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ARTICLE INFO ABSTRACT

Keywords: In this study, a silver nanoparticle anchored transparent tape sensor was used to detect 1,4-bis(2-
SERS aminoethyl)piperazine functionalized GO (AEP-GO) adsorbed on carbon steel surface utilizing the
AEP-GO surface-enhanced Raman scattering (SERS) technique. SERS detection enabled the extreme
?g;l)s sensor amplification of Raman signals emitted by inhibitor molecules in order to describe their
DFT adsorption behavior on metallic/alloy surfaces. The strong corrosion inhibition performance of

AEP-GO against carbon steel corrosion in 15 % HCI solution was proven by weight loss, elec-
trochemical measurements and surface characterization techniques in a previous study. The SERS
analysis showed the Raman peaks intensity of AEP-GO on the carbon surface gradually increases
with increasing AEP-GO concentration. The increasing intensity with concentration correlated
well with the previously reported weight loss and electrochemical results. DFT calculation was
also carried out to understand the nature of interaction between the adsorbed AEP-GO molecules
and the silver nanoparticles. The AEP-GO_Ag adduct’s optimized structure reveals the silver
metals approached the oxygen atom at the GO epoxy group in AEP-GO rather than the oxygen
atoms at the carbonyl and hydroxyl groups. With no restrictions on substrate materials, the
fabricated SERS sensor created in this study can be employed as a versatile sensor to characterize
corrosion adsorption processes on metal surfaces.

1. Introduction

The characterization of corrosion inhibitors can provide a wealth of information about inhibitors’ adsorption process and the mode
of interaction between metal surfaces and inhibitor molecules. This can aid in a better understanding of how inhibitors work. Weight
loss measurement [1,2], electrochemical techniques [3-5], X-ray photoelectron spectroscopy [6-8], SEM/EDS [9,10] time of flight
secondary ion mass spectrometry (ToF-SIMS) [11,12], FTIR [3,13], and Raman spectroscopy [14,15] have all been employed to
characterize inhibitors. Raman spectroscopy is one of these technologies that can provide a lot of molecular vibration information for
molecule identification [16,17], and it’s good because it’s non-destructive, highly efficient, easy to use, and cheap. Raman signals are
however, weak as very few percentage of the photons that hit on sample surfaces (approximately one in a million) can cause the
inelastic Raman scattering of light [16,18] that leads to Raman signals. Surface-enhanced Raman scattering (SERS) is a more advanced
kind of Raman scattering. It is now a hotbed of interest in the field of nanotechnology and science. When compared to conventional
Raman spectroscopy, spectral intensities in SERS are greatly increased (by millions of times or more) [19]. SERS is being employed as a
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Fig. 1. Preparation of SERS tape sensor (a) array of AgNPs (b) transparent adhesive tap pressed in an array of AgNPs (c) fabricated SERS sensor and
(d) SERS sensor pasted on carbon steel surface.

successful characterization technique in a variety of fields, including environmental applications, due to its remarkable sensitivity and
selectivity. Detection limits as low as femtogram have been observed for some chemical species under certain conditions [20-23]. In
today’s scientific community, single-molecule detection with SERS is no longer a myth. The electromagnetic interaction of light with
metals, which results in significant amplifying effects of the laser field through excitations commonly referred to as Plasmon reso-
nances, is the primary mechanism by which the signals in SERS are amplified. As a surface spectroscopy method, SERS requires that the
molecules being detected be on (or near) the metal surface [24].

In recent years, high-resolution detection of corrosion inhibitors using SERS spectroscopy has received attention [25-28]. SERS
measurement, in comparison to conventional Raman spectroscopy, has a large signal magnification (ten million) and minimal
background signals, thus, allowing for the sensitive detection of corrosion inhibitor compounds. SERS measurements, on the other
hand, necessitate SERS active substrates, that is, substrates that exhibit substantial electromagnetic amplification following excitation.
The SERS approach has mostly been used to examine corrosion inhibitors on materials that are plasmonic such as gold, silver, and
copper [26,28-32]. Ma et al. [33] used a translucent adhesive tape embellished with silver nanoparticles as a SERS sensor to detect
benzotriazole inhibitor molecules adsorbed to an aluminum alloy substrate (a non-SERS active substrate) that was immersed in 3.5 %
NaCl solution for 72 h by covering the surface of the corroded aluminum alloy with the silver nanorods based tape.

