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Many Schiff-base complexes of metal ions display enhanced catalytic activities toward redox reactions
of many organic compounds; accordingly, application in electrocatalysis is a crucial issue. In this regard,
a novel Ni-Schiff base complex (Ni(1)=SB) is synthesized by condensation of 4-(dimethylamino) benzal-
dehyde with amoxicillin and coordinated with Ni(i). Then, it is ink-cast onto a commercial carbon
electrode to be used for electrooxidation of glucose in 0.5 M NaOH solution. Ni(1)—-SB is inspected using
an FTIR spectrometer and transmission electron microscopy (TEM). The elemental analysis and mapping
for the Ni()—SB/C electrode surface are carried out using energy dispersive X-ray analyses (EDX) and
scanning electron microscopy (SEM), respectively, and the phase structure is investigated using X-ray
diffraction (XRD). Different electrochemical techniques are used to evaluate its electrochemical
performance. The Ni(1)—SB/C electrode exhibits superior performance towards glucose electrooxidation
due to its improved electron transfer ability, and the availability of its intrinsic redox couple of Ni>*/Ni**.
The cyclic voltammetric results indicate an electrochemically active surface area (ECSA) of 15.6 cm? mg™!
and a surface coverage value of 44 x 1077 mol cm™2 for the Ni(1)-SB/C electrode in 0.5 M NaOH. An
appreciable catalytic activity of 91 mA mg™! at 0.72 V is estimated for glucose electrooxidation. Moreover, a
diffusion coefficient (D) of 1.34 x 107> cm? s~ and heterogeneous rate constant (K°) of 153 x 10° cm?®
mol™! s! with a transfer coefficient (z) of 0.29 were determined for glucose oxidation on the Ni(i)—SB/C
electrode. It displays a considerable stability with repeated cycling and with time due to its oxygen affinity. In
addition, it shows a good reproducibility and sensitivity value of 42.3 uA cm™2 mM~1 in the linear range from
1.0 mM to 100 mM with a detection limit of 4 puM (%:%) A low charge transfer resistance value of
401 Q cm? is achieved for glucose electrooxidation on the Ni()-SB/C electrode which confirms the fast
electron transfer reaction compared with that in 0.5 M NaOH. The optimized geometry, molecular orbital
and ground state properties of the SB and Ni(1)—SB catalyst were studied using Density Functional Theory
(DFT). The spontaneity of the glucose adsorption on the Ni(i)—SB/C electrode surface is predicted from the
values of Einteraction (—34105.4 V) and Epjinging (34105.4 V).
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1. Introduction

For many years, the glucose oxidation reaction (GOR) has been
of crucial importance due to its usage in wide potential
applications such as in the development of direct glucose fuel
cells (DGFCs)," implantable glucose fuel cells that use glucose
and oxygen existing in body fluids to produce electricity and
glucose electrochemical sensors.>? In addition, the detection of
glucose in analytical applications is a vital issue, such as in
clinical diagnostics, the food industry, the treatment of waste-
water, and industrial and environmental applications. Glucose
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as a fuel has many excellent properties such as being carbon
neutral, safe for storage, non-toxic and able to release 2.87 x
10° kJ mol " energy by transferring 24 electrons in the complete
glucose oxidation to carbon dioxide according to the following
reactions:*”’

CeH;,06 + 240H™ — 6CO, + 18H,0 + 24e~ (anodic reaction)

1)

60, + 12H,0 + 24e” — 240H~ (cathodic reaction)

2)

Ce¢H1,06 + 60, — 6CO, + 6H,O (overall reaction)

®)

But, to date, on most noble catalysts the electrooxidation of
glucose occurs through a partial oxidation reaction with the
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release of two electrons producing gluconic acid (gluconate in
alkaline solution) according to the following reactions:"®?°

CeH1506 + 20H™ — CgH;,0, + H,O + 2e~  (anodic reaction)

(4)
10, + H,0 + 2¢” — 20H~ (cathodic reaction)

(5)
CeH1,06 + 10, » CgH;,0, (overall reaction)  (6)

Furthermore, glucuronic, oxalic, glyoxylic, and tartaric acids
were detected, and traces of glycolic and formic acid were
detected via HPLC (high pressure liquid chromatography)
analysis.” ™"

From the literature, it was found that glucose electrooxida-
tion strongly depends on the electrode materials. Earlier work
showed that platinum, gold, palladium and alloys of Pt, Pd,
Au and Ag are highly efficient anode catalysts for glucose
electrooxidation, but they still suffer from the high cost and
high susceptibility to the poisoning effect.">™” Moreover, non-
noble catalysts such as copper, nickel, iron and cobalt have
been tested as electrocatalytic materials for the GOR. Different
catalytic activity, stability and oxidation products were found
depending on the electrode materials.'*>* Focusing on non-
noble catalysts, nickel and nickel hydroxide exhibited a promis-
ing electrocatalytic performance in alkaline medium due to
their low cost, high activity and the possibility of stimulating
electron transfer reactions at lower overpotentials.”>' More-
over, the literature reported that nickel complexes as catalysts
showed excellent catalytic activity for oxidation of alcohols in
alkaline medium due to the formation of NiOOH species.**"*
The glucose oxidation products were studied and well estab-
lished on Ni based electrodes in the literature by many authors,
where gluconolactone was formed as an oxidation product in
alkaline solution.**”

