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ABSTRACT: The water-soluble cationic nickel(II) complex
of meso-tetrakis(4-N-methylpyridyl)porphyrin (1) can electro-
catalyze water oxidation to O2 in neutral aqueous solution (pH
7.0) with the onset of the catalytic wave appearing at ∼1.0 V
(vs NHE). The homogeneous catalysis with 1 was verified.
Catalyst 1 exhibited water oxidation activity in a pH range
2.0−8.0 and had a strict linear dependence of catalytic current
on its concentration. After 10 h of constant potential
electrolysis at 1.32 V (vs NHE), a negligible difference of
the solution was observed by UV−vis. In addition, inspection
of the working electrode by electrochemistry, scanning
electron microscope (SEM), and energy dispersive X-ray
spectroscopy (EDX) showed no sign of deposition of NiOx
films. These results strongly argued that 1 is a real molecular electrocatalyst for water oxidation. The turnover frequency (TOF)
for this process was 0.67 s−1 at 20 °C. On the basis of results from the kinetic isotope effect (KIE) and inhibition experiments,
electrochemical studies in various buffer solutions with different anions and pHs, and DFT calculations, a catalytic cycle of 1 for
water oxidation via a formally Ni(IV) species was proposed.

■ INTRODUCTION

Catalytic water oxidation is a subject of fundamental interest
and significance because it is the half reaction to split water and
is the key step in natural and artificial photosynthesis to convert
and store solar energy.1−9 As water oxidation that produces O2
is challenging in both thermodynamic and kinetic aspects, the
development of catalysts for oxygen evolution reaction (OER)
that operate with low energy cost and with high efficiency and
stability has attracted extensive interest.10−13 Recent progress in
homogeneous and heterogeneous OER catalysts has led to the
discovery of active transition metals, including Ru,14−20 Ir,21−25

V,26 Mn,27 Fe,28−31 Co,8,13,32−36 and Cu.11,37−42 Among these
systems, mononuclear catalysts consisting of earth-abundant
metals have many advantages, including low cost and easy
syntheses, controllable redox features, and simple assemblies to
other devices.43−45 However, OER catalysts of first-row
transition metals usually require relatively large overpotential
to initiate water oxidation even in basic media,11,34,37−40 and
few have been shown to have low overpotential.46 Therefore,
improvements in catalysts to lower the energy inputs for OER
are still needed.
Nickel is a first-row transition metal and has received

particular interest for water oxidation because of its diverse
redox properties and the strong oxidizing power of its high
valence states. NiOx and Ni(OH)2 have been shown to be
highly active for electrocatalytic water oxidation,10,47−50 yet Ni-
based molecular OER catalysts are much less explored.

Recently, a macrocyclic Ni(II) amine complex was reported
as the first molecular catalyst for water oxidation during the
preparation of our Article.51 However, more evidence is
required to confirm the homogeneous nature of this catalysis,
as macrocyclic Ni(II) amine complexes of this kind have
already been proven to decompose and thus to form anodic
deposition as active NiOx films for water oxidation.

48

Metalloporphyrins have been studied as electrocatalysts for
the reduction of oxygen and proton,52−56 but examples for the
oxidation of water are rare. Recently, Wang and Groves
reported on a series of water-soluble Co porphyrin catalysts for
water oxidation at neutral pH with high efficiency and
stability.13 The use of cationic porphyrins inspired us to
examine the catalytic performance of Ni analogues. We
rationalized that the redox potential of high-valent Ni atoms
is considerably higher than that of Co in the same valence state,
which should be favored for the oxidation of water. Herein, we
report a water-soluble cationic Ni(II) porphyrin 1 that
functions as a single-site electrocatalyst for water oxidation in
neutral aqueous solution with low overpotential. A combination
of experiments and techniques, including pH-dependence and
control experiments, KIE measurements, buffer anion and
acetonitrile inhibition effects, electrochemistry, and spectro-
scopic and surface analysis, leads to a strong argument that
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catalyst 1 has homogeneous catalysis features for water
oxidation. On the basis of results from a series of electro-
chemical studies and theoretical calculations, a catalytic cycle of
1 for water oxidation is proposed, in which a two-electron
oxidized 1 is considered to be the catalytic active species to
oxidize water.

