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A new molecular chromium(i)—aqua catalyst for homogeneous
electrocatalytic water oxidation reactions is presented. The key
high-oxidation-state Cr(v)—oxo intermediate of water oxidation
was identified by HR-MS, EPR, and in situ spectroelectrochemistry.
Based on DFT calculation, a possible catalytic cycle via a WNA
pathway was proposed for water oxidation.

Due to the sluggish kinetics, water oxidation is considered to be
the bottleneck for the overall efficiency of water splitting." Water
oxidation catalysts based on 3d transition metals that operate with
high efficiency and stability under mild conditions have attracted
much attention in recent years.> Group 6 metals (Cr, Mo, W) are
often used as doping atoms to optimize the structure of hetero-
geneous catalysts [e.g. (multi)metal oxyhydroxides and oxides],?
thereby assisting in improving water oxidation activity, but the true
role of group 6 metals remains unclear. The study on well-defined
molecular structures enables the elucidation of catalytic mechan-
isms to guide the development of future electrocatalysts, which
can be achieved through metal complexes.” Besides, it has been
shown that the adsorption and activation of water molecules on
metal active sites are commonly the initial and key steps for water
oxidation.” Hence, the metal-aqua complex catalysts provide use-
ful perspectives for directly understanding the reaction mecha-
nism of water oxidation, and a study of this model complex may
contribute to designing efficient catalysts.°

As a typical 3d metal, chromium (Cr) metal ions have diverse
oxidation states (from +1 to +6).” This unique property is beneficial
for electrocatalysis and has promoted their use in asymmetric
catalysis and polymerization catalysis.® However, the investigation
of Cr-based complexes as water oxidation catalysts is still scarce.’
The high-oxidation-state metal-oxo species are often proposed as
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essential intermediates involved in water oxidation.'® However, the
Cr-oxo species are too stable compared with other transition metals
(e.g Fe, Co, Ni), thus hindering the subsequent water oxidation
steps."' In 2018, Pashabadi and coworkers reported an example of a
homogeneous {Cr[diphenoxy N,N-ethylenebis(salicylimine)-2H]|CI}
catalyst for water oxidation with an overpotential of 0.426 V in
alkaline solution.® However, the origin of the water oxidation activity
of Cr complexes is still controversial. Najafpour and coworkers
demonstrated that this Cr-based complex transforms into a thin
complex-based film during consecutive CVs and thus it has no
water oxidation activity.'"> Machan and coworkers indicated that
ligand design (e.g. polypyridine frameworks) is a feasible way
to control the activity of Cr complexes, given the capacity to
sterically protect reactive bonds.'* Therefore, the study of
Cr-based complexes with a suitable ligand may improve our
understanding of the function of Cr in water oxidation and
provide insights into the development of the chemistry of group
6 metals.

Herein, we designed and synthesized a new molecular Cr
catalyst (1), CrL(H,O)(OTf); (L = Hybipyalk = 2,2'-([2,2'-bipyridine]-
6,6’-diyl)bis(propan-2-ol); OTf = triflouromethanesulfonate), which
exhibited attractive activity for water oxidation via a water nucleo-
philic attack (WNA) pathway based on experiments and DFT
calculation. The key high-oxidation-state Cr-oxo intermediate
during water oxidation was identified by in situ spectroelectro-
chemistry. The isotope experiment proved that the O atoms for
O, production originated from water. This work provides an
entry point for the study and application of group 6 metals in
water oxidation.

The molecular structure of 1 was determined by single-
crystal X-ray diffraction analysis (Fig. 1b). The Cr-O bond length
of 1.974 A is close to the reported Cr(m)-O bonds and much
shorter than the Cr(tv or v)-O bonds of ca. 1.5 A (Table S2, ESI{)."*
The structure of complex 1 was established by high-resolution
atmospheric pressure chemical ionization mass spectrometry in
MeCN (APCI-MS, m/z: [M + bipyalk]" caled for 322.0768; found
322.0756, Fig. S1, ESIT). The oxidation state of Cr was confirmed
as +3 by normalized Cr K-edge X-ray absorption spectroscopy
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Fig. 1 (a) Schematic representation and (b) X-ray crystal structure show-
ing thermal ellipsoid plot (co-crystallized solvent molecules and counter
anions (20Tf") have been omitted for clarity) of complex 1. (c) Normalized
Cr K-edge XAS spectra of complex 1, Cr,Oz and CrO,.