Nowadays, many interesting studies are being carried out for
the development of new Schiff-base complexes of high catalytic
activity and stability for electrooxidation processes. Schiff-bases
are a group of compounds formed by condensation of primary
amine with aldehyde or ketones under specific conditions.
They can be prepared easily and they have the ability to form
complexes with transition metal ions such as Ni(i), Zn(u),
Cu(n), ... etc.®® Recently, several investigations were carried
out on Schiff-bases compounds and their complexes derived
from antibiotics and those which derived from amoxicillin, and
they have good antibacterial activity compared to amoxi-
cillin.***® To the best of our knowledge, few publications
reported the involvement of Schiff-base complexes of metal
ions in electrooxidation and electrosensing applications.
Recently, Schiff-base complexes displayed appreciable catalytic
activities toward many reactions. They are efficient catalysts to
increase the reaction yield and selectivity in homogenous and
heterogeneous reactions such as oxidation and hydroxylation.*!
Due to their oxygen affinity, some Schiff-base complexes are
used as catalysts in several reactions such as polymerization,
reduction and oxidation of organic compounds. Moreover, due
to their high thermal and moisture stability, Schiff-base
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complexes are used as catalysts in reactions at high temperatures.
For example, a self-assembly Pd-Schiff base complex was synthe-
sized and used as an electrochemical sensor towards paracetamol
detection.*? Furthermore, complexes based on palladium metal
were reported as catalysts for electrochemical sensors, and
polybithiophene-palladium, and 3,4-ethylenedioxythiophene
(EDOT)-substituted bis(2-pyridylimino)isoindolato-palladium
complexes were used as a glucose sensor.**** A Ni-Schiff base
complex modified carbon paste electrode (MCPE) was prepared
and used as anode catalysts for thiosulphate electrooxidation in
alkaline medium.*® It showed enhanced electrocatalytic perfor-
mance due to the electro-generated Ni(m) mediator on the
electrode surface with good stability and negligible poisoning
effect. Furthermore, quaternized poly(4-vinylpyridine-co-divinyl-
benzene) material containing a Ni(u)-Schiff base complex
was synthesized and used for heterogeneous electrooxidation
of ethanol in alkaline solutions.*® The mechanism for the
electrooxidation of ethanol was studied on this electrode from
cyclic voltammetric results. Additionally, carbon paste con-
taining polystyrene functionalized by a pentadentate Ni(u)-
Schiff base complex was prepared and used for the electro-
oxidation reaction of methanol and its aliphatic analogs.*”
It revealed a good electrocatalytic activity towards methanol,
ethanol and isopropanol. The Schiff base of the Ni complex,
Ni"-(N,N’-bis(2,3-dihydroxybenzylidene)-1,2-diaminobenzene)-
(Ni(u)-2,3dhS) was prepared and used as a sensor for the
determination of glucose and fructose in honey.*® It showed a
strong electrocatalytic activity towards the oxidation of glucose
and fructose in alkaline solutions. In addition, a conductive
metallopolymer (Co(ur)-Schiff base) on fluorine-doped tin oxide
(FTO) electrodes was prepared and used as an efficient glucose
sensor using cyclic voltammetry and amperometry.*® It exhib-
ited excellent reproducibility in the manufacturing process,
and showed good reproducibility of the measurements for
two weeks.

However, further investigations of the catalytic activity and
stability of the Schiff-base complex of metal ions are still
required. In this regard, the aim of the present work is to
synthesize and investigate the electrocatalytic activity of the
Ni(u)-Schiff base complex based on amoxicillin and 4-N,N-
dimethylaminobenzaldehyde towards glucose electrooxidation
in alkaline solutions for possible applications in direct glucose
fuel cells and electrochemical glucose sensing. This material is
conductive and characterized by a highly conjugated and
delocalized =m-bond in the ligand that could facilitate the
electron transfer and sensing properties. Additionally, it is
expected that reasonable electrochemical catalytic activity will
be detected for this material and that we will find an explana-
tion for its role in motivating the electrooxidation process by
calculating some heterogeneous electron transfer kinetics, such
as transfer coefficient («), standard electron transfer rate con-
stant (k°), diffusion coefficient (D), and charge transfer resis-
tance (R.). Estimation of these parameters will shed light
on the nature of the electron transfer reaction process on the
electrode surface, in addition to density functional theory (DFT)
calculations.
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2. Experimental techniques

2.1. Materials purity and purchasing

All chemicals were of analytical grade and used as received
without further purification. p-(+)-Glucose (Cs¢H;,06, 99.5%),
sodium hydroxide (NaOH, 99.9%), nickel chloride (NiCl,-6H,0,
99.9%), dimethylformamide (DMF, C3H,NO, 99.5%), amoxicil-
lin (C16H19N305S, 95%), 4-N,N-dimethylaminobenzaldehyde
(CoH;11NO, 99%), paracetamol (CgHoNO,, 98%), ascorbic acid
(C¢HgOs, 99%), and potassium chloride (KCl, 99.9%) were
purchased from Sigma-Aldrich. The solutions were prepared
using triple-distilled water of electrical conductivity 17.5 pS
cm™ ', and dilutions were prepared from stock solutions.

