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Water oxidation by Ni(1,4,8,11-
tetraazacyclotetradecane)2+ in the presence
of carbonate: new findings and an alternative
mechanism†

Mohammad Mahdi Najafpour *a,b,c and Hadi Feizia

Herein, the water-oxidation reaction by Ni(1,4,8,11-tetraazacyclotetradecane)2+ in the presence of

carbonate was reinvestigated by scanning electron microscopy, energy dispersive spectrometry, electro-

chemistry, and high-resolution spectroelectrochemical and hydrogen nuclear magnetic resonance spec-

troscopy methods. These methods showed that the complex was not stable under water-oxidation con-

ditions. The role of nanosized particles or Ni ions on the surface of the electrode for water oxidation was

studied and it is proposed that Ni ions or Ni oxides on the surface of the electrode are at least one of the

candidates contributing to the observed catalysis.

Introduction

In the near future, to use sustainable but intermittent and
fluctuating solar energy, we need to store the Sun’s power in
the form of chemical bonds through a water-splitting
reaction.1–3 Water splitting is a redox reaction and, obviously,
the cathodic reaction is of major importance for hydrogen pro-
duction. However, the anodic water oxidation is a complicated
four protons–four electrons transfer process which impacts
adversely on the efficiency of hydrogen generation due to the
need to apply large overpotentials.4,5

Ni complexes have been reported to be promising homo-
geneous catalysts for water oxidation. In 2014, [Ni(meso-L)]
(ClO4)2 (L = 5,5,7,12,12,14-hexamethyl-1,4,8,11-tetraazacyclo-
tetradecane) was reported as the first nickel-based homo-
geneous water-oxidizing catalyst under a neutral pH in a
phosphate buffer.6 meso-Tetrakis(4-N-methylpyridyl)por-
phyrin nickel(II) was reported to oxidize water in a neutral
aqueous solution (pH = 7.0) with a low onset of water oxi-
dation at ∼1.0 V (vs. NHE).7 A Ni-PY5 [PY5 = 2,6-bis(1,1-bis(2-
pyridyl)ethyl)pyridine] complex was another homogeneous

catalyst studied at pH 10.8 under an applied potential of
1.5 V vs. NHE which resulted in oxygen formation with a high
Faradaic efficiency over 90%.8

Other Ni complexes used as homogeneous catalysts were
reported by some research groups.9–13 However, “what is the
true catalyst?” is a challenging question to ask when using
metal complexes for water oxidation.14–18 Recently, Ariela and
Dan’s groups reported NiL2

2+ (L2 = 1,4,8,11-tetraazacyclotetra-
decane) (1) (Scheme 1) as an efficient complex for water oxi-
dation at pH 7.0 in the presence of a carbonate buffer.19

The research groups proposed that the active oxidizing
agent is a Ni(IV) complex, L(X)NiIVOH4−(3−n+1)/(2−n+1), where X =
PO4Hn

(3−n)− or CO3Hn
(2−n)−, which acts via a mechanism invol-

ving an acid catalyzed O–P or O–C bond heterolysis. They
suggested that carbonate behaves differently from phosphate
as it is a non-innocent ligand and it can be oxidized.19 The
water oxidation in the presence of the carbonate buffer was
very interesting, and their observations were:

Scheme 1 The schematic structure of 1 (Ni: purple; C: black; N: blue;
H: red).
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(i) during long-term electrolysis and under the carbonate
and not the phosphate buffer, 1 loses its color;

(ii) during electrolysis, under the carbonate and not the
phosphate buffer, the formation of a precipitate was observed,
which was NiIIIL2(CO3)OH;

(iii) the filtered particles contain Ni ions.
“What is the true catalyst?” in the presence of 1 under water

oxidation conditions and in the presence of the carbonate
buffer seems to be an interesting question to ask when design-
ing and synthesizing new catalysts. Under water oxidation con-
ditions, Ni(II) or NiOx, even at very low concentrations, are very
efficient catalysts for water oxidation. Thus, to rule out the role
of Ni ions or Ni oxide, careful experiments and strong evidence
for molecular-based water oxidation are necessary.

Herein, we used some methods to show the role of nickel
ions or nickel oxide under electrochemical water oxidation
conditions in the presence of 1 at pH 7.0 and in the presence
of carbonate buffer.

