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Photoelectrochemical water splitting can produce green hydrogen for industrial use and COy-neutral trans-
portation, ensuring the transition from fossil fuels to green, renewable energy sources. The iron-based electro-

: catalyst [FefFe(j-3-0)(p-L)]>" (LH = 3,5-bis(2-pyridyl)pyrazole) (1), discovered in 2016, is one of the fastest
i::z] Zif;g;::pzﬁf:szch(;p y molecular water oxidation catalysts (WOC) based on earth-abundant elements. However, its water oxidation
EPR reaction (WOR) mechanism has not been yet fully elucidated. Here, we present in situ X-ray spectroscopy and
electron paramagnetic resonance (EPR) analysis of electrochemical WOR promoted by (1) in water-acetonitrile
solution. We observed transient reactive intermediates during the in situ electrochemical WOR, consistent with a
coordination sphere expansion prior to the onset of catalytic current. At a pre-catalytic (~+1.1 V vs. Ag/AgCl)
potential, the distinct g ~ 2.0 EPR signal assigned to Fe''/Fe'V interaction was observed. Prolonged bulk elec-
trolysis at catalytic (~+1.6 V vs. Ag/AgCl) potential leads to the further oxidation of Fe centers in (1). At the
steady state achieved with such electrolysis, the formation of hypervalent Fe'=0 and Fe'"=0 catalytic in-
termediates was inferred with XANES and EXAFS fitting, detecting a short Fe=0O bond at ~ 1.6 A. (1) was
embedded into MIL-126 MOF with the formation of a (1)-MIL-126 composite. The latter was tested in photo-
electrochemical WOR and demonstrated an increase in electrocatalytic current upon visible light irradiation in
acidic (pH = 2) water solution. The presented spectroscopic analysis gives further insight into the catalytic
pathways of multinuclear systems and should help the subsequent development of more energy- and cost-
effective water-splitting catalysts based on earth-abundant metals. Photoelectrocatalytic activity of (1)-MIL-
126 confirms the possibility of creating an assembly of (1) inside a solid support and harnessing solar irradiation
towards industrial applications of the catalyst.

Reaction mechanisms

1. Introduction engineering of a single device combining light absorption and charge-

separation functionality with water-splitting catalysis. [2-5] The reali-

Hydrogen is the most potent energy carrier and chemical fuel crucial
for decarbonization of the world’s economy and mitigating climate
change and global warming. As of 2021, 76 % of hydrogen is produced
from natural gas by steam methane reforming, 22 % is produced through
coal gasification, and only 2 % from water electrolysis. [1] Green
hydrogen production is a clean and sustainable energy technology based
on the concept of artificial photosynthesis. This concept suggests utili-
zation of renewable electricity (solar panels, wind turbines, etc.) for
water electrolysis using conventional electrolyzers, as well as the
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zation of artificial photosynthesis requires fast and durable water-
splitting catalysts, capable of promoting the most challenging multi-
electron water oxidation reaction (WOR) step: 2H20 — O, + 4e” + 4H™,
with subsequent proton reduction reaction for hydrogen production. For
technologically viable and scalable artificial photosynthesis processes,
the catalyst must be embedded within a solid support, and the use of any
toxic or flammable reagents should be minimized. Metal organic
frameworks (MOFs) provide outstanding chemical flexibility and
tunability of physical properties and thus, can be envisioned as
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integration scaffolds for light-induced water splitting. [6-8]

The slow kinetics of WOR result in high noble metal (Ru and Ir)
loadings in commercial electrolyzers, making their use expensive and
non-scalable. By contrast, the Mn4Ca center of Photosystem II (PS II)
allows conversion of sunlight to stored chemical energy with ~ 60 %
efficiency, using only the earth-abundant Mn and Ca atoms. [9-11] This
demonstrates that efficient catalytic systems can be achieved using
earth-abundant materials. The Mny4Ca cluster of PS II inspired substan-
tial research and development of artificial WOCs based on 3d transition
metals. [12-17] For advanced design and development of a water
oxidation catalyst (WOC), the knowledge of the reaction mechanisms
and catalytic pathways is crucial. This motivates development of cata-
lysts with decreased reaction overpotential to improve energy conver-
sion efficiency. Avoiding the use of precious metals to promote WOR is
also important for scalability and broader industry applications beyond
hydrogen production, such as oxidative transformations in organic
synthesis. Currently, the noble metal WOCs (Ru- and Ir-based) provide
the most effective and stable water-splitting catalysis. [18,19] Their
catalytic pathways were studied thoroughly (Fig. 1A) and may provide
guidance for WOR catalysts based on earth-abundant metals (Fig. 1B,C).
Mechanisms related to the metal intermediates in high oxidation states
are proposed for artificial WOCs, where PCET results in the formation of
metal-oxo species M = O (M - transition metal), followed by water
nucleophilic attack (WNA) or radical coupling with the formation of
transient (hydro)peroxides, further oxidation, and the subsequent
release of oxygen (Fig. 1D). [20-23] In some cases, it was possible to
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observe the reactive intermediates in freeze-quenched reaction mixtures
in single and bi-metallic WOCs - (Fig. 1A, C) [22,24,25] or in situ in
electrochemical WOR for a multinuclear catalyst (Fig. 1B) [23]. Highly
oxidized transient species have been detected for Ru-based WOCs,
[20,21,26] as well as for a few WOCs based on earth-abundant metals.
[22,27-29] The presence of Fe' intermediates for the representative [Fe
(pytacn)]2+ WOC was also postulated, and [FeV:O,OH(pytacn)]2+ was
experimentally detected in the chemically driven WOR. [22,30,31]
While the formation of Fe'V and Fe' is considered to be a common
phenomenon for WOR promoted by iron-based WOCs, reports of spec-
troscopically  characterized Fe' catalytic species are rare.
[22,29,32-34].

