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Further insight into the electrocatalytic water
oxidation by macrocyclic nickel(n) complexes: the
influence of steric effect on catalytic activityy
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The development of efficient, robust and economical water oxidation catalysts (WOCs) remains a key chal-
lenge for water splitting. Herein, three macrocyclic nickel(l) complexes with four, six and eight methyl
groups in the ligands have been utilized as homogeneous electrocatalysts for water oxidation in agueous
phosphate buffer at pH 7.0, in which the catalyst with eight methyl groups exhibits the highest catalytic ac-
tivity, with a large current density of 1.0 mA cm™2 at 1.55 V vs. NHE (750 mV overpotential) in long-term
electrolysis. The results of electrochemistry, UV-vis spectroelectrochemistry and DFT calculations suggest
that the axially oriented methyl groups in the macrocyclic ligands with eight and six methyl groups can im-
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pose a steric effect on the axial position of the Ni'" center, which not only results in higher Ni

Alll S/ oxidation
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potentials but also suppresses the axial coordination of phosphate anions with the Ni™" center to achieve
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Introduction

Water oxidation has been considered as the bottleneck half-
reaction of water splitting, a promising way to produce large-
scale hydrogen as renewable and clean energy." In this con-
text, the development of efficient, robust and economical wa-
ter oxidation catalysts (WOCs) is of growing interest. Although
the performances of these homogeneous WOCs are not com-
parable to those of heterogeneous WOCs,” their homogeneous
nature enables more in-depth mechanistic investigations.
Moreover, homogeneous WOCs have shown additional ap-
pealing features, such as tunable redox properties and ease of
optimization via synthetic means.® Up to now, homogeneous
WOCs based on Ru (ref. 4) and Ir (ref. 5) have been highly ef-
ficient, while their applications are limited by their scarcity.
Hence, a number of homogeneous WOCs based on earth-
abundant metals, such as V,®* Mn,” Fe,® Ni,> Co (ref. 10) and
Cu,"" have been reported. However, many of these were used
in highly basic or acidic solutions;***»9%11@b12 only 3 few
WOCs were used at neutral pH. Moreover, some
reported WOCs are vulnerable to decomposition and/or deac-
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better catalytic performance. Such a steric effect in homogeneous WOCs has not been reported so far.

tivation under highly oxidizing conditions.’*®%1®b124:13

Therefore, the design and synthesis of cheap and stable
WOCs operating at neutral pH still remains a challenge.
Recently, homogeneous WOCs based on nickel complexes
continue to attract attention owing to their rich redox proper-
ties and the highly oxidizing power of Ni"™' and Ni"
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Fig. 1 The schematic (left) and crystallographic (right) structures of
the macrocyclic nickel(n) complexes. Hydrogen and counter anions are
omitted for clarity. Thermal ellipsoids are drawn at the 30% level.
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species.””? Following our report on the first nickel homoge-
neous WOC based on a nickel(n) macrocyclic complex,
[Ni(MecL)](ClO,), (MegL = (7R,145)-5,5,7,12,12,14-hexamethyl-
1,4,8,11-tetraazacyclo-tetradecane, Fig. 1), a handful of
nickel(n) complexes have been documented as homogeneous
WOCs, including a nickel porphyrin,”” nickel amine-pyridine
complexes,’ a nickel penta-pyridine complex®? and polynu-
clear nickel-centered polyoxometalates.””'* However, these
subsequent nickel WOCs generally exhibit relatively low cata-
Iytic efficiency®”“¢ or require a high overpotential.” In con-
trast, the relatively large current density achieved at neutral
pH, remarkable robustness and easy synthesis of
[Ni(MecL)](ClO,), stand out among the reported nickel homo-
geneous WOCs. Thus, we were motivated to further optimize
the catalytic performance of this WOC, which can be
achieved by rational modification of the structure of the
macrocyclic ligand.

