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ABSTRACT: Mixed 3d metal oxides are some of the most promising
water oxidation catalysts (WOCs), but it is very difficult to know the
locations and percent occupancies of different 3d metals in these
heterogeneous catalysts. Without such information, it is hard to
quantify catalysis, stability, and other properties of the WOC as a
function of the catalyst active site structure. This study combines the
site selective synthesis of a homogeneous WOC with two adjacent 3d
metals, [Co,Ni,(PWy03,),]'°~ (Co,Ni,P,) as a tractable molecular
model for CoNi oxide, with the use of multiwavelength synchrotron X- I
radiation anomalous dispersion scattering (synchrotron XRAS) that A

quantifies both the location and percent occupancy of Co (~97% [Co.NL(PW.0.)]' (CoNi.P.) Multiwavelength synchrotron XRAS:
outer-central-belt positions only) and Ni (~97% inner-central-belt poe e =3
positions only) in Co,Ni,P,. This mixed-3d-metal complex catalyzes
water oxidation an order of magnitude faster than its isostructural
analogue, [Co,(PW,0;,),]'" (Co,P,). Four independent and complementary lines of evidence confirm that Co,Ni,P, and Co,P,
are the principal WOCs and that Co**(aq) is not. Density functional theory (DFT) studies revealed that Co,P, and Co,Ni,P, have
similar frontier orbitals, while stopped-flow kinetic studies and DFT calculations indicate that water oxidation by both complexes
follows analogous multistep mechanisms, including likely Co—OOH formation, with the energetics of most steps being lower for
Co,Ni,P, than for Co,P,. Synchrotron XRAS should be generally applicable to active-site-structure-reactivity studies of multi-metal
heterogeneous and homogeneous catalysts.

SN =

“Molecular” Co,Ni oxide WOC Co & Ni locations + occupancies quantified

Bl INTRODUCTION lates (POMs) used as both soluble complexes amenable to
extensive molecular-level characterization and as components of

Catalysis of water oxidation, eq 1, is central to the production of 8 d3
anodes or photoanodes.”””"~"" POM complexes are popular as

all solar fuels. Factors impacting the performance of water

oxidation catalysts (WOCs) and their interfaces in electrodes WOCs because their structures and compositions can be
and photoelectrodes remain a success-limiting factor in the low- extensively altered synthetically, yet they share the oxidative
cost production of solar fuel.!71° stability, low-cost, and scalability of earth-abundant-element,
heterogeneous metal oxide WOCs."* ™%’
2H,0 (liquid) — 4e + 4H" + O, (gas) (1) Many WOC studies probe the detailed molecular processes at
or adjacent to the transition-metal active site that facilitate the
Some of the best WOCs are doped or mixed-metal oxides/ four-electron, four-proton process of water oxidation (eq 1)
oxyhydroxides, including cobalt-nickel lrénigc‘sed—metal oxyhydr- including identification of oxidation states and potentials of the
oxides that exhibit very high activities. ™ Interestingly, the active site metals and ligand atoms likely involved in the
cobalt and nickel centers in Co—Ni oxyhydroxides are mechanism,»51348:49

synergistic in that these NiCoOx WOCs are more effective
than cobalt oxides/oxyhydroxides or nickel oxides/oxyhydr-
oxides alone. However, the geometric and electronic structures
of these Co and Ni centers and their relationship to catalytic
activity and other properties are unclear. A molecular analogue
of these systems could prove to be useful in elucidating the
underlying factors at play. There is a voluminous recent
literature study on transition-metal-substituted polyoxometa-
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However, there are no studies to our knowledge that assess
the impact on catalytic water oxidation and WOC stability of
perturbing the electronic structure of the active site by a
neighboring redox-active transition metal while keeping
constant the rest of the catalytic transition-metal active-site
structure. This active site includes all the ligands that impact
electron transfer (ET and PCET) events, counterion associa-
tion, and oxygen—oxygen bond formation. The pK, values of
ligands proximal to the redox-active transition-metal active site
would also ideally be kept constant. In this context, our aim was
to take the much studied sandwich-type POM water oxidation
catalyst, Co,P,, (Figure 1, left)***">%*”%% and replace the two

[Co(OH,),Co,(a-PW,0,),]* [Co(OH,),Ni,(a-PW,03,),]**
(CoqP,) (Co,Ni,P,)

Figure 1. Structures of polyoxometalate water oxidation catalysts that
have the same cobalt active site structures, overall structures, and
molecular charges: Co,P, and Co,Ni,P,. Co: blue; Ni: green; WOq:
gray octahedra.