The study of reaction pathways for multinuclear clusters represents a
significant challenge due to the system complexity and short lifetime of
the reactive intermediates. Here, EPR analysis will consider the strong
electronic couplings of metal centers, and X-ray spectroscopy will report
the average charge state for metal ions in the WOC. The Mn4Ca cluster of
PS II is the most-studied example, where the S3 state of the oxygen
evolving complex (OEC) is characterized by a MnﬁV state. [35-37] OEC
also includes the essential Ca%* cofactor; when Ca?* is depleted, oxygen
evolution by the OEC is halted. Higher oxidation states of Mn, such as
Mn", were proposed for the S4 state based on DFT models; [38,39]
however, such proposals currently lack substantial enough experimental
evidence to fully support the presence of higher oxidation states such as
Mn" or Mn"". Models involving Mn" formation in the S state also fail to
resolve the kinetic challenge posed by the similar rates of Tyrz reduction
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Fig. 1. Formation of the reactive metal-oxo species intermediates in chemical (A [24], C [22]) and electrochemical (B [23]) WOR promoted by molecular catalysts.
The M = O (M - transition metal) species can undergo water nucleophilic attack or combine via radical coupling, resulting in [0-O] moiety formation, further

oxidation, and dioxygen evolution (D).
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and O evolution. [11,37] Some catalytically inactive Mn/Ca/O clusters
mimics were reported, [40] but active WOCs are usually monometallic
(Fig. 1B, Fig. 2). Artificial monometallic Co- and Fe-based clusters
demonstrate noticeable stability in electrocatalytic water oxidation but
do not precisely mimic the natural heterometallic CaMn3Og4. [41]

Here, we report in situ spectroscopic characterization of WOR pro-
moted by [Fef‘IFeHI(p—B—O)(p—L)G]3+ (LH = 3,5-bis(2-pyridyl)pyrazole)
(1) (Fig. 2A), with support of X-ray emission spectroscopy (XES), X-ray
absorption spectroscopy (XAS), and EPR. This catalyst mediates elec-
trochemical water oxidation in acetonitrile-water solution with a turn-
over frequency measured to be ~ 1900 s™! at ~+1.4 V vs. Fc'/Fc
(~+1.6 V vs. Ag/AgCl). [14] In the trigonal bipyramidal metal core of
(1), a planar Fe3O fragment is sandwiched with two apical hex-
acoordinated [Fe(u-L)3] moieties. All Fe ions in the Fe3O core are penta-
coordinated, indicating the potential for coordination sphere expansion.
Electrochemical analysis in acetonitrile indicates four redox processes
preceding the onset of catalytic water oxidation. [42] Structural trans-
formations explaining WOR activity of (1) (Fig. 2A) were proposed
based on DFT calculations. [43] A mechanism with the formation of
adjacent Fe'V=0 species (Fig. 2B, Fig. 1-high), followed by 0—O bond
formation via radical coupling (Fig. 2B, (1)-0-0O) and subsequent oxygen
evolution was presented. [43] This proposal is different from the WNA
mechanism suggested for a Co-cubane WOC based on spectroscopic
analysis. [14,44] For the latter, recently reported spectroscopic analysis
indicated generation of Co™"—=0 and hydroperoxo Co-OOH moieties
during WNA before the oxygen release. [23,45] Similarly to the Co
multinuclear analogue, the WNA electrocatalytic pathway for (1) cannot
be excluded, and the WOR mechanism promoted by (1) may also be
reevaluated with the input of advanced spectroscopic techniques. In this
study, we analyze electrocatalytic pathway for (1) using in situ
synchrotron-based X-ray spectroscopy and EPR.

We recently demonstrated the capability of the Fe-based MIL-126
metal organic frameworks (MOFs) doped with a Ru-based WOC to
oxidize water photoelectrochemically under visible light and moderate
potential. [46] The FegO nodes in the MOF are capable of forming
charge-separated states upon visible light irradiation. This promotes
WOR and increases the electrocatalytic current. [46,47] These consid-
erations encouraged us to assemble the water oxidation composite
bearing (1) inside a MIL-126 MOF; we then tested its activity in an acidic
water solution (pH = 2, required for the use of Nafion as proton trans-
port layer) under intense visible light. The (1)-MIL-126 composite is
electrocatalytically active at + 1.6 V vs. Ag/AgCl applied potential at pH
= 2 in water and displays sensitivity to visible light with ~ 3 times
higher electrocatalytic current than control MIL-126 MOF.
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2. Results

2.1. Electronic structure characterization of (1) by X-ray emission
spectroscopy (XES)

The initial state of (1) has an intriguing electronic structure which
was first analyzed by Mossbauer spectroscopy at low temperature and
was reported to consist of two low-spin (LS) Fell ions, two high-spin (HS)
Fe' ions, and one Fe' jon in HS state. [48] To validate that this elec-
tronic structure remains at room temperature, we recorded Fe K X-ray
emission spectra [49] of (1) from a powder pellet at room temperature
and under a cryostream (see Materials and Methods, SI). These spectra
contain information about the Fe centers’ oxidation state and spin state.
[50-52] The XES spectra of (1) is significantly broader than the spectra
of reference compounds containing single-type Fe ions (Fig. 3,
Figure S1). The XES spectrum of (1) can be successfully modeled by the
superposition of XES spectra for FeSO4 (FeH, HS), ferrocene Fe(CsHs)o
(Fe'l, LS), and Fe,03 (Fe''', HS) in a ratio of 2:2:1, as is shown in Fig. 3.
This result confirms the electronic structure assignment and shows that
Fe Kp XES can be used for analysis of Fe-based WOC intermediates. The
spectra modeled as a superposition of XES spectra of standard com-
pounds with different ratios are provided in Figure S2. The spectra
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Fig. 3. Fe Ky XES spectra of powder pellet of (1) (yellow) and modeled XES
spectrum (black dashed line) obtained as superposition of FeSO4 (Fe'l, HS),
ferrocene (Fe'', LS), and Fe,03 (Fe''', HS) spectra in a ratio of 2:2:1. All Ky XES
spectra were normalized to a maximum after a linear background was sub-
tracted across the energy range of 7020 to 7080 eV by fitting the first and last
ten data points in the range. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. A) Pentanuclear Fe-based water oxidation electrocatalyst (1), oxidation and spin states of Fe centers (HS — high-spin, LS — low-spin) are indicated; B) Key steps
of the catalytic cycle proposed based on DFT analysis of p-oxo iron core of (1) during electrochemical WOR.