Here we employed SERS using silver nanoparticles (AgNPs) synthesized at room temperature by the reduction of silver nitrate with
hydroxylamine hydrochloride to identify adsorbed inhibitor molecules on carbon steel (a non-plasmonic material) surface for the first
time and their adsorption behavior as a function of concentration.
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2. Methodology
2.1. Experimental

2.1.1. Materials

Silver nitrate, hydroxylamine hydrochloride, sodium hydroxide, AEP-GO, HCl, waste graphite powder, transparent adhesive tape,
and X60 carbon steel. All the chemicals were purchased from Sigma Aldrich except for the graphite powder which was purchased from
Fisher Scientific.

2.1.2. Synthesis of AEP-GO

In our prior work, the synthesis and characterization of AEP-GO were discussed [34]. The graphite powder was first purified by
adding 1.2 g of K5S20g, 1.2 g of P20s, and 2 g of natural graphite powder to 50 ml of HoSO4 while being stirred at 750 rpm in an
ice-water bath. The mixture was then heated to 80 °C in an oil bath. After 4.5 h, the mixture was washed severally with distilled water
to attain a pH of 7 and then centrifuged. The obtained purified graphite powder was then dried in a vacuum dryer. The purified
graphite powder was used in the synthesis of GO using the modified Hummers’ method as described in a previous study [13]. AEP-GO
was synthesized by dissolving 0.5g of GO in 200 ml DMF under ultra-sonication. Then, 10 ml of SOCI, was added. The system was
closed and nitrogen gas was purged continuously into the mixture under reflux and stirring for 12 h at 80 °C. The resulting acyl
chloride-grafted GO was then centrifuged and separated. The substance was then added to a 500 ml, 3 mg/ml solution of 1,4-piper-
azinediethylamine in DMF. The mixture was then agitated for one day at 80 °C to allow for a full reaction. After which, it was
freeze-dried to obtain the solid AEP-GO.

2.1.3. Synthesis of silver nanoparticles (AgNPs)

The silver colloid was synthesized as described in Ref. [35]. In a nutshell, 10 mL of 1.5 x 10~2 M aqueous hydroxylamine hy-
drochloride was mixed with 10 ml of 3 x 102 M NaOH before being added to 180 ml of 1.11 10~ M aqueous AgNO3 with stirring. For
20 min at room temperature, the colloidal solution was constantly stirred. The colloid was centrifuged at 10000 rpm and the mother
liquor was discarded while the sediment (the silver nanoparticles) was dried in the open air.

2.1.4. Characterization of silver nanoparticles (AgNPs)

The produced silver nanoparticles were characterized using the UV-Vis, TEM, and Raman techniques. The UV-visible spectrum of
the colloid was measured at room temperature using a Carr 100 series UV-Visible spectrophotometer (Agilent Technologies) with a
standard quartz cuvette within a 350-800 nm range. The stock silver colloid solution was diluted 5 times with distilled deionized water
to create the colloid sample. The Raman spectra were obtained using the LabRAM Horiba Raman spectrophotometer at a laser
excitation wavelength of 633 nm (50 %), a 50x objective lens, a 600 gr/mm gratings, an acquisition of 60s and a 2s accumulation. A
JEOL field emission electron microscope, model JEM-2100F was used to capture the TEM images of the silver nanoparticles.

2.1.5. Silver nanoparticle (AgNPs) sensor fabrication

The AgNPs sensor (Fig. 1c) was fabricated using a translucent adhesive tape. The AgNP sensor was created by placing the trans-
lucent adhesive tape and pressing it on a measured amount of array of AgNPs in a watch glass (Fig. 1a & b). The AgNPs array were then
moved from the watch glass to the tape after the tape was peeled off.