(XAS, Fig. 1c), the X-band electron paramagnetic resonance (EPR)
spectrum (vide infra), and the localized orbital bonding analysis
(LOBA, Fig. S10, ESIt). The long-term stability of 1 in aqueous
solution and acetonitrile/H,0 mixed solution has been verified by
the UV-Vis absorption spectra (Fig. S2, ESIT). In aqueous solution,
OTf  may undergo reversible exchange by water or hydroxide to
produce trans-CrL(H,0), species."

The cyclic voltammetry (CV) curve of complex 1 exhibited an
oxidation wave at E = 0.84 V versus ferrocenium/ferrocene (vs.
Fc'/Fc) in anhydrous acetonitrile (Fig. S3a, ESI), which was
related to the Cr™"V couple according to the previous reports
on Cr complexes."”"® The addition of 10% H,O in acetonitrile
led to a large increase in anodic current at approximately 0.70 V
vs. Fc'/Fe (Fig. 2a), and the catalytic current was enhanced with
increasing water content (Fig. S3b, ESIt), consistent with the
electrocatalytic water oxidation process.'”” We performed water
oxidation by replacing the acetonitrile with buffer solution and
found a curve-crossing phenomenon in the reverse CV scan
(Fig. S3c and d, ESIf). Complex 1 is significantly more active
than the corresponding complex CrL(Cl); (with onset potential =
ca. 1.00 V vs. Fc'/Fc), since the latter requires a ligand exchange
step to start water oxidation.'"® The onset potential of 1 is
comparable to that of reported transition metal-based catalysts
and even noble metal catalysts (as compared in Table S3, ESI+)."
The high oxidizing potential of Cr'"™ or Cr'™" was not found in
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Fig.2 (a) CVs of 0.5 mM complex 1 in MeCN (0.1 M E4NClO4 as
supporting electrolyte) with 10% H,O. (b) CVs of complex 1 with different
concentrations, inset: plot of i., (current at 1.23 V vs. Fc*/Fc) against [cat.].
Voltammograms were collected on a rotating ring electrode (RDE, GC,
0.2 cm?, scan rate = 50 mV s~?, rotating rate = 1600 rpm). (c) Results of the
EQCM experiment of 0.5 mM complex 1. (d) Plot of calculated kp and kwna
vs. [cat] for FOWA.
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CV because of the signal overlap with the water oxidation
current.”® Differential pulse voltammetry (DPV, Fig. S4, ESI%)
measurement provided evidence for the oxidation of the Cr
center. The turnover frequency (TOF) was evaluated as ca. 2.9
s~ " by plotting ic./i, versus v~ "> using eqn (S5) (Fig. S5, ESI). To
further evaluate the performance of complex 1, controlled
potential electrolysis (CPE) under 1.23 V (vs. Fc'/Fc) using an
FTO electrode was performed (Fig. S6a, ESIf). The O, evolved
during the CPE experiment was quantified with gas chromato-
graphy, and the maximum faradaic efficiency of water oxidation
was calculated as ca. 93%. The results are comparable to those of