internal, solvent-inaccessible metals in the central belt (the two
internal Co(II) centers in Co,P,), with another redox-active
transition metal, and then quantify the impact of this
isomorphous, isostructural, and iso-charge replacement on the
properties, including but not limited to the catalytic water
oxidation turnover rate, on the exposed active-site cobalt
centers. This requires a synthesis leading to these sandwich
POMs with two different transition metals installed selectively at
different sites. We focus on Co,Ni,P, (Figure 1, right) that
contains two nickels in place of the internal cobalts in the parent
WOC, Co,P, (Figure 1, left), as this would be a molecular

model of Co—Ni mixed oxide, one of the most effective
heterogeneous WOCs known.>*">% At the same time, the active
sites in Co,Ni,P, and those in Co,P, would have essentially
congruent cobalt-active-site geometries, both having Co(H,0)-
(POM-oxygen); octahedra with very similar bond distances,
angles, and negative charge densities (both Co,Ni,P, and Co,P,
polyanions bear a 10— charge in their resting oxidation states).
The only difference in the two WOCs is the phenomenon we are
targeting—isostructural replacement of the internal transition
metals in the central belt with another transition metal. Since the
internal Ni(II) centers in the central belt of Co,Ni,P, are buried,
they cannot participate directly in the bond breaking and
forming steps in water oxidation. These central Ni(II) centers,
however, can in principle, impact catalysis and other properties,
such as the nature and energies of the frontier orbitals, the
hydrolytic stability, and the spectroscopy of these POM WOCs.

The focus of this study is to quantify both the position and the
percent occupancies of each 3d metal in POM or in
heterodinuclear di-3d-metal complexes in general. This
information is needed for a quantitative comparison of the
WOC and other properties of Co,Ni, P, versus Co,P,. There are
organometallics,53_55 coordination compounds,s‘s_60 nanoma-
terials,®"®* and POMs® ™ that contain two different metals.
For some of these compounds, there is a sufficient separation
distance and/or a difference in metal Z value (electron density)
in which conventional fixed-wavelength X-ray crystallography
can distinguish the two metals reasonably well. This is the case,
for example, with the sandwich complexes,
M’,M,(PW,0,,),"2", where M’ = Na or Li and M = Mn?,
Co?*, Ni**, and Zn?>' because the alkali metals and the 3d
transition metals have greatly different electron densities.
However, this is not the case for hetero-di-3d-metal com-
plexes.”” Frenkel has successfully applied XANES and EXAFS to
provide some structural information on two different proximal
metals in nanomaterials,”* but again, distinguishing two 3d
metals that are proximal in the periodic table and proximal
structurally inside the material is problematic. Mbomekallé and
co-workers reported Wells—Dawson tungstoarsenates contain-
ing both Co'" and Fe' centers®® and thoroughly characterized
them by X-ray crystallography, elemental analysis, and magnet-
ism. However, being able to unequivocally locate and also give
the percent occupancies of two adjacent 3d metals requires
another technique. Thus, we report here the use of multi-

Na,Wo, +

Na,HPO, +
(Ni)(NOs),)

1 M aq. CoCl,,
) 2 M aq. KCl,

P,
7}»’, pH 5.5+
- ;’ e
b

0.7 M aq. KClI,
50°C, 10 min

* Co(ll) salt of Co,Ni,P,)

Figure 2. Synthesis of a two-transition-metal POM water oxidation catalyst.
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50°C, 10 min

[Na,Niy(PW403,),]"
(Na,Ni,P,)

Co,Ni,P,
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wavelength synchrotron X-radiation anomalous dispersion
scattering (synchrotron XRAS) that does provide this
information, and specifically the occupancies of both Co(II)
and Ni(II) in the two crystallographically distinct sites in
Co,Ni,P,. Extensive kinetics in combination with DFT
calculations reveal the profound impact of the Ni-for-Co
replacement on the electronic structure and WOC activity of
Co,Ni,P, versus Co,P, and other impacts of this type of
selective WOC modification.

B RESULTS AND DISCUSSION

Synthesis of Two-Transition-Metal Sandwich POM:s.
The strategy for making this two-3d-metal POM involves three
steps (Figure 2). All three POM structures in Figure 2 are the X-
ray structures. A reaction with the sodium salt of both tungstate
and phosphate with nickel nitrate yields the structural analogue
of Co,P, namely, [Na,(Ni),(PW,05,),]"*~ (Na,Ni,P,), a
complex with exchangeable sodium centers on the outside of the
central belt and Ni(II) centers installed in the internal, buried
positions. The occupancy of the Na and Ni centers is
satisfactorily confirmed by single-crystal X-ray diffraction
because Na and Ni(II) have sufficiently different electron
densities, a situation similar to that in the
[(NaOH,),Co",(As,W;504),]"*" complex of Mbomekallé
and co-workers.”” In the second step, treatment of Na,Ni,P,
with Co(II) salts (CoCl, works satisfactorily) at pH 5.5 in the
presence of KCl forms Co,Ni,P, in good yield but with
[Co(H,0)4]*" counterions. These counter-cations refine well
crystallographically and are evident in Figure 2 (lower left
structure). However, these counter-cations must be removed
because hydrated divalent cobalt ions form multi-cobalt
polyhydroxo complexes that are very good WOCs and would
thus interfere with the comparison of the activities of Co,Ni,P,
and other WOC:s. The third step involves slow re-crystallization
from concentrated (0.27 M) KCI, which replaces the [Co-
(H,0)4]** counterions with K* ones. The single-crystal X-ray
diffraction (vide infra), elemental analysis (Table S1), and the
TGA results indicate that the complete structural formula of the
ion-exchanged complex (after step 3), including final crystal-
lization, is a mixed potassium, sodium salt:
K¢Na,Co,Ni,P,W,;0¢s:30H,0 (KNaCo,Ni,P,; see the Meth-
ods section).