2.2. Preparation of a Schiff-base (SB) and its nano Ni-Schiff
base (Ni(u)-SB)

The Schiff base was prepared as reported previously.** Briefly,
to prepare a Schiff-base, in a vessel 10 mmol of amoxicillin
trihydrate is dissolved in 25 mL of ethanol. In another vessel
10 mmol of 4-N,N-dimethylaminobenzaldehyde is dissolved in
25 mL ethanol. Both solutions are stirred and heated gently,
then, the two solutions are mixed and the obtained mixture is
left under a reflux-condition system for 4 h, and finally, the
yellowish-orange Schiff-base is filtered, washed, recrystallized
and dried. In order to prepare the Ni-Schiff base chelate, the
yellowish-orange precipitate product is mixed with nickel(u)
chloride drop by drop in a molar ratio of 1:2 (Ni:SB). The
mixture is left under ultrasonic irradiation for a period of
60 min, and the yellow nanoscale precipitate obtained is
separated and dried. The elemental analysis is carried out for
SB and Ni(un)-SB and the results are as follows:

C,5H,5N,405S: (SB): color: yellowish-orange; found: C, 60.51;
H, 5.58; N, 10.99; caled: C, 60.47; H, 5.68; N, 11.28; Yield: 80%.

C50HgCl,NgNiO;3S,:  (Ni(r)-SB): color: yellow; found: C,
50.88; H, 5.20; N, 9.15; caled.: C, 51.03; H, 5.31; N, 9.52;
Yield: 77%.

2.3. Characterization of the prepared materials

The synthesized Schiff-base (SB) material and Ni-Schiff base
complex (Ni(u)-SB) are characterized using a FTIR spectrometer
(Shimadzu), Vario automatic elemental CHN analyzer,

C—N

i

Fig. 1 Structure of [Ni(n)(SB),]2Cl-3H,0.
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conductivity meter (ORION) model 150, automated UV/Vis-
NIR 3101 PC Shimadzu spectrophotometer, and magnetic
susceptibility (Cambridge England Sherwood Scientific). Ther-
mogravimetric analysis was done using a Shimadzu TG-50
thermogravimetric analyzer. The microstructure and the ele-
mental mapping are inspected using a scanning electron
microscope (SEM) (Quanta FEG 250 (USA) instrument) and
the elemental analysis is carried out using Energy Dispersive
X-ray Analyses (EDX) with an accelerating voltage of 30 kv, and
magnification 14 x up to 1 000 000 x. Moreover, the particle size
is investigated using a transmission electron microscope (TEM)
(model Jeol jem 1400 made in Japan working under 80 V). The
phase structure is investigated by X-ray diffraction (XRD) Ana-
lytical X'Pert using Cu-Ko radiation (A = 1.5406 A). X-ray photo-
electron spectroscopy (XPS) was used for investigation of the
catalyst chemical composition. It was performed on K-ALPHA
(Thermo Fisher Scientific, USA) with monochromatic X-ray Al
K-alpha radiation —10 to 1350 eV, spot size 400 pm at pressure
10~ mbar with a full-spectrum pass energy of 200 eV and at
narrow-spectrum 50 eV.

2.4. Measurements

Electrochemical measurements are carried out using a conven-
tional three-electrode conventional cell, consisting of com-
mercial carbon (obtained from spent batteries) as working
electrodes, each has a surface area of 0.132 cm” loaded using
a Ni-Schiff base complex. Before the loading process, the
carbon electrodes are mechanically polished using metallurgi-
cal papers of various grades, then they are subsequently
degreased with acetone, rinsed with triply distilled water and
dried with soft tissue paper, before being subjected to electro-
chemical cleaning by cycling in 1.0 M H,SO, at 0.1 V s~ for
50 cycles from —1.0 to 1.4 V (Ag/AgCl/Cl™). The Ni-Schiff base
complex electrode is prepared using the evaporation method by
dissolving 10 mg of the prepared (Ni(u)-SB) complex in 1.0 mL
of dimethylformamide (DMF). Then, the solution is stirred
using a magnetic stirrer for about 24 hours to obtain homo-
genous complex catalyst ink. About 10 pL of the complex ink is
cast onto the carbon electrode surface and the DMF is left to dry
completely under ambient air for 24 hours. The reference
electrode is the [Ag/AgCl/C1™] E° = [197 mV vs. NHE] and the
counter electrode is a Pt sheet separated from the working
electrode compartment by glass fritt. Measurements are carried
out at room temperature of 25 £ 2 °C in 0.5 M NaOH solution.
Electrochemical measurements are performed using cyclic
voltammetry, choronoamperometry, Tafel plots, and electro-
chemical impedance spectroscopy (EIS). EIS measurements are
recorded within a frequency range from 1.0 to 100 kHz at an
alternating current amplitude of 5 mvV. All electrochemical
studies are performed using a potentiostat (CHI 660 Potentio-
stat/Galvanostat).