■ RESULTS AND DISCUSSION
Synthesis and Characterization. Water-soluble nickel(II)

porphyrin complex 1 (Figure 1) was prepared as hexafluor-

ophosphate 1(PF6)4 and triflate 1(OTf)4 salts. Crystals of both
salts were obtained and used for characterization. Crystals of
1(OTf)4 were used in all electrochemical and catalytic
experiments due to its better solubility. Two Soret bands of 1
in water indicated an equilibrium of Ni atoms with and without
axial aqua ligands57 (Supporting Information Figure S1). The
high-resolution mass spectrum showed an ion at a mass-to-
charge ratio of 512.0845 (Supporting Information Figure S2),
matching the calculated value of 512.0850 for the divalent ion
[1(PF6)2]

2+ with the expected isotopic distribution (0.5 unit
separation between each peak). In the X-ray structures of
1(OTf)4 and 1(PF6)4 (Supporting Information Figure S4), the
two cationic Ni porphyrin units matched: each Ni atom has a
four-coordinate square-planar geometry and is located perfectly
at the center of the porphyrin ring. All four counteranions were
successfully located in the X-ray structure of 1(OTf)4 and
1(PF6)4. This result suggested the Ni(II) oxidation state.
Complex 1 was further characterized by NMR spectroscopy.
Consistent with its C4 symmetry, there are four sharp signals in
1H NMR (Supporting Information Figure S3). The peaks
shown in this spectrum are sharp and clean and have the
expected chemical shifts for a diamagnetic porphyrin species.
This result was consistent with the d8 Ni(II) electronic
structure and indicated that the demetalation of Ni(II)
porphyrin did not take place, as such a process would result
in free porphyrin ligands and paramagnetic Ni(II) ions.
Electrochemical Water Oxidation. The cyclic voltammo-

gram (CV) of 0.50 mM 1 in 0.10 M pH 7.0 phosphate buffer
exhibited a pronounced catalytic activity, which was absent in
CVs of buffer-only solutions (Figure 2a). The onset for this
catalytic wave appeared at ∼1.0 V versus the normal hydrogen
electrode (NHE, all potentials reported in this paper are
referenced to NHE). This value is smaller than that observed
for its Co porphyrin analogue by ∼200 mV,13 and is even
smaller than that for the biomimetic Cu catalyst recently
reported by Lin and co-workers.40 This feature is significant to
meet the requirement for an OER catalyst to operate with low

energy cost. It is necessary to point out that a shoulder anodic
wave existed at 1.07 V, which corresponded to the one-electron
redox couple of [Por•+−NiII]5+/[Por−NiII]4+ (see below). The
normalized catalytic current (icat/ν

1/2) decreased with increas-
ing scan rates (Figure 2b), suggesting a catalytic process with a
chemical rate-limiting step, which is likely O−O bond
formation in this system (see below).13,39

In 20 successive CV cycles of 1, no increase of catalytic
current was observed (Supporting Information Figure S6), and
the working electrode after 20 CV scans displayed no catalytic
current in a buffer-only solution (Figure 3d). Importantly, 0.50
mM of Ni(NO3)2 under identical conditions showed no
catalysis up to 1.45 V (Figure 2a). At higher potentials, the CV
of free Ni(II) ions in 0.10 M pH 7.0 phosphate buffer displayed
a crossover and a pronounced catalytic wave (Supporting
Information Figure S5), which is indicative of the formation of
active NiOx films on the electrode. The onset potential for this
catalytic wave was 1.60 V. This value is 600 mV larger than the
onset with complex 1. These results suggested that the
observed catalytic activity of 1 was not caused by NiOx films
or free Ni(II) ions that may possibly be formed during catalysis.
Constant potential electrolysis (CPE) of 1 was carried out at

1.32 V in 0.1 M pH 7.0 phosphate buffer solution in a three-
compartment gastight electrochemical cell with a Schlenk
connection on each compartment. The evolved O2 was
analyzed by using a calibrated Ocean Optics FOXY probe
(Model NeoFox), which was immersed into the solution having
the ITO working electrode (Supporting Information Figure
S19, details are described in Experimental Section). During 10
h of CPE, substantial current maintained with no current
increase (Figure 3a). Faradaic efficiency of >90% for O2

Figure 1. (Left) Molecular structure of Ni(II) porphyrin 1. (Right)
Thermal ellipsoid plot of the X-ray structure of 1 (50% probability).
Hydrogen atoms and counteranions are omitted for clarity.

Figure 2. (a) CVs of 1, Ni(NO3)2, and buffer-only solution at 50 mV
s−1 scan rate. (b) Normalized CVs of 0.50 mM 1 at different scan rates
in mA cm−2 V−1/2 s1/2. Conditions: ITO working electrode (S = 0.25
cm−2), 0.10 M pH 7.0 phosphate buffer, 20 °C.
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evolution was obtained (Figure 3c and Supporting Information
Figure S7).
As shown in Figure 3b and Supporting Information Figure

S8, the UV−vis spectra of the aqueous solution of 1 during and
after electrolysis showed negligible change throughout the CPE,
which strongly argued for the molecular nature of this catalysis
and the catalyst stability under turnover conditions for water
oxidation. In addition, Tyndall scattering analysis of the
aqueous solution of 1 after CPE revealed that no NiOx
particles were formed (Supporting Information Figure S9).
Graphene oxide was used as a comparison because its aqueous
solution has a similar color and has apparent Tyndall scattering
effect. After 10 h of CPE, the ITO working electrode was
removed from the solution of 1 and gently washed with
deionized water, and was reexamined in a buffer-only solution.
The CV of this ITO electrode displayed no catalytic current
(Figure 3d). The surface morphology and composition of this
ITO electrode were further inspected by SEM and EDX
(Supporting Information Figures S10 and S11), which all
clearly excluded the formation of any heterogeneous Ni phase
on the working electrode.
Significantly, 1 was catalytically active in the pH range 2.0−

