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Abstract

Iron-doped nickel layered double hydroxides (LDHs) are among the most active
heterogeneous water oxidation catalysts. Due to inter-spin interactions, however, the
high density of magnetic centers results in line-broadening in magnetic resonance
spectra. As a result, gaining atomic-level insight into the catalytic mechanism via
electron paramagnetic resonance (EPR) is not generally possible. To circumvent spin-
spin broadening, iron and nickel atoms were doped into non-magnetic [ZnAl]-LDH
materials and the coordination environments of the isolated Fe(lll) and Ni(ll) sites were
characterized. Multifrequency EPR spectroscopy identified two distinct Fe(lll) sites (S =
5/2) in [Fe:ZnAl]-LDH. Changes in zero field splitting (ZFS) were induced by dehydration
of the material, revealing that one of the Fe(lll) sites was solvent-exposed (i.e. at an
edge, corner, or defect site). These solvent-exposed sites featured an axial ZFS of 0.21
cm* when hydrated. The ZFS increased dramatically upon dehydration (to -1.5 cm),

owing to lower symmetry and a decrease in the coordination number of iron. The ZFS of
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the other (“inert”) Fe(lll) site maintained an axial ZFS of 0.19-0.20 cm™* under both
hydrated and dehydrated conditions. We observed a similar effect in [Ni:ZnAl]-LDH
materials; notably, Ni(ll) (S = 1) atoms displayed a single, small ZFS (+0.30 cm™?) in
hydrated material, whereas two distinct Ni(ll) ZFS values (+0.30 and +1.1 cm™) were
observed in the dehydrated samples. Although the magnetically-dilute materials were
not active catalysts, the identification of model sites in which the coordination
environments of iron and nickel were particularly labile (e.g. by simple vacuum drying) is
an important step towards identifying sites in which the coordination number may drop
spontaneously in water, a probable mechanism of water oxidation in functional

materials.

Introduction

In oxygenic photosynthesis, plants use water as the electron source for storing
energy in chemical bonds. In nature, these bonds typically reside in carbohydrates.
Lacking the complex protein machinery to functionally mimic plants, we often design
systems to store energy in the simplest diatomic covalent bond: dihydrogen (Hz2).
Regardless of its ultimate form, fuel production relies on water oxidation to generate
protons and electrons. Major hurdles in the development of scalable systems for
splitting water include the high overpotential needed for the 4-electron/4-proton redox
reaction as well as the low rates of catalysis by earth-abundant materials.? It is notable
that these limitations are present even in rare-element catalysts.

The layered double hydroxide (LDH) (Figure 1) structure, which is commonly

found in nature (e.g. brucite), has been increasingly employed as a robust framework
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for water oxidation electrocatalysis.?® The [NiFe]-LDH electrocatalysts [in which some of

the nickel(ll) sites have been replaced by iron(lll)] have been extensively studied in
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recent years, with iron incorporation playing a critical role in water oxidation activity.*
10 Even accidental intercalation of adventitious iron into first-row transition metal LDHs
enhances catalytic performance.®

15 In efforts to further improve these heterogeneous catalysts, detailed knowledge
17 of the metal coordination environments is a prerequisite for determining the mechanism
by which they operate. A necessary step in the electro-oxidation of water is the

22 liberation of molecular oxygen, generating a low-valent, coordinatively unsaturated

24 metal site which can then weakly bind water or hydroxide. Complicating the issue, not
all sites are equivalent in anisotropic nanoparticles or electrodeposited materials, as

29 these structures have bulk, edge, corner, and interstitial sites, each with a different

31 coordination environment.5-8 In the case of nickel-containing LDH materials, there is
33 little consensus on the mechanism of intercalated iron. While some investigators
support the view that surface iron species are the active sites,® others propose that the

38 nickel sites are responsible for catalysis.®
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Figure 1. Depiction of an LDH structure with carbonate anions in the interlayer space.
Hydroxide hydrogens in the material are omitted for clarity. Oxygen atoms (red), metal

atoms (pink), hydrogen atoms (white), and carbon atoms (black).