Experimental
Materials

All of the reagents and solvents were purchased from commer-
cial sources and were used without further purification.
1,4,8,11-Tetraazacyclotetradecane (98%) was purchased from
the Acros Company. The fluorine-doped tin oxide electrode
(FTO, with a surface resistivity of ∼7 Ω sq−1) coated glass plate
and nickel(II) perchlorate hexahydrate were purchased from
Sigma-Aldrich. Sodium hydroxide pellets (≈100%), perchloric
acid (60%), and sodium bicarbonate (99%) were purchased
from Merck. Ethylenediamine tetraacetic acid disodium salt
dehydrate (≥99.0%) was purchased from Fluka. Methanol
(≥99.5%) was purchased from Dr Mojallali’s Company.

Electrochemistry

Electrochemical experiments were performed using an
EmStat3+ from PalmSens (Netherlands). Cyclic voltammetry
studies were carried out with a conventional three-electrode
setup, in which FTO or glassy carbon, Ag/AgCl/KClsat, and
platinum foil served as the working, reference and auxiliary
electrodes, respectively. All of the potentials in this project
were reported vs. Ag/AgCl/KClsat. The distance between the two
opposite sides of the FTO was measured by a digital caliper
MarCal 16ER model (Mahr, Germany). The temperature was
measured by a Laserliner 082 (Germany).

Characterization

SEM and EDX were carried out with a VEGA\TESCAN-XMU.
The X-ray powder patterns were recorded with a Bruker D8
ADVANCE (Germany) diffractometer (CuKα radiation). The
infrared spectra were obtained on an FTIR Bruker Vector
spectrometer with a pressed KBr pellet. The high-resolution
visible spectra were recorded by a mini spectrophotometer
(Pooyesh Tadbir Karaneh (Phystec), Iran).

Synthesis of 1

1 was synthesized by a previously reported method with modi-
fication. Briefly, Ni(ClO4)2·6H2O (1.12 mmol, 411.2 mg) was
dissolved in 60 mL of methanol and the ligand (1.00 mmol,
200 mg) was added. The solution was refluxed for 5 hours, and
the precipitate was separated, washed and dried in air. CHN
analysis (Table S1, ESI†) and UV-vis spectroscopy showed 1 was
synthesized. 1H NMR also showed that there were no impuri-
ties such as Ni(II) salt as a paramagnetic compound.

Results and discussion

The structure of 1 is shown in Scheme 1. Other isomers and
forms under different conditions have also been reported for
this and similar complexes.20–22

To find the true catalyst for water oxidation in the presence
of 1, all experiments were performed at pH = 7 in a buffer solu-
tion. The continuous CVs of 1 using glassy carbon showed
changes on increasing the number of CV scans (Fig. 1a). The
peak at 0.7 V shifted to 0.65 V and another peak emerged at
1.0 V (Fig. 1a). Such changes indicate that 1 is not stable under
these experimental conditions.

In the next experiments, the glassy carbon electrode was
replaced by the FTO because the glassy carbon electrode
decomposes under water-oxidation conditions and, thus, the
identification of the compound on the surface of this electrode
is not easy.23 On the FTO, in the presence of 1, a high activity
and low overpotential for water oxidation was observed com-
pared to that of the bare FTO (Fig. 1b, c and Fig. S1–3 (ESI†)).
The same amount of Ni(ClO4)2·6H2O (Ni salt) showed more
activity toward water oxidation than 1 (Fig. 1b). The LSV in-
dicated the onset of water oxidation at 660, 740, and 860 mV
overpotentials for Ni salt, 1 and the bare FTO, respectively
(Fig. 1c). A peak at 1.2 V was observed on the LSV and square
wave voltammetry (SWV) spectra (Fig. 1d).