Structures. The X-ray crystal structures of Co,Ni,P, both
with and without [Co(H,0)4]*" counterions (Figure 2; lower
left and lower right, respectively) reveal that the Co,Ni,P,
polyanion consists of two trivacant B-a-[PW,05,]°” Keggin
moieties with four 3d transition metals in the central belt, the
classical sandwich polyanion structure first reported by Weakley
et al. in 1972,°° and appearing in scores of publications since.
The refinement strongly suggests that this central belt contains
two chemically equivalent Ni(II) centers in the internal
positions of this C; symmetry polyanion and two chemically
equivalent Co(Il) centers in the external, solvent-accessible
positions defining a rhomb-like Co,Ni, tetrad (Figure 1 right
and Figure 2 bottom structures). Each Co®" ion in Co,Ni,P,
coordinates to six oxygen atoms of the two B-a-[PW,05,]°~
units. However, single wavelength X-ray diffraction with normal
sources cannot unequivocally distinguish two 3d metals that are
adjacent in the periodic table, such as Co and Nij, and proximal
to one another as in mixed-3d-metal oxide WOCs or the POM
analogue, Co,Ni,P,. Even less viable with conventional X-ray
crystallography is the ability to quantify how much of each 3d
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metal is in each symmetry-distinct site, hence the main thrust of
this paper.

Infrared Spectra of Conventional and Two-Metal Sand-
wich POMs. To assess if the FTIR spectra could distinguish
these two classes of sandwich POMs, the conventional
polyanion with four identical transition metals in the central
belt of the complex, from the new two-transition-element
sandwich POM, the FTIR spectra of Co,P, and Co,Ni,P, in the
P—0O, W=0, and W—O—W stretch regions were compared
(Figure 3). These regions are very similar, strongly suggesting

Transmittance (%)

T —T —T | T
1350 1200 1050 900 750 600 450

Wavenumber (cm'1)

Figure 3. Comparison of the FTIR spectra. Co,P, (black), Co,Ni,P,
(red), Ni,P, (blue), and Na,Ni,P, (green).

that the two complexes are isostructural to one another overall.
However, the triply degenerate v; vibrational mode of the
central PO, unit in Co,P,, labeled in Figure 3, is broadened but
not split, whereas it is split in Co,Ni,P, and in the (alkali
metal), (transition metal), precursor complex, Na,Ni,P,,
indicating a greater structural distortion and a consequent
lowering of the symmetry around this central heteroatom unit in
the latter two polyanions. The peaks in the low energy (<1000
cm™') region are attributed to the characteristic (W—0y),
v(W—=0,—W), and v(W—O,~W) absorptions, where O,
double-bridging oxygen, O, = central oxygen, and O4 = terminal
oxygen. However, this common technique cannot tell where two
different 3d metals are and certainly not to what extent.

Synchrotron XRAS to Quantify Positions and Percent
Occupancies of Two 3d Metals in Co,Ni,P,. Quantitative
assessment of the impact of metal(s) adjacent to the catalytic-
active-site 3d metal on all the properties of this catalytic metal
site requires knowledge of the positions of both the active-site
metal and the adjacent 3d metal as well as their occupancies in
each position. It is clear from other data in this study and
conventional wisdom from many literature studies that such
assignments in all oxygen—ligand environments, including
mixed-metal oxide or mixed-metal POM WOCs, are very
difficult with existing physical methods. In addition, Co,Ni,P,
contains 18 heavily scattering tungsten that are particularly
problematic for distinguishing different adjacent 3d metals even
with recent conventional X-ray diffractometers equipped with
strong X-ray sources and improved detectors. As a consequence,
we turned to the use of synchrotron XRAS with data collected at
the Advanced Photon Source (APS) at Argonne National
Laboratory to address this conundrum that is ideally suited to
quantify both the location and the abundance of the two belt-
transition-metals, Co and Ni, in Co,Ni,P,. The synchrotron
source was necessary for purposes of both incident-wavelength
tunability and intensity.

https://doi.org/10.1021/acs.inorgchem.2c00446
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Inorganic Chemistry pubs.acs.org/IC

— Nif' #
10 === Nif" L \ //‘I
— Cofl // :,// :
=== COf™ - : !
4 1
— W f 7 I e
-——-Wf 7 1 e
7 . P
. =
51 7 1 g
L §
A /’/’ __,——_::::—"",
A R A i 1
/: ,// e e Tee =™ : 1
| T e ganleeT | :
L o eammmsesEEE (| S e .
0
@
—
—
-54
-10 4
_15-
0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8
AA

Figure 4. Resonant scattering signals for W, Ni, and Co in Co,Ni,P, used by GSAS-1I” for multi-wavelength refinements of the XRAS data. The M" =
Co, Ni atom site fractions were refined with the resonant data. The 30 keV data was used to provide the best atomic and thermal motion model.
Subsequently, the entire structure along with the optimized site fractions was refined on all the data to provide the best overall results.