To this end, we have tried to vary the amount of methyl
groups in the structure of the macrocyclic ligand to observe
the effect on the catalytic performance, as methyl groups may
induce a steric effect on the active intermediate formed dur-
ing water oxidation.'” Notably, investigations of steric effects
on the catalytic performance of homogeneous WOCs are
rare.'® In the present work, two additional macrocyclic
nickel(n) complexes, namely, [Ni(Me,L)](ClO,), and
[Ni(MegL)|(ClO,),, were synthesized (Fig. 1; MesL =
(58,7R,12R,145)-5,7,12,14-tetramethyl-1,4,8,11-tetraazacyclo-
tetradecane, MegL =  (2S,7R,9R,145)-2,5,5,7,9,12,12,14-
octamethyl-1,4,8,11-tetraazacyclotetradecane), and their
electrocatalytic performance for water oxidation was investi-
gated. The results reveal that [Ni(MegL)](ClO,), displays
higher electrocatalytic activity than [Ni(MecL)](ClO,),, while
[Ni(Me,L)](ClO,), shows lower electrocatalytic activity than
[Ni(MecL)](ClO,),. The different catalytic abilities may origi-
nate from the steric repulsion between the axial methyl
groups and the phosphate anions that are axially coordinated
to the in situ formed Ni"™" species during water oxidation.
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Fig. 2 CVs of 1.0 mM [Ni(Me4L)I(ClOy,), (blue), [Ni(MegL)I(ClO4), (red)
and [Ni(MegL)I(ClOy,), (green) in 0.10 M NaPi buffer at pH 7.0; scan rate
=100 mV s *. The background (black) is shown for comparison.
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Fig. 3 (a) CVs of 1.0 mM [Ni(MegL)l(ClOy4), in 0.10 M NaPi buffer at
varied pH (scan rate = 25 mV s%) and (b) plot of the two wave
positions versus pH values. (c) CVs of 1.0 mM [Ni(Me4L)I(ClOy), in
0.10 M NaPi buffer at varied pH (scan rate = 25 mV s and (d)
corresponding linear fittings for the wave positions versus pH values.

Experimental section
Materials

All of the chemicals are commercially available and used
without further purification. All the solutions were prepared
with Milli-Q ultrapure water (>18 MQ) unless otherwise
stated. Indium tin oxide (ITO) glass (6-7 ohms) was pur-
chased from Kaivo Electronic Components Co., Ltd. The Pt
foil electrode, AgCl/Ag reference electrode, glassy carbon (GC)
electrode and spectroelectrochemistry cell (UV-4000) were
purchased from Gauss Union Technology Co. Ltd.

Characterization

Elemental analysis (C, H, N) results were collected using a
Vario EL elemental analyzer. UV-vis spectra were obtained
using a Shimadzu UV-3600 spectrophotometer. Scanning
electron microscopy (SEM) and energy dispersive X-ray
spectroscopy (EDX) results were obtained using a Quanta 400
field emission SEM. The single-crystal X-ray diffraction data
were collected using an Agilent Technologies Gemini A Ultra
system under Cu/Ka radiation (2 = 1.54178 A) at 150 K. Pow-
der X-ray diffraction (PXRD) data were recorded on a Bruker
D8 Advance diffractometer (Cu/Ko) at room temperature.
Electrochemical measurements were carried out using a CHI
760E workstation. Unless otherwise stated, all the electro-
chemical experiments were conducted at 24-25 °C with all
potentials footnoted as versus a normal hydrogen electrode
(vs. NHE). A three-electrode set-up, including a Pt foil (1.0
cm?) as the counter electrode, an Ag/AgCl electrode as the ref-
erence electrode (saturated aqueous KCI as the inner electro-
Iyte; +0.197 V vs. NHE), and a 3 mm GC electrode as the
working electrode, was used for cyclic voltammetry measure-
ments. Oxygen detection was conducted via a gas

This journal is © The Royal Society of Chemistry 2017
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Table 1 The calculated and measured redox potentials of the three nickel() complexes and the O-Ni-N, (x = 1 or 2) angles in the three optimized

nickel(in) structures in Scheme 2

Complexes [Ni(Me,L)](ClOy), [Ni(Me4L)](ClOy), [Ni(MegL)|(ClOy),
Calculated E(Ni""") (V) 0.81 0.86 0.99
Measured E(Ni"™"") (V) 0.77 0.87 1.15
Calculated E(Ni"V"™) (V) 1.44 1.44 1.40
Measured E(Ni'"™) (V) 1.40 1.40 1.38
O-Ni-N; (°) 99.55 103.60 103.32
O-Ni-N, (°) 98.20 99.63 104.81

chromatograph (Agilent 7820A-GC, 5 A molecular sieve col-
umn, thermal conductivity detector).

Controlled potential electrolysis and oxygen detection

Controlled potential electrolysis (CPE) experiments were car-
ried out in a three-compartment, three-electrode cell without
iR correction. A Pt foil was used as the counter electrode and
ITO glass (1.5 cm® immersed in electrolyte) was used as the
working electrode, both of which were facing each other. The
counter electrode compartment (containing 3.5 mL electro-
lyte) was separated from the working electrode compartment
(containing 3.5 mL electrolyte) by a porosity frit. An Ag/AgCl
reference electrode was placed in the third compartment and
attached to the working electrode compartment with a
Luggin capillary. During CPE, any movement or shaking of
the cell would interfere with the current traces. For the detec-
tion of oxygen, the three compartments were firmly sealed up
and purged with argon for 30 min. The gas products from
the working electrode compartment were analyzed by gas
chromatography. The chromatographic response for O, was
normalized to residual O,/N, from ambient air when calculat-
ing the corresponding Faradaic efficiency.

