the results of the porosity measurement. It
can be seen that there are many green spots in the untreated
electroplated Ni sample. The number of green sites for the
electroplated Ni sample with OT SAMs is reduced, indicating
that the DT SAMs could improve the corrosion resistance of the
electroplated Ni coating. Surprisingly, the number of green
spots for the AGE-CA SAM-covered sample is remarkably less
than that for the OT SAM-covered one.

Fig. 15 presents the salt spray test results. As shown in
Fig. 15, brown corrosion products appear on the surface of
untreated samples after 1 h of the salt spray test. There are also
evident corrosion traces on the surface after two hours of salt
spray for OT SAM-covered samples. However, there is no visible
corrosion trace on the surface of the AGE-CA SAM-covered
samples after 8 hours of salt spray. These experiments verify
that the AGE-CA SAMs significantly improve the corrosion
resistance of the electroplated Ni film.

4. Conclusion

A novel amphiphilic organothiol was successfully prepared by
cysteamine and C12-14 alkyl glycidyl ether. The as-prepared
amphiphilic organothiol can self-emulsify and disperse in an
aqueous solution to form a stable emulsion without any addi-
tional emulsifier. XPS results show that the as-prepared self-
emulsifying organothiol can bond to the Ni surface by form-
ing strong thiolate Ni-S bonds. The electrochemical measure-
ments show that the n value and 6 value increase with the
immersion time in the aqueous micellar solution, reaching the
maximum value of about 90 minutes. The electrochemical
measurements, XPS, porosity tests, and neutral salt spray
experiments prove that the AGE-CA SAMs from the self-
emulsifying solution provided better protection for Ni
substances and electroplated Ni film than the OT SAMs from
the ethanol solution. The results suggest that the proposed self-
emulsifying organothiol used to prepare SAMs is simple and
environmentally friendly. Therefore, it has the potential to
replace the conventional method.
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