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In Situ Detection of Iron in Oxidation States > IV in
Cobalt-Iron Oxyhydroxide Reconstructed during Oxygen

Evolution Reaction

Lukas Reith, Jan Niklas Hausmann, Stefan Mebs, Indranil Mondal, Holger Dau,*

Matthias Driess,* and Prashanth W. Menezes*

Cobalt-iron oxyhydroxides (CoFeOOH,) are among the most active catalysts
for the oxygen evolution reaction (OER). However, their redox behavior and
the electronic and chemical structure of their active sites are still ambiguous.
To shed more light on this, the complete and rapid reconstruction of four
helical cobalt-iron borophosphates with different Co:Fe ratios into disordered
cobalt-iron oxyhydroxides can be achieved, which are electrolyte-penetrable
and thus most transition metal sites can potentially participate in the OER.
To track the redox behavior and to identify the active structure, quasi in situ
X-ray absorption spectroscopy is applied. Iron in high oxidation states > IV
(Fe*") and its substantial redox behavior with an average oxidation state of
around 2.8 to above 3.2 is detected. Furthermore, a 6% contraction of the
Fe-O bond length compared to Fe>*OOH references is observed during OER
and a strong distortion of the [MOg] octahedra is identified. It is hypothesized
that this bond contraction is caused by the presence of oxyl radicals and that
di-L-oxyl radical bridged cobalt-iron centers are the active sites. It is antici-
pated that the detailed electronic and structural description can substantially
contribute to the debate on the nature of the active site in bimetallic iron-

1. Introduction

A future sustainable energy economy and
chemical industry based on wind and sun
energy require effective electrocatalytic
reduction reactions of abundant small
molecules (e.g., water or carbon dioxide)
for the formation of fuels and commodity
chemicals (e.g., hydrogen, hydrocarbons,
or alcohols).™* For these reduction reac-
tions, electrons and protons are required,
which can only be provided on large scale
by the kinetically demanding electrocata-
lytic oxygen evolution reaction (OER).[*!
During the OER, water is oxidized and its
O-H bonds are broken, which requires
severe reaction conditions. During alka-
line OER (aqueous potassium hydroxide
electrolyte),” these severe conditions
reconstruct non-noble-metal-based (Fe,
Co, Ni) precatalysts into (partially) depro-

containing OER catalysts.
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tonated layered oxyhydroxide structures
that have been shown to intercalate potas-
sium or carbonate (formed from CO, in
the air) into their structures. In this report, we will call these
layered double hydroxide-related structures oxyhydroxides,
even though they could also be named oxides, due to their
deprotonation.'%l To achieve high catalytic activities, these
oxyhydroxides require iron sites.'>”) However, monometallic
oxyhydroxide suffers from poor electron conductivity and
chemical stability.*1®l Both disadvantages can be overcome
by incorporating iron into cobalt- or nickel-based oxyhydrox-
ides making the resulting bimetallic nickel-iron or cobalt-iron
phases the most promising OER catalysts.[2"14
The explanation for the strongly increased activity of
cobalt and iron phases through iron incorporation is strongly
debated.”] For example, it has been proposed that i) iron is the
active site and cobalt or nickel mainly provides a stabilizing
and conducting matrix, '8! ii) iron modifies the structural and
electronic properties of the nickel or cobalt sites, which drive
catalysis,"! and iii) bimetallic di-u,-oxo-bridged sites coop-
eratively catalyze the OER.1%201 A clear indication of the elec-
tronic coupling of iron and cobalt/nickel is the anodic shift of
the potentiometric (Co/Ni)! oxidation peaks.!'*?%?2] For cobalt-
and nickel-based systems with and without iron incorporation,
Ni'V and Co!V species have often been detected through in situ
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measurements at OER potentials.23-26l Because the oxo anion is
redox noninnocent, these highly oxidized species might be best
described as MG*9+.029- inyolving an electrophilic oxygen
species, driving the required oxygen redox processes.’~?%) Com-
pared to this rich redox activity involving (Co/Ni)'V/"VV, iron has
often been observed to remain in the oxidation state +3.123:2426]
Nevertheless, iron in oxidation states above +3 has been pro-
posed as a crucial OER catalysis intermediate.2%34 These
highly oxidized iron species might be significantly harder to
detect, as they rapidly react with water driving efficiently the
OER, and, in contrast to (Ni/Co)", the Fe!'! oxidation might be
rate limiting and not a consecutive reaction step.?33>3% Thus,
the highly oxidized iron concentration remains minute.

