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Abstract

In this work, the effect of a new quinoxaline derivative, 2-phenyl-3-(prop-2-yn-1-yloxy)
quinoxaline (PYQX), was evaluated as a corrosion inhibitor for carbon steel (CS) in 1 M HCI
electrolyte. Weight loss measurement, atomic absorption spectroscopy, potentiodynamic
polarization, electrochemical impedance spectroscopy, scanning electron microscopy with
energy dispersive spectroscopy, and UV-vis spectroscopy were employed to assess the
inhibitory activity. The electronic properties of the interaction between the inhibitor
molecule and the CS substrate were studied using molecular dynamics (MD) simulation,
density functional theory (DFT), and Fukui functions. According to AC impedance
experiments, the inhibitor under consideration showed a maximum level of 98.1 %
inhibition efficiency at 1 mM and 30 °C. The Langmuir adsorption isotherm model explains
the adsorption of PYQX on the CS surface. A slope of 1 denotes a strong molecule-substrate
interaction, suggesting that the binding occurs at specific surface locations. To understand
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the functioning of the adsorption mechanism, various thermodynamic and activation
parameters were evaluated. PDP tests demonstrated that PYQX functions as a mixed-type
inhibitor. Computational correlations (DFT, MD, and Fukui indices) supported the
experimental findings.

Keywords
Carbon-iron alloy; organic corrosion inhibitor; weight loss; electrochemical testing;
guantum chemical calculations

Introduction

Carbon steel (CS) is often used for structural supports and components in railway systems,
bridges, and other public works because of its high tensile strength, abrasion resistance, and
superior surface properties [1]. However, exposure of steel to aggressive environments, such as
acid-cleaning processes, can cause the metal to deteriorate and reduce its durability [2]. Corrosion
inhibitors are a cost-efficient and highly effective way to mitigate the corrosive effects of steel in
acidic environments [3,4].

Quinoxaline compounds have been extensively studied as corrosion inhibitors, which are
environmentally safe and applicable to multiple fields such as chemistry, mechanics, and materials.
It is suggested that the functional groups, conjugated multiple bonds, and aromatic rings present in
guinoxaline-based molecules contribute to their excellent inhibitory performance.

Numerous corrosive conditions have been used to thoroughly assess the inhibitory abilities of
these derivatives. Zarrouk et al. used gravimetric and electrochemical techniques to explore the
impact of several quinoxaline analogs on the deterioration of copper in HNO3s acid [5]. Recently,
several authors have worked on the inhibition of corrosion of mild steel in 1 M HCI corrosive media
by certain quinoxaline compounds using weight loss (WL) and electrochemical techniques, showing
the high potential of quinoxaline molecules to prevent corrosion of metals [6-9]. The literature
survey also showed that calculations using density functional theory (DFT) and molecular dynamic
simulations (MDS) frequently provide good theoretical justifications for experimental findings in
corrosion inhibition investigations [10].

In this study, the inhibitory effect of 2-phenyl-3-(prop-2-yn-1-yloxy) quinoxaline (PYQX) on CS
corrosion in 1 M acidic electrolyte has been investigated. The adsorption mechanism of this quino-
xaline derivative on the CS surface is further explained using quantum chemical calculations
supported by DFT, Fukui functions, and molecular dynamics (MD) simulations.

Experimental

Materials and solution

In this study, CS plates with dimensions 1.5x1.5x0.3 cm were employed for testing samples. Its
composition (in weight percent) is the following: C-0.3700 %, Si-0.2300 %, Mn-0.6800 %, S-0.0160 %,
Cr-0.0770 %, Ti-0.0110 %, Ni-0.0590 %, Co-0.0090 %, Cu-0.1600 %, and iron (Fe) as the remaining
content. The working electrode (WE) area exposed for the electrochemical corrosion test was 1 cm?
in size. Before each use, the samples were meticulously polished with abrasive paper of increasing
grain size, dried, washed with distilled water and degreased with acetone.

The electrolyte medium, 1 M HCI, was obtained by diluting concentrated 37 % analytical-grade
HCI with distilled water. The synthesized compound PYQX, with the structure shown in Figure 1,
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dissolves readily in 1 M HCI solution, allowing the preparation of four inhibitor assays that ranged
from 103 to 1 mM.

/.-f
N D/\
Figure 1. Molecular structure of PYQX

Weight loss measurements

Polished CS plates were weighed and in triplicate, placed into 50 mL glass beakers using plastic
forceps. These beakers contained 1 M HCI solutions with and without various inhibitor dosages.
After six hours, the samples were removed, rinsed with distilled water, dried, and re-weighed. The
initial and final weights of the plates were used to determine the weight loss (WL) as Am /mg
(before and after soaking). By applying the following calculations to the weight loss data, the
inhibitory effectiveness nw. / % and corrosion rate (CR) (mg cm2h!) were determined by equations
(1) and (2) [11]:

CR:AS_T (1)
Mt :(1- E:“ JlOO (2)

where and CRY and CR' are corrosion rates in the uninhibited and inhibited electrolyte.

Electrochemical testing

All electrochemical tests were carried out using a PGZ 100 potentiostat under computer control
with the Voltamaster 4 program. The test model was a standard three-electrode system composed
of a saturated calomel reference electrode (SCE), a platinum counter electrode, and a CS plate with
an exposed surface area of 1 cm? working electrode. After observing the evolution of the open
circuit potential (OCP), which usually takes approximately half an hour to stabilize, electrochemical
experiments were conducted. Tafel curves were scanned by sweeping the potential with a velocity
of 0.5 mV/s around the OCP in the potential range of -800 to -100 mV. The amplitude of the 10 mV
peak-to-peak AC signal at OCP was used to measure the EIS at frequencies ranging from 100 kHz to
10 mHz. Impedance data were collected and presented using Nyquist and Bode plots.

The equations (3) and (4) were employed to determine the inhibition efficiency (n / %) [12]:

0
UR:[ pR : J100=10049 (3)

P

where R, and R,° stand for the polarization resistance with and without inhibitor solution,
respectively, while @represents the extent of surface coverage.

0 -

iCOI’I’ -Icorr
7, =| =5 | 100 (4)

corr

where icor® and icorr are corrosion current densities without and with inhibitor solution, respectively.
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The results for the blank obtained by two electrochemical techniques (stationary and transient)
in analysing the effects of concentration and temperature were taken from the previous article [12]
since the experiments were carried out under the same conditions.

Atomic absorption spectroscopy

AAS was used to quantify the metallic elements in solutions. After electrochemical tests, this
method was employed to determine the iron concentration in 1 M acidic media with and without
varying amounts (103 to 1 mM) of PYQX at 30 °C.

Using the atomic absorption data, the equation (5) was applied to determine the inhibition
efficiency [13]:

C.°-C
77A — Fe . Fe 100 (5)
Fe
where Cr” and Cre represent Fe concentration in solutions without and with various PYQX amounts,
respectively.

Surface characterization and electrolyte analysis

Using scanning electron microscopy with a magnification of 10000x, the surface morphologies of
the CS samples were examined following their submersion in acidic media for 24 hours at 30 °C,
both without and with the optimum concentration of 1 mM PYQX. At the accelerating voltage of
20 kV, energy dispersive X-ray spectroscopy (EDS) coupled with SEM was utilized to get information
about the chemical composition of the material. SEM-EDS results in the absence of the inhibitor
were taken from a work already published by our research team [12]. The electrolytes were carefully
examined using a Jenway (series 730) UV-vis spectrophotometer before and after immersion of the
CS for 72 hours at 30 °C in 1 M HClI solutions, including 1 mM of PYQX, to check for the potential
formation of ferric ion-inhibitor complexes.

Computer-based research

Density functional theory (DFT) study

DFT has been utilized for a long time to assess the reactivity of organic inhibitors and correlate it
to the efficiency of corrosion prevention. The program Gaussian 09 was employed to determine the
DFT-based quantum physics parameters. The geometric optimization of the quinoxaline derivative
PYQX in its neutral and protonated forms in the aqueous phase was produced by DFT calculations
using the function B3LYP and the 6-311++G(d,p) basis set [14].

The energy gap (AE) energies of the lowest unoccupied molecular orbital (E.umo), highest
occupied molecular orbital (Enomo), as well as the other quantum descriptors were calculated with
the equations (6) to (9):

AE= Erumo - Enomo (6)
Global hardness (7):

n=-0.5AE (7)
Global electronegativity (y):

¥ =0.5 (ELumo + Evomo) (8)

The fraction of electrons transferred:
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ZFeuo -Zinh — Q_Iinh

AN, =
2(77Fe110 +77inh) 277inh

(9)

110

where @ is the work function explains the theoretical value of y in Fei10 with @ = y(Fe110) =4.82 eV.

Fukui indice calculations

The analysis of Fukui indices was applied to the inhibitor molecule PYQX to uncover the functional
groups that enable it to interact with the iron site. This comprehensive analysis revealed that the
local reactivity of PYQX was mainly attributed to the interactions between certain local reactive
canters and the iron region. The dual numerical polarization basis set, consisting of the d and p
orbitals, was employed in the calculations. The Fukui function is determined as the primary
derivative of the electron density (p(;)) in relation to the electron number (N) in a constant external
potential (v(;)) as in equation (10) [15,16]:

_( 0p(r)
fk_[ ON jv( 1o

r)

The Fukui function displays the available position in the inhibitor where nucleophilic or electro-
philic assaults are most likely [15,16]. The following finite difference approximation approaches can
be used to express Fukui indices for nucleophilic attack (/") and electrophilic assault (f¢'), equations
(11) and (12):

fi" = qN + 1) - qk(N) (11)

fic = quN) - qu(N -1)) (12)
where, gk(N), gi(N + 1) and gk(N -1)) represent the neutral, cationic and anionic species, respectively.

Molecular dynamics simulations

MD was used in order to explore the interaction of the substances under study with Fe (110).
Like in our previous work [16], this simulation was carried out at a similar level using the Forcite
module found in the Materials Studio/8 using simulation box “2.730%2.730%3.713 nm?”
(27.30%27.30%37.13 A3). This vacuum of this box is filled by 491 H,0, 9 H30*, 9 CI', and quinoxaline
derivative. The Andersen thermostat was used to calibrate the system temperature to 303 K at
1000 ps simulation time and 1.0 fs utilizing the NVT ensemble, all while operating within the
COMPASS force field.

Results and discussion

Weight loss and atomic absorption spectroscopy analysis

WL measurements were carried out to assess the corrosion inhibition ability of PYQX, as well as
the impact of inhibitor concentration on the corrosion rate. Table 1 shows that after 6 hours of
submersion, the corrosion speed of CS in the acid media was higher than that of the inhibitor
solution. Simultaneously, raising the PYQX concentration from 1073 to 1 mM lowered the corrosion
rate from 0.321 to 0.072 mg cm2 h'! of CS, corresponding to an increase in inhibition effectiveness
from 83.1 to 96.5 %. This demonstrates that the adsorption of inhibitor molecules protects the CS
surface by blocking mass and charge transfer processes. Interestingly, the same outcomes were
obtained using the atomic absorption technique (Table 1), where it was found that the addition of
PYQX reduced the concentration of iron in the HCl medium. Hence, it seems that the inhibitor
included in the mixture reduces steel degradation by improving the surface covering and retarding
corrosion.
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Table 1. Weight loss and AAS data for CS in 1 M HCl without and with different concentrations of PYQX

Weight loss Atomic absorption
C/mM ST
CR, mgcm?h nw./ % Cre / ppm nal %

0.000 1.946 - 19.286 -
0.001 0.321 83.5 3.253 83.1
0.010 0.187 90.4 2.064 89.3
0.100 0.142 92.7 1.311 93.2
1.000 0.072 96.3 0.675 96.5

Electrochemical analysis

Open circuit potential plots

Figure 2 illustrates how the open circuit potential (OCP) value changes depending on the duration
of immersion of CS in 1 M HCI electrolyte medium, both with and without PYQX. It is obvious that
1800 s is long enough for the system to stabilize. It was also observed that the Eocp is displaced in a
positive direction following the addition of PYQX. This can result from PYQX sticking to the steel
electrode surface [17]. It is noteworthy to say that there is no specific relationship between the
potential shift of Eocp and PYQX concentration.

400
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Frrs
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S0 -

300 500 800 1200 1300 1300
t/=

Figure 2. Time variation in Eoce for CS in uninhibited 1 M HCl electrolyte, and with a variety of PYQX doses

Potentiodynamic polarization analysis

Figure 3 illustrates the PDP curves for CS performed at 30 °C in the electrolyte without and with
various doses of PYQX. It is evident that including PYQX in the corrosive medium induces an overall
reduction in cathodic and anodic current densities, which becomes more pronounced with
increasing amounts of PYQX. This result suggests that PYQX reduces anodic oxidation and retards
the reduction of H* protons [17]. The reduction trend of the cathodic segment was greater than that
of the anodic segment, suggesting that PYQX has a greater protective influence on the cathodic
reaction than on the anodic reaction. On the downside, the cathodic portions are linear, indicating
that PYQX has little influence on the H* ion reduction mechanism and that the H* reduction reaction
at the CS interface occurs mainly by a pure activation [17].

Table 2 presents the outcomes of inhibition effectiveness (70 / %), as well as electrochemical
corrosion factors such as corrosion current density (icorr.), corrosion potential (Ecorr), and Tafel slopes
(cathodic (f) and anodic (/%)) for different concentrations of PYQX, obtained by extrapolation of the
linear cross-sections of the anodic and cathodic polarization plots at Ecorr [18]. Analysing the corrosion
potential allows the inspection of the inhibition mechanism of inhibitor molecules. The shift in Ecorr
with PYQX injection was significantly less than 85 mV from baseline, a value considered a threshold
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for identifying the type of inhibitor. The slight shift in Ecorr following the addition of the inhibitor
demonstrated that investigated molecules function as a mixed-type inhibitor by limiting CS oxidation
and H* ion reduction. It follows that surface adsorption, leading to the formation of a coating layer
covering the active sites, is the primary mechanism behind the inhibitory activity of PYQX [18]. The 7p
increases as the inhibitor PYQX concentration increases, peaking at 98.1 % at 1 mM. This result agrees
well with the conclusions of the measures of atomic absorption and weight loss.

3

log (i/ mA cm™)

800 -700 -600 -500 -400 -300 200 -100
E/ mV vs. SCE

Figure 3. PDP curves for CS in uninhibited 1 M HCl electrolyte and with a variety of PYQX doses

Table 2. PDP factors and e for CS corrosion in the uninhibited 1 M HCl electrolyte and
with a variety of PYQX doses

¢/ mM -Ecorr/ MV vs. SCE - /mV dec? Sa/ mV dec? icore /UA cm2 ne /%
0.000 456.3 155.4 112.8 1104.1 -
0.001 432.2 119.9 71.9 107.6 90.3
0.010 426.1 122.3 85.5 91.2 91.7
0.100 420.3 87.6 62.6 51.2 95.4
1.000 432.1 114.1 75.5 21.3 98.1

Electrochemical impedance spectroscopy analysis

Electrochemical impedance spectroscopy (EIS) is generally used to explore the mechanisms of
charge transfer, surface passivation, and corrosion inhibition at the metal-electrolyte interface.
Typically, Nyquist and Bode curves are employed to highlight these outcomes of EIS. The properties
of corrosion prevention of quinoxaline derivative on CS have already been explored by EIS [19].
Nyquist impedance plots and Bode impedance modulus and phase angle plots of CS in the uninhibited
electrolyte and with a variety of PYQX doses at 30 °C are shown in Figures 4 and 5, respectively.

Nyquist plots (Zi vs. Z;) presented in Figure 4 show that just one capacitive loop has an identical
form for all experienced inhibitor concentrations. These similar impedance responses indicate that
the presence of PYQX did not alter the corrosion mechanism significantly, and the charge transfer is
the primary factor controlling the process of corrosion. Similarly, Figure 4 reveals that the capacitive
loop diameter rises with a rising dose, thus indicating inhibition efficiency. The obvious rise of
impedance modulus |Z| at low frequencies, as evident in the Bode graphs (Figure 5), implies the
rise of charge transfer resistance with the rise of the inhibitor concentration. This could be a
confirmation of better coverage with the increase of PYQX dose, related to the planar geometry of
the quinoxaline derivative, which may boost the adsorption of this substance on the CS surface by
creating a barrier coat that prevents corrosion [19]. The phase angle diagrams present only one

http://dx.doi.org/10.5599/jese.2177 281



http://dx.doi.org/10.5599/jese.2177

J. Electrochem. Sci. Eng. 14(3) (2024) 275-296 Inhibition performance of quinoxaline derivative for steel corrosion

peak, revealing that the corrosion process requires only one stage and is governed by charge
transfer. With increasing inhibitor concentration, the phase angles at corresponding peaks attained
higher negative values due to considerable molecular adsorption, suggesting that the tested
inhibitor PYQX may be involved in creating a protective layer on the metal substrate [20-22].

The experimental Nyquist and Bode diagrams for PYQX were adjusted using the equivalent
electrical circuit depicted in Figure 6. The equivalent circuit in Figure 6 includes a solution resistance
(Rs), a polarization resistance (Rp), and a constant phase element (CPE) describing a contribution of
double-layer impedance. Equation (13) can be utilized to determine the expression for the
impedance of the CPE [19]:

1
ZCPE - LQ(/Q))" J (13)

where Q, i, ® and n are CPE constant, imaginary number, angular frequency (@ =2nf, where f is
frequency), and CPE exponent, which can be used to measure the roughness or heterogeneity of
the surface, respectively.

The double layer capacity (Cai) of an adsorbed film is connected to the CPE settings in accordance
with equation (14):

Cdl _ I:QRpl-n ]l/n (14)

The impedance parameter values retrieved and determined by fitting EECin Figure 6 to EIS results
in Figures 4 and 5 are presented in Table 3, together with calculated values for inhibitor efficacy
using eq. (4), and chi-square (?) values obtained after impedance data fitting procedure. Low values
of »* indicate a strong correlation between impedance data obtained by the chosen model and the
measured outcomes. This suggests that there is a good concordance between the two sets of data.

Data in Table 3 generally show that the value of R, rises as PYQX content does. This rise leads to
the protection of the CS and reduces the number of active sites produced by binding the negatively
charged ClI" ions to the surface of CS. The simultaneous reduction in Cq values can be ascribed to a
decline in the local dielectric constant and/or an augmentation in the thickness of the electrical
double layer, indicating the adsorption of the studied molecules onto the metal surface [12].

The EIS study gave an inhibitory efficiency of about 97.1 % for a concentration of 1.0 mM PYQX
at 30 °C. This confirms the previous results obtained by WL, AAS and PDP.

750 > 10°M
> 10*M
> 10°M
> 10°M
» Blank
Fitted line

-Zj /Q cm?

600 -

0 150 300 450 600 750
Z./Q cm?

Figure 4. Nyquist impedance curves for CS in uninhibited 1 M HCl electrolyte and
with a variety of PYQX doses
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Figure 5. Bode graphs for CS in uninhibited 1 M HCl electrolyte and with a variety of PYQX doses
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Figure 6. The electrical equivalent circuit model

Table 3. EIS variables and inhibitory effectiveness for CS in the uninhibited 1M HCl electrolyte and with a

variety of PYQX doses
C/mM R/Qcm? R,/Qcm? Q/10°Q1s" cm™ n Cai/uF cm™ Ve R/ % o
0.000 0.83 21.57 293.9 0.845 116.2 0.002 --- ---
0.001 0.80 200.5 78.0 0.847 36.8 0.004 89.2 0.892
0.010 0.86 291.5 64.1 0.850 31.8 0.003 92.6 0.926
0.100 1.01 418.6 49.3 0.854 25.4 0.006 94.8 0.948
1.000 0.96 743.8 35.5 0.866 20.2 0.009 97.1 0.971

Adsorption isotherm

After adhering to the metal/solution contact, organic molecules restrict the dissolution of C=S.
Thus, it is needed to investigate the adhesion property of PYQX molecules on the C=S contact. To
achieve this goal, a variety of adsorption models were investigated in the present research.,
including the Langmuir, Freundlich, El-Awady, Temkin, and Flory-Huggins isotherms. Finally, the
results of this study indicate that the Langmuir model is the best-suited model for characterizing the
adsorption of PYQX onto the CS contact, which can be expressed by equation (15):

0 —

o
where Cinh, Kadgs, and @ are the PYQX concentration, the equilibrium adsorption constant and the
extent of surface coverage, respectively.

The standard Gibbs free energy of adsorption AGaqs® is related to the Kags according to equation
(16) [20]:

AGags® = -RT In(55 Kags) (16)

where 55.5 is the concentration of water in solution, R and T are gas constant and absolute
temperature (303 K), respectively.

(15)

KadsCinh
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The Langmuir isotherm graph is illustrated in Figure 7. It has already been recognised that when
AGag® > -20 kJ mol?, inhibitor molecules are adsorbed onto the CS surface by electrostatic
interactions (physisorption), while when AGa4s® < -40 kJ mol?, inhibitor adsorption occurs through
the formation of coordination bonds (chemisorption) between compound molecules and the CS
surface. In cases where -40 k) mol™ < AGaas® < -20 kJ mol?, inhibitor adsorption occurs through both
physisorption and chemisorption [20].

00008 |

= 00006 -
-—
@
= 0.0004 -

0.0002 |

.0000 |

000 00 0.0004 006 0008
Cim

Figure 7. Langmuir isotherm graph for PYQX adsorption on the CSin 1 M HCl at 30 °C

R? value of linear regression in Figure 7 is 1, indicating a close-to-perfect linear correlation. This
affirms that the Langmuir adsorption model applies to the adsorption process of PYQX in the
corrosion test. This data suggests that the adsorption process between PYQX and the corrosion
system is highly efficient, allowing for consistent and reliable results. The negative value of AGags®
and the high value of K, which takes on the value 988660.069 L mol, demonstrate the durability of
the bilayer taken up on the CS interface, resulting in a higher effectiveness of inhibition [21].
Additionally, the calculated value of AGags in this study is equal to -44.89 kJ mol, which reveals that
adsorption of 2-phenyl-3-(prop-2-yn-1-yloxy) quinoxaline on the CS surface is mainly through
chemisorption.

Temperature effect

In pickling, inhibitors are employed to guard against an acidic assault on metal equipment.
Pickling processes are often carried out at high temperatures. For application, a corrosion inhibitor
must maintain its effectiveness in a corrosive system at specific working temperatures. The research
has clearly established that when temperature increases, organic molecules are desorbed from
surfaces, which then results in increased corrosion of metals. This phenomenon has been
documented and observed in numerous studies. Therefore, it is doubtful that higher temperatures
can cause enhanced metal corrosion [21].

In the interest of investigating how temperature affects the efficiency of PYQX, PDP tests were
carried out in the uninhibited electrolyte and with 1 mM PYQX at temperatures fluctuating between
30to 60 °C (Figure 8). The inhibitor efficiency values (77) and electrochemical variables calculated for
this study are presented in Table 4. The results show that an elevation in temperature produces
higher icorr values and this effect is greater in the uninhibited electrolyte. This means that the rise in
temperature speeds up the disintegration of the CS by causing desorption of the PYQX molecules
from the CS surface.
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The 7, dropped from 98.1 to 91.6 %, demonstrating that PYQX underwent desorption from the
CS surface, and consequently, the degree of surface coverage decreases as the adsorption-
desorption equilibrium shifts in favour of inhibitory desorption [21].

3t
3r Blank
2F
o o
A :
< <
£ €
~ ok } -
< <
g g
b
2 4l
-800 =700 -600 -500 -400 -300 -200 -100 -800 =700 -600 -500 -400 -300 -200 -100
E/mVvs. SCE E/mV vs. SCE

Figure 8. PDP graphs of CS in 1 M HCl electrolyte (a) - without and (b) - with 1.0 mM of PYQX,
at different temperatures

Table 4. PDP electrochemical variables of CS in 1 M HCl electrolyte without and with 1 mM of PYQX, at
different temperatures

Medium T/K -Ecorr / MV vs. SCE - /mVdec! f./mVdect ior/HACM? 7175/ %
303 456.3 155.4 112.8 11041 -

Blank electrolyte 313 423.5 131.3 91.3 1477.4 -—-
323 436.3 117.8 91.4 22540 -
333 433.3 134.6 103.9 39449 -
303 432.1 114.1 75.5 21.3 98.1

PYQX 313 420.0 109.5 62.0 79.3 94.6
323 420.5 127.0 715 138.4 93.9
333 409.3 174.2 525 329.5 91.6

Activation parameters

The descriptors of the important indices, which are activation energy (Es), enthalpy change (AH.),
and entropy change (ASa), were determined in order to better understand how temperature affects
the inhibition mechanism. The E; value of the corrosion process at varying temperatures, both
without and with 1 mM of PYQX was computed by applying the Arrhenius equation (17) [22]:

-E

a

icorr = Ae RT (17)
AH, and AS, were computed by using the following alternative Arrhenius equation (18) [22]:
RT 2% AH,
corr = _e R e RT (18)
Nh

where A, R, T, N, and h are the pre-exponential constant, gas constant, absolute temperature,
Avogadro number, and Planck's constant, respectively.

The E, value for CS oxidation was calculated without and with 1.0 mM of PYQX using the slope
(-Ea/R) of the plot presented in Figure 9, which shows the dependency of In(icorr) on 1/T. Likewise, by
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tracing In(icorr/T) as a function of 1/T under the same conditions (Figure 10), the slope calculates the
values of AH,, while the y-intercept calculates the values of AS,. The activation energy and
thermodynamic parameters resulting from the Arrhenius and the transition state plots are reported
in Table 5.
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Figure 9. Arrhenius plots for CS in uninhibited 1 M HCl electrolyte and with 1 mM of PYQX
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Figure 10. Transition-state plots for CS in uninhibited 1 M HCl electrolyte and with 1 mM of PYQX

It has been noted in Table 5, that when 103 M of PYQX is present, the E, value is greater than that
of the uninhibited electrolyte, suggesting that there is an energy barrier between the CS surface and
inhibitor molecules under study. The oxidation process of the CS substrate is endothermic, as
indicated by the positive sign of the activation enthalpy change (AH,). In addition, the existence of
PYQX increased the value of AH,, stating that the dissolution of CS is difficult due to the adsorption of
PYQX molecules on the CS surface. On the other side, AS; value attains a high positive value compared
to the uninhibited medium, indicating an increase in disorder of the system occurs throughout the
adsorption process of the transformation from reactant molecules to activated complexes [23].

Table 5. Activation energy and thermodynamic parameters of CS in uninhibited 1 M HCl electrolyte and with

1 mM of PYQX
Medium E./kJ mol? AH./ k) mol? AS, /) moltK?
Blank electrolyte 354 32.8 -79.2
PYQX 73.8 71.2 16.3
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Scanning electron microscopy and energy-dispersive X-ray spectroscopy analysis

Surface examination by scanning electron microscopy (SEM) scanning technique was completed to
generate evidence of the impact of inhibitor compounds on the microstructure of the CS surface and
to confirm the creation of a protected layer by PYQX on the substrate. Figure 11 displays CS surface
SEM micrographs after 24 h of soaking in the uninhibited medium [23] and with 1 mM of PYQX.
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Figure 11. SEM/EDS photographs obtained: immediately after polishing (a/b), 24 hours after
soaking in 1 M HCIl media (c/d), and 24 hours after soaking in 1 M HCl media with 1 mM PYQX (e/f).
SEM images (a) and (c) are taken from [12]
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Figure 11(a) shows that the polished CS surface has many scratches from polishing. It is clear from
Figure 11(c) that the morphology of the entire CS area after immersion in the uninhibited medium
is severely damaged, while Figure 11(e) shows that the surface morphology greatly improves when
1 mM PYQX is present in the solution. This shows that the inclusion of PYQX leads to a reduction in
the number of active corrosion centres by adsorption of the molecules of PYQX on the surface of
the CS substrate, thus creating a stable, protective film. The EDS spectrum for the polished CS
presented in Figure 11(b) showed a strong iron peak and peaks characteristic for the chemical
composition of the CS sample. After immersion of the CS in the HCl electrolyte, the EDS spectrum in
Figure 11(d) shows strong Cl and O peaks, suggesting the existence of oxides and chlorides in the
corrosion products. On the surface of the specimens exposed to the PYQX-inhibited acidic
electrolyte, a remarkable reduction in Cl content is revealed in Figure 11(f), which confirms the
adsorption of PYQX molecules on the area of CS.

UV-visible spectra analysis

UV-visible spectrometry was applied to see how CS and molecules of PYQX interact. The
absorption spectra of corrosive media, including 1 mM of PYQX, before and after 72 h of CS soaking,
are plotted in Figure 12. As in previous research [24], a change in the location of the absorbance
peak or a change in the amplitude of the absorbance indicates the development of a complex
between two species present in the acidic electrolyte. A careful examination of the absorption
spectra showed a notable shift in the absorption bands from 252 to 254 nm and 321 to 327 nm.
Furthermore, a remarkable increase in the absorption maximum (Amax) and the appearance of an
additional peak at 226 nm reflects the interaction between the studied PYQX compounds and Fe?*
ions in the solution. These findings demonstrate the development of a complex between
quinoxaline molecules and Fe?* ions in the acidic media [25].
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Figure 12. UV-visible spectra of 1 M HCl including 1 mM of PYQX (a) -before and
(b) - after 72 hours of CS immersion

Density functional theory reactivity

A molecule with heteroatoms in its structure binds one or more H* protons in an acidic medium,
which can modify its chemical reactivity. Figure 13 shows the percentage distribution of the dif-
ferent protonated forms vs. pH using MarvinView software, suggesting that in dependence on pH,
the PYQX molecule likely protonates in two forms.
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Figure 13. Content of different protonated forms of PYOX as a function of pH

The optimal protonation occurs at position 2, wherein the nitrogen atom (sp?-hybridized) within
the foundational structure of quinoxaline is in closer proximity to the protons of the benzene ring,
thereby inducing a change in the neutral state of PYQX. Therefore, the current analysis is intended
to follow the reactivity behaviour of two forms, neutral and protonated.

To investigate the effectiveness of corrosion inhibition and evoke a plausible corrosion inhibition
mechanism, the electronic properties, global activity descriptors and local activity indices of PYQX
neutral and charged were calculated [26]. To maintain structural conformity, the absence of
imaginary frequencies must be ascertained using the same level of theory. To plot the structure,
HOMO and LUMO of the compounds, GaussView/5 software [27] was applied.

Figure 14 depicts the energy-minimized structures and FMOs (HOMO and LUMO) of the PYQX
neutral and charged. For the two forms in question, it is noticeable that the distribution of FMOs is
total over the structure of both forms of the PYQX, implying that the reactivity is very high with
other species and especially with the metal surface.
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Figure 14. Optimized state structure (FMO), and molecular electrostatic potential (MEP) of the neutral
and charged PYQX

Enwomo and Eiumo values serve to assess the donor/acceptor ratio in the molecule/metal
relationship [26]. In this study, the reactivity of the PYQX neutral and charged is followed by these
two descriptors. Table 6 groups different values of the reactivity descriptors of both forms. It is
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revealed in Table 6 that the PYQX neutral is more nucleophilic (Ehomo=-6.103 eV) and the PYQX
charged is more electrophilic (ELumo=-6.835 eV). Therefore, AE (ELumo-EHomo) allows to measure the
reactivity of a molecule, as the most minimal value of this descriptor means that the specific
reactivity is maximal [26]. The description comparison between the values for both forms of this
descriptor (AE) shows that the charged PYQX is more reactive with a low value of 3.453 eV.

The electronegativity (y) presents an attractive power of the electrons of a chemical species; the
relevance of the descriptor translates the reactivity of interaction [26]. The value of 8.561 eV for the
charged PYQX, as shown in Table 6, indicates that it is a more reactive inhibitor on surfaces with a
negative charge. The reactivity and hardness (7) of a molecule are reciprocally proportional: a harder
molecule implies lower reactivity [26]. The data in Table 6 show that charged PYQX (1.726 eV) is more
reactive. The fraction of electron transferred (AN110) values provide useful information on the tenden-
cy of electrons to flow from the inhibitor molecule to the CS surface (AN > 0), or from the carbon steel
to the inhibitor (AN < 0) [28]. In this present computation, the neutral PYQX molecule (AN110=0.197)
is more likely to share its electrons in order to form coordination bonds with Fe (110).

Table 6. Chemical descriptors of neutral and charged PYQX molecules

Form EHOMO / eV ELUMO / eV AE/EV }[/ eV 7]/ eV ANllo
PYQX neutral -6.103 -1.865 4,238 3.984 2.119 0.197
PYQX protonated -10.288 -6.835 3.453 8.561 1.726 -1.084

The inhibitory efficacy of a molecule can be measured and assessed by the prevalence of active
sites throughout its structure. In addition, the sites of high local reactivity support substantial
inhibitory efficacy. These centres may bind with others located at the metal surface by chemical
bonds [29]. In Table 7, the various sites of PYQX molecule neutral and charged are collected,
respectively, with the most suitable atoms presenting the highest reactivity, giving the acceptor
(nucleophilic attack (/™)) and donor (electrophilic- attack (f7)).

Table 7. Atoms of local reactivity for neutral and charged PYQX molecule

Atom 7 PYQX molecule neutrajl(+ fPYQX molecule chargejtj+

C(1) 0.034 0.052 0.019 0.047
C(2) 0.062 0.054 0.030 0.057
C(3) 0.056 0.050 0.023 0.037
C(4) 0.024 0.038 0.016 0.045
C(5) 0.034 0.038 0.019 0.047
C(6) 0.063 0.051 0.027 0.042
N (7) 0.040 0.107 0.017 0.078
C(8) 0.023 0.056 0.016 0.087
C(9) 0.035 0.065 0.015 0.047
N (10) 0.057 0.106 0.032 0.107
C(11) 0.055 0.012 0.054 0.008
0(12) 0.015 0.025 0.016 0.037
C(13) 0.007 0.007 0.023 0.010
C(14) 0.011 0.004 0.109 0.010
C(15) 0.030 0.022 0.148 0.032
C(16) 0.048 0.030 0.041 0.021
C(17) 0.039 0.022 0.038 0.019
C(18) 0.074 0.036 0.069 0.028
C(19) 0.041 0.020 0.039 0.017
C(20) 0.034 0.023 0.022 0.016
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The condensed Fukui functions (f* and f°) for PYQX neutral indicated that C2, C3, C6, N10, C11,
C16, and C18 are the most electrophilic attacks centres, whereas the C1, C2, C3, C6, N7, C8, C9, and
N10 are highest nucleophilic attacks centres. These sites are suitable for donating and accepting
electrons. After protonation, the electron-donating effect decreased noticeably while the electron-
attracting effect increased.

