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A new mononuclear Ni(i) complex, NiL (1), was synthesized from the reaction of Ni(OAc),-4H,O and
salophen-type N,O,-donor ligand, HoL (where HoL = 2,2'-((1E,1E)-((4-chloro-5-methyl-1,2-phenylene)
bis(azanylylidene))bis(methanylylidene))diphenol), in ethanol. The obtained complex was characterized by
elemental analysis, spectroscopic techniques and single crystal X-ray analysis. The complex was studied
as a water oxidizing catalyst and its electrocatalytic activity in the water oxidation reaction was tested in
0.5 M of borate buffer at pH = 3, 7 and 11 in a typical three-electrode setup with a carbon paste
electrode modified by complex 1 as a working electrode. The linear sweep voltammetry (LSV) curves
indicated that complex 1 has a much superior activity and only needs 21 mV vs. Ag/AgCl overvoltage to
reach a geometrical catalytic current density of 2.0 mA cm~2 at pH = 11. The onset potential decreased
from 1.15 V to 0.67 V vs. Ag/AgCl with an increase of pH from 3 to 13 under a constant current density
of 1.0 mA cm™2. Then, to determine the true catalyst for the water oxidation reaction in the presence of
complex 1 at pH = 3, 7 and 11, cyclic voltammetry was also performed. The continuous CVs for complex
1 at neutral and alkaline solutions showed significant progress for the water oxidation reaction. In
addition, the amperometry tests exhibited excellent stability and high constant current density for water

oxidation by CPE-complex 1 under electrochemical conditions at pH = 11 and 7. Although X-ray powder
Received 20th October 2019 diffracti Wvsis did t sh d talli truct for NiO. th . lect
Accepted 28th Novernber 2019 iffraction analysis did not show a pure and crystalline structure for NiO,, the scanning electron

microscopy images showed that nickel oxide at pH = 11 and nickel oxide or other Ni-based compounds

DOI: 10.1035/c3ra08585h at pH = 7 are true water oxidizing catalysts on the surface of a CPE electrode. Moreover at pH = 3, no
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Introduction

The lack of fossil fuels and many environmental problems such
as increasing greenhouse gases, release of pollutants etc., which
are produced in the burning of these fuels, reveals the need for
new and renewable energy resources.! For this reason, hydrogen
is considered as one of the most important carriers of energy
because of its renewable, cheap and clean nature. In recent
decades, many efforts have been made to explore reliable
methods for the production of hydrogen and oxygen by oxygen
evolution and hydrogen evolution reactions (OER and HER)
through water splitting by various types of homogenous and
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clear water oxidation or NiO, formation was observed.

heterogeneous catalysts.”> Homogenous water oxidation cata-
lysts are useful in the examination of reaction mechanisms and
identification of the active intermediates which will give an
opportunity for the precise designing of catalysts, while water
insoluble catalysts can allow for easier post-reaction separation
and recyclability.?

Water splitting can be divided two half-reactions: proton
reduction (2H' + 2e — H,) and water oxidation (2H,0 — 4H" +
0, + 4e). Water oxidation is a slow electrochemical reaction with
a high potential of about 1.23 eV. The oxidation of water to
oxygen is a 4e/4H" process which requires a large overpotential
for the O-O bond formation. So, water oxidation has high acti-
vation energy and this matter is considered as a limiting step in
water splitting.* On the other hand, at this high voltage the
remaining chemical compounds in water, including some ions
such as chloride and sulphate, can also be oxidized. Therefore,
the design of suitable catalysts to reduce water oxidation poten-
tial seems essential. Due to this, the development of stable and
cheap water oxidation catalysts is an important challenge for the
design of water splitting systems.” Recently, molecular water
oxidation catalysts based on first row transition metals have
attracted considerable attention because of their low cost, high