8.0 (Figure 4a and Supporting Information Figure S13a). This
result strongly argues against NiOx materials that may possibly
be generated from decomposed 1 acting as the real catalyst for
water oxidation, as such species are unstable in acidic
solutions.32 In contrast to CVs of 1 in acidic and neutral
solutions, when the pH was more than 9.0, another catalytic
process appeared (Supporting Information Figure S13). For
example, successive CV cycles of 1 in a pH 12.0 phosphate
buffer exhibited a continuous increase of the catalytic current as
well as the anodic current at ∼0.78 V and cathodic current at
∼0.67 V (Supporting Information Figure S15a), implying the
formation and the deposition of active NiOx films on the ITO
electrode.10,48,49 After 20 CV scans at pH 12.0, this working
electrode displayed catalytic current in a buffer-only solution at

pH 12.0, and this current retained over hundreds of CV scans
at this pH (Supporting Information Figure S15b). However, if
this NiOx-deposited working electrode was examined in a
neutral phosphate buffer, the catalytic current disappeared
stepwise over several CV scans (Supporting Information Figure
S15c). Similar electrochemical behaviors were observed in
phosphate buffer solutions with pH > 9.0, and Supporting
Information Figure S14 showed another example at pH 10.5.
These results suggested that NiOx was unstable by acting as the
OER catalyst at neutral pH, which is consistent with the factor
that NiOx materials typically catalyze water oxidation in basic
solutions.10,48,49 In addition, the catalytic current had a strict
linear dependence on the concentration of 1 (Figure 4b), which
suggested that it is a single-site, molecular catalysis according to
eq 1.

=i n FAc k Dcat cat cat cat cat (1)

Here, ncat = 4 is the number of electrons for water oxidation to
produce O2, F is the Faraday constant, A is the electrode surface
area, ccat is the concentration of catalyst, kcat is the apparent
first-order rate constant, and Dcat is the diffusion coefficient of
the catalyst (Dcat = 2.33 × 10−10 m2 s−1 was calculated in sulfate
solution at 20 °C according to eq 2 and Figure 5b, see below).

Mechanism Studies. In order to get more insights into the
water oxidation mechanism, we examined the electrochemical
behaviors of 1 in aqueous solution with different electrolytes.
Unlike in phosphate buffer, the CV of 1 in 0.10 M sulfate
solution showed no apparent catalytic current up to 1.35 V but
displayed two oxidation waves at E1/2 = 1.07 V and Epa = 1.29 V
(Figure 5a), which were assigned to the two one-electron
oxidation processes of 1. We rationalized that, in comparison to
phosphate, sulfate is a much weaker base to assist O−O bond

Figure 3. (a) Catalytic currents in CPE with and without 1 in 0.10 M
pH 7.0 phosphate buffer at 1.32 V. (b) UV−vis spectra of 1 before and
after 10 h of CPE. Insert: Plots of the absorption at 535 and 564 nm as
a function of time during CPE. (c) The electric charge curve with and
without 1 during 10 h of CPE. Insert: Detection of evolved O2 during
CPE and the theoretical amount of O2 produced. (d) CVs of a freshly
cleaned ITO electrode, an ITO after successive 20 CV cycles with 1,
and an ITO after 10 h of CPE with 1 in 0.10 M pH 7.0 phosphate
buffer. Scan rate is 50 mV s−1.

Figure 4. (a) CVs of 0.5 mM 1 in 0.10 M pH 2.0−7.0 phosphate
buffers. (b) CVs of different concentrations of 1 in 0.10 M pH 7.0
phosphate buffer. Insert: Plot of catalytic current at E = 1.32 V vs [1].
Conditions: ITO working electrode, scan rate 50 mV s−1, 20 °C.
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formation via a concerted O atom-proton transfer path-
way.58−60 This buffer anion effect was further supported by
the CV of 1 in pH 7.0 acetate buffer (Figure 5a). CV
comparison of 1 in phosphate, sulfate, and acetate solutions is
significant, as it indicated that a formally Ni(IV) species could
be the active catalytic species for water oxidation.
As shown in Figure 5b, the peak current of the first oxidation

process in sulfate solution (in the absence of catalysis) varies
linearly with the square root of scan rates, which is consistent
with the Randles−Sevcik equation (eq 2).11,39

υ
=i nFAc

nF D
RT

0.4633d cat
cat

(2)

Here n = 1 is the number of electrons transferred in this
process, and ν is the scan rate. The ratio of eq 1 to eq 2 gives eq
3