Molecular dynamics simulation

Molecular dynamics (MD) simulation is a valuable approach to describe better and understand the
adsorption pattern of a molecular substance on a metallic material [30]. In this work, the simulation
deals with the reactivity of quinoxaline molecules (neutral and charged) and Fe (110). This research
also investigated the reactivity model of two molecule forms on the effectiveness of surface
protection against attack by corrosive species contained in the molar HCl solution. Figure 15 illustrates
the adsorption of the species of interest (lateral and top representations) onto Fe (110). Further
analysis of these two configurations reveals that both molecules adsorb wholly and largely occupy the
iron atomic layer, resulting in a high content of anticorrosive protection.

— 7] Fe/PYQX (Neutral)

e =g ] €l
e (:‘)’ Fe/PYQX (Protonated) |} gy
G oy i -*'Fr—!'*"-"'\#v*{“l :
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L

Figure 15. Adsorption configurations of neutral and charged PYQX molecule onto Fe (110)
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The interaction energy (Einter) value is established by the equation (19) [31]:

Einter = - E(surface+ solution) = Einhibitort Etotal (19)

The Einter with a low value indicates the big interactions for both systems Fe/ PYQX (neutral) and
Fe/PYQX (charged). It appears from the comparative study that the most negative value of Fe/PYQX
(charged) with -889.929 kJ mol™ reflects a big interaction. These simulation data clearly prove the
agreement compared with the quantum computations.

The primary objective of this model is to assess the significance of adsorption by utilizing inter-
atomic distances for Fe/PYQX (neutral), which is equal to -888.428 kJ mol?, and Fe/PYQX (charged),
which is equal to -889.929 kJ mol, through the introduction of the radial distribution function (RDF).
The published literature confirms that the likelihood of chemical adsorption is higher when the bond
length is less than 0.35 nm (3.5 A). By contrast, physical adsorption is more probable [31]. In Figure 16,
the 1st peak displays the bond lengths for both systems are less than 0.35 nm.
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Figure 16. RDF (g(r)) of Fe/ PYQX (neutral) and Fe/PYQX (charged) (1 A = 0.1 nm)

Inhibitory mechanism

The adsorption process of inhibitor on a metal surface explains the mechanism of corrosion
inhibition. Figure 17 shows a possible mechanism for the adsorption of PYQX on the C=S surface in
1 M HCI. Organic molecules adsorb on metal surfaces primarily by chemisorption, physisorption, or
both. In this study, PYQX has many functional groups, such as O and N heteroatoms and
heterocycles, that can help the inhibitor stick to the surface. Organic compounds present both
neutral and protonated forms when their heteroatoms undergo protonation in acidic environments.
A positive charge may form on the metal surface as a result of fast metal oxidation. A negatively
charged surface may emerge as a result of the positive charge attracting chloride ions present in the
solution.

The protonated form then physically adheres to the newly formed negatively charged surface.
This creates a protective layer that slows down the anodic corrosion process. Also, the positively
charged ions that stick to the cathodic sites compete with H* for electrons, which lowers the produc-
tion of H; [32]. The neutral form of PYQX chemisorbed to the metal surface through interactions
between the empty d-orbital of Fe atoms and the free electron pairs of heteroatoms (N, O). The
transfer of excess negative charge from the Fe d-orbital to the unoccupied n* orbital of inhibitor
molecules can occur on the CS surface, leading to greater inhibitor adsorption on the steel surface.
Moreover, between the aromatic cycles and the d-orbitals of the CS surface, electron retro-donation
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may occur [33]. At last, a barrier is created on the steel surface by an adsorbed inhibitor film to
prevent metal corrosion from the corrosive medium.
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Figure 17. Schematic illustrating of PYQX adsorption mechanism on the C-S surface in chloride solution

Conclusion

Corrosion inhibition of carbon steel was investigated in a molar hydrochloric acid environment
using a novel quinoxaline derivative. The study used a combination of chemical and electrochemical
techniques, as well as some theoretical simulations. The main results of this research can be
resumed as follows:

PYQX demonstrated exceptional inhibitory efficacy against CS corrosion in acidic electrolytes. As
the concentration increases, its performance strengthens, reaching 98.1 % at 1 mM.

e PYQXis a mixed-type inhibitor with a cathodic inclination, as indicated by the PDP profiles, which
show that it significantly inhibits cathodic hydrogen evolution processes and anodic metal
dissolution. EIS analyses showed that when PYQX is present, R, values go up and double-layer
capacitance decreases. This shows that the inhibitor can slow down CS corrosion.

e The chemisorption mechanism of PYQX adsorption on the CS interface is consistent with the
Langmuir adsorption isotherm.

e Surface and electrolyte investigations (SEM, EDS, and UV-visible) showed that a protective
coating has formed over the surface of CS.

e DFT and MD simulations showed high reactivity with CS (Fe (110)).
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Abstract

The corrosion inhibition performance of the walnut fruit (Juglans regia L.) septum alcoholic
extract for Fe B500B steel bars in a mixed acidic solution (H:SO4/HCl) is reported. Weight
loss, potentiodynamic polarization, and electrochemical impedance spectroscopy
measurements were performed at 298 to 318 K, with the addition of various extract
concentrations. Results showed the maximum corrosion inhibition efficiency of 86.99 % for
300 mg L extract added. The extract acts as a mixed-type inhibitor, predominantly affect-
ing the anodic side, following Flory-Huggins adsorption isotherm. Thermodynamic analysis
indicated an endothermic process with both chemisorption and physisorption on the steel
bar surface. Surface characterization was conducted using ATR-FTIR, UV-vis and SEM
techniques to prove the adsorption of the inhibitor molecules on the steel bar surface. Also,
a possible adsorption mechanism of inhibitor molecules was proposed.

Keywords
Green corrosion inhibitor, corrosion rate; inhibition efficiency, Flory-Huggins isotherm,
inhibitor adsorption mechanism

Introduction

Corrosion is an issue that costs economies billions of dollars worldwide [1]. Several techniques
are used to mitigate corrosion, such as materials selection and isolation, design improvement,
environment modification, etc. Different kinds of carbon steels used as reinforcements in
constructions are susceptible to corrosion in aggressive environments. It is known that concrete
with a basic media protects all types of carbon steel. The problem arises when concrete is damaged
due to various chemical or physical causes. In contact with concrete, an aggressive environment
migrates through the cracks on the surface of the reinforcement. Such aggressive environments
include acid rain containing chloride ions in coastal urban industrial areas or acidic solutions used
for pickling metals. According to the paper published by C. J. Brown and D.R. Olsen [2], "Pickling is,
and likely will remain, very much an art". Based on this paper, adding H.SO4 to HCI (traditional
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pickling) increases the pickling rate. Furthermore, the inhibitors used to avoid attack in HCl pickling
remain effective with mixed acids. All of these are the impetus of the scientific motivation to use a
mixture of 0.5 M H;S04/0.5 M HCI as an aggressive acidic environment (blank solution), which
provides both the acidic environment with chloride ions and the corrosion situation during the
pickling process. Both H,SO4and HCl are strong corrosive acids [3,4].

Changing the environment using different additives as corrosion inhibitors is an effective
solution to mitigate corrosion. Corrosion inhibitors are generally grouped into inorganic, organic,
and environmentally friendly compounds extracted from plants [5-9]. Different parts of the plants
have been extracted, such as bark, roots, seeds, fruit peels, and leaves [10-14]. The corrosion-
protective properties of these extracts are attributed to flavonoids, phenolic compounds, tannins,
etc. These active compounds added to the corrosive medium protect metals from corrosion due to
heteroatoms such as N, O, as well as double bonds and aromatic rings, capable of adsorbing on the
metal surface physically or chemically [15,16].

The high inhibition efficiency was previously reported for the extracts obtained from different
parts of Juglans regia L, such as leaves, green husk, and walnut shell, in the corrosion of carbon steel,
mild steel, and aluminum in aggressive media [17-21]. Several scientific publications were reported
on the pharmaceutical and medical uses of the septum extract of the walnut fruit, thanks to its anti-
inflammatory and antimicrobial properties. These properties are due to the presence of active
compounds such as gallic acid, catechin, isoquercitrin, quercitrin, etc. [22,23]. The reason for
selecting walnut septum extract as a corrosion inhibitor is the presence of compounds mentioned
above and the low cost of this recyclable material in the fruit processing industry. These are the
genesis for the design of the walnut fruit septum extract as an inhibitor against corrosion of Fe
B500B steel bars in the acidic mixture (0.5 M H2504/0.5 M HCI).

The corrosion rate of the Fe B500B samples was evaluated using the weight loss method,
potentiodynamic polarization, and electrochemical impedance spectroscopy (EIS). The
measurements were carried out at room temperature with and without the addition of different
concentrations of the extract and for the optimum concentration at 298 to 318 K range. Adsorption
isotherms were used to find the type of adsorption on the metal solution interface. The activation
energy was determined with the Arrhenius-type dependence. The walnut fruit septum extract was
characterized by FTIR and UV-vis techniques. Scanning electron microscope (SEM) was used to
investigate the surface morphology of the Fe B500B samples for blank and optimum concentration
of the solution after 100 h of immersion in the 298 to 318 K temperature range.

Experimental

Preparation and characterization of the walnut fruit septum extract

The walnut fruit septum was obtained from domestic production in Albania and dried at 40 °C
for 5 days. The dried walnut fruit septum was ground in a blender and then extracted for 24 h in
70 % ethanol under reflux at 298 K. The extract was filtered and stored at 277 K. HPLC-DAD was used
to confirm the presence of gallic acid, catechin, isoquercitrin, and quercitrin which are the main
compounds present in walnut septum extract as previously reported [22], and suitable for use as
corrosion inhibitors.

Solution preparation

The mixed acidic corrosive medium (0.5 M H,S04/0.5 M HCI) was prepared by diluting the 37 %
HCl and 96 % H,SO4 solutions provided by Sigma Aldrich. The concentration of the extract was
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calculated based on the difference of the dried plant mass before and after extraction divided by
the volume of the solvent after reflux. The brown walnut fruit septum extract was added to the
corrosive solution in the concentration range of 100 to 300 mg L™ (i.e. 100, 200 and 300 mg L}).

Materials

The hot-rolled deformed steel bars Fe B500B used in this study were provided by Diler Demir
Celik Endustri Ve Ticaret A.S. (Gebze, Turkey) has the following composition: 0.20 wt.% C, 0.22 wt.%
Si, 0.023 wt.% S, 0.014 wt.% P, 0.84 wt.% Mn, 0.11 wt.% Ni, 0.10 wt.% Cr, 0.017 wt.% Mo, 0.30 wt.%
Cu, 0.0012 wt.% V, 0.0095 wt.% N, 0.0002 wt.% B and balance Fe.

Weight loss measurement

For weight loss measurements, Fe B500B samples were cut into cylinders of 5 cm in length and
0.8 cm in diameter. They were ground with different emery papers (i.e., 180, 240, 320, 500, and
1000 grit), washed with bi-distilled water, and degreased with acetone in an ultrasonic bath for 5
minutes. The samples were measured and marked before weighing with an accuracy of 0.0001 g
and then immersed in the 0.5 M H2504/0.5 M HCl solution without and with the walnut fruit septum
extract at 298 K. Before immersing the samples, the solutions were deaerated for 30 min. The
kinetics of the corrosion process for the optimum concentration of walnut fruit septum extract was
also investigated within the 298 to 318 K temperature range. A water bath was used to keep the
temperature constant (0.5 °C). Adsorption isotherms were also used to find the type of adsorption
of the inhibitor on the surface of Fe B500B samples.

After 100 h of immersion, the samples were washed with bi-distilled water, cleaned from
corrosion products with 1 M HCI containing 2 g L'! urotropine solution, degreased with acetone, and
weighed accurately. Experiments were carried out in triplicates. The corrosion rate (C.R., g m2h?)
was calculated by Equation (1):

CR.=W/St (1)
where W is the average weight loss of the samples in g, S is the total surface of the samples in m?,
and t is the immersion time in hours.

The corrosion rate (CR, mm year™) was calculated using converting Equation (2):

CR =(8.76 / dre) C.R. (2)
where d is the density of Fe / g cm and 8.76 is the conversion coefficient.

The corrosion inhibition efficiency (IE, %) and degree of surface coverage (6) of the walnut fruit
septum extract were calculated by Equations (3) and (4):

R -C.R.
|E=iloo (3)
C.R.°
C.R°-CR.
g=—-" 4
C.R.C (4)

where C.R. and C.R.2 represent the corrosion rates with and without the walnut fruit septum extract,
respectively.

Electrochemical methods

Open circuit potential (OCP), potentiodynamic polarization (PD), and electrochemical impedance
spectroscopy (EIS) experiments were carried out with I1S-CCS Corrosion Cell Set from PalmSens,
consisting of a three-electrode cell with a platinum counter electrode (CE) and saturated calomel
electrode (SCE) coupled to a Luggin capillary as a reference electrode. The working electrode samples
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were coupons with a surface area of 0.785 cm?. The coupons were cut from hot-rolled deformed steel
bars (Fe B500B) in discs of 5 mm in height and 15 mm in diameter that were ground with different
emery papers (i.e., 180, 240, 320, 500, and 1000 grit), washed with bi-distilled water and degreased
with acetone. Potentiodynamic polarization and electrochemical impedance spectroscopy
measurements were carried out using Palmsens 4 potentiostat. The open circuit potential (OCP) of
the Fe B500B samples immersed in the mixed acidic medium (0.5 M H2S04/ 0.5 M HCI) solution was
measured for 30 min, with and without additions of the walnut fruit septum extract. Potentiodynamic
polarization curves were obtained with a scan rate of 0.1 mV s in the potential range OCP +120 mV.
Electrochemical impedance spectroscopy (EIS) was carried out at OCP condition with an amplitude of
10 mV and a frequency range from 1 MHz to 0.01 Hz. The effect of the concentration of the walnut
fruit septum extract on the corrosion susceptibility of the Fe B500B samples was tested at 298 K.
Meanwhile, the impact of temperature on the corrosion rate and charge transfer resistance of the Fe
B500B samples immersed in the mixed acidic medium (0.5 M H;S04/0.5 M HCI) containing the
optimum concentration of walnut fruit septum extract was also tested at 308 and 318 K.
From potentiodynamic results, corrosion rates (CR, mm y!) were calculated using Equation (5):

_ Kai
" nd

where K is the conversion coefficient (0.00327), a is the atomic mass of Fe (g mol?), i is corrosion
current density in pA cm?, d is the density of Fe (g cm™3), and n is the valence of Fe (n=2).

The corrosion inhibition efficiency (IE) of the walnut fruit septum extract was calculated by
Equation (6):

CR (5)

:0

Icorr _iCOI’I’
IE = io—1oo (6)

where icorr and Pcorr represent the corrosion current density of the samples in the mixed acidic
medium (0.5 M H;S04/0.5 M HCI) with and without the addition of the walnut fruit septum extract,
respectively.

Surface characterization of Fe B500B steel bars

The scanning electron microscope (SEM) experiments were conducted using Zeiss EVO MA10.
Samples were immersed for 24 h in a blank and 300 mg L extract solution of the inhibitor over a
temperature range (298 to 318 K). To characterize the surface of Fe BS00B samples in the 400 to
4000 cm™ range, attenuated total reflection Fourier transform infrared (ATR-FTIR) spectroscopy
with an ALPHA Il spectrometer from Bruker was used.

UV-vis spectroscopy analysis

UV-Vis model VWR type UV-1600PC was employed to qualitatively analyze the walnut fruit
septum extract's composition. It was performed after 24 h of immersion of Fe B500B samples in the
absence and presence of walnut fruit septum extract.

Results and discussion

Weight loss measurements

As shown in Table 1, the corrosion rates (C.R.) of the Fe B500B samples immersed in the mixed
acidic medium (0.5 M H,504/0.5 M HCI) at 298 K decreased gradually with the increase of the inhibitor
concentration. The corrosion rate decreased from 1.4117 to 0.2893 g m2ht in terms of weight loss
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over time or decreased from 1.5713 to 0.3220 mm y ! in terms of penetration in the Fe B500B samples
surface samples over time at 298 K. Inhibitor efficiency and surface coverage increased with increasing
the extract concentration, reaching a maximum value of 79.51 % for 300 mg L of walnut fruit septum
extract added. Further increase of inhibitor concentration (i.e., 400 mg L%, results are not displayed)
does not improve the inhibitor efficiency, suggesting that 300 mg L is the optimum concentration.
This will be further confirmed by SEM analysis. The addition of the inhibitor changes the type of
corrosion to the uniform type.

Table 1. Weight loss results of Fe B500B samples immersed for 100 h at 298 K in the mixed acidic medium
(0.5 M H,S04/0.5 M HCl) without and with different concentrations of walnut fruit septum extract

Concentration, mg L* C.R,gm?2ht CR, mmy? IE, %
0.0 (blank) 1.4117 1.5713 -

100.0 0.7966 0.8866 43,58

200.0 0.4831 0.5377 65.78

300.0 0.2893 0.3220 79.51

Adsorption isotherm

It is generally known that inhibitor molecules adsorb on the metal surface by chemisorption
(involving coordination bonds or covalent bonds between inhibitor molecules and unfilled d orbitals
of iron) in the case of Fe B500B samples, or physical adsorption on the surface of the metal (involving
electrostatic forces). Therefore, adsorption isotherms are used to gain information on the type of
interaction on the surface of the metal. Various isotherms, such as Temkin, Freundlich, Langmuir,
Frumkin, EI-Awady, and Flory-Huggins, were used to fit the data reported in Table 1. Nonetheless,
the best-obtained fit was Flory-Huggins adsorption isotherm, as shown in Figure 1. The data for
adsorption isotherms were fitted according to Equation (7):

InLiJ =In K, +x In(1-0) (7)
inh

where @is the surface coverage assessed from weight loss measurement at 298 K (Table 1). The
intercept and the slope from the plot presented in Figure 1 are In Kags and x, respectively, where Kads
is the adsorption equilibrium constant, and x represents the number of water molecules substituted
by a single inhibitor molecule [24]. The intercept value of the Flory-Huggins isotherm presented in
Figure 1, which corresponds to In Kaigs was found to be 1.78 and is further used to calculate the
standard Gibbs free energy of the adsorption according to Equation (8):

AG®ads = - RT In (55.5AKads) (8)

where R is the universal gas constant in 8.314 ) mol™* K%, Tis the temperature in Kelvin, 55.5 mol L' is
the concentration of water in solution at 298 K. Based on the literature [25], if the value of Gibbs free
energy of the adsorption (AG°as) is less negative or equal to -20 kJ mol?, the interaction between the
charged metal surface and the inhibitor molecules is by physical adsorption (electrostatic). In the case
when AG°.4s > -40 k) mol, we have the occurrence of chemisorption (charge transfer between the
inhibitor molecules and metal surface) [25]. The calculated value in this case is -14.38 kJ mol?,
confirming physisorption. The x value is 0.49, which indicates the replacement of water molecules.
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Figure 1. Adsorption isotherm of Flory-Huggins plotted from the weight loss measurements data at 298 K

Effect of temperature and thermodynamic activation parameter

Temperature has a significant effect on the kinetics of the corrosion processes. It also impacts
the behaviour of the corrosion inhibitors. To study these effects, weight loss measurements at
different temperatures (298 to 318 K) with and without the addition of the optimum concentration
of the walnut fruit septum extract (300 mg L!) were performed. As shown in Table 2, the corrosion
rate increases significantly with the increase of the temperature for blank and inhibited solutions
that corresponds to the Arrhenius equation (9).

Table 2. Corrosion rate of Fe B500B samples and inhibitor efficiency of walnut fruit septum extract for
optimum concentration and blank after 100 h immersion at 298 to 318 K

Temperature, K

C/mglL? 298 308 318
C.R, gm2h IE, % C.R, gm?h IE, % C.R, gm?h IE, %
0.0 (blank) 1.4117 - 6.5271 - 18.2326 -
300.0 0.2893 79.51 2.5262 61.29 8.3767 54.05

To further investigate this process, the Arrhenius-type dependence between temperature and
corrosion rate was used, from which we were able to calculate the activation energy of the corrosion
process (Ea) at different temperatures for the blank and optimum concentration of the inhibitor,
using Equation (9) [26]:

C.R.=k e[ﬁJ (9)

By using the transition state energy equation (10), thermodynamic parameters for the corrosion
processes, such as entropy (AS, ) and enthalpy (AHa) were calculated [26]:

AS, -AH,
RT : :
C.R.:—e£ RTJe( RT J (10)
Nh
where C.R., k, N, and h are the corrosion rate, pre-exponential factor, Avogadro number and Planck’s

constant, respectively.
From the slope in Figure 2a, which is according to the linearized form of Equation (9), equal to

-Ea/R, the activation energy of the metal dissolution was calculated for the blank and optimum
concentration of the inhibitor (300 mg L?). Figure 2b shows the plot of In [C.R. T) vs. T"! from which
the intercept and slope were found and used to calculate (AS.) and (AH,) values, respectively.
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Figure 2. (a) Plot of In C.R. vs. 1/T for the activation energy of corrosion reaction, (b) Arrhenius plot of
In (C.R./T) vs. 1/T for Fe B500B samples in the absence and presence of optimum concentration (300 mg L)
of walnut fruit septum extract

Table 3 shows the activation parameters obtained from Arrhenius and transition state plots. From
the calculated data listed in Table 3, the activation energy for the inhibitor optimum concentration
was higher than the blank solution. The activation energy for optimum concentration (300 mg L) and
blank solution were 316.92 and 100.93 kJ mol?, respectively. This indicates that walnut fruit septum
extract forms a thin protection layer for corrosion mitigation in the inhibited medium [27]. This
increase in the E, value suggests a physisorption that occurs at the first stage of the inhibition
mechanism [28]. The enthalpy of activation (AH,) has a positive sign, which implies an endothermic
corrosion process in the Fe B500B samples. Interestingly, both activation energy Ea values for the blank
and optimum inhibitor concentration are greater than the corresponding AH, values. This indicates
the involvement of a gaseous reaction in the corrosion process, that is, the reduction of the hydrogen
ions [29]. The positive value of entropy shows an increase in the disorder.

Table 3. The values of E,, AH,, and AS, for Fe B500B samples immersed for 100 h in the mixed acidic medium
(0.5 M H,50,/0.5 M HCl) in the absence and the presence of 300 mg L™ of walnut fruit septum extract

C/mglL? E./ ki mol?) AH, / kI mol? AS. /) moltK?
0.0 blank 100.93 98.35 286.08
300.0 316.92 130.19 379.86

Potentiodynamic polarization curves

Figure 3 shows the potentiodynamic polarization curves for Fe B500B samples in the mixed acidic
medium (0.5 M H2504/0.5M HCI) at 298 K without and with different concentrations of the walnut
fruit septum extract. The addition of the walnut fruit septum extract lowers both cathodic and
anodic branches of the potentiodynamic polarization curves, with more dominance on the anodic
side. All cathodic and anodic branches are parallel, suggesting that the inhibition mechanism has
not been changed [30].

Table 4 presents the Tafel extrapolation data, including corrosion potential (Ecorr), corrosion
current density (icorr), polarization resistance (Rp) and the respective calculated corrosion rates and
inhibitor efficiencies.
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Figure 3. Potentiodynamic polarization curves of Fe B500B samples in the mixed acidic medium
(0.5 M H,504/0.5 M HCI) solution without and with different concentrations of the walnut fruit septum
extract at 298 K

Table 4. Kinetic parameters obtained from potentiodynamic polarization curves of Fe B500B samples
immersed in the mixed acidic medium (0.5 M H,S04/ 0.5 M HCI) at 298 K, without and with different
concentrations of walnut fruit septum extract

- bc/ ba/ icorr/ CR, R / |ER /
C/mgL™ Ecor/ MV mVdec! mVdec! pAcm? mmyear? &, % fa fe Q gmz %F:
0 -504.79 -84.65 138.8 316.04 3.695 - 72.24 -

100 -475.68 -89.719 60.688 65.660 0.714 80.68 0.13 0.15 239.40 69.82

200 -476.98 -80.8 55.516 51.222 0.596 83.88 0.09 0.11 278.95 74.10

300 -466.79  -88.012 49.528 41.324 0.481 86.99 0.06 0.085 333.01 78.31

As shown in Table 4, Ecorr value shifts positively compared to the blank solution. Based on the lite-
rature, when the difference in corrosion potential between the inhibited solution and blank is less
than 85 mV in absolute value, this inhibitor is considered a mixed-type inhibitor with anodic domi-
nance [31]. Cathodic (bc) and anodic (b.) Tafel slopes decrease in their absolute values, indicating
adsorption of the inhibitor on both cathodic and anodic sites [32]. Current density (icorr) values decre-
ase significantly with the increase of walnut fruit septum extract concentration from 316.04 pA cm
for the blank solution to 41.32 pA cm™ for the optimum inhibitor concentration of 300 mg L.
Corrosion rates also decrease from 3.695 mm year™ for blank solution to 0.481 mm year™ for the
optimum concentration. These results are in general agreement with corrosion rates obtained from
weight loss results (Table 1), except for the blank solution, what is probably due to pitting corrosion
occurring in this aggressive condition. In such a case, CR cannot be estimated by the weight loss
method. The repeatability of the results regarding the corrosion rate refers to the uniform corrosion,
not the pitting corrosion. Increasing the exposure time and temperature in weight loss measurements,
as well as adding the inhibitor, converts pitting corrosion to uniform corrosion.

Regarding penetration measurements, the corrosion rate decreased from 3.69 mm year for the
blank solution to 0.48 mm year for the optimum concentration (300 mg L2). The inhibitor efficiency
increases remarkably with the increase of the inhibitor concentration, reaching a maximum value
for optimum concentration (300 mg L) of 86.99 %. Further increase of inhibitor concentration (i.e.,
400 mg L results not displayed) did not result in increased inhibition efficiency.

To clarify the complexity of the corrosion process that occurred at the metal/solution interface
in the presence of the inhibitor (supposed electrochemical inhibition mechanism), Cao [33]
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suggested two exponents of the cathodic (fc) and anodic (fa) reaction, calculated by equations (11)
and (12):

-inh Ecorr Ecorr

leorr b

o | (11)
leorr

iinh M
f‘a — .((E)Ol'r e ba (12)

I

corr

f.

where the super-indexes (0) and (inh) represent the corrosive medium without and with walnut fruit
septum extract, respectively. The inhibitive mechanism is attributed to the geometric blocking effect
if fo=fs, and if fc< 1 or fa< 1, the blocking effect of active sites is attributed to the adsorption of the
inhibitor.

The calculated values of f, and fc are also displayed in Table 4. Both coefficients, fcand f;, are less
than one, and furthermore, fc > fa. This indicates that the inhibition process is related to the
adsorption on the active sites of the metal surface. Meanwhile, the inhibitor retards the anodic
reaction. This confirms the shift of Ecorr, shown in Figure 3 and Table 4.

In addition, the Stearn-Geary equation was used to calculate the polarization resistance (Rp) by
equation (13):

b b

R = ca 13
23031, (b +b,) 13

Inhibitor efficiency for R, values was calculated by equation (14):

R ..-R
IE, == %100 (14)

Rp inh
where R,inh is polarization resistance with the presence of the inhibitor, and Rpo is the polarization
resistance of the blank solution.

Table 4 shows that Rp values increase with the increase of walnut fruit septum extract
concentration from 72.24 Q cm? for the blank solution to 333.0 Q cm? for optimum concentration
(300 mg L1). The increase in concentration of the inhibitor corresponds to the increase in
polarization resistance. This indicates the reduction of the electroactive area by the adsorption film
formed by the inhibitor on the surface of Fe B500B steel bar samples.

Effect of temperature on the corrosion rate of Fe B5O0B samples

Potentiodynamic polarization was also used to investigate the effect of temperature on corrosion
rate. Figure 4 presents polarization curves for Fe B500B samples in the mixed acidic medium
(0.5 M H2504/0.5 M HCI) for blank and optimum concentration (300 mg L) at different tempera-
tures. Both anodic and cathodic branches of polarization curves followed the same trend with the
increase in temperature. It is clearly seen that with the addition of the optimum concentration of
the inhibitor, the corrosion current density significantly decreases compared to the corresponding
blank solutions at all tested temperatures.

All relevant data evaluated from potentiodynamic polarization curves are summarized in Table 5,
where it is seen that corrosion current density values decrease with the increase of temperature,
and this is also reflected in the variation of the inhibition efficiency values. The shift of corrosion
potential toward the anodic side decreases with the increase in temperature. At 318 K, the corrosion
potential shifts slightly to the cathodic side, referred to the corresponding blank solution (Figure 4).
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Figure 4. Potentiodynamic polarization curves of Fe B500B samples in the mixed acidic medium
(0.5 M H,504/0.5 M HCl) without and with the optimum concentration (300 mg L) of the walnut fruit
septum extract at different temperatures (298 to 318 K)

This confirms that walnut fruit septum extract acts as a mixed-type inhibitor with dominance on
the anodic side, which decreases with the increase in temperature. As a consequence of the increase
in temperatures, the density of the pits (active centres of adsorption) increases until the formation
of uniform corrosion [25]. This justifies again the mechanism of inhibition of walnut fruit septum
alcoholic extract suggested by weight loss to convert pitting corrosion into uniform corrosion [34].

Table 5. Data obtained from Tafel extrapolation of potentiodynamic polarization curves for Fe B500B samples
immersed in the mixed acidic medium (0.5 M H,SO.4/ 0.5 M HCl) without and with the optimal concentration of
300 mg Lt walnut fruit septum extract at different temperatures (298-318 K)

C/mgL"  Ecorr/mV m\%{ec‘1 m\llo‘—:j{ec‘1 u{&OZr{TZ mmCyRe’ar'-1 IE, % QRgrﬁz 1%
O‘OzgtgaK”k) 50479 -84.65 1388 316.04 3.695 - 7224 -
°‘°3§)tgaK”k) _48334  -9585 20541 85114 9.87 . 3334 -
0‘03(1'%'1”") _487.69  -109.90  280.44  1854.90 21.52 . 1848 i
ggg'g _466.79  -88.012 49528  41.324 0481  86.99 333.02 7831
ggg'g _496.17  -90.79 11573  217.82 2.53 744 10142  67.1
o0 -48528  -100.66 11352 60884 7.06 67.2 3805 514

To investigate further, the Stearn-Geary equation (equation 13) was also used here to calculate
polarization resistance. Since polarization resistance is the inverse of current density, its decrease
means an increase in current density or, in other words, an increase in the corrosion rate. Inhibitor
efficiency calculated from Ry values decreases with the increase in temperature. This indicates a
decrease in the performance of the inhibitor at high temperatures.

Electrochemical impedance spectroscopy measurements

Electrochemical impedance spectroscopy was conducted for Fe B500B samples immersed in the
mixed acidic medium (0.5 M H,S04/0.5 M HCIl) without and with different concentrations of the
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inhibitor at 298 K, and also at 308 and 318 K for the optimum inhibitor concentration (300 mg L)
with respective to blank solution.

Figure 5a shows the Nyquist diagrams of Fe B5S00B samples in the presence and absence of the
walnut fruit septum at 298 K. The obtained semicircle impedance responses indicate that the
process occurring at the metal interface with the solution is mainly charge transfer [35]. Furthe-
rmore, all semicircles appear slightly depressed. This may be related to the inhomogeneous surface
of Fe B500B samples that causes frequency dispersion of the interfacial impedance [36]. At lower
frequencies, an inductive loop that may be related to the adsorption-desorption of the inhibitor
molecules due to electrode surface instability is observed. Nevertheless, this inductive loop
decreases with the increase of the inhibitor concentration, indicating the increase of stability in the
adsorption-desorption equilibrium process at the electrode surface [36]. The Nyquist plots display
a significant increase in diameters with the addition of the walnut fruit septum extract. This indicates
an increase in the adsorption of the inhibitor with the increase of the concentration, resulting in a
lower electroactive region on the surface of the Fe BS00B samples. Bode modulus and phase angle
diagrams for Fe B500B samples immersed in the mixed acidic medium (0.5 M H,504/0.5 M HCI)
without and with different concentrations of the inhibitor at 298 K are displayed in Figure 5b. As
shown in Bode curves at lower frequencies, the impedance magnitude increases with the concen-
tration of walnut fruit septum extract. This reveals higher charge transfer resistance at the metal
solution interface. It seems that the corrosion mechanism does not change with the increase of the
inhibitor concentration, which is shown by forms of Bode curves that are similar in shape for all
measured samples. Only one peak appearing in phase angle plots indicates the presence of only one
time constant. With the increase of the inhibitor concentration, the phase angle peak increases,
which suggests continuous adsorption of inhibitor molecules on the Fe B500B samples at higher
concentrations of the inhibitor. The increase in phase angle value with the increase of inhibitor
concentration indicates that the metal dissolution decreased [37].