In conventional X-ray diffraction, the intensities are propor- technique applied to this problem and all the multiwavelength
tional to the structure factors, [F(hkl).”. If the nature of the data and refinements are available in the Supporting
scattering, including any phase changes, is identical for all atoms, Information.
then [F(hkl)l = F(-h-k-1) (Friedel’s law) holds. The imaginary Catalyzed Water Oxidations by a Sacrificial Electron
component of the atomic scattering factor (third term in eq 2) Acceptor. The catalytic efficiencies of Co,P,, Ni,P,, Na,Ni,P,,
has a phase that lags 7/2 behind that of the primary wave. and Co,Ni,P, for water oxidation were evaluated under dark
Introduction of the real and imaginary components causes homogeneous, photo-driven homogeneous and electrocatalytic
Friedel’s law to break down and gives rise to intensity differences conditions. The dark reactions used [Ru(bpy);](ClO,); as a
or signals that can be used to locate the anomalous scatterers. By stoichiometric oxidant, eq 3, and were monitored by the UV—vis
varying the wavelength, the differences can be used to identify spectroscopic kinetics of [Ru(bpy);]** (£g70 = 420 M~ cm™!)**
different elements in the molecule because every element in a consumption in 80 mM borate buffer at pH 8.0 using the
crystal has its own, unique absorption K edge (illustrated in stopped-flow technique.

Figure 4). We collected XRAS data at the APS over a wide range

of incident energies that included the two K-edges of cobalt and 4[Ru(bpy)3]3+ + 2H,0 - 4[Ru(bpy)3]2+ + 0, + 4H*

nickel and data to either side of the two K-edges (Figure 4). (3)
f=fo+ Af'+i-Af" () Typical kinetic curves, shown in Figure 5, are not exponential.

The addition of 1.0 uM Co,Ni,P, results in almost complete
[Ru(bpy);]** consumption in less than 0.5 s, which is an order of
magnitude faster than with 1.0 yuM Co,P, and more than 60
times faster than the self-decomposition rate of [Ru(bpy);]**,
also shown in Figure S. For comparison, we also recorded the
kinetics of [Ru(bpy);]’" reduction catalyzed by S uM
Co(NO;), (brown) and by S uM Na,Ni,P, (green). The
oxygen yields, based on the initial concentration of the oxidant,
[Ru(bpy);**], increase with catalyst concentrations and reach a
plateau of about 70—80% at 5.0 uM catalyst (Co,Ni,P, or
Co,P,). In the presence of Ni,P, or Na,Ni,P, the rate of
[Ru(bpy);]** consumption is the same as in the absence of a
catalyst.

Light-Driven Catalytic Water Oxidation. The activity of
Co,Ni,P, in visible-light-driven catalytic water oxidation was
Co 0.97(1) Ni 0.96(1) assessed using a standard approach with [Ru(bpy);]Cl, as the
Ni 0.03(1) Co 0.04(1) photosensitizer and persulfate, Na,S,0y, as a sacrificial electron

The program GSAS-I1% facilitated the use of all the multiple
wavelength data to refine the populations of cobalt and nickel
atoms at these specific metal sites. High-resolution data (30
keV) gave us an optimal structural model for the refinement of
the fractions of both metals. The results are presented in Table 1.
In short, the Co(II) and Ni(II) centers are confirmed to be
located in 97 and 96% in the outer solvent-accessible and inner
solvent-inaccessible positions of the central belt of Co,Ni,P,,
respectively (Figure 1, right). More details on the XRAS

Table 1. GSAS-II Refinement Results of
Na,K4Co,Ni,P,W,30430H,0

outer M atoms inner M atoms

6255 https://doi.org/10.1021/acs.inorgchem.2c00446
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Figure 5. Kinetics of [Ru(bpy);]** reduction measured as the decrease
in absorbance at 670 nm. Black, no catalyst; green, S uM Na,Ni,;
brown, S uM Co(NOs),; blue, 1 uM Co,P,; and red, 1 uM Co,Ni,P,,
with 0 (solid), 9 uM bpy (dotted), and 40 uM bpy (dashed);
conditions: 0.43 mM (red and blue) or 0.6 mM [Ru(bpy);]** (brown,
black, and green), 80 mM sodium borate buffer at pH 8.0, 298 K.

acceptor (Figure 6).°””° The initial rate of O, formation is
commonly, but incorrectly, considered as a direct measure of the

2

1.5

0, (umol)

05

X

L

> B

Time (min)

Figure 6. Kinetics of O, evolution in the light-driven reactions.
Conditions: 1.0 mM [Ru(bpy);]Cl, and 5.0 mM Na,$,Oj catalyzed by
10 uM of Co,Ni,P, (blue), Co,P, (red), Ni,P, (green), and Na,Ni,P,
(brown). Conditions: 455 nm LED light (17 mW, beam diameter ca.
0.4 cm), 80 mM sodium borate buffer, initial pH 8.0, total solution
volume 2.0 mL.

catalytic activity, but in actuality, this slope is a measure of the
initial quantum yield. Under the conditions in Figure 6, the O,
yields and quantum yields in the presence of Co,Ni,P, are
reproducibly ~23% higher than those of in the presence of
Co,P,. The O, yields in the Ni, P, and Na,Ni,P, reactions are
the same as those without a catalyst. The light-induced oxidative
decomposition of the photosensitizer, [Ru(bpy);]**, by
persulfate is the main side reaction in the absence of a water
oxidation catalyst.