υ
=

i
i

k T
0.080cat

d

cat

(3)

Here icat/id is consistent with the trend from pure diffusion
behavior to pure kinetic behavior as scan rates decrease. With
the molecular catalysis of 1 established, according to eq 3, the
TOF value of 0.67 s−1 at room temperature can be determined
from the slope of the linear plot of icat/id versus ν

−1/2 in Figure
5d. It is worth noting that, as water oxidation is complicated,
the calculated TOF is only an estimation of the catalytic
performance.11,61

Similar to its Co porphyrin analogues, an inhibition effect
was also observed with 1 at high phosphate concentrations. As
shown in Figure 6, if the concentration of 1 was kept constant
at 0.50 mM, the catalytic current initially increased rapidly and
considerably with the increase of phosphate concentration up
to 33 mM (Figure 6a), which was due to the phosphate-assisted
O−O bond formation. In the range of 35−65 mM phosphate
concentration, the change of catalytic currents was insignificant,
and further increase of phosphate concentration caused the
decrease of the catalytic currents (Figure 6b).

These results from inhibition experiments can be summar-
ized in Figure 6c, which shows a maximum catalytic current at a
phosphate concentration of ca. 67 mM. It is necessary to
mention that the ionic strength was maintained as constant
during these measurements with addition of sodium sulfate.
Wang and Groves studied this inhibition and proposed that it
was caused by the coordination of phosphate anions on the
metal center, which prevented the binding and therefore
activation of water on the metal center.13 This anion-assisted
O−O bond formation step and buffer inhibition at high
phosphate concentration are consistent with homogeneous
catalysis.13,58 In addition, such competitive coordination-caused
inhibition was verified by inhibition experiments with
acetonitrile. As shown in the electronic absorption spectra of
1 (Supporting Information Figure S17), the absorbance at 420
nm increased, while the shoulder at 445 nm decreased with an

Figure 5. (a) CVs of 1 in 0.10 M various anion solutions with a scan
rate of 50 mV s−1. Dependence of the (b) first and (c) second
oxidation peak current of 1 recorded in sulfate solution on the square
root of scan rates. The peak currents of the first (in the absence of
catalysis) and the second oxidation processes vary linearly with the
square root of scan rates. (d) Plot of icat/id vs ν

−1/2 with a slope of 1.12
V1/2 s−1/2. Conditions: ITO working electrode, 20 °C.

Figure 6. CVs of 0.50 mM of 1 in phosphate buffer at pH 7.0 with
different phosphate concentrations. The ionic strength was maintained
as constant with addition of sodium sulfate during these measure-
ments. (a) The catalytic current increased rapidly with the increase of
phosphate concentration. (b) The catalytic current decreased with
further increase of phosphate concentration. (c) Plot of catalytic
current at E = 1.32 V vs [HPO4

2−]. Conditions: ITO working
electrode, scan rate 50 mV s−1, 20 °C.
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isosbestic point at 431 nm upon addition of acetonitrile. This
result suggested the coordination of acetonitrile at the Ni(II)
site of 1. Along with this change in UV−vis, the CV of 1
showed obvious inhibition in catalysis in the presence of
acetonitrile (Supporting Information Figure S16), which
proved that competitive coordination at the Ni(II) site could
inhibit the water oxidation catalysis.
Kinetic isotope effect experiments were carried out, and a

KIE value of 1.55 was obtained from the CVs of 1 recorded in
D2O and H2O phosphate buffers under identical conditions
(the KIE value was calculated according to KIE = kcat,H2O/

kcat,D2O = (icat,H2O/icat,D2O)
2, Supporting Information Figure S18).

This result is consistent with a rate-limiting O−O bond
formation step. As we addressed above, careful analysis of CVs
of 1 in sulfate, acetate, and phosphate solutions suggested that
water oxidation could be realized via a two-electron oxidized 1
(Figure 5a). In order to further investigate the redox process of
1 in phosphate buffer, differential pulse voltammetry (DPV)
was used because of its higher sensitivity compared to CV and
its ability to probe the redox processes under catalytic
conditions.62 The DPV of 1 displayed two oxidation waves at
Epa = 1.09 V and Epa = 1.25 V in pH 7.0 phosphate buffer

Figure 7. (a) CV and DPV of 1 in 0.10 M pH 7.0 phosphate buffer. (b) Dependence of the first and second oxidation peak potentials of 1 on pH
from 4.58 to 8.07. DPVs of 1 in 0.10 M phosphate buffers with various pH values: (c) from 4.58 to 5.37, (d) from 5.47 to 6.35, (e) from 6.54 to 8.07.
Conditions: ITO working electrode, 20 °C. DPV experimental parameters: increase potential, 0.004 V; amplitude, 0.05 V; pulse width, 0.05 s;
sampling width, 0.0167 s; sample period, 0.5 s.