250 300 80
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¢ 100 mgL" 250 -
200 - e 200mgL" 60
300 mg L’

NE 150 F Fitted curves . 200 |- 40 2,”
o 5.01 Hz £ ey
G © 150 S
£ 100 = 20
N N 100 | ] é::’

50 - 50 | 0
0F o ok -20
L L L L 1 L L L 1 L 1 N 1 1 " 1 N 1 N 1 1 " 1 N
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a) z /acm? b) log (f / Hz)

Figure 5. (a) Nyquist plots and (b) Bode phase angle and modulus plots for Fe B500B samples in the mixed
acidic medium (0.5 M H,50,4/0.5 M HCI) without and with different concentrations of the walnut fruit
septum extract at 298 K

Figure 6 shows Nyquist and Bode diagrams at different temperatures for the optimum
concentration of the walnut fruit septum extract (300 mg L) and blank solution. The capacitive
loops increase for optimum concentration compared to respective blank solutions at all studied
temperatures, indicating the formation of the protective layer on the surface of Fe B500B samples.
Nevertheless, the capacitive loops decrease with the increase of the temperature both for blank and
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optimum concentration, implying acceleration of corrosion rate. The respective Bode modulus plots
show an increase in the magnitude of impedance for optimum concentration (300 mg L) compared
with corresponding blank solutions. However, the increase in temperature decreases the magnitude
of the impedance, indicating the desorption of inhibitor molecules with the increased temperature.
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Figure 6. Nyquist plots (left), and Bode phase and-modulus plots (right) for Fe B500B samples in the mixed
acidic medium (0.5 M H,S04/0.5 M HCl) without and with the optimum concentration (300 mg L) of the
walnut fruit septum extract at: (a) 298 K; (b) 308 K; (c) 318 K

The equivalent circuit shown in Figure 7 was used to fit the data of EIS measurements.
Experimental data obtained from Palmsens 4 potentiostat were imported to Aftermath software
version 1.6.10523 from Pine Research to make fittings of EIS spectra.
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Figure 7. Equivalent circuit used to fit the EIS experimental data

The solution resistance (Rs), constant phase element (CPE), which is related to double layer
capacitance, charge transfer resistance (Rct), inductance (L), and resistance of inductance (R.) were
used to fit the experimental data of EIS measurements. Equation (15) determines the impedance of
constant phase element (Zcpe) [38]:

1
ZCPEzﬁ (15)
Y, (jo)

where Yo represents the CPE constant, @ (o = 27xf) is the angular frequency, and a is the CPE
exponent, which represents a deviation from the ideal semicircle response and takes value in a
range of -1 < a <1. When a is equal to 1, 0 and -1 represent a pure capacitor, resistor, and inductor,
respectively. The CPE was further converted to double-layer capacitance (Cq) by equations (16) and
(17):

Cdl :YO a)maxa-1 (16)

Wmax = 27Z'fmax (17)
where fmax is the frequency for the maximum value of the imaginary component in the plot of -Zim
vs.logf(12.62,7.95, 6.30, and 6.31 Hz for the walnut fruit septum extract concentration of 0 (blank),
100, 200 and 300 mg L respectively), whereas wmax is the maximum angular frequency calculated
from fmax.

The results of the equivalent circuit fitting to experimental impedance data presented in Figures
5and 6 are shown in Tables 6 and 7.

Table 6 presents impedance parameter values for Fe B500B samples in a blank solution and for
different concentrations of the walnut fruit septum extract at 298 K.

Table 6. Fitted experimental parameter values of EIS spectra (Fig.5) for Fe B500B samples immersed in the
mixed acidic medium (0.5 M H:S0,4/0.5 M HCI), without and with different concentrations of walnut fruit

septum extract at 298 K
C/mgl? R/Qcm? Ri/Qcm?  Ca/puFcm? a L/Hcm? R/ Q cm? IE, %
0.0 (blank) 1.99 64.82 185.66 0.92 772.01 478.81 -
100.0 2.33 111.17 164.47 0.91 1044.05 860.50 41.69
200.0 2.11 186.33 135.64 0.89 1338.08 4212.50 65.21
300.0 2.10 225.94 111.91 0.90 1953.93 5863.68 71.31

It is shown in Table 6 that the addition of walnut fruit septum extract increases the value of
charge transfer (Rct), indicating the adsorption of the inhibitor molecules at the metal-solution
interface with the increase of the inhibitor concentration. As a consequence, the corrosion rate is
decreased. The double-layer capacitance (Cq) decreases as the corrosion inhibitor concentration
increases. The behaviour of the double-layer capacitance can be investigated further by using the
following equation [39]:

http://dx.doi.org/10.5599/jese.2303 309



http://dx.doi.org/10.5599/jese.2303

J. Electrochem. Sci. Eng. 14(3) (2024) 297-320 Walnut fruit septum alcoholic extract as corrosion inhibitor

0
Ee
—S

d
where &° and ¢ are vacuum dielectric permittivity constant and double layer dielectric constant,

respectively. Sis the exposed area of material in the corrosive medium, and d is the thickness of the

Cy= (18)

double layer. The dielectric constant of water is bigger than that of inhibitor molecules. The decrease
of the double-layer capacitance values suggests a continuous replacement of water molecules at
the metal solution interface by adsorption of the inhibitor molecules with the increase of the
inhibitor concentration. The molecules of the inhibitor are bigger than the molecules of water,
indicating an increase in d, which results in a decrease of capacitance [40]. The inductance values
increase with the increase of the inhibitor concentration to resist the current changes. This is further
supported by the corresponding values of R, which also increase with the increase of the inductance
values. This phenomenon may result from either the surface of the metal becoming less tense or
from the formation of unstable corrosion products, such as FeCl,, at the boundary between the
metal and the solution, causing the inductive loop (R L) at low frequencies [41].

Table 7 lists impedance parameter values for Fe B500B samples measured in blank solution and
for the optimal concentration of the walnut fruit septum extract (300 mg L1) at different
temperatures (298 to 318 K). The parameter values were obtained by fitting EEC in Figure 7 to
impedance spectra presented in Figure 6. As shown in Table 7, the charge transfer resistance (Rct)
increases at the optimum inhibitor concentration compared to the respective blank solution,
displaying the moderate performance of the inhibitor at higher temperatures. The increase in the
temperature decreases charge transfer resistance both for blank and optimum concentration. This
suggests increased desorption of the inhibitor molecules from the metal solution interface. Double-
layer capacitance (Cq) value decreases compared to the blank solution and increases with the
increase of the temperature. The values of inductance (L) decrease with the increase in
temperature, indicating increased current at the metal/solution interface. Also, resistance R\ follows
the same trend as inductance with the increase in temperature.

Table 7. Fitted experimental parameter values of EIS spectra (Fig.6) for Fe B500B samples immersed in the
mixed acidic medium (0.5 M H,504/0.5 M HCl) without and with 300 mg L* walnut fruit septum extract at
different temperatures (298-318 K)

Inhibitor concentration, mgL? Rs/Qcm? Re/Qcm?  Ca/pFcm? o L/Hcm? R./ Qcm?
0.0 (blank) - 298 K 1.99 64.82 185.66 0.92 772.01 478.81
0.0 (blank) - 308 K 1.83 22.09 248.98 0.91 182.35 185.86
0.0 (blank) - 318 K 1.68 10.65 396.60 0.90 49.58 84.19
300.0-298 K 2.10 225.94 111.91 0.90 1953.93 5863.68
300.0 - 308 K 2.05 182.86 122.79 0.86 526.83 2044.81
300.0-318K 1.83 58.56 151.79 0.88 261.51 411.88
SEM analysis

Scanning electron microscope (SEM) was used to evaluate the protective properties of walnut
fruit septum extract on the surface of Fe B500B samples immersed in the mixed acidic medium
(0.5 M H2S04/0.5 M HCI), without and with optimum inhibitor concentration (300 mg L1), in the
temperature range 298-318 K.

Figure 8a shows the Fe B500B sample surface previously polished with emery paper and cleaned
with bi-distilled water before immersion. From the observation of the image, some white lines
appear on the surface of the sample that are inherent from the polishing machine. At 298 K, the
SEM image of the sample in the blank solution shows local corrosion (Figure 8b).
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Figure 8. SEM images of Fe B500B samples: (a) polished, (b, d, f) immersed in blank solution, (c, e, g) in
optimum concentration (300 mg L?) of walnut septum fruit extract, for 24 h at 298, 308 and 318 K
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The sample immersed in the solution with optimum inhibitor concentration at 298 K displays a
homogeneous and uniform surface (Figure 8c), conforming the results from weight loss and electro-
chemical measurements. The SEM images confirm once more the good protection performance of
the inhibitor, as we observe the conversion with time of the localised corrosion to uniform
corrosion. This validates the adsorption of the walnut fruit septum extract on the surface of the Fe
B500B sample. With the increase in temperature, the protection properties of the walnut fruit
septum extract weakened, but the samples immersed in the solution with optimum inhibitor
concentration showed improvements compared to the respective samples immersed in blank
solutions at the corresponding temperatures (as seen in Figure 8). Namely, the walnut fruit septum
extract significantly impedes corrosion processes on the surface of the Fe B500B samples.

ATR-FTIR spectroscopy analysis of the walnut fruit septum extract

Based on previously published works on green inhibitors, the presence of heteroatoms (i.e., O, N
and S), aromatic rings, double bonds, and conjugated bonds gave the inhibitors the ability to be
adsorbed on the surface of the metals [42,43]. To confirm qualitatively the presence of those groups
in walnut fruit septum extract, ATR-FTIR was carried out on Fe B500B samples in polished form,
immersed in blank and optimum concentration of the inhibitor and pure alcoholic extract, and shown
in Figure 9. The ATR-FTIR of the dried alcoholic extract (Figure 9d) displays the strongest and broader
band at 3237 cm™, which is attributed to O-H stretching [44]. The bands at 2922 and 2852 cm™ are
related to C-H stretching vibration [44]. The 1706 cm™ peak is attributed to the carbonyl group, C=0
stretching [45]. The strong bands at 1604 and 1518 cm™ could be assigned as aromatic rings
supported by weak peaks at 2114 cm™ [44]. The ATR-FTIR spectra for the non-treated specimen
(only ground) and the specimen immersed in blank solution show no characteristic bands (Figure 9a
and 9b). The FTIR spectrum of the Fe BS00B immersed in the optimum concentration of the inhibitor
(300 mg L!) for 24 h displays bands at 1618 and 1018 cm, attributed to the stretching vibration of
C=C, C=0 double bonds and C-O bonds, respectively (Figure 9c).
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Figure 9. ATR-FTIR spectra of Fe B500B in: (a) polished form, (b) immersed in blank, (c) at optimum inhibitor
concentration (300 mg L-1); (d) of pure alcoholic inhibitor extract

These bands are approximately in the same range as the bands for C=C, C=0, and C-O of phenolic
compounds on the alcoholic extract of the walnut septum (Figures 9 c,d) [46,47]. This suggests the
presence of phenolic compounds on the surface of the Fe B500B sample. Also, the bands at 461 and
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410 cm™ are attributed to the stretching modes of the Fe-O bonds, resulting from the interaction of
iron with the oxygen of polyphenols present in the extract [47]. Based on the presence of these
bands, it can be concluded that walnut septum extract molecules are chemisorbed on the surface
of the Fe B500B specimen.

UV-Vis spectroscopy analysis of the walnut fruit septum extract

Organic compounds in walnut fruit septum extract can reveal characteristic peaks. The alcoholic
extract and blank solution (0.5 M H2504/0.5 M HCI), with and without the addition of 300 mg L™
(optimum concentration), were used for the analysis. The absorbance peaks are displayed in
Figure 10. The immersion of Fe B500B steel bar in the solution that contains the optimum concen-
tration of the inhibitor (300 mg L) decreases the absorbance peak compared to the optimum
(300 mg L) solution without immersion of the Fe B500B samples. This clearly indicates the adsorption
of the inhibitor molecules on the active sites on the surface of Fe B500B samples [48].

2.0 a) Alcoholic extract WS

b) Blank after 24 h of Fe B500B immersion
c¢) Inhibitor solution after 24 h of Fe BS00B immersion
d) Inhibitor solution without Fe B500B immersion
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Figure 10. UV-vis spectra of: (a) alcoholic walnut fruit septum extract; solutions after 24 h immersion of
Fe B5008B in (b) blank, and (c) inhibitor (300 mg L); (d) inhibitor solution without immersion of Fe B500B

Suggested mechanism of corrosion and inhibition by walnut fruit septum extract

According to the above discussion based on weight loss and electrochemical measurements,
walnut fruit septum extract acts as a mixed-type inhibitor (anodic-cathodic) that is adsorbed
spontaneously on the surface of the metal (hot rolled steel Fe B500B samples), according to the mixed
physical-chemical mechanism. It is well known that carbon steel has a positive surface charge in an
acidic solution [49]. According to the potential of the zero-charge adsorption mechanism, for Fe B500B
samples, pH of zero charge (pHch) is almost 8.8. When immersed in acidic solutions (pH <8.8), the Fe
B500B sample is charged positively. In such conditions, ClI" ions and other negative ions are likely to
get adsorbed. Another important principle proposed by Pearson HSAB (Hard and Soft Acids and Bases)
explains the adsorption of Cl (as a weak base) and bulk metals, which act as a weak acid [50,51].

The proposed mechanism for anodic and cathodic corrosion reaction on the surface of carbon
steel (hot rolled steel Fe B500B samples) immersed in mixed acidic solution (0.5 M H2504/0.5 M HCI)
contains the following steps [52-54]:
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In water solution, H,SO4 and HCl dissociate to H*, HSO*, SO42 and Cl- ions. Corrosion of hot-rolled
steel Fe B500B in mixed acidic solution is considered as localized corrosion in the form of pitting
with hydrogen evolution at the cathodic sites and anodic dissolution of Fe, where HSO47, SO4% and
Cl ions react and form corrosion products as FeCl,, FeSO4, and Fe(HSOa),. The presence of Cl in
concentration 0.5 M with autocatalytic action, the small radius, and easy penetration in the pas-
sivation layer accelerates the pitting corrosion, where the presence of SO4% ions can act as a pitting
corrosion accelerator [53].

The general cathodic reaction is (Equation (19)):

2H*(aq) + 26" — Hag) (19)
This reaction can be described by the following steps (Equations (20) to (22)):

Fe + H* — (FeH")aq (20)
(FeH*)ag + e— (FeH)ads (21)
(FeH)ags + H* + @ — Fe + Ha(g) (22)

The general anodic reaction is (Equation (23)):
Fe >Fe?* + 2e° (23)

The anodic reaction mechanism is more complicated than the cathodic reaction mechanism,
especially in mixed acidic solutions. After immersion of the metal (hot rolled steel Fe B500B samples)
in the above corrosive water solution, it is soaked with water molecules, which are adsorbed initially
in a competitive manner with chlorine ions [52].

The anodic reaction can be described by the following steps:

In the part of anodic surface area where chlorine ions are adsorbed, pitting corrosion is initiated
according to equations (24) to (26):

Fe + CI" +H20 <> [FeCl(OH)] ads + H* + € (24)
[FeCl(OH)] ads <> FeCIOH + e (25)
FeCIOH + H* <> Fe?* + CI- + H.0 (26)

In the remaining part of the anodic surface area, the dissolution of iron may occur by the
following steps (equations (27) to (29)):

Fe +H,0 <> (FEOH)ags + H* + € (27)
(FEOH)ags — (FEOH)* + e (28)
(FEOH)* + H* <> Fe?* + H,0 (29)

When walnut septum extract (WSE) is added to the mixed acidic solution, the corrosion rate of
hot rolled steel Fe B500B is inhibited moderately. The inhibition mechanism is explained by the
adsorption of compounds contained in the walnut septum extract. Rusu et al. [22] reported that the
main compounds found in walnut septum extract are phenolic compounds presented in Figure 11.
Their HPLC-DAD quantitative analysis of the extract confirmed the presence and the respective
concentrations of these main compounds, i.e., gallic acid (7.249 mg L); catechin (25.005 mg L});
isoquercitrin (5.701 mg L) and quercitrin (87.520 mg L?).

These compounds contain many polar groups of oxygen atoms, which can be protonated in the
acidic medium according to:

WSE + xH* —> WSEH* (30)
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Figure 11. Main compounds found in walnut septum extract: a) gallic acid, b) catechin, c) isoquercitrin,
d) quercitrin

In mixed acidic solution (0.5 M H,S04/0.5 M HCI), WSE compound exists in two main forms: WSE
and WSEH’". During the corrosion process of hot rolled steel Fe BSOOB samples surface would be
covered by HSO4, SO4% and ClI ions (the last one is adsorbed on the surface), converting the surface
of the metal from the positively charged into the negatively charged [49].

The physisorption of the WSE occurred between the surface of Fe BS00B samples of negatively
charged and protonated compounds WSEH**. This possibly occurred on the active anodic side of
the metal as electrostatic attraction [55].

The chemisorption of the WSE compounds (protonated and unprotonated) occurred on the
interface of the cathodic site of the metal surface Fe B500B samples through coordinate bonds and
back-donating bonds due to the presence of heteroatoms like oxygen that provide electron lone
pairs to the Fe vacant 3d orbitals [55]. The scheme of the suggested adsorption of main inhibitor
compounds is shown in Figure 12.

Chemisorption Physisorption |,
= OH
HO \(jv
HO;%\HO 0/ oH
HO N\ HO OH

Y 5 o
Cl  Cr :
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O F 62+®

Figure 12. Suggested mechanism for the adsorption of main compounds of walnut septum extract on Fe
B500B samples in mixed acidic solution
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Conclusions

The present work evaluated the inhibition properties of walnut fruit septum alcoholic extract for
Fe B500B samples in the presence of the mixed acidic medium (0.5 M H;S04/0.5 M HCI) at tempe-
ratures from 298 to 318 K. The inhibitor molecules were easily extracted under reflux. The presence
of gallic acid, catechin, isoquercitrin, and quercitrin (suitable for corrosion inhibitors) was
qualitatively and quantitatively confirmed by HPLC-DAD spectroscopy. The classical weight loss
method results displayed very good performance of the inhibitor at 298 K, reaching a maximum
inhibitor efficiency of 79.51 % for 300 mg L! of the extract added. The adsorption of the inhibitor
molecules obeys the Flory-Huggins isotherm that indicated the physisorption on the surface of Fe
B500B samples. ATR-FTIR spectra of the Fe B500B in polished form, immersed in the blank and
optimum concentration of the inhibitor and pure alcoholic extract, confirmed the presence of
phenolic compounds on the surface of the Fe B500B samples, indicating the adsorption of the
walnut septum extract molecules on the sample surfaces. The Arrhenius equation displays an
endothermic dissolution process at the surface of the Fe B500B samples. The increase in
temperature accelerates the corrosion processes, and with the increase of inhibitor concentration
at 298 K, the corrosion rates decrease. Potentiodynamic polarization curves displayed inhibition of
both anodic and cathodic reactions when increasing the inhibitor concentration. This indicates that
the walnut fruit septum extract acts as a mixed-type inhibitor. From the kinetic calculation,
inhibition efficiency resulted in 86.99 %. The increase in the temperature decreases the inhibition
efficiency. The Nyquist plots present slightly depressed capacitive loops, showing an increase in
diameters with an increase of the inhibitor concentration due to an increase of charge transfer
resistance, indicating the adsorption of walnut fruit septum extract at the metal solution interface.
The charge transfer resistance decreases with the increase in temperature, indicating desorption of
the inhibitor molecules. Surface characterization with SEM further confirms the adsorption of the
inhibitor molecules on the surface of the Fe B500B samples. This work modestly contributes to more
sustainable sources of corrosion inhibition for a safer and cleaner environment.
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Abstract

The aim of this work is to evaluate the performance of Bidens pilosa extract as a corrosion
inhibitor for 1008 carbon steel in a neutral medium of 0.1 M NaCl. The research has been
accomplished by weight loss measurements, linear polarization resistance (R,) monitoring
and electrochemical impedance spectroscopy (EIS). Phytochemical analysis and Fourier
transform infrared spectroscopy were performed to determine bioactive components and
detect the main functional groups of Bidens pilosa extract, respectively. The morpholo-
gical characterization of the substrate was carried out by optical microscopy (OM).
Different isotherms were evaluated to understand more clearly the adsorption mechanism
of the inhibitor extract molecules on the surface of the 1008 carbon steel substrate, and
the best fit was obtained for the Langmuir isotherm. The results showed that the corrosion
rate decreased with an increase of the concentration of the inhibitor up to 1000 ppm,
reaching a maximum efficiency value of 82.9 % from gravimetric tests, and 73.1 % from
the fitting of EIS data to an equivalent electric circuit. The calculated thermodynamic
parameters suggested the formation of a monolayer of inhibitor molecules on the metal
surface. The AG®uqs value (-22.8 ki mol?) determined from the Langmuir isotherm model
indicated that adsorption of the inhibitor molecules on the substrate surface follows a
physisorption mechanism. This research revealed that Bidens pilosa extract can be used
as a corrosion inhibitor and emerges as an alternative to replace synthetic corrosion
inhibitors that are harmful to health and cause damage to the environment.

Keywords
Green corrosion inhibitor, corrosion resistance; phytochemical screening; electrochemical

impedance spectroscopy; adsorption isotherms
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Introduction

Carbon steel is an alloy formed by Fe-C, which is widely used in the industrial field due to its low
cost and a variety of useful properties suitable for numerous engineering applications [1]. It is also
known that Fe-C material is very susceptible to corrosion, particularly if not alloyed with some
additional elements, which implies a need to use coatings or corrosion inhibitors.

Corrosion inhibitors are chemical substances that, added in small quantities, can significantly
reduce corrosion rate of a metal [1,2]. One of the main mechanisms of their action is the adsorption
of inhibitor molecules on the metal surface, reducing the electrically active areas and hindering the
progress of oxidation-reduction reactions [3,4]. This adsorption depends mainly on the presence of
functional groups and heteroatoms such as N, O, P and S that contain lone pairs of electrons, which
favour the interaction of inhibitor with the metal surface [5]. However, most of these synthetic
inhibitors are expensive and highly toxic, causing harm to both humans and the environment [2,6].
Due to this drawback, researchers have been concerned with finding eco-friendly inhibitors with
low or no toxicity to the environment, such as inhibitors from natural products. This class of
inhibitors, called “green inhibitors” contains a variety of organic compounds, such as pigments,
alkaloids, tannins, polyphenols and amino acids, where most of these substances have an effective
inhibitory action. In recent years, it has been possible to find in the literature a series of
investigations where the efficiency of extracts from medicinal plants in the protection of metal
substrates has been verified, in most cases using acid solutions as aggressive media. However, there
are still extracts that have not been studied in relation to their anticorrosive properties, which
represents an opportunity to continue exploring novel inhibitors with low toxicity and low cost. For
example, the extract of Ceratonia Siliqua L. seeds was tested as corrosion inhibitor of carbon steel
in 1 M HCl medium, reaching an efficiency of around 95 % [7]. On the other hand, Cucumis Sativus
L., with a concentration of 0.3 g L'}, presented an inhibition efficiency of 92.8 % in the protection of
carbon steel when immersed in 0.5 mol L™t H2SO4 solution [8]. Another study was carried out on the
extract from almond flowers (Prunus dulcis), where it was possible to verify the reduction in the
corrosion rate of carbon steel when it was immersed in 1 M HCI solution, reaching inhibition
efficiency up to 96 % [9]. A variety of recent research on the application of natural extracts as
corrosion inhibitors in the protection of carbon steel and other metallic substrates can be found in
the literature [10-13].

Bidens pilosa is a plant that belongs to the Asteraceae family and is native to the Americas and
some parts of Africa. This plant is used in traditional medicine for the treatment of at least 40
diseases, among them are diabetes, pharyngitis, laryngitis, influence and hypertension [14,15]. The
presence of bioactive components, such as tannins and flavonoids, classifies Bidens pilosa as a plant
with a high potential to present considerable inhibitory properties against corrosion [14,16]. It is
also important to emphasize that there is little information in the literature on the use of natural
inhibitors in neutral media since most of the studies were performed in acidic media. Therefore, the
novelty of this work lies in verifying the effectiveness of the Bidens pilosa extract as an inhibitor in
the protection against corrosion of carbon steel in a neutral medium of 0.1 M NacCl.

The present study is focused on evaluating the potential performance of the extract from Bidens
pilosa as a corrosion inhibitor of SAE 1008 carbon steel in the neutral medium of 0.1 M NaCl by
gravimetric tests and electrochemical techniques such as linear polarization resistance and
electrochemical impedance spectroscopy. Different adsorption isotherms were also analyzed to
better understand the adsorption mechanism of extract molecules on the metal substrate.
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Experimental

Materials and solutions

In this study, SAE 1008 carbon steel plates were used with the following composition, 0.04 % C,
0.01 % Si, 0.18 % Mn, 0.018 % P, 0.007 % S, 0.029 % Al, 0.0008 % B and 99.72 % Fe). The corrosion
inhibitor used in this study was the ethanolic extract of Bidens Pilosa. A solution of 0.1 mol L-1 sodium
chloride (NaCl) (pH 7) was used as a corrosion medium for gravimetric and electrochemical tests.

Preparation of carbon steel surface

Carbon steel samples with quadrangular geometry and cut to the dimensions of 3x3x0.2 cm and
treated with silicon carbide (SiC) emery papers with a grit size of 80, 220, 400 and 600 # for the
removal of corrosion products. This procedure was followed by washing it with distilled water,
alcohol, and acetone, and finally, it was dried in hot air.

Preparation of Bidens pilosa extract

The fresh leaves of the Bidens pilosa plant obtained from the Chilca district - Peru (Figure 1), were
cut and separated from the stems, flowers and roots to later be dried at room temperature. The
previously dried leaves passed through a grinding process to be transformed into powder, which
was placed in contact with 96 % ethyl alcohol solvent for 3 days without agitation. The extract was
then separated, and the process was repeated 4 times using the same leaves with the purpose of
increasing the solid-liquid extraction efficiency. In order to concentrate the extract, an evaporation
process was carried out at 45 °C and at reduced pressure (1.38x10* Pa)in an equipment called BUCHI
R-100 rotary evaporator for a period of 4 h. The resulting extract was finally used to prepare five
different concentrations in the range of 350 ppm to 1750 ppm in a neutral 0.1 mol L'! NaCl solution.

Figure 1. Leaves of the Bidens pilosa plant

Phytochemical screening

A phytochemical is a term that refers to a variety of compounds produced naturally in plants.
They are classified into six main types based on their chemical structure and properties. These
include carbohydrates, lipids, phenols, terpenoids, alkaloids and other nitrogen-containing
compounds. Phytochemicals are mainly classified into primary and secondary metabolites. Phyto-
chemical analysis is a qualitative analytical study that, by certain standardized procedures, can be
used to determine the main constituents of a plant extract [17]. Thin layer chromatography (TLC) is
a technique generally used to analyse the number and types of components present in a mixture.
In TLC, the extracts are loaded in a glass coated with silica gel or other adsorbent, which is then kept
in a chromatographic chamber containing a suitable running solvent. This technique mainly consists
of a mobile phase and a stationary phase, separating the compounds based on their polarity [18].
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Weight loss measurements

For the gravimetric tests, previously sanded and cleaned SAE 1008 carbon steel plates were used,
which were cut to the dimensions of 40x10x2 mm and weighed on an analytical balance (Sartorius,
Model TE214S) with 0.1 mg precision. Next, the plates were immersed in the 0.1 M NaCl solution in
the presence and absence of Bidens pilosa extract. Five concentrations of Bidens pilosa extract were
prepared (350, 700, 1000, 1400 and 1750 ppm) and the immersion time of the samples was 15 days.
After this time, they were removed from the immersion, cleaned with a soft brush and washed with
distilled water, alcohol, acetone, and then dried and weighed. The tests were carried out in an
aerated solution, not stirred, and in duplicate.

Electrochemical tests

In order to evaluate the inhibition efficiency of the Bidens pilosa extract, electrochemical tech-
nigues such as measurements of open circuit or corrosion potential (Eoc), polarization resistance (Ry)
and electrochemical impedance spectroscopy (EIS) were used. The inhibitor concentrations evaluated
were 350, 700, 1000, 1400 and 1750 ppm in the neutral medium of 0.1 M NaCl. The tests were carried
out in a three-electrode electrochemical cell, where Ag|AgCl|KClsa: was used as the reference
electrode, a graphite electrode as the counter electrode and a working electrode (SAE 1008 carbon
steel) with exposed area of 1.085 cm?. Electrochemical impedance measurements were performed
after 60 min of immersion in the 0.1 M NaCl solution to achieve a steady-state potential. A sinusoidal
potential perturbation with an amplitude of 10 mV (root mean square) was used in relation to the
open circuit potential and a frequency range of 10 kHz to 10 mHz with 10 measurements for each
frequency decade. Linear polarization resistance measurements were obtained at room temperature
and after EIS measurements, with a scan rate value of 0.167 mV s and scan potential range of -0.01
V < n<+0.01V, relative to the open circuit potential. All tests were carried out on a Gamry Interface
1010 B potentiostat/galvanostat controlled by Gamry Framework software.

Morphological characterization

The morphological characterization of the surface of the metal substrate in the absence and
presence of the inhibitor was carried out by an optical microscope ZEISS Axio Lab. A1, with the help
of the ZEN software.

Infrared spectroscopy

The infrared spectroscopy analyzes were carried out on a Bruker Alpha Il model, operating in ATR
mode and with the help of the OPUS software. The spectrum was obtained at room temperature in
the range of 4000 to 400 cm™2.

Results and discussion

Phytochemical analysis

The results of the phytochemical constituents of the ethanolic extract of Bidens pilosa are shown
in Table 1. Based on the results obtained, it can be observed that the Bidens pilosa extract mainly
contains compounds such as alkaloids, tannins, reducing sugars, phenols, and in smaller amounts,
anthocyanins, lactones, flavonoids and cardenolides. On the other hand, the presence of saponins
and amino acids could not be detected. However, the finding of these main bioactive organic com-
pounds reveals the inhibitory characteristics of the Bidens pilosa extract due to the presence of
potential functional groups and long chains of high molecular weight, which are absorbed on the
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surface of the substrate. Thus, the adsorbed film forms a protective barrier against the aggressive
environment. Similar results were also found in the literature for the protection of aluminum in an
acid medium using Bidens pilosa extract as corrosion inhibitor [16].

One of the main drawbacks in the use of plant extracts as corrosion inhibitors is the difficulty of
identifying the main active component responsible for the inhibitory action due to the complex
matrix of the plant extract. However, the synergism of several of these bioactive components
contained in the extract was reached, effectively inhibiting the corrosion of the substrate [19].

Table 1. Phytochemical analysis of the ethanolic extract of Bidens pilosa

Phytochemical groups

Result
Anthocyanins ++
Alkaloids +++
Lactones ++
Flavonoids ++
Cardenolides ++
Tannins +++
Reducing sugars +++
Phenols +++
Saponins -
Aminoacids -

+++: very obvious reaction; ++: obvious reaction; —: no reaction
Fourier transform infrared spectroscopy

Fourier transform infrared spectroscopy (FTIR) is a powerful analytical tool that allows deter-
mination of the main chemical functional groups contained in a natural or synthetic sample. Figure
2 represents the FTIR spectrum of the liquid extract of Bidens pilosa where the most representative
absorption peaks were identified.
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Figure 2. FTIR spectrum of Bidens pilosa extract

The first broad and strongly pronounced peak around 3338.11 cm™ can be attributed to a tension
vibration between the O-H group bonds and could correspond to the presence of simple phenolic
compounds and tannins [1,13,20-22], which is confirmed by phytochemical analysis (Table 1). The
peaks located around 2922.92 and 1619.03 cm?, can be attributed to tension vibrations of the -CH
and C=C groups, respectively, due to the presence of aromatic rings as part of the flavonoid structure
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or alkaloids [20,23,24]. The peak at 1242.18 cm™ is related to the vibration of the C-N group and
finally, the peak located at 1035.11 cm™ can be attributed to the C-O group [25].

According to the results of the analysis by FTIR, it was possible to detect the presence of
heteroatoms such as C, N and O, which belong to different functional groups found in the structure
of the Bidens pilosa extract and which are responsible for the corrosion inhibition process on metal
substrates. In the literature, it is possible to find several research works on natural inhibitors where
the presence of these heteroatoms is reported [4,26-29].

Weight loss measurements

The results of the gravimetric tests were obtained by immersing 1008 carbon steel samples for a
period of 15 days in 0.1 M NaCl solution in the absence and presence of different concentrations of
Bidens pilosa extract. Important parameters such as corrosion rate (Cg), inhibition efficiency (n) and
degree of surface coverage (&) were obtained from this gravimetric study and are presented in
Table 2. The corrosion rate expressed in mm year? (1 mm year?! = 39.37 mpy (mils per year)) was
calculated using Equation (1), where AW / g is the change in mass, A /cm? is the total area exposed
to the solution, D is density of the metal equal to 7.86 g cm=3, t / h is immersion time in the solution
and K is a conversion factor equal to 8.76x10%.

AW

c _K(Amj 1)

The inhibition efficiency was calculated using Equation (2) where Cgo is corrosion rate in the
absence of an inhibitor and Cg; is corrosion rate in the presence of an inhibitor. The degree of surface
coverage @was calculated based on the inhibition efficiency values using Equation (3).

(CRo 'CRi)
=~ "®/100 2
n . (2)
9=—L (3)
100

Table 2. Corrosion rate, inhibition efficiency and degree of coverage calculated from gravimetric tests for
SAE 1008 carbon steel during immersion time of 15 days in 0.1 M NaCl in the absence and presence of
different concentrations of Bidens pilosa extract

Concentration of inhibitor (ppm) Cr / mpy Cr/ mm year? n/% [
0.0 (blank) 3.1233 £ 0.012 0.0793 + 0.0003 - -

350.0 1.321+0.011 0.0336 + 0.0002 57.7 0.577

700.0 0.584 + 0.008 0.0148 + 0.0002 81.3 0.8129

1000.0 0.531+0.013 0.0135 +0.0003 83.0 0.8299

1400.0 0.604 £0.014 0.0153 + 0.0004 80.7 0.8067

1750.0 0.670 £ 0.001 0.0170 £ 0.00003 78.5 0.7854

The results presented in Table 2 show an increase in the inhibition efficiency up to the maximum
value of 83.0 %, obtained for the inhibitor concentration of 1000 ppm. As seen in the FITR analysis,
this can be attributed to the presence of Bidens pilosa extract molecules on the surface of the
substrate, generating a protective barrier layer that inhibits the corrosion process. Similar results
were also reported in the literature for the protection of carbon steel using natural corrosion
inhibitors [24,27].