other reported 3d metal-based complex catalysts.”” An '°O-
labelling experiment by differential electrochemical mass spec-
trometry (DEMS, Fig. Sé6b, ESIt) was carried out to identify the
oxygen source. The results showed the presence of **0, (an
oxygen atom from 1 or a little H,'®0 in the H,"®0 reactant and
a second oxygen atom from H,'®0) and *°0, (both oxygen atoms
from H,'®0), indicating that the oxygen atoms for O, production
come exclusively from water. A rotating ring-disk electrode (RRDE)
experiment exhibited that no current of H,O, oxidation was
observed at the Pt ring electrode (Fig. Séc, ESIt), which revealed
the high selectivity of the complex 1 in water oxidation. The
absence of detected CO, in DEMS measurement (Fig. S6b, ESIT)
is key evidence for the stability of complex 1 in water oxidation.
Proving the molecular nature of the complex involved in the
catalytic process remains a great challenge. Over the course of
multiple consecutive CVs of 1, the shape of the waves and the
magnitude of the catalytic current were essentially unchanged
(Fig. S7a, ESIt). After multiple CV scans, the electrode was rinsed
with acetonitrile and recycled in analogous conditions in the
absence of 1. No discernible catalytic activity was observed after
recycling compared with the initial background CV curve
(Fig. S7b, ESI¥). Stable catalytic current and the inactive electrode
after CVs were strong evidence for no active species or film
formed at the surface of the electrode. More important is that
after long-term CPE, the formation of surface deposits on the
electrode was ruled out by X-ray photoelectron spectroscopy (XPS,
Fig. S7c and d, ESIT) analysis and electrochemical quartz crystal
microbalance (EQCM, Fig. 2c) experiment. No heterogeneous
nanoparticles in the electrolyte after water oxidation were
detected by dynamic light scattering analysis (DLS, Fig. S7e,
ESIt). Those results together indicated that complex 1 is stable
in functioning as a molecular electrocatalyst for water oxidation.
The identification of truly active species in catalysis is
considered to be essential for homogeneous water oxidation
systems.>* Upon addition of 50 equiv. potassium peroxymono-
sulfate (oxone) into an acetonitrile solution of complex 1, APCI-
MS revealed a new prominent ion peak with an isotopic pattern at
m/z 338.0709, which is attributed to [M=0 + bipyalk]" species
(calculated m/z of 338.0717, Fig. 3a and Fig. S8, ESIt). Besides, the
X-band EPR spectrum of a frozen aqueous solution of complex 1
showed a signal at g ~ 4.8 (Fig. 3b bottom), which arises from
isolated Cr(m) (S = 3/2) species in a distorted geometry.>>** This
result is consistent with the DFT calculation (Fig. 4 and Fig. S9,
ESIt). Upon adding oxone, the signal of Cr(m) (S = 3/2) disap-
peared while a strong signal emerged at g = 1.98 (Fig. 3b top), that