For the computational studies, Density Functional Theory
(DFT) is used to study the geometry optimization for SB and
Ni(n)-SB chelate at the B3LYP/6-311G and B3LYP/LANL2DZ
levels of theory, respectively, using the Gaussian 09
program.>’

© 2024 The Author(s). Published by the Royal Society of Chemistry
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3. Results and discussion

3.1. Characterization

The elemental analysis reported above in the preparation
section confirms the formation of the Ni(u)-chelate with a
molar ratio of (Ni:2SB) and the obtained results have a
satisfactory agreement with the calculated data. The molar
conductance measurement (125 pus m”> mol™") reveals the
electrolytic behavior of the formed chelate which supports the
presence of ionic chloride in its outer coordination sphere.
Moreover, several techniques are used to evaluate the chemical
structure of the synthesized chelate. The FTIR technique pro-
vides important characteristic bands through Fig. 2 and
Table 1. The parent amoxicillin starting drug displays four
characteristic bands at 3442, 3200, 1775 and 1688 cm ™ related
to v(OH), v(NH,), v(C=0) B-lactam and v(C—O0) amide groups,
respectively, as discussed previously by Safaa et al.** After the
Ni-Schiff base formation, the new band is observed at 1613 cm™*
corresponding to the stretching vibration of the (C—=N) group,
and the bands related to the v(C—0) amide and v(C—O0) B-lactam
are slightly shifted to 1770 and 1685 cm ™", respectively. The bands
that are responsible for the coordination of the Schiff-base to the
Ni() ion are shifted to lower values as presented in Table 1, as the
azomethine and the v(C=0) groups are shifted to 1604 cm™ ' and
1658 cm™ ', respectively. The previous coordination forms new
bands due to the bonding between Ni(u) ion with the carbonyl
oxygen and nitrogen imine groups. The new bands that are
observed at 408 and 308 cm ™' are related to v(Ni-O) and v(Ni-
N) bonds, respectively.”'* Finally, the hydrated water molecule of
the chelate is observed at 3471 cm™".

Thermogravimetric analysis (TGA) is used to investigate the
thermal stability of the prepared material ([Ni(u) (SB),]2Cl-
3H,0) complex (its structure is presented in Fig. 1) under
different temperatures. The TGA profile for the Ni(u)-SB
catalyst is given in Fig. 3. The scan rate of heating is 10 °C
min~", the organic ligand decomposed in fast consequence
steps and finally gave the stable residual precipitate. Obvious
three decomposition steps with the final residual precipitate of
Ni metal at high temperature are observed. In the first step,
evaporation of the hydrated water molecules occurred with
mass loss (obs. = 5.38%, caled = 4.68%) at a temperature

Absorbance

308

1613 | 20

250 1250 2250
Wavenumber Cm-!

Fig. 2 FTIR spectrum for SB and Ni(i)-SB.
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Table 1 Infrared spectral data of “Schiff base (SB)" and its (Ni(1)—SB)
complex (cm™
Compound v(C—=N) v(C=0) v(Ni-0) v(Ni-N)
SB 1613 1685 — —
[Ni(SB),]Cl, 1604 1658 408 308
120 s oeees
T N romny :
v Vo
100 | i
: l' Exp=29.62 %
80| TSRS, [ ST RN
Hydrated water
_ 60
3 All remaining organic moeity
=2 Exp=59.55 %
40 - Theo=59.91 %
Residue Ni
20 Exp=5.45 %
Theo=5.09 %
0 ‘ ‘ !
0 200 400 600 800

Temperature (°C)

Fig. 3 TG curve of the prepared Ni(i)—SB complex.