Stability of the Co,Ni,P, Water Oxidation Catalyst in
Solution. Four different experiments described below quantify
the stability of the catalyst under turnover conditions and rule
out [Co(H,0)¢]*" as a significant WOC. All the details,
including considerations and controls for each, are in the
Supporting Information:

1. Co,Ni,P, was extracted by tetra-n-heptylammonium
(THpA)NO, from the post-reaction solution into
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toluene. The aqueous layer was evaluated by cathodic
adsorptive stripping voltammetry to quantify the amount
of Co(II) from POM decomposition. The concentrations
of Co(II) in NaBi buffer (100 mM, pH = 8.0) and NaPi
buffer (100 mM, pH = 8.0) were S5 and 10%. These
concentrations are for too low for the observed catalytic
activity of Co,Ni,P,.” ">

. The concentration of Co(II) present in Co,Ni,P,
solutions was also determined by *'P NMR line
broadening analysis. We found that the decomposition
of § uM Co,Ni,P, to Co(II) after 1 hin 0.1 M NaPi at pH
8.0 did not exceed 14%.”"*

. The dependence of catalytic activity on the storage time of
Co,Ni,P, in stock solution in 160 mM NaBi buffer at pH
8.0 was measured by stopped flow kinetics analysis
(Figure S12). After 1 h of storage, the activity of Co,Ni,P,
did not change, again suggesting the significant hydrolytic
stability of Co,Ni,P, in borate buffer at pH 8.0.

. The addition of bipyridine (bpy) to the solution of Co,**
results in the formation of mono-, bis, and tris-bpy
complexes of Co(II) with log,o(f3;) values of 5.65, 11.25,
and 16.05.” In the solution of 1.0 M Co** and 9.0 uM
bpy, the concentration of free Co** is lower than 0.02 M.
The addition of small amounts of bpy to the Co*'-
catalyzed water oxidation (H,O + [Ru(bpy),;]**)
completely shuts down the reaction. If 9.0 yM bpy is
added to the reaction catalyzed by 1.0 uM Co,Ni,P,, only
a very small decrease of [Ru(bpy);]** consumption is
observed (Figure S). This confirms that Co(II) cannot be
the true catalyst in the Co,Ni,P, solution. However,
because the bpy ligand notably destabilizes the Co,Ni,P,
POM framework (removes Co(II)) as it does in the case
of Co,V,,”* and unlike in the case of Co,P,,”* the addition
of 40 1M bpy results in a visible inhibition of the reaction.

Electrocatalytic Water Oxidation. Previous studies showed
that prolonged exposure to the high overpotential conditions
required for electrochemical water oxidation tends to decom-
pose cobalt-containing Keggin-sandwich POMs by electro-
depositing cobalt oxide species on the working elec-
trode.”"”>’*’° Embedding Co-POM WOCs in carbon paste
has been reported to greatly reduce the hydrolytic decom-
position of these catalysts.””*> However, short-timescale
homogeneous cyclic voltammetry experiments illuminate
aspects of the catalytic water oxidation activity of Co,Ni,P,.
At 1.0 uM, this POM produces an increasing anodic current
from the catalytic oxidation of water with no corresponding
reductive current (Figure 7). More importantly, atom equivalent
concentrations of aqueous Co** and Ni** (2.0 uM each) result in
lower oxidative currents. Given that aqueous Co?" is a known
active WOC (active WOC precursor) and Ni** is not, this
observation strongly suggests that Co,Ni,P, is a much faster
WOC than Co?'. These results are also consistent with the
stopped-flow kinetic studies, where we see not only a much
faster initial rate of reaction associated with Co,Ni,P, but also a
delayed reaction onset for aqueous Co** that is nonexistent in
the early-time water oxidations catalyzed by POM WOCs.

With the above control experiments done, we now compare
the electrocatalytic activities of Co,P, and Co,Ni,P, in Figure 8.
The onset potential of catalytic water oxidation is lower for
Co,Ni,P, than for Co,P,, and the current at a given potential
after onset of water oxidation is higher for Co,Ni,P, than for
Co,P,. Thus, for all three of the standard modes of WOC

https://doi.org/10.1021/acs.inorgchem.2c00446
Inorg. Chem. 2022, 61, 6252—6262
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Figure 7. Cyclic voltammetry of different catalytic species. No catalyst
(black), 1.0 uM Co,Ni,P, (red), and 2.0 uM Co(NO,), + 2.0 uM Ni
Co(NO;), (blue). Conditions: 0.1 M pH 8.0 borate buffer with 0.1 M
KNO; as the electrolyte; a planar glassy carbon working electrode with
a diameter of 3 mm; a Ag/AgCl reference electrode; 50 mV/s scan rate.
The plotted potential is based on the reversible hydrogen electrode.
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Figure 8. Cyclic voltammograms comparing the electrocatalytic water
oxidation current for no catalyst (black), 1.0 uM Co,Ni,P, (red), and
1.0 uM Co,P, (blue). The electrodes and conditions are identical to
those in Figure 7.

assessment, thermal with an oxidant, photo-driven with a
photosentizer plus terminal electron acceptor (persulfate), and
electrocatalytic, Co,Ni,P, is more active than Co,P,. The most
direct measurement of homogeneous WOC rates would be from
the dark thermal reactions because, as we have noted, processes
other than water oxidation to O, are largely rate limiting in
photosensitized water oxidation by persulfate, and decom-
position of these POM WOCs can be operative during
electrocatalytic water oxidation, although our controls indicate
that the latter process is not important in the reported
experiments here.