Caution! Perchlorate salts of metal complexes are potentially
explosive and should be used with care.

Synthesis of [Ni(MegL)](ClO,),

The MegL ligand'” and its nickel complex'® were synthesized
according to literature methods. Anal. caled for
C16H36CLN,NiOg (%): C 35.45, H 6.69, N 10.34; found: C
35.59, H 6.83, N 10.50.

Synthesis of [Ni(MegL)](Cl0,),

The MegL ligand and its nickel complex were synthesized
according to a literature method." Anal. caled for
C.15H40CL,N,NiOg (%): C 37.92, H 7.07, N 9.83; found: C 38.05,
H 7.13, N 9.92.

2H20 H+ e OH2

Scheme 1 Two steps of PCETs during water oxidation catalyzed by
the macrocyclic nickel(i) complexes.

This journal is © The Royal Society of Chemistry 2017

Synthesis of [Ni(Me,L)](Cl0,),

The crude product was prepared by NaBH, reduction of the
unsaturated nickel-diene complex,®® which was further puri-
fied by two recrystallizations from its 6 M NaClO, aqueous
solution.?" Anal. caled for Cy4H3,CLN,NiOg (%): C 32.71, H
6.27, N 10.90; found: C 32.52, H 6.25, N 10.84.

Recovery of [Ni(Me4L)](Cl0,), and [Ni(MegL)](ClO,), from the
electrolytes

The above two nickel complexes in the electrolytes after CPE
could be recovered as reddish orange crystals by slow evapo-
ration of the electrolytes in a desiccator for 20 d. For
[Ni(Me,L)](ClO,),, 1.7 mg (83%) crystals could be recovered
from ~4 mL used electrolyte. For [Ni(MegL)](ClO,),, 2.1 mg
(92%) crystals could be recovered from ~4 mL used
electrolyte.

Detection of peroxide intermediates in electrolyte>

Ampliflu red (AR) and horseradish peroxidase (HRP, >160
units per mg) were dissolved in dimethyl sulphoxide and 0.1
M neutral NaPi buffer, respectively, both in a concentration
of 0.4 mg mL™". The electrolyte for the detection of peroxide
intermediates was obtained either from continuous scanning
for 100 cycles of cyclic voltammetry within the 0.5-1.6 V
range or from a CPE experiment at 1.55 V with 1. Then the
horseradish peroxidase solution (1.0 mL) and Ampliflu red
solution (1.0 mL) were instantly added into the resulting
electrolyte (0.4 mL).

DFT calculation

All the calculations were performed via the Gaussian 09 pro-
gram.”® All the structures were fully optimized at the
B3LYP**/BSI level (BSI designated the basis set combination

Rz Steric effects Rz

SEE Sy 0

[Ni(Me,L)P*: R, =R, = H OH H
R2 INiMe, PR, =CH, R,=H R,
[Ni(Me,L)P?': R R, CH
Scheme 2 The steric effect between the axially coordinated ligand
and the axially oriented methyl groups during the Ni"""“involved PCET
process.
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Table 2 The measured current densities, TONs and Faradaic efficiencies of the three nickel WOCs during 5 h of CPE

Complexes [Ni(Me,L)](ClO,), [Ni(MesL)](ClO,), [Ni(MegL)](ClO,),
Current density (mA cm™?) 0.25 + 0.02 0.90 + 0.03 1.05 + 0.05
TON 3.6 £0.3 13.0 £ 0.5 15.2 + 0.8

Faradaic efficiency (%) 94% + 5%

of SDD*® for the Ni atom and 6-31g (d,p) for non-metal
atoms). Frequency analysis calculations were performed to
characterize the structures as minima or transition states.
IRC calculations were adopted to confirm the connection of
the transition state and its two relevant minima. At B3LYP/
BSI optimized geometries, the free energy results were further
refined by calculating the single point energy at BLYP* (17%
exact exchange)/BSII level (BSII designated SDD for the Ni
atom and 6-311++g (d,p) for nonmetal atoms). The BLYP*
method containing 17% HF exchange component was found
to be appropriate for reproducing the experimental redox po-
tential. The 3D optimized structure figures in this paper were
drawn using the CYLview visualization program.”®