Interestingly, the CV for 1 in the range of ((−1.5)–(+1.6))
indicated a clear peak at 1.2 V, which was very similar to the
peak for Ni salt (Fig. 1e). The amperometry in the presence of
Ni salt or 1 indicated a higher activity for water oxidation com-
pared to that of the bare FTO (Fig. 1f and g). Interestingly, the
current increases with time, which suggests a progressive
increase in the catalytic activity of 1 with simultaneous degra-
dation/oxide formation (Fig. 1f and g). The continuous CV for
the FTO in the absence of 1 or Ni salt showed no change
(Fig. 2a). However, the continuous CV for Ni salt showed some
changes and crosses at 0.6–1 V (Fig. 2b). The cross in the CV is
attributed to the deposition and solubilization of Ni ions on
the FTO. Importantly, a peak at 1.2 V was observed, which is
attributed to NiO to NiO(OH) oxidation and can be confirmed
by the Pourbaix diagram.24

Under such conditions, the continuous CV of the FTO in
the presence of 1, similar to glassy carbon, showed a peak at
1.2 V (Fig. 2c). Fig. 2c displays that at the beginning, 1 showed
no peak at 1.2 V, but after a few continuous CVs, a peak was
observed at 1.2 V that was associated with an increase in water
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oxidation activity (Fig. 2d). Thus, the experiment showed that a
transformation of 1 occurred which, by comparison to that of
Ni salt, could be attributed to Ni oxide formation.

The CV and amperometry spectra for the FTO after continu-
ous CV in the presence of Ni salt (FTO-salt) or 1 (FTO-1)
showed a higher activity for water oxidation compared to that
of a fresh FTO, and even a fresh FTO in the presence of 1

(Fig. 2e and f). As observed in Fig. 2e, the CV of FTO-1 showed
some reduction/oxidation peaks which are different from the
peaks for 1. Using all these experiments, we hypothesize that
Ni oxide instead of 1 is in charge of water oxidation.

For further investigation of the catalytic system, the effect
of EDTA on the surface of the electrode was studied.9 EDTA is
a strong ligand for removing metal oxides or ions from the

Fig. 1 The continuous CV of 1 (1.0 mM) by glassy carbon. The red and green arrows show the obtained peaks (a); CV (b, e, scan rate 50.0 mV s−1),
SV (c, scan rate 50.0 mV s−1) and SWV (d, amplitude: 25 mV; frequency: 10 Hz) for 1 (1.0 mM) (black), FTO (red) and Ni salt (1.0 mM) (blue); ampero-
metry for the obtained electrode in the presence of 1 (1.0 mM) (black), FTO (red) and Ni(II) salt (1.0 mM) (blue) at 1.6 V (f ) and 1.3 V (g). Electrolyte
solution: NaHCO3 (0.1 M) and NaClO4 (0.2 M) at pH = 7.0. In image c the orange arrow shows the related peak for Ni(II) oxidation in Ni(II) oxide.
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electrode that can lead to a decrease in water oxidation activity.
After continuous CV, the obtained FTO in the absence of any
Ni compounds was treated with EDTA (Fig. 3a). Such treatment
had no effect on the water oxidation by the FTO in the absence
of Ni compounds. However, the activities of FTO-salt or FTO-1
for water oxidation were significantly decreased with treatment
by EDTA (Fig. 3b and c). EDTA solubilized compounds on the
surface of FTO-salt or FTO-1, and decreased the water-oxidiz-
ing activity of FTO-1 and FTO-salt. Thus, this experiment can
also show that the solid on the electrode is the true catalyst.

Ariela and Dan’s groups observed a precipitate during the
electrolysis, and they attributed it to the formation of Ni(III)
L2(CO3)OH, which is an uncharged complex.19 In the absence
of a potential, the complex in a carbonate buffer solution at
pH 7 is stable at least for a few days (Fig. S4a, ESI†). In the next
step, we investigated the precipitate on the surface of the FTO
by high-resolution spectroelectrochemistry.

During the amperometry of a solution of 1, a compound
was observed by high-resolution spectroelectrochemistry at

380–410 nm (Fig. 4). The broad spectrum could be related to a
solid rather than 1 or other molecular structures. Interestingly,
NiOOH has a very similar spectrum in the area (Fig. S4b, ESI†).
The larger amount of solid formed at 1.3 V compared to the
amount of solid formed at 1.6 V could be related to the lower
rate of oxygen evolution on the surface of the FTO and the solid
not leaching from the surface of the electrode at 1.3 V vs. 1.6 V.

