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Abstract: The development of an earth-abundant, first-row
water oxidation catalyst that operates at neutral pH and low
overpotential remains a fundamental chemical challenge.
Herein, we report the first nickel-based robust homogeneous
water oxidation catalyst, which can electrocatalyze water
oxidation at neutral pH and low overpotential in phosphate
buffer. The results of DFT calculations verify that the O—O
bond formation in catalytic water oxidation prefers a HO—OH
coupling mechanism from a cis-isomer of the catalyst.

Water splitting continues to attract much attention for the
purpose of producing hydrogen, which is regarded as the most
promising alternative energy source for its cleanness, effec-
tiveness and renewability.l'! Water splitting consists of two
half reactions, the reduction of protons and the oxidation of
water. The water oxidation reaction requires a multielectron
transfer process along with a very high redox potential. This
half reaction is considered as the bottleneck in overall water
splitting,?! because the water oxidation catalysts (WOCs) are
easily decomposed and/or deactivated under the highly
oxidizing conditions required to oxidize water. Thus, the
development of robust and long-living WOCs has become
a major challenge for the design of water splitting devices."!
Extensive efforts have been devoted to the development
of water oxidation catalysts. Up to now, earth-scarce Ru' and
Ir® WOCs have shown high water oxidation efficiencies. For
example, Sun et al. reported a series of Ru WOCs“ which
exhibit impressive catalytic activity for water oxidation, with
an oxygen generation rate greater than 300 s~'.[*! While the
high costs of Ru and Ir restricts their use on a large scale,
WOCs based on earth-abundant elements such as Mn, Fe,[”
Co,®I' Ni,”! and Cu" have been extensively studied recently.
However, beyond the Mn,O,Ca WOC in photosystem II,
most WOC:s including first-row metal complexes and oxides
operate under basic or acidic conditions, while only few
operate at neutral pH.P&1%11 The development of an earth-
abundant, first-row catalyst that operates at neutral pH and
low overpotential remains a fundamental challenge.®®
Among water oxidation catalysts, homogeneous catalysts
are advantageous because of their controllable redox proper-
ties. The characterization of active intermediates as well as
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mechanistic studies®™!*! and the resulting understanding is
beneficial for the development of new catalysts.'*! Up to now,
homogeneous WOCs of Ru,“ Mn,® Fe,’*d Col®! and
Cu" have been reported. However, to the best of our
knowledge, no homogeneous nickel WOC has been reported
so far. In addition, most reported water splitting catalysts can
only catalyze one of two half reactions of water splitting, few
catalysts can catalyze both water oxidation and proton
reduction. It has been reported that a macrocyclic nickel(IT)
complex  [Ni(meso-L)](ClO,), (L =5,5,7,12,12,14-hexa-
methyl-1,4,8,11-tetraazacyclotetradecane) can electrocata-
lyze water reduction to produce H, (Figure 1).”J We were
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Figure 1. The structures of [Ni(meso-L)]*", [Ni(a-rac-L)]*" and [Ni(f-rac-
L.

interested to see if this complex could also catalyze water
oxidation to produce oxygen. Thus the electrocatalytic
properties of [Ni(meso-L)](ClO,), for water oxidation was
investigated, and the results indicate that [Ni(meso-L)]-
(ClOy,), can indeed electrocatalyze water oxidation at neutral
pH and low overpotential. The results of electrochemical,
spectroscopic and surface analysis demonstrate [Ni(meso-
L)](ClO,), is a homogeneous WOC.