2.1.6. SERS detection

The carbon steel coupons immersed in different concentrations of AEP-GO (1, 5, 10, 15, 20 & 25 ppm) were removed after 24 h, air-
dried and Raman signal was collected in the absence of the AgNPs sensor, and when the fabricated sensor was pasted on the steel
coupon surfaces. The SERS signal was collected from the pasted area of the steel substrate (Fig. 1d) using the LabRAM Horiba Raman
spectrophotometer at a 60s acquisition, an accumulation of 2s, and a grating of 600 gr/mm.

2.2. Computational

Gaussian 09 [36] software was employed to perform the theoretical calculation using DFT at the B3LYP level of theory with the
6-31G and SDD basis sets to examine the nature of the interaction between AEP-GO and Ag by optimizing and evaluating the structure
of the AEP-GO_Ag adduct using a Four-Ag cluster as the most probable adsorption site. For the C, N, O, and H atoms, the 6-31G basis
sets were utilized, while the SDD was used for the Ag cluster. Of all the DFT types, the B3LYP hybrid functional is the most commonly
used for organic molecules and corrosion inhibition studies [37].

3. Results & discussion
3.1. AgNPs characterization
Average particle sizes are revealed by the colloidal solution’s measured UV-visible spectrum’s absorption maximum, while particle

dispersion may be estimated using the measured UV-visible spectrum’s full width at half maximum (fwhm). Fwhm values greater than
100 nm denote polydispersed silver nanoparticles, whereas Fwhm values below 100 nm denote monodispersed silver nanoparticles
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Fig. 4. Raman spectrum of the AgNPs.
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Fig. 5. Raman spectra of (a) AEP-GO, (b) AEP-GO protected carbon steel without the SERS sensor and (¢) AEP-GO protected carbon steel pasted
with the SERS sensor.

[35,38]. The absorption maximum of the silver nanoparticles was observed at 456 nm with a large fwhm extending beyond 100 nm
(Fig. 2b). This is indicative of poly-dispersed nanoparticles. The dispersed silver nanoparticles (colloid) was observed to be milky grey
(Fig. 2a) similar to that reported by Leopold and Lendl [35].

The low and high magnifications of the AgNPs are shown in Fig. 3a and b respectively. The TEM micrographs support the
observation in the UV-visible spectrum. The average particle size of the silver particles could be observed to be roughly 70 nm (Fig. 3),
confirming the large size of the particles. The large particle size is a consequence of the dropwise addition of the reducing agent to the
silver nitrate. As the reducing agent is added dropwise, the silver particles are likely to increase in size as a consequence of a seeding
effect [35]. The silver nanoparticles were observed to be predominantly spherical.

The Raman spectrum of the silver nanoparticles (Fig. 4) shows no noticeable peak in the 1000-3000 cm ! region of the spectrum,
except for a weak peak around the 1900 cm ™ of the spectrum.

3.2. SERS detection of AEP-GO adsorbed on the carbon steel surface

Normal Raman spectra were collected for the bare inhibitor (AEP-GO) and the steel surfaces immersed in different concentrations
of the inhibitor in the absence of the AgNPs sensor. AEP-GO showed characteristics Raman peaks at 1320 & 1583 cm ™! (Fig. 5a)
corresponding to the D & G-bands respectively of a typical graphitic structure. The steel surfaces showed no visible Raman peaks in the
absence of the AgNPs sensor (Fig. 5b). For the corroded steel surfaces pasted with the AgNPs sensor, the characteristics Raman peaks of
adsorbed AEP-GO on the steel surface were visible even at the lowest concentration of 1 ppm (Fig. 5c) due to the silver nanoparticles’
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Fig. 7. Optimized structure of (a) AEP-GO and (b) AEP-GO_Ag adduct.