While the redox behavior of nickel-iron phases has been
investigated intensively, only a few in situ spectroelectro-
chemical studies for cobalt-iron phases dealing with redox
behavior and structural evolution exist.7303L3=40] [n analogy
to nickel-iron systems, the redox peaks of cobalt-iron phases
have often been assigned to changes in the cobalt oxidation
state, and iron is assumed to be redox inactive.l3*~* The
reported cobalt-iron spectroelectrochemical studies come with
contradicting results.l”] For example, Boettcher and co-workers
observed a 0.7 eV shift of the X-ray absorption near edge struc-
ture (XANES) for the Fe K-edge comparing a sample at a
pre-OER potential to one at an OER potential, ! while Yeo and
co-workers found no shift in the Fe K-edge,3¥l as has often been
observed for nickel-iron systems as well.?3l Additionally, the
iron content resulting in the highest OER activity was found
to be either around 50% or 25%.1344] These different obser-
vations are most likely caused by slight structural variations of
the investigated cobalt-iron oxyhydroxide phases resulting from
different synthetic protocols.

The previous spectroelectrochemical — studies used
Co,Fe, ;O,H, precursors.’”?%4] Recently, it has been dis-
covered that the reconstruction of precatalysts with leaching
anions can lead to unordered oxyhydroxide phases.-2>%4
These phases share the same short-range order (layers of edge-
sharing [MOgJ-octahedra) like their crystalline counterparts but
comprise smaller layers that stack in an unordered way.*>*l
These variations in the long-range order result in more catalyti-
cally active edge sites and an electrolyte penetrability enabling
the catalyst bulk to participate in the OER.12>*®] We have recently
discovered that helical borophosphates with channels containing
strands of hydrate and coordinated water molecules are excellent
precatalysts and lead to the formation of transition-metal oxyhy-
droxides that outperform those formed from simple (hydr)oxide
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materials in terms of catalytic activity and stability.**->2 Further-
more, Song and co-workers have shown that the reconstruction
of such phases can be accelerated by ball milling leading to a
complete transformation into oxyhydroxide phases.l>?

Herein, we used a mild hydrothermal approach to synthesize
helical lithium Fe;_,Co, borophosphates with different ratios
for the first time and subsequently reduced the particle size
by high-energy ball-milling (Scheme 1). The obtained helical
LiFe;_,Co, borophosphates particles were investigated for their
electrocatalytic properties towards OER by using a wide variety
of electrochemical and analytical in situ and ex situ techniques.
Quasi in situ X-ray absorption spectroscopy (XAS) was applied
to investigate the electronic and structural behavior of the active
phase, demonstrating redox-active Fe with oxidation states
higher than three and distorted [MOg] octahedra.>l

2. Results

2.1. Composition, Structure, and Morphology

The LiFe; ,Co,(H,0),[BP,04]-H,0 starting material
(Fe,_xCo,BPO) was prepared via a mild hydrothermal syn-
thesis method (see Experimental Section).’®) Figure 1a shows
the powder X-ray diffraction (PXRD) pattern of previously
reported LiCo(H,0),[BP,0g]-H,0 (CoBPO),P® which is used
throughout this study for comparison. All Fe; ,Co,BPO sam-
ples display the same pattern and share the same crystal struc-
ture as the helical CoBPO (Figure 1b). Adding iron to CoBPO
results in a shift towards slightly lower angles, consistent with
an expansion of the unit cell.’3 They crystallize in the space
groups P6,22 (no. 178) and P6522 (no. 179)).°4 The formed
helices are “left-handed” (65) or “right-handed” (6,), consisting
of 1[BP,Og]*" chains formed by corner-shared alternating
phosphate and borate tetrahedra. The MO,(OH,), octahedra
(M = Co, Fe) are interconnected with 1 ,[BP,04]*~ helices along
the [001] plane. The Li-ions are located in free threads of helices
and are irregularly surrounded by oxygen anions. The crystal
water forms hydrogen bonds to maintain structural stability.’%
The elemental composition was quantified by inductively cou-
pled plasma optical emission spectrometry (ICP-OES, Table S1,
Supporting Information) and confirmed the stoichiometries
expected for helical borophosphates. In the hydrothermal
synthesis, the Fe:Co precursor ratios were 1:3, 1:1, and 3:1,
which resulted in final Fe:Co ratios of 0.33:0.67, 0.55:0.45, and
0.82:0.18, respectively, indicating that iron reacts slightly faster

Electrophoretic
Deposition

Catalyst
Activation

Pre-catalyst Active catalyst
film film

E CA @ 1.56 Viye
for 2 min
=) =)