The structures of [Ni(meso-L)]*" have been extensively
investigated, and both four-coordinated [Ni(meso-L)J**[3
and six-coordinated [(meso-L)Ni(OH,),]*" " were isolated
from aqueous solution. In the structure of six-coordinated
[(meso-L)Ni(OH,),]*", two water molecules are located at
axial positions of Ni'.l Tt has also been reported that there is
an equilibrium between four-coordinated [Ni(meso-L)]*" and
six-coordinated [(meso-L)Ni(OH,),]*" in aqueous solution, in
which a small amount of [(meso-L)Ni(OH,),]*" coexists with
[Ni(meso-L)]**.["]

Figure 2 shows cyclic voltammograms (CVs) of [Ni'-
(meso-L)](ClO,), obtained on a glassy carbon (GC) electrode
(0.071 cm?) with the addition of 1 mm [Ni"(meso-L)](ClO,),
in 0.1M sodium phosphate buffer (NaPi) at pH 7.0. Potentials
were measured versus a saturated calomel electrode and are
reported versus the normal hydrogen electrode (NHE). From
Figure 2 it can be seen that there is a small irreversible
oxidation wave at 0.87 V in the CV of [Ni"(meso-L)](ClO,),
which can be assigned to the oxidation of Ni'! to Ni'.['¥) In
addition, this oxidation wave is pH-dependent (Figure S1 in
the Supporting Information), with the anodic peak potential
versus pH decreasing by 59 mV per pH unit (Figure S2),
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Figure 2. Cyclic voltammograms of 0 mm (gray line) and 1 mm (black
line) [Ni(meso-L)](ClO,), in 0.1 M phosphate buffer (pH 7.0, =0.22m)
at a GC electrode. Scan rate=100 mVs™".

indicating the oxidation of Ni" to Ni"™ proceeds through
a proton-coupled electron transfer (PCET) to give the
hydroxy form [Eq. (1)]:

G2t -, HY i 111 2+
[(meso-L)Ni"]*" + 2H,0 —— [(meso-L)(H,O)Ni""(OH)] or

e [(meso-L)(HONI"(OH)I*" (1)

[(meso-L)Ni"(OH,),]**
At more positive potentials an additional irreversible
oxidation wave at the oxidation current peak (E,,) of 1.41V
appears, with a drastically enhanced current above the
background, consistent with catalytic water oxidation. The
onset potential (E,,) for water oxidation emerges at ca.
0.99 V vs NHE, with an overpotential of only ca. 170 mV. This
overpotential is much lower than the typical overpotentials
for many homogeneous WOCs (300-600 mV).B*1% The
second irreversible oxidation wave at 1.41 V can be attributed
to the further oxidation from Ni™ to Ni" species, and it has
been reported the potential of Ni'V/Ni' can exceed 1.6 V. Tt
is interesting to note that the peak potential for the second
oxidation wave is also pH-dependent, with E,, versus pH
decreasing by 59 mV per pH unit (Figure S1 and S2),
indicating the irreversible oxidation from Ni™ to Ni'V also
proceeds through a PCET. Thus, the product of the second
oxidation would be a [(meso-L)(H,O)Ni"Y=0]*" or [(meso-
L)(H,O)Ni"-O*" intermediate [Eq. (2)]:

[(meso-L)(H,O)Ni'\(OH)]*>* i [(meso-L)H,O)Ni'V=01*"  or

[(meso-LYH,ONi""-012  (2)

It has been found that the Ni'V derivative favors a direct 2e
reduction to Ni rather than through a Ni'! intermediate.!'"!
This is the origin of the irreversible oxidation wave for
[(meso-L)(H,O)Ni"(OH)]*" appearing at 1.41 V in the CV of
[Ni"(mmeso-L)](C1O,), (Figure?2), in which the generated
[(meso-L)(H,O)Ni""=O]*" or [(meso-L)(H,O)Ni"-O]*
intermediate was directly reduced to Ni" species by water.
In addition, the catalytic current density for water oxidation

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

at 1.41 V increases linearly with the concentrations of [Ni'-
(meso-L)](ClO,), (Figure S3), demonstrating a single-site
nickel catalysis. Moreover, addition of 1 mm Ni(NO;), to
0.1m NaPi buffer generated immediate precipitation, and the
resulting suspension/solution did not show water oxidation
catalytic activity (Figure S4), demonstrating the water oxida-
tion is attributed to the complex rather than free Ni" in
solution. Apart from the NaPi buffer system, [Ni"(meso-
L)](ClO,), can also catalyze water oxidation in other buffer
systems (acetate, carbonate) at pH 7.0 (Figure S5).