high electromagnetic field amplification. A linear correlation graph of SERS intensity against AEP-GO concentrations (5-25 ppm)
(Fig. 6a) was plotted to assess the potential for quantitative detection of AEP-GO. A strong linear correlation with a coefficient of
determination (R?) of 0.9976 indicates that the SERS signal intensity increases as AEP-GO concentration increases. The SERS spectrum
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of the 1 ppm AEP-GO shows a very visible signal with a signal-to-noise ratio far greater than 3 (Fig. 6b), suggesting the SERS sensor
limits of detection (LOD) to be far lower than 1 ppm. Similarly, an LOD of 1.2 ppm was reported for the detection of benzotriazole
adsorbed on the surface of aluminium alloy in 3.5 % NaCl in the presence of a SERS tape [33]. A lower LOD of 28.8 ng for the detection
of pesticide residues from fruits and vegetables using transparent adhesive tapes and Al,Os-coated silver nanorods [39]. The
enhancement of the adsorbed inhibitor signal is provided by the Plasmon resonance in the AgNPs [24]. This demonstrates the sensor’s
incredible detection capacity. To evaluate the AgNPs tape sensor’s reproducibility, peak intensities at 1320 cm ™! for 25 ppm AEP-GO
from 3 randomly selected spots on the SERS tape were collected. The SERS spectra of the three randomly selected spots on the SERS
tape for the 25 ppm AEP-GO are presented in Fig. 6¢. There was only a very small intensity fluctuation (less than 3 %) that was seen
(Fig. 6d). This is because of the consistency in the morphology and distribution of the AgNPs on the translucent tape. The even dis-
tribution of the AgNPs provides the SERS tape with its excellentsensitivity and consistency, enabling dependable analysis of corrosion
inhibitors.

The characteristics Raman peaks increase with increasing concentrations of the inhibitor. This corroborated well with the weight
loss and electrochemical results reported in our previous study [34]. The appearance of the characteristic Raman bands of the inhibitor
compound on the SERS spectra, suggests the adsorption of the inhibitor molecules on the steel surface thereby blocking the steel
surface from the aggressive acid attack.

3.3. AEP-GO - AgNPs interaction

The optimized structure of the AEP-GO_Ag adduct shows that the silver metals approached the AEP-GO oxygen atom at the GO
epoxy group rather than the oxygen atom at the carbonyl and the hydroxyl groups (Fig. 7b). This can be attributed to the lesser stability
of the epoxy group as compared to the carbonyl and the hydroxyl groups. The epoxy two C-O bond distance in the AEP-GO is 1.443 A.
The bond distance increases to 1.488 A in AEP-GO_Ag adduct, a consequence of the epoxy ring opening [40]. The calculated bond
distance of Ag-O in AEP-GO_Ag adduct was 2.081 A. The Ag-Ag bonds in AEP-GO_Ag adduct are 2.803, 2.776, 2.749, 2.879, 2.734,
and 2.805 A with a mean Ag-Ag bond angle of 2.791 A close to the experiment mean value (2.850 A) reported by Puyo et al. [41]. The
computed bond distance between the AEP N-atom and the GO carboxyl C-atom is longer in AEP-GO (1.364 A) (Fig. 7a) as compared to
the AEP-GO_Ag adduct (1.355 A) (Fig. 7b). This may be due to a secondary interaction between the other silver atoms in the silver
cluster and the AEP-GO nitrogen atom on the other end [30].

4. Conclusion

Utilizing the surface-enhanced Raman scattering (SERS) technique, a silver nanoparticle-attached transparent tape sensor was
employed to detect corrosion inhibitor (AEP-GO) on the carbon steel surface in this work. SERS detection revealed considerable
amplification of inhibitor Raman signals on the carbon steel surface, which was used to study inhibitor adsorption behavior. According
to the SERS analysis, the Raman signals of AEP-GO on the carbon surface steadily increase with increasing AEP-GO concentration in
good agreement with the findings from our previous study [34]. DFT calculation predicted the silver metals to approach the AEP-GO
oxygen atom at the GO epoxy group rather than the oxygen atom at the carbonyl and hydroxyl groups. Because of its versatility and
lack of substrate material restrictions, the SERS tape created in this study can be utilized as a sensor to track corrosion inhibitors’
dynamic adsorption irrespective of the metal type.
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