Evaluation of Electronic Structures and Mechanisms
of Water Oxidation Catalyzed by Co,Ni,P, and Co,P,. In
order to explain the order of magnitude higher WOC activity of
Co,Ni,P, compared to Co,P,, we studied in detail the kinetics
of catalytic [Ru(bpy);]** consumption. First, we attempted to
estimate the standard reduction potentials of these POMs. The
common electrochemical technique does not work in this case.
Neither POMs show any electroactive redox behavior prior to
their water oxidation catalytic current. Consequently, we
performed potentiometric titration by [Ru(bpy);]** (E = 1.26
V) using a stopped flow technique and measuring the
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I:Ru(bpy)3]2+ concentration at 450 nm (& = 1.42 X 10* M™!
cm™"). The stock solution used for titration was a mixture of
[Ru(bpy),]** and [Ru(bpy),]** in a 6:1 ratio. The addition of
0.8—3.0 equiv of [Ru(bpy);]** to 50 uM of either Co,Ni,P, or
Co,P, resulted in an immediate (after 0.01 s) increase of
absorbance at 450 nm due to the presence of [Ru(bpy);]*" in a
stock solution. The absorbance grows exponentially with a k &
0.15 s7*. The rate constant of [Ru(bpy);]** self-decomposition
is between 0.02 and 0.025 s~". Therefore, the self-decomposition
cannot be ignored, and as a compromise, we measured the
concentration of [Ru(bpy);]** 2.0 s after mixing in the titration
procedure. In the presence of 50 uM Co,Ni,P, the yield of
[Ru(bpy),;]** formed was about 15—20% of added [Ru-
(bpy);]** (Figure S13). Correspondingly, the first oxidation
potential of Co,Ni,P, must be 20—40 mV higher than that of
[Ru(bpy);] 3+ Similar results, within the experimental error,
were obtained for titration of Co,P,.

Based on this finding, we constructed a kinetic model for the
catalytic reduction of [Ru(bpy);]*". We rule out a sequential
oxidation of these POMs by four electrons for three reasons: (a)
commonly, the oxidation potentials increase with the number of
removed electrons, even with redox leveling, (b) both Co,Ni,P,
and Co,P, already have high first Co(III)/Co(II) potentials,
and (c) [Ru(bpy);]*" is unlikely able to remove three additional
electrons sequentially. Therefore, we assume that two molecules
of [Ru(bpy);]** oxidize one POM to form a two-electron-
oxidized intermediate that then reacts with water. The resulting
peroxy-like species is rapidly oxidized subsequently by two
[Ru(bpy);]** to form O, and regenerate the initial form of the
POM. The simplified kinetic model is shown in eqs 4—7:

POM + [Ru(bpy),** 5 POM(1) + [Ru(bpy),I**

AG1 4)

POM(1) + [Ru(bpy),I’" & POM(2) + [Ru(bpy),]**

AG2 ©)
POM(2) - HO — O — CoPOM k. (6)
HO — O — CoPOM + 2[Ru(bpy),]’* — POM + 2

[Ru(bpy)3]2+ + 0, fast (7)

where POM(1) and POM(2) are the one- and two-electron
oxidized forms of the initial POM catalyst, and HO—O—
CoPOM represents the key cobalt—peroxy intermediate in the
rate-determining step.

The self-decomposition of [Ru(bpy);]*" is a complex process.
The decay of absorbance at 670 nm is exponential, but the yield
of the [Ru(bpy);]*" product is higher than 95% based on the
initial [Ru(bpy),;]**. Bpy self-decomposition in oxidative
processes has been thoroughly studied in previous work that
shows that the oxidatively damaged bpy ligand, bpy’, which is
almost always more electron-rich than bpy itself, is easily
oxidized to CO,.°® To take into account the stoichiometry of
bpy self-decomposition, we add reactions 8 and 9 to the kinetic
model:

[Ru(bpy),]** — [Ru(bpy’) (bpy),]**

self — decomposition

(8)
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Analysis of this model affords the following values (details of
the fitting procedure and results are described in the Supporting
Information) for Co,Ni,P, (Co,P,):

AGI =29 (21) mV, AG2 = —34 (—33)

mV, k. = 1.1 x 10" (20) s" (9)

Thus, the main reason for the significant difference in catalytic
activity between the two POMs seems to be the difference in
rates of eq 6, which includes O—O bond formation. To support
this hypothesis, we performed quantum-chemical calculations of
thermodynamic properties of the intermediates likely involved
in the water oxidation catalyzed by Co,Ni,P, and Co,P,. The
details are described in the Supporting Information. The
simplified energy diagram is presented in Figure 9. Accordingly,