To evaluate the catalytic efficiency, the production of
dioxygen was monitored by controlled potential electrolysis
at + 1.55 V vs NHE on ITO electrode (1.5 cm?, 6-7 Q surface
resistivity). The experiment was performed in a three-com-
partment gas-tight cell with 1 mm [Ni"(meso-L)](ClO,), in
0.1m NaPi buffer at pH 7.0 under an Ar atmosphere. O,
formation in the headspace was measured by using a cali-
brated Ocean Optics FOXY probe.®*!*! During the controlled
potential electrolysis at 4+ 1.55 V, the background current in
the absence of catalyst was negligibly small (Figure 3), while

0.4+
0.0 yomemmemem e

-0.4-

I/ mA cm?

-0.84

Time /h

Figure 3. Catalytic current obtained at controlled potential electrolysis
without stirring without (dotted line) and with (solid line) T mm
[Ni(meso-L)](ClO,), at an ITO electrode (1.5 cm?) in 0.1 m phosphate
buffer (pH 7.0) at 1.55 V vs NHE.

the catalytic current of the [Ni"(meso-L)](ClO,), solution
without stirring first increases slowly within O-1h, then
becomes relatively stable to ca. 0.9 mAcm™ upon further
electrolysis (Figure 3). To understand why the -catalytic
current increases slowly within the first 1 h, the electrolysis
was stopped for 1 min when the current became stable, then
electrolysis was continued. It is interesting to note that the
current almost recovered after the first 1-minute-stop (Fig-
ure S6), while after the second 1-minute-stop the current
decreased and then slowly recovered within 8.6 min (Fig-
ure S6). For the third and fourth 1-min-stop it took 9.1 and
9.3 min for current recovery, respectively. In addition, the
current rapidly decreased from 0.9 mAcm™ to the initial
current of 0.15mAcm™? after only 5min of stopping elec-
trolysis. On the other hand, with stirring the current maintains
a value of 0.17 mA cm ™ and does not increase with increasing
time of electrolysis (Figure S7). This value is much smaller
than the current of 0.9 mAcm™ observed without stirring.
The above observation clearly demonstrates that the water

Angew. Chem. Int. Ed. 2014, 53, 13042 —13048


http://www.angewandte.org

oxidation is achieved by an active intermediate which was
slowly generated near the ITO electrode along with drastic
conformation changes during the electrolysis, and this active
intermediate rapidly transforms to a stable inactive species in
solution (within 5 min). We attribute the active intermediate
to a cis-isomer (cis-NiL, see Figure 1), which is slowly
transformed from its trans-isomer of [(meso-L)(H,O)Ni"V=
O] or [(meso-L)(H,O)Ni""-O]**. Indeed, the ligand L
exhibits several conformational isomers in [NiL]**, and the
different isomers can interconvert in aqueous solution.” In
addition, under the same conditions the electrolysis times
during which the current increases to a stable value of
0.9 mA cm ™ can be shortened from 56 to 21 min when [Ni(a-
rac-L)]*" was used as a catalyst instead of [Ni(meso-L)]*"
(Figure S8), indicating [Ni(a-rac-L)]** is beneficial for the
generation of the active intermediate, as [Ni(a-rac-L)]*"
prefers a six-coordinated cis-NiL conformation in aqueous
solution. The above observations demonstrate that isomer-
ization from an inactive trans-isomer to an active cis-isomer
may occur in solution during electrolysis. Costas and co-
workers also found that six-coordinated Fe' complexes
possessing two cis-labile sites display high water oxidation
activity, while those possessing two trans-labile sites are
inactive for water oxidation.¥ In addition, the normalized
peak current (i/v'?) decreases with increasing scan rate
(Figure S9), indicating the O—O bond formation is a rate-
limiting step.®®1%! In addition, upon the addition of H,O, to
1 mm [Ni"(meso-L)](ClO,), in 0.1m sodium phosphate buffer
(NaPi) at pH 7.0, the oxidation current of Ni" to Ni"" on a GC
electrode increased. The catalytic current increased with
increasing concentrations of H,O, (Figure S10), demonstrat-
ing that Ni'" can catalyze the oxidation of peroxide to O,.