Recently, Boettcher and coworkers have proposed that the increased activity of
Fe-doped NiOx materials is due to edge Fe sites as opposed to bulk Fe sites.'! In other
first-row transition metal oxides/hydroxides (e.g. CoPi and [NiFe]-LDHSs), edges and
corners have been identified as most likely to show enhanced catalysis.6-811.12
Additionally, computational studies have suggested that edge iron sites are more active
than similar nickel sites in a mixed-metal nickel-iron oxyhydroxide lattice.’

In theory, electron paramagnetic resonance (EPR) spectroscopy should be a
sensitive indicator of the coordination environment of catalytic metal sites. In practice,
however, the X-band continuous wave (CW) EPR spectra of (1) [NiFe]-LDH,*2 (2)

electrodeposited Ni(ll) in borate'# (NiBi, which is structurally similar to LDH),*®> and
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coprecipitated FeOOH (goethite)® display no signals from isolated metal centers

(Figure 2, 1-3): Instead, all three materials feature very broad EPR lineshapes (Figure
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2, 1-3) that result from strong inter-spin electronic couplings between the high density
10 paramagnetic metal centers. Additionally, fast relaxation times make these magnetically
dense LDHSs unsuitable for pulsed EPR studies, unlike, for example, the Mn-Ca OEC of
15 photosystem 11.1-1% For these reasons, the very limited spectral information we can

17 gather prohibits detailed analysis of individual sites.
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Figure 2. EPR spectra of materials relevant to water oxidation catalysis: (1) 5 mg of
[NiFe]-LDH nanopowder synthesized by pulsed laser ablation in liquids (PLAL);1"~1° (2)
5 mg of NiBi powder synthesized by electrodeposition; (3) 5 mg of FeOOH powder
synthesized by coprecipitation;*® (4) 5 mg of CoPisynthesized by electrodeposition and
subsequent electrochemical oxidation;?° (5) X-band CW EPR of the S2 state in spinach
BBY membranes.?! Acquisition parameters: (1-3) microwave frequency = 9.4 GHz;
temperature = 20 K; microwave power = 2.0 mW; modulation amplitude = 0.5 mT; (4)
microwave frequency = 9.4 GHz; temperature = 40 K; microwave power = 2.0 mW,
modulation amplitude = 0.5 mT; (5) microwave frequency = 9.4 GHz; temperature = 7 K;

microwave power = 200 uW; modulation amplitude = 0.5 mT.
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Fortunately EPR spectroscopy has been successfully employed to characterize
the coordination environments and electronic structures of paramagnetic centers in a
some extended solids with catalytic properties, including anatase (TiOz2),?? cobalt oxide
(Co0x),% zeolites,?*26 and metal-organic frameworks.?” A recent example of a well-
characterized metal oxide system is the CoP;j catalyst, in which the bulk of the material
is low-spin, diamagnetic Co(lll). This EPR-silent background allows characterization of
relatively well isolated S = 1/2 Co(IV) sites (Figure 2, 4).22 Even in this relatively well-
behaved system, pulsed EPR results have not been reported due to relatively fast spin-
spin relaxation. Compared to the well-studied S = 1/2 S»-state of the Mn4CaOs cluster in
photosystem Il (Figure 2, 5),1"-19 relatively little information about the electronic g-
values and hyperfine interactions can be gleaned in the absence of data from
measurements employing a combination of multifrequency CW spectra supplemented
by higher resolution pulsed EPR techniques.?®29

In order to mimic the desirable magnetic properties of CoPi, we doped iron and
nickel atoms into a non-magnetic [ZnAl]-LDH material, with the ultimate goal of using
EPR spectroscopy to extract the electronic and geometric information of isolated Fe(lIl)
and Ni(Il) paramagnetic centers. With the resulting data, we hoped to make
comparisons among disparate heterogeneous water oxidation catalysts'®3° and draw
connections to homogeneous models where mechanisms are better understood.31-33