Furthermore, the degree of coverage also increases with the Bidens pilosa extract concentration,
which indicates a possible increase in the adsorption effectiveness of the Bidens pilosa extract
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molecules on the substrate surface. However, for the last two concentrations (1400 ppm and
1750 ppm) a slight increase in the corrosion rate is observed (Figure 3).

0.09
0.08
0.07
e
:
€ 0.04
E‘; 0.03
0.02
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0 1 1 1 J

0 500 1000 1500 2000
Concentration, ppm

Figure 3. Corrosion rate of 1008 carbon steel immersed in a neutral solution of 0.1 M NaCl from gravimetric
tests at different concentrations of Bidens pilosa extract

A possible explanation for this fact is related to the repulsive forces between the inhibitor
molecules which causes a desorption of the inhibitor. Therefore, the unprotected sites are formed,
that are prone to corrosion and generate an increase in corrosion rate values [27,30]. Other
investigations argue that when high amounts of inhibitor are added, the adsorption on the surface
of the substrate is perpendicular due to the repulsion between molecules and this generates
unprotected sites since the parallel adsorption of the inhibitor molecules normally covers a greater
area of the substrate [27]. For higher concentrations of inhibitor molecules beyond the optimal one,
some of the adsorbed and self-assembled inhibiting molecules undergo a kind of disorder provoked
by repulsive interactions among them, diminishing the inhibitor efficiency.

Open circuit potential

Open circuit potential (OCP) measurements for carbon steel 1008 were carried out during 3600 s
of immersion time in 0.1 M NaCl solution in the absence and presence of different concentrations
of Bidens pilosa extract. In Figure 4 it is possible to observe the same trend of decreasing potential
for all inhibitor concentrations in reaching steady state values at longer immersion time.

—— Blank
-0.55 —— 350 ppm
700 ppm
! —— 1000 ppm
|
0601 1400 ppm
—— 1750 ppm
> -0.65 4
w
-0.70 4
-0.75 4
T T T T T T T r
0 1000 2000 3000 4000
t/s

Figure 4. Time changes of open circuit potential for 1008 carbon steel in 0.1 M NaCl solution in the absence
and presence of different concentrations of Bidens pilosa extract
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For the concentrations of 350, 700 and 1000 ppm the steady state was reached in approximately
3300 s, while for other concentrations of 1400 and 1750 ppm the stabilization time was shorter,
reaching a steady-state value within approximately 1500 s. The addition of the inhibitor to the
corrosive medium changes the behaviour of the OCP, leading to more positive steady-state
potentials in the case of 1400 and 1750 ppm, and to the most negative potential for the
concentration of 1000 ppm. It is known that when the differences in the corrosion potential values
in relation to the blank are at least 85 mV, the inhibitor can be classified as a cathodic or anodic type
inhibitor for negative or positive differences, respectively. A mixed type of inhibitor is assumed for
slight differences, less than 85 mV [28,30,31], as this would be the case in present experiments.

Electrochemical impedance spectroscopy

Figure 5 represents the Nyquist (a) and Bode ((b) and (c)) plots for 1008 carbon steelin 0.1 M NaCl
solution in the absence and presence of different concentrations of Bidens pilosa inhibitor extract.
In all Nyquist diagrams, the presence of a single capacitive arc was observed, indicating that the
corrosion kinetics is controlled by the charge transfer resistance and the corrosion mechanism is not
affected by the presence of the inhibitor [9,25,32,33]. It is also possible to observe an increase in
the diameters of capacitive arcs up to a concentration value of 1000 ppm, which indicates an
increase in the charge transfer resistance due to the formation of adsorbed film on the metal surface
with protective properties against corrosion [1,8,30,34].
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Figure 5. Nyquist (a) and Bode (b) and (c) diagrams for 1008 carbon steel in 0.1 M NaCl solution in the
absence and presence of different concentrations of Bidens pilosa extract

In relation to the Bode modulus diagrams (Figure 5b), it is possible to observe that at low
frequencies, there is an increase in the value of the impedance modulus as the concentration of the
inhibitor increases up to 1000 ppm and then there is a decay of impedance modulus values as the
concentration of the inhibitor is further increased. It is important to mention that the Bode phase
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diagrams in Figure 5c, show the presence of a single time constant for all the conditions studied,
which is related to the formation of an electrical double layer at the metal-solution interface [13,25].

The values obtained in the electrochemical impedance measurements were fitted to an
equivalent electric circuit with the objective of obtaining the electrochemical parameters and, thus,
guantitatively comparing the effects of the different concentrations of the Bidens pilosa extract in
the protection of 1008 carbon steel. Figure 6 represents the classic Randles equivalent circuit, which
was used to simulate the metal/electrolyte system, where Rs corresponds to the resistance of the
electrolyte, R is the resistance to charge transfer in parallel with the capacitance of the electrical
double layer represented by a constant phase element (CPEq). The consideration of a CPE is due to
the inhomogeneities found in the steel surface. This equivalent circuit has already been found in the
literature to fit properly EIS data for studies of different corrosion inhibitors [7,13,35,36].

CPE
| |

R '
VVV Ret o
L AAN——

Figure 6. Equivalent electrical circuit used to fit EIS data of carbon steel in 0.1 M NaCl solution in the
absence and presence of different concentrations of Bidens pilosa extract

The CPEg element was introduced to replace the pure capacitor representing the electrical
double layer. The impedance of CPEq is expressed mathematically according to Equation (4)
[1,30,32,33,37].

Zere = Yo (jw) * (4)

In Equation (4) Yo is the constant parameter of CPEq, @ the angular frequency, j? is equal to -1 and
a is the dispersion factor, which values are between 0 and 1. Previous studies have reported that the
value of a can inform on different physical defects on the metal surface, such as surface inhomo-
geneity, impurities, inhibitor adsorption, formation of layers with porosity, etc. [26,30,37,38].

The impedance parameter values obtained from the adjustment of the EIS data to the proposed
equivalent circuit are presented in Table 3. The y? values were also calculated to provide support
for the adjustment made. The »? values were mostly lower than 1073, indicating a good fit for the
proposed equivalent circuit [25,32].

Table 3 shows that the values of a range between 0.749 and 0.808, which leads to using a CPEg
and not a pure capacitor. In relation to the R values, it is possible to observe an increase as the
inhibitor is added to the solution, where the maximum R value was obtained for a concentration
of 1000 ppm of inhibitor. This behaviour is related to an increase in the degree of coverage of the
substrate due to the inhibitor molecules adsorption, indicating a decrease in the area exposed to
the corrosive medium due to the displacement of water molecules and/or chloride ions by the
inhibitor molecules [21,28,39]. The inhibition efficiency (IE) values shown in Table 3 were calculated
using Equation (5), where Rc0 is the charge transfer resistance in the absence of an inhibitor and R«
represents the charge transfer resistance in the presence of the inhibitor.

Rct_Rcto
IE=—"%° 100 (5)

ct
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Table 3. Corrosion parameters obtained from fits of EIS data (Fig. 5) to Randles equivalent circuit model (Fig. 6)
for 1008 carbon steel immersed in 0.1 M NaCl solution in the absence and presence of different concentrations
of Bidens pilosa extract

C (ppm) Rs/ Q cm? Rt/ Q cm? CPEd, uF cm2 st a 7 IE, % 0
Blank 103.00 1587 381.6x10° 0.766 7.399x10* - -
350 93.84 2636 251.0x10°® 0.794 4.248x10* 39.8 0.398
700 99.60 4303 330.8x10° 0.749 7.035x10* 63.1 0.631
1000 112.10 5894 301.0x10°® 0.774 1.365x10* 73.1 0.731
1400 92.30 4443 207.2x10°® 0.806 4.148x10* 64.2 0.642
1750 105.80 4632 323.8x10°® 0.808 1.908x1073 65.7 0.657

Based on the inhibition efficiency values determined by Equation (5), it is possible to observe that
the efficiencies were in the range of 39.8 to 73.1 %, where the best result (73.1 %) was achieved for
the concentration of 1000 ppm of inhibitor. It is interesting to mention that for the conditions
studied (neutral NaCl medium), an efficiency value greater than 70 % was determined, which,
according to what is reported in the literature, is the minimum value that all types of corrosion
inhibitors must show to be considered as effective [1,25,32,40]. It is important to stress that EIS
results are in close agreement with weight loss measurements.

Linear polarization resistance measurements

Linear polarization resistance (Rp) measurements were obtained after 80 min of immersion of
the 1008 carbon steel substrate in 0.1 M NaCl solution in the absence and presence of different
concentrations of the Bidens pilosa extract. The corrosion rate expressed in mm year?! was
calculated using Equation (6), where icorr / A is the corrosion current, Eqmetal /g is the equivalent
weight of the metal, A / cm? is the total area exposed to the solution, D is the density of the metal
equal to 7.86 g cm3and K’ is conversion factor equal to 3.27x103.

i _Ei
CR — Ku(’corrA(gnetal j (6)

(7)

The value of the corrosion current (icorr) is obtained by the Stern-Geary Equation (7):
bC

. ba bc 1
i =—
“"2.3(b, +|b|) R,
where the values of b, and b are Tafel slopes, whose values are 0.12 V decade™.
Figure 7 shows the experimental measurements of Rp, adjusted to straight lines with the purpose

of obtaining slopes that represent the values of Ry. It is seen that for the solution containing
1000 ppm of Bidens pilosa extract, a higher polarization resistance (R, = 7070.96 Q) compared to
the other concentrations is obtained, which is due to the barrier effect caused by the adsorption of
inhibitor molecules on the surface of carbon steel.

In relation to Table 4, which summarizes measured polarization resistance values, it is possible
to observe an increase in the value of the polarization resistance and, therefore, a decrease in the
corrosion rate as the concentration of Bidens pilosa extract in the 0.1 M NaCl solution increases up
to 1000 ppm concentration. For higher concentration values (1400 and 1750 ppm), the R, value
began to decrease due to the inhibitor's low corrosion protection efficiency.

This fact can be attributed to the change in orientation that some adsorbed Bidens pilosa extract
molecules may have from the flat or parallel to a vertical orientation (>1000 ppm). This reorient-
tation causes some parts of the substrate to be exposed to the aggressive solution and causes an
increase in the corrosion rate and, consequently, a decrease in the polarization resistance [24].
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Figure 7. Linear polarization resistance measurements (R,) for carbon steel in 0.1 M NaCl solution in the
absence and presence of different concentrations of Bidens pilosa extract

It is important to highlight that the results obtained from Ry follow a similar trend to those
obtained in the mass loss and electrochemical impedance spectroscopy tests, confirming the
inhibitory properties of Bidens pilosa extract on the 1008 carbon steel substrate.

Table 4. Polarization resistance and corrosion rate values of 1008 carbon steel obtained from R,
measurements after 80 min immersion in 0.1 M NaCl solution in the absence and presence of different
concentrations of Bidens pilosa extract

Concentration of inhibitor, ppm Ro/ Q Cr / mpy Cr/ mm year? IE, %
0.0 (blank) 1994.57 +£117.33 5.51+0.38 0.14£0.01 -

350.0 2789.21 £ 610.14 3.94 £0.89 0.10£0.02 28.5

700.0 4372.79 £ 406.77 2.51+£0.26 0.06 £ 0.01 54.4

1000.0 7070.96 £ 1584.87 1.55+0.35 0.04 £0.01 71.8

1400.0 5739.17 £ 1291.31 1.91+0.42 0.05+0.01 65.2

1750.0 5613.97 £ 249.51 1.96 £ 0.07 0.05 £ 0.002 64.5

Adsorption isotherms

The use of adsorption isotherms is a very useful tool to understand the adsorption mechanism of
the inhibitor on the surface of carbon steel in the aggressive medium. Generally, values around
-20 kJ mol? or less negative are related to electrostatic interactions between the inhibitor molecules
and the charged surface of the metal (physisorption) and those values around -40 kJ mol* or more
negative involve a sharing or transfer of charge from the inhibitor molecules towards the metal
surface to form coordinated covalent type bonds [25,41,42].

Several isotherm models exist, such as Temkin, Freundlich and Langmuir, but the latter is the
most frequently used [9]. In this model, it is assumed that the inhibitor molecules occupy a single
active site on the metal surface and that there is no interaction between neighbouring molecules.
Equation (8) represents the Langmuir isotherm model

£:iJrC (8)

0 k.
where C, kads and @ are the concentration of the inhibitor, the equilibrium constant of the adsorption
process and the covered surface of the metal, respectively.
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Figure 8 was plotted with the values of concentration (expressed in g L'!) and @ obtained from
Table 2 corresponding to the gravimetric tests, which fits perfectly to a straight line with a value of
R? = 0.9868, proving that the adsorption of the inhibitor follows the Langmuir model (C/8vs. C) due
to the adsorption of a monolayer of inhibitory molecules on the surface of carbon steel [19]. The
value of the equilibrium constant (kags) was determined from the intercept of the Langmuir isotherm
at the y axis is 9.94 L g, where this kags value obtained suggests strong adsorption of the Bidens
pilosa extract molecules on the substrate surface. kags shows the interaction strength between the
adsorbate and adsorbent in the electrolyte. Higher values of kags indicate effective adsorption of
inhibitor molecules on the metal surface and high inhibition efficiency [28,34,43].

25
y =1.1795x + 0.1006 n
2 L R?=0.9868
1.5 |
o
bo
-
® 1}
o
05 [
0 1 1 1 J
0 0.5 1 1.5 2

Concentration, g L!

Figure 8. Langmuir isotherm for carbon steel 1008 in neutral medium of 0.1 M NaCl containing different
concentrations of Bidens pilosa extract

With the value of the adsorption constant kags the Gibbs free energy of adsorption (AG®ds) was
determined using Equation (9) [25]:

AGoads = 'RT In(CHZO kads) (9)

where T is the absolute temperature of the system under study, R is the universal gas constant
(8.3147 J mol* K1), Cha0 is the concentration of water, and its value is 1000 g L' (55.5 mol L) [25].
Substituting all needed values into Equation (9), a value of AG®uds = -22.8 kJ mol?is obtained. The
negative value of the Gibbs adsorption free energy indicates that the inhibitor molecules
spontaneously adsorb on the surface of the carbon steel. On the other hand, it can be observed that
the value of AG°s is around -20 kJ mol?, indicating that the inhibitory molecules coming from
functional groups contained in the Bidens pilosa extract and being responsible for the decrease in
the corrosion rate are physically adsorbed on the surface of the substrate [44].

In the case of the Freundlich and Temkin isotherms, the fitting was also carried out with 0 values
taken from Table 2, and the results are presented in Table 5, where the correlation coefficient values
(R?) were far from 1 (0.6092 and 0.5925, respectively), and therefore they will not be considered for
this particular study.
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Table 5. Parameters obtained for different adsorption isotherms

Isotherms Equations Linear fit and correlation coefficient (R?)
. B C/6=0.1006 + 1.1795C
Langmuir (C/8vs. C) C/0=1/k+C R? = 0.9868
. _ logf=-0.1133+0.1876 log C
Freundlich (log Avs. log C) Log &=1/ks+ (1/n) log C R2- 0.6092
Temkin (Bvs. log C) 6=(-2.303/a) log k + (-2.303/a) log C 0= 0'77:24_8 (;923;5 log €

The results in Table 5 clearly show that the Langmuir isotherm presented the highest correlation
coefficient value (0.9868) compared to the Freundlich (0.6092) and Temkin (0.5925) isotherms. In
the literature, it is possible to find other studies using natural corrosion inhibitors for the protection
of carbon steel where the adsorption mechanism was adequately adjusted to the Langmuir isotherm
model [9,19,45,46].

Morphological characterization

In Figure 9, the surface of the 1008 carbon steel before immersion in the solution of 0.1 M NaCl
is presented, where it is possible to see the scratches produced by the grinding process.

Figure 9. Micrograph for carbon steel 1008 before the immersion in the electrolyte

Figure 10a shows the appearance of the carbon steel surface after 60 min of immersion in the
electrolytic solution in the absence of the inhibitor. In this condition, it is possible to observe a rough
surface due to the drastic attack of the corrosive medium. In contrast, Figure 10b shows a surface
with little corrosion products on the sample surface and no attack morphology even after 60 min of
immersion. The few spots accentuated in Figure 10b can be associated with previous defects on the
steel surface, and the inhibitor was adsorbed all over the steel surface, which forms an efficient
protective film on the substrate.

Table 6 compares the efficiencies already obtained with the Bidens pilosa extract in relation to
the efficiencies obtained using commercial phosphate-based inhibitors for carbon steel in NaCl
neutral medium. As can be seen from Table 6, the majority of these commercial inhibitors present
a higher efficiency compared to the Bidens pilosa extract, but it is important to highlight that our
inhibitor is of the natural type and not synthetic, biodegradable and less harmful to health and
environment. Another important detail to mention about Table 6 is that the commercial inhibitors
chosen to compare the inhibition efficiencies were phosphate-based because the media in which
they were tested were also neutral. Most commercial inhibitors present a better performance in an
acidic medium than in a neutral medium and in the literature, there is not much information on
inhibitors that can present high inhibitor efficiency when the medium is neutral.
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Figure 10. Micrographs for carbon steel 1008 after immersion in the electrolyte, in the absence (a) and in

the presence of Bidens pilosa extract inhibitor (b)

Table 6. Efficiencies obtained from EIS measurements for commercial phosphate-based inhibitors on carbon

steel in NaCl solutions

Inhibitor Concentration Immersion solution Type of inhibition IE, % Ref.

Bidens pilosa extract 1000 ppm 0.1 M NacCl Mixed 73.1 -
NaszP0..12H,0 0.4 mol per kg 3.5 wt.% NaCl Cathodic 95 [47]
Na3P04.12H,0 7% 0.5 M NacCl Mixed 95.9 [48]
Na3PO4 0.6 M 0.6 M NacCl Cathodic 88.6 [49]
Bis(2-ehylhexyl) phosphate (BEP) 500 ppm 1 wt.% NaCl - 93.07 [50]

Conclusions

According to the results obtained, it is possible to conclude that the Bidens pilosa extract is a
potential and eco-friendly corrosion inhibitor for carbon steel 1008 in 0.1 M NaCl.

The phytochemical analysis showed the presence of bioactive organic compounds, which confer
that Bidens pilosa extract has inhibitory properties against corrosion.

Gravimetric test results showed that the inhibition efficiency increases to a maximum value of
83.0 % for an optimal inhibitor extract concentration of 1000 ppm. The results of electrochemical
impedance spectroscopy and polarization resistance (Rp) measurements also confirmed this
trend, reaching maximum efficiency values of 73.1 and 75.6 % respectively.

The thermodynamic study showed that the molecules of the Bidens pilosa extract are physically
adsorbed (physisorption) on the surface of the carbon steel substrate due to the interaction of
the heteroatoms such as carbon, nitrogen and oxygen found in the analyses by FITR.

The adsorption process obeys the Langmuir isotherm, which assumes that each site is occupied
by only one molecule of the inhibitor.

The images obtained by optical microscopy indicate the reduction of the corrosive process in the
presence of the Bidens pilosa extract.
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Abstract

Gold-platinum alloy nanoparticles (AuPtNP) were electrochemically deposited on the
surface of indium-tin-oxide (ITO) modified with (3-aminopropyl)triethoxysilane (APTES),
after optimizing deposition conditions for the electroplating solution and number of
deposition cycles. Different part ratios of Au/Pt used were 4/0, 3/1, 2/2, 1/3 and 0/4 (AuNP,
AusPti, AuyPt;, AuiPts and PtNP, respectively) in preparation of 1 mM solutions. FE-SEM,
EDAX and XRD surface characterization techniques were used to confirm the presence of
deposited AuPt alloy nanoparticles on the modified ITO surface. Electrochemical methods
(CV, DPV and EIS) were used to investigate the electrochemical properties of prepared
electrodes in the presence of ferri/ferrocyanide redox couple, which indicated the following
increasing order of electrocatalytic peak current: Au < AuzPt, < Pt < AuiPts < AusPti. The
most active electrode, AusPt:NP/APTES/ITO (with Au/Pt part ratio 3:1), was further used to
fabricate the immunoelectrode SAA-Ab/AusPtiNP/APTES/ITO. The prepared immunoelec-
trode was tested for detection of serum amyloid A protein biomarker (APO-SAA) by
immobilising SAA-specific antibodies (SAA % Ab) on its surface. Sensing studies on this
immunoelectrode, performed by DPV technique, revealed the SAA biomarker detection in
the linear range of 10 to 10° fg ml. The limit of detection was calculated as 7.0 fg ml-.

Keywords
Electrochemical biosensing; bimetallic nanoparticles; electrocatalysts; immunoelectrode;
inflammatory biomarker

Introduction

Bimetallic nanoparticles have gained great attention due to their unique catalytic efficiency, low
cost, high stability, high electronic and optical properties. The presence of the second metal affects
many parameters of prepared alloys like particle size, composition alterations, shape, surface
morphologies, chemical and physical properties of materials, including catalytic activities and
selectivity. Bimetallic nanoparticles of platinum and gold have proven their extraordinary electro-
catalytic properties and are used for various applications, including fuel cells and biosensing [1-4].
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Pt with outstanding electrocatalytic properties and Au with more electronegativity and less
reactivity produce synergistic catalytic effects due to their interaction in their alloy [5-7]. The greater
availability of gold at a lower price than platinum favors this combination of metal nanoparticles to
tap the benefits of both in one alloy besides reducing the cost of preparation of electrode [8-11].
Electrochemical deposition of Au-Pt nanoparticles is a simple, easy, and direct method to fabricate
electrodes with AuPtNP alloy film.

Indium tin oxide (ITO) has a wide range of applications and can be used in fields such as
biosensors, transistors, electroluminescence devices, light-emitting diodes, solar cells and displays.
Its surface can be modified in different ways to enhance its electrocatalytic activity [5,12,13]. Due
to high transparency, excellent electrical conductivity and large conducting surface area, ITO has
wide potential to be used as a working electrode for electrochemical deposition of AuPtNP alloy
film. As it can be easily etched and patterned, electrochemical biosensors can be fabricated using
modified ITO surfaces to detect various biomolecules of interest [12].

Serum amyloid A (SAA) protein, an inflammatory biomarker, has recently gained attention as its
concentration in human serum increases manifolds immediately after viral infection in the human
body, which helps in the early detection of viral diseases. Its concentration may increase many times
its original concentration and decrease at a faster rate during recovery from the infection [14-16].
Fabricating an electrochemical biosensor to detect biomarkers is easy, cost-effective, less time-
consuming, and non-invasive as compared with the other techniques to detect SAA biomarker.
These biosensors are sensitive, reproducible, reliable, selective, and stable towards target
biomolecules and hence possess wide potential in clinical diagnosis [17,18].

Xia et al. reported SAA electrochemical immunoassay [19] to detect SAA as a chronic inflammatory
biomarker, while Lee et al. reported the fabrication of anodic aluminum oxide (AAO) chip for the
detection of SAA 1 as a lung cancer biomarker [20]. Antibody array-based immunosensor was developed
by Timucin et al. [21] to detect SAA as a cardiovascular disease biomarker, [11,22] presented the
detection of SAA as a renal cell carcinoma biomarker in their report. SAA as an inflammatory rheumatic
disease biomarker and for allograft rejection was reported by Sori¢ Hosman et al. [23], while SAA as a
prominent acute phase reactant biomarker was reported by Malle et al. [16].

In the present manuscript, electrochemical deposition condition parameters were firstly
optimized for the alloy of gold-platinum nanoparticles (AuPtNP) on the ITO surface. AuPtNP hybrids
were electrochemically deposited on the ITO surface with different part ratios of Au and Pt salts in
the electrolyte. Electrode with part ratio 3:1 for Au and Pt, respectively (AusPt1NP) was found to be
of greater electrocatalytic activity and was further used to detect SAA biomarker by immobilizing
antibodies on the surface of the optimized electrode (Scheme 1).
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The procedures for modification of ITO surface with APTES, preparation of electrolytic solutions
and antibody immobilization have already been reported in our previous works [24,25].

Experimental

Chemicals and reagents

Hexachloroplatinic acid hexahydrate (H2PtCle-:6H,0) was purchased from SRL (Sisco Research
Laboratories) and hydrogen tetrachloroaurate(lll) (HAuCls-3H,0) was purchased from CDH. (3-ami-
nopropyl)triethoxysilane (APTES) (Himedia make), SAA 1/, antibodies (Affinity Biosciences), and
Prospec make serum amyloid A protein (APO-SAA) were used. Solution of 100 mM PBS (pH 7.4)
containing 5 mM [Fe(CN)6]374~ was prepared by using 0.2 M sodium phosphate dibasic dihydrate
(Na2HPO4:2H,0) and 0.2M sodium phosphate monobasic dihydrate (NaH,PO4:2H,0) on 100 ml
ultrapure water along with adding 0.9 % NaCl. For 5 mM [Fe(CN)6]3/4", 0.211 g of potassium
ferrocyanide and 0.165 g of potassium ferricyanide were added to the 100 ml PBS solution prepared.
Other chemicals were supplied and prepared, as reported previously [24,25].

Instrumentation

For electrochemical deposition and characterization, an advanced Metrohm potentiostat/gal-
vanostat 204 was used with a three-electrode system [24,25] containing Ag/AgCl/3 M KCl reference
electrode and Pt wire as a counter electrode. Electrochemical characterization techniques used
were cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS) and differential pulse
voltammetry (DPV) in 100 mM PBS buffer solution with 0.9 % NaCl and 5 mM [Fe(CN)e]3~/4" (pH 7.4).
EIS measurements were performed using alternating signal amplitude of 10 mV, dc potential of
0.03 V and frequency range of 10° to 0.1 Hz.

For morphological characterization of AuPtNP-modified electrodes, FE-SEM (JEOL JSM-7610F Plus
with attached EDX analysis tool) was Shimadzu UV2600sed. A 20 kV operation voltage was used over
a collection period of 164 seconds to obtain the EDX spectrum. To determine the crystalline structures
of the deposits, an X-ray diffraction (XRD) analyzer (Rigaku SmartLab Studioll, A =0.1541 nm, Cu Ko
radiation) was used. UV measurements were performed by Shimadzu UV2600 spectrophotometer.

Optimization of electrochemical deposition parameters for AuPtNP deposition on ITO surface

AuPtNP were deposited electrochemically from two different solutions (labelled as solution A
and B, both containing platinum salts H,PtCls-6H,0 and HAuCls-3H,0) on the surface of ITO with and
without its modification with APTES. The CV technique was applied in the potential range of -0.6 to
1.0 V and a scan rate of 100 mV s for 20 cycles. Only slight changes were observed in redox peak
currents after depositing AuPtNP for more than 60 cycles on the electrode surface.

AuPtNP were first deposited on ITO surface (with/without modification with APTES) from solution
A (0.01 M NaS0g4, 0.01 M H,SO4and 1 mM total concentration of H,PtCls-6H,0 and HAuCls-3H,0), and
then from solution B (0.05 M PBS (pH 7.0) and 1 mM total concentration of H;PtCls-6H,0 and
HAuCl4-3H,0) [26]. The procedure for cleaning and modification of bare ITO electrodes of size 1x1 cm?
with APTES was reported in previous works [24,25], along with a procedure for solution condition
optimization.

Fabrication of different AuPtNP/APTES/ITO electrodes

To optimize Au and Pt metal salt proportion in deposition solution, AuPt nanoparticles were
electrochemically deposited for 60 cycles on APTES/ITO electrodes from solution A containing noble
metal salts of Au/Pt in different part ratios of 4:0, 3:1, 2:2, 1:3 and 0:4, respectively (with their total
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molar concentration in deposition solution taken as 1mM) (Table 1). The corresponding electrodes
are denoted as AUNP/APTES/ITO, AusPtiNP/APTES/ITO, Au,Pt,NP/APTES/ITO, AuiPtsNP/APTES/ITO
and PtNP/APTES/ITO, respectively.

Table 1. Detailed information about the Au and Pt salts concentrations used for the deposition
of AuPTNP on APTES/ITO electrodes

Terminology Part of actual concentration gf mfetallic Concgntrations of metallic Molar raFio

adopted salt (out of 1 mM.concentratlon) in the salts in 20 ml solution (Au of sal'gs in
electrolyte solution (Au salt + Pt salt) salt + Pt salt), mM solution

4:0 4:0 1.0+ 0.0 1:0

0:4 0:4 0.0+1.0 0:1

2:2 2:2 0.5+0.5 1:1

3:1 3:1 0.75+0.25 3:1

1:3 1:3 0.25+0.75 1:3

Results and discussion

Electrochemical characterization of variously deposited AuPtNP on ITO and APTES/ITO electrodes

AuPtNP (Au,Pt;) deposited for 20 cycles on bare ITO and APTES/ITO electrodes from solutions A
and B were characterized by CVs recorded at 50 mV/s scan rate within -0.5 to 1.0 V potential range in
100 mM PBS buffer solution containing 5 mM [Fe(CN)e]3”*~ (Figure 1a). The highest redox peak current
was obtained for the AuPtNP/APTES/ITO electrode when AuPt nanoparticles were deposited from
solution A. The reason for this could be easier electrochemical deposition in acidic conditions
containing HxSOa.

Characterization of bare ITO and APTES/ITO modified with Au, Pt and AuPt metal nanoparticles
was performed using CVs (at 50 mV/s scan rate and -0.6 V to 1.5 V potential range) in 0.05 M H,SO4
(Figure 1b) for electrodes AuNP/APTES/ITO, AuPt;NP/APTES/ITO and PtNP/APTES/ITO. The
reduction peaks were observed at potentials 0.61 and 0.02 V for electrodes AUNP/APTES/ITO and
PtNP/APTES/ITO, respectively. For electrode AuPtNP/APTES/ITO, two reduction peaks were
observed at potentials 0.57 V and 0.07 V, corresponding to deposited AUNP and PtNP. These two
peaks confirm the deposition of two noble metal alloy nanoparticles on ITO [27].
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Figure 1. CVs (50 mV s?) of: (a) AuPtNP (AuPt;) on ITO (with/without APTES on ITO surface)
electrochemically deposited from solutions A and B for 20 cycles, recorded in 100 mM PBS, pH 7.4
containing 5 mM [Fe(CN)s]*”*; (b) bare ITO, AuNP/APTES/ITO, PtNP/APTES/ITO and AuPtNP/APTES/ITO
recorded in 0.05 M H,SO4 (AuNP, PtNP, AuPtNP deposited for 20 cycles from solution A on APTES/ITO)
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Since the highest oxidation and reduction peak currents due to ferricyanide/ferrocyanide redox
reaction were obtained for the APTES-modified ITO with AuPtNP deposited from solution A, solution
A has been used throughout this study for deposition of AuPtNP.

FE-SEM and EDX (including elemental X-ray mapping) of deposited AuPt nanoparticles

FE-SEM surface morphological studies were conducted for Au,Pt;NP/APTES/ITO, AuiPtsNP/
/APTES/ITO and AusPtiNP/APTES/ITO electrodes [1]. Electrodes with deposition of alloys of metal
nanoparticles, Au,PtoNP/APTES/ITO (Figure 2a), AuiPtsNP/APTES/ITO (Figure 2b) and AusPtiNP/
/APTES/ITO (Figure 2c) electrodes, show cauliflower-like nanoparticles with numerous grains
conglomeration which undergoes three step growth process of nuclei formation, aggregation of tiny
particles on nuclei and then growth into crystal grains.

(c) AusPt:NP/APTES/ITO electrodes

EDX analysis (along with elemental X-ray mapping) was also performed for all alloy deposited
nanoparticles (AuPtoNP/APTES/ITO, AuiPtsNP/APTES/ITO and AusPtiNP/APTES/ITO) which pro-
vided a more detailed elemental composition of these electrodes (Figure 3).

EDX results for various AuPtNP hybrids deposited on APTES/ITO confirm the presence of deposited
Au and Pt on the electrode surfaces. Further, the varying content of Au and Pt in different hybrids
follows their varying composition in the salt solution. EDX of the electrode with an electrochemically
deposited film of AusPtiNP shows a higher content of Au as compared to Pt, whereas EDX of AuiPtsNP
electrode shows less elemental presence of Au as compared to Pt. It is worth noting that in the case
of the Au,PtaNP electrode, where the same molar concentrations of Au and Pt in the salt solution were
used, the EDX presents a content of Pt as compared to Au. This may be because Pt tends to get
deposited on the electrode surface better than Au. The increased tendency of PtNP deposition
compared to AuNP deposition is also reflected for AuiPts and AusPt; electrodes, where the content is
not directly correlated with the parts of their respective salts in the solution. Rather, the weight of
PtNP deposited is higher compared to its part ratio in the salt solution.

XRD analysis of deposited AuPt metal nanoparticles

X-ray diffraction spectra of different AuPtNP/APTES/ITO electrodes are presented in Figure 4.