Figure 8. Proposed catalytic cycle for water oxidation with 1.
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(Figure 7a), which were in excellent agreement with the two
oxidation events observed in the CV of 1 in sulfate solution
(E1/2 = 1.07 V and Epa = 1.29 V). The results from both CV and
DPV measurements suggested that a formally Ni(IV) species
generated by two one-electron oxidations of 1 was able to
oxidize water.
In order to illuminate the water oxidation mechanism with 1,

DPVs were carried out in 0.1 M phosphate buffers with
different pH values. As shown in Figure 7b−e, the first
oxidation peak potential of 1 stayed almost unchanged in the
pH range 4.58−8.07. For the second oxidation process, it is
pH-dependent in the pH range 5.37−6.54, and the plot of the
oxidation peak potential versus pH exhibited a linear
dependence with a slope of −55 mV per pH unit, which
indicated a 1H+/1e− procedure. However, the second oxidation
exhibited pH-independence in the pH range 4.58−5.37 (Epa =
1.31 V) and in the pH range 6.54−8.07 (Epa = 1.25 V). Detailed
parameters for DPV measurements are summarized in Figure 7.
The oxidation of water to generate hydrogen peroxide

(H2O2) was not likely with 1 under our experimental
conditions. First, our CPE and O2 evolution experiments
were carried out at 1.32 V in pH 7.0 phosphate buffer. Under
this condition, water could not be oxidized to H2O2 from a
thermodynamic point of view (2H2O → H2O2 + 2H+ + 2e−, Eθ

= 1.78 V; at pH = 7.0, it is 1.37 V).63 Second, no H2O2 was
detected in the aqueous solution of 1 after 10 h of CPE by
using an established method.64 Furthermore, electrochemical
measurements of 1 at rotating ring (Pt)-disk (GC) electrodes
showed that no H2O2 was produced during the oxidation of
water. The results from linear sweep voltammetry (LSV) of
disk electrode with a scan rate of 10 mV s−1 and CPE of ring
electrode at 0.70 V were shown in Supporting Information
Figure S12. On the basis of these results, no current was
observed at ring electrode due to the oxidation of H2O2.

53,54

The small current change on the ring electrode was due to the
reduction of oxidized species of 1 at the ring electrode.
Computational Studies. Density functional theory (DFT)

calculations were carried out to better understand the
mechanism of water oxidation with 1. The single crystal X-
ray structure of the cationic Ni porphyrin (Por) unit of 1 was
used as the starting point for geometry optimization. On the
basis of our results, the catalytic cycle for water oxidation with 1
was proposed in Figure 8. The energy profile was summarized
in Figure 9. The calculated potential for the first oxidation of 1

is 1.63 V, which corresponds to the oxidation of [Por−NiII]4+
to [Por•+−NiII]5+. This result is consistent with the fact that the
first oxidation peak potential is independent of pH. Subsequent
coordination of a water molecule on Ni atom of [Por•+−NiII]5+
gives [Por•+−NiII−OH2]

5+. The further one-electron oxidation
of [Por•+−NiII−OH2]

5+ gives [Por•+−NiIII−OH]5+, which has
three different pathways, namely, electron transfer followed by
proton transfer (ETPT), proton transfer followed by electron
transfer (PTET), and proton-coupled electron transfer
(PCET). The calculated oxidation potentials at pH 7.0 are
1.89 and 1.81 V for the [Por•+−NiII−OH2]

5+/[Por•+−NiIII−
OH]5+ and [Por−NiIII−OH]4+/[Por•+−NiIII−OH]5+ couples,
respectively. The pH-dependence of the second oxidation in
the pH range 5.37−6.54 suggested a PCET process. At pH 7.0,
the second oxidation peak was assigned to the redox couple of
[Por−NiIII−OH]4+/[Por•+−NiIII−OH]5+ due to its pH-inde-
pendence in the pH range 6.54−8.07. Significantly, the
calculated separation between the first and second oxidation
of 1 at pH 7.0 is 0.18 V, which agrees very well with the value of
0.16 V from experimental DPV measurements.
It should be noted that, in our calculations, counteranions

were omitted for simplicity. It is known that the nature and
concentration of counteranions have substantial effects on the
redox potential of positively charged nickel porphyrin species.65

We tried to include counteranions in the calculation and found
that, with addition of four OTf− anions (the position of the
OTf− anions were determined from the X-ray structure of
1(OTf)4), the calculated potential for the first oxidation of 1
was 1.48 V. Although this value is 0.15 V lower than that
without counteranions, it is still larger than the experimental
value. Given the challenges of accurate prediction of redox
potentials using DFT methods,40 the calculated redox potential
separation is more meaningful. As we discussed above, our
calculated separation between the first and second oxidation of
1 is in excellent agreement with the experimental value.
After two one-electron oxidation steps, the release of one

proton from [Por•+−NiIII−OH]5+ occurred to give [Por−NiIII−
O•]4+, which subsequently reacted with a water molecule to
form the O−O bond via a concerted O atom-proton transfer
pathway. Since previous studies suggested that the first and
perhaps other solvation shells may play a decisive role in proton
transfer as part of the O−O bond formation step,66−74 we
therefore investigated the water nucleophilic attack (WNA)
reaction by including a cluster of four water molecules. We