~ <100 °C. The following step represents the degradation of
[2Cl + 2(OH) + 2(CgH;3N)] at a weight loss of (obs. = 29.62%,
caled = 30.31%). Finally, the decomposition of all remaining
organic moieties reveals a weight percentage drop (obs. =
59.55%, caled = 59.91%) to give Ni metal as a final residual
precipitate as mentioned before with residual percentage
(obs. = 5.45%, calcd = 5.09%). The magnetic moment value of
Ni(u)-SB chelate is equal to 0.0 B.M. which corresponds to its
diamagnetic nature and supports the square planar geometry
shape. The SB and its Ni(un) complex electronic absorptions are
screened at room temperature. The absorption spectra show
transitions at 230 and 356 nm. These two bands can be
interpreted as being due to the transition of intraligand aro-
matic ring 1 » ©* and n - n* of (C—=N) and (C=O0) groups
as reported previously.>® The two previous transitions are
observed at 288 and 339 nm within the Ni(u) chelate and the
weak band at 418 nm could be attributed to a (‘Az— 1Azg)
transition which is expected for the absorption by square
planar species.*>*® The Ni(u)-SB and its parent ligand (SB)
structure are shown in Fig. 1. Finally, the different techniques
used in this work support its suggested chemical structure.
The shape, surface morphology and particle size of the pre-
pared Schiff-base complex of Ni are inspected using a TEM image
(Fig. 4a). It is clear from the image that a collected rod shaped
structure interconnected with each other is observed. The indivi-
dual nanoparticle diameter ranges from ~ 39.8 to 60.6 nm. More-
over, the surface morphology of the ink-cast Ni-complex is
characterized using a scanning electron microscope (SEM)
(Fig. 4b). Rectangular leaf-shapes intertwined with each other
appear on the electrode surface. Additionally, an X-ray diffracto-
gram for Ni(u)-SB/C is recorded with a 20 value from 5° to 80°
(Fig. 4c). It indicates peaks at about 20 of 26.5° and 54.5°
corresponding to carbon (0 0 2) and (0 0 4), respectively, according
to JCPDS file No. [01-082-9928]. Another broad peak at 20 of 44.5°

Mater. Adv,, 2024, 5,1264-1283 | 1267
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is detected corresponding to Ni (0 1 1) according to JCPDS file No.
[00-045-1027], and the crystallite size of Ni is about 5.2 nm as
estimated from the XRD data based on Scherer’s equation.’>>?
Moreover, the broad peak of Ni and its lower intensity indicates
the nanocrystalline nature of the prepared material.

The elemental analysis and elemental mapping are per-
formed using EDX and SEM, respectively (Fig. 5). EDX analysis
shows different elements present in the Ni(u)-SB/C electrode
with different wt% and at% of each element as shown in
the inset data of EDX (Fig. 5a). It is found that the prepared
Ni(u)-SB/C complex contains about 1.99 wt% Ni. Fig. 5(b)-(g)
represents the elemental distribution of Ni, N, C, O, Cl, and S
on the electrode surface. Homogenous distribution of each
element on the electrode surface is observed.

3.2. DFT calculations

Density functional theory (DFT) calculations can give affirmation
of the coordination process and the structure of Ni(u) chelate

1268 | Mater. Adv, 2024, 5,1264-1283

(a) TEM, (b) SEM images, and (c) XRD pattern of the Ni(1)—SB/C complex.

through measuring the bond lengths and angles with the evalua-
tion of the electron density distribution. The calculations are
performed using the Gaussian09 program using the basis set
6-311G for SB and LANL2DZ for Ni(u) chelate as observed in
Fig. 6a. The optimization involved changes in the bond lengths
and angles to help the formation of the chelate as tabulated in
Table 2. The most important bond lengths that are changed by
lengthening and shortening are (C12-022) and (N14-C27) which
involve the donor centers of donation; this may support the
chelate formation by changing the double bond behavior of the
carbonyl and azomethine groups with the formation of new bonds
which represent the chelation sphere that are Ni-O and Ni-N
bonds. Also, several bond angles are changed as (C27-N14-C13),
(C13-C12-C22) and (N11-C12-022). The bond angle values con-
firm the square planar geometry shape of the studied Ni(u)-SB
chelate. Many ground state parameters are estimated for each SB
and its Ni(u)-SB chelate that are mentioned in Table 3 and can be
calculated using the formulas below:

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) EDX analysis with the inset data of wt% and at% of each element, and (b)—(g) elemental mapping of each element of the prepared Ni(i)-SB complex.

I (ionization potential of the compound) = —Eyomo,

A (electron affinity of the compound) = —Epymo

1 (hardness) = @

1
S (softness) = .

(7)

(8)

©)

(10)

© 2024 The Author(s). Published by the Royal Society of Chemistry

—-(I+4
u (chemical potential) = %, (11)

(I+4)

7 (absolute electronegativity) = 3

(12)

At first, after chelation, the energy value becomes more
negative which enhances the chelate formation. The energy
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Fig. 6

Table 2 Some of the optimized bond lengths in A and bond angles in
degrees, for ligand SB and its Ni(1)—SB complex

Bond

length (A) SB Ni(u)-SB Bond angles (Deg.) SB Ni(1)-SB
R(C13-N14) 1.47618 1.48498 A(C27-N14-C13)  120.558 124.140
R(N14-C27) 1.30404 1.33290 A(C13-C12-C22)  120.269 118.684
R(C12-C13) 1.54256 1.53515 A(N11-C12-022)  120.274 119.933
R(C12-022) 1.25124 1.29172 A(N14-Ni-022) — 84.893

R(C12-N11) 1.37189 1.33817 A(N14-022-N40) — 90.709

R(Ni-022) — 1.87230

R(Ni-N14) — 1.91455

gap of the chelate is lower than that in its parent ligand
indicating its higher activity in forming the investigated
Ni(u)-SB chelate. The generated energy diagrams of the mole-
cular orbitals (HOMO and LUMO) are introduced in Fig. 6b.
Both HOMO and LUMO electron densities of the (SB) ligand are

1270 | Mater. Adv.,, 2024, 5,1264-1283

(a) Optimization geometry, and (b) (HOMO and LUMO) graphs of SB and the Ni(1)—SB complex.