This journal is © The Royal Society of Chemistry 2019
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abundance and low environmental effects.® Previous studies
indicate that the coordination compounds containing manga-
nese,’” iron,® nickel,® cobalt' and copper ions* can oxidize water
under different conditions. Among water oxidation catalysts
based on 3d transition metals, Ni-containing materials have
attracted particular attention due to their good water oxidation
potential and high oxidation power.” In fact, Ni-containing
mixed-metal oxides or hydroxides are one of the efficient water
oxidation catalysts."* Ni complexes are often investigated as
heterogeneous water oxidation catalysts and few reports are
available about nickel complexes as homogenous catalysts. For
example, Ding groups have been reported mononuclear Ni(i)
complexes containing tetradentate N, , N;O~ or N,O-donor
ligands (Cy,H;oN,NiO,-4H,0, C,;H,N;NiO5-5H,0 and CjoH,-
N,NiOg-6H,0). They found that C;,H;,N,4NiO,-4H,0 can act as
a homogenous molecular catalyst, but two other complexes
decompose to NiO, nanoparticles and in fact act as precatalyst for
electrochemical water oxidation."* Najafpour and co-workers
presented a tetranuclear Ni(u) complex with bis-[(E)-N,N'-(1-
(pyridin-2-yl)ethylidene)]carbohydrazide which catalyzes the
oxidation of water. They realized that under water oxidation
condition in the presence of this complex, nickel oxide or free
Ni(u) ions oxidize water." Feizi et al.*® investigated the activity of
N,N'-bis-(salicylidene)ethylenediamino  nickel(u) at three
different pH. It was revealed that the complex is very active for
water oxidation at a high pH. Zhang et al."” designed a Ni(u)
complex [Ni(meso-L)] (ClO,), (L = 5,5,7,12,12,14-hexamethyl-
1,4,8,11-tetraazacyclotetradecane) as a homogenous electro-
catalyst for water oxidation which could act at neutral pH and low
overpotential in phosphate buffer. Barros et al'® investigated
water oxidation activity of a family of Ni(i) complexes containing
oxamidate anionic type of ligands in basic pH. They found that
during the water oxidation process, the degradation of the
molecular species generates a NiO, layer which is stable and
active as electrocatalyst. Han et al.*® reported the water soluble
Ni(n) complex of meso-tetrakis(4-N-methylpyridyl)porphyrin
which could electrocatalyze water oxidation in neutral aqueous
solution with the onset of the catalytic wave appearing at ~1.0 V
(vs. NHE). Sun groups designed a Ni-Py5 [Py5 = 2,6-bis(1,1-bis(2-
pyridyl)ethyl)pyridine)] complex which could act as a homoge-
nous electrocatalyst for oxidizing water in aqueous phosphate
buffer solutions.”® Hill's group presented a nickel-containing
polyoxometalate [Nis(OH)g(H,0)3(Si;W13066)]>~ which oxidized
water in the presence of [Ru(bpy);]*". The evidences showed that
this catalyst remains molecular throughout and does not form
a nickel hydroxide or nickel oxide under the conditions of cata-
lytic water oxidation reaction.”* According to the literature,'>'%**
free Ni(un) ions or Ni oxides can catalyze the water oxidation
reaction at low concentration and high pH. There are always
some key questions in this regard: “do the Ni complexes molec-
ularly catalyze the oxidation of water?” or “whether the complexes
decompose under water oxidation or convert to Ni oxide which
catalyzes the water oxidation reaction?” and most importantly,
“which is the true catalyst for water oxidation? Metal complex,
impurity or decomposed complex?” Determination of this is not
easy, and thus leads to a great deal of encouragement by
researchers for the preparation of new electrocatalysts of nickel
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complexes. Here, we reported synthesis and crystal structure of
a new Ni(u) complex with salophen-type ligand, (H,L = (2,2’
((1E,1'E)-((4-chloro-5-methyl-1,2-phenylene)bis(azanylylidene))
bis(methanylylidene))diphenol). We also investigated the appli-
cation of this complex for electrochemical water oxidation at pH
= 3, 7 and 11. By using various methods we showed that the
designed Ni(n) complex is an efficient electrocatalyst for water
oxidation in neutral and basic solutions. Researches show that
nickel complexes exhibit high activity for water oxidation reac-
tion in basic or high pH conditions in phosphate and borate
buffers.'®* There are few reports of nickel complexes which act as
active electrocatalyst for the oxidation of water in neutral pH, and
most of them are homogeneous catalysts of nickel complexes in
the presence of phosphate buffer.'”**** A unique feature of this
work compared to previous works is the design of a new
heterogeneous electrocatalyst from nickel complexes that can
catalyze water oxidation reaction in neutral solutions as well as
basic solutions.

Results and discussion
Synthesis and characterization

The NiL (1) complex is prepared by the reaction of the salophen-
type Schiff-base ligand, H,L (2,2’-((1E,1'E)-((4-chloro-5-methyl-
1,2-phenylene)bis (azanylylidene))bis(methanylylidene))diphe-
nol) with Ni(OAc),-4H,0 and characterized by single crystal X-
ray analysis and spectroscopic techniques as well as elemental
analysis. The molecular structure of complex 1 with atom
numbering scheme is shown in Fig. 1 and selected bond lengths
and angles around the Ni atom are summarized in Table 1.
Structural studies indicated that 1 is a mononuclear Ni(u)
complex which crystallizes in P24/c space group of monoclinic
system. Complex 1 is a neutral coordination compound and the
Ni(u) ion has a square planar cis-NiN,O, coordination environ-
ment. This coordination environment is generated by coordi-
nation of two phenolate oxygen and two azomethine nitrogen
atoms from the salophen-type N,O,-donor ligand. The Ni-N and
Ni-O bond lengths are in the normal range observed for Ni(u)
complexes. Due to the coordination of ligand to metal ion a five
membered ring (NiN,C,) and two six membered heterocyclic
rings containing Ni, N and O atoms (NiC3;NO) have been
generated in the structure of complex. There is a strong Ni---Ni
interaction in the crystal structure of complex 1 with Ni---Ni
distance of 3.264(2) A (see Fig. 2). Moreover, there are several
m---w stacking interactions between the phenyl ring and
heterocyclic rings containing Ni(u) ion which are shown in
Fig. 3. The crystal structure of complex is further stabilized by
intermolecular C-H---O and C-H---Cl interactions (see Fig. S1
and Table S17).