After electrolysis without stirring for 6 h, ca. 73 umol of
O, was detected (Figure 4), with a Faradaic efficiency of
97.5% and turnover number (TON) of 15 based on the initial
amount of [Ni(meso-L)](ClO,), in solution. After 6 h elec-
trolysis, the CV, ESI-MS and UV/Vis spectrum of the
resulting solution were measured (see Figures S11-S13).
From Figures S11-S13 it can be seen that the CV, ESI-MS

O, / ymol

Figure 4. O, production measured by fluorescent sensor without
(dotted line) and with (black solid line) T mm [Ni(meso-L)](ClO,),
without stirring at an ITO electrode (1.5 cm?) in 0.1 M phosphate
buffer (pH 7.0) at 1.55 V vs NHE. The gray solid line is the theoretical
amount of O,, with a Faradic efficiency of 97.5%. The arrow indicates
termination of electrolysis.
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and UV/Vis spectra of the resulting solution are almost
identical to those of the solution before electrolysis, indicating
the [Ni'(meso-L)](ClO,), catalyst was not decomposed
during electrolysis. In addition, the resulting solution after
electrolysis was evaporated slowly at room temperature to
obtain yellow crystals of [Ni'(meso-L)](ClO,), (Figure S14),
which can be collected by hand. It is interesting to note that
the [Ni"(meso-L)](ClO,), catalyst can be almost quantita-
tively recovered from the resulting solution after electrolysis,
and the result of X-ray crystal structural analysis of the
obtained yellow crystals indicates that the structure of the
catalyst remains unchanged after electrolysis experiment
(Figure S15), demonstrating the [Ni"(meso-L)](ClO,), cata-
lyst is a robust and long-lived WOC. The high stability of
[Ni"(meso-L)](ClO,), catalyst can be attributed to its low
onset overpotential and water oxidation potential.

To verify if the electrocatalysis by [Ni"(meso-L)](ClO,), is
homogeneous or heterogeneous, consecutive scanning of
1 mm [Ni'(meso-L)](ClO,), at a GC electrode in 0.1mM NaPi
buffer at pH 7.0 was performed. As shown in Figure S16, the
catalytic current decreases along with continuous scanning
and becomes almost constant after about 10 scan cycles. On
the contrary, the CVs of the reported heterogeneous nickel-
based catalysts'™ ™ show an increase in catalytic currents on
repeated scanning, which is attributed to the deposition of
nickel oxide (NiO,) as water oxidation catalysts from the
solution. The above different CV behavior prompts us to
speculate that [Ni"(meso-L)](ClO,), is a homogeneous WOC.
To further support this hypothesis, the GC electrode was
rinsed with water several times after the above scans, but not
polished. Then the electrode was cycled in fresh, catalyst-free
electrolyte in 0.1m NaPi buffer at pH7.0. No significant
catalytic current was observed relative to a freshly polished
electrode (Figure S17), indicating the electrocatalysis of
[Ni"'(meso-L)](ClO,), on GC electrode is homogeneous.'*®<!
According to SEM measurements (Figure S18), after con-
trolled potential electrolysis at +1.55V for 6 h on ITO
electrode no precipitation or film was deposited on the
surface of the ITO electrode. Energy-dispersive X-ray
spectroscopy (EDS) measurements also indicated no ele-
mental Ni or P on the ITO surface (Figure S19). Dynamic
laser scattering (DLS) found no significant nickel oxide
nanoparticles generated in the solution after electrolysis. The
above results demonstrate the electrocatalysis of [Ni'(meso-
L)](CIO,), on either GC or ITO electrode is homogeneous.