HOO-C ﬁlw\c I.OH
-Co o'-OH,
M W

O*=Co"/'N(\Co"-OH2 a2y
M

200V 2135V

77\
HO-Co!! Co-OH,
'

Figure 9. Calculated thermodynamics of the CoO—OH hydroperoxo
and other intermediates that form with Co,Ni,P, (M = Nj, red) and
Co,P, (M = Co, black), shown in a single reaction pathway for both
Co,P, and Co,Ni,P, complexes.

the difference in activity between these POMs derives primarily
from the more favorable thermodynamics of the peroxo (O—
O)-forming step for Co,Ni,P, than for Co,P,. This is analogous
to the rate-determining step proposed in other 3d-metal-oxide-
based oxidations.””~"? Specifically, the second-order interaction
energy of a bonding Co—O orbital with an adjacent Co d-orbital
lone-pair is ~0.5 kcal/mol in Co,P,, while the same interaction
of a bonding Co—O orbital with an adjacent Ni d-orbital lone-
pair is ~1.7 kcal/mol in Co,Ni,P,. This subtle perturbative
interaction acts to stabilize the peroxo formation free-energy
reaction path for Co,Ni,P, by about 1.1 kcal/mol at the
transition state and about 1.6 kcal/mol in the peroxo product.
These energy differences are significant at 300 K. Thus, based on
the above electronic structure calculations, we believe that the
indirect inner-metal—outer-metal interaction energies explains,
at least in part, the observed difference in the reaction rates
between Co,Ni,P, and Co,P,. The reaction pathway and an
orbital interaction energy diagram are presented in Figure S17.

B CONCLUSIONS

This study demonstrates that multiwavelength synchrotron X-
radiation anomalous dispersion scattering (synchrotron XRAS)
can address a pervasive challenge with metal oxide and POM
water oxidation catalysts (WOCs) containing two 3d metals:
confirming the positions of both the catalytic active site metal
and the second potentially non-innocent adjacent metal.
Knowing both the location and percent occupancies of the
two 3d metals is fundamental to reactivity, stability, spectro-
scopic, and other properties of such catalysts and studies thereof.
Conventional single-wavelength X-ray crystallographic deter-
mination cannot unequivocally distinguish two adjacent 3d
elements because of very similar electron densities. In this study,
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we also report a high-yield, site-selective synthesis of a sandwich
POM WOC with two different 3d metals, Co,Ni,P,, which is
isostructural and bears the same charge (10—) as the parent
tetra-cobalt WOC studied by several groups, Co P, (X-ray
structures of both in Figure 1). The use of XRAS, with data
collection and refinements over many wavelengths, proves that
Co centers and Ni centers in Co,Ni,P, reside essentially only on
the outside and inside positions of the central belt, respectively,
facilitating a quantitative comparison of the properties of
Co,Ni,P, and Co,P,, the first such study in any WOC.

Co,Ni,P, is an order of magnitude faster as a water oxidation
catalyst than Co,P,. Additional experimental studies show
different spectroscopic and electrochemical properties of the
two POM catalysts, while experimental and computational data
reveal major differences in the electronic structures of Co,Ni,P,
versus Co,P, upon changing the inside active-site-adjacent 3d
metal: Co in Co,P, versus Ni in Co,Ni,P,.

Four independent experiments establish that these POM:s are
the active water oxidation species under catalytic conditions.
Aqueous Co*" is not catalytically important.

Multiwavelength XRAS should be definitive for structural
assignments in myriad potential multiple-transition-metal-
containing catalysts including but not limited to those central
to solar fuel production: HER, OER (WO), and carbon dioxide
reduction (CO,RR) catalysts.

B METHODS AND MATERIALS (SEE THE
SUPPORTING INFORMATION FOR FULL
EXPERIMENTAL DETAILS)

Co(ll) in Buffered Catalytic Solutions. By convention, Co(II) in
aqueous solution is denoted as “Co**” or “[Co(H,0)s]**”; however,
divalent cobalt in the borate and phosphate buffers used to control pH
in the catalysis and stability studies in this paper replace some of aqua
ligands bound to cobalt, and thus writing “[Co(H,0)]**” in the
buffered solution studies is somewhat misleading. As a consequence, we
write divalent cobalt in this paper as “Co(II)” for these studies that
encompasses the different hydrolysis and association species of cobalt.
The Co(II)-buffer association equilibria are discussed and where
possible quantified in the Supporting Information (SI).***' In contrast,
writing “[Co(H,0)]**” is appropriate for the syntheses and X-ray
crystallographic studies where all six aqua ligands of the cobalt
counterions are confirmed.

Synthesis of KgNa,[Na,Niy(PW,03,),]-30H,0 (Na,Ni,P,).*
Na,WO0,-2H,0 (5 g 15.2 mmol) and Na,HPO, (0.24 g, 1.7 mmol)
were dissolved in 50 mL of H,O followed by the addition of Ni(NO;),-
6H,0 (0.32 g, 1.1 mmol), resulting in a cloudy suspension. The pH was
adjusted to 7.5 by dropwise addition of 6 M HCI, and a yellow-green
solution formed. The solution was heated at 90 °C for 1 h and then was
allowed to cool to room temperature. Powdered KCI (0.6 g, 8.0 mmol)
was added, and the solution was allowed to evaporate for several days at
room temperature generating 0.2 g of yellow-green needles (7% yield
based on W).