Scheme 1. Experimental procedure for the synthesis, ball-milling, electrophoretic deposition, and electrochemical activation process of the Fe;_,Co,BPO

samples.
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Figure 1. Structural and morphological data of the as-prepared helical LiFe,_,Co, borophosphates (Fe;_,Co,BPO). a) Comparison of the PXRD pat-
terns of the powder samples measured with Cu Ko radiation. The pattern of CSD no. 409963 was shown as a reference. b) Crystal structure of the
helical LiFe;_.Co, borophosphate, c) optical microscope image of a typical crystal (Fey 55Cog4sBPO) obtained after synthesis. d) SEM/EDX mapping of
Feg.55C00.45BPO showing the elemental distribution. Depending on the element-specific X-ray energy, the EDX surface sensitivity changes, explaining

why the top right edge cannot be seen for oxygen and phosphorus.

than cobalt towards the borophosphate formation. Herein,
these samples are named according to their composition
Feg.33C00 ¢7BPO, Feg55C0y 45BPO, and Feg g,Co 13BPO.

Optical and scanning electron microscopy (SEM) in
Figure 1c and Figures S1 and S2, Supporting Information
shows the pink single crystals from Fejs5Coq4sBPO with a
smooth surface and hexagonal bipyramidal shape typical for
all Fe,_,Co,BPO samples.>> Furthermore, SEM images with
energy-dispersive X-ray (EDX) spectroscopy in Figure 1d
and Figures S3 and S4, Supporting Information display a
homogenous distribution of Fe, Co, O, and P throughout the
150 pm large single crystals and the Fe-Co EDX spectra quan-
tification (Figure S5, Supporting Information) confirms the
ICP-OES results (Table S1, Supporting Information). These
results reveal that pure Fe;,Co,BPO crystals were formed,
instead of separate LiFe(H,0),[BP,05]-H,0 and CoBPO
crystals.

The large particle size was reduced through ball-milling
to increase the surface area, and facilitate the fabrication of
catalyst films on the electrode via binder-free electrophoretic
deposition (EPD).’?l The PXRD, XANES, extended X-ray
absorption fine structure (EXAFS), and SEM-EDX of CoBPO
after ball-milling and deposited on FTO (Figures S6-S13, Sup-
porting Information), as well as ICP-OES results (Table S1,
Supporting Information), show that there are no structural
or chemical changes, as subtle amorphization is possible
for such materials with high-energy ball-milling for long
times.P2
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2.2. Electrochemical OER Performance

For electrochemical measurements, the ball-milled samples
were deposited on fluorine-doped tin oxide (FTO) electrodes via
EPD (loading 0.7 mg cm™). Before running any electrochem-
ical test procedures, 2 min chronoamperometry (CA) at 1.56 V
versus the reversible hydrogen electrode (Vryg) was performed
resulting in an immediate color change from (light) pink/gray
to black/brown, shown in Figure 2a and Scheme S1, Supporting
Information, indicating the reconstruction of the borophos-
phate precatalysts.’>°] The CA current response at 1.56 Vg
shown in Figure 2b is large at the beginning and then sharply
decreases, with a subsequent increase, until a stable current is
reached. We assign the initial large current mainly to catalysts
oxidation/reconstruction to oxyhydroxides consistent with the
observed color change and previous reports.?>>l The stable
current after the catalyst oxidation is ascribed to the OER,
revealing that Fe 33Cog,BPO and Fe 55Co 4sBPO are the most
OER-active. All catalysts were activated by this process.

The cyclic voltammograms (CV) of Figure 2c show that the
1% redox feature, the Co'V'' wave, undergoes an anodic shift
with increasing Fe content, showing that Co and Fe strongly
interact. In contrast to nickel-iron-based materials, the addition
of iron into the cobalt structure does not substantially reduce
the reduction wave integral. This is especially interesting, as the
Fe55C004sBPO contains less than 50% cobalt compared to
the CoBPO one. Thus, either the redox activity per cobalt site
almost doubled or iron itself participates in the redox process.

© 2023 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 2. Electrochemical performance of the Fe;_,Co,BPO (cobalt-iron oxyhydroxides) samples for OER using a three-electrode setup on FTO with a

loading of 0.7 mg cm~2. All measurements have been iR-corrected. Before

the measurements (c—f) were performed, the samples were reconstructed

into cobalt-iron oxyhydroxides by measurement (b). a) Catalyst activation process on FTO electrodes with deposited catalyst before (left) and after
(right) CA at 1.56 Ve for 2 min. b) CA curves for catalyst activation. c,d) CV curves of the samples showing the reversible redox features and the active
OER region, respectively. ) The Tafel slopes obtained at steady-state measurements. f) Long-term stability test via CP at 10 mA cm2.