Ni complex 1 is further characterized by FT-IR and '"H NMR
spectroscopy. FT-IR spectroscopy data shows that after
complexation with nickel, the absorption of imine vibration
shifts from 1614 cm ™" for the ligand to shorter wavenumbers
about 6 cm ™" for the complex. This suggests the coordination of
the electron pair of nitrogen atoms of imine groups to the metal
ion center.>*?® Also, the disappearance of the broad absorption
band at 3447 cm™ " indicates that the phenolic hydroxyl groups

RSC Adv, 2019, 9, 40424-40436 | 40425
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Fig. 1 Molecular structure of complex 1 with atom numbering
scheme.

Table 1 Selected bond lengths and angles in the crystal structure of
complex 1

Bond Length/A Bond Angle/®
Ni1-024 1.817(8) 024-Ni1-01 83.7(3)
Ni1-01 1.834(7) 024-Ni1-N9 178.2(4)
Ni1-N9 1.837(9) 01-Ni1-N9 94.5(4)
Ni1-N16 1.849(9) 024-Ni1-N16 95.6(4)
C8-N9 1.298(14) 01-Ni1-N16 178.9(4)
N16-C17 1.302(14) N9-Ni1-N16 86.1(4)

a4

Fig. 2 Ni-=:Ni and m---7 interactions in the crystal structure of
complex 1.

are deprotonated when bound to the Ni(u) ion. In additional,
the »(M-O) and »(M-N) are identified in the range of
449-595 cm™ ", Finally, the medium peaks about 752 cm™ " are
related to chlorine (C-Cl) (Fig. S27).
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Fig. 3 UV/Vis spectra of H,L and complex 1 in DMSO (3 x 107> M);
inset: d — d transitions of complex 1 (107> M).
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Fig. 4 The cyclic voltammogram of complex 1 (1073 M) in DMSO
solution containing 0.1 M LiClO4 as a supporting electrolyte at room
temperature in a potential rang of +1.0 to —2.0 V vs. Ag/AgClat 50 mV
s~! potential scan rate.

In the 'H NMR spectrum of the complex, the singlet reso-
nances corresponding to the none-equivalent -OH protons,
which are observed at 12.70 ppm and 12.77 ppm for the ligand,
are disappear. This indicates that the phenolic hydroxyl groups
are deprotonated when bound to a Ni(u) ion. Also, in compar-
ison with the ligand, the imine proton resonances shift to
downfield and appear at 9.02 ppm and 8.97 ppm which confirm
the coordination of nitrogen atoms of imine groups to the Ni(u)
center (in the "H NMR spectrum of the ligand, the two none-
equivalent imine proton resonances are observed at 8.95 ppm
and 8.99 ppm).>”*® Moreover, the aromatic protons are observed
at 6.73-8.32 ppm and the protons of -CH; group appear at
2.14 ppm (Fig. S37).

The UV/Vis spectra of H,L and complex 1 in DMSO solution
(3 x 107> M) are shown in Fig. 3. The absorption spectra exhibit
intense bands in the 258-337 nm region, which is attributed to
the ® — mw*and n — w* intra-ligand transitions.”® The intensity
of n — m* transition decreases after complex formation which

This journal is © The Royal Society of Chemistry 2019
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Fig.5 Linear sweep voltammetry (LSV) curves of a fresh CPE (black) and CPE modified with complex 1 (pink) in buffer solution at pH = 3 (a), pH =
5 (b), pH = 11 (c), LSV curves for CPE-complex 1 at pH = 3-13 (d) and Tafel plots of CPE-complex 1 at pH = 3, 7 and 11 (e).

can be attributed to the coordination of the azomethine groups
to the metal ion. For complex 1, the absorption bands at 385 nm
and 483 nm can be assigned to the L — M charge transfers
transitions (LMCT).>** It should be noted that d — d transition
appears as a low intensity board absorption band at 531 nm. In
addition, the thermal stability of the complex was investigated
by thermogravimetric analysis (TGA) under N, atmosphere. The
TGA plot of Ni(u1) complex shows that the complex is stable up to
400 °C with a DTGhax = 410 °C and the highest weight loss
occurs in the range of 590-800 °C which corresponds to the
decomposition of the residue aromatic groups and the forma-
tion of metal oxide lattice (see Fig. S47).