Table 3 Ground state properties of the SB and its Ni(i)—SB complex

Parameter SB Ni(u)-SB complex
Er, Hartree —1924.58595 —3317.94441
Eriomo, €V —5.47 —9.54
Eromo, €V —~1.83 —6.92

AE, eV 3.64 2.62

I = —Exomo, €V 5.47 9.54

A= —Eiumo, €V 1.83 6.92

1 €V 3.65 8.23

n, eV 1.82 1.31

S, ev ! 0.27 0.38

u, eV —3.65 —8.23
Dipole moment (Debye) 2.51 8.2968

distributed along the dimethylaminobenzylidene moiety with
similar distribution in the HOMO’s chelate, while in the case of
the LUMO’ Ni(u)-SB chelate are located over the coordination
sphere. Fig. 6b shows that, the high electron density is found at

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the hetero atoms as the oxygen 022 and nitrogen N14 atoms in
the geometrical structure of the (SB) ligand with atomic charges
in approximately —0.428 and —0.364, respectively. These charges
are decreased after chelation to values of —0.375 and —0.344,
respectively, with increasing the electron density of the Ni ion
from +2 to +0.530 that supports the chelation process.

3.3. Electrochemical characterization

The electrochemical catalytic activity of the Ni(u)-SB/C elec-
trode is estimated in 0.5 M NaOH solution using cyclic voltam-
metry at a scan rate of 0.02 V s~ ' in the potential range from
0 to 1.0 V (Ag/AgCl/Cl7) (Fig. 7). Two well defined peaks are
observed in both anodic and cathodic half cycles (black lines) at
0.55 and 0.38 V, probably due to the formation of the NiOOH
and Ni(OH), redox couple, respectively,®>”*® according to
eqn (13) and (14):

[Ni(u)-SB] + OH™ — [Ni(u)-SB(OH)|~ (13)

[Ni(u)-SB(OH)]™ = [Ni(m)-SB(OH)] + e~ (14)

The on-set potential of NiIOOH formation is at about 0.45 V,
the oxidation peak potential of NiOOH formation is at about
0.55 V and the oxidation peak current density of NiOOH is
15.7 mA cm™ % and 22.6 mA mg~ " for the Ni(u)-SB/C electrode in
0.5 M NaOH. Additionally, the electrocatalytic activity of the
Ni(1)-SB/C is inspected in the presence of 0.1 M glucose in the
same potential range at 0.02 V s~ ". By adding 0.1 M glucose, an
increment of the peak current in the anodic direction corre-
sponds to the irreversible oxidation of glucose starting from
0.45 V reaching its maximum value at the peak in the anodic
direction at 0.72 V (the red line of Fig. 7). Another re-oxidation
peak at 0.65 V is observed in the reverse direction but with
relatively small oxidation current probably due to the oxidation
of glucose or the intermediates formed during the forward
oxidation.*®*>°® Eqn (15) represents the reaction between the
catalytic Ni(m) species and a glucose molecule in solution,

5
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—— 0.1 M glucose
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Fig. 7 Cyclic voltammograms of the Ni(i)-SB/C electrode in 0.5 M NaOH
and in the presence of 0.1 M glucose at 0.02 V s,
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where k° is the heterogeneous reaction rate of this reaction.
The oxidation process of glucose starts in conjunction with the
formation of a nickel oxyhydroxide [Ni(u1)] compound at about
+0.45 V according to the following reaction (15):

Ni(IIT)SB(OH) + glucose *,
(15)
Ni(II)SB(OH) + gluconolactone + 2e~

Gluconolactone is the main oxidation product of glucose in
alkaline solution on Ni-based electrodes which is confirmed in
the literature by many authors.**>” It is worth noting that the
fabricated Ni(u)-SB/C electrode shows an appreciable catalytic
activity for the anodic oxidation of glucose in 0.5 M NaOH
with an oxidation current density value of 69.5 mA cm™ > and
91 mA mg ! catalyst loading at a potential value of 0.72 V.
By comparing our results with Ni-based catalysts reported in
the literature [Table 4], it is clear that the catalytic activity of our
Ni(u)-SB/C electrode is better than those electrodes.