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 (a) APCI-MS of complex 1in MeCN (bottom), and MeCN with 50 equiv.
of oxone (top). (b) X-band EPR spectra (at 2 K, microwave frequency = 9.4 GHz)
of complex 1 in H,O (bottom), and H,O with 50 equiv. of oxone (top). (c) UV-Vis
absorption spectra of complex 1, top: spectra change with time for the reaction
of 1 with oxone; middle: spectroelectrochemistry monitoring change during
water oxidation at a potential of 1.23 V vs. Fc*/Fc; bottom: TD-DFT-calculated
electronic absorption spectrum of the Cr(v)—0O intermediate.

is attributed to typical Cr(v) (S = 1/2) species.** In UV-vis

absorption spectroscopy, a new peak at about Ay, = 550 nm
appeared after adding oxone (Fig. 3c top). This peak is generally
assigned to the high-oxidation-state Cr-oxo intermediate.>” This
assignment was further confirmed by the TD-DFT-calculated
electronic absorption spectrum (Fig. 3c bottom). Under
controlled-potential electrocatalysis at 1.23 V (vs. Fc'/Fc), a
similar peak appeared in the spectroelectrochemical spectrum
(Fig. 3c middle), suggesting the formation of the same species
(Cr'=o0 species) as in chemical oxidization processes.
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A proposed catalytic mechanism by complex 1 is summar-
ized in Fig. 4. The catalytic cycle ensues that Cr-aqua complex 1
undergoes two consecutive one-electron transfers coupled with
proton transfer to afford [LCr"™(OTf)(OH)]*" and then reactive
[LCrY(OTf)(O)]** species. The decrease of spin population on Cr
in those two steps represents the electron transfer from Cr to
OH and the O ligand. The free energy increase for these two
steps was calculated to be 1.17 eV and 1.63 eV at the PBEO/def2-
TZVP level, respectively. The calculated redox potential for
water oxidation is 1.40 V (Fig. S10, ESIt), which is in good
agreement with the experimental observation of the onset
potential at 0.70 V vs. F¢'/Fc (ca. 1.39 V vs. NHE). Then, the
high-oxidation-state Cr-oxo intermediate undergoes water
nucleophilic attack on the Cr—O0 oxyl species to yield a hydro-
peroxo [LCr™(OTf)(OOH)* intermediate (AG = 1.00 eV),
which involves the formation of an O-O bond. Next, the
[LCr™(OTf)(00)]*" species is formed with the loss of an electron.
This intermediate is further attacked by another H,O molecule,
accompanied by the release of an O, molecule and the transfor-
mation of electron and proton (AG = 1.12 eV). Thus closes the
reaction cycle and regenerates the starting complex. The strength
of the Cr-O bond is of significance in catalysis since a suitable
change in strength favors the activation of water and the release
of oxygen.® The Cr-O bond length shortens from 2.088 A to
1.516 A with the formation of [LCr¥(OTf)(O)]*" species (Table S4,
ESIt), a typical property of a Cr—O bond (Table S2, ESIf).
The shortening of the O-O bond distance from 1.289 A in
[Ler™(OTH(OOH)** to 1.156 A in [LCr™(OTf)(0O)** indicates
the formation of a stronger bond between the oxygen atoms, which
can be confirmed by the spin density map on [LCr™(OTf)(OO)]**
(Fig. S11, ESIf). Meanwhile, the Cr-O bond is destabilized
(increased from 1.516 A to 2.294 A) to allow for the scission of
the Cr-O bond in [LCr™(OTf)(O0)** and release of O,.

The properties of high-oxidation-state metal-oxo species are
important factors that directly affect the water oxidation activity,
and the intermediates that are too active or too stable should be
avoided.”® The [LCr'(OTf)(O)]*" intermediate has moderate d
electron count and suitable empty d orbitals to accept the electrons
of the oxo ligand (Fig. 4 and Fig. S9, ESIf), thus improving the
reactivity.”® Besides, it is reported that the negatively charged
ligand is effective to stabilize high-oxidation-state metal-oxo spe-
cies. The neutral ligand in this work may alleviate the over-stable
properties of the intermediate.”” These two factors work together
to ensure the suitable stability and activity of high-oxidation-state
Cr-oxo intermediates in our proposed catalytic cycle.

Furthermore, the oxo moiety in the [LCrY(OTf)(O)]*" inter-
mediate with low electron spin density displays no radical
character (Fig. S11, ESIt), which effectively reduces the possibi-
lity of interaction of two M-O units (I2M) to form a Cr-O-O-Cr
intermediate. In experiments, the catalytic currents increased
linearly with increasing concentration of 1 (Fig. 2b). The first-
order kinetics with respect to the catalyst concentration implied
a single-site molecule catalyzing water oxidation.”® Further
analysis of the catalytic water oxidation wave by using foot of
the wave analysis (FOWA, Fig. 2d and Fig. S12, ESIt) showed
that the observed reaction rate constant (kwna) remained almost
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unchanged at different concentrations of 1. The dependence of
the rate constant on the catalyst concentration and the kinetic
isotope effect value (KIE ~ 2.2, Fig. S7f, ESI}) together con-
firmed the WNA nature of the mechanism operating by complex
1.?° Therefore, combining experiments and theoretical calcula-
tions, the pathway of O-O bond formation via the I2M mecha-
nism can be ruled out in this work. This proposed catalytic cycle
further confirms that complex 1 can catalyze water oxidation.

In this work, we have demonstrated that complex 1 is active
and stable as a molecular catalyst for homogeneous water
oxidation. The key high-oxidation-state Cr-oxo intermediate
was identified by the in situ spectroscopy technique. Complex
1 started water oxidation without ligand exchange, thus having
significantly enhanced water oxidation performance. The pre-
sented results may lead to a deep understanding of the electro-
catalysis mechanisms, and may also inspire investigation on
other group 6 metal (e.g. Mo, and W) catalysts.
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