R. Ezhov et al.

obtained for similar cases of 2:1:2 and 1:3:1 for Fe''(HS): Fe'l(LS):
Fe(HS) do not match the experimental data highlighting the sensitivity
of XES technique to electronic configuration of metal ions (see
Figure S2). XES will be used in the future for in situ measurements of Fe-
based WOCs preserved in a suitable cryostate or generated in electro-
chemical cells compatible with an XES spectrometer. [49]

2.2. In situ XAS study of electrochemically driven WOR catalyzed by (1)
in solution

For better understanding of the electrocatalytic reaction pathways, it
is important to study metastable chemical species generated in situ under
applied potential. [23,53-56] Bulk electrolysis (BE) of 0.2 mM solution
of (1) was performed at + 1.6 V vs. Ag/AgCl reference electrode (cor-
responding to the catalytic current at + 1.42 V vs. Fc/Fc™) [14] ina 1:4
water-acetonitrile mixture, with addition of 0.1 M Et4NClO4 as the
supporting electrolyte (pH = 6), while stirred in a closed cell to prevent
acetonitrile evaporation. The custom electrochemical cell was equipped
with a Pt-foil working electrode as an anode, Pt-wire counter electrode
placed in a fritted tube filled with same electrolyte (0.1 M Et4NCIO4 in
acetonitrile-water mixture), and a Ag/AgCl reference electrode
(Figure S3). Since the pH of the solution in the cell during prolonged BE
shifts to more acidic due to high catalyst activity (H' generation as a
result of WOR) and the electrolyte’s lack of buffer capacity (note cor-
responding pH increase in the fritted tube with the counter electrode),
pH was checked after every third XAS scan and was adjusted to pH ~
6-7, as necessary. During prolonged electrolysis (>8 h at + 1.6 V vs. Ag/
AgCl), we observed a gradual shift of the Fe K-edge in XANES (Fig. 4.A,
B) rightwards from the FeyO3 standard, signifying that the average
oxidation state of the Fes core exceeds Fe', Fig. 4B. We note that XANES
reflects an average oxidation state of the 5 Fe atoms, and it is impossible
to differentiate oxidation states of individual Fe centers. No signs of
catalyst degradation - such as precipitate or thin film formation inside
the electrochemical cell or on the Pt electrode surface - were noted. At
about ~ 5 h of BE, the XANES edge does not shift further, indicating a
steady-state condition equivalent to the catalytic WOR conditions. At
the conclusion of the in situ XAS experiment, the cell window material
and electrode were rinsed and subjected individually to the XRF analysis
at the beamline and demonstrated a lack of Fe signal.

Fig. 4B shows that in situ XANES of (1) at + 1.6 V vs. Ag/AgCl is
positioned about ~ 1/3 in between the Fe,O3 and [Fe'=0,0H
(pytacn)]”. [22] Assuming ~ 100 % Fe'! and Fe" for two comparison
spectra and linear dependence of edge position with charge of the iron

center, one can derive Fed'Fe} or Fel'FeVFe¥ configuration for elec-

trolyzed (1). However, Fel'FelY cannot be excluded due to approximate
nature of such analysis. For multinuclear metallic clusters, it is appro-
priate to assume a linear relationship between the edge position and the
oxidation state of metal ions as no dramatic changes in the ligand
environment are expected which can influence edge position. This
approach was used for the Mny4Ca cluster in Photosystem II, [57] a Co404
cubane WOC, [23] and other spectroscopic works referenced in these.
A comparison of the EXAFS spectrum of initial (1) and that obtained
at catalytic steady-state at ~+1.6 V vs. Ag/AgCl is shown on Fig. 4C;
EXAFS fits are in Table S1-2. The peak corresponding to the first coor-
dination sphere of Fe increases in intensity and shifts to the lower
apparent distance (marked with the arrow). Fitting of the EXAFS data
indicates formation of a five-coordinated reactive species bearing an
ultrashort Fe-O distance of ~ 1.56 A (Fig. 4C, Table S2, Figure S4).
While XANES data cannot univocally distinguish between the Fe3'Fey
and FeJ'Fe!VFeV configurations, the obtained Fe=0 distance is more
consistent with Fe" formation, [22,58] as Fe!V=0 distances are expected
to be longer, at 1.62-1.66 A. [59,60] Per reviewer request, we con-
ducted DFT calculations using the BP86/Def2TZVP to explore the en-
ergy of FegIFeIHFeIV:O - FeI3HFeIVFeIV:O - FelgnFeIVFeV:O
transitions where only a single Fe center coordinates the water ligand.
For the Fe''FeV=0 state, we took coordinates from “6W” state in the

Journal of Catalysis 429 (2024) 115230

A
1.6
14
€2
=
x .
g 1 —  Omin
N — 48 min
© 0.8 —  72min
£ o6 — 1.6hours
ZO ——  2hours
0.4 — 48hours
0.2 —  7.2hours
7.6 hours
0
7110 7120 7130 7140
Energy(eV)
B 1.8
16 |
@ 14 |
o 12
<
E 1}k
= 08 . . -
£ — (1) solution, no potential
5 06 L — (1) after 8 hours BE
Z 04" — Fe,0, 5
02 — FeO
“r —— Fe(pytacn)(OTf),+CAN
0 1 1 1 1
7110 7120 7130 7140 7150
Energy(eV)
c 6
—— (1) solution, no potential
5 | —— (1) after 8 hours BE