Electrochemistry and water oxidation

The +2 oxidation state is a common oxidation state for Ni
complexes while the other oxidation states (like +1, +3 and +4)

This journal is © The Royal Society of Chemistry 2019

are rarely reported.*® According to the literature,® Ni(u) salen
complex (salen = N,N-bis-(salicylidene)-1,2-ethyleneamine)
shows Ni(u)/Ni(mr) oxidation at +0.71 V vs. SCE and Ni(1)/Ni(u)
oxidation at —1.61 V vs. SCE in DMSO. The Ni(u) complexes with
salophen ligand (salophen = N,N-bis-(salicylidene)-1,2-
phenylenediamine) and its phenyl-substituted counterparts
display chemically reversible Ni(u)/Ni(m) oxidation. Fig. 4 shows
the voltammogram of complex 1 in DMSO solution (10™* M)
containing 0.1 M LiClO, as a supporting electrolyte at room
temperature in a potential range of +1.00 to —2.00 V vs. Ag/AgCl
at 50 mV s~ potential scan rate (the glassy carbon, the Pt wire
and the Ag/AgCl electrodes were used as working, counter and
reference electrodes, respectively). Complex 1 exhibits a one
electron oxidation at 0.934 V vs. Ag/AgCl which can be assigned
to the Ni(u) — Ni(m) oxidation process. The anodic peak at
—1.25 V and the cathodic peak at —1.51 V are attributed to the

RSC Adv, 2019, 9, 40424-40436 | 40427
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Fig. 6 Cyclic Voltammetry (CV) for a fresh CPE (black), CPE-complex 1 (blue) and CPE-complex 1 after performing amperometry of 5 hours
(pink) in the buffer solution (0.5 M) in the range of 0-1.6 V (a); CV conditions: buffer solution at pH = 11 and scan rate of 50 mV s~ 1; amperometry
conditions: 1.12 V vs. Ag/AgCl; CPE-complex 1 in a buffer solution (25 ml) at pH = 11. The 5th and 50th CV for CPE-complex 1 (blue and pink,
respectively) in 25 ml of buffer solution (0.5 M) at pH = 11 and scan rate of 50 mV s~ in the range of 0 to +1.6 VV vs. Ag/AgCl (b); and in the range of
—0.6to +1.6 V (c). Amperometry for a fresh CPE (black) and CPE-complex 1 (pink) in buffer solution; amperometry conditions: 1.12 V vs. Ag/AgCl:

in buffer solution (25 ml) at pH = 11 (d).

redox couple of Ni(1)/Ni(u) with half wave potential of —1.38 Vvs.
Ag/AgCl. Moreover, the anodic peak at 0.445 V vs. Ag/AgCl and
the cathodic peak at —0.791 V vs. Ag/AgCl can be related to the
irreversible oxidation and reduction of the ligand.

In the next step, the electrocatalytic activity of complex 1 for
water oxidation was tested in 0.5 M of borate buffer at pH = 3, 7
and 11 in a typical three-electrode setup with a scan rate of
50 mV s . Fig. 5 shows the linear sweep voltammetry (LSV)
curves of bare carbon paste electrode (CPE) and carbon paste
electrode modified with complex 1 (CPE-complex 1) in a borate
buffer solution and at pH = 3, 7 and 11. The bare CPE shows
very poor water oxidation activity with the need of large over-
potential 500, 470 and 290 mV vs. Ag/AgCl to drive 0.7, 0.8 and
2.0 mA cm * as the selected current density in pH = 3,7 and 11,
respectively, while complex 1 shows a good activity and only
demands overvoltage of 140, 35 and 21 mV vs. Ag/AgCl for
approaching 0.7, 0.8 and 2.0 mA cm > as the selected current
density under the same conditions (Fig. 5a-c). Therefore,
complex 1 exhibits a much superior activity and only needs
21 mV overvoltage to reach a geometrical catalytic current

40428 | RSC Adv, 2019, 9, 40424-40436

density of 2.0 mA cm™ at pH = 11. Also, as expected, the onset
potential decreases from 1.15 V to 0.67 V with an increase of pH
from 3 to 13 under constant current density of 1.0 mA ¢cm >
(Fig. 5d). Tafel plots of CPE-complex 1 electrocatalyst at pH = 3,
7 and 11 are shown in Fig. 5e. The Tafel slopes increase for
complex 1 in the following order: pH = 3 > pH = 7 > pH = 11.
LSV results indicate a higher current density for CPE-complex 1
in pH = 11 than the others at a certain applied potential. The
current density at pH = 3 rises more rapidly with the increase in
voltage. The small Tafel slope for CPE modified with complex 1
at pH = 7 and 11 shows that the electron and mass transfers on
the surface of the electrode are easier than pH = 3.

In the next step, cyclic voltammetry studies were conducted
at pH = 3, 7 and 11 in order to determine the true catalyst for
water oxidation reaction in the presence of complex 1. The
results are presented in Fig. 6, 7, 10 and 13. As shown in Fig. 6a,
the modified CPE with complex 1 is a water oxidizing catalyst in
comparison to a fresh CPE at pH = 11. After carrying out the
amperometry for a period of 5 hours at 1.12 V vs. Ag/AgCl, CPE-
complex 1 becomes an efficient electrode for water oxidation.