XRD diffraction patterns acquired for all prepared electrodes show different peaks, as listed in
Table 2. In the 28 range of 10 to 80°, different distinctive peaks have been obtained with (111),
(200), (220) and (311) as their crystallographic planes, respectively. A fairly symmetric and single
peak (111) face is shown by XRD profiles of the Au-Pt bimetallic system, which is intermediate of Au
and Pt (111) peaks [24,25].

http://dx.doi.org/10.5599/jese.2036 343



http://dx.doi.org/10.5599/jese.2036

J. Electrochem. Sci. Eng. 14(3) (2024) 339-352 Electrode for electrochemical detection of serum amyloid A protein

A, Pt
rran Content.wt.%  Content. at%
12 a4.4

120

Figure 3. FE-SEM, EDX analysis and elemental X-ray mapping of (a) AuZPtzNP/APTES/ITO,
(b) AuiPtsNP/APTES/ITO, (c) AusPt:NP/APTES/ITO electrodes

Moreover, the values of Au-Pt hybrid nanoparticles lattice constant (d) are in between values of
monometallic gold (0.407 nm) and platinum (0.392 nm) and increase linearly on increasing mole fraction
of platinum in the electrolyte solution. Vegard’s law was used to calculate lattice constant (d), which
suggests an alloy feature in deposited Au-Pt hybrid where Au and Pt atoms are mixed tightly [28].
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Figure 4. (Left) XRD of (a) AuiPtsNP/APTES/ITO, (b) Au:Pt.NP/APTES/ITO, (c) AusPt;NP/APTES/ITO
electrodes, and (right) plot for their lattice constant
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Table 2. Peak positions and d values for various prepared electrodes

20/° Au:Pt part ratio
Electrode type 111 200 220 311 d/nm in electrolyte DB card number
AuNP/APTES/ITO [25] 38.18 44.36 64.60 77.61 0.407 4:0 00-001-1172
AusPt;NP/APTES/ITO 38.98 45.42 65.75 79.17 0.403 3:1 00-015-0043
Au,Pt;NP/APTES/ITO 39.41 45.74 66.97 - 0.399 2:2 00-015-0043
Au;PtsNP/APTES/ITO 39.67 46.11 66.03 79.56 0.395 1:3 00-015-0043
PtNP/APTES/ITO [24] 39.75 46.33 67.69 - 0.392 0:4 00-001-1194

Absorption spectra analysis of deposited AuPt nanoparticles

UV absorption spectra for AuNP, PtNP and their alloys electrochemically deposited on APTES/ITO
electrode surfaces in different ratios were compared in a range of 400 to 800 nm wavelength
(Figure 5). No absorption peak was observed for PtNP (Figure 5a), while different broad peaks for
AuNP, AusPtiNP, AuPt:NP and AuiPtsNP were observed at maximum wavelengths of 567 nm (Figure
5b), 557 nm (Figure 5e), 551 nm (Figure 5c) and 515 nm (Figure 5d), respectively. A left shift of wave-
length peaks in the obtained spectrum was observed with the increase of Pt content in the alloy [1].

Absorbance ,a.u.
o
(5]
|
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Figure 5. UV absorption spectra of: (a) PtNP/APTES/ITO, (b) AuNP/APTES/ITO, (c) Au.Pt.,NP/APTES/ITO, (d)
AuPtsNP/APTES/ITO, (e) AusPt;NP/APTES/ITO electrodes

Electrochemical characterization of different AuPtNP/APTES/ITO-modified electrodes

Further electrochemical investigations were done for all prepared AuPtNP-modified electrodes
(AusPtiNP/APTES/ITO, Au,Pt:NP/APTES/ITO and AuiPtsNP/APTES/ITO) in 100 mM PBS buffer
solution containing 5 mM of [Fe(CN)s]*/4~ redox couple. An increase in redox peak currents and a
decrease in the separation of peak potential values were observed with the deposition of noble
metal alloy nanoparticles on APTES/ITO (Figure 6a), which is reconfirmed by DPV peak current
(Figure 6b) and a decrease in resistance of charge transfer (Figure 6c). The corresponding
parameters for AuPtNP/APTES/ITO electrodes are summarized in Table 3 and compared with those
already obtained for Au and Pt-modified APTES/ITO electrodes [24,25]. Among AuPtNP-modified
electrodes, an increase in anodic and cathodic current is maximal for AuzPtiNP/APTES/ITO with Al
1271.97 pA, for which the lowest charge transfer resistance (Rct) of 319.78 Q2 was obtained (Table
3). So, for the preparation of the biosensing electrode, AusPtiNP/APTES/ITO was used and modified
by depositing SAA biomarker-specific antibodies.
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Table 3. CV redox peak potentials (Eoxi and Ereq), their difference (AE,), peak currents difference (Al,) and charge
transfer resistance (Ret) of APTES/ITO modified with metal nanoparticles and their alloys

Electrode for electrochemical detection of serum amyloid A protein

Electrode type Eoi/V Erea /V AE, [V Aly / pA R/ Q)
AuNP/APTES/ITO [25] 0.27 -0.09 0.36 1029.30 258.65
AusPt;NP/APTES/ITO 0.30 -0.01 0.31 1271.97 319.78
AuPt:NP/APTES/ITO 0.25 -0.01 0.27 1102.11 333.88
Au;PtsNP/APTES/ITO 0.26 0.03 0.23 1235.57 407.65
PtNP/APTES/ITO [24] 0.25 0.06 0.19 1130.31 430.68
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Figure 6. (a) CVs at 50 mV s, (b) DPVs and (c) EIS at 0.03 V (10°-0.1 Hz) of different AuPtNP alloys

(deposited for 60 cycles from solution A on APTES/ITO in various ratios) in 100 mM PBS, pH 7.4 containing

5 mM [Fe(CN)sP7*+

SAA % antibodies immobilization on AusPt:NP/APTES/ITO

Solution of SAA % antibodies of concentration 10 pug ml? was prepared as reported in our
previous work [24,25], and 20 pl were poured on the surface of AusPtiNP/APTES/ITO electrode and
left for the whole day for immobilizing antibodies by self-assembled monolayer (SAM). Such
prepared immunoelectrode (SAA-Ab/AusPtiNP/APTES/ITO) was further used for biosensing of

biomarker SAA by various electrochemical techniques [24,25].
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Electrochemical properties of SAA-Ab/AusPtiNP/APTES/ITO electrode

The electrochemical properties of bare AusPtiNP/APTES/ITO and SAA-Ab/AusPtiNP/APTES/ITO
electrodes in the presence of the [Fe(CN)s]*/4~redox couple were defined by different electrochemical
techniques, i.e. CV, differential pulse voltammetry (DPV) and EIS (Figure 7). The observed variations in
peak potential difference (AE,) and peak redox currents (Alp) for recorded CVs profiles in 100 mM PBS
buffer solution containing 5 mM [Fe(CN)s]3*”*in -0.5 to 0.7 V potential range and at 50 mV/s scan rate,
have indicated variations in current values and other parameters, not only between two electrodes,
but for ITO and APTES/ITO electrodes [24,25] too. CV of bare ITO showed AE, of 0.27 V, oxidation and
reduction peak potentials at 0.26 and -0.02 V, respectively, and Al, of 1078.68 YA [24,25]. Decreased
Al value (775.21 pA) was obtained when ITO was modified with APTES with an increased (AE,) value
of 0.59 V. This decrease in Alp value could be due to inhibition in electron transfer between the redox
probe and the surface of the electrode, which also confirms the modification with APTES [24,25]. An
increased Alp value (1271.97 pA) was seen for AusPtiNPs modified APTES/ITO electrode with AE,0.31
V, which can be due to the large surface area and increased conductivity provided by electrochemical

deposition of AuPtNPs. This led to faster electron transfer between the redox probe and AuPtNPs
modified ITO electrode.
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Figure 7. (a) CV at 50 mV s, (b) DPV and (c) EIS at 0.03 V (10°-0.1 Hz) of M AusPt:NP/APTES/ITO and
@ SAA-Ab/AusPt:NP/APTES/ITO electrodes in 100 mM PBS, pH 7.4 containing 5 mM [Fe(CN)s]>7*.
AusPtiNP were deposited for 60 cycles from solution A on APTES/ITO electrode

Decreased Al, (1100.10 pA) and increased AE, (0.55 V) values were obtained with redox peak
potential at -0.20 and 0.36 V, respectively, when the AusPtiNP/APTES/ITO electrode was modified
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with specific antibodies (SAA-Ab/AusPtiNP/APTES/ITO). This could be ascribed to the insulating layer
formation after antibodies immobilization on the electrode surface, which hinders electron transfer
between immunoelectrode and redox probe. The pattern of variations obtained for redox peak
currents was similar to the pattern of current variations in DPV scans (Figure 7b) of all these modifi-
cations of ITO (in -0.3 to 0.7 V potential range) [1,27].

Further, the electrochemical impedance spectroscopy (EIS) technique was used to compare the
electrochemical properties of AusPtiNP/APTES/ITO and SAA-Ab/AusPtiNP/APTES/ITO electrodes.
The Nyquist plots obtained after EIS measurements (Figure 7c) indicated variations in impedance
spectra for each modification of ITO [29]. In Nyquist plots, a semicircle diameter represents the
electron transfer resistance (Rc), which helps to investigate the interfacial properties of the
modified electrode [30,31]. The corresponding R values for bare ITO, APTES/ITO [24,25], and two
ITO modifications presented in Figure 7c are given in Table 4. It was already shown that bare ITO
and APTES/ITO showed R values of 677.14 and 1728.64 Q, respectively [24,25]. However, the
smallest R value (319.78 Q) was obtained for APTES/ITO modified with Au3Pt1NPs, indicating
excellent conductivity of AuPt alloy nanoparticles. After immobilization of SAA % antibodies on the
surface of the AusPtiNP/APTES/ITO electrode, the Rt value was increased (568.77 Q), which refers
to the decreased conductivity of electrode SAA-Ab/AusPtiNP/APTES/ITO due to the insulating layer
formation after antibodies immobilization. These resulted in higher impedance of charge exchange
due to the insulation property of protein molecules. Variations in Rt values and obtained impedance
spectra with different sizes of semicircle region in Nyquist plots confirm different modifications of
ITO and are also in conformity with obtained Al, values of CV measurements (Table 4).

Table 4. CV oxidation and reduction peak potentials, their difference (AE,), peak current difference (Al,) and
charge transfer resistance (Rc) for ITO modifications

Electrode type Eoi/V Ered/ V AE,/V Al [ pA R/ Q
ITO [24,25] 0.26 -0.02 0.27 1078.68 677.14
APTES/ITO [24,25] 0.24 -0.34 0.59 775.21 1728.64
AusPt;NP/APTES/ITO 0.30 -0.01 0.31 1271.97 319.78
SAA-Ab/AusPt;NP/APTES/ITO 0.36 -0.20 0.55 1100.10 568.77

Scan rate studies of fabricated electrodes

Scan rate studies were also performed for AusPtiNP/APTES/ITO and SAA-Ab/AusPtiNP/APTES/ITO
modified electrodes in 100 mM PBS buffer solution containing 5 mM [Fe(CN)s]34" in the scan rates
range of 10 to 200 mV/s (Figure 8). As seen in Figures 8a and c, with every increase in the scan rate,
an increase in redox peak current is observed [7]. The ratio of redox peak currents (/oc and /,a) was
near one. The quasi-reversible nature of CV and electron transfer kinetics were confirmed by this
ratio, which is supported by an increase in peak potential difference, AE,, with an increase in the
scan rate. Linear plots of redox peak currents (/pa and /) and square root of scan rate (V) were
obtained for all examined modified electrodes in the scan rates range of 10 to 200 mV/s (Figures 8b
and 8d).

Electrochemical response to SAA biomarker

A stock solution of concentration 100 pg ml? of SAA biomarker was prepared as was reported in
our previous work [24,25]. DPV technique was used to investigate the electrochemical current in a
potential range of -0.3 t0 0.7 V. As seen in Figure 93, the oxidation peak current response of immuno-
electrode SAA-Ab/AusPtiNP/APTES/ITO as a function of concentration of SAA biomarker revealed

348 () er |



K. Ladi and A. Sharma Ghrera J. Electrochem. Sci. Eng. 14(3) (2024) 339-352

linear decrease in recorded DPVs, when 10 ul of SAA biomarker was poured from concentrations range
of 10, 10%, 103, 10%, 10° and 108 fg mI%, and kept on the immunoelectrode for 10 minutes every time.
The current decrease could be due to the formed SAA/SAA-Ab, which hinders the electron transfer.
The linear relationship between DPV peak current values (with negative slope) and the concentration
range of the SAA biomarkers can be seen in the obtained calibration plot (Figure 9b) [32]. The linearity
is defined by equation (1):

I =-24.08703 log csaa + 263.91593 (2)

The regression coefficient for the linearity equation (R?) is 0.94. Using equation 3a/sensitivity
(where o is the standard deviation, which indicates a “typical” deviation from the mean), the limit
of detection (LOD) was calculated as 7.0 fg mlt. The sensitivity of fabricated bioelectrodes was
determined by linearity curve slope [33-35].
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Figure 8. CV plots at scan rates from 10 mV to 200 mV s* (left) and linear plots of reduction and oxidation
peak currents against square root of scan rate, with indicated linear equations and R? values (right) of
(a) and (b) AusPt;NP/APTES/ITO; (c) and (d) SAA-Ab/AusPt:NP/APTES/ITO electrodes in 100 mM PBS
containing 5 mM [Fe(CN)s]>”*~. AusPt:NP were deposited for 60 cycles from solution A on APTES/ITO
electrode
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biomarker in the concentration range from 10 to 10°fg ml*

Conclusion

Parameters for electrochemical deposition of AuPt nanoparticles (AuPtNP) alloy from solutions
containing different molar fractions of Au and Pt salts on ITO modified by 3-aminopropyltrietho-
xysilane (APTES) surfaces were optimized. The prepared AuPtNPs/APTES/ITO electrodes, having dif-
ferent part ratios of Au and Pt, were characterized by XRD, FESEM, EDAX and UV absorption techni-
ques, confirming different morphologies and the presence of two metals in various modifications at
electrode surfaces. Electrochemical testing of electrodes performed by CV and EIS techniques using a
redox probe showed that Au/Pt alloy with the part ratio of 3:1, i.e., AusPtiNP/APTES/ITO electrode
displayed excellent electrocatalytic activity. This electrode was used for SAA-specific antibody
immobilization to fabricate the immunoelectrode SAA-Ab/AusPtiNP/APTES/ITO, successfully
detecting SAA biomarkers in the 10 to 106 fg ml! concentration range. A linear relationship was
obtained between increasing SAA concentrations and decreasing peak current values of recorded
DPVs, with a calculated LOD of 7.0 fg ml™.
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Abstract

Reasonable design of electrode material with low cost, lightweight, and excellent
electrochemical properties is of great significance for future large-scale energy storage
applications. Herein, we report the electrochemical and supercapacitive behaviour of the
liquid redox of catocene, 2,2’-bis(ethyl-ferroceneyl) propane, self-assembled on a basal
plane pyrolitic graphite electrode in comparison to the solid ferrocene thin film in aqueous
sodium sulfate electrolyte. The modified electrode surfaces were evaluated to assess the
iron content and the formation of thin film using scanning electron microscopy, laser-
induced breakdown spectroscopy, and attenuated total reflectance method. Also, the
supercapacitive performances of the related modified electrodes were assessed and
compared using cyclic voltammetry and galvanostatic charge-discharge in a three-
electrode system and an asymmetric two-electrode supercapacitor system. Electro-
chemical results showed that the electrode processes are diffusion-controlled with
battery-like behaviour, and the liquid catocene exhibits more effective interaction with the
graphite surface in comparison to solid ferrocene. The catocene surface coverage on
graphite is nearly 50-75 % higher than ferrocene, leading to improved interaction and
charge transfer resistance, observed in electrochemical impedance spectroscopy studies.
In galvanostatic charge-discharge evaluations, the supercapacitor based on catocene
modified electrode shows a specific capacitance of 141.2 F g at a current density of 1.0 A
g1, with a specific energy density of 56.7 Wh kg at a power density of 2.9 kW kg*.
Keywords

Supercapacitor; ferrocene; liquid redox; thin films; self-assembly

Introduction

Nowadays, with the development of new technologies and environmental concerns, there is an
ever-increasing demand for clean, lightweight, high-capacity and cyclically stable electrical energy
storage resources. In this regard, research and development on electrochemical supercapacitors (SCs)
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have garnered special attention due to their high power density and long cycle life (>100,000 cycles),
as well as rapid charge-discharge rates compared to batteries and fuel cells [1-3]. Electrochemical
supercapacitors are classified into two main categories based on their energy storage mechanisms: 1)
electrochemical double-layer capacitors, with the electric charge accumulating at the electrode/elec-
trolyte interface, and 2) pseudo-capacitors, where charge is stored on electrochemically active sites
through reversible redox reactions [4]. The research in designing new electrode materials is crucial to
SCs because they play a pivotal role in the capacitive performance of SCs [5-7]. In the recent decade,
various electrode active materials such as conducting polymers, transition metal oxides [4], metal
complexes and metal-organic frameworks (MOFs) [8] have garnered attention due to their
electrochemical behaviour and relatively desirable charge storage capacity. Furthermore, to lighten
the weight and improve the surface area and electrical conductivity of the electrodes, various
carbonaceous materials such as graphite, graphene, carbon nanotubes, carbon nanofibers [9], or
porous metallic microstructures [10] have been developed.

Thin-film electrodes (TFEs), with relatively high charge-discharge rates and low equivalent series
resistances (ESR), are a category of intelligent supercapacitor electrodes mainly used in portable
and/or miniaturized devices [11]. However, the overall specific capacitance decreases due to the low
loading of active material on these electrode surfaces. In this context, transition metal oxide (TMOs)
thin films are usually high-capacity materials with high redox activity. However, their cyclability and
poor rate performance are persistent challenges because of their dissolution in aqueous electrolytes
and mediocre conductivity. A thin layer of RuO; as a noble metal oxide, with a thickness of 400 nm,
shows a capacity of 4.5 F cm™ at 2.0 mV s}, and it maintains nearly 90 % of the initial charge capacity
after 10,000 charge-discharge cycles in micro-supercapacitors [12].

Nowadays, 2D metallic materials, including transition metal dichalcogenides (TMDs) [13] and
MXene, with the general formula M,+1X, (M is an early transition metal, and X is C or N) [14], have
been introduced as excellent options in TFEs. The TaS;-based TMD electrode exhibits a high volumetric
capacity close to 508 F cm™ at a scan rate of 10 mV s and its energy density in micro-supercapacitors
is 58.5 Wh L [15]. TisC,Tx MXene film with a Fe3O4 porous layer on a flexible Ni strip demonstrates
electrochemical performance of 46.4 mF cm™ at a current density of 0.5 mA cm2, and energy density
of 0.970 pyWh cm at a power density of 0.176 mW cm, with good cycle stability [16].

Organometallic compounds such as metal coordination polymers and molecular complexes
based on Fe, Ni, Co, Mn, Cu, or other metals have also garnered considerable attention due to their
reversible electrochemical behaviour, light atom weight, availability, environmental friendliness,
non-toxicity, low cost, and their ability to form various thin films and electrode composites [17]. Iron
and various iron-based compounds have also been used in electrode-active materials due to their
multiple reversible redox reactions and high specific capacity [18]. Ferrocene-based coordination
polymers have relatively high thermal stability, two stable redox states, fast electron transfer, and
excellent charge-discharge efficiency [19]. By employing modified multi-walled carbon nanotubes
(MWCNTSs) functionalized with ferrocene, a specific capacity of 50.0 F g*at 0.25 A g was achieved
with high cycle stability [20]. Furthermore, reduced graphene oxide (rGO) functionalized with
1,1'-bis(4-isobutyl) ferrocene displayed better electrical conductivity than rGO and demonstrated
good charge-discharge performance with stable cycling [21].

In the development of TFEs or composite electroactive materials for fast charge-discharge
supercapacitors, the most common method is the chemical functionalization of redox materials such
as ferrocene derivatives on porous conductive electrodes. However, this synthesis process is often
expensive, and the surface coverage of the bonded material is relatively low [19-21]. In surface
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adsorption methods, solid active materials such as crystalline ferrocene derivatives are usually used,
leading to a decrease in electrochemical efficiency. The use of liquid redox materials compared to
solids can provide a more desirable interaction with carbonaceous electrodes and crystalline
particles [22-24].

In this research, an attempt has been made to compare and analyse the electrochemical
behaviour and energy storage capacity of two redox materials, solid ferrocene and liquid
2,2'-bis(ethyl-ferrocenyl) propane (catocene), self-assembled on the basal plane pyrolytic graphite
(BPPG) electrodes. Catocene is a dark brownish-orange liquid with the chemical formula Cy7Hs2Fe:
and an atomic mass of 282.2 g mol™, which is used as an effective catalyst in solid propellants
containing ammonium perchlorate [25].

Experimental

Chemicals and apparatus

All chemical materials, such as ferrocene, sodium sulphate (Na>SO4), and the solvent N,N-di-
methyl-formamide (DMF) with analytical grade purity, were purchased from Merck. A BPPG sheet
with high electrical conductivity containing 98.69 wt.% graphite powder and 1.31 wt.% polymer with
a thickness of 0.5 mm was obtained from Redoxkala Co. (Iran). Catocene liquid with 97.5 % purity
containing 23.3 -to 24.4 wt.% iron was purchased from Tanyun Aerospace Materials (Yingkou)
Technology Co. (China).

Electrochemical measurements, cyclic voltammetry (CV), galvanostatic charge-discharge (GCD),
and electrochemical impedance spectroscopy (EIS) were performed by EG&G potentiostat-
galvanostat instrument (PARSTAT 2273, Princeton Applied Research, USA), in a 1.0 M sodium
sulphate solution using a three-electrode system consisting an Ag/AgCl (saturated KCI) reference
electrode, a platinum auxiliary electrode with a 2.0 cm?surface area, and a BPPG working electrode
with a geometric area of 0.2 cm? immersed in the electrolyte and coated with the catocene or
ferrocene film. For the evaluation of the coated films on the electrode and the detection of active
electrode materials, Fourier-transform infrared spectroscopy (FT-IR), attenuated total reflectance
(ATR), scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDS) and laser-
induced breakdown spectroscopy (LIBS) elemental analysis were employed. FT-IR/ATR measure-
ments were performed using an Infralum-FT08 spectrometer (Lumex, Russia) equipped with a DTGS
detector and MIRacle™ Single Reflection ATR accessory with a diamond/ZnSe crystal plate. LIBS
spectra were recorded using the LIBSCAN100 system (Photonic Applied Ltd.), which includes an
Nd:YAG laser with a wavelength of 1064.0 nm, output energy of 100.0 mJ, pulse width of 27 ns,
and a repetition rate of 1.0 to 20.0 Hz. The emitted LIBS plasma radiations were collected and
transferred to the system detector capable of recording spectra in the range of 182.0 to 1057.0 nm
with an accuracy of 0.04 nm. EIS studies were conducted over a frequency range of 100.0 kHz to
10.0 mHz at a DC potential of 0.5 V with a sinusoidal potential amplitude of 10.0 mV and 10 points
per frequency decade.

Preparation of thin film electrodes

Working electrodes with a coating of a thin layer of catocene on BPPG electrode (Cat/BBPG) or
ferrocene thin film on BPPG (Fc/BPPG) were prepared by first cleaning the graphite electrode with
acetone and keeping it in a vacuum at 45.0 °C for one hour to remove surface impurities. The electro-
des were then cooled to room temperature and weighed. Subsequently, 2.0 molar concentrations
of redox reactants, catocene or ferrocene, were prepared in the DMF solvent. The graphite sheet
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with a geometric area of 0.2 cm? was then immersed in the solution for 5.0 minutes. Afterwards,
the solvent-soaked electrode was dried and cooled for 10.0 minutes to stabilize the catocene or
ferrocene films on the surface of the graphite electrode. The weight of the electrode materials was
calculated by measuring the weight difference between the initial graphite electrode and the coated
electrode using a 5-digit analytical balance (Balance XPR105DR, Model). The average weight of self-
assembled catocene and ferrocene on the graphite electrode was near 16.0 and 11.0 mg cm?,
respectively.

Electrochemical tests

Cyclic voltammetry measurements were conducted in a three-electrode cell in 0.1 M Na;SO4
electrolyte solution at potential scan rates ranging from 20 to 140 mV s and at the ambient
temperature of 28-30 °C. The specific capacitance of the working electrode can be obtained from
the voltammetry surface area according to equation (1) [1,28]:

*® _2vaVIi(V)dV (1)

In equation (1), Csp/ F gtis the specific capacitance, m / g is the mass of self-assembled catocene
or ferrocene on the working electrode, v/ V s is the potential scan rate, [i(V)dV is the area under
the cyclic voltammetry curve in ampere-volts, and AV / V is the potential window.

Galvanostatic charge-discharge tests were conducted at current densities ranging from 1.0 to
10.0 A g1, and the specific capacitance was calculated according to equation (2) [1]:

At
® T mAV
where | / Ais the discharge current and At / s is the discharge time. Additionally, the specific energy
density (E/ Wh kg ) can be calculated using equation (3)[27]:
1 2
_mqp(Av) (3)

Here, AV is the operational potential window, and Csp is the specific capacitance of the fabricated
electrode. Also, the specific power density P / kW kgis described in equation (4) [29]:
p_36E

At
where E/ Wh kg and t /s are specific energy density and discharge time, respectively.

Furthermore, an asymmetric supercapacitor was assembled using a graphite electrode as the
negative electrode, Cat/BPPG or Fc/BPPG as the positive electrode, and a cellulose filter paper as the

(2)

(4)

dielectric. Before electrochemical tests, the electrodes and dielectric were soaked in 0.1 M Na;SO4
electrolyte, and all experiments were conducted under laboratory temperature conditions. For
potentiostaic or galvanostatic tests in the two-electrode configurations, the reference and auxiliary
electrodes were connected, and GCD tests were recorded in the voltage window of 0.0 to 1.7 V.

Results and discussion

Characterization of electrode materials

Various surface techniques, including SEM, EDS, LIBS, and FT-IR/ATR, were utilized to assess the
quality and quantity of catocene and ferrocene films formed on the relatively smooth surface of
BPPG electrodes. SEM images and the distribution of Fe element with EDS mapping on the surfaces
of Cat/BPPG and Fc/BPPG electrodes are depicted in Figure 1. It can be observed that iron atoms
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from catocene and ferrocene are distributed with relatively low concentrations and almost uniform
distribution across the entire mapped window. Upon closer evaluation of SEM images, crystalline
solid particles of ferrocene with partial iron enrichment are also observed. The self-assembled liquid
catocene on graphite is expected to exhibit a more uniform distribution than solid ferrocene. A
homogeneous and thin layer distribution can accelerate the kinetics of electrochemical reactions,
leading to increased efficiency in redox reactions.

Figure 1. SEM images of Cat/BPPG (a) and Fc/BPPG (b) and EDS mappings for Fe atoms of catocene (c) and
ferrocene (d) thin films on the BPPG electrode

Elemental analysis using EDS and LIBS of the two prepared electrodes is presented in Figure 2.
EDS analysis provides a more accurate assessment of the elemental content and metal components
of the films on surfaces due to the lower penetration ability of electrons into solid surfaces
compared to X-ray photons. Impurities of some elements such as Ca, Mn, Fe, Ni, Zn, or others have
been reported in graphite powders and their composites, depending on the production process [28].
According to Figure 2, EDS on the Cat/BPPG and Fc/BPPG surface indicates a nearly 6.0+2.0 atomic
percent of iron on the electrode surfaces with dimensions of 500x500 um. Furthermore, the surface
analysis of electrodes using the highly sensitive LIBS technique equipped with an Nd: YAG laser with
a wavelength of 1064 nm, output energy of 100.0 mJ, and pulse width of 2+7 nanoseconds was
conducted in air. For the iron element, around 27 emission lines were reported, including 20 atomic
emission lines (Fe 1) and 7 ionic emission lines (Fe Il), with the strongest emission line observed at
374.55 nm for Fe | [29]. Analysis of atomic spectra with the NIST LIBS database and NIST atomic
spectra database on the LIBS spectra of various samples in Figure 2 shows that the presence of Fe
element in BPPG surface is negligible. However, in the two electrodes modified with ferrocene and
catocene, the presence of iron is noticeable in the wavelengths of 374 nm and the range of 230 to
275 nm. Atomic iron has various emission lines at wavelengths 249, 252, 272, 302, 357, 374, and
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383 nm, and iron ion emission lines at 238, 259 and 274 nm. At about 390 nm, broad emission peaks
due to carbon atoms or CN bonds resulting from the reaction with carbon and nitrogen in the air
are observed. Atomic emission ranges of various carbon types at 248, 251, 284, 392, 426, 659 and
722 nm have been reported. Additionally, emission peaks at 600, 575, 567, 520 and 500 nm
correspond to nitrogen [30].
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Figure 2. Elemental analysis by energy dispersive x-ray spectroscopy (EDS) (right) and laser-induced
breakdown spectroscopy (LIBS) (left) of: a) BPPG, b) BPPG coated with ferrocene thin film, and c) BPPG
coated with catocene thin film

Fourier transform infrared spectroscopy (FT-IR) is also suitable for detecting molecular functional
groups and films created on electrodes. By examining the attenuated total reflectance (ATR) spectra
of Fc/BPPG and Cat/BPPG electrodes (see Figure 3), the presence of components was not well-
detected due to the low concentration of ferrocene or catocene films on the electrode surfaces, and
some weak peaks were observed near 3000 cm™ wave number. Figure 3 presents FT-IR spectra of
pure ferrocene and catocene, as well as ATR spectra of the modified electrodes.

ATR Spectra FT-IR Spectra
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Figure 3. FT-IR spectra of pure catocene and ferrocene (right) and ATR spectra of modified
BPPG electrodes (left)
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For ferrocene, the features observed are consistent with the vibrational characteristics of
cyclopentadienyl moieties, including C-H stretching (2840 to 3100 cm?), aromatic C-H asymmetric
stretching vibrations (1566 to 1750 cm™), C=C phenyl stretching vibrations (1375 / 1465 cm™), C-H
bending of methylene groups (985 to 995 / 905 to 915 cm?), C=C bending (815 cm™), and C-H bending
vibrations (1030 cm™) [31]. Similar peaks are also observed for catocene FT-IR spectrum.

Voltammetry studies

Cyclic voltammetry was performed on liquid catocene-coated graphite electrode (Cat/BPPG),
ferrocene-coated graphite electrode (Fc/BPPG), and bare graphite electrode (BPPG) in a three-
electrode system with 1.0 M Na;SOs electrolyte solution. The investigation covered the potential
range of -0.5 to 2.0 V vs. Ag/AgCl at different scan rates from 20.0 to 140 mV s*. Figure 4 illustrates
typical CV curves of the samples at various scan rates, showing two main peaks associated with the
oxidation-reduction processes on Fc/BPPG and Cat/BPPG electrodes.
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Figure 4. Supercapacitive performance of modified BPPG electrodes assessed from three-electrode
measurements in 1.0 M Na,SO.. CV curves of (a) catocene thin film BPPG electrode and (b) ferrocene thin
film BPPG electrode at different scan rates, and (c) comparison of CV curves at 100.0 mV s™. (d) Specific
capacitance derived from (a) and (b)

Similar to the redox processes of ferrocene derivatives [23-32], ferrocene is usually oxidized to
Fe(CzHs)2* with an initial oxidation potential around 0.4 V. The Fe oxidation state in ferrocene or
catocene is +2, and the cyclopentadienyl (CsHs) ligands carry a -1 charge. The reverse potential scan
also exhibits a quasi-reversible reduction of Fe(C;Hs),*. Similar behaviour is observed for catocene.
This substance is commonly used in defence and aerospace industries. It contains a small amount
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of four isomeric compounds with different substitution positions for ethyl groups and di-ferrocenyl
propane compounds, making their separation challenging due to nearly identical physical and
chemical properties [33]. The presence of these impurities in catocene leads to an increase in the
oxidation-reduction potential range of this iron complex and the appearance of a weak oxidation
peak after 1.0 V and its corresponding reduction at +0.5 V. Of course, the generation of consecutive
peaks in capacitors can improve their charge-discharge behaviour. With an increase in the potential
scan rate, the oxidation peaks shift towards more positive potentials, and reduction peaks shift
towards more negative potentials. This is because working electrodes have a low internal resistance,
and a shorter time is available for the redox reactions. Additionally, with increasing scan rates, the
area under CV curves and their currents increases. The anodic peak currents of catocene and
ferrocene increased linearly with the square root of the scan rate. The following equations were
obtained, respectively: | = 118.49V4/2 + 2.07, R?=0.9942, and | = 61.67 /2 - 4.62, R? = 0.9985,
suggesting that the electrochemical reactions of modified electrodes are diffusion-controlled
processes with quasi-reversible behaviour [34], and the related supercapacitor can be classified as
a battery-like capacitor [28,36].

Trasatti’s analysis method was utilized to further evaluate the contribution of EDLC and the quasi-
reversible redox process with diffusion-controlled behaviour [37,46-47]. As mentioned in the
literature [27], EDLC occurs on the outer surface of the electrode and contributes to the outer
capacitance (Cout), Which is assumed to be constant across the range of potential scanning rates. The
redox contribution of capacitance is inner capacitance (Ci), controlled by semi-infinite linear
diffusion with a rate proportional to v"/2, Also, the entire capacitive behaviour (Cotal) is assumed to
be divided into the contribution of the outer surface and inner surfaces of the electrode, as shown
in equation 5 [27]:

Ciotal = Cout + Cin (5)

Table 1 shows the capacitance contribution ratio analyzed based on the Trasatti method and the
calculated areal capacitances at various potential scan rates obtained from Figure 4. It can be clearly
seen that the charge storage in the Cat/BPPG and Fc/BPPG electrodes originates mainly from the
battery-like contributions (93.75 and 78.02 %, respectively).