— Fe,0,

FT intensity

Radial distance (A)

Fig. 4. A) Dynamic of XANES change for the separate scans of (1) solution in
4:1 acetonitrile — water mixture during prolonged BE at + 1.6 V vs. Ag/AgCl; B,
C) Comparison of XANES (B) and EXAFS (C) of (1) after prolonged BE, with
standards ((1) initial, FeO, and Fe;O3) and highly oxidized Fe' obtained by
chemical oxidation of the Fe(pytacn)(OTf), complex with cerium (IV) ammo-
nium nitrate at pH = 1.

Scheme 1 [43] and further optimized each state, Table S3; note DFT-
computed potentials are given vs. NHE, while experimental electro-
chemical potentials are reported vs. Ag/AgCl. We found ~+1.2 V vs.
NHE for the Fe"Fe'"=0 — Fe!VFe!V=0 transition — likely insufficient
for Fel'Fel=0 to activate water. In the next step, Fe'Fe'"=0 —
Fe'VFe'=0 is predicted at + 1.80 V vs. NHE, in agreement with the high
onset potential for this catalyst. We conclude that within the precision
limits of DFT — typically + 0.2 V — formation of the FeY—0 species is
possible.

2.2.1. EPR studies

The initial complex (1) consists of two low-spin (LS) Fe' ions, two
high-spin (HS) Fe' ions, and one Fe jon in the HS state, Fig. 2A. The
solution of 0.2 mM (1) in a 1:4 water — acetonitrile mixture with 0.1 M
Et4NClO4 as an electrolyte was found to be EPR silent at 20 K (Fig. 5A) —
the initial species lacks strong EPR signal or is high spin and not
detectable due to fast relaxation or transitions outside the X-band range.
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Fig. 5. X-Band EPR of (1) electrolyzed: A) at increasing potential for 1 h at each potential, B) at fixed potential of + 1.6 V vs. Ag/AgCl reference electrode at different
time points. Samples were flash frozen in liquid N5 for cryogenic EPR analysis. Modulation amplitude is 25 G, Temperature is 20 K, and microwave power is 31 mW.

While in situ XAS was performed only at the catalytic applied po-
tential of + 1.6 V vs. Ag/AgCl due to the limited availability of the
beamtime, EPR was explored at multiple applied potentials; bulk elec-
trolysis conditions for EPR studies match the conditions used for in situ
XAS. The following redox processes at + 0.3, +0.7, +1.2 V vs. Fc'/Fc
were reported to correspond to FelglFelzII - FelleelgII — FeHFeﬁII - Fef;II
transitions in an aprotic environment. [14] Bulk electrolysis at + 0.7 V
vs. Ag/AgCl reference electrode (this is above the ~ +0.3 Vvs. Fc/Fc) is
expected to oxidize the two remaining Fe"' centers in the FesO planar
fragment to Fe', producing the FeJFe]' configuration. [14] EPR of the
resulting solution shows signals at g ~ 2.00 and g ~ 4.23; here “g” refers
to the g-factor, a descriptor of a paramagnetic feature unique to elec-
tronic structures. The signal at g ~ 4.23 is typical of high-spin Fe'l,
[61-63] Thus, the appearance of g ~ 4.23 signal is expected. However,
the g ~ 2.0 signal is even more intense, and its width of ~ 200 G in-
dicates that it originates from a metal center rather than organic radical.
Fe! centers with a 6-coordinate nitrogen ligand environment are known
to oxidize to Fe' state at relatively high redox potentials; for instance,
Fe(bpy)%+ would need + 1.06 V vs. SHE (40.83 V vs. Ag/AgCl). [64] We
argue that Fe centers coordinated to the oxygen in the planar core Fe3O
of the complex, rather than the two “axial,” nitrogen-coordinated Fe
centers, would be first to oxidize. The observed g ~ 2.0 signal can
potentially originate from the antiferromagnetic coupling of Fe'' centers
in Fe3O planar core, lowering the total spin and generating an S = 1/2
signal, but other mechanisms are also possible, as discussed below.
Please note that two iron centers outside the Fe3O plane are low spin and
reside at a significant distance (~4.5 A) from three more tightly coupled
ions of the Fe3O plane.