Here we report the magnetic parameters of different types of Fe(lll) and Ni(ll)
sites in LDH structures. The primary (aquo/hydroxide) coordination spheres of

differentiable Ni(ll) and Fe(lll) sites were probed using multifrequency CW EPR
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spectroscopy following hydration and dehydration cycles. At X-band (9.4 GHz) and Q-
band (34 GHz) frequencies, no pulsed EPR signals were observed in either the Fe(lll)
or Ni(ll) doped materials. Interestingly, electron spin echo signals were observed for the
iron-doped material at D-band (130 GHz). This unexpected finding has opened the way
for in-depth investigations of complex LDH high-spin systems by high frequency/high

field pulsed EPR.1834

Materials and Methods
Materials synthesis

Dilute LDHs: A solution of 6 mM Zn(NOs)2 and 2 mM of a variable mixture of
AI(NO3)s and Fe(NO3s)s was slowly added (1 mL/min) to a carbonate buffered solution (1
M, pH 10). A cream-colored coprecipitate formed (at higher Fe concentrations the solid
was more orange) and the solution was stirred at 50°C for one hour while adjusting the
pH with 1M KOH to maintain pH 10. The coprecipitate was filtered and the clay-like solid
was dried at 100 °C for one hour. A solution of 2 mM AI(NOs)s and 2 mM of a variable
mixture of Zn(NOs3)2 and Ni(NOs)2 was slowly added (1 mL/min) to a carbonate buffered
solution (1 M, pH 10). A cream-colored coprecipitate formed (at higher Ni
concentrations the solid was more seafoam green) and the solution was stirred at 50°C
for one hour while adjusting the pH with 1M KOH to maintain pH 10. The coprecipitate
was filtered and the clay-like solid was dried at 100 °C for one hour.

Nickel borate (NiB;) and cobalt phosphate (CoP;): thin films were synthesized
electrochemically according to literature procedures.'*2° The films were subsequently

scraped off the electrode, packed into an EPR tube, and frozen at 77 K.
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[NiFe]-LDH: nanoparticles were synthesized by a pulsed laser ablation in liquids
(PLAL) method described previously.3
Materials characterization

Syntheses were successful with metal solutions containing M(ll) and M(lll) ions in
a 3:1 ratio.? The material phases were confirmed by powder X-ray diffraction (PXRD).
Good agreement with literature PXRD patterns for [ZnAl]-LDH indicated the formation of
the LDH structure. Slight variations between the [ZnAl]-LDH and [Fe:ZnAl]-LDH patterns
were apparent, likely due to changes in the unit cell upon the addition of Fe(lll) (Figure
S1). PXRD data were collected at room temperature using a Bruker D8 ADVANCE Eco
at 40 kV and 25 mA. The data were collected in the 5°-70° 26 range with a step size of

0.0143° and 0.5 s/step. Intensities were normalized (Figures S1 and S2).

Electron paramagnetic resonance

X-band CW EPR spectroscopy: EPR samples were prepared either as a dry
powder or suspended in 18 MQ water. X-band continuous-wave (CW) EPR spectra
were recorded on a Bruker ELEXSYS E500 spectrometer equipped with a cylindrical
TEo11-mode resonator (SHQE-W), an ESR 900-liquid helium cryostat, and an ITC-5
temperature controller (Oxford Instruments). Spectra were acquired under slow-
passage non-saturating conditions. Background EPR signals from the host [ZnAl]-LDH
were differentiated using [ZnAl]-LDH control materials. Oxygen atom radicals and
vacancy signals were predictably distinct from observed spectra.