This journal is © The Royal Society of Chemistry 2019
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Fig.7 Continuous CVs for CPE-complex 1 in 25 ml of borate buffer solution (0.5 M) at pH = 11 (a); pH = 7 (b); and pH = 3 (c). The scan rate in all

cases is 50 mV s 1,

According to the literature,'® the increase in the efficiency of the
CPE-complex 1 for oxidizing of water can be attributed to the
formation of a solid on the surface of the electrode. With
continuous CVs for complex 1, two new peaks at 0.887 V and
0.633 V (vs. Ag/AgCl) were formed (Fig. 6b and c), which can be
attributed to redox couple of Ni(u)/Ni(ur).** The continuous CV
also causes an increase in the water oxidation reaction for CPE-
complex 1. It is likely that under continues CV in the presence of
complex 1, NiO is produced which rises the oxidation of water.
The amperometry (1.12 V vs. Ag/AgCl) for a fresh carbon paste
electrode reveals low activity for water oxidation (Fig. 6d), but
a CPE-complex 1 shows an increase due to Ni(u)/Ni(m) oxide
formation. Then, a decrease and constant current density is
observed (Fig. 6d). Finally, the continuous CVs (50 cycles) at pH
= 11 for CPE-complex 1 are shown in Fig. 7a. Two peaks
attributed to the oxidation of Ni(u)/Ni(m) and reduction of
Ni(m)/Ni(u) are observed at 0.887 V and 0.633 V, respectively (E;,
= 0.76 V vs. Ag/AgCl and AE = 0.254 V) for CPE-complex 1.
Generally, the continuous CV displays a growth for Ni(u)/Ni (i)
and water oxidation (Fig. 7a). According to the literature,'>*® it
seems that a significant change slowly occurs for complex 1

This journal is © The Royal Society of Chemistry 2019

during the continuous CV which can be related to the deposi-
tion of material on the surface of CPE.

In the next step, the film on the surface of CPE-complex 1
was investigated by using field-emission scanning electron
microscopy (FE-SEM). The results are shown in Fig. 8 and 9. The
FE-SEM images clearly show the formation of NiO nanoparticles
(~325-475 nm) on the surface of the electrode. The images
indicate the nickel oxide nanospheres are distributed uniformly
in the film on the surface of electrode (Fig. 8a). The energy
dispersive X-ray analysis (EDX) reveals that the surface of CPE-
complex 1 at pH = 11 consists of C, N, O, Cl, Ni and low
amount of K (Fig. 8b). Also, the EDX-SEM images of the CPE-
complex 1 after amperometry for 5 h reveal approximately
homogenous distribution of Ni and O atoms on the electrode
surface (Fig. 9). From these observations, it seems that under
the present conditions a heterogeneous (NiO,) catalyst acts as
a true catalyst for the water oxidation reaction. Finally, the
powder X-ray diffraction study (XRD) indicates the film is
considerably amorphous which is consistent with previous
studies.’® This means that NiO on the surface of electrode does
not have pure, simple and crystalline structure (Fig. S67), but, it
can be effective electrocatalyst for oxidation of water.

RSC Adv, 2019, 9, 40424-40436 | 40429
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Fig.8 FE-SEM images of CPE-complex 1 after the aerometry at 1.12 V vs. Ag/AgCl for 5 h under the water oxidation condition in buffer solution
(pH = 11) in the bulk electrolysis of complex 1 (a) and EDX analysis for CPE-complex 1 (b).

At pH = 7, as shown in Fig. 10a and b, the designed electrode
converts to an efficient catalyst for water oxidation after per-
forming amperometry for 5 hours at 1.12 V vs. Ag/AgCl. This
behaviour is quite similar to the observation at pH = 11. With
continuous CV for complex 1, two new anodic peaks at 0.344
and 0.0397 V (vs. Ag/AgCl) are formed (Fig. 10b and c), which
can be attributed to the decomposition of complex 1 or Ni(u)/
Ni(m) and Ni(1)/Ni(un) oxidation.*® Surprisingly, the continuous

BREIE

10um

10pm

CV also causes an increase in the water oxidation reaction for
complex 1. Therefore, we guess under CV conditions in the
presence of complex 1, NiO or other compounds of Ni are
formed on the surface of the electrode which can increase the
water-oxidizing activity of complex 1. Amperometry (1.12 V)
reveals sensible improvement in water oxidation in the pres-
ence of CPE-complex 1 (Fig. 10a and d). The amperometry for
a fresh CPE shows a low activity for water oxidation, but the

Fig. 9 EDX-SEM images of the CPE-complex 1 after the reaction (C (light green); N (blue); O (pink); Cl (dark green); K (orange); Ni (red)).
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Fig. 10 CV for a fresh CPE (black), CPE-complex 1 (blue) and CPE-complex 1 after performing amperometry for 5 hours (pink) in the buffer

solution (0.5 M) in the range of 0-1.6 V vs. Ag/AgCl (a); CV conditions: buffer solution at pH = 7 and scan rate of 50 mV s