Increasing the potential to + 1.1 V vs. Ag/AgCl (above the 4+ 0.7 V vs.
Fc'/Fc) results in the growth of the g ~ 2.00 signal, and the total
transferred charge was estimated at ~ 3e” more oxidized, compared to
the initial (1). Thus, for the state at ~+1.1 V vs. Ag/AgCl, we can expect
Fe''Fel! or FeiFe'FelV charge configurations. Three high-spin Fe' ions
can potentially result in a state with S = 1/2, but examples of g ~ 2.0
EPR spectral features are unknown in the literature for the combination
of three high-spin Fe" jons. However, spin-coupling between Fe' and
Fe!V is known to result in EPR signals with g ~ 2.0. [65] The so-called
“intermediate X” in Ribonucleotide reductase R2 has been previously
assigned to contain high-spin ferric S = 5/2 Fe' species coupled to high-
spin Fe!V (S = 2), resulting in an S = 1,/2 spin system with a signal at g ~
2.0, though this specific signal has a narrow linewidth, ~20 G. [66]
Fel'/Fe!V -coupled systems with Fe!V triplet spin state (S = 1, resulting in
total spin S = 3/2) have been studied through EPR spectroscopy.
[67-69] The most prominent feature in these is a narrow line with gyy =
4.03. Such a feature is not observed in our spectra, though when (1) is
oxidized for 120 min at + 1.6 V vs. Ag/AgCl (+1.2 V vs. Fc'/Fc), a
unique, narrow feature is produced with gy, = 4.30. In a separate
experiment, sampling the solution during the electrolysis at fixed + 1.1
V vs. Ag/AgCl shows an increase of the g ~ 2.0 EPR signal (Figure S6)
under the same conditions but does not produce the g ~ 2.0 EPR feature
in the absence of water (Figure S7). Thus, we assign the g ~ 2.0 signal to
the Feg core with insertion of at least one water molecule. Such insertion
can be in the form of water, —-OH, or oxo ligand on one of equatorial
plane 5-coordinate Fe, expanding its coordination to 6-coordinate. To
test stability of paramagnetic states, the intermediate formed from (1)
oxidized at + 1.1 V vs. Ag/AgCl was measured by cryogenic X-Band EPR
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spectroscopy, before and after melting for five minutes, Figure S8. The
species producing gFactor ~ 2 EPR signal is short lived at room tem-
perature, and its amplitude reduces by ~ 80 % in just 5 min. This might
indicate the presence of reactive Fe'V center in the species responsible
for strong g ~ 2 EPR signal able to be generated at intermediate + 0.7 to
+ 1.1 V applied potential.

Increasing oxidizing potential to + 1.6 V vs. Ag/AgCl (above the +
1.2 V vs. Fc'/Fc) results in the decrease of g ~ 2.00 signal (Fig. 5A, B).
Thus, the more oxidized state is likely EPR silent. Sampling the solution
at different time points during electrolysis (Fig. 5B) at fixed + 1.6 V vs.
Ag/AgCl shows increase in the g ~ 4.23 signal with longer oxidation.
However, g ~ 2.0 does not build up substantially under such conditions,
with a maximum magnitude at 90 min, likely due to its reactivity. The g
~ 9.0 signal may be assigned to an additional high spin intermediate.
Despite the possibility of Fe¥ being present, as suggested by the XANES
experiment, we do not expect an Fe' EPR signal characteristic for the
single-site Fe" state, due to coupling of multiple Fe centers in the cluster.

2.2.2. Photoelectrocatalytic activity of (1) embedded in a solid support of
MIL-126 MOF

We previously demonstrated that visible light-generated charge-
separated states in the p-oxo Fe3O nodes of MIL-126 metal organic
framework (MOF) have sufficient oxidizing potential to enable electro-
catalytic WOR of the [Ru(bpy)(dcbpy)(HZO)Z]2+ (bpy = 2,2-bipyridine,
dcbpy = 2,2"-bipyridine-5,5-dicarboxylic acid) at pH = 1 with the onset
potential ~+1.6 V vs. NHE, when incorporated as a linker in the MOF
structure. [46] However, it was not clear if Fe30 nodes can drive a WOC
with a higher onset potential of ~+1.8 V vs. NHE when trapped inside
the MOF, as opposed to when incorporated as a linker in the MOF
structure. Incorporation of large molecules like (1) inside the MOF pores
requires large pore volumes and relatively long linkers. Taking into
account the approximate size of (1) (about 12x15 A, Cambridge Crys-
tallographic Data Center CCDC #996195'*) and the average pore size in
MIL-126 10x11 A [70], entrapment of (1) inside the pores of MIL-126
seems possible in a tightly packed crystalline structure, with a locally
distorted linker environment around catalyst molecules. [71,72] Syn-
thesis of the (1)-MIL-126 assembly was realized by a standard sol-
vothermal synthesis procedure. [46,73] While 10 % and higher mass
content of (1) in the composite material leads to the formation of a
poorly crystalline phase, the mass proportion ~ 8 % of (1) does not
interfere with the well-established crystalline structure of MIL-126, as
verified by PXRD (Figure S9A). The presence of unchanged (1) incor-
porated in MIL-126 was confirmed using UV-vis and mass spectrometry
upon the dissolution of the (1)-MIL-126 composite (Figure S9B, C). We
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noted that MIL-126 dissolves in 1 M borate buffer (pH = 7), likely due to
the substitution of carboxylate linkers by boric acid. This allowed us to
digest (1)-MIL-126 in the buffer and analyze the extract for the presence
of the intact (1). UV-vis of the extract reveals similar to (1) peak pattern
due to bis(pyridyl)pyrazolate ligand absorption lines around the p-oxo
FesO core (Figure S9B). Mass spectrometry of digested (1)-MIL-126
followed by extraction with dichloromethane shows a similar frag-
mentation pattern as the starting molecular complex (1) (Figure S9C).

The photoanode (1)-MIL-126-FTO was fabricated by the drop casting
of the (1)-MIL-126 mixture with a Nafion ionomer on FTO electrode
surface (see Materials and Methods). Its photo-response in 0.01 M nitric
acid was measured as reported earlier in 3-electrode electrochemical
cell, with the (1)-MIL-126 as a photoanode, Pt wire as a counter elec-
trode, and Ag/AgCl as a reference electrode (Fig. 6A). [46] To assess the
photo response, the light/dark sequence was applied — 11 light/dark
cycles (1 min light/1 min dark) — during application of + 1.6 V vs. Ag/
AgCl potential to the photoanode (jagged path of the curves). At pH = 2
under visible light, (1)-MIL-126 shows ~ 3 times increase in photo-
catalytic current, compared to blank MIL-126 in the control experiment
(Fig. 6B) at + 1.6 V vs. Ag/AgCl applied potential. As seen from Fig. 6B,
(1)-MIL-126-FTO has a more prominent photo response compared to Fe
MIL-126 without (1) catalyst. At lower pH, the curve of electrocatalytic
current becomes erratic, likely due to instability of (1) in acidic media.
[74] From this perspective, the fabricated (1)-MIL-126 photoanode
demonstrates the validity of the “ship-in-the-bottle” approach to
implement the molecular catalyst into a water-splitting light-activated
device.