For systems with S > 1/2, including high-spin Fe(lll) or Ni(ll), the spin Hamiltonian

was parameterized as in Egs. 1-3:
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Hepp = Hey + Hyps (1)

He, = gBmsB  (2)

Hyps = D[SZ =382+ E/D(S:—=SD]  (3)
where Hez is the electronic Zeeman energy, Hzs is the zero-field splitting (ZFS) energy,
D is the axial contribution to the ZFS, and E is the rhombic contribution to the ZFS.
These parameters were used to describe the coordination sphere of the metal center,
as splitting only arise when the electronic structure of the metal center is perturbed by
ligands. Spin Hamiltonian parameters were determined by numerically simulating
multifrequency EPR spectra with the Easy Spin toolbox for MATLAB 5.1.5.3%

High frequency EPR spectroscopy: All pulsed EPR studies were conducted on a

130 GHz EPR spectrometer3® equipped with a TEo11 mode cylindrical resonant cavity
designed and manufactured by HF EPR Instruments, Inc. (V. Krymov, New York). The
spectrometer features an Oxford-CF935 liquid helium cryostat and an ITC-503
temperature controller. The external magnetic field was generated with an 8 T cryogen-
free magnet (Cryogenic Limited, UK). Field-swept echo-detected EPR spectra were

acquired using a Hahn echo detection sequence: n/2-t-n-t-echo.

Electrochemical characterization

Linear sweep voltammetry (LSV) and chronoamperometry (CA) were conducted
on a Princeton Applied Research (Oak Ridge, TN, USA) Model 263 A potentiostat in a
three-electrode system. The reference electrode was an Ag/AgCl (3 M NaCl) electrode

(BASI, West Lafayette, IN, USA). The working electrode was prepared by drop-casting 1

10
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cm? of a 1 cm x 2 cm fluorine doped tin oxide plate (FTO, Sigma Aldrich Inc.,
Milwaukee, WI, USA) with 12 ug [Fe:ZnAl]-LDH or [Ni:ZnAl]-LDH from a sonicated
suspension in 18 MQ H20. The counter electrode was nickel foam. The electrolyte was
15 mL of 0.5 M sodium phosphate buffer (pH 7 or pH 9). The LSV was taken from the
open circuit potential swept to 1.5 V (vs Ag/AgCl) and CA was recorded at an

overpotential of ~800 mV. All LSV and CA experiments were conducted with stirring.

Results

The X-band CW EPR signals of NiBi FeOOH, and [NiFe]-LDH were found to be
broad and featureless at low temperature (Figure 2, 1-3), suggesting that each metal
center experiences exchange interactions between nearest neighbor sites and dipolar
coupling interactions with more distant ions. These interactions give rise to spectral
broadening that obscured information about individual paramagnetic centers.
Magnetically dilute iron- and nickel-containing [ZnAl]-LDH particles were synthesized to
overcome this limitation (vide supra).

The X-band spectra of [Fe:ZnAl]-LDH (with 10 - 25% iron) at 20 K featured broad
signals similar to those of the low-temperature [NiFe]-LDH material (Figure 3A, 1 and
2). At low iron concentrations (1-5% iron), however, the following signals were
discernable: (1) a sharp signal at 180 mT; (2) a positive shoulder from 80 to 110 mT,;
and (3) a negative feature centered at 335 mT (Figure 3A, 3 and 4). These spectral
features sharpened and decreased in intensity as the iron concentration decreased. To
probe the integer spin states of nickel, parallel-mode X-band CW EPR spectra were

recorded for [Ni:ZnAl]-LDHs with varying nickel concentration. A negative feature

11
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Figure 3. A: Perpendicular-mode EPR spectra of [Fe:ZnAl]-LDH with indicated iron
concentrations [Zno.7sAlo.2s-xFex(OH)z][A]o.2s. B: Parallel-mode EPR spectra of [Ni:ZnAl]-
LDH with indicated nickel concentrations [Zno.7s5-xAlo.2sNix(OH)2][A]o.2s. Spectra were
acquired at 9.4 GHz, 20 K, and 502 yW power. [A] is an arbitrary anion, predominantly

carbonate at high pH.

at 80 mT was observed for [Ni:ZnAl]-LDH (with 1-20% nickel); this feature, which was
not present in pure NiOOH (Figure 3B), sharpened and decreased in intensity as the

Ni(ll) concentration decreased.