Results and discussion
Investigations on the redox properties

Cyclic voltammetry was applied to investigate the redox prop-
erties of [Ni(MegL)](ClO,), and [Ni(Me,L)](ClO,), in 0.10 M so-
dium phosphate (NaPi) buffer at pH 7.0, with the reported
[Ni(MeL)](ClO,), as a contrast.®® [Ni(MegL)](Cl0,), was stud-
ied first. As shown in Fig. 2 and S1,f an irreversible oxidation
wave appeared at 1.15 V in the cyclic voltammogram (CV) of
[Ni(MegL)](ClO,),, attributable to one-electron oxidation of
Ni" to Ni". This oxidation wave is pH-dependent (Fig. 3a),
with the anodic peak potentials versus pH decreasing by ~56
mvV per pH unit (Fig. 3b), indicating that the Ni""" oxidation
undergoes a 1 e /1 H' proton-coupled electron transfer
(PCET).>”” At a more positive potential, the CV of
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Fig. 4 Current density traces obtained in the CPE experiments with
1.0 mM [Ni(MesL)(ClO4),  (blue), [Ni(MegL)I(ClO4), (red) and
[Ni(MegL)1(ClO4), (green) at ITO electrodes (1.5 cm?) in 0.10 M NaPi (pH
7.0) at 1.55 V vs. NHE without stirring. The background (black) is
shown for comparison.
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97% + 4% 93% £ 5%

[Ni(MegL)](ClO,), featured an additional irreversible oxidation
wave at 1.38 V, with a much higher current compared to the
background. This observation suggests an electrocatalytic
process, possibly water oxidation, and the products will be
verified later by CPE. The currents at 1.38 V increased linearly
with increasing concentrations of [Ni(MegL)](ClO,), (Fig. S21),
suggesting single-site catalysis. Additionally, the second oxi-
dation wave of [Ni(MegL)](ClO4), also undergoes a 1 e/1 H'
PCET, as determined by cyclic voltammetry at varying pH
(Fig. 3b). As for [Ni(Me,L)](ClO,),, its CV features a quasi-
reversible couple at 0.77 V, assignable to the Ni"" couple
(Fig. 2). This couple also undergoes a 1 e /1 H' PCET
according to the pH-dependent CVs (Fig. 3c). Actually, an ad-
ditional irreversible oxidation wave near 1.40 V was observed
in the initial scans of the CV of [Ni(Me,L)](ClO,),, which is
also indicative of an electrocatalytic process. This wave
disappeared after several repeated scans (Fig. S37),
suggesting that the further oxidized species may be short-
lived, and a similar phenomenon has also been observed in
other molecular WOCs.'”” Notably, upon the addition of
H,0, to 1.0 mM of each catalyst in 0.10 NaPi buffer at pH
7.0, the oxidation current of Ni" to Ni'" increased relative to
the background, and the catalytic current increased with in-
creasing concentrations of H,O, (Fig. S41), demonstrating
the Ni"" species can catalyze the oxidation of H,0, to 0,.°
Interestingly, as shown in Fig. 2, the Ni"" oxidation
peaks of the three nickel complexes exhibit a positive shift
with increasing methyl groups (see Table 1). Meanwhile, an
enhancement of the irreversibility of the Ni"" couple could
be observed, as demonstrated by the CVs of [Ni(MegL)](ClO,),
and [Ni(Me,L)](ClO,), for the Ni"™™ couple (Fig. S51). These
observations indicate that the oxidation from Ni" to Ni™

0.3
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—— During CPE at 0.90 V
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Fig. 5 The UV-vis spectra of 1.0 mM [Ni(MegL)I(ClO,4); in a 0.10 M NaPi

buffer (pH 7.0) before (black) and after (red) 5 h of CPE at 1.55 V, and
after 1 h of CPE at 0.90 V (blue).
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Fig. 6 Current density traces obtained in the CPE experiments with
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Fig. 7 The proposed mechanism for water oxidation by
[Ni"(Me,L)I(ClO,)5 (x = 4, 6 or 8) via intramolecular HO-OH coupling in
a neutral NaPi system.

becomes more difficult with increasing methyl groups in
these nickel complexes. In contrast, the potentials of their
second oxidation waves show no significant change with vary-
ing number of methyl groups (Table 1).