Table 1. Capacitance contribution of the electrodes as analyzed by the Trasatti method and the areal
capacitance (F cm™) based on CV curves shown in Fig. 4 (a-b)

Areal capacitance, F cm™

Potential scan rate, mV s

BPPG electrode Cat/BPPG Fc/BPPG

20.0 0.08 2.94 1.42
40.0 0.06 2.25 1.1
60.0 0.05 1.86 091
80.0 0.044 1.61 0.81
100.0 0.035 1.38 0.75
Ctotal / F cm™ 0.16 44.64 5.60
Cout / Fcm™ 0.14 2.79 1.23
Cn/Fcm™ 0.020 41.85 4.37

Battery lik 12.70 93.75 78.02

Capacitance contribution, % a ElesrlYCI € 3730 6.25 5198

In the rate-determining step of the oxidation reactions, the value of anq (where a is the charge
transfer coefficient and nq is the number of electrons involved in the rate-determining step) was
calculated at a typical scan rate potential of 40.0 mV s}, according to the equation an,=0.048/(Ep-Ep/2).
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In this equation, E, is the potential of the anodic peak, and E,; is the potential at half the anodic
peak current. Calculations indicated that the value of ang, for the oxidation of catocene and
ferrocene on the BPPG electrode were 0.16 and 0.48, respectively. The higher value of a for
ferrocene indicates a lower energy barrier path for forming the activated complex, overcoming the
activation energy of electrochemical reactions. On the other hand, according to the voltammetry
curves in Figure 4c, it is observed that the anodic current density for catocene oxidation is almost
doubled compared to ferrocene. Figure 4d also shows that the specific capacitance of the electrode
with a catocene film is higher than that with a ferrocene film. Here, the surface concentration of
electroactive materials or surface coverage () was calculated according to equation (6) [38]:

r-Q (6)
nFA

In this equation, Q is the area under the oxidation peak in the CV of the modified electrodes, n is
the number of electrons participating in the reaction (n = 1 in the present case), A is the electrode
surface area, and F is the Faraday constant. The surface coverage (/) for the electrodes modified
with catocene or ferrocene at different potential scan rates is presented in Table 2. It is observed
that as the scan rate increases, the value /'decreases. Furthermore, the molar coverage of catocene
on graphite is approximately 50 to 75 % higher than that of ferrocene.

The electrode substrate and porosity are the same for both Cat/BPPG and Fc/BPPG electrodes.
However, the faradaic reaction efficiency and capacity of liquid catocene, despite having a higher
molar mass (282.2 g mol™) compared to ferrocene (186.04 g mol™?), have increased. The main factors
contributing to the enhanced performance of the liquid redox material catocene are more uniform
distribution and more effective interaction of the liquid catocene thin film than solid ferrocene film
on the graphite BPPG electrode.

Table 2. Effect of potential scan rate on the surface coverage of catocene and ferrocene thin films on BPPG in

1.0 M Na3SO4
v/ my st Q/mcC I/ umol cm™
Catocene Ferrocene Catocene Ferrocene
40.0 677.22 389.14 7.02 4.03
60.0 560.28 326.84 5.81 3.39
80.0 469.76 286.32 4.87 2.97
100.0 400.95 254.03 4.16 2.63
120.0 351.86 225.62 3.65 2.34
140.0 310.48 208.05 3.22 2.16

Electrochemical impedance spectroscopy and galvanostatic charge-discharge studies

Electrochemical impedance spectroscopy studies at a potential of +0.5 V, as depicted in the
Nyquist diagram in Figure 5a, show a slightly depressed capacitive semicircles at high frequencies
related to the charge-transfer resistance and double-layer capacitance. Table 3 lists the values of
impedance parameters calculated by fitting the electrical equivalent circuit (EEC) in Figure 5a to the
experimental results. The goodness of the fit can be judged by the estimated relative errors
presented in the parentheses. According to the values of the electrical equivalent elements reported
in this table, the charge transfer resistance (Rc) for ferrocene and catocene is 235.1 (+2.7 %) Q cm?
and 164.9 (+2.7 %) Q cm?, respectively. The apparent electron transfer rate constant (Kapp) has an
inverse relationship with R« on Nyquist diagrams. In other words, with a decrease in Rc, the
electrode reaction rates increase [34]. Therefore, the reaction rate at a constant potential for
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catocene is nearly 40 % higher than that for ferrocene. In EIS studies, an appropriate equivalent
circuit for the recorded Nyquist semicircles for modified electrodes is plotted in the inset of
Figure 5a. The modelled equivalent circuits contain the solution resistance (Rs), the charge-transfer
resistance of the oxidation step (Rct), and a constant phase element corresponding to the double-
layer capacitance (CPEq). The impedance of CPEg (Zcpe) and infinite Warburg (Zw) elements can be
expressed as in equations (7) and (8) [38-40]:

Zepe = Yoy (7)

Zw = 012(1+) (8)

In equation (7), Yo (the CPE parameter, S cm2s") and n (dimensionless CPE exponent reflecting
the roughness of the electrode surface) are two parameters independent of frequency, o the
Warburg impedance coefficient (2 s/2cm?) associated with the diffusivity in the electronic system;
j=-1Y2 and w = 2nf is the angular frequency.

Figure 5 also presents the galvanostatic charge/discharge curves of the samples at different
current densities within the potential window -0.5 to +1.2 V. It is observed that the discharge time
of the samples increases with a decrease in current density.
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Figure 5. a) Nyquist diagram and equivalent circuit of modified electrodes for EIS studies by applying a bias
of +0.5 V and an AC voltage of 10.0 mV amplitude in a frequency range from 100.0 kHz to 10 Hz in 1.0 M
Na,S04; b) GCD curves of Cat/BPPG, and c) Fc/BPPG at various current densities; d) specific capacitance
versus current density for electrodes with the geometric area of 0.2 cm?

The specific capacitance (F g!) of the electrodes is calculated from their discharge curves at
different current densities, and the results are presented in Figure 5d. By comparing GCD curves of
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Cat/BPPG and Fc/BPPG samples at different current densities, the specific capacitance and
performance of catocene-based film electrodes are 10-15 F g higher. The specific capacitance
decreases with an increase in current density, likely due to mass transfer limitations and the
diffusive mechanism of redox materials. The solid nature of ferrocene compared to the liquid
catocene may lead to the formation of crystalline particles and aggregation of iron complex
concentrations on the BPPG electrode surface, leading to reduced availability and performance of
solid particles. SEM images of the Fc/BPPG electrode presented in Figure 1 also qualify the presence
of some crystalline particles and localized iron concentrations on EDS mappings. Additionally, it
appears that the van der Waals interaction of catocene molecules with the graphite surface is higher
than that of ferrocene due to the more hydrophobic nature of ethyldicyclopentadienyl ligands
compared to cyclopenta-1,3-diene.

Table 3. The values of electrode impedance parameters and the corresponding percentage relative errors for
the oxidation of self-assembled catocene and ferrocene thin films on BPPG in 1.0 M Na;SO,

Electrode Rs/ Q cm? Rt/ Q cm? - CPE o/QsY2cm?
Yo/ uScm2s" n
BPPG electrode 6.48 4645.6 (43%)  0.01340(32%)  0.5500 (2.8 %) -
Fc/BPPG 7.10 235.1 (3.0 %) 0.06447 (1.9%)  0.5480 (3.3 %) 1753.1 (2.6 %)
Cat/BPPG 6.90 164.9 (4.4 %) 0.08553 (3.1%)  0.7041(2.7%)  1156.9 (0.25 %)

Due to the favourable performance of the liquid redox material catocene at a positive potential,
it was decided to construct an asymmetrical supercapacitor by pairing it with a graphite negative
electrode saturated with electrolyte, as described in the experimental section, and evaluate its
performance. The aim was solely to compare the behaviour of the new redox material catocene
with ferrocene. According to studies mentioned in the previous section, at a potential scan rate of
20.0 mV s}, a specific capacitance close to 185 F g™ for catocene and 125.0 F g for ferrocene thin
film electrodes can be achieved.

Galvanostatic charge/discharge tests were performed on a two-electrode setup in the voltage
window of 0.0-1.7 V. The energy and power densities of the samples were calculated according to
equations (3) and (4). Ragone plots (energy density versus power density) of the supercapacitors
are presented in Figure 6.
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Figure 6. (a) Ragone plots of Cat/BPPG and Fc/BPPG asymmetrical supercapacitor; (b) cycling stability of
two asymmetrical supercapacitors at a current density of 5.0 A g”* and 1.0 M Na,SO, electrolyte
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Additionally, cyclic stability tests were conducted at a current density of 5.0 A g'* for 10000 GCD
cycles. The constructed capacitor with catocene exhibited an energy density of 56.7 Wh kg™ at a
power density of 2.9 kW kg, while the capacitor based on ferrocene showed an energy density of
50.9 Wh kg at a power density of 2.8 kW kgl. Moreover, with an increase in power density, the
energy density values exhibit a decreasing trend. The overall capacitance of the capacitors in
consecutive charge-discharge cycles shows a slight reduction over 10000 cycles. After these GCD
cycles, the electrode capacity of Cat/BPPG decreases by approximately 6.3 %, and Fc/BPPG
decreases by nearly 3 %. The irreversible oxidation products often cause electrode surface fouling,
reducing the effectiveness of redox reactions at working electrodes [41]. The lower performance of
Cat/BPPG in GCD cycles tests can be caused by the partial destruction of the catocene molecule
compared to ferrocene at high oxidation potentials and its conversion to Fe,Os with a more
irreversible electrochemical behaviour [42-43].

Here, the supercapacitance efficiency of some similar electrodes is compared in Table 4. It is
observed that the self-assembled catocene on the BPPG electrode has a relatively high power
density and discharge kinetics with suitable specific capacity. Of course, the main goal of this
research is to compare the electrochemical efficiency of liquid catocene with solid ferrocene on the
flat surface of BPPG. Certainly, by using more efficient carbon electrodes such as rGO or MWCNTSs,
the performance of these materials can be expected to be increased. By utilizing multi-walled
carbon nanotubes (MWCNTSs) functionalized with ferrocene, a specific capacitance of 50.0 F g* at
discharge current density of 0.25 A g has been recorded [20]. Cat/BPPG shows the specific
capacitance of 141.2 and 57.0 F g* at current densities of 1.0 and 5.0 A g%, respectively. Considering
the high production stages and expensive cost of functionalized electrode materials and the limited
amount of redox materials adhering under these conditions, it seems that the use of liquid catocene
could also be a suitable approach for enhancing the performance of electrochemical capacitors.

Table 4. Supercapacitor performances of some carbon-modified electrodes taken from the literature

. Current Specific Energy den- Power density, Stability,
Electrode material Electrolyte density, A g* capapcity, Fgl sity, \g/\zh kgl KW kg'* ¥ Cycles % ¥ Ref.
MnS/GO/PANI/GE® 3 M KOH 3.8 484 - - - - [44]

1.0 773

Ag-Ag20/PPy/GE® 0.1 M H,S04 2.0 500 23.6 0.51 5000 62 [45]
ssDNA/rGO°® 1 M KOH 129 - - 10000 92 [46]
MnO,/CF¢ 2.0 M Li2SO4 0.2 187.5 - - 10000 99.0 [47]
NiFe204/CF® 3.0 M KOH 1.0 490 39 0.41 5000 94.2 [48]
Fc-MWCNTSsf 2.0 M KOH 0.25 50 - - 5000 90.8 [20]
1.0M 1.0 141.2 56.7 2.9 This
Cat/BPPG Na2S04 5.0 57.0 25.5 11.8 10000 93.7 work

2Manganese sulfide (MnS)/graphene oxide (GO)/ polyaniline (PANI) nanocomposites on graphite electrode
®Ag-Ag,0/polypyrrole (PPy) nano composite on graphite electrode

¢Single-stranded deoxyribonucleic acid (ssDNA) functionalized reduced graphene oxide

dBinder-free electro-deposited MnO2, @3D carbon felt network

eNickel ferrite coated on carbon felt

fFerrocene functionalized multi-walled carbon nanotubes

Conclusion

In summary, this study compared the super-capacitive behaviour of two redoxes of liquid catocene,
and solid ferrocene, on a basal plane pyroletic graphite electrode. Thin layers of these materials were
self-assembled on the graphite electrode, and their super-capacitive behaviours were compared in an
aqueous sodium sulphate electrolyte. The liquid catocene demonstrated a more uniform distribution
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and better interaction with the BPPG surface than ferrocene, with its surface molar coverage up to 75
% higher. In voltammetric studies, this material exhibited a specific capacitance close to 185.0 F g* at
a potential scan rate of 20.0 mV s, compared to 125.0 F g for ferrocene, and provided lower charge
transfer resistance during oxidation. In a way, the energy density of the asymmetrical capacitor based
on catocene was measured at 56.7 Wh kg! at a power density of 2.9 kW kg, while the ferrocene-
based capacitor showed an energy density of 50.9 Wh kg* at a power density of 2.8 kW kg, and both
capacitors maintained nearly 93.7 and 97.0 % of their overall capacitance in consecutive 10000 charge-
discharge cycles, respectively. The calculation of capacitance contribution ratio analysed by Trasatti’s
method, showed that the charge storage in the Cat/BPPG and Fc/BPPG electrodes originates mainly
from the battery-like contributions (93.75 and 78.02 %, respectively). Considering the high production
stages and expensive cost of chemically functionalized carbonaceous electrodes with redox materials,
the use of liquid redox materials such as catocene appears to be a suitable solution for improving the
performance of electrochemical capacitors.
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Abstract

Due to the shortening of the duration of the process and the possibility of obtaining
crystals of smaller and uniform size, microwave heating is considered an effective and
promising tool for the synthesis of LiMn;04, a valuable cathode material for lithium-ion
batteries. However, the electrochemical characteristics of LiMn;04 obtained with its help
are almost completely absent and do not allow for drawing a sound conclusion regarding
the advantages and drawbacks of microwave processing. Here, we describe the
microwave-assisted citric acid aided synthesis, characterization and electrochemical
performance of LiMn;O4. The disclosure of detailed working protocols enabling one to
manufacture samples tolerant to extremely high currents is the main novelty of this paper.
Specifically, our material sustains current loads up to 40 C (5920 mA g*) and completely
recovers after cycling in harsh conditions.

Keywords
Microwave processing; batteries; lithium manganese spinel; high-rate properties

Introduction

Thirty years after successful commercialization, lithium-ion batteries continue to conquer the
world, making them increasingly independent of wired power supplies. Lithium manganese spinel
LiMn,04 belongs to a privileged group of successfully commercialized cathode materials [1]. Unlike
ubiquitous LiCoO,, lithium manganese spinel is cheap and non-toxic, so its application fields are
being expanded steadily and have already captured the automotive industry [2].

The synthesis method plays a key role in obtaining high-performance spinels. Analysis reveals,
however, that standard solid state and precipitation routes cannot provide proper electrochemical
parameters [3]. The theoretical specific capacity of LiMn;04 (Qsp theor. = 148 mAh g1) is seldom attained,
and the ability to sustain high current loads shows up in hard-to-reach nanostructured samples.
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An idea of improving the quality of electrode materials by passing from micro- to nanosized level,
first articulated by Arico et al. [4], relies on the possibility of reducing the transport path of lithium
ions and electrons within the electrode volume upon the subdivision of material particles, thereby
augmenting their high-rate properties. This idea was involved in a huge variety of works carried out
by means of sol-gel methods [5,6], spray pyrolysis [7], hydrothermal technology [8], as well as
approaches inherent to nanochemistry, like self-assembly [9], template synthesis [10], etc. [11,12].
Most of these approaches can hardly be implemented in the near future due to their intricate
nature. On the other hand, there are several easily scalable methods that look prospectively for
significant enhancement of the properties of electrode materials. These are a citric acid-aided route
and microwave heating, briefly discussed in what follows and constitute the subject of this work.

Oxy- and amino acid-aided routes are widely used for the synthesis of electrode materials [3,11]
and have already been implemented on a small to medium-sized level [13,14]. The essence of the
citric acid aided route lies in the pyrolysis of acidic metal citrates, which is strongly exothermal,
involves the loss of a great amount of gaseous reaction products, and leads to oxides or their
mixtures in the nanosized form. Much work has been done to optimize the synthetic conditions to
obtain materials with the smallest particle size. It has been shown, in particular, that in the course
of the synthesis, acidic metal citrates are forming, an optimal metal-to-acid ratio is 1:2, and
additives, like ethylene glycol, are unnecessary [15,16]. This modified citric acid aided route has
been employed for obtaining and detailed characterization of several electrode materials of
exceptional high-rate performance [17-23].

Using microwave (MW) radiation in the synthesis of electrode materials has advantages from
several viewpoints [24,25]. Due to the interactions of microwaves with particles, the heat is
generated directly in the volume of a material and spreads rapidly and uniformly. First of all, this
significantly reduces the duration of synthesis. Second, decreasing heat exposure time results in
obtaining more finely dispersed and less agglomerated materials. This makes microwave heating an
effective tool for controlling the particles’ morphology. The possible use of MW heating in the
manufacturing of electrode materials is favored by the widespread use of microwave ovens in
industrial heating and drying applications like pharmaceutical production, food processing, crop and
timber drying, etc.

As follows from literature sources dealing with LiMn;0a, the use of MW radiation is indeed an
effective and promising method. Carrying out MW heating at various stages of solid state, sol-gel
(combustion) and hydrothermal syntheses [26-43] reduces the duration of the process and
promotes the formation of crystals of smaller and more uniform size. However, data on the
electrochemical characteristics of such materials are either completely absent [27,28,31,35,36,42]
or limited by a conclusion regarding fast capacity fade during relatively short cycling and discharge
with currents up to 10 C [26,29,30,32-34,37-41,43]. The same is true for LiMn;04 obtained by means
of a citric acid aided route and MW heating [44,45]. Only very recently, LiMn,04 synthesized in this
manner has been subjected to detailed electrochemical tests [46]. It appears, however, that in spite
of quite similar particle size, its high-rate properties are much worse than those of a material made
with the help of conventional thermal treatment [17,20]. One may speculate that the synthetic
protocol employed in [45] is far from optimal. For comparison, the electrochemical properties of
LiMn;04 spinels obtained by various synthesis methods in combination with MW heating are
summarized in Table 1.
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Table 1. Electrochemical properties of LiMn;0, spinels obtained by various MW-assisted synthesis methods

Synthesis method Discharge capacity, mAh g (C-rate) Capacity retention, % / Ref.
Chin Crax C-rate/ cycle
MW solid state 120 (0.2 Q) - 72/1C/300 [26]
MW solid state 102 - ~80 /100 [30]
MW solid state 112 (0.25 C) 95(1 Q) 82/1C/50 [37]
MW solid state 142.5 (0.1 C) ~90 (10 C) - [38]
MW solid state 121 (1) 57 (13.5 C) 95/1C/20 [47,48]
MW combustion 112-133 (C/3) 117 (1 Q) 90/C/3/30 [32,33]
MW combustion 114 (1 C) - 75/1C/100 [40]
MW sol-gel 116 (0.3 C) - 98/0.3C/30 [45]
MW combustion 120 (1 C) ~60 (10 C) ~30/1C/ 1000 [46]
MW rheological phase 127 (1/6 C) 117 (2/3 Q) ~84 /C/3 /40 [34]
MW co-precipitation 132 (0.2 Q) 92 (10 Q) 75/0.5C/ 100 [39]
MW hydrothermal 89 (0.14 C) 59 (1.4 C) 85/0.14C/ 25 [41]
MW hydrothermal 132 (0.1 C) 34 (10 Q) 73/0.1C/50 [43]

In previous papers of our lab, conventional and MW-assisted solid-state routes of the synthesis
of LiMn;04 from various raw materials have been compared [47,48]. It has been found that the
samples synthesized from carbonates behave better than those obtained from acetates, and
microwave-heated specimens overwhelm those prepared by a conventional method. Specifically,
they have Qsp. close to 120 mAh g* and deliver ~50 % of their initial capacity being loaded with the
current of 1500 to 2000 mA g (10-13.5 C). Here, we continue this work and present a description
of the synthesis, characterization and electrochemical performance of LiMn,04 obtained by means
of microwave-assisted citric acid aided route. The combination of this synthesis technique with MW
heating makes it possible to significantly reduce the particle size compared to the previously used
MW-assisted solid-state method, which positively affects the kinetic characteristics of LiMn,04. The
disclosure of detailed working protocols enabling one to manufacture samples faster, sustaining the
currents that exceed 5900 mA g (~40 C) is the main novelty of this paper.

Experimental

Reagents and MW synthesis

Solutions of lithium nitrate, manganese nitrate and citric acid were prepared from analytical
grade LiOH, HNO3, Mn(NO3s),:6H20, and CeHgO7-H,0 (Makrokhim, Ukraine). To ensure twofold
excess of the acid over the sum of metals, 60 ml of 0.5 M LiNOs, 60 ml of 1 M Mn(NOs)2 and 90 ml
of 2 M CeHsgO7 solutions were mixed and subjected to stirring on a magnetic stirrer for 15 to 30 min.
The total volume of the working solution for a batch subjected to MW irradiation was 30 ml. MW
synthesis was performed in household Saturn ST-MW?7154 (Czech Republic) and LG MS-1949W
(Korea) MW ovens with radiation frequency of 2.45 GHz and maximal power of 700 W. The MW
radiation power was set in the range from 120 to 700 W, depending on the stage of synthesis, which
is described in more detail below. Temperature measurement was carried out by means of a UT303A
contactless infrared pyrometer after temporarily switching the furnace off. The final annealing was
performed in a muffle furnace in the air for 24 h at 700 °C with heating and cooling rates of 5 and
2 °Cmin’l, respectively. All operations were executed in alumina or thermal glass beakers. A
flowchart of the synthesis is presented in Scheme 1.
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Scheme 1. Flowchart of citric acid aided MW synthesis of LiMn ;04

Characterization

X-ray diffraction (XRD) measurements were made on a LOMO DRON-4-07 X-ray diffractometer
(Russia) with Cu-Kq (A = 0.15418 nm) radiation. Crystallite size was calculated using the Scherrer
equation. Scanning electron micrographs (SEM) were taken on a JEOL JSM 6700F microscope
(Japan). Surface area and porosity were measured on a Micromeritics ASAP 2000 device (USA).

Electrochemical tests

Electrochemical testing was carried out on a homemade automatic workstation in 2016 coin cells
with lithium anode. The slurry containing 80.6 % of LiMn20a, 11.4 % of a conducting additive (5 % SFG-
6 and 6.4 % Super P, both Timcal) and 8 % of a binder (PVDF, Kureha) was cast on an aluminum foil by
a doctor blade with a gap of 125 um. A Celgard 2500 separator (Switzerland) of 25 um thickness was
employed. The mass load of LiMn204 was in the range of 4.4-5.2 mg cm. Before cell assembling,
electrodes were dried at 120 °C for 15 h in a vacuum. 1M solution of LiPFs in a mixture of ethylene
carbonate and dimethyl carbonate (1:1 by mass, Aldrich, USA) served as electrolyte. Galvanostatic
measurements were performed within the 3.4-4.5 V potential range employing a constant current -
constant voltage (CCCV) charge mode. Current densities were measured in C-rate values based on the
theoretical specific capacity of LiMn204 (1 C = 148 mA g1). Cyclic voltammetric (CV) curves were regis-
tered within the same voltage limits at 0.1 mV s sweep rate.

Results and discussion

MW synthesis

The known scheme of a citric acid aided route consists of the following stages [11,15,16].
Evaporating solutions containing a metal nitrate and citric acid, one obtains glassy hydrous acidic
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citrates, including nitric acid. Decomposing these glasses leads to precursors of hydrous acidic
citrates in the form of sponge-like cakes. Pyrolysis of the precursors and (optionally) further
annealing of pyrolysis products gives target oxides. All these stages are well distinguishable in MW
synthesis.

The removal of water (stage 1) and the formation of a citrate precursor (stage Il) can be performed
continuously. Stage | has been carried out at a radiation power of 260 W. The process lasts for 10 to
12 min; the viscosity of the solution grows, and emission centers of a brown gas (NO2) appear on
the surface, signifying that the displacement of nitric acid by citric acid begins and the formation of
a citrate precursor starts. To decrease gas evolution rate, the radiation power must be reduced to
120 W for 5 min. For complete removal of nitrous oxides, further heating at 460 W for 5 min and at
600 W for 10 min. is required. At these conditions, the main part of gaseous products is removed
and the citrate precursor is obtained in the form of the so-called sponge-like cake.

The pyrolysis of citrate precursors (stage lll) is known to be a stepwise process involving
(i) endothermic dehydration of a hydrous salt and decomposition of citrate anion to the anions of
(ii) aconitic and (iii) citraconic acid and then to (iv) citraconic anhydride, whose breakdown (v) occurs
exothermically. Performing stage Ill requires a radiation power of 700 W. At the initial stage, heating
occurs quickly, and dehydration ends in 2 to 2.5 min at ~150 to 200 °C. In cases where a reaction
product rises, it has to be deflated by punching down with a spatula. Further heating is slow and 15
to 20 min elapse until exothermic reaction begins. Its onset is marked by releasing an acrid smoke,
changing the color of the reaction product to black. Then it becomes red hot (Figure 1) and
sometimes an open flame appears. At this moment, the product has either been removed from the
oven or subjected to MW post-heating at 420 W for 2 or 4 min. In the former case, the mean
temperature equals 450 to 520 °C (at the peak moment of combustion, the temperature exceeds
600 °C) and visually, burning is self-propagating. Such a wide range of temperatures is associated
with a change in the amount of heat released during the gradual propagation of combustion. In the
latter cases, the mean temperature is the same, and the maximal temperature exceeds 650 °C. In
this case, the higher temperature is associated with the simultaneous combustion of the precursor
and the heating under the MW radiation of the oxide phase formed. Hereinafter, the samples are
marked MW-0 (without MW post-heating), MW-2 (MW post-heating at 420 W for 2 min) and MW-
4 (MW post-heating at 420 W for 4 min).

Figure 1. Burning of a citrate precursor
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All these operations last for maximally 1 h in total and occur at least twice as shorter as at
common heating. The synthesis was completed by prolonged annealing (stage IV) in a muffle
furnace at the temperature of 700 °C, as indicated in the Experimental section.

Characterization

To understand how thermal treatment influences the parameters of materials, we have
compared diffractograms of pyrolyzed products at different stages. As follows from Figure 2a,
LiMn;Qg4 is directly forming from acidic citrates of manganese and lithium at Stage lll just after
burning and before MW post-heating at 420 W, this is evidenced by the presence of reflections from
its (111), (311), (222), (400), (331), (511), (440) i (531) crystallographic planes. During this time,
however, a great number of Mn304 admixtures are accumulated. Continuing MW treatment (post-
heating) at Stage Ill and performing annealing at 700 °C for 24 h (stage V), one obtains single-phase
LiMn;04 with no admixtures (Figure 2b-d).

Lattice parameters (a) and volumes (V), as well as crystallite sizes (daoo) determined using the
reflection from the (400) plane for MW-0, MW-2 and MW-4 samples, are collected in Table 2. It is
seen that all samples are commensurable by lattice parameters, volumes, and crystallite sizes, so the
variation of residence time upon MW treatment does not influence these values. On the other hand,
comparing a, V and daoo for our samples and materials synthesized by means of MW-assisted solid
state reaction [47,48], one reassures that the latter leads to more dense specimens.

%

=
E)
O

(a

o

(111)

Intensity, a.u.

(d)

10 20 30 40 50 60 70
20/°
Figure 2. XRD patterns of LiMn,04 just after burning and before MW post-heating at 420 W (a), and after
MW post-heating at 420 W and annealing at 700 °C for 24 h (b) MW-0, (c) MW-2, (d) MW-4. Peak indexing
corresponds to JCPDS 35-782 (LiMn;04) and 24-0734 (Mns0,4)

SEM data for our samples are presented in Figure 3. Here, one can follow the influence of both
MW-post-heating (stage lll) and annealing (stage IV) on the sample morphology. LiMn,04 taken just
after burning has a particle size of less than 50 nm (Figure 3a). Further annealing at 700 °C for 24 h
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causes expected particle enlargement to 50-60 nm size (Figure 3b). Interestingly, the samples were
subjected to the MW post-heating for 2 and 4 min, and annealing increased their size to 100-120
nm (Figure 3c, d). For the same samples, the particles are more perfect (the edges of the faces of
the crystals characteristic of the LiMn,04 octahedral shape are clearer), which is evidence of the
higher crystallinity of these samples. This observation confirms that crystal growth, sintering and
recrystallization are much faster upon MW treatment. In our case, the particle size doubles upon
MW heating at 420 W for 4 min. Given this, more prolonged MW post-heating was not performed
to avoid further growth of particle size.

Porosimetric studies signify that the samples obtained are non-porous. This is common for spinels
[16,17]. It appears that the MW-post-heating significantly decreases both specific surface area (Ssp.)
and pore volume (Vpore) (Table 2). Such observation is consistent with SEM data and probably results
from compaction upon sintering.

Figure 3. SEM micrographs of LiMn;0y just after burning and before MW post-heating at 420 W(a), and
after MW post-heating at 420 W and annealing at 700 °C for 24 h (b) MW-0, (c) MW-2, (d) MW-4

Table 2. Parameters of various LiMn,0, samples

Sample a/nm V/nm3 dago / nm Particle size, nm Sp/m?g? Vioore / cm3® gt
MW-0 0.8195 0.550 17 50 13.3 0.147
MW-2 0.8204 0.552 18 100 5.4 0.048
MW-4 0.8212 0.554 18 120 5.4 0.047

Electrochemical tests

Figure 4a-c shows the first three charge/discharge cycles for MW-0, MW-2 and MW-4 samples. All
these curves have a typical form demonstrating two plateaus corresponding to equilibria between
LiMn,04 and an intermediate LipsMn204 and between the latter and MnO.. In all cases, a solid
electrolyte interface forms at the first charge, causing a great excess of charge capacity over discharge
capacity: Coulombic efficiencies measured as CE = Qsp, discharge/ Qsp, charge ratio do not exceed 86 %. Upon
2" and 3" cycles, these become close to 100 %. The specific capacities of MW-0, MW-2 and MW-4
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samples on the 3™ cycle appear equal to 85, 97 and 90 mAh g™. In general, the specific capacity of
spinels is often significantly lower than the theoretical value, which is a typical phenomenon for this
electrode material [3]. For example, in conventional citrate syntheses of LiMn;0s, the best Qsp.
obtained is 110 mAh g [20]. In our case, a significant part of lithium ions (about a third of the
theoretical content) is unavailable for certain reasons and does not participate in the electrochemical
process at all. However, it should be noted that during the combined CCCV charge mode, the share of
the capacity obtained in the constant voltage mode is small compared to the capacity in the constant
current mode, which indicates a sufficiently high mobility of the lithium ions available for the
electrochemical process. The same conclusion follows from the shape of cyclic voltammetry (CV)
curves (Figure 4d). The CV curves of MW-2 and MW-4 samples have two distinct peaks corresponding
to the intercalation/deintercalation of lithium ions in the spinel structure. These samples are close to
each other and are characterized by higher peak intensities than the MW-0 sample. In the latter case,
the peaks are practically not split and shifted to higher potentials during charge and to lower potentials
during discharge due to polarization. According to the data presented in Table 3, the difference
between the corresponding CV peaks AE; and AE; in the case of MW-2 and MW-4 samples is actually
half as much as compared to MW-0 sample. CV data registered for MW-2 and MW-4 samples suggest
their lower current resistance and better kinetics of charge/discharge processes.
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Figure 4. Charge/discharge curves for (a) MW-0, (b) MW-2 and (c) MW-4 samples at cycling current 0.5 C
and tapered current on charging 0.1 C, (d) CV curves at potential sweep rate 0.1 mV s

Table 3. Peak parameters of CV curves for various LiMn;04, samples

Sample Eal / \ Eaz / \Y Ec1 / V Ecz / \Y AEl / mV AEZ / mV
MW-0 4.076 4.186 3.955 4.085 121 101
MW-2 4.029 4.170 3.966 4.110 63 60
MW-4 4.023 4.160 3.969 4.115 54 45
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Figure 5 shows the results of cycling of LiMn,04 samples at the current density of 1 C for 100 cycles.
As can be seen, the stability of the specific capacity during cycling increases with an increase in the
duration of the MW post-heating. The initial discharge capacity at 1 C is almost identical to that
obtained at the current density of 0.5 C and is 85, 96, and 90 mAh g for samples MW-0, MW-2, and
MW-4, respectively. The values of the specific capacity obtained after 100 cycles for samples MW-0,
MW-2 and MW-4 are 73, 94, and 90 mAh g, respectively, which corresponds to capacity retention
(CR) of 86, 97, and 100 %. Thus, sample MW-4 demonstrates excellent cycling stability despite a
slightly lower specific capacity than sample MW-2.
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1 00 B T
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< 1 > 704
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Figure 5. Cycling performances of LiMn,0, samples at the current density of 1 C: dependence of discharge
capacity on cycle number (a), and capacity retention curves (b)

High-rate testing results are presented in Figure 6. It turns out that the ability to sustain high-rate
current loads is better for the samples subjected to longer MW post-heating. The MW-0 material,
which has not been MW post-heated, quickly loses its capacity upon a 6 C current load and, ata 12
C rate, delivers 25 mAh g (Figure 6a). The MW-2 sample MW post-heated for 2 min is more stable
and delivers the same capacity at ~25 Crate. The best results are demonstrated by the MW-4 sample
sustaining current loads up to 40 C (5920 mA g) and returning 20 mAh g at this current rate.
Furthermore, after cycling at such harsh conditions (up to 80 C, i.e., 11840 mA g for MW-2) and
returning to discharge by low currents, all samples completely retain their initial capacity (see
control cycles by 1 C current in Figure 6a-c). This suggests that the obtained samples do not actually
degrade in the range of 50-100 cycles.