12
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13 Figure 4. Depiction of edge (E) and interstitial (B) sites under hydrated (1) and
15 dehydrated (p) conditions. Atoms are labeled as follows: orange (iron or nickel), gray

18 (zinc), light blue (aluminum), and red (oxygen).

23 Based on the structure of LDH materials, we assigned types of Fe and Ni sites in
25 the bulk (B) and in edge, corner, or defect sites (E). These sites were then considered in
hydrated (1) (Figure 4A) or dehydrated (p) (Figure 4B) states. Although dehydrated

30 [Fe(1%):ZnAl]-LDH yielded the CW EPR spectrum shown above (Figure 5, as

32 synthesized), several noticeable changes were observed after suspending the sample
in water overnight. Upon hydration, the signals at 335 and 110 mT decreased in

37 intensity, while the feature at 40 mT was stronger (Figure 5, hydrated). No changes

39 were observed in the intensities at 80 and 180 mT. These changes were reversible over
41 several hydration-dehydration cycles (Figure 5, hydrated, dehydrated). Spectral
features also were highly dependent on water being the solvent; no changes were

46 observed when the dehydrated sample was subsequently treated with acetonitrile.

59 13
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Figure 5. EPR spectra of [Fe:ZnAl]-LDH (with 1% iron) under different solvation

conditions, as indicated. Spectra were acquired at 9.4 GHz and 502 yW microwave

power.

The spectra for [Fe:ZnAl]-LDH were best simulated with two types of S = 5/2
sites. In the absence of pulsed EPR experiments, determination of accurate magnetic
parameters is very challenging. Fortuitously, the [Fe:ZnAl]-LDH (with 1% iron) gave an
observable electron spin echo at 130 GHz and 10 K (Figure 6C and 6D), a rare
example of echo-detected high-spin Fe(lll) centers. Subsequent high-frequency pulsed
echo experiments allowed us to simulate spectra at multiple frequencies, providing an

accurate determination of D and E parameters.

14
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Figure 6. CW and pulsed spin echo spectra of hydrated [Fe:ZnAl]-LDH (left) and

27 dehydrated [Fe:ZnAl]-LDH (right). Panels A and B at 9.4 GHz (30 K); panels C and D at
29 130 GHz (7 K). Simulation parameters: class Bn (red, panels A and C) S=5/2,g =

31 2.003, D = 0.20 cm%, E = 0.044 cm?; class Bp (red, panels B and D) S = 5/2, g = 2.003,
34 D =0.19 cm?, E = 0.050 cm?; class Ew (blue, panels A and C) S=5/2,g=2.003,D =

36 0.21 cm, E =0.020 cm™; class Ep (blue, panels A and C) S=5/2,g=2.003,D=-1.5

38 cml, E =0.32 cm™. The sum of the components is in magenta.

43 The multifrequency spectra were fitted, yielding ZFS magnetic parameters of the
45 various types of iron sites. The self-consistent ZF splittings for Bu(Fe) and Bp(Fe) were
simulated with g = 2.003 (both), and D = 0.20 cm*and 0.19 cm™ and E = 0.044 cm™

50 and 0.050 cm'?, respectively, at 130 and 9.4 GHz (Figure 6). The ZF splittings of En(Fe)
52 and Ep(Fe) were simulated with D = 0.21 and -1.5 cm™, E = 0.020 and 0.32 cm?,

respectively, at 130 and 9.4 GHz. Echo intensity for Ep(Fe) was observed down to 3000

59 15
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mT at 130 GHz, (Figure 6D); this was not the case for the hydrated material [EH(Fe)]
where the features were considerably narrower (Figure 6C). The assignments of
multiple species also were tracked by observing the changes in spectral intensity as a
function of temperature (see Sl).

Spectra of nickel-containing LDHs exhibited similar structural changes upon
hydration and dehydration. The X-band parallel-mode derivative spectrum of the initially
dehydrated [Ni:ZnAl]-LDH (with 1% nickel) featured a negative region centered at 80
mT and a minor positive signal at 160 mT (Figure 7B). Upon hydration, the signal at
160 mT was no longer observed, and the signal at 80 mT was unchanged (Figure 7A).
Further heating under vacuum (150°C) resulted in increased intensity of the 160 mT
component.