Considering the nickel intermediates in high oxidation
state are labile and may have various isomers, it is assumed
that the electrocatalytic mechanism should be very compli-
cated. We utilized DFT calculations to clarify the mechanism
by evaluating all plausible intermediates and reaction path-
ways. Two PCET steps were both studied by DFT calcu-
lations, as shown in Figure S20. The first PCET from Ni'-
(meso-L), Ni-1, can lead to a trans octahedral Ni'" inter-
mediate, [(meso-L)(H,O)Ni"(OH)]**, trans-Ni-2,, with a cal-
culated PCET potential of 0.91 V. The isomerization may
occur from trans-Ni-2, to a five-coordinated trigonal-bipyr-
amidal Ni"" intermediate, Ni-2pz, accompanied with the
dissociation of one water molecule (see Figure S20), as a d’
Ni" complex is usually a Jahn-Teller distorted octahedral or
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five-coordinated species. However, the calculated PCET
potential from Ni-1 to Ni-2y is 1.30 V, which is much higher
than the measured potential of 0.87 V. Therefore, the first
PCET more likely proceeds from Ni-1 to trans-Ni-2, as the
calculated potential of 0.91 V is in good agreement with the
measured potential of 0.87 V. The second PCET from trans-
Ni-2,, will produce a Ni'¥ intermediate trans-Ni-3, for which
the calculated PCET potential is 1.74 V. The calculated redox
potential is slightly higher than the measured potential
(1.41 V) because the calculation ignores the effect of the
buffer medium. However, the PCET from Ni-2;g to Ni-33
cannot be entirely excluded. The calculation suggests that
after isomerization from frans-Ni-2, to Ni-2;g, the subse-
quent PCET to Ni-3,g requires a potential of 1.53 V, which is
quite close to the measured potential of 1.41 V.

DFT calculations also provided interesting insights into
the electronic structures and thermodynamic properties of the
Ni'"V intermediates formed after the second PCET process.
Calculations suggest that the formed Ni'V intermediates
should exist as various isomers in equilibriums. The trans
octahedral trans-Ni-3,, the cis octahedral cis-Ni-3,, and the
five-coordinated trigonal-bipyramidal Ni-3;g intermediates
are all thermodynamically accessible, as the free energy
difference among these three isomers is only within 1.6 kcal
mol " (Figure S20). Firstly, it is worth noting that a Ni"V=0
oxo species in trans-Ni-3, is calculated to be less probable, as
the free energy for a singlet species is 7.9 kcalmol ™' higher
than for a triplet species. The reason is that the t backbonding
to the metal center is disfavored for a d® Ni' species, although
metal oxo species are widely suggested in metal-catalyzed
water oxidation.**”! The trans-Ni-3, complex is more likely
to be a triplet species [(meso-L)(H,O)Ni"-O]*", with a d’
Ni™' center, where one spin resides at the oxygen atom and
the other at the metal center (Figure S21). Similar proposed
isomers between Cu'Y=0 and Cu™-Or can also be found in
Meyer’s copper(Il) polypeptide system for water oxida-
tion.'™! In addition, a water molecule can readily dissociate
from trans-Ni-3, to generate Ni-3;3 due to the d orbital
degeneration of d’ Ni'" center. For cis-Ni-3, with two OH
ligands, the most stable isomer is a singlet state (1.1 kcal
mol ') rather than a triplet state (13.3 kcalmol ™), which can
be expected for a d® octahedral Ni'¥ center. As for trigonal-
bipyramidal Ni-3pg, similar to trans-Ni-3,, the most stable
isomer is a triplet, while the singlet Ni'V=0 oxo species is less
stable, also due to the disfavored m backbonding to the d® Ni'V
center.

With the understanding of Ni'™V™ intermediates, we
further studied the O—O bond formation mechanisms
during the electrocatalysis. Intermetallic reactions have
been excluded by our experimental results, as the reaction
rate is first-order dependent on the concentration of nickel
species. Therefore, the O—O bond formation should be
promoted by monometallic trans-Ni-3, cis-Ni-3¢, or Ni-3p.
There are three major mechanisms for the O—O bond
formation (Figure S22): 1) HO—OH coupling, 2) water
attack, and 3) O—H insertion. We evaluated all three O—O
bond formation mechanisms (Figures S23-S25), and the
favorite O—O bond formation pathway for each Ni"™V™
isomer is shown in Figure 5.
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Figure 5. The calculated favorite O—O bond formation pathways for
Ni" isomers. Bond lengths in transition states are in A. The calculated
Gibbs free energies are in kcalmol™.