In Figure 6d, we compare the high-rate abilities of all three synthesized samples, plotting capacity
retention determined as CR / %= Qsp.(C)/Qsp. max. Vs. C-rates. This plot shows that the capacity reten-
tion significantly grows with increasing the MW post-heating time. For spinels post-heated for 0, 2
and 4 min, half of the initial capacity is delivered upon current load of 9, 19.5 and 26.5 C. This is
significantly higher than for the best samples obtained by means of MW solid-state [47,48] and MW
co-precipitation [39] routes, as well as for the spinels synthesized by conventional solid-state [49]
and co-precipitation [50] techniques in recent five years. At the same time, it should be noted that
the nominal specific capacity obtained at low discharge rates is higher when using both MW and
traditional solid-state and co-precipitation synthesis techniques. If the LiMn,04 obtained by the
citric acid aided route with MW heating and the conventional time-consuming citric acid aided route
are compared [17,20], in both cases, the closeness of the specific capacities, as well as the maximum
discharge rates (up to 40 C). Taking this into account, the obvious advantage of MW heating is its
short duration, which allows it to significantly intensify the entire synthesis process without losing
the functional properties of the material.
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Interestingly, the results of existing high-rate tests of LiMn,Os synthesized in a similar way
(microwave-assisted citric acid aided route) [46] are quite close to our data obtained without post-
heating and are significantly inferior to those attained for MW-2 and MW-4 samples, see Figure 5d.
This clearly shows that MW post-heating is advantageous for improving the electrochemical
performance of lithium-manganese spinels, i.e., apparently, small action greatly affects the
properties of a material.
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Figure 6. Dependences of specific capacity at various current loads on cycle number for MW-0 (a), MW-2 (b)
and MW-4 (c) samples, and of capacity retention on current rate (d). Charge current 1 C with tapered
current 0.1 C. Figures at points in (a-c) panels denote current C-rates

Conclusions

In this paper, we have presented an in-depth description of the synthesis, characterization and
electrochemical performance of LiMn;04 obtained by means of the microwave-assisted citric acid
aided route. Detailed working protocols are disclosed, enabling one to reproduce this work
completely and to manufacture spinels that sustain current loads at least two times as high as
common heating methods. Like in the case of conventional citrate synthesis, the best-synthesized
samples sustain current loads up to 40 C (5920 mA g') and completely recover after cycling at harsh
conditions. Compared with samples obtained by microwave-assisted solid-state routes, our
materials are much superior in high-rate properties. All microwave-assisted operations last for
maximally 1 h in total and occur at least twice as shorter than at common heating. It is found that
microwave post-heating of the reaction mixture after its exothermal decomposition is crucial for
obtaining a high-rate cathode material.
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Abstract

Based on both the economic and environmental points of view, processing used lithium-
ion batteries (LIBs) is of great importance. The valuable components contained in LIB
(cathode, anode and current collectors) generate high interest in solving the problem of
resource deficiency and reducing environmental destruction due to overexploitation. The
starting anode material extracted from a used lithium iron phosphate battery is a mixture
of graphite, acetylene carbon black, and polymer binder. Reusing this material in lithium
batteries without additional cleaning is impractical owing to poor electrochemical
characteristics and the presence of impurities. To achieve effective regeneration, the
recycled anode material is first treated in a nitric acid solution to remove copper foil and
lithium ions with electrolyte interaction products formed during battery operation. The
next step is heat treatment of the material, which allows the removal of acetylene soot
and polymer glue binder. The tests showed sufficiently high values of the specific capacity
of recycled graphite (~330 mA hg?! at 0.1 C), which are comparable to commercial
materials and meet the requirements of reuse.

Keywords
Lithium-ion batteries; recycling; graphite anode; electrochemical parameters;
impedance
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Introduction

In the context of global population growth to seven billion people, it is projected that electricity
production will need to be doubled by the middle of the 21t century to ensure a stable standard of
living [1-3]. The problem of increasing the volume of electricity is complex, given that most of the
energy is currently generated from non-renewable sources. This causes significant carbon dioxide
emissions. Therefore, it is important to focus on the development of renewable energy sources such
as wind, solar, tidal and geothermal energy. This involves innovation in the areas of electricity
generation and storage, where batteries are becoming a key element in an alternative energy strategy.

Since Sony's first commercial introduction of lithium-ion batteries (LIBs) in 1990, they have been
widely adopted. LIBs have a successful combination of energy density, durability, and convenience,
making them a popular choice for a wide range of devices and applications.

The global demand for LIB is predicted to approach 3600 GWh by 2030 (Figure 1) [4]. The global
production capacity market shares of <1 % today for Europe and USA could increase greatly in the
future. By 2030, both regions could reach 5-6 % global shares. In total, the forecasts for the
development of production capacities for graphite as an anode material amount to about 4 million
tons by 2027/2028. However, the most startling feature in global battery cell manufacturing is the
dominance of Asian companies and the localization of production in China because more than half
of the declared production capacities are located in Asia. However, by 2030, around one-quarter of
cell production could be sited in Europe and around one-fifth in the USA. In a similar manner, half
of the production capacities are made by Chinese companies. Moreover, the announcements of
Korean companies are the same as the sum of all potential European battery cell fabricators [5-7].

(B) Global battery demand by 2030 (C)Global spent LIBs market by region
3709,200
3612 3612 v B J Tons
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Figure 1. Projected global demand for batteries until 2030 (B) and the global market for spent lithium-ion
batteries (C). (Reprint from [4] The Creative Commons Attribution License from Wiley)

From both economic and environmental points of view, the processing of used LIBs is of great
importance. The valuable components contained in LIB (cathode, anode and current collectors) can
make a significant contribution to solving the problem of resource scarcity [8,9] and reducing
environmental destruction due to overexploitation.

Graphite is used as the primary anode material in most commercial LIBs. Other anode materials,
such as silicon, tin, amorphous carbon, and lithium titanite-based anode, account for only about
9 % [10]. The advantages of a graphite anode include high cycling stability, capacity, and low price [11].

Due to the increase in the production of electric vehicles, there may be a shortage of materials
for making batteries over the next few years. Reusing materials from used LIBs can reduce possible
material shortages.
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However, despite significant progress in LIBs recycling, the use of graphite from used batteries
lags behind the recycling and use of cathode materials [12]. The economic feasibility of processing
a graphite anode is also confirmed by the fact that various contaminants present in natural grades
of graphite prevent its direct use as a LIB anode. As a rule, the production of battery graphite
includes several stages, including mining, beneficiation, purification and processing [13]. All these
stages lead to significant environmental pollution and pose a risk to human health. A significant,
albeit less well-known, aspect is that 1 kg of graphite is needed to produce 1 kWh of commercial LIB
capacity [14]. Given that the graphite content in LIB ranges from 12 to 21 percent by weight
(depending on the type of battery), graphite production from spent LIB can be considered as an
alternative method for obtaining graphite for LIBs [12,15].

In this study, we present a way to recycle graphite anode, together with some physicochemical
and electrochemical parameters of the reduced graphite obtained during the processing of a lithium
iron phosphate battery.

Experimental

The source of spent graphite in our studies was the anode of lithium iron phosphate battery
HWE200A, LF54174200 3.2 V 200 Ah (China) [16]. The reasons for the failure of this battery were an
internal short circuit due to thermal runaway, as evidenced by the lack of voltage between the
battery terminals, and partially fused and burned electrodes.

According to Zhang et al. [17], spent graphite containing various impurities has a lower initial
discharge capacity of 298.7 mA-h/g compared to the capacity of 354.2 mA-h/g for the original
battery graphite. Note that the theoretical capacity of high-purity graphite (99.99 %) is 372 mA-h/g.

To restore the original properties of spent graphite, it is very important to remove residual
impurities from it. For this purpose, we used diluted solutions of nitrate acid. As shown by Barsukov
et al. [18], the treatment of natural flake graphite in nitric acid solutions makes it possible to remove
almost all metal impurities with the exception of silicon and aluminum compounds. The latter are
extracted either by sintering with alkali [18] or HF [19] or by high-temperature treatment at 3000 °C.
The advantage of spent graphite material is that silicon and aluminum compounds have already been
extracted earlier, at the stage of purification of natural graphite to the level of 99.95 % C. Therefore,
the treatment of spent graphite in nitric acid may be quite sufficient to remove any metal impurities.

The battery was mechanically disassembled to separate the cathode, anode, and separator. The
anode, a graphite-based electrode mass deposited on both sides of copper foil, was cut into small pieces
and placed in a 20 % nitric acid solution. The ratio of the solid to liquid phase was 1:12. After the copper
was completely dissolved, the solution turned blue, indicating the formation of copper (ll) nitrate. The
treatment of the graphite anode in nitric acid made it possible not only to separate the carbon material
of the anode from the copper foil but also to get rid of the solid electrolyte film (SEl) on its surface. A
mixture of graphite, acetylene soot and polymer binder glue remained as an insoluble precipitate. In
order to grind and more completely extract the impurities present in the graphite anode, the resulting
suspension was subjected to ultrasonic treatment on the disperser XM-650DT (China) for 20 minutes.
After separating the sediment, the latter was repeatedly washed with distilled water to a pH 7. In order
to remove the polymer binder and amorphous carbon impurities from the graphite anode, the resulting
sample was annealed for 2 h at 700 °C. The heating and cooling rate of the furnace was 5° min'. After
cooling, the resulting material was crushed and sifted through a sieve with a mesh size of 40 um.

The method for determining the ash content of graphite was based on the process of calcination
of certain quantities of graphite and weight analysis of the ash residue. To do this, 2 grams of
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graphite were placed in a crucible and heat treated in a muffle furnace for eight hours at 1050 °C.
After calcination, the crucibles were removed from the muffle, cooled for 10 minutes on a metal
plate, and then placed in a desiccator without a desiccant for further cooling. At the final stage, the
ash residue was weighed on analytical balances. According to the analysis of a series of three
crucibles, the ash content of regenerated graphite from LIB did not exceed 0.02 %.

It should be noted that in addition to copper nitrate, the solution contains a certain amount of
lithium nitrate, which was formed as a result of the dissolution of the solid-electrolyte film from the
surface of the graphite anode. The results of atomic emission flame spectrometry of the solution
(Shimadzu AA-6300, Japan) for the residual lithium content show a value of 430 + 5 mg/I. To do this,
an excessive amount of sodium hydroxide is added to the solution in order to obtain an insoluble
precipitate of copper (ll) hydroxide. After separating the latter, sodium carbonate was added to the
resulting solution and evaporated. Due to the weak solubility of lithium carbonate in water, it
precipitates during evaporation. This method is the main method for obtaining lithium carbonate in
the processing of cathode materials [20].

The scheme of graphite anode processing is shown in Figure 2.

+ HNO,

+ NayCOys, t~00 *C
> Li:CO;

Figure 2. The scheme of graphite anode processing

The phase composition, morphology, and particle size of reduced graphite were analyzed by X-
ray diffraction (Dron-4-07, LOMO, Russia, Co-Kq radiation) and scanning electron microscopy (JSM-
6700f, JEOL, Japan) methods.

Electrochemical tests were done using a half-cell with a working graphite electrode and lithium
as the reference and counter electrodes. Working electrodes consist of 94 wt.% of the graphite,
1 wt.% of the conductive additive (soot) and 5 wt.% of the water-soluble binder (NV-1T, “Casnovo”
corporation, China).

The suspension of the composite electrode was prepared by mixing the starting materials on an
IKA RW 20 mixer for 50 minutes. The resulting suspension was applied to copper foil by a doctor blade
method with the 80 um thickness. The porosity of the electrode was determined by the ratio of the
crystallographic density of graphite (~2.16 g/cm?3) to the measured density of the electrode material.

The parameters of the obtained electrodes, after drying and pressing, are shown in Table 1.

Table 1. Parameters of graphite electrodes

Sample Electrode mass, g Mass of graphite, g Electrode thickness, um Porosity, %
1 0.006 0.0048 3045 54
2 0.007 0.0063 4045 56
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CR2032-type coin cells were assembled using the dried anode and Celgard 2500 as a separator in
a glove box. The electrolyte used in this study was 1M LiPFs in @ mixture of ethylene carbonate and
dimethyl carbonate, both at a volume ratio of 1:1. A lithium disk of 16 mm in diameter served as
both the reference and counter electrode in the cell assembly. Galvanostatic studies of these cells
were conducted using the Neware BTS 4000 battery analyzer (China). Additionally, electrochemical
impedance spectroscopy (EIS) was performed with an Autolab PGSTAT 302 (Switzerland). The
impedance spectra obtained were subsequently analyzed using Nova 2.1 software. EIS
measurement were taken between 1 MHz to 0.01 Hz with a voltage amplitude of 5 mV after full
lithiation of the graphite electrode (0.01 V vs. Li/Li* electrode).

Results and discussion

As known, graphite has a layered, planar structure. In each layer, the carbon atoms are arranged
in a honeycomb lattice with a bond length of 0.142 nm, and the distance between planes is
0.335 nm [21].

Figure 3 shows the X-ray diffraction pattern of purified graphite prepared according to the
scheme proposed above, which has well structural and phase purity. The XRD of graphite possesses
three signature peaks at 26.3° (002), 44.2° (100) and 54.5° (004). The peak at 260 = 26.3° indicates
well-organized structure of graphite with an interlayer spacing of 0.338 nm. This layer spacing is in
agreement with the spacing in graphite. The broad peak at 260 = 44.2° is attributed to the presence
of some defects [22].
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Figure 3. XRD pattern of purified graphite

Figure 4 represents the SEM image of purified graphite. As can be observed, well-defined sheets
of graphite 1-3 um in diameter are presented.
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JSM-6700F SEI  100kV X5000 1um  WD65mm

Figure 4. SEM image of purified graphite

On the galvanostatic curve of the 1%t charge/discharge cycle of a graphite electrode (Figure 5), it
can be noted that there is an irreversible capacity of about 40 mA-h/g, which can be attributed to
the formation of SEI on its surface. In addition, there are three small plateaus at potentials below
0.2 V relative to Li*/Li during the cathode sweep. These plateaus are caused by the insertion of
lithium ions into the layered graphite structure and transformations between different stages of
intercalation compounds from the LiCse stage to the LiCe stage, respectively [23,24].

1.0 T Y T T T T T ' T

0.8 -

0.6+

0.4

Voltage, V

0.2
0.0+ \"

0 50 100 150 200 250 300 350 40C
Capacity, mA-h / g
Figure 5. Changing the profile of the charge/discharge curve of the 1°* cycle of the graphite electrode
(sample 1): black — charge, red — discharge. Current rate is 0.05C (I = 0.089 mA)

During the anodic sweep, three plateaus are also observed, which relate to the deintercalation of
lithium ions from the graphite electrode. An increase in the intercalation/deintercalation current rate
of lithium ions leads to a slight decrease in the specific capacitance of the electrode (Figure 6) at
current values not exceeding 0.2 C (1-3 cycle - current rate was 0.05C; 4-9 cycles - 0.1C; 10-19 cycles -
0.2C) and increase coulombic efficiency during cycling. A further increase in the discharge current rate
to values of 0.5C leads to a more significant decrease in the specific capacity of the graphite electrode.
This can be observed in Figure 6 (cycles: 20-29) due to limitations in the intercalation of lithium ions
between the graphite layers. Thus, when using the constant current-constant voltage (CCCV) mode or
reducing the intercalation current of lithium ions to 0.1 C, higher currents can be realized during
subsequent de-insertion (Figure 7).
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Figure 7. Galvanostatic cycling curves of the graphite electrode depending on the current rate in the range:
lint. = 0.1 C (const.); lgeint. = 0.1 — 2.0 C

Upon cycling of the graphite anode, an increase in coulombic efficiency is observed during the
initial 20 cycles, after which it stabilizes, reaching approximately 99.240.2 %. This effect can be
attributed to the reduced contribution of irreversible capacitance, which is associated with the
formation and compaction of the solid electrolyte interface (SEl) on the surfaces of both the working
and counter electrodes. However, increasing the current rate to 0.5 C during cycles 20 to 30 results
in a marked decrease in specific capacitance, dropping to about 200 mA-h/g. Subsequently, lowering
the intercalation/deintercalation current rate to 0.2C helps to restore the capacity values to around
300 mA-h/g. Despite this recovery, a slight decline in capacity is observed with further cycling,
extending from cycles 30 to 130. The gradual decrease in the capacity of the graphite electrode over
these cycles is illustrated in Figure 8.

Here, it is worth noting that in the process of cycling, there is a decrease in the average voltage
at the insertion of lithium ions into graphite on each of the "shelves" at cathodic polarization and
an increase in the average voltage at de-insertion of lithium ions — at anodic polarization, which
indicates an increase in the internal resistance of the cell. First of all, the increase in internal
resistance should be attributed to the formation of a dense SEl on the lithium electrode. This
assumption is also evidenced by impedance hodographs (Figure 9) obtained on the 30t and 130t
cycles at the potential of 0.01 V.
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Figure 8. Changing the profile of the charge/discharge curves during the cycling of the graphite electrode.
Current rate is 0.2 C. Numbers indicate cycle numbers

To describe the processes occurring during the silencing of the electrode, several equivalent
circuits have been proposed. For instance, Wang et al.[25] interpret changes in the appearance of
impedance hodographs in terms of five possible processes. In another study [26], simpler schemes
are proposed to describe the resistance of the electrochemical system to the alternating current
flowing through it.
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Figure 9. Nyquist diagram and equivalent electrical circuit of a graphite electrode (sample 1)
1-30" cycle; 2 - 130% cycle

The equivalent electrical circuit from Figure 9 describes the processes in Table 2.

Table 2. The process explains the equivalent electrical circuit

No Process Frequency area
1 Inductive wiring of metal contacts (Lo) High
2 Resistance of electrolytes in the pores of the separator (Celgard 2500) (Rs) (10 to 0.1 MHz)
3 Charge transfer through the SEl on a graphite electrode (100 tl\il)lgfj(;i kHz)
4 Charge transfer through the SEl/metallic lithium Low
5 Diffusion of lithium ions compatible with adsorption into the structure of the material  (1.00 to 0.01 Hz)

390 () er |



I. Shcherbatiuk et al. J. Electrochem. Sci. Eng. 14(3) (2024) 383-393

However, it is important to note that since the impedance hodographs of the elements are
obtained after full lithiation of the graphite electrode, the classical Warburg impedance, typically
represented as an inclined line at a 45° angle, transforms into a semicircle. This semicircular shape
is characteristic of porous and rough surfaces. Consequently, to accurately describe the equivalent
circuit in this scenario, a parallel connection composed of a resistance (Rs3) and a distributed
capacitance (CPEs) was utilized in place of the Warburg diffusion impedance. The values for the
elements obtained using this revised equivalent circuit model are presented in Table 3.

Table 3. Values of some electrical equivalent circuit parameters

Sample Number of cycles Lo/ H Rs/ Q Ri/Q R,/ Q R:/Q
1 30 o 6.06 20.6 45.6
2 130 270-10 >-85 9.24 33.9 75.4

The values of inductance (Lo) and electrolyte resistance in the separator pores (Rs) practically do
not change during cycling. The resistance to charge transfer through SEI on the graphite electrode
(R1) increases by ~30 % over 95 cycles from 6.06 to 9.24 Q2. However, the greatest contribution to
the increase in charge transfer resistance through SEl falls on the lithium counter electrode (R>),
which increases by 13 Q.

Conclusions

In conclusion, the anode material retrieved from a malfunctioning lithium iron phosphate
battery, primarily composed of graphite, acetylene black, and a polymer-based adhesive, presents
a significant recycling potential. The direct reutilization of this material in lithium-ion batteries
without prior purification is not feasible due to its diminished electrochemical properties, largely
attributable to the presence of impurities. To address this, a two-stage regeneration process is
employed. Initially, the anode material undergoes treatment in a nitric acid solution, effectively
removing the copper foil and extracting lithium ions, as well as other electrolyte interaction
byproducts accumulated during the battery's operational life. This is followed by a thermal
treatment, which is essential for eliminating the acetylene soot and decomposing the polymer
binder. The efficacy of this regeneration process is underscored by the experimental results,
wherein the specific capacity of the recycled graphite is recorded at approximately 330 mA-h/g at
0.1 Cdischarge rate. These values are not only on par with commercially available graphite but also
meet the requisite standards for reuse in LIBs, thereby underscoring the viability of this recycling
approach.
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Abstract

A biocompatible and biodegradable polymer in the fabrication of solid polymer electrolytes
for high energy density rechargeable batteries is gaining interest owing to their safety,
compatibility and flexibility. In this study, a polymer electrolyte based on hydroxypropyl!
methylcellulose (HPMC)/polyethylene glycol (PEG) biopolymers, incorporating TiO2 nano-
fillers and LiNOs as a lithium source, was fabricated using the solution casting method.
Mixed-phase TiO; nanofillers were synthesized via hydrolysis of titanium tetraisopropoxide.
The crystal structure, phase morphology, and electrochemical impedance spectra of the
films and nancfillers were investigated. X-ray diffraction analysis confirmed the amorphous
nature of the polymer electrolyte and crystalline nature of nanofiller. In addition, it was
noted that the amorphous phase of the polymer blend remained unaltered despite the
incorporation of TiO, and LiNOs. Thermogravimetric analysis and differential thermal
analysis confirmed that the pure blend exhibited a melting point of around 60°C and
complete degradation of around 340 °C, while the blend electrolyte with additives de-
monstrated thermal stability with a broad melting point. The blend containing 5 wt.% TiO>
fillers and 10 wt.% LiNOsionic salt exhibited the highest ionic conductivity of 0.213 mS cm™
at room temperature. The polymer blend electrolyte displayed a narrow electrochemical
stability window of 2.85 V, with the highest cationic transfer number of 0.323. The
temperature-dependent ionic conductivity of the prepared polymer blend electrolyte
followed Arrhenius behaviour, with an activation energy of 0.1 eV. The study examined and
reported the effect of aging on the interfacial resistance of polymer blend electrolyte. The
mechanical properties of the optimized HPMC/PEG/TiO,/LiNO3 polymer blend electrolyte
were investigated and reported. Thus, this research elucidated the role of nanofillers and
ionic salt in enhancing the performance of biocompatible polymer electrolytes.

Keywords
Mixed polymer; polymer composite; Arrhenius behaviour; cationic transference number;
electrochemical stability
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Introduction

The world's growing population and economic demands have led to a significant rise in global
energy consumption. To meet the current energy needs of the world, it is imperative to engage in the
mass production of energy [1]. However, relying solely on non-renewable sources like nuclear power
plants, coal, and fossil fuels, as well as renewable resources like solar, wind, and hydroelectric power,
is insufficient to fulfil the energy requirements of today. Moreover, the extraction of energy from non-
renewable sources has contributed to the alarming global threats of global warming and pollution [2].
The effective resolution for these concerns lies in efficiently harnessing energy from sustainable and
eco-friendly sources. The primary obstacle in maximizing energy extraction from environmentally
friendly sources is the storage of the harnessed energy [3]. From the perspective of energy storage,
new-generation energy storage devices with maximum energy density are investigated.

New generation supercapacitors and batteries with higher power and energy density gained
much interest. In case of rechargeable batteries, the overall performance is not solely dependent
on electrodes but also on the electrolytes within the cell. These electrolytes play a crucial role in
achieving higher battery energy density [4]. The electrolytes can be in the form of liquid, gel, or solid,
with liquid electrolytes offering certain advantages such as good wettability with electrodes, ionic
conductivity, and reduced dendrite formation [5]. However, they are more susceptible to
vulnerabilities and suffer significant drawbacks due to safety concerns, environmental issues, and
limited energy density than solid electrolytes [6]. On the other hand, gel electrolytes composed of
liguid components and polymer matrix have emerged as a promising alternative to liquid
electrolytes, offering good heat resistance, higher ionic conductivity, and a stable electrode-
electrolyte interface. The gel polymer electrolytes also offer electrode protection and control of the
thermal runaway [7]. Nonetheless, the mechanical integrity of the cell remains a major drawback
for gel electrolytes. Additionally, the presence of liquid fails to suppress dendrite formation [8]. In
order to attain favourable mechanical cell integrity and interfacial properties, the solid polymer
composite appears to be a viable option. Typically, solid polymer electrolytes (SPE) composed of
polymer chains exhibit flexibility and integrity, providing a range of adjustable parameters alongside
excellent thermal stability and ionic conductivity [9].

The low-flammable solid polymer electrolyte has major restrictions based on the nanocomposite
and the host polymer matrix. Brittle ceramic electrolytes exhibit lower ionic conductivity at room
temperature, whereas sulphide electrolytes exhibit poor stability but higher conductivity. The polymer
electrolyte made of host polymer matrix usually includes polyvinylidene fluoride (PVDF), polyethylene
oxide (PEOQ), polyvinyl alcohol (PVA) and several polymer blends like PEO-methylcellulose (MC), PVDF-
hexafluoropropylene (HFP), etc. [10]. Among numerous polymer blends like PEO-carboxyl methyl
cellulose (CMC), PVA-sodium alginate (SA) and PEO-polyvinyl pyrrolidone (PVP) [11], the blending of
crystalline polymer with amorphous one gains tremendous interest. PEO and PVDF-co-hexafluoro-
propylene (HFP) polymer matrix with active nanofillers have been widely studied as electrolytes. The
enhanced ionic conductivity observed in PVDF-HFP is attributed to the reduction in crystallinity of
PVDF with the addition of amorphous HFP, while the blending of PEO with methylcellulose(MC)/
/polyvinyl chloride (PVC) yields better ionic conductivity and good mechanical properties [12,13].
The dielectric oxide ceramics embedded in polymers make solid electrolytes appear as potential
candidates due to their affordability and demonstrated ability to offer increased power density,
flexibility, and improved ionic conductivity. Furthermore, including active oxide fillers in the polymer
composite improves ionic conductivity and increases the ion transference number and wider
electrochemical stability window [14]. The ionic conductivity, along with the electrochemical window
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and thermal stability, can further be increased by the addition of ionic liquids along with oxide fillers,
which have to be optimized. The increase in ionic conductivity can be attributed to the dissociation of
ions resulting from Lewis acid-base interactions between the anions of ionic species and the surface
groups of polymer chains containing nanofillers [15]. Most widely studied passive inorganic oxide
fillers include TiO2, ZnO, MgO, Al;03, CeO,, BaTiOs and SiO,, while the active fillers based on Li
includelizLasZr,012 (LLZO), Lis.sLazZr1.4Taoe012 (LLZTO) and Lio.2slaos7TiO3 (LLTO) [9,15]. For active
fillers, higher interfacial resistance, poor compatibility with electrodes, and comparatively higher
dendrite formation limit their commercialization [16]. Additionally, these passive fillers reduce the
crystallization of the polymer matrix, simultaneously enhancing the channels for ion migration [9].

A water-soluble semi-synthetic hydroxypropyl methylcellulose (HPMC) is a nonionic cellulose
amorphous polymer with a molecular formula (CssH108030), derived from polysaccharide units of
plant cells through etherification of cellulose in which the hydroxyl groups are replaced by hydroxy
propyl and methyl groups [17]. The presence of functional groups made HPMC thermo-sensitive
with water retention capabilities. Biodegradable and biocompatible HPMC found applications in
moderate coatings, tablet binders, drug delivery, adhesives, agriculture and cosmetics [18]. A
synthetic non-immunogenic polyether (PEO), which is based on molecular weight and called also
polyethylene glycol (PEG), is a semi-crystalline polymer. Moreover, PEG is a linear water-soluble
polymer with molecular formula HO(CH,CH,0),H, and it is widely used in many biomedical,
pharmaceutical, and industrial applications. PEG is also broadly used in tissue engineering and drug
delivery systems due to its biocompatibility. PEG offers good film flexibility, tensile strength and
barrier properties in addition to phase partitioning [19].

An extensive study has already been conducted on inorganic passive TiO; fillers in polymer matrix
due to their good thermal stability and chemical inertness properties [15,20]. The nano TiO; has gained
tremendous interest due to its non-toxicity, chemical inertness and optical energy band gap [21]. Also,
TiO2 has excellent mechanical, thermal and chemical properties and favours the formation of minute
crystallites, thus reducing the crystallization of polymer, consequently providing new pathways for the
migration of ions and charge carriers through the polymer ceramic interface [22]. Further, few surveys
have reported that just the shapes of nanomaterial in the polymer blend/host polymer matrix
enhance ionic conductivity. The nanomaterial with rod/wire structure exhibits excellent electro-
chemical properties over the spherical-shaped nanomaterial [23]. Moreover, some studies have also
reported that modification of the surface of TiO; rods, or oxygen-induced structural modification,
exhibits a good interfacial interface and enhanced ionic conductivity [16]. The defect-induced 1D nano
TiO2 micro rods developed by Luo et al. reported that the addition of TiO, micro rods into the PEO
matrix not only reduces the crystalline phase but also improves the interfacial region with electro-
des [16]. Li et al. reported that TiO, forming large surface area nanowires and length-diameter ratio
doped with Ti**ions in PEO polymer exhibit enhanced Li-ion conductivity of the order 10 mS cm™[23].
Furthermore, an excellent electrochemical stability window of 5.5 V at 60 °C, and a higher Li transport
number of 0.36 was achieved. The addition of TiO; into PVDF-co-HFP reduces the porousness of the
electrolyte while enhancing the ionic conductivity and interfacial stability, as reported by Ramaiah et
al. [24].

Rechargeable Li-ion batteries have gained the interest of worldwide researchers due to the
standard lithium reduction potential of -3.04 V (vs. SHE) and outstanding reversible electrochemical
efficiency with theoretical specific capacity of 3860 mAh g1, long life, and easy intercalation of smaller
Li ions compared to other ions [25]. As Li-ion source is not abundant, its reactivity with the environ-
ment and high risk of short circuits due to dendrite formation encourages researchers to find a new
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alternative with the same efficiency and performance [10]. In this perspective, sodium and magnesium
ion batteries emerge as possible alternatives to Li-ion batteries. Nevertheless, the movement of Na
and Mg ions is slow due to their sluggish behaviour and larger ionic size. Additionally, the energy
density of these batteries is comparatively lower than that of Li-ion batteries [26].

Herein, we report the synthesis of nano TiO; particles via hydrolysis of titanium tetra-isopropoxide.
To the best of our knowledge, the biocompatible hybrid nano ceramic polymer composite made of
polymer blend HPMC/PEG with the addition of LiNOs salt and TiO; filler has not been previously
reported. The effect of TiO, and LiNOs applied as filler and ionic salt on structural, electrical and
mechanical properties of HPMC/PEG/TiO2/LiNO3 polymer blend electrolyte has been systematically
investigated. The ionic conductivity, the interaction of the polymer with filler, cationic transfer
number, electrochemical stability window, and mechanical tensile strength of the optimized HPMC/
/PEG/TiO2/LiNOs polymer blend electrolyte have been evaluated and reported.

Experimental

Chemicals

Titanium tetra-isopropoxide(Assay 98 %, Spectrochem, India), nitric acid (HNOs, AR, SD-Fine
Chem, India), hydroxypropyl methylcellulose (HPMC, methoxy content:28 to 30 %, hydroxy content:
7 to 12 %, SD-dine chem, India), polyethylene glycol 6000 (PEG, 98 %, Spectrochem, India), lithium
nitrate (AR grade, 98 %, Loba Chemie Pvt. Ltd, India) were used in the present study without any
further purification. Distilled water is used as a solvent throughout the experiment.

Synthesis of TiO2

TiO2 nanoparticles were synthesized by controlled hydrolysis of titanium tetraisopropoxide
(TTIP). A 50 ml of TTIP was taken in a dry beaker, and another 50 ml of double distilled water was
slowly added dropwise to the TTIP solution under continuous stirring. pH was adjusted using 1:1
HNO3s, which was added slowly while continuously monitoring the pH. Upon adding distilled water,
the white precipitate of titanium hydroxide was formed and vacuum filtered using Whatman filter
paper, which was washed several times with distilled water [27]. The filtrate was dried at 100 °C for
15 hours in a hot air oven. The obtained powder was finely grounded using an agate mortar and
placed in a muffle furnace at 300 °C for 3 hours in the air to remove any residual content [27]. The
calcined TiO2 powder was characterized and used as a nano-filler in polymer electrolytes.

Fabrication of HPMC/PEG/TiO2/LiNOs polymer blend electrolytes

The circular polymer film of 100 mm diameter was prepared by the standard solution casting
technique. Initially, the blends of HPMC(100-x)/PEG(x), (x = 25 to 60 wt.%)were prepared by dis-
solving stoichiometric weights of HPMC and PEG 6000 polymers in distilled water. The colloidal
solution was then stirred for around 400 rpm at room temperature for 16 hours to obtain a
homogeneous mixture. The HPMC/PEG mixed solution was then sonicated at 15 kHz for 10 min to
get the uniform electrolyte slurry. Finally, the slurry was cast onto plastic Petri dishes and dried in a
hot air oven for 24 hours at 50 °C. The polymer films of around 50-100 um thickness were obtained
for different compositions of HPMC/PEG. Further, the films were stored in a zip lock cover under a
vacuum and subjected to electrochemical studies.

Nano TiO; particles were introduced into the polymer blend by taking HPMC/PEG/(y)TiO2 (y =1,
2,5, 10 wt. %), stirred at 500 rpm for 18 h, and solution casted as mentioned above. After optimizing
HPMC/PEG/TiO; films, a white colour, HPMC/PEG/TiO2/LiNO3 (polymer composite) films of
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thickness 120-175 pum were made by the addition of LiNOssalt up to 15 wt.%, keeping 5 wt.% of
titanium oxide constants. The schematic representation of a polymer composite containing TiO, and
LiNOs and the interaction of polymer chains with nanofillers and Li ions is shown in Figure 1.

Figure 1. Schematic representation of polymer composite containing TiO; and LiNOs with hydrogen bonding

Characterization techniques

The phase and structural properties of nano TiO,and polymer blend electrolyte were investigated
by Powder X-ray diffraction technique using Rigaku SmartLabSE(Japan) X-ray diffractometer with Cu-
Ka radiation, in the range 26 from 15 to 75°, with a step size of 0.01°. The presence of functional
groups, interaction of filler with polymer chains and characteristic bands corresponding to the
polymer backbone were confirmed by Fourier transform infrared spectroscopy (Thermo Scientific
Nicolet 6700 FT-IR Spectrometer) sweeps in the range 4000 to 400 cm*. The stability, phase transition,
and decomposition of polymer blend electrolytes as a function of temperature were studied by
TGA/DTA (Thermal Analysis System, Hitachi High-Tech Science Corporation, Japan). The impedance
response of the polymer blend electrolytes was assessed by a Hioki IM3570 Impedance analyser,
sweeping the measurement between 4 MHz to 4 Hz with a perturbation potential of 10 mV. The
polymer blend electrolyte with a diameter of 1.45 cm was sandwiched between two stainless steel
blocking electrodes. The temperature-dependent conductivity measurements were carried out from
room temperature to 40 °C using DPI 1100 dry temperature calibrator and Hioki Impedance analyser.
The linear sweep voltammetry (LSV) (between 0 and 5V at a scan rate 10 mV s*) and chronoampero-
metry (polarization potential of 10 mV for 25 minutes) tests were carried out on polymer blend
electrolytes by sandwiching the film in Swagelok stainless steel electrodes and recorded by
OrigaFlex (OGF*500) instrument at room temperature. The mechanical properties of polymer blend
electrolytes were evaluated according to ASTM - D882 standard test by Universal Testing Machine
(DAK system Inc, 7200-1KN) with a speed of 1 mm min™.