Furthermore, in contrast to the cobalt-rich materials, the sample
with the highest amount of Fe (Feg,Co,13BPO) does not show
any significant redox peaks, which is typical for iron-rich phases
which suffer from insufficient electron conductivity.['04’]

In Figure 2d, the overpotentials of the catalysts at
10 mA cm™? (13y0) are shown. Feg,Co91sBPO and CoBPO
exhibit similar activities with 77,y = 344 mV and 7;, = 335 mV,
respectively. Remarkably, Fej33Co,BPO and Feg55Coq4;BPO,
with 7,9 = 277 mV and 1,y = 270 mV, respectively, are substan-
tially more active, which is competitive with current literature
on flat one-sided substrates.’® %! Furthermore, we deposited
several different oxidic mono- and bimetallic materials (e.g.,

Adv. Energy Mater. 2023, 13, 2203886 2203886 (4 of 11)

[NiFe/Ni/Co/CoNi]JOOH, Co30,...) on FTO and tested their
activity under identical conditions revealing a superior activity
of the herein obtained Fejs55Co4;BPO (see Figure S14, Sup-
porting Information).

The kinetics of the catalysts were investigated by Tafel
slopes (Figure 2e) measured by the steady-state method with
iR correction.!l To obtain information free of mass transport
or surface coverage limitations the slopes have been meas-
ured at low current densities. The cobalt- and iron-containing
oxyhydroxides display low Tafel slopes with comparable values
of 29, 28, and 26 mV dec™" for Fe, 4,Coq1sBPO, Fe, 33Coq c;BPO,
and Fe55Co4sBPO, respectively. This is close to reported

© 2023 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 3. Post-OER samples prepared via CA activation (1.56 Vg, 2 min) and subsequent CP measurement for 1 h at 25 mA cm™2. TEM images,
HR-TEM images, and SAED patterns of samples a,d,g) Feg33Coq6,BPO-OER, b,e,h) Feqs5Co45sBPO-OER, and c,fi) Feyg,Coq13BPO-OER, respectively.
The distances refereeing to the red rings in the SAED indicate the presence of a layered cobalt-iron oxyhydroxide phase.

Tafel slopes for Co(Fe)O,H, (=30 mV dec™!)l"*®2 and indicates
a similar active site structure and catalytic mechanism for all
three Fe;_,Co,BPO samples. CoBPO on the other hand shows a
much higher Tafel slope with 47 mV dec™, which is much closer
to the values of Co layered double hydroxide,®¥ indicating a
different active site structure and mechanism, which is not
unexpected, considering the absence of Fe in the material. Fur-
thermore, double-layer capacitance (Cy) measurements did not
find significant differences (Figures S15 and S16, Supporting
Information), but one should be aware that these measure-
ments are very doubtful due to conductivity limitations, as
described in previous reports.[2551:6463]

The best-performing catalyst Fejs5Cog4sBPO was further
tested for its stability during OER. In this regard, a chronopo-
tentiometry (CP) measurement was performed at 10 mA cm™2
for 48 h (Figure 2f) demonstrating a stable activity on FTO with
only a minor deactivation over time. Overall, the activity trend
is very clear where the incorporation of Fe enhances the OER
performance, making it an excellent catalyst at the given ratios
(Feg 33C00,67BPO and Fe; 55Cog 45sBPO). The pure CoBPO, as well

Adv. Energy Mater. 2023, 13, 2203886 2203886 (5 of 11)

as a too-high amount of Fe (Fejg,Co,1sBPO), leads to a signifi-
cant decrease in activity.

2.3. Post-OER Characterization

Post-OER samples were prepared by CA activation (1.56 Vyyg,
2 min) and subsequent CP measurement for 1 h at 25 mA cm™
under OER conditions. A cross-sectional SEM image of
Fey55C004sBPO before and after OER demonstrates that the
film thickness does not change significantly and remains stable
even after OER (Figure S17, Supporting Information). Further-
more, SEM-EDX mapping and the corresponding spectra for
the Fe,_,Co,BPO-OER samples (Figures S18-S20, Supporting
Information) show that the Fe:Co ratio remains similar before
and after OER. Oxygen remains throughout the samples. How-
ever, the phosphorus content decreased dramatically, caused
by leaching. In addition to the complete phosphorus leaching,
boron and lithium leached out entirely as well, consistent
with the high solubility of phosphate, borate, and Li ions in