The X-band parallel mode spectra of hydrated [Ni:ZnAl]-LDH were well-simulated
by one type of S = 1 site. Specifically, BH(Ni) = Ex(Ni): g = [2.3 2.2 2.2], D = +0.32 cm,
and E = 0.050 cm™ (Figure 7A). Simulation of dehydrated [Ni:ZnAl]-LDH required two
different types of S = 1 sites, with the following magnetic parameters: Bo(Ni): g = [2.3
2.2 2], D=4+0.30, and cm*E = 0.050 cm™; Ep(Ni): g =[2.32.22], D=+1.1cm?, and E
=0.030 cm™* (Figure 7B). The relatively small ZFS associated with Ni(ll) sites made it

possible to observe the “EPR-silent” (S = 1) Ni(ll) via parallel-mode EPR.3’

16
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Figure 7. Parallel-mode CW EPR spectra of A: hydrated [Ni:ZnAl]-LDH (with 1% nickel)
and B: dehydrated [Ni:ZnAl]-LDH (with 1% nickel). Spectra acquired at 9.4 GHz, 5 K
and 3.2 mW power. Simulations parameters: Bp, Bn, and En (red, panels A and B): S =
1,g=[2.32.22.2],D=40.30 cm?, E =0.050 cm¥; Ep (blue, panel B): S=1,g=[2.3

2.22],D=+1.1 cm, E =0.030 cm. The sum of the components is in magenta.

Ni(lll), Fe(IV), Fe(V) and Fe(VI) have all been implicated in the water oxidation
mechanisms in the related NiFE LDH.® The ability to monitor the oxidation state of the
isolated Fe and Ni sites of [Fe:ZnAl]- LDH and [Ni:ZnAl]- LDH via EPR is of great
interest in isolating mechanistically relevant higher oxidation state sites in these
materials. Attempts to oxidize both [Fe:ZnAl]- LDH and [Ni:ZnAl]- LDH were made with
a variety of chemical oxidants, including in both agueous and non-aqueous solvents,
though no new species could be attributed to oxidized Fe or Ni species. The complex
chemical environment of these materials include water, hydroxide and anions such as
carbonate and nitrate, which are known to react with high oxidation state Fe and/or Ni
centers in these materials which could cause the rapid decay of high oxidation state
intermediates.

The electrochemical properties of [Fe:ZnAl]-LDH and [Ni:ZnAl]-LDH were tested

at pH 7 and pH 9 in potassium phosphate buffer. Linear sweep voltammetry and

17
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constant-potential chronoamperometry were conducted on a thin film of material made
by drop casting 50 uL of a 5 mg/mL suspension of materials onto a glassy carbon
working electrode. These materials were found to anodically shift the onset potential of
water oxidation relative to the bare electrode, likely due to the insulating quality of the
dilute materials (Figure S8-S11). The chronoamperometric current also decreased
relative to the bare electrode at doping levels of < 5% Fe or Ni (Figure S8-S11). Itis
concluded that, while these materials are excellent structural models for active OER

catalysts, they are not in themselves active.

Discussion

The broad, featureless EPR signals characteristic of NiBi, FeOOH, and [NiFe]-
LDH at low temperatures are indicative of highly-coupled metal oxide particles each with
a high density of paramagnetic sites. This spectral broadening limits the information
obtainable by EPR spectroscopy, in particular the coordination environments of
individual paramagnets.

Magnetically dilute model materials are able to overcome these limitations, and
the features observed in 1-5% [Fe:ZnAl]-LDH are signatures of isolated, high-spin
Fe(l11).38 In addition, parallel-mode CW EPR can probe integer spin states [as in Ni(ll)],
owing to mixing of microstates that causes relaxation of EPR selection rules.?® As a
result, both [Fe:ZnAl]-LDH and [Ni:ZnAl]-LDH exhibited spectral features indicative of
isolated paramagnetic centers.