3. Discussion

Studying artificial catalytic systems inspired by Nature [75,76] with
in situ spectroscopic characterization combined with computational
analysis is crucial for better understanding and developing of rational
designs of artificial catalytic systems. [77,78] Such a combined
approach can reveal reaction pathways and transformations of a catalyst
aiding the rational development of a better catalytic system. The two
most notable multinuclear electrocatalytic systems reminiscent of the
natural PS II photosynthetic complex reported to date are Co-cubane
Co404Ac4Py4 [79] and (1). Thus, it is hard to overestimate the impor-
tance of knowledge about their reaction mechanisms.

Earlier, the state corresponding to [FeHFeﬁH(;1-3-0)(p-L)6]6+ was
obtained by BE at 4+ 1.19 V vs. Ag/AgCl, in acetonitrile, with no water
present. It was assigned based on Mossbauer and UV-vis characteriza-
tion as one Fel', two low-spin Fe', and two high-spin Fe'™. [48] This
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Fig. 6. Photoelectrocatalytic activity of (1)-MIL-126 photoanode (orange curve) in comparison with the Fe MIL-126 drop casted on FTO (blue curve) at + 1.6 V vs.
AgCl/Cl applied potential. 11 light/dark cycles (1 min light/1 min dark) were applied to the activated electrode assembly (denoted by jagged path of the curves). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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result is in agreement with our EPR analysis of samples electrolyzed at +
1.1 Vvs. Ag/AgCl in pure acetonitrile, where only the EPR signal with g
~ 4.3 was detected, in agreement with the presence of Fe'l centers
(Figure S7). High-spin Fe' is well-characterized by EPR features with g-
Factor ~ 4.3. [61-63] The same electrolysis with 20 % of additional
water present, however, results in a new g ~ 2 EPR signal (Fig. 5A, S6).
This signal appears as early as when ~ 3e” are removed at + 1.1 Vvs. Ag/
AgCl. The closest similar signal in the literature is from the so-called
“intermediate X” in Ribonucleotide reductase R2 and implies Fe!V-Fe!!
interaction. [66] We speculate that new g ~ 2.0 EPR signal indicates a
coordination sphere expansion at an oxidation state below Fel! and
subsequent proton coupled electron transfer (PCET) facilitated oxida-
tion to Fe!V-Fe!' state. EPR analysis of the (1) oxidized in the acetonitrile
without water shows a lack of the g ~ 2.0 signal, indirectly confirming

our proposal. Per Siegbahn analysis, [43] water insertion into Fe'Fe} to

generate FellFe'W is associated with a barrier of 19.0 kcal/mol, and this
step is endergonic by 16.3 kcal/mol. Further deprotonation of Fe'Fel'w
is exergonic by 7.8 kcal/mol, as its pKa was calculated to be — 0.9. Taken
together, the first water binding and deprotonation process for Fe'lFelf! is
endergonic by 8.5 kcal/mol, while same process for a more oxidized Fell!
state is endergonic by 1.2 kcal/mol. [43] The driver for the formation of
the water insertion intermediate might be its subsequent PCET oxida-

tion. The g ~ 2 intermediate is likely present in a mixture with other

species; thus, we did not attempt its EXAFS analysis. Per EPR analysis,

the g ~ 2 intermediate is not present at a catalytic steady state, likely

due to its further oxidation.

Earlier attempts to characterize catalytic species of (1) during WOR
indicated formation of iron oxide on the glassy carbon electrode. [74]
While usage of oxidizable materials in highly oxidative reaction media
seems to be controversial, in our experimental approach we used Pt
electrode as the working electrode. This minimized side reactions, such
as interaction of WOR-generated highly reactive species with an elec-
trode material, delivering reliable data for in situ XAS and EPR. No
precipitate formation or thin film deposition was observed during BE
with the Pt electrode.

Our in situ XANES and EXAFS analysis demonstrated oxidation of (1)
in the presence of water to Fel'FelVFeV or Fe3'Fe} configuration as a
solution steady-state at ~+1.6 V vs. Ag/AgCl. Earlier DFT analysis
suggested that Fei(Fe'Y—0)j, state can accomplish O—O bond forma-
tion via radical coupling with ~+8.8 kcal/mol barrier. [43] The FelV=—0
distance was computed to be ~ 1.61 A, which is close to measured here
by EXAFS, ~1.56 A. EXAFS data are consistent with a Fe"—0 group, but
Fe'V=0 cannot be excluded based on the EXAFS fits alone. We also
cannot determine the number of Fe—=0 groups based on EXAFS alone,
due to high uncertainty with N numbers in EXAFS fits. The presence of
1-2 Fe—=O0 groups agrees with EXAFS results (Table S2). The detected
highly oxidized iron centers may undergo radical coupling (see Fig. 7),
as proposed in the theoretical scheme by Siegbahn et al. [43] However,
the water nucleophilic attack (WNA) with subsequent formation of
peroxo- species cannot be excluded, similar to the other Fe- and Co-
based WOCs reported earlier. [23] To initiate WNA, a Fe'=0 center
would likely be required, similar to other earth-abundant-metal-based
WOCs like Fe(pytacn)zt Fe(TAML)2+, and Co cubane. [22,23,80,81]
While the Co'V—=0 state might be sufficiently energetic to activate water,
a single Fe'V=0 was shown not to be active in WNA.