~1 amperometry

conditions: 1.12 V vs. Ag/AgCl; CPE-complex 1 in buffer solution (25 ml). The 5th and 50th CV for CPE-complex 1 (blue and pink, respectively) in
25 ml of buffer solution (0.5 M) in the range of 0 to +1.6 V vs. Ag/AgCl (b); and in the range of —0.6 to +1.6 V (c); CV conditions: buffer solution at
pH = 7 and scan rate of 50 mV s, Amperometry for a fresh CPE (black) and CPE-complex 1 (pink) in buffer solution (d); amperometry conditions:
112 V vs. Ag/AgCL: in buffer solution (25 ml) at pH = 7.
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Fig. 11 FE-SEM images of CPE-complex 1 after the aerometry for 5 h under the water oxidation condition in buffer solution (pH = 7) in the bulk
electrolysis of complex 1 at 1.12 V vs. Ag/AgCl (a) and EDX analysis for CPE-complex 1 (b).
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Fig. 12 EDX-SEM images of the CPE-complex 1 after the reaction (C (light green); N (violet); O (blue); Cl (dark green); K (orange); Ni (red)).

CPE-complex 1 shows a high and constant current density continuous CV displays an increase in the attributed peaks to
(Fig. 10d). The continuous CVs (50 cycles) at pH = 7 for CPE- the redox couple of Ni(u)/Ni(m) and oxidation of Ni(i)/(u) at
complex 1 are shown in Fig. 7b. For complex 1, the 0.344, 0.0299 and 0.0397 V vs. Ag/AgCl, respectively, which
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Fig. 13 CV for a fresh CPE (black), CPE-complex 1 (blue) and CPE-complex 1 after performing amperometry for 5 hours (pink) in the buffer
solution (0.5 M) in the range of —0.6 to +1.6 V vs. Ag/AgCl (a); CV conditions: buffer solution at pH = 3 and scan rate of 50 mV s~*; amperometry
conditions: 1.12 V vs. Ag/AgCL. The 5th and 50th CV for CPE-complex 1 (blue and pink, respectively) in 25 ml of buffer solution (0.3 M) at pH =3
and scan rate of 50 mV s~ in the range of 0 to +1.6 V (b); and in the range of —0.6 to +1.6 V (c). Amperometry for a fresh CPE (black) and CPE-

complex 1 (pink) in buffer solution; amperometry conditions: 1.12 V vs. Ag/AgCL: in buffer solution (25 ml) at pH = 3 (d).
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Fig. 14 A simple scheme of suggested mechanism for water oxidation reaction in the presence of complex 1 in different pH.

Table 2 Crystallographic data and refinement details for complex 1

Compound
Formula

M,/g mol™*
Crystal shape, color
Crystal size/mm?®
Crystal system
Space group

alA

bIA

/A

Br°

VAT

zZ

Dcalc/ g Cm73
w/mm™*

F(000)

0 range/°

hy k1

Measured reflections
Independent reflections
Reflections with I > 24(I)
Rint

RIF > 20(7)]

WR(F?)

S

Abs. correction
Parameters

Restraints

Apmax/Aprnin

Complex 1
Cp1H15CIN,NiO,
421.51
Needle, red
0.19 x 0.08 x 0.02
Monoclinic
P21/C
11.0230(14)
8.0024(8)
19.532(2)
106.302(12)
1653.6(3)

4

1.693

1.36

864
1.9-28.4
—14 — 14
—10 — 8
—18 — 26
12 101
3825

1214

0.215
0.094
0.346

0.99
Analytical
246

0
0.53/—0.59

indicates that the complex is stable under these conditions.
Anyway, in this condition the current density for water oxida-
tion increases slightly in comparison with pH = 11 (Fig. 7a and
b). This is not surprising because, in contrast to that of pH = 11,
the nanosized NiO is relatively soluble at pH = 7.

Our findings are surprising since the designed Ni(u) salo-
phen complex can show high efficiency for water oxidation
under applied electrochemical conditions at neutral solution as

This journal is © The Royal Society of Chemistry 2019

well as alkaline condition, while the Ni-salen complex (with the
non-aromatic ligand) that was previously investigated by
Najafpour et al.*®, only revealed good electrocatalytic activity for
water oxidation at pH = 11 and was not stable in neutral solu-
tion and showed low activity for water oxidation.'® This may be
due to the effect of the aromatic ligand compared to its non-
aromatic counterpart. Finally, the surface of the CPE-complex
1 is studied by FE-SEM images after the amperometry
(Fig. 11a). The SEM images show no a special new morphology,
but the EDX data from the surface of the electrode show low
amounts of Ni which Ni is dispersed on the surface of the
electrode (Fig. 11b).** Although, compared to pH = 11, the
formation of nickel oxide nanoparticles with the spherical
morphology on the electrode surface is not clearly observed and
in addition the amount of nickel on the surface of the electrode
is low and also the nature of the Ni compound on CPE is not
exactly known. But, it shows a high catalytic performance for
water oxidation reaction. More interestingly, unlike that
observed at pH = 11, Ni and O atoms are uniformly distributed
on the electrode surface (Fig. 12). Consequently, we guess that
a heterogeneous Ni-based compound catalyzes water oxidation
reaction under the electrochemical conditions.