Synthesis of K;o[Co,Ni,(PW405,),]-:28H,0 (K;,Co,Ni,P,)
Na,Ni,P,. Na,Ni,P, (0.04 g) was dissolved in 4 mL of 1 M CoCl,
aqueous solution. KClI (0.08 g in 1 mL of solution) was added under
stirring at 50 °C to accelerate the crystallization. Dark purple-brown
crystals with two [Co(H,0)s]** as counterions to the deca-anion,
Co,Ni,P,, were obtained overnight upon slow evaporation (0.028 g,
70% yield). The two [Co(H,0)¢]** counterions were quantitatively
removed by recrystallization as follows: 5 mg of the above crystals were
dissolved in 4 mL of water, and 1 mL of KCI solution (0.1 grmL™") was
added under stirring at 50 °C. Single crystals suitable for X-ray
crystallography were obtained overnight upon slow evaporation (yield
2.5 mg, 50%). FTIR data (cm™): 1039(s), 1012(s), 936(sh), 889(sh),
700(s). The TGA measurement indicated 30 water molecules of
crystallization. Elemental analysis calcd (wt %) for Co,Ni,P,: Co, 2.22;

https://doi.org/10.1021/acs.inorgchem.2c00446
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Ni, 2.21; P, 1.15; W, 62.46; found (wt %): Co, 2.00; Ni, 2.11; P, 1.04;
W, 61.70.

The POMs, Na;o[Coy(H,0),(PW,0;4),]-27H,0 (Co,P,) and
NagK,[Ni, (H,0),(PW,03,),]-32H,0 (Ni,P,), for control experi-
ments were synthesized by the literature procedures.’***

X-ray Structure of the POMs. These routine determinations are
described in the Supporting Information and in the available CIF files.

XRAS Experiments. Standard, single-wavelength X-ray diffraction
is generally not sensitive enough to unequivocally distinguish
neighboring transition-metal atoms in the periodic table in a molecule.
This is particularly true where there are many adjacent heavy atoms, as
in the case of Co,Ni,P, that contains 18 tungsten atoms. Synchrotron
XRAS proved to be ideal for this purpose. Key aspects of the technique
pertaining to Co,Ni,P, are in the Results and Discussion, and the
technical basics and scattering details are given in the Supporting
Information. Six data sets were collected at the Advanced Photon
Source (15-ID-B) using radiation close to the K-edges of cobalt and
nickel to unequivocally determine the exact nature of these metal atoms
in the central belt of Co,Ni,P,. Specifically, measurements were
performed and displaced at either side of the K-edges of Co (1.608 A,
7.71 keV) and Ni (1.488 A, 8.33 keV). The conditions available at 15-
ID-B enabled collection of extremely high-resolution, multi-wave-
length, and complete data sets that are responsive to the exact
composition of the Co/Ni atom sites in the crystal.

Evaluation of Catalytic Activity. The catalytic activity toward
water oxidation was evaluated using the techniques described
carlier’"® and also addressed above. The O, yield in water oxidation
by [Ru(bpy);]** was measured in a custom-built apparatus that was
described in detail earlier.*® The oxygen concentration was measured
by an Ocean Optics Neofox Phase Measurement System containing a
calibrated FOXY-R probe with a FOXY-AFMG coating. The
measurements were performed until the oxygen reading was constant
for 3—5 consecutive experiments. Analysis of oxygen in the reaction
headspace in the light-driven system was performed using a HP7890A
model gas chromatograph (GC) equipped with a thermal conductivity
detector (TCD) and a § A molecular sieve capillary column. The
kinetics and the O, yields in this system are strongly dependent on the
stirring rate, light intensity, and configuration of a light source and a
reactor.’””? Therefore, this technique is applicable only for determining
the relative catalytic activities of different complexes under strictly
identical conditions.

Computational Details. Here, we used the MO6L density
functional®® in conjuction with the 6-31G(d,p) basis sets for P, O,
and H atoms and LANL2DZ ECPs with the corresponding basis sets for
W, Co, and Ni. The effects of bulk aqueous solution were approximated
at the level of the polarizable continuum model (PCM).** Roles of the
long-ran§e dispersion interactions were evaluated using the GD3
method.”® Geometry optimizations of all structures were done without
symmetry constraints and at their energetically lowest high-spin states.
All the calculations were performed using the Gaussian 09 (Revision
E.01) quantum chemical software package®” (for more details, see the
Supporting Information).

B ASSOCIATED CONTENT

@ Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c00446.

Experimental details, materials, methods, and additional
supporting figures as described in the text (PDF)

Accession Codes

CCDC 2089909 and 2089937 contain the supplementary
crystallographic data for this paper. These data can be obtained
free of charge via www.ccdc.cam.ac.uk/data_request/cif, or by
emailing data_request@ccdc.cam.ac.uk, or by contacting The
Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB2 1EZ, UK; fax: +44 1223 336033.
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