While comprehensive mechanistic insight of electrocatalytic water
oxidation is essential, the importance of catalyst implementation into a
system toward industrial application is hard to overestimate. Since
chemical immobilization of (1) inside MIL-126 was not possible due to
lack of a suitable ligand, the “ship-in-the-bottle” technique of the cata-
lyst encapsulation was carried out. [71,82] This approach suggests as-
sembly of a metal organic framework around the well-defined object
(nanoparticle or molecule) of interest and was used for fabrication of
catalytic NP-MOF, drug- and enzyme-MOF composites. [83-85]
Encaging of [(terpy)Mn(p—O)zMn](terpy)]3+ into MIL-101(Cr) was re-
ported, [86] but we later demonstrated that Cr-MIL is unstable under
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Fig. 7. Schematic representation of catalytic intermediates in WOR most
consistent with in situ XAS data. Two reaction pathways with participation of
high-valent Fe species are depicted: radical coupling (Fe'V formation) and water
nucleophilic attack (WNA, Fe' formation). The actual number of highly
oxidized species in the catalyst molecule may differ as well as a final state of the
complex after oxygen release.

condition of WOC due to fast oxidation of Cr'! (unpublished results). We
trapped (1) within a metal organic framework (Fe MIL-126) using the
“ship-in-the-bottle” approach and realized its catalytic performance
without a toxic solvent (acetonitrile) in water acidic media (pH = 2).
Moreover, the obtained system demonstrated a photo response
improving its catalytic current with visible light irradiation. Currently,
the performance of (1)-MIL-126 system is lower than the that reported
for Ru(bpy)(dcbpy)(H20),-Fe-MIL-126 composite, due to higher onset
potential of (1) relative to the Ru-based [Ru(bpy)(dcbpy)(Hzo)z]2*. The
low photocurrent can be attributed to low electrical conductivity of MIL-
126 MOF (3.3 x 10 S/cm) in which (1) was embedded, the limited
lifetime of the excited state of Fe3O nodes of MIL-126 upon photon ab-
sorption, [46] and the possibly limited electron transfer between the
incapsulated (1) and photoexcited nodes. Future improvements in Fe-
based WOC should help to achieve performances matching the family
of Ru-based catalysts.

4. Conclusions

Hypervalent Fe'=0 and FeV=0 catalytic intermediates are impli-
cated in multiple oxidative reactions, including electrochemical water
oxidation. To date, despite ample experimental effort, detection of these
species in electrocatalytic WOR, promoted by multinuclear catalyst (1),
has been corroborated indirectly. In situ XAS reveals transient high-
valent metal species during electrochemical water splitting catalyzed
by (1), thus confirming previous mechanistic considerations about the
coordination sphere expansion of the in-plane Fe centers promoting
water oxidation. During in situ bulk electrolysis of water in water-
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acetonitrile solution of (1) at catalytic potential we observed: 1) a
gradual shift of Fes core K-edge toward more oxidized state beyond Fe!
in XANES, and 2) EXAFS data revealing the presence of an ultrashort
Fe=0 distance of ~ 1.56 A. A spin state of (1) consistent with Fe''/relV
-coupled systems was observed by EPR of the reaction mixture during BE
at the potential (+1.1 V vs. Ag/AgCl) below the onset of catalytic cur-
rent. The composite (1)-MIL-126 material was shown to function as a
photoanode at pH = 2. The presented results provide further insight
towards the development of multinuclear water oxidation catalysts
based on earth-abundant metals and their application in economically
viable technological schemes for clean and sustainable hydrogen
production.

5. Materials and methods
5.1. General information

All chemicals and solvents were purchased from Sigma Aldrich and
TCI America, and they were used as received. (1) was obtained from
Prof. Masaoka (Osaka University). Additional amounts of (1) were
prepared according to [14]. Aqueous solutions were prepared using
ultrapure (Type 1) water (resistivity 18.2 MQ-cm at 25 °C) from Q-POD
unit of Milli-Q integral water purification system (Millipore, Billerica,
MA, USA). PXRD data were collected using a Panalytical Empyrean
Powder X-ray diffractometer. Mass spectrometry was performed using
an Advion mass spectrometer. All electrochemical experiments were
conducted using a potentiostat (CHI 627C; CH Instruments Inc., Austin,
TX, USA).

5.1.1. EPR spectroscopy

X-band EPR measurements were performed on an EMX X-band
spectrometer equipped with an X-Band CW microwave bridge (Bruker,
Billerica, MA, USA). Samples were electrolyzed under reported condi-
tions and frozen in liquid nitrogen within 30 s. During EPR measure-
ments, the sample temperature was maintained at the reported
temperature using a closed-cycle cryostat (ColdEdge Technologies,
Allentown, PA, USA). Spectrometer conditions were as follows: micro-
wave frequency 9.47 GHz, field modulation amplitude 25 G at 100 kHz,
microwave power 31 mW, unless otherwise mentioned. Measurements
were performed on the same day in the same conditions, to allow ac-
curate comparison of signal intensities. A sample (~0.2 ml) of electro-
lyzed solution was taken from the electrochemical cell and quickly
(within 2 s) frozen in liquid Nj.

5.2. Preparations

5.2.1. Synthesis of (1)-MIL-126

A mixture of 360 mg of ferric chloride hexahydrate (1.33 mmol),
160 mg of 4,4"-biphenyl dicarboxylic acid (0.66 mmol), 13 mg of (1)
(0.007 mmol), and 80 pL of acetic acid in 20 ml of DMF was heated at
140° C for 48 h. Then the reaction mixture was cooled, and dark orange
crystals were filtered from colorless solution, washed with DMF and
acetone, and dried. Yield: 160 mg.