Finally, we studied the water oxidation activity of complex 1
in a buffer solution at pH = 3. As shown in Fig. 13a-d, CV and
amperometry display no efficient water-oxidizing activity for
complex 1 under these conditions. In the CV of fresh CPE-
complex 1, one peak in the 0.20 V vs. Ag/AgCl is observed
which can be attributed to the decomposition of complex 1 and
Ni(u)/Ni(m) oxidation (Fig. 13a). This peak is not observed
during continuous CV (Fig. 13b and c). This indicates that
complex 1 is not stable under these conditions. During
amperometry, complex 1 does not show water oxidation activity
and only a low current density is observed (Fig. 13d). This can be
related to the high solubility of NiO at pH = 3. Also, the
continuous CVs (50 cycles) for complex 1 at pH = 3 are given in
Fig. 7c which indicates the attributed peak for the complex
disappears in this condition. This observation confirms that the

RSC Adv, 2019, 9, 40424-40436 | 40433
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complex is not stable under these conditions and no significant
water oxidation was observed (Fig. 14).

Conclusions

The design of efficient electrocatalysts for water splitting as
a clean and renewable energy resource in recent years has been
of a great interest. For this purpose, a new mononuclear Ni(r)
salophen-type complex was synthesized by the reaction of
a salophen-type N,0,-donor ligand and Ni(OAc),-4H,0 and was
characterized by spectroscopic methods and single crystal X-ray
analysis. The water-oxidizing activity of the obtained complex
was studied at three different pH (pH = 3, 7 and 11). LSV curves
showed that the CPE modified with complex 1 can exhibit a high
electrocatalytic activity for the oxidizing of water in basic and
neutral solutions in terms of the onset potential and Tafel slope.
Also, cyclic voltammetry experiments and FE-SEM images
showed that at pH = 11, NiO, is the heterogeneous catalyst for
water oxidation under electrochemical water oxidation condi-
tions and in the presence of complex 1. Surprisingly, our
experiments showed that complex 1 can also act as an efficient
electrocatalyst for water oxidation at pH = 7. FE-SEM images
did not clearly show the formation of NiO on the surface of the
electrode (and also a special new morphology), but the EDX data
from the surface of CPE showed a low amount of Ni. Although
the nature of the Ni compound on the electrode surface was not
clear, but it could show a high catalytic performance for water
oxidation reaction. Finally, at pH = 3, no significant water
oxidation was observed.

Experimental section
Materials and instrumentation

4-Chloro-5-metyl-1,2-diaminobenzene, 2-hydroxybenzaldehyde
and Ni(n) acetate tetrahydrate were purchased from Sigma-
Aldrich company. Solvents with highest purity were provided
from Merck and used without further purification. Graphite
powder and paraffin oil from Merck were used for the prepa-
ration of carbon paste electrode. To adjust the pH of the elec-
trolyte solution at pH = 3-11, 0.5 M of boric acid, 1.0 M of HCI
and 1.0 M of NaOH solutions were used. NMR spectra were
recorded on a Bruker Avance DPX-400 MHz spectrometer. The
elemental analyses (carbon, hydrogen and nitrogen) of the
compounds were obtained from a Carlo ERBA Model EA 1108
analyzer. FT-IR spectra were prepared with a FT-IR Spectrometer
Bruker Tensor 27 after mixing the samples with KBr. Electronic
absorption spectra were obtained with T 60 UV/Vis Spectrom-
eter PG Instruments Ltd. X-ray diffraction patterns of electrodes
were obtained using Bruker AXS model D8-Advance diffrac-
tometer equipped with Cu-K,, radiation at A = 1.5418 A from 26
= 30° to 70°. Surface morphology of electrodes was studied
using TESCAN mira 3 field-emission scanning electron micro-
scope (FE-SEM) equipped with energy dispersive X-ray analysis
(EDX).
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Synthesis of 2,2'-((1E,1E)-((4-chloro-5-methyl-1,2-phenylene)
bis(azanylylidene))bis(methanylylidene))diphenol (H,L)