By coupling low frequency CW EPR with high-frequency echo-detected EPR, two

types of sites were identified in 1% [Fe:ZnAl]-LDH. The two bulk-site types, present

18
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under different hydration conditions, B(Fe), were well-simulated using virtually identical

ZF splitting parameters (Table 1).

oNOYTULT D WN =

10 Bulk Class (B) Edge Class (E)

Fe D:0.19cm™?f Fe D:-1.5cm?2bd
13 £:0.050 cm™** E:0.32 cm @

Dehydrated (D
15 y (D) Ni D:+030cmic Ni D:+l.1cm™e

16 E: 0.050 cm™¢ E:0.030cm™¢

Fe D:0.20 cm™2bd Fe D:0.21cm™2bd
E:0.044 cm™2P E: 0.020 cm™aP

21 + m
Hydrated (H
ydrated (H) Ni D:+0.30cm™¢ Ni D:+0.30cm™¢

23 E:0.050 cm*¢ E:0.050 cm™¢

Table 1. ZF splitting parameters for isolated Fe(lll) and Ni(ll) sites in a magnetically
28 dilute LDH material. @ Determined from CW X-band simulation; ? Determined from
30 pulsed D-band simulation; ¢ Determined from parallel-mode CW X-band simulation; ¢

32 Determined from CW X-band temperature dependence (Supporting Information section

¢ 11).

39 Because only slight changes in ZF splitting were observed under both hydrated
and dehydrated conditions, the iron sites likely are “locked” within the lattice. These

44 sites, which contain triply bridging hydroxide ligands, will not be labile (Figure 4).

46 The assigned edge sites, E(Fe), required very different ZF splitting parameters
for simulations of hydrated vs. dehydrated materials (Table 1). The dramatic increase in
51 ZF splittings indicates that the coordination environments of these metal centers are

53 undergoing substantial changes. These edge, corner, and defect sites must be

35 coordinated by labile waters or hydroxides, and ligand losses likely will occur upon
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heating.#%413° Five-coordinate (square pyramidal and trigonal bipyramidal) high-spin
Fe(lll) systems have ZF splittings similar to those of dehydrated sites (Table 2). When
hydrated, both types of Fe sites (edge and interstitial) are coordinated by a full
octahedral ligand set, with either pus-oxo bonds or terminal waters and hydroxides. The
highly symmetric coordination environment, along with Fe-O bond covalency, gave rise
to small ZF splittings#? in Bu(Fe), Bo(Fe), and Ex(Fe). The extremely broad spectrum
seen in the high-frequency echo-detected spectrum was expected, as the microwave
excitation energy is of similar magnitude to the axial ZFS parameter (D = -1.5 cm?, fmw
= 4.3 cm).

Similar site-specific assignments have been made in Fe-doped zeolites.*? In
zeolite systems, a characteristic g = 2 signal is observed and assigned to iron dimers.*
In the present system, as we see no similar feature, we conclude that the iron sites in
these dilute, functional materials are not aggregated. The ZFS parameters used to fit
the spectra of [Fe:ZnAl]-LDH are set out in Table 1, alongside those of model
complexes with varying coordination geometries.

As in the iron case, two types of nickel sites were identifiable in 1%-[Ni:ZnAl]-
LDH utilizing parallel-mode EPR. Bpo(Ni) and Ep(Ni) had significant differences in
splittings, with very similar g-tensors, as expected for B(Ni) sites arising from bulk or
inter-lattice Ni(ll) in an octahedral ligand field (Figure 4). Furthermore, E(Ni) likely is an
edge or defect Ni(ll) site that changes coordination number and geometry under
different hydration conditions. In the hydrated material, the spectrum was simulated

using a single ensemble with the same ZF splitting parameters. Bp, Bx, and Ex all