Figure 9. Energy diagram for water oxidation catalyzed by complex 1. TSOO is the TS of the base-assisted WNA reaction (see Figure 10b for its
structure).
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found that the O−O bond formation is concerted with a proton
transfer process, in which one proton from the attacking water
molecule transferred to the Ni-bounded O atom via the water
cluster, leading to [Por−NiII−HOOH]4+. This reaction was
found to have an energy barrier of 24.9 kcal mol−1. The
transition state (TS) was showed in Figure 10a. On the other

hand, we also studied the WNA reaction in the presence of an
external base to investigate the possible base-assisted
mechanism. Due to a large self-interaction error, the calculation
with inclusion of a phosphate ion as an external base was not
successful, as we also found in previous study of WNA reaction
of a cobalt corrole system.36 Alternatively, an acetate anion was
used as an added base in our calculations. The located TS
structure shows an increased O−O bond length (2.15 vs 1.96
Å, Figure 10), indicating a much earlier TS, as compared to that
for [Por−NiIII−O•]4+ with four water molecules. The calculated
energy barrier of 18.0 kcal mol−1 is significantly lower than that
for [Por−NiIII−O•]4+ with four water molecules. In addition,
the calculated H2O/D2O KIE value is 1.44. As shown in Figure
8, the base-assisted WNA reaction leads to the formation of
[Por−NiII−OOH]3+. A subsequent PCET reaction generates
[Por−NiII−OO•]3+ at a potential of 0.01 V. The further one-
electron oxidation of [Por−NiII−OO•]3+ results in the
regeneration of 1 and the release of O2 simultaneously.
Our calculations demonstrated that water oxidation with 1

via water nucleophilic attack to [Por−NiIII−O•]4+ is feasible.
The O−O bond formation step was suggested to be the rate-
limiting step in electrocatalytic water oxidation with 1. It is
interesting to compare the catalytic mechanism of Ni porphyrin

and its Co porphyrin analogues. For Co porphyrin, Wang and
Groves proposed that a formally Co(V) porphyrin is the active
catalytic species for water oxidation,13 but for Ni porphyrin, a
formally Ni(IV) porphyrin, [Por−NiIII−O•]4+, is suggested to
be able to oxidize water, which caused the onset of catalytic
wave for water oxidation with 1 to lower by ∼200 mV as
compared to its Co porphyrin analogues. This improvement
was likely due to the fact that the redox potential of high-valent
Ni atoms is considerably higher than that of Co in the same
valence state.

■ CONCLUSION
As NiOx is known to be highly active for water oxidation, great
care has been made to ensure that 1 is the real molecular
catalyst. Several lines of evidence have been provided in our
work, including the following: (1) catalyst 1 is active in neutral
and even acidic solutions; (2) 1 has different electrochemical
behaviors in neutral vs basic solutions, and NiOx films
produced in basic solution of 1 are unstable at pH 7.0 under
catalytic conditions; (3) there is no crossover, which is typical
for metal oxide film deposition and catalysis, in the CV of 1;
(4) catalytic current has a linear relationship with the
concentration of 1; (5) free Ni(II) ions display no catalytic
activity under identical conditions; (6) no current increase is
observed in successive cycles of CVs and in CPE; (7) UV−vis
shows almost identical spectra during and after 10 h of CPE;
(8) the working electrode after CPE displays no catalytic
current in a buffer-only solution, and no sign of any
heterogeneous Ni phase is observed on the electrode as
inspected by SEM and EDX or in the solution by Tyndall
scattering analysis; (9) buffer and acetonitrile inhibition
observed with 1 are consistent with a homogeneous, single-
site water oxidation.
In summary, the water-soluble cationic nickel(II) porphyrin

1 was synthesized and examined as a single-site OER catalyst.
Our results confirmed that 1 was able to electrocatalyze water
oxidation to O2 at neutral pH with low onset potential at ∼1.0
V. Mechanism studies revealed that the oxidation of water by a
two-electron oxidized 1 is feasible. The onset of the catalytic
wave for water oxidation with 1 is ∼200 mV lower compared to
its Co porphyrin analogues and is the lowest among existing
molecular OER catalysts in neutral aqueous solutions. Although
the TOF of 0.67 s−1 is moderate, the verification of a single-site
Ni-based molecular OER catalyst, low overpotential, homoge-
neous catalysis in neutral aqueous solutions, and catalyst
stability are notable.