XPS is a good tool that is used for estimation of the chemical
compositions and states of catalysts. Fig. 8a indicates the XPS
survey spectra of Ni(u)-SB/C catalyst before and after glucose
oxidation. Peaks of carbon, oxygen, nitrogen, sulfur, chlorine,
and nickel appear in the survey which additionally confirms the
structure of Ni(u)-SB/C. It is noticeable that the intensity of
peaks after glucose oxidation is higher than those obtained
before glucose oxidation and the slight shift in binding energy
could be due to the electronic interaction between the catalyst
species and the glucose oxidation products. The peaks situated
at 163.03, 200. 2, 285.51, 400.85, 532.13, and 857.17 eV are for
S 2p, Cl 2p, C 1s, N 1s, O 1s, and Ni 2p, respectively. For the
Ni(1)-SB/C catalyst before the glucose oxidation, the XPS spec-
tra of Ni 2p (Fig. 8b) show seven peaks at binding energies of
855.91, 859.75, 863.23, 867.3, 872.66, 875.6, and 880.05 eV. The
peaks that appeared at 855.91 and 859.75 eV are assigned to
Ni** 2p3/2 of Ni(OH), and Ni*" 2p3/2 of NiOOH,*"*" respec-
tively. The peak at 863.23 €V is a satellite peak of Ni** 2p3/2 and
the peak at 867.3 eV is a satellite peak of Ni** 2p3/2. The peaks
at 872.66 and 875.6 eV are due to Ni** 2p1/2 and Ni** 2p1/2°*>°?
and the peak at 880.05 eV is a satellite peak for the nickel
complex. For the catalyst after glucose oxidation (Fig. 8b’), the
same seven peaks appeared but with a slight shift in binding
energy as shown at 855.97, 857.95, 862.38, 867.59, 873.61,
877.49, and 880.36 eV. Accordingly, it can be concluded that
the formation of Ni(OH), and NiOOH species is responsible for
the catalytic activity of the Ni-Schiff base catalyst. So, the
oxidation of glucose on the Ni(u)-SB/C electrode is proposed
to occur via a reaction with Ni(m) species that formed on the
electrode surface, where Ni(m) acts as an electron transfer
mediator for the oxidation process of organic compounds
such as glucose and alcohols, where the adsorption of the
glucose molecule occurs before the oxidation reaction takes
place.?*%%%> A reaction rate of 3.60 x 10~ mol cm 2 s~ ' is
estimated for the glucose oxidation reaction on the Ni(u)-SB/C

electrode using eqn (16).
Electrochemical reaction rate = i/nF (16)
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Table 4 A comparison of the efficiency of the synthesized Ni(1)-SB/C catalyst with those of Ni-modified electrodes reported in the literature in terms of
the oxidation peak potential and oxidation peak current density

Electrode Electrolyte Ep (V) I,, mA cm™> I,, mA mg " Ref.
Ni(u)-SB/C 0.5 M NaOH + 0.1 M glucose 0.72 V (Ag/AgCl) 69.5 91 This work
Ni(1)-2,3dhS/CNTSPE 0.1 M NaOH + 0.1 mM glucose 0.55 V (Ag) 2.5 x 10°° A — 48
Metallopolymer (cobaltate (m)-SB)/FTO 0.1 M KOH + 1.0 mM glucose 0.36 V (Ag/AgCl) 20 — 49
Ni (99.99%) 0.1 M NaOH + 1 mM glucose 0.48 V (SCE) 3.4 — 66
Ni-P-TiO, 0.5 M NaOH + 0.1 M glucose 0.86 V (MMO) 55 — 67
NiO nanosheet 1 M KOH + 5.0 mM glucose 1.5 V (RHE) 3.1 — 68
GC/MWNT/NiO 0.1 M NaOH + 0.05 M glucose 0.58 V (Ag/AgCl)  10.5 69
NiCuO/ITO 1.0 M KOH + 30 mM glucose 0.72 V (Ag/AgCl) 22.6 70
Nickel/porous carbon silica 0.1 M KOH + 1.0 mM glucose 0.65V — 2.6 71
(Ni/AB) Ni6/acetelene black 0.1 M KOH + 5.0 mM glucose 1.47 V RHE 5 72
-Ni-Gr/GCE 0.5 M NaOH + 1 mM glucose 0.45 Ag/AgCl — 0.176
-Ni-NGr/GCE — 0.8 73
NiO 0.5 M NaOH + 1 mM glucose 0.5V — 1.5 74
-Ni/rGO/GC 0.1 M KOH + 1 mM glucose 1.3 V (RHE) 4.6
-Cu-Ni/rGO/GC 1.3 5.3
-Pd-Ni/rGO/GC 1.2 V (RHE) 8.7
-Pd-Cu-Ni/rGO/GC 0.7 V (RHE) 14.2 — 75
1.2e+5
1.0e+5 A — Before oxidation
a —— After oxidation
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Fig. 8 XPS survey of (a) Ni(1)-SB/C electrode in 0.5 M NaOH: before and after glucose oxidation and (b) and (b’) XPS spectra for Ni before and after
glucose oxidation, respectively.