Firstly, the most feasible O—O bond formation mechanism
is found to be the HO—OH coupling from cis-Ni-3, (tran-
sition state, ¢is-Ni-3¢; AG* =24.6 kcalmol ). It is interesting
to note this coupling prefers a triplet state over a singlet state
(AG* =46.7 kcalmol ™' from a singlet state intermediate,
Figure S24), although the singlet cis-Ni-3, is more stable.
This is because the coupling transition state adopts a pseudo-
trigonal-bipyramid geometry, in which the ligand field tends
to be high spin. Secondly, a typical water attack mechanism is
less possible (AG*a32.0 kcalmol ™!, Figures S23, S25-S27).
This is consistent with our former analysis that the electro-
philic Ni"V oxo intermediates are unstable. Thirdly, an
insertion of singlet Ni'¥=0O into the O—H bond of water is
also predicted to be difficult (AG* =31.7 and 39.5 kcalmol '
for trans-Ni-3, and Ni-3.g, respectively, Figures 5, S23 and
S25). Lastly, another O—H insertion pathway promoted by the
Ni"™-Or in triplet trans-Ni-3 or Ni-35 is even more difficult
(AG* > 40 kcalmol !, Figure S23 and S25). Therefore, the
DFT calculations support that the O—O bond formation
prefers a HO—OH coupling mechanism from cis-isomer [(f-
rac-L)(HO)Ni"'(*OH)]*".

Based on the above experimental observations and DFT
studies a proposed mechanism for [Ni"(meso-L)](ClO,),-
mediated water oxidation is shown in Figure 6. First, [(meso-
L)Ni"]*" is oxidized through a PCET to give a trans octahe-
dral Ni'™" intermediate, [(meso-L)(H,O)Ni"™(OH)J*", trans-
Ni-2, [Eq. (1)], which is further oxidized through an addi-
tional PCET to give trans-Ni-3, ([(meso-L)(H,O)Ni"-O**,
[Eq. (1)]). Then trans-Ni-3, slowly isomerizes to its cis-
isomer, cis-Ni-3¢ ([(f-rac-L)(HO)Ni"V(OH)]*" or [(f-rac-
L)(HO)Ni™(*OH)]*"), and the O—O bond is formed through
a HO-OH coupling pathway to generate [(f-rac-L)Ni"-
(HOOH)]** intermediate through a [(frac-L)Ni"-
(HO-~-OH)J** transition state. [(f-rac-L)Ni"(HOOH)]*" inter-
mediate is further oxidized to produce O,. To our knowledge,
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Figure 6. The proposed mechanism for water oxidation by [Ni" (meso-
L)](ClO,), via HO—OH coupling at neutral pH.

a similar water oxidation pathway has not been reported so
far.

In summary, we report here the first homogeneous nickel-
based electrocatalyst for water oxidation. The [Ni"(meso-
L)](ClO,), catalyst shows the following unusual features:
First, it is an earth-abundant, first-row, robust and homoge-
neous catalyst that can oxidize water at pH7 and low
overpotential. Second, it can electrocatalyze both water
oxidation and proton reduction. The active intermediate for
water oxidation is ¢is-Ni-3, which is formed by isomerization
from trans-Ni-3, and the cis-conformation of cis-Ni-3, is the
key factor for the HO—OH coupling to form the O—O bond.
In comparison with homogeneous Ru WOCs, the catalytic
activity of [Ni"(meso-L)](ClO,), for water oxidation is
relatively low, probably due to the drastic conformation
change from the inactive trans-conformation to the active cis-
conformation during water oxidation. We consider the
catalytic activity could be improved using a six-coordinated
Ni"" complex possessing two cis labile sites, as cis-conforma-
tion is beneficial for the HO—OH coupling. In the next step,
we will synthesize such a Ni complex to improve the catalytic
activity of Ni-based homogeneous WOC:s.
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