■ EXPERIMENTAL SECTION
General Materials and Methods. All reagents were purchased

from commercial suppliers and used as received unless otherwise
noted. Deionized water was used in all experiments. Porphyrins and
nickel(II) porphyrins were prepared according to modified literature
procedures.75 1H NMR spectra were acquired on a Brüker
spectrometer operating at 400 MHz. High-resolution mass spectro-
metric measurements were made on a Brüker Fourier transform ion
cyclotron resonance mass spectrometer APEX IV at Peking University.
Electronic absorption spectra were acquired on a Cary 50
spectrophotometer. The morphologies of the ITO surface before
and after electrolysis were examined using a JSM-6700F field emission
scanning electron microscope (FE-SEM). The EDX spectra were
collected from three randomly selected areas of each sample. In
addition, the materials were analyzed at several local spots to ensure
their chemical homogeneity. Images were obtained with an
acceleration voltage of 5 or 10 kV.

Figure 10. Transition state structure of O−O bond formation step via
water nucleophilic attack. (a) [Por−NiIII−O•]4+ with four water
molecules and (b) [Por−NiIII−O•]4+ in the presence of one water
molecule and one OAc− anion. The hydrogen atoms in the porphyrin
ring were not shown for clarity.
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Syntheses. Tetrakis(4-pyridyl)porphyrin. Freshly distilled pyrrole
(5.04 g, 75 mmol) and 4-pyridinecarboxaldehyde (8.04 g, 75 mmol)
were dissolved in propionic acid (150 mL), and the resulting solution
was refluxed at 140 °C for 1.5 h in the dark. After the solvent was
removed under reduced pressure, the residue was redissolved in DMF
(220 mL) and was refluxed for 30 min. After being cooled to room
temperature, the mixture was kept at −20 °C overnight during which
time the porphyrin precipitated. The precipitate was filtered off, and
the solid residue was carefully washed with ether following being dried
under vacuum to give 1.77 g of purple solid (2.9 mmol, yield 15%).
Tetrakis(4-N-methylpyridyl)porphyrin Tetratosylate. Tetrakis(4-

pyridyl)porphyrin (1.24 g, 2.0 mmol) and methyl tosylate (18.6 g,
100 mmol) were added into DMF (200 mL), and the resulting
solution was refluxed for 16 h in the dark. The volume of DMF was
reduced to ∼10 mL in vacuum, and the porphyrin was precipitated by
addition of acetone (200 mL). The precipitate was filtered off and
redissolved in water (200 mL). The aqueous phase washed by CH2Cl2
(200 mL × 3) was reduced to ∼10 mL. The porphyrin was
precipitated again by addition of acetone (200 mL), and the precipitate
was filtered off and dried under vacuum to give 2.04 g of purple solid
(1.50 mmol, 75%). 1H NMR (400 MHz, DMSO-d6): δ 9.49 (d, J = 6.3
Hz, 8H), 9.19 (s, 8H), 8.98 (d, J = 6.4 Hz, 8H), 7.46 (d, J = 7.9 Hz,
8H), 7.05 (d, J = 7.9 Hz, 8H), 4.73 (s, 12H), 2.22 (s, 12H), −3.10 (s,
2H).
Nickel(II) Tetrakis(4-N-methylpyridyl)porphyrin Tetrahexafluoro-

phosphate (1(PF6)4). Tetrakis(4-N-methylpyridyl)porphyrin tetrato-
sylate (682 mg, 0.50 mmol) and Ni(OAc)2·4H2O (871 mg, 3.5 mmol)
were added into DMF/H2O (1:1, 30 mL), and then the resulting
solution was heated at 100 °C for 6 h in the dark. After being cooled to
room temperature, the residue from removing the solvents under
reduced pressure was dissolved in water (200 mL). Nickel(II)
porphyrin was precipitated by addition of a saturated aqueous
NH4PF6 solution (ca. 50 mL), and then the precipitate was filtered
off, washed with ether, and dried in vacuum to yield 0.56 g of red solid
(0.43 mmol, 85%). Red needle-like crystals of 1(PF6)4 were obtained
by slow evaporation from CH3CN and H2O solution at room
temperature. High-resolution ESI-MS for [NiII(C44H36N8)(PF6)2]

2+:
calcd 512.0850; found 512.0845.
Nickel(II) Tetrakis(4-N-methylpyridyl)porphyrin Tetratriflate (1-

(OTf)4). The red needle-like crystals of 1(PF6)4 were taken in a mixture
of CH3CN/H2O (1:1), and PF6