These observed visible spectra are due to the electron trans-
fer between the valence and conduction bands triggered by the
excitation from an O 2p to a Ni 3d state but with some Ni 3d to
the Ni 3d character.22

Under water-oxidation conditions, it is proposed that 1
adsorption on the surface of the FTO is followed by the nano-
sized Ni oxide formation on the surface of the electrode. As
shown in Fig. 5, SEM images of the prepared FTO-1 at 1.3 V
showed no significant changes in comparison to that of the
bare FTO. However, the EDX data from FTO-1 showed that the
surface of FTO-1 contains C, O, N, and Sn and a low amount of
Ni which was significantly dispersed on the surface of the

Fig. 2 Continuous CVs for the FTO (a), Ni salt (1.0 mM) (b) and 1 (1.0 mM) (c) and a comparison of them; the first (pink) and 250th (blue) cycles of 1
(1.0 mM), FTO (red) and 250th of Ni salt (1.0 mM) (black) (d). The CV (e) and amperometry (f ) of FTO-1 (black) and the third cycle of 1 (red) and FTO-
salt (blue) at 1.3 V. Electrolyte solution: NaHCO3 (0.1 M) and NaClO4 (0.2 M) at pH = 7.0. The yellow areas indicate the attributed potential for Ni(II)
oxidation.
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FTO. A very similar morphology was observed for the prepared
FTO-salt at 1.3 V (Fig. 6).

On the other hand, SEM images of the prepared FTO-1 at
1.6 V (Fig. 7) showed the surface covered by the electrolyte. The
EDX data from FTO-1 under these conditions showed that the
surface of FTO-1 contains more C and O than that of the pre-
pared FTO-1 at 1.3 V. However, similar to the prepared FTO-1
at 1.3 V, low amounts of Ni were present on the surface of the
FTO. This number of Ni ions, and even amounts of Ni that are
significantly lower25 than micromolar, can oxidize water.
Using SEM, the phase of this Ni compound was not known,
but CV indicated that the Ni compounds on the FTO were
more similar to Ni oxides than to 1.

SEM images of the prepared FTO-salt at 1.6 V showed the
surface covered by nanolayered Ni compounds (thickness
10–30 nm) (Fig. 8 and Fig. S5–9, ESI†). The EDX data from
FTO-1 under these conditions showed that the surface of FTO-
1 contains more C and less O than that of the prepared FTO-
salt at 1.3 V. However, significant amounts of Ni were observed
on the surface of the FTO. The experiments showed that the Ni
ions first cover the surface of the FTO and only can form the
nanostructures on the surface of the electrode at higher con-
centrations. On the other hand, comparing the obtained FTO-
1 and FTO-salt at 1.6 V, it can be concluded that the nature of
initial ligand can control the size, morphology, and nature of
the true catalyst.

Fig. 3 The CV before (black) and after (red) EDTA treatment for the FTO (a), FTO-salt (b) and FTO-1 (c). Electrolyte solution: NaHCO3 (0.1 M) and
NaClO4 (0.2 M) at pH = 7.0.

Fig. 4 High-resolution visible spectroelectrochemical spectra of a solution of 1 (1.0 mM) under amperometry at 1.3 V (a) and 1.6 V (b). The broad
peak at 380–410 nm is attributed to nanoparticles. Electrolyte solution: NaHCO3 (0.1 M) and NaClO4 (0.2 M) at pH = 7.0. To clarify for the spectra,
the reference solution for the high-resolution visible spectroelectrochemical spectroscopy was a solution of 1 (1.0 mM). The devolution spectra for
the spectrum obtained at 1.3 V after 31 minutes are shown.
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Fig. 5 SEM and EDX-mapping for 1 (1.0 mM) under amperometry conditions after 10 hours. Amperometric conditions: 1.3 V (C: white; O: yellow;
Na: grey; Ni: red). Solution compositions: NaHCO3 (0.1 M) and NaClO4 (0.2 M) at pH = 7.0.

Fig. 6 SEM and EDX-mapping for Ni salt (1.0 mM) under amperometry conditions after 10 hours. Amperometric conditions: 1.3 V (C: white;
O: yellow; Na: grey; Ni: red). Solution compositions: Ni salt (1.0 mM), NaHCO3 (0.1 M) and NaClO4 (0.2 M) at pH = 7.0.
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Fig. 7 SEM and EDX-mapping for 1 (1.0 mM) under amperometry conditions after 10 hours. Amperometric conditions: 1.6 V (C: white; O: yellow;
Na: grey; Ni: red). Solution compositions: NaHCO3 (0.1 M) and NaClO4 (0.2 M) at pH = 7.0.