where i is the oxidation current in A cm™~> and 7 is the number The Schiff-base is considered as a platform for homogenous
of electrons transferred which equals 2 and F is the Faraday distribution of Ni and it can be demonstrated from the map-
constant which equals 96 500 C mol . ping images (Fig. 5f). Moreover, based on the principle that
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nanomaterials increase the specific surface area, our sample is
prepared in the nano-size to increase the activity performance.
Furthermore, a Schiff base provides a larger surface area for
NiOx as well as for glucose adsorption and accordingly, the
number of redox active sites increases, as reported in other
work.”® The crucial factor for the high catalytic activity of
Ni(u)-SB/C is the small particle size of the Ni(u)-SB/C catalyst
as shown in the TEM results (see Fig. 4a), the average particle
size of the catalyst is about 50 nm, and the intrinsic formation
of Ni**/Ni** redox couples. Moreover, the crystallite size of Ni is
about 5.2 nm as estimated from XRD data (Fig. 4c). Further-
more, the electrochemical active surface areas (ECSAs) of nickel
based electrocatalyst can be estimated from the cyclic voltam-

mogram (Fig. 7) and the following eqn (17):"%77 %>

0

ECSA =5357xm

(17)
where, the charge Q (mC) represents the reduction peak
of Ni(u)/Ni(u) and it can be obtained by integrating the area
under the reduction peak of the cyclic voltammogram (Fig. 7)
divided by the scan rate (v). A charge of 0.257 mC cm 2 is
required for the formation of a monolayer of Ni(u) and m is the
loading amount of the catalyst which equals 0.1 mg. A value of
15.6 cm® mg ™' is estimated for the electrochemical active
surface area of the Ni(u)-SB/C electrode, so, its high catalytic
activity is attributed to its relatively high active surface area.

To determine the surface coverage I'* of the Ni(u)-SB/C
electrode by NiOOH species, the electrode is subjected to a
cyclic mode at different scan rates from 0.01 to 0.5 V s~ ' in
0.5 M NaOH. Fig. 9(a) and (b) illustrates typical cyclic voltam-
mograms of Ni(u)-SB/C electrode in 0.5 M NaOH in the
potential range from 0 to 1.0 V (Ag/AgCl/C1™). It is worth noting
that with increasing the scan rate from 0.005 to 0.5 V s, the
cyclic voltammograms display a continuous increasing of both
anodic and cathodic peak currents accompanied by an anodic
peak potential shift towards the positive direction and a
cathodic peak potential shift towards a less positive direction
that makes the peak-to-peak difference AEp greater. The ratio
between I, and I, does not equal unity and indicates a slow
electrochemical process of the Ni(u)/Ni(m) redox couple.

It is clear that the anodic and cathodic peak currents are
proportional to the scan rates especially in the range from 0.005
to 0.1 Vs~ ! (Fig. 9c and d) which illustrates the electrocatalytic
activity of the surface Ni redox species.®? Also, from this
relationship (Fig. 9d), the surface coverage of the Ni redox
species can be determined from the slopes of the straight lines
using the following eqn (18):

I, = (N*F/ART)vAT ™ (18)

where I, is the oxidation peak current density in amperes, I'* is
the surface coverage of the redox species in mol cm 2, v is
the potential scan rate in V s~ ', 4 is the surface area of the
electrode (0.132 cm?), R is the general gas constant which
equals 8.314 ] K~' mol™, n is the number of transferred
electrons which equals 1 for the Ni(u)/Ni(u) redox reaction
and F is the Faraday constant which equals 96500 C mol .
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Taking the average of both cathodic and anodic results, a I'*
value of around 4.4 x 10~” mol cm 2 is estimated for the Ni(i)-
SB/C electrode, which is close to that reported for NiO/GC
which is 4.5 x 1077 mol em™2,%” and it is less than that obtained
on Ni/Cr nanoparticles which is 1.4 x 10~® mol cm™~>.%*

A linear relationship is found between the square root of the
scan rates (0.005-0.5 V s~ ') and the anodic and cathodic peak
currents (Fig. 9e) illustrating diffusion controlled processes.
By monitoring the E, variation over a wide range of scan rates
(Fig. 9f), the rate constant (k) and transfer coefficient () for
reaction (13) can be calculated using the slope and intercept
values of the linear plot given in Fig. 9f based on the following
expression (eqn (19))*

E, — E° = (RT/onF)In(RT/anF) + (RT/anF)In K — (RT/anF)Inv

(19)

where, v is the potential scan rate in V s, R is the general gas
constant which equals 8.314 ] K~* mol ™", n is the number of
transferred electrons (n = 1 for Ni(u)/Ni(u) redox reaction),
F is the Faraday constant which equals 96 500 C mol " and E°
is the standard electrode potential of Ni(u)/Ni(m).®® The behavior
shows a quasi-reversible system with an electron transfer coeffi-
cient value of 0.22 and an electron transfer r