− anions were exchanged by OTf− on
anion exchange resin by slow stirring at ambient temperature for 48 h.
The solution was filtered, and the resin was washed with methanol.
The solvents were removed under reduced pressure to give a red solid.
Red needle-like crystals of 1(OTf)4 were obtained by slow evaporation
from CH3OH and H2O at room temperature. 1H NMR (400 MHz,
CD3CN): δ 9.07 (d, J = 6.3 Hz, 8H), 9.02 (s, 8H), 8.67 (d, J = 6.3 Hz,
8H), 4.66 (s, 12H) (Supporting Information Figure S3).
Crystallographic Studies. The complete data sets for red needle-

like crystals of 1(PF6)4 and 1(OTf)4 were collected. Single crystals
suitable for X-ray analysis were each coated with Paratone-N oil,
suspended in a small fiber loop, and placed in a cooled gas stream at
150(2) K on a Bruker D8 Venture X-ray diffractometer. Diffraction
intensities were measured using graphite monochromated Mo Kα
radiation (λ = 0.710 73 Å). Data collection, indexing, data reduction,
and final unit cell refinements were carried out using APEX2;76

absorption corrections were applied using the program SADABS.77

The structure was solved by direct methods using SHELXS78 and
refined against F2 on all data by full-matrix least-squares with
SHELXL,79 following established refinement strategies. Crystallo-
graphic studies revealed that both 1(PF6)4 and 1(OTf)4 crystallized in
the monoclinic space group C2/c. All non-hydrogen atoms were
refined anisotropically. All hydrogen atoms binding to carbon were
included in the model at geometrically calculated positions and refined
using a riding model. The isotropic displacement parameters of all
hydrogen atoms were fixed to 1.2 times the U value of the atoms they
are linked to (1.5 times for methyl groups). The CIF of 1(OTf)4
contains level B alerts (isolated oxygen atom for O1S and O2S).
Atoms O1S and O2S are oxygen atoms of cocrystallized solvent water
molecules. Due to the positional disorder of the hydrogen atoms of

solvent water molecules, we did not include them in the refinement.
Details of the data quality and a summary of the residual values of the
refinements are listed in Supporting Information Table S1.

Electrochemical Studies. All electrochemical experiments were
carried out using a CH Instruments (model CHI660E electrochemical
analyzer) at 20 °C unless otherwise noted. Cyclic voltammograms
(CVs) and differential pulse voltammetries (DPVs) were performed in
6 mL of aqueous solutions and used a three-compartment cell with a
0.25 cm2 tin-doped indium oxide (ITO) electrode as the working
electrode, saturated Ag/AgCl as the reference electrode, and Pt wire as
the auxiliary electrode. All potentials are reported versus the normal
hydrogen electrode (NHE) through the addition of 0.199 V to the
measured potentials. The working electrode was ultrasonically washed
with deionized water. Constant potential electrolysis recorded in 15
mL of 0.10 M pH 7.0 phosphate buffer containing 0.75 mM of
1(OTf)4 was carried out at 1.32 V in a fritted cell with a 2.0 cm2 ITO
working electrode.

The possible H2O2 formation was examined by electrochemical
measurements using rotating ring-disk electrode. Electrochemistry of 1
was conducted at a rotating ring (Pt)-disk (GC) electrode in 0.10 M of
pH 7.0 phosphate buffer. Linear sweep voltammetry (LSV) of the disk
electrode with a scan rate of 10 mV s−1 and CPE of the ring electrode
at 0.70 V were shown in Supporting Information Figure S12. The
results showed that no oxidation of H2O2 was observed at the ring
electrode, and the decline of ring current was due to the reduction of
oxidized species of 1 at the ring electrode.

Characterization of Oxygen Evolution. CPE of 0.75 mM of 1 in
15 mL of 0.10 M pH 7.0 phosphate buffer was carried out at 1.32 V in
a three-compartment gastight electrochemical cell with a Schlenk
connection on each compartment (Supporting Information Figure
S19). One compartment contained a Pt auxiliary electrode, one
contained the 2.0 cm2 ITO working electrode, and one contained the
Ag/AgCl reference electrode. Analysis of O2 produced in CPE
experiments was conducted by using a calibrated Ocean Optics FOXY
probe (Model NeoFox) which was immersed into the solution having
the ITO working electrode. The solution was bubbled with argon for 1
h with vigorous stirring to remove O2. The phase shift of the O2 sensor
on the FOXY probe, recorded at 10 s intervals, was converted into the
concentration of O2 in the solution using a two-point calibration curve
(air, 20.9% O2; high purity argon, 0% O2). Background from the
buffer-only solution was measured in the same method and was
deducted.

Theoretical Methods. All calculations were done with density
functional theory (DFT) as implemented in the Gaussian 09 software
package.80 Optimization and frequency calculations were performed
using the B3LYP functional in combination with the def-SVP basis
set.81 The energy was then corrected by using a larger basis set, def-
TZVP.82 All optimizations and single point calculations were
performed with solvation included using conductor-like polarizable
continuum model (CPCM)83 in water. For redox potential
calculations, reference potential of normal hydrogen electrode
(NHE) was set at −4.28 eV,36,84 and the standard free energy of
proton was set at −272.2 kcal mol−1.36 The H2O/D2O KIE for the
base-assisted WNA reaction was calculated using Gaussian frequency
data based on the semiclassical Eyring equation85
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where G is the Gibbs free energy, superscript R denotes reagent, and #
represents TS.
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