20
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exhibited ZF splittings similar to that of Ni(en)s?* doped into Zn(en)3(NOs)2 and Ni(ll)
doped into ZnSiFse6H20, both of which are 6-coordinate and octahedral.4>46
High-valent metal sites, such as Ni(lll), Fe(IV), Fe(V) and Fe(VI) have been
suggested in the water oxidation mechanisms in the related [NiFe]-LDH.® The ability to
monitor the oxidation state of the isolated Fe and Ni sites of [Fe:ZnAl]-LDH and
[Ni:ZnAl]-LDH via EPR would be of great interest in this ongoing conversation. Attempts
were made to oxidize both [Fe:ZnAl]-LDH and [Ni:ZnAl]-LDH with a number of chemical
oxidants, both in aqueous and non-aqueous solvents. No spectral changes could
unequivocally be attributed to oxidized Fe or Ni species. The spectroscopic features
reported here provide a basis for further study of edge-site oxidation states.
Furthermore, although these materials feature Fe(ll1)/Ni(ll) sites, the catalytic
resting states of the functional catalysts are almost certainly Fe(ll)/Ni(lll). In this
oxidized form, the iron centers would likely lose ligands before nickel, since Ni(lll) would
be substantially less labile than Ni(ll). Thus, if ligand loss is an early step in catalysis,

our analysis implicates iron.
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Species Ligand Ligand D (cm™) E(cm™) Giso citation
sphere geometry

Fe(lln)

Class Bn Oe On 0.20 0.044 2.003 This work

Class Bp Oe On 0.19 0.050 2.003 This work

Class En Oe On 0.21 0.020 2.003 This work

Class Ep Os Not On -1.5 0.32 2.003 This work

Fe(lll) in PdTiO3 Os On 1.176 0 2.002 42

Fe(lll) in Al203 Os On 0.1683 0.00159 2.003 42

Fe(lll) citrate Os On -0.12 0 2.004 47

pH 2

Fe(lll) citrate Os On 0.024 0.008 2 47

pH 6

[Fe(catecholate)s]* Os On 0.319 0.023 2 48

Fe(lll)-EDTA N204 On -0.77 -0.21 2.004 49

Fe(lll)-transferrin NOs On 0 .42 0.11 50

(Human)

Met-Hemoglobin N4O Sg. pyramidal  10.7 0 1.95 51

Met-Myoglobin N4O Sq. pyramidal  9-9.5 0 1.98 51

Ni(I1)

Class BH,EH Os +0.30 0.050 2.2 This work

Class Bo Os +0.30 0.050 2.2 This work

Class Ep Os +1.1 0.030 2.2 This work

(Zn,Ni)SiFs*6H20 Os -0.6 0 2.26 46

Ni in Zn(en)s Os 0.832 0 2.16 45

Ni(iPrtacn) N3Cl2 15 0.19 2.06 52

Table 2. Comparison of ZF splitting parameters of isolated Fe(lIl) an Ni(ll) centers in

Conclusions

different coordination environments.

The identification and characterization of isolated Fe(lll) and Ni(ll) centers in

LDH-structured materials contribute to the ongoing discussion of their catalytic

mechanisms. Ultimately, we aim to answer the question of which sites are active for

electrocatalytic water splitting. Here, we find that iron and nickel at edge sites readily
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lose water and hydroxide ligands under gentle vacuum heating, revealing a possible
mechanism by which high-valent metal-oxo units responsible for catalysis can be
generated. However, the same speciation has been identified in both [Ni:ZnAl]-LDH and
[Fe:ZnAl]-LDH, suggesting that iron and nickel sites can undergo similar geometric
changes.

The structural changes seen at edge, corner, and defect sites are critically
important for activity if the mechanism is hydroxide or water attack on a metal-oxo unit.
To promote oxo attack by a nucleophile, there must be exceptionally strong metal-oxo
n-bonding.53%* Such bonding is not possible for lower-valent metals, as one or more of
their d electrons will be forced to occupy metal-oxo «* orbitals. But with coordinatively

unsaturated sites, multiple bonds to oxos can exist in lower oxidation states of iron.

Associated Content
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