To clarify the relationship between the methyl groups and
the redox potentials, DFT calculations have been employed to
shed light on the mystery. Based on the above observations
in cyclic voltammetry, the two oxidation events of each nickel
complex can be described as two steps of PCETs, as shown in
Scheme 1. During the first PCET process, the d® Ni"' center is
oxidized to a d” Ni'"" center, with the deprotonation of one
aqua ligand to a hydroxyl group. Then, the second PCET in-

View Article Online
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volves the oxidation of the Ni™-hydroxyl species to formal
Ni'V species, possibly a Ni'""-(0") radical species, two isomers
of Ni'V~(OH), species or two isomers of Ni"'-(OH)(OH’) radi-
cal species. It can be considered that the first PCET consists
of two concerted processes, the oxidation of Ni(u) to Ni(m)
and the coordination of aqua/hydroxyl ligands to Ni(m), both
of which will contribute to the change in free energy of the
whole PCET. Inspired by the work of Busch et al.,>® we specu-
late that, in the first PCET of [Ni(MesL)]*" and [Ni(MegL)]*",
the coordination process will be substantially interfered by
the steric effect of the axially oriented methyl groups (see
Scheme 2). Meanwhile, the steric effect would be readily
lowered when the bulky methyl groups are replaced by hydro-
gen atoms in [Ni(Me,L)](ClO,),.>® Thus the Ni"*" oxidation of
[Ni(Me,L)](ClO,), occurs more easily. The steric effect could
also be observed in the optimized structures of
[Ni""(Me,L)(OH)(H,0)]*" (x = 4, 6 and 8), where the distortion
of the axial hydroxyl ligand increased with more methyl
groups, as the O-Ni-N; and O-Ni-N, angles become larger
along with increased methyl groups (Table 1 and Scheme 2).
Therefore, it can be considered that the coordination process
is limited by the axially oriented methyl groups (R; and Ry,
see Scheme 2) in [Ni(MecL)]** and [Ni(MegL)]*", leading to a
net increase of the free energy and higher Ni""" oxidation
potentials. In contrast, the second PCET illustrated in
Scheme 1 is not accompanied by a coordination process,
which can circumvent the steric effect of the methyl groups.
Consequently, the second oxidation would occur at almost
the same redox potentials (Table 1). It should be mentioned
that the Ni"'-O" radical species is more likely to be the two-
electron oxidized species compared with the Ni'"=0 oxo spe-
cies due to the disfavored n back-bonding to the d® Ni"¥ cen-
ter (Fig. $67).°%°° In addition, the Ni"'(OH), species or the
Ni"-(OH)(OH") radical species are less possible to serve as
the viable intermediates, as their calculated redox potentials
are not consistent with the experimental values (Table S17).
Particularly, in our previous study on [Ni(MegL)](ClO,),,> it
has been found that catalytic mechanisms with Ni"'~(OH), in-
termediates would induce much higher activation free energy
barriers than the one with the Ni'""-O" radical species. Finally,
the DFT-calculated redox potentials of these two PCEs are in
agreement with the measured values (Table 1), strongly
supporting the proposed scheme.

Controlled potential electrolysis (CPE)

With a better understanding of the PCETs, the catalytic per-
formances of [Ni(MegL)]** and [Ni(Me,L)]** were evaluated by

Table 3 The calculated values of activation free energy (AG”) at the O-O formation step and free energy to achieve the phosphate coordination

reaction

Complexes [Ni(Me,L)](ClO,), [Ni(MesL)](ClOy), [Ni(MegL)](Cl0,),
AG™ for 0-O formation (kcal mol ™) 23.9 28.9 24.7

AG for phosphate coordination reaction (kcal mol™) -4.2 -1.4 +5.4

This journal is © The Royal Society of Chemistry 2017
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CPE at 1.55 V vs. NHE (~750 mV overpotential) in a three-
compartment, gas-tight cell. The O, formation in the head-
space was analyzed by gas chromatography. The results are
summarized in Table 2. As shown in Fig. 4, the background
current is negligible, while the catalytic current in the pres-
ence of 1.0 mM [Ni(MegL)]** steadily increased within the ini-
tial 1 h, and then kept relatively stable to approximately 1.05
+ 0.05 mA cm > upon further electrolysis, which is higher
than that of the reported [Ni(MesL)]*" (0.90 + 0.03 mA
em?).° Impressively, the current density value of 1.05 + 0.05
mA cm ™ during the CPE with [Ni(MegL)]** at a moderate
overpotential (600-900 mV)''*“ is the highest one among the
reported molecular WOCs based on nickel(n) complexes.®
During 5 h of CPE with 1.0 mM [Ni(MegL)]**, 22.6 C of charge
accumulated and 53.4 pmol of oxygen was detected, giving a
Faradaic efficiency of 93% + 5% and a turnover number
(TON) of 15.2 + 0.8 based on the catalyst molecules in the
bulk solution (Fig. S71). After pH adjustment of the used
electrolyte back to 7.0, the current trace could be recovered
in the second run (Fig. S81), demonstrating the high stability
of [Ni(MegL)]** as a WOC. As for [Ni(Me,L)]**, the current den-
sity was maintained at approximately 0.25 + 0.02 mA cm™ af-
ter an induction period (Fig. 4), with a Faradaic efficiency of
94% * 5% and a TON value of 3.6 + 0.3 (Fig. S9f). These
values are much lower than those of [Ni(MegL)]”* and
[Ni(MegL)]** (Table 2), indicating the catalytic efficiency of
[Ni(Me,L)]** is much lower than that of [Ni(MegL)]** and
[Ni(MegL)*".