4-Chloro-5-metyl-1,2-diaminobenzene (1.00 g, 6.38 mmol) in
30 ml ethanol was slowly added to ethanol solution of salicy-
laldehyde (1.36 ml, 12.76 mmol) under stirring in room
temperature. Immediately, the color of the solution turned to
orange-brown and precipitate was appeared after a few minutes.
The reaction was continued for 4 h at room temperature (the
end of the reaction was controlled by thin layer chromatography
(TLC)). The precipitate was filtered, washed with ethanol and
dried at air. Yield: 84.2% (1.96 g). Anal. calc. for C,,H;,N,0,Cl
(M = 364.82): C, 69.14; H, 4.70; N, 7.68%. Found: C, 69.19; H,
4.67; N, 7.61%. *H NMR (400 MHz, DMSO-dg): 6 12.77 (s, 1H,
-OH), 12.69 (s, 1H, ~OH), 8.99 (s, 1H, ~-HC=N-), 8.95 (s, 1H,
-HC=N-), 7.70 (s, 1H, Ar-H), 7.60 (s, 1H, Ar-H), 7.49 (d, 2H, J =
8.8 Hz, ArH), 7.45-7.42 (m, 2H, ArH), 7.02-6.97 (m, 4H, ArH),
2.34 (s, 3H, -CHj); FT-IR (KBr, cm%): 3447 (b),1614 (vs.), 1578
(m), 1478 (s), 1558 (m), 1405 (m), 1276 (s), 1224 (w), 1190 (m),
1151 (m), 1115 (m), 1085 (s), 969 (m), 920 (w), 907 (w), 893 (m),
866 (w), 811 (m), 752 (s), 697 (w), 652 (W), 591 (w), 503 (w), 437

(w).

Synthesis of complex 1

Complex 1 was synthesized by the reaction of H,L (0.100 g,
0.274 mmol) and Ni(OAc),-4H,0 (0.068 g, 0.274 mmol) in
ethanol by using a branched tube. Mentioned amounts of
materials were placed in the main arm of a branched tube.
Ethanol was carefully added to fill the arms. The tube was tight
closed and the arm containing the reagents was immersed in an
oil bath at 70 °C, while the other arm was kept at ambient
temperature. After four days, red crystals were formed in the
cooler arm. The crystals were filtered off, washed with ethanol
and dried at air. Yield: 74% (0.085 g). Anal. calc. for C,;H;;5N,-
NiO,Cl (M,, = 421.51 g mol™"): C, 59.84; H, 3.59; N, 6.65; Ni,
13.92%. Found: C, 59.89; H, 3.62; N, 6.61; Ni, 13.85%. '"H NMR
(400 MHz, DMSO-d¢): 6 9.02 (s, 1H, ~-HC=N-), 8.97 (s, 1H,
-HC=N-), 8.32 (s, 1H, ArH), 8.19 (d, 1H, J = 8.8 Hz, ArH), 7.60
(d, 2H, ] = 7.62, Ar-H), 7.34-7.36 (m, 2H, Ar-H), 6.92 (d, 2H, ] =
8.4 Hz, ArH), 6.68-6.73 (m, 2H, ArH), 2.15 (s, 3H, ~CH;). FT-IR
(KBr, ecm™"): 3420 (m, br), 1608 (s), 1574 (s), 1522 (m), 1488
(m), 1460 (m), 1441 (m), 1368 (m), 1333 (m), 1262 (s), 1231 (m),
1196 (m), 1149 (m), 1132 (m), 1090 (m), 1022 (m), 1057 (m), 946
(w), 900 (w), 846 (m), 799 (w), 752 (s), 709 (w), 595 (W), 556 (w),
449 (w).

Single crystal X-ray analysis

The molecular structure of complex 1 was determined by single
crystal X-ray analysis at 293(2) K. The data collection was per-
formed on an Oxford Sapphire CCD diffractometer using Mo Ko
radiation (A = 0.71073 A) and w-26 method. The structure was
solved by direct methods and refined with the full-matrix least-
squares method on F* with the use of SHELX-2014 program
packages.®> The analytical absorption corrections
applied.®® Positions of hydrogen atoms have been found from
the electron density maps and hydrogen atoms were

were
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constrained during refinement with the appropriate riding
model as implemented in SHELX during refinement. A
summary of the crystal data and refinement details for complex
1is given in Table 2. The structural data have been deposited at
the Cambridge Crystallographic Data Centre: (CCDC no.
1954803).

Electrochemical tests

Electrochemical analyses of complex 1 were done by using an
Autolab PGSTAT204. The carbon paste electrode (CPE) modified
with complex 1 was used as working electrode. The Ag/AgCl and
Pt wire electrodes were used as reference and counter elec-
trodes, respectively. CPE modified with complex 1 (CPE-
complex 1) was fabricated as follows: graphite powder,
complex 1 and paraffin oil with a mass ratio of 80 : 15 : 5 were
mixed using a mortar until a homogenous paste was obtained.
Then, the obtained homogenous paste was packed in a copper
wire with a 1.10 mm radius. The unmodified CPE electrode was
fabricated using the same method. The surface of CPE elec-
trodes was smoothed and the electrodes were washed with
double distilled water.**
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