Fig. 8 SEM and EDX-mapping for Ni salt (1.0 mM) under amperometry conditions after 10 hours. Amperometric conditions: 1.6 V (C: white; O:
yellow; Na: grey; Ni: red). Solution compositions: NaHCO3 (0.1 M) and NaClO4 (0.2 M) at pH = 7.0.
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Finally, 1H NMR studies on 1 before and after electrolysis
for 10 hours were performed. 1H NMR studies for these com-
plexes have been previously reported. Nickel(II) (3d8) complexes
commonly exist as octahedral (paramagnetic species) or
square-planar (diamagnetic species).26 Peaks from octahedral
complexes were observed between δ = −50 and +150 ppm.27 On
the other hand, the peaks for diamagnetic and square-planar
complexes were observed between δ = 1 and 4 ppm.27 The
complex before water oxidation in H2O (95%)/D2O (5%)
showed the peaks for the diamagnetic form of this complex
(Fig. 9 and Fig. S10, ESI†). After electrolysis, the 1H NMR
spectrum showed peaks for the diamagnetic square-planar
complex. Although, other peaks which are related to other dia-
magnetic square-planar complexes or oxidized ligands were
also observed.

Thus, the NMR studies showed that:
- after electrolysis, no significant change for 1 in solution

was observed;
- no octahedral complex such as LNiII(A)2 (A: CO3

2−, OH−

and so on) was observed;
- no monomeric Ni(III) (3d7) complex with paramagnetic

characteristics was observed;
- Ni(H2O)6

2+ as a paramagnetic ion was not detected.
All of these experiments could show that the surface of the

FTO, similar to many metal oxides and also carbon-based sur-
faces, can easily and strongly bind to 1. Then, at a high poten-
tial of water oxidation, 1 is decomposed to Ni ions or Ni
oxides, which can oxidize water. In addition to the molecular
mechanism for water oxidation described by Ariela and Dan’s
groups, there is at least an alternative mechanism for the
decomposition of 1 into Ni oxide as the true catalyst for water
oxidation.

The observations by Ariela and Dan’s groups according to
the Ni oxide-based mechanism could also be simply explained
by our Ni oxide-based mechanism: (i) during a long-term elec-
trolysis and under the carbonate buffer, 1 lost its color

because it was decomposed to Ni oxide; (ii) during the electro-
lysis, under the carbonate buffer, the formation of a precipitate
was observed, which instead of NiIIIL2(CO3)OH could be
related to NiOx, especially as CV could indicate that NiOx was
formed; (iii) the observed solid obtained by filtration could be
NiOx.

Conclusions

We studied the water-oxidizing activity of a Ni complex with
1,4,8,11-tetraazacyclotetradecane as the ligand. In addition to
the previously suggested mechanism, we proposed an alterna-
tive Ni oxide-based mechanism. Electrowater oxidation at pH =
7 in the presence of 1 was investigated. The electrochemical
investigation, EDX-SEM, and spectroelectrochemistry showed
that the water-oxidizing activity could be related to Ni oxide
formation instead of the complex. Using EDX-SEM images, we
observed a Ni compound on the surface of the FTO. Using
CVs, it was found that the peak of the Ni compound is more
similar to that of Ni oxides than that of the complex.

We propose that to find a true catalyst and mechanism for
water oxidation, the stability of the Ni complex under water
oxidation conditions and the analysis of the surface of the
electrode in addition to the electrolyte should be carefully
checked. This is due to the fact that under water oxidation con-
ditions, organic ligands are prone to decomposition, and on
the other hand very low numbers of Ni ions are efficient cata-
lysts for water oxidation. Thus, Ni ions or Ni oxides may be
contributors to the observed electrocatalytic water oxidation
initiated by 1. This finding may be extended to other mole-
cular systems and suggests that to propose a molecular mecha-
nism for water oxidation, a careful investigation is necessary to
eliminate the role of metal ions or metal oxides. It seems that
a real molecular mechanism needs a very stable complex, and
the complex should have a resistant ligand under water oxi-
dation conditions.
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