These macrocyclic nickel(n) complexes were found to be
stable during CPE. For [Ni(MegL)](ClO,), and [Ni(Me,L)}
(Cl0Oy,),, all their CVs before and after long-term CPE experi-
ments were almost identical (Fig. S107), indicating no activity
loss during water oxidation catalysis. Moreover, these WOCs
were nearly quantitatively recrystallized from the electrolyte
after CPE, as determined by the single-crystal X-ray diffrac-
tion (Fig. S11 and S121) and PXRD (Fig. S137), clearly demon-
strating the intact nature of these nickel(n) complexes after
CPE. Interestingly, we observed that the UV-vis spectra mea-
sured immediately after catalysis changed for both
[Ni(MegL)](ClO,), and [Ni(Me,L)](ClO,), (Fig. S14+t), indicating
new species could remain in the electrolyte after catalysis,
and this will be further discussed later.

Evidence for homogeneous electrocatalysis

Even though the initial increase of current during CPE may
have been considered as a sign of electrodeposition,*" no
heterogeneous catalysis was found during the CPE with
[Ni(MegL)](ClO,), and [Ni(Me,L)](ClO,), in a neutral NaPi sys-
tem, as demonstrated by the following tests. Initially, re-
peated scans with [Ni(MegL)](ClO,), or [Ni(Me,L)](ClO,), at a
GC electrode were conducted (Fig. S1 and S37). The CVs did
not show increasing catalytic currents on repeated scanning,
indicating the homogeneous nature of [Ni(MegL)](ClO,), and
[Ni(Me,L)](ClOy), in catalysis.’“**> Subsequently, the used GC
electrode was rinsed with water after the above scans but not
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polished, and then cycled in a buffer-only solution. As shown
in Fig. S15,f no catalytic current was observed compared to a
polished electrode, further confirming that [Ni(MegL)](ClO,),
and [Ni(Me,L)](ClO,), are homogeneous WOCs. Additionally,
adding 20% bipyridine in the solution with 1.0 mM
[Ni(MegL)](ClO,), or [Ni(Me,L)](ClO,), did not cause a current
decrease, demonstrating the catalytic water oxidation is due
to the complex rather than the free nickel ions (Fig. S16t).*
After 5 h of CPE with [Ni(MegL)](ClO4),, the used ITO
electrode was gently rinsed with water, followed by cyclic
voltammetry in a catalyst-free solution; no catalytic current
was observed (Fig. S17at). This observation demonstrates
that no active heterogeneous WOC was deposited on the ITO
electrode during the CPE with [Ni(MegL)](ClO,),. The same
conclusion can also be drawn in the case of [Ni(Me,L)](ClO,),
(Fig. S17bft). More importantly, the results of SEM and EDX
further indicate that no Ni-based film or particle was depos-
ited on the ITO surface after CPE with [Ni(MegL)](ClO,), or
[Ni(Me,L)](ClO,), (Fig. S181). In summary, the above results
clearly demonstrate that the nature of water oxidation cataly-
sis by [Ni(MegL)](ClO,4), or [Ni(Me,L)](ClO,), is homogeneous.