5.2.2. Photoanode fabrication

Photoelectrode fabrication using drop casting of catalytically active
MOFs (DC-electrodes) was performed according to the reported pro-
cedure. [46,87] For each electrode, 4 mg of (1)-MIL-126 was suspended
in 0.5 ml of isopropanol with addition of 8 pL of Nafion solution (5 % in
alcohol/water, Sigma Aldrich Inc.). Second, the suspended mixture ob-
tained was layered on an FTO electrode surface, and we waited until
almost complete evaporation of isopropanol to deposit successive layers.
Five layers of the suspended MOF mixture were deposited. After drop
casting, the MOF-bearing electrodes were dried on air at room
temperature.
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5.3. Electrochemical experiments

5.3.1. Bulk electrolysis of (1) in water-acetonitrile mixture

Bulk electrolysis (BE) was accomplished using 0.2 mM solution of (1)
in 10 ml of 0.1 M Et4NCIlO4 electrolyte in acetonitrile — water (4:1 ratio)
in a custom-made 3-electrode cell for in situ XAS, while a glass beaker
was used for all other experiments. Platinum foil was used as the
working electrode, platinum wire in a frit served as the counter elec-
trode, and a saturated Ag/AgCl electrode acted as the reference elec-
trode. The pH of the solutions in the main compartment and the fritted
tube was monitored after every three XAS scans (every ~ 1.5 h),
adjusting pH to neutral with 1 M NaOH solution in the cell or with 1 M
nitric acid solution in the frit, as necessary. BE of (1) in acetonitrile was
done with 0.2 mM solution of (1) in 10 ml of acetonitrile with 0.1 M
LiClO4 solution as electrolyte. Platinum foil was used as the working
electrode, platinum wire in a fritted tube with the electrolyte solution
(0.1 M LiClO4 in acetonitrile) served as the counter electrode, and a
saturated Ag/AgCl electrode acted as the reference electrode. At the
conclusion of the in situ XAS experiment, the cell wall and electrode were
rinsed and subjected individually to the XRF analysis at the beamline,
demonstrating a lack of Fe signal.

5.3.2. Photolectrochemistry of (1)-MIL-126 MOF

Photoelectrochemical experiments were conducted using standard
single-compartment 3-electrode cell. The FTO electrodes were electri-
cally contacted using the uncoated FTO layer and masked to a
geometrical surface area of 1 cm?. A drop-casted MOF photoanode was
firmly covered by a proton-conductive Nafion membrane, and the bot-
tom of the assembly was submerged into 0.01 M nitric acid solution (pH
= 2). A piece of platinum wire served as the counter electrode, and a
saturated Ag/AgCl electrode served as the reference electrode. Anodes
were illuminated with an unfocused 500 W light source ~ 25 cm away
from the sample; the light passed through UV-filter/IR filter (~2 cm of
CuSO4 water solution).

All reported measurements were repeated several times to ensure the
reproducibility of results.

5.4. X-ray emission spectroscopy (XES)

The Fe Ky XES data were collected at the Advanced Photon Source
(APS) at Argonne National Laboratory on insertion device beamline 20-
ID. At 20-ID, the radiation was monochromatized by a Si(111) double-
crystal monochromator. Focusing was done using Rh-coated KB mirrors,
operated at 4 mrad grazing incidence. A He-filled chamber (I0) with a
beam cleanup pinhole was placed before the sample to monitor the in-
tensity of the incident X-rays. The energy of the incident beam was
selected using monochromator, calibrated by setting the first inflection
of an iron foil to 7112 eV. The incident monochromator was then set to
an excitation energy of 7.3 keV to non-resonantly excite the sample. The
beam-spot size was 100 x 100 pm?2, and the photon flux was 2-10'3
photons/s. For data collection, we used a home-built spectrometer [88]
(energy resolution ~ 0.2 eV) based on a diced von Hamos design with
accessing LiNbO3 (1,-5,-6) crystal analyzers reflections and a 150 eV
collection range containing the Kf', Kp; 3 emission peaks. The spectra
were recorded onto a two-dimensional position-sensitive detector (2D-
PSD) Pilatus 100 k by Dectris and processed using AXEAP software.
[89].

5.5. XAS and EXAFS measurements

X-ray absorption spectra were collected at the Advanced Photon
Source (APS) at Argonne National Laboratory on bending magnet
beamline 20 at electron energy 23 keV and average current of 100 mA.
The radiation was monochromatized by a Si(110) crystal mono-
chromator. The intensity of the X-rays was monitored by three ion
chambers (Iy, I1, and I) and placed before the sample (Ip) and after the
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sample (I; and Iy). I, I, and I3 were filled with 100 % nitrogen. The X-
ray energy was calibrated by setting the first maximum in the derivative
of the Fe metal K-edge XANES spectrum to 7112 eV. The in situ elec-
trochemical cell had a Kapton tape window on the X-ray beam path,
forming a 45° angle relative to the X-ray beam and detector. Data were
recorded as fluorescence excitation spectra using a 13-element energy-
resolving detector. To reduce the risk of sample damage by X-ray, the
defocused mode (beam size 1 x 7 mm) was used, and no damage nor
precipitate formation were observed.

5.6. DFT calculations

The DFT optimizations were performed by Gaussian 16 with unre-
stricted BP86 Becke’s 1988 functional [90] and the gradient corrections
of Perdew [91]. The basis set def2tzvp was used for all atoms, unless
noted otherwise. The CPCM polarizable conductor model was used to
model water solvation. DFT calculations were performed on species
relevant to redox reactions, Table S3. Redox potentials of reactions,
shown in Table S3, were computed based on the energies of these
optimized structures; note that uncertainty of DFT-based estimates for
redox potentials is typically + 0.2 V. The value of the reference potential
(RHE) was assigned to 4.44 V and redox potentials are reported for re-
action at pH = 0. [92] Our group validated this precision for many Ru-
based water oxidation catalysts, where exact assignment of the redox
species to electrochemical processes is available. [92-94] Other groups
validate this approach for Fe-based systems [30,43] with the value of the
reference potential (SHE) assigned to 4.28 V in pure water (4.68 V for
reaction at pH = 0).
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