Results and discussion

Powder X-ray diffraction

The X-ray diffraction (XRD) patterns of nano TiO; and polymer blend electrolytes are illustrated
in Figure 2. The slightly broadened XRD peaks of TiO2 nanoparticles confirm the presence of a mixed
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anatase-brookite phase. Multiple sharp diffraction peaks are observed at 2 & values of 25.35, 37.95
and 48.15°, corresponding to the (101), (103), and (200) planes of the anatase phase, respectively.
These peaks closely match the JCPDS file no -00-001-0562, confirming the tetragonal phase of the
TiO; particles within the 141/amd space group. Notably, characteristic peaks at 31.1 and 54.61°
correspond to the orthorhombic brookite phase of TiO,, attributed to the (211) and (131) planes,
respectively, which is consistent with JCPDS file no- 00-002-0514. The absence of other
characteristic peaks within 2 @range of 20 to 60° confirms the purity of the TiO, nanoparticles. These
observations align with those reported by Mahata et al. [28]. However, the most intense peak of
the brookite phase, around 54.61° is lower compared to their study and the most intense peak was
observed at 27.68°.

HPMC+PEG+TIO,+LINOg

_ HPMC+PEG+TIO,

Intensity, a.u.

HPMC+PEG

—T T T T T
15 20 25 30 35 40 45 50 55 60 65 70

20/
Figure 2. X-ray diffraction patterns of TiO;, HPMC+PEG, HPMC+PEG+TiO; and HPMC+PEG+TiO,+LiNO3
polymer blends

In the mixed phases of TiO,, the weight fraction of the brookite phase is calculated using Eq.(1)
by considering the integrated intensities of both anatase and brookite phases [29]:

Wy =t (1
K.l +Kl,

where /a and /s are the integrated intensities of the anatase and brookite phases, respectively. The
correction coefficients Ka and Kg are as mentioned elsewhere [29]. The total weight fraction of the
brookite phase in the mixed phase was found to be 41.6 %. Additionally, the crystallite size of TiO>
is determined from the obtained diffraction peaks using Debye Scherrer’s equation (Eq.(2)), by
considering the most intense peaks of the anatase and brookite phases separately, as mentioned
elsewhere [30].

D= kA (2)

pcosb

In Eq. (2), D, A and B stand for crystallite size, the wavelength of Cu-Ka radiation (0.15406 nm)
and full width at half maximum of the peak, respectively.

The tetragonal phase of anatase TiO; has an average crystallite size of 4.94 nm with edge lengths
of 0.378 and 0.956 nm, attributed a, b and c axes, respectively. Whereas the orthorhombic structure
of the brookite phase has a crystallite size of 5.15 nm with edge lengths 0. 908, 0.553 and 0.518 nm
along a, b and c axes, respectively. The characteristic c broad hump observed in XRD pattern around
20° for bare polymer blend electrolyte and polymer electrolyte containing ionic salt and nanofillers
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points toward the amorphous nature of polymer electrolyte. Further, it is noteworthy that the
amorphous nature of the polymer blend electrolyte is retained with the addition of TiO; (5 wt.%)
nanofiller and LiNO3 (10 wt.%) ionic salt. This confirms that added TiO; fillers facilitate ionic
conduction paths rather than inducing crystallization in the HPMC/PEG polymer electrolyte.
Moreover, a minor peak shift is observed upon the addition of nanofillers, possibly due to induced
strain in the polymer blend electrolyte.

FTIR analysis

The FTIR spectra analysis enables the determination of vibrational energies associated with
distinct functional groups in polymer chains and the interactions between nanofillers and polymer
matrix. In this study, the FTIR spectra of the HPMC/PEG polymer blend loaded with TiO, and LiNOs,
as shown in Figure 3, were examined.

H PMC+PEG+Ti02+LiNO3

HPMC+PEG+Ti02

HPMC+PEG

C-H (bending)
C-H (bending)
C-O (strectching)

Transmittance, %

T T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber, cm!

Figure 3. FTIR spectra of HPMC+PEG, HPMC+PEG+TiO, and HPMC+PEG+TiO+LiNO3 polymer blends

The symmetric stretching vibrations of the O-H molecule, found in both HPMC and PEG, were
observed within the range of 3400 to 3600 cm™. Additionally, symmetric stretching vibrations of
-CH groups in the polymer chain backbone were detected around 2880 to 2930 cm™. The band
around 1450 cm™ was attributed to the C-H group bending vibrations of both HPMC and PEG
polymers [31]. Furthermore, stretching vibrations of C-O and C-O-C groups were identified at 1280
and 947 cm?, respectively, in HPMC polymer chains [32]. The band around 1650 cm?, indicative of
carbonyl groups, was also identified by Bianchi et al. [33]. The presence of carbonyl groups could be
attributed to the synthesis of HPMC polymer via esterification. Moreover, a small, negligible band
at 1750 cm™in pure HPMC/PEG blends became prominent upon the addition of TiO3, corresponding
to the C=0 stretching vibration due to carbonyl groups in HPMC [34]. The characteristic band
corresponding to the Ti-O-Ti bending mode was observed at 569.99 cm™ [35]. The introduction of
nanofillers and salt into the pure HPMC/PEGpolymer blend led to noticeable shifts in these bands
due to various kinds of interaction with the polymer chain. A successful fabrication of the complex
HPMC/PEG/TiO2/LiNOs polymer blend electrolyte was confirmed through the shifting and
disappearance of several vibrational characteristic peaks, as summarized in Table 1.
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Table 1. FTIR characteristic bands of polymer blend electrolytes

Polymer blend electrolyte characteristics bands, cm™

Samples O-H C-H C=0 C-H C-0-C Ti-O-Ti
Stretching  stretching  stretching  bending stretching bending
HPMC+PEG 3456.11 2896.50 1646.58 1467.58 1280, 947 -
HPMC+PEG+TIO; 3459.03 2881.38 1646.33 1455.33 1286, 947 569.99
HPMC+PEG+TiO,+LiNO3 3406 2923.35 1650.56 1461.81 1284, 945 -

TGA/DTA analysis

The thermal transitions of the polymer electrolyte were analysed through differential thermal
analysis (DTA). Figure 4a illustrates DTA thermograms of pure HPMC/PEG and HPMC/PEG/TiO,/ LiNO3
polymer blend electrolytes. The thermogram reveals that the pure HPMC/PEG polymer blend
undergoes melting with an endothermic peak at approximately 60 °C. Further temperature elevation
induces phase separation and subsequent polymer backbone breakage, leading to the evaporation of
polymer contents. The most prominent exothermic peak around 340 °C indicates rapid vaporization
of fragmented polymer molecules. The incorporation of TiO; and LiNOs into the polymer blend alters
its properties, as evidenced by a broader melting peak, possibly due to the partial bonding of TiO, with
the polymer chains. Additionally, the broader exothermic peak around 340 °C for polymer blend
electrolyte containing filler and salt suggests slower thermal degradation of the polymer chain
backbone. Thermo-gravimetric analysis (TGA) of the prepared HPMC/PEG and HPMC/PEG/TiO/LiNOs
electrolytes was conducted within the temperature range from room temperature to 500 °C to
evaluate thermal stability. The resulting TGA curve in Figure 4b indicates that the polymer blend
electrolyte undergoes irreversible decomposition from 3.59 to 0.012 mg. Initial weight loss in the
range of 25 to 250 °C may be attributed to the water content vaporization and polymer matrix melting.
However, rapid weight loss occurs in the temperature range of 320 to 380 °C, indicating thermal
stability up to 250 °C, beyond which the polymer backbone breaks down into volatile compounds.

30 — 4.5
]

= HPMC+PEG+TiO5+LINOg a b L HPMC+PEG+Ti02+L|‘ND3
25 | ® Pure HPMC+PEG 4.0 o HPMC+PEG
3.5 -
20 -
3.0 4
15 - o0 1
£ 254
IS} - 4
10 'ED 2.0 4 E
] £
= 2 1=
< 1542
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Figure 4. (a) DTA and (b) TGA curvesof HPMC/PEG and HPMC/PEG/TiO,/LiNOs polymer blend electrolytes

Above 350 °C, almost 95 % weight loss is observed as broken polymer chains and molecules
completely evaporate. With the addition of TiO, and LiNOs, the polymer becomes highly thermally
stable with a weight loss of approximately 15 % at 500 °C. Furthermore, the observed initial weight
loss of the composite in the range of 50 to 200 °C may be attributed to solvent and volatile molecule
melting and evaporation. A slight weight loss observed in the temperature range of 200 to 280 °C
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may result from strong bonds between the polymer electrolyte and nanofillers, enhancing thermal
stability. Continued temperature increase leads to thermal degradation of the polymer content,
consistent with existing literature [22]. However, the obtained results confirm the pronounced
effect of TiO, and LiNOs on the thermal stability of the polymer blend electrolyte.

Impedance spectra analysis

In energy storage systems, ionic conductivity plays a pivotal role in determining their efficiency.
Polymer electrolytes of higher ionic conductivity are likely to achieve optimal efficiency. An investi-
gation of the effect of varying concentrations of TiO; in flexible polymer electrolyte films on the ionic
conductivity was conducted through impedance spectroscopy analysis.

The Nyquist plots in Figure 5a correspond to the optimization of weight percentages of HPMC and
PEG in the HPMC/PEG polymer blend electrolyte. For all polymer blends, semicircle responses at
higher to mid-frequency ranges and some spikes at the lowest frequencies suggest a dominance of
the bulk polymer blend electrolyte impedance over interfacial electrolyte/electrode response.
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Figure 5. Nyquist plots of (a) HPMC/PEG, (b) HPMC/PEG/TiO,, (c) HPMC/PEG/TiO;/LiNOs, (d) enlarged view
of HPMC/PEG/TiO,/LiNO3 at higher frequencies

Semicircle diameters are determined by the bulk ionic resistance (Rp) values, which are relatively
high, from about 1.5 MQ for the HPMC(70)/PEG (30) polymer blend electrolyte. The notable reduction
in semicircle diameters down to about 0.125 MQ was observed with increasing PEG concentration
within the HPMC polymer matrix up to 60 wt.%. This reduction may be due to improved chain mobility
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at optimized weight percentages, where PEG acts as a plasticizer [36]. Additionally, blending polymers
induced controlled phase separation, creating additional grain boundaries conducive to ion mobility
within the host polymer matrix [37]. It was observed that the HPMC(40)/PEG(60) showed the lowest
Rp value. At the same time, it has lower mechanical strength and is highly brittle, with noticeable phase
separation. In contrast, the HPMC(45)/PEG(55) blend exhibited better mechanical strength and
flexibility. Therefore, HPMC(45)/PEG(55) was chosen as the optimized pure polymer blend electrolyte.
Additionally, TiO, was added as a nanofiller to the HPMC(45)/PEG(55) blend.

The Nyquist plots for HPMC(45)/PEG(55-y)/TiOz(y),(y = 1, 2, 5 and 10 wt.%) polymer blend elec-
trolytes at room temperature are shown in Figure 5b. These impedance plots exhibit depressed
semicircles due to the bulk ionic resistance of polymer electrolytes, followed by Warburg impedance,
seen as a -45° slope line in the lower frequency region. The appearance of Warburg impedance indicates
the presence of ionic diffusion in the electrolyte toward blocking electrodes [38]. The decreasing trend
of Rp with the addition of TiOz fillers from about 0.2 MQ at 1 wt.% TiO;, to less than 10 k€2 at 5 wt.% TiO>
(Figure 5b) is attributed to improved chain mobility. However, further increase in TiO, above 5 wt.%
exhibited a contrary effect on Ry. Additionally, the presence of a slope line in the low-frequency range
of the Nyquist plot indicates ion diffusion through grain boundaries formed by the composite [38]. Hence
5 wt.% TiO; loaded HPMC/PEG was chosen as an optimized polymer blend electrolyte.

Finally, lithium nitrate (LiNOs3) ionic salt was incorporated into the optimized HPMC/PEG/ /TiO>
polymer blend electrolyte in varying weight percentages, ranging from 0.5 to 15 wt.%, as illustrated
in Figures 5c and 5d and outlined in Table 2. Observations revealed that at 0.5 and 1 wt.% of LiNOs3,
Ry value remained high, at about 77.4 and 67.6 kQ, respectively. At 2 wt.% of LiNOs, R, values
decreased, while impedance spectra comprised two semicircles (Figure 5c). The diameter of the first
semicircle can be ascribed to R, while the other, to a contribution of impedance attributed to the
electrode-electrolyte interface, where some interfacial charge transfer resistance is followed by
Warburg diffusion impedance. As LiNOs concentration further increased up to 10 wt.%, both Ry and
charge transfer resistances decreased, leading to a noticeable reduction in the diameters of both
semicircles (Figure 5d). This reduction, resulting from the increased number of ionic charges
generated by added LiNOs ionic salt, indicates a dominance of ionic diffusion and implies that most
ions are effective charge carriers [39]. Upon further increasing of LiINOs concentration above 10
wt.%, a semicircle re-appeared in the mid-frequency region, possibly due to alterations in the
polymer electrolyte owing to ionic agglomeration, ionic collision and hence the formation of double
layer capacitance, which results in the increase of charge transfer resistance [40].

Optimization of polymer blend composite electrolyte through ionic conductivity evaluation

The ionic conductivity (o) of the polymer blend electrolytes was calculated using Eq. (3)
d

O-:Rb_A (3)

where d and A represent the thickness and area of the polymer electrolyte, respectively. The bulk
resistance Rp values were measured from Nyquist plots as intercepts on the Z’-axis.

For the HPMC/PEG/TiO; polymer electrolyte of thickness in the range of 60-85 um, an increase of
TiO; concentration up to 5 wt.% resulted in an enhancement of the ionic conductivity of films that was
found to increase from 0.0283 uS cm™ (at 1 wt.% TiO,) to 1.02 uS cm™ (at 5 wt.% of TiO,). This increase
can be attributed to the formation of more mobile chains within the polymer electrolyte. Additionally,
the Lewis acid-base inherent characteristics exhibited by TiO2 and polymer chains could increase the
amorphous phase of polymer blend electrolyte, providing a potential tunnel for ion migration [12].
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Further increase of TiO, content reduces ionic conductivity to 0.624 uS cm™. The reduction of ionic
conductivity is possibly due to aggregation of nanofillers impeding ionic conductivity by blocking
interfacial pathways along with reduced salt disassociation and chain mobility [22]. Hence, 5 wt.%TiO>
would be the optimal concentration in HPMC/PEG/TiO; polymer blend electrolyte that shows better
performance. Following the optimization of the TiO,, we incorporated the ionic salt LINO3 by adjusting
the weight percentages of PEG and HPMC, as outlined in Table 2.

Table 2. Optimization of HPMC/PEG/TiO,/LiNOs polymer blend electrolyte

Sample Polymer blend content, wt.%

code HPMC PEG TiO, LiNO; Ro /02 o/ ps em*

HPTL 1 45 49.5 5 05 77400 0.921
HPTL 2 45 49.0 5 1 67600 1.65
HPTL 3 45 48.0 5 2 8360 5.25
HPTL 4 42.5 47.5 5 5 455 125
HPTL5 42.5 45.0 5 75 69.02 80.5
HPTL 6 42.5 42.5 5 10 38.2 213

HPTL 7 40.0 40.0 5 15 611 6.47

As the concentration of LiNOzincreased from 0.5 to 10 wt.%, the ionic conductivity of the electro-
lyte films (with thicknesses ranging from 120 to 150 um) improved significantly, ranging from
0.921 uS cm™ to 0.213 mS cm™. This observation suggests that the addition of Li salts increases the
concentration of ions serving as charge carriers within the polymer matrix, thereby enhancing ionic
conductivity. Meanwhile, TiO; facilitates ion migration by reducing the crystallinity of the poly-
mer [41]. Furthermore, the polymer blend electrolyte acts as a solid solvent containing hydroxyl
(-OH) groups, where oxygen is partially negative, and hydrogen is partially positive. The partially
positive hydrogen ions interact and form hydrogen bonds with the negatively charged NOs ions of
LiNOs3, promoting the dissociation of LiNOs salt and facilitating the release of more Li* ions.
Nevertheless, the electrostatic attraction between Li* and NOs  ions may be diminished as a result of
hydrogen bond formation. Additionally, the surface charge of TiO; competes with Li ions in forming
complexes with polymer chains, thereby altering the structure and promoting the creation of more
ionic conduction pathways [42]. This behaviour was also observed by Sasikumar et al. [22] in their
study. It is worth mentioning that the polymer composite with 15 wt.% of LiNOs exhibits high
hygroscopicity and adhesive surface in nature, while the ionic conductivity of the film reduces to
6.47 uS cm® (Table 2). Table 3 summarizes optimization results based on ionic conductivity obtained
for HPMC/PEG, HPMC/PEG/TiO; and HPMC/PEG/TiO/LiNOs polymer blend electrolytes.

Table 3. Estimated bulk resistance and ionic conductivity for optimized wt.% of polymer blend electrolytes

Optimized polymer blend electrolyte content, wt.%

Sample Bulk resistance, Q o/ puScm?

HPMC PEG TiO; LiINO3
HPMC/PEG 45 55 0 0 2.87x10° 0.02
HPMC/PEG/TiO, 45 50 5 0 3.99x10° 1.02
HPMC/PEG/TiO,/LiNO; 42.5 42.5 5 10 38.2 213
Jonscher’s power law

The relationship between AC conductivity and the types of involved charge carriers, including
electrons, ions and defects, can be related by Jonscher power law given by Eq. (4)

OAC = Opc + A(()2 (4)
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where w is the hopping frequency, A is the pre-exponential factor, and s denotes the interaction of
charge carriers during the hopping process. Also, both AC and DC conductivities are related by the
type of charge carriers involved in conduction. Eq. (4) was used to fit the alternating current conduc-
tivity (oac / S cm?) as a function of the logarithm of frequency (log ), as demonstrated for the opti-
mized HPMC/PEG, HPMC/PEG/TiO;, and HPMC/PEG/TiO,/LiNO3 polymer blend electrolytes in Figu-
re 6(a-c). Table 4 summarizes the estimated parameter values from the Jonscher power law fitting.

In the case of the pure HPMC/PEG blend (Figure 6a, Table 4), the AC conductivity remains relati-
vely constant in the lower and mid-frequency range but exhibits an increase at higher frequencies.

Table 4. Estimated parameter values from Jonscher power law fitting (for optimized conditions)

Sample code opc / uS cm'? A s
(HPMC+PEG) 0.016 1.99x 101 0.58
(HPMC+PEG+TiO,) 0.08 9.93x107° 0.36
(HPMC+PEG+TiO,+LiNOs) 1.38 3.85x10® 0.84
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Figure 6. Jonscher power law fitting for (a) HPMC/PEG, (b) HPMC/PEG/TiO,, and (c) HPMC/PEG/TiO,/LiNO;
polymer blend electrolytes

The increased conductivity at higher frequencies is due to two main factors: firstly, to the
protonation and deprotonation of polar functional groups (such as -OH and -O- groups) along with
enhanced segmental motion, and secondly, the hopping of ions between sites, a phenomenon
observed in the Grotthuss mechanism [43]. However, the pre-factor A, which corresponds to the
frequency-dependent conductivity, is found to be 1.99x101°, two orders of magnitude lower than
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DC conductivity. This suggests that the DC conductivity predominates. The parameter s is 0.58,
which is less than 1, indicating multiple ion relaxation processes [38].

Upon introduction of TiO; into the polymer electrolyte (Figure 6b, Table 4), the pre-factor A
increases by an order of magnitude while the value of s decreases. This indicates either a slightly
slower backward motion of the charge carriers with respect to frequency or a change in the site
relaxation time. Nevertheless, the DC conductivity increases, but the order of magnitude of DC
conductivity remains the same [38]. With the addition of LiNOs (Figure 6c, Table 4), the AC
conductivity starts to increase in the mid-frequency range. The DC conductivity experiences a
substantial enhancement, reaching 1.38 uS cm’, representing a two-order-of-magnitude increase.
The pre-factor A also increased to 3.85x108, suggesting the frequency-dependent relationship of
conductivity. Additionally, the parameter s attains a value of 0.844, approaching unity, which
signifies a pronounced dependence of AC conductivity on frequency. At higher frequencies, the
increase in conductivity corresponds to enhanced mobility of Li ions within the polymer matrix.
Furthermore, the Jonscher power law fitting confirms that the increased conductivity is indeed a
consequence of a greater number of ions present [38].

Effect of aging on the optimized HPMC/PEG/TiO,/LiNOs polymer blend electrolyte

Impedance analysis was conducted to observe the behaviour of the optimized HPMC/PEG/
/TiO2/LiNOs polymer blend electrolyte over time (1 to 6 days) (Figure 7). The results suggested that
the resistance of the optimized polymer blend electrolyte containing 10 wt.% of LiNOs salt was
mainly determined by the interfacial resistance. Figure 7 illustrates that the polymer blend
electrolyte experienced notable changes in resistance with aging. Initially, on day 1, the interfacial
resistance at the low-frequency intercept in Figure 7 was 84.8 Q2. By day 3, this resistance decreased
to 38.2 Q) and then increased significantly to 82.0 Q by day 5, after which it stabilized. These results
suggest that the polymer electrolytes could exhibit improved interfacial stability after an optimal
storage period, thereby enhancing performance. The reduction in resistance may be attributed to
moisture absorption, possibly facilitated by the ability of nano TiO; to effectively retain the solvent
through capillary action, allowing the polymer chain to undergo a relaxation process and creating
more flexible pathways for ions [42].

Saikumar et al. [22] reported that TiO,-doped HSPE polymer composite film undergoes a signi-
ficant variation in interfacial resistance, which rises from 154 to 758 Q2 and reduces and stabilizes at
490 Q after 10 days and claims that TiO,-HSPE has better interfacial stability. A study by
Zhai et al. [42] on polymer composite made of TiO2 and PVDF-HFP in addition to the ionic liquid
reported that interfacial resistance of the sample NCPE-0 increased from 250 to 850 Q2 after 12 days
and reached a steady value of 900 €2, whereas their sample NCPE-2 reaches a steady value of 400 Q
after 8 days.

The temperature-dependent Nyquist plots of optimized HPMC/PEG/TiO2/LiNOs polymer blend
electrolyte as a function of temperature are shown in Figure 8. The temperature-dependent ionic
conductivity studies were carried out on the optimized polymer blend electrolyte on day 7 (after
stabilization).
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Figure 8. Temperature-dependent Nyquist plots of optimized HPMC/PEG/TiO,/LiNOs polymer blend
electrolyte

The ionic conductivity increases from 0.099 to 0.119 mS cm™ as temperature rises from room
temperature (26 °C) to 40 °C. The Nyquist plots at room temperature, 27.5 and 30 °C have two
semicircles. The mid-frequency semicircle indicated charge transfer resistance likely due to ionic
agglomeration, while the high-frequency semicircle corresponds to the bulk of the solid electrolyte
(on day 7) [6]. Interestingly, above 35 °C, the slope line corresponding to ionic diffusion dominates,
while the interfacial resistance of the polymer electrolyte is also reduced. This confirmed that
distributed nano TiO; in the polymer matrix will enhance the conductivity by creating voids and
defects in the polymer matrix, thus preventing the crystallization of the polymer matrix. In addition,
the polymer blend undergoes a thermal expansion above 30 °C, improving the motion of polymer
chains and favouring the mobility of ionic charge carriers [42]. However, no significant improvement
in ionic conductivity was observed above 37.5 °C.

The Arrhenius equation (5) corresponds to the temperature-dependent hopping mechanism of
ions in polymer blend electrolytes. The Arrhenius plot of In o vs. 1000 T for optimized polymer
blend electrolytes follows a linear relationship as depicted in Figure 9, confirming the Arrhenius
behaviour. The plot reveals that optimized quantities show stronger temperature dependence.

-E,

a

o=oc,e (5)
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In Eq. (5), ovis the pre-exponential factor, E; is the activation energy, k is the Boltzmann constant
and T is the absolute temperature. By linear fitting the above equation, the estimated value of acti-
vation energy Ea is 0.1 eV. Quite close comparable values were reported by Trevisanello et al. [40] for
Li|PEO, LLZO|PEO and lithium aluminium titanium phosphate (LATP)|PEO electrolytes. The work of
Wang et al. [44] on pure lithium aluminium germanium phosphate (LAGP) and PEO/LAGP/LITFSI
composite materials reported an activation energy of 0.32 and 0.99 eV, respectively. Additionally, they
reported that ice-templated LAGP/PEO attains 1.11 mS cm™ at 60 °C and corresponding activation
energy of 0.45 eV. Similarly, Ahmed et al. [45] reported that 70 % of LiSny(POa)s; (LSP powder) in
PEO/LiClO4 composite has an activation energy of 0.34 eV in the temperature range 27 to 60 °C which
is impressively less than pure LSP powder whereas the conductivity is maximum of 0.118 mS cm*
at 60 °C. Zhai et al. [42] reported that activation energy in PVDF-HFP polymer composite containing
TiO2 and ionic liquid decreases with an increase in TiO; concentration. Mei et al. [46] reported the
activation energy as high as 1.67 to 1.77 eV for LLZTO added PEO-based polymer composite material.
They also noted that the crystalline phase of the polymer electrolyte necessitates higher activation
energy due to the increased energy required for ion migration compared to the amorphous phase.
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Figure 9. Arrhenius plot of In o vs. 1000 T of optimized HPMC/PEG/TiO/LiNOs polymer blend electrolyte

The total conductivity of the composite is influenced by both cation and anion movement, as well
as electronic conduction. The transference number of cations within an electrolyte significantly
impacts recyclability and overall battery performance. Cation transport can be estimated using the
Bruce-Vincent equation (6):

I (AV-IR,)
t,=—F—""-—7 (6)
Iy (AV-I4Rg)
where Io, Iss, Ro and Rssrepresent the initial current, steady-state saturation current, and interfacial
resistance before and after polarization, respectively. The initial and steady-state currents were
determined using potentiostatic polarization, where current is measured over time at the constant
potential of 10 mV, with the polymer electrolyte sandwiched between two non-blocking stainless
steel electrodes. The potentiostatic polarization curve at 10 mV DC bias for 1500 seconds and

Nyquist plots before and after polarization are depicted in Figure 10a and b, respectively.
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Figure 10.(a) Chronoamperometry response of optimized HPMC/PEG/TiO,/LiNOs polymer blend composite
electrolyte at 10mV bias, (b) Nyquist plots before and after polarization

Initially, the polarization current of 2.61 nA decreases over time, reaching a steady value of 0.58 nA
after 650 s. The initial maximum current indicates the movement of all ionic species within the host
polymer matrix, suggesting the contribution of both Li cations and nitrate anions as charge carriers,
resulting in higher currents. The current exponentially decreases with time, reaching a steady state
where only cationic species are involved in conductivity. The Nyquist plot after potentiostatic
polarization shows higher interfacial resistance, indicating the formation of an anionic layer at the
interface that may impede cation movement. Calculations reveal that the highest transference
number for the optimized polymer blend composition is 0.323, a considerable value for battery
fabrication, closely resembling polymer electrolytes with liquid plasticizers [47]. Previous study by
Deivanayagam et al. [47] reported a transference number (t.) value of 0.23 for highly cyclable polymer
electrolytes for Mg batteries. Hu et al. [48] reported Li-ion transference numbers of 0.51 and 0.3 for
Li/Al-SE/Li and Li/SE/Li cells, respectively, with enhanced ionic conductivity and dendrite suppression
through the incorporation of alumina.

A new strategy for Li-based batteries with increased energy density, a wide electrochemical
window, and excellent ionic conductivity has gained tremendous interest. To ensure the safety and
cycling performance of batteries, an electrolyte with higher electrochemical and thermal stability is
preferred. To assess the electrochemical potential window of the polymer electrolyte, linear sweep
voltammetry (LSV) was conducted by sandwiching the polymer electrolyte between stainless-steel
electrodes, with a scan rate of 1.0 mV s at room temperature across the range of 0 to 5V as depicted
in Figure 11.
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Figure 11. Linear sweep voltammogram of optimized HPMC/PEG/TiO,/LiNOs polymer blend electrolyte
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The observed increase in anodic current with potential corresponds to the degradation and decom-
position of the polymer matrix and, hence, the contribution from anions present in the matrix [22,49].
However, an anodic peak is observed at 3.5 V, indicating an oxidation reaction of the polymer. The
results show that the optimized polymer electrolyte has a relatively narrow chemical stability
window of 2.85 V, determined by the intercept of the rapid current change curve on the voltage axis
at zero current. These findings highlight the safe use of optimized polymer electrolytes in batteries
with low-voltage cathode materials, ideally operating below 2.8 V.

Mechanical properties of optimized polymer blend electrolytes

Ensuring the safety and reliability of polymer electrolytes is crucial in Li-ion batteries. The strong
mechanical integrity of solid-state electrolytes in batteries directly correlates with safety and
reliability. The mechanical reliability is based on tensile strength, owing to the subsidiary properties
in comparison with lonic conductivity and growth of Li dendrite through polymer films. While the
ionic conductivity of polymer films improves with enhanced flexibility, introducing organic
plasticizers can compromise the mechanical integrity of these films. Consequently, achieving a
balance between flexibility and mechanical strength becomes imperative to suppress dendrite
growth effectively. Strategies such as incorporating nanofillers and reinforcement agents improve
mechanical strength and suppress dendrite proliferation. A polymer electrolyte with good flexibility
and mechanical strength is desired for the practical implementation in batteries [50].

The mechanical properties were evaluated using stress vs. strain curve for HPMC/PEG, HMC/
/PEG/TiO2andHPMC/PEG/TiO,/LiNOs polymer blend electrolytes, as demonstrated in Figure 12.
Evaluated mechanical properties of optimized HPMC/PEG, HPMC/PEG/TiO, and HPMC/PEG/TiO2/
/LiNO3 polymer blend electrolytes are summarized in Table 5.

Table 5. Mechanical properties of optimized polymer blend electrolytes

Sample Tensile strength, MPa Elongation at break, %
HPMC/PEG 0.470 0.493
HPMC/PEG/TiO, 2.838 1.866
HPMC/PEG/TiO,/LiNO3 5.700 6.021

6-{ ® HPMC+PEG
* HPMC+PEG+TIO,
5| 4 HPMC+PEG+TiO,+LiNO4

Stress, MPa

T

Strain, %

Figure 12. Tensile strength of optimized HPMC/PEG, HPMC/PEG/TiO; and HPMC/PEG/TiO,/LiNOspolymer

blend electrolytes
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Pure polymer blend HPMC/PEG exhibits a tensile strength of 0.470 MPa, whereas the introduction
of 5 wt.% TiO; yields a notable increase to 2.83 MPa. Further tensile strength increased to 5.7 MPa by
incorporating 10 wt.% LiNOs. This improvement in tensile strength can be attributed to the interaction
between nanofillers and polymer chains, imparting a reinforcing effect. The enhanced mechanical
strength of polymer electrolytes is due to the uniform dispersion of nanofillers and the strong
adhesion effect between nanofiller and polymer matrix. However, the introduction of inorganic filler
into the polymer matrix may reduce flexibility due to the creation of defects and voids. Sasikumar et
al. [22] reported the maximum mechanical strength of 9.3 MPa for 10 wt.% of TiO-NCF polymer
electrolyte with ionic conductivity in the range of mS cm™. Song et al. [51] studied a gel polymer
electrolyte for Li-ion batteries and reported a maximum mechanical strength of 4.07 MPa with good
ionic conductivity of 6.22 mS cm™. It can be stated at the end that the optimized HPMC/PEG/TiO,/
/LiNOs polymer electrolyte contains 5 wt.% TiO, with 10 wt.% LiNOs exhibits both good ionic
conductivity and mechanical strength, making it a promising material for battery fabrication.

Conclusion

A flexible HPMC/PEG/TiO2/LiNOs; polymer blend electrolytes were fabricated by the solution
casting method. XRD analysis confirmed that the addition of nano TiO; has no effect on the amorphous
nature of the polymer film. FTIR analysis confirms the functional groups and their interactions within
the polymer electrolyte. The observed shifts in the FTIR spectra bands are due to the interactions
between TiO,, the polymer chains, and LiNOs. The thermal stability and phase transition of the flexible
polymer blend electrolyte were evaluated by TGA/DTA analysis and found that enhanced thermal
stability around 340 °C and a broader melting point. Nyquist plots indicated that the optimized
HPMC/PEG/TiO2/LiNOs (5 wt.% TiO2 and 10 wt.% LiNOs) polymer blend electrolyte exhibited a
maximum ionic conductivity of 0.213 mS cm™ at room temperature. This enhanced conductivity
suggests that the nanofillers facilitate additional pathways for ion migration. The temperature-
dependent ionic conductivity followed linear Arrhenius behaviour, with a fitted activation energy of
0.1 eV. Jonscher power law fitting showed that the pure HPMC/PEG blend primarily contributed to
DC conductivity, while the HPMC/PEG/TiO2/LiNOs polymer blend electrolyte had a higher
contribution from the frequency-dependent parameter A and s of the Arrhenius equation. The
optimized polymer blend electrolyte, placed between stainless steel electrodes and polarized at
10 mV for 25 minutes, achieved a maximum Li ion transference number of 0.323. Linear sweep
voltammetry, conducted at a scan rate of 1.0 mV s up to 5 V, revealed an electrochemical stability
window of 2.85 V, with an oxidation peak at 3.5 V. The tensile strength of the polymer blend
electrolytes improved with the addition of the nanofiller due to its reinforcing effect, reaching
5.70 MPa for the optimized polymer blend. Future research work will be focused on optimizing the
composition through software-assisted experimental designs, incorporating ionic liquid, co-fillers,
and introducing microporous structural defects.
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