The roles of phosphate anion

As noted before, two unique phenomena have been observed
during the water oxidation catalyzed by these nickel com-
plexes. One is that the UV-vis spectra of the electrolytes after
CPE are different from the ones before CPE (Fig. S147). The
other one is that the catalytic current increases slowly to
reach a plateau during CPE (Fig. 4). To unfold the above mys-
tery, UV-vis spectroelectrochemistry (UV-SEC) of [Ni(MegL)]-
(ClO,), was conducted, where CPE at 0.90 V was conducted in
a UV-SEC cell containing 1.0 mM [Ni(MecL)](ClO,), in a 0.10
M NaPi buffer at pH 7.0. The applied oxidation potential of
0.90 V was supposed to achieve the oxidation of
[Ni"(Me,L)](ClO,), to its Ni'™" state (Fig. 2). As shown in Fig. 5
and Fig. S19,f a UV-vis spectrum was collected after 1 h of
CPE at 0.90 V, which is similar to the one after 5 h of CPE at
1.55 V, and this spectrum required about 2 h to convert back
into the original one (Fig. S19bt). These observations indi-
cate that the newly formed species in the electrolyte after the
CPE at 1.55 V is most likely to be a long-lived Ni"™" species.
Meyerstein et al. have found that [Ni"(MegsL)](ClO,), can be
electrochemically oxidized to a Ni"~hydroxyl species,
[Ni"™(MecL)(H,0)(OH)]*", followed by the replacement of axi-
ally coordinated H,O and OH™ with two phosphate anions to
generate the Ni'"-phosphate species, [Ni'"'(MesL)(HPO,),]’, at
pH 7.0.°* As the axial coordination of HPO,> anions can
readily stabilize the Ni" metal center, the Ni"'-phosphate
species is much more long-lived than the Ni"'-hydroxyl spe-
cies. Thus [Ni"™(MesL)(HPO,),]” would remain in solution af-
ter CPE, causing different UV-vis spectra of the electrolytes.
Indeed, the UV-vis spectra of the electrolytes after CPE could
be slowly converted back into the initial ones after long-time
standing (Fig. S19bt). Consequently, it is reasonable to
assign [Ni"(MesL)(HPO,),]” as the newly formed species that

This journal is © The Royal Society of Chemistry 2017
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remained in the electrolyte after 5 h of CPE at 1.55 V. Similar
phenomena can also be observed in the cases of
[Ni(Me,L)](Cl0O,), and [Ni(Me;L)](ClO,), (Fig. S20 and S217).

In contrast to the catalytically active Ni'""~hydroxyl species of
[Ni"(MecL)(H,0)(OH)J**, the Ni"™-phosphate species of
[Ni"™(MecL)(HPO,),]” should be inactive as the axial positions
are occupied by two HPO,>™ anions. At the beginning of CPE,
[Ni"(MegL)]>" undergoes a 1 e /1 H" PCET process to generate
the catalytically active species of [Ni™(MegsL)(H,0)(OH)]*" [eqn
(1)], which is quickly transformed to the catalytically inactive
[Ni"(MecL)(HPO,),]” as a dominant species,* as described in
eqn (2). According to eqn (2), the above two species would co-
exist in the quasi-stagnant double layer between the anode and
the electrolyte. At first, the catalytic current is low as only few
active Ni"-hydroxyl species remain. With increasing time of
CPE, the concentrations of both [Ni'"(MecL)(H,0)(OH)]** and
[Ni"(MecL)(HPO,),]” species would gradually increase, and an
equilibrium can be reached after about 1 h of CPE in 0.1 M
NaPi electrolyte. Therefore, the catalytic current would also
slowly increase and finally reach a plateau after 1 h of CPE.

To identify the role of the phosphate anion during the
catalytic water oxidation, CPE experiments at 1.55 V with
[Ni(MegL)](ClO,), at varying concentrations of NaPi buffer
(pH 7.0) were conducted. It is interesting to note that the
catalytic currents firstly increased along with increasing
concentrations of [NaPi] from 0.04 to 0.10 M (Fig. 6a),
reaching a maximum current of 0.9 mA cm™ at 0.10 M,
and then decreased with further increasing concentrations
of [NaPi] (Fig. 6b). This can be attributed to the double
roles of [NaPi], being a proton acceptor and a coordination
ligand. At lower concentrations of 0.04 to 0.10 M, [NaPi]
mainly acts as a proton acceptor, thus the catalytic currents
increase along with increasing concentrations of [NaPi].
However, further increasing the concentrations of [NaPi]
would be favorable to the formation of inactive Ni'""-phos-
phate species, resulting in the decrease of the catalytic cur-
rents. For [Ni(MegL)](ClO,),, the maximum catalytic current
(1.0 mA ecm™) during CPE also appears at a [NaPi] concen-
tration of 0.10 M (Fig. S22t). It should be mentioned that
it only took about half an hour of CPE for the catalytic cur-
rent of [Ni(Me,L)](ClO,), to reach a plateau, with the maxi-
mum catalytic current of 0.34 mA cm > appearing at a
[NaPi] concentration of 0.08 M (Fig. S231). This can be at-
tributed to the lack of steric effects on the axial position of
the Ni'"™ center, which results in fast and favorable axial co-

ordination of phosphate anions with Ni'",

2+

[Ni" (Me,L) | +2H,0 —==1 [ Ni"" (Me,L)(H,0) (OH)
@)

[Ni" (Me,L)(H,0)(OH) ] +2HPO,* o
2
—~===[Ni"(Me,L)(HPO,), | +H,0 +OH"
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Mechanistic studies

As determined by CPE experiments (Fig. 4), the catalytic cur-
rents increase along with increasing methyl groups in the
structures of the nickel complexes. Initially, we assumed that
the different catalytic performances might be relevant to the
activation energy at the rate-determining step, the O-O bond
formation,'°”*° in the water oxidation reaction. Thus, DFT
calculations were carried out to further verify the catalytic
mechanism and estimate the activation energy. As described
in Fig. 7 and S24,f the most feasible O-O bond formation
pathway is found to be the intramolecular HO-OH coupling
from the cis-isomer intermediates, as we have discovered
previously.’ Indeed, the peroxide intermediate can be
detected in the electrolyte from continuous scanning for 100
cycles of cyclic voltammetry within the 0.5-1.6 V range or
from a CPE experiment at 1.55 V with 1 as the example, using
horseradish peroxidase and Ampliflu red as indicators (Fig.
S25t). In contrast, other mechanisms, such as the water at-
tack mechanism and water insertion mechanism, have been
verified to be much less feasible (see Fig. S26-S29 in the ESI}
for details). As shown in Table 3, the activation free energy at
the O-O bond formation step of [Ni(MesL)](ClO,), (AG™ =
28.9 keal mol™) is higher than that of [Ni(MesL)](ClO,), (AG™
= 24.7 keal mol™), consistent with the observed lower cata-
lytic activity of [Ni(MesL)](ClO,),. However, the activation free
energy of [Ni(Me,L)](Cl0,), (AG™ = 23.9 keal mol ') was found
to be the lowest one among the three complexes, inconsistent
with its catalytic activity being the lowest among the three
catalysts. Therefore, the different catalytic performances
should also be affected by other factors.

As demonstrated before, the axial coordination of phos-
phate anions to the Ni'™" centers will decrease the initial cata-
Iytic current during CPE, and such axial coordination is likely
to be sterically hindered by the axially oriented methyl groups
(see Scheme 2). That is, the phosphate coordination reaction
acts as a side reaction that limits the catalytic rate. Conse-
quently, it is reasonable to speculate that the larger steric ef-
fect from the axially oriented methyl groups can result in
higher catalytic currents by suppressing the phosphate coor-
dination reactions. This speculation is readily supported by
the calculations on the phosphate coordination reactions
with the three nickel complexes. As shown in Table 3, the
phosphate coordination reaction with [Ni(Me,L)](ClO,), re-
quired the most negative free energy (AG = —4.2 kcal mol ™).
In comparison, the free energy to achieve the coordination re-
action with [Ni(MezL)](ClO,), was determined to be more pos-
itive (AG = -1.4 kcal mol™) and the one with
[Ni(MegL)](ClO,), was the highest (AG = +5.4 kecal mol™). It
should be noted that, other coordination modes, such as
monophosphate coordination or bidentate phosphate coordi-
nation, are less thermodynamically favored on the basis of
calculation (Fig. S307). Thus, despite some deviations in the
calculation, the order of the free energy was qualitatively in
line with both the observed orders of the steric effect (the
amount of axially oriented methyl groups) and the catalytic
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activity (Fig. 4). Based on the above results, it can be consid-
ered that the higher steric effect may disfavor the phosphate
coordination reaction and thus enhance the catalytic activity.

Conclusions

In summary, three tetraazamacrocyclic nickel(n) complexes
with varying numbers of methyl groups have been utilized as
homogeneous electrocatalysts for water oxidation. These
WOCs exhibit high catalytic currents, Faradaic efficiencies
and stability in a mild, neutral aqueous system. Most impor-
tantly, several lines of evidence suggest that the steric effect
from the axially oriented methyl groups plays a key role in
their different catalytic performances, in which the steric ef-
fect on the axial position of the oxidized Ni'" center can sup-
press the formation of inactive Ni""-phosphate species to re-
sult in better catalytic performance. Such a steric effect in
catalytic water oxidation has not been documented so far.
Based on the aforementioned results, a reasonable mecha-
nism was given for these homogeneous nickel WOCs. The
present work opens a new avenue for optimizing the catalytic
performance of homogeneous WOCs.
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