© 2023 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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the aqueous potassium hydroxide electrolyte. These observa-
tions were also confirmed by ICP-OES (Table S1, Supporting
Information). Transmission electron microscopy (TEM) in
Figure 3a—c and high-resolution TEM (Figure 3d-f) images
display a sheet-like structure for all Fe, ,Co,BPO-OER sam-
ples. Furthermore, selected area electron diffraction (SAED)
patterns (Figure 3g—i) show rings for all Fe, ,Co,BPO-OER
samples, demonstrating at least a minimum degree of order
of the post-OER samples. The distances of the rings in the
SAED at 1.2, 1.4, 2.0, and 2.4 A, correlate well with the expected
layered oxyhydroxide phases.’”! Furthermore, X-ray photo-
electron spectroscopy (XPS) was applied to the most active
sample Fe; 55C0(4sBPO and Fe; 55Co 4sBPO-OER, as shown in
Figures S21 and S22, Supporting Information, confirming the
drastic surface changes after OER.

Compared to the previously reported CoBPO, which did not
fully reconstruct. Herein, all four cobalt and cobalt-iron boro-
phosphates were fully reconstructed,”® which is most likely
caused by the additionally applied ball milling process that
efficiently reduced the particle size of borophosphates. In this
regard, Kwon et al. have shown that ball milling can activate
the sample to fully reconstruct. Furthermore, the fast electro-
chemical activation process via CA might lead to an enhanced
leaching process and faster transformation into the active
phase.?’]

2.4. Quasi In Situ X-Ray Absorption Spectroscopy (XAS)
Characterization

To identify the electronic state and atomic-scale structure,
the disordered cobalt-iron oxyhydroxide phases together with
their dynamic response to an OER potential, XAS has been
measured. Two potentials were chosen, one is 0.91 Vgyg
just below the (Figure 2c) redox peaks and the other is at
1.56 Vyyg within the OER region. Before any measurement, the
Fe,_ ,Co,BPO electrodes were fully reconstructed into oxyhy-
droxides by a 2 min CA (1.56 Vgygp) measurement followed
by 1h CP (25 mA cm™2). Subsequently, 0.91 or 1.56 Vg5 were
applied for 10 min, and the samples freeze quench in liquid

(@) 26
Fe K-edge Co K-edge
ootV ootV
349 156V [ J1s6v
2
kot
(2]
c
S
&
ies
x
o]
244

o
Es
o
)

[<ad

((m"”ﬁ @

5 &
o o°

@

www.advenergymat.de

nitrogen at this potential, where the samples remained until
their measurement at 20 K in a helium-flow cryostat.

2.4.1. Quasi In Situ X-Ray Absorption Near Edge Structure
(XANES)

For each of the four samples, a Co and Fe K-edge spectrum
was acquired at the two different potentials. These spectra were
used to estimate the bulk oxidation state of the respective tran-
sition metals. To do so, the inflection points of the pre-edges
of the four cobalt-iron samples together with three cobalt and
three iron reference compounds were aligned concerning
their energy (Figures S23-S26, Supporting Information). To
quantify the K-edge positions, a previously published integral
method was used.l®® The K-edge positions and the known
oxidation states of the reference compounds were used to
deduce a linear relation between the K-edge and oxidation state
(Figures S27 and S28, Supporting Information).

Figure 4a shows the resulting transition-metal oxidation
states at the two different potentials of the four samples. Con-
sistent with previous reports and the CV of Figure 2c,?>% the
monometallic cobalt oxyhydroxide sample shows a significant
redox activity. At the potential before its redox peaks, the cobalt
oxidation state is below 2.9. At the OER potential, the oxidation
state is around 3.2, showing the presence of Co!V (or Co(!'*+9+.
0(-9-) 27291 which has been proposed to be a key OER inter-
mediate.*067-%1 In contrast, the sample with the most iron,
Fe(8,C0(1sBPO-OER, shows no significant change in the cobalt
(around 2.9 at 0.91 Vyyg) or iron (around 2.8 at 1.56 Vyyg) oxi-
dation state, consistent with the absence of a pronounced redox
peak in Figure 2c. This behavior is most likely caused by an
insufficient conductivity of oxyhydroxides with predominantly
iron.® In such a case, only the transition metals in close
vicinity to the conducting FTO surface will be electronically
wired to the anode and able to change their redox state and par-
ticipate in electrocatalysis.[!®!

For the oxyhydroxides derived from Fe;33Co0s,BPO and
Fey55C004BPO  with intermediate iron-cobalt ratios, the
cobalt redox behavior is similar to that of the pure cobalt

® e
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Figure 4. Quasi in situ XANES measurements of the freeze-quenched reconstructed Fe;_,Co,BPO (cobalt-iron oxyhydroxides after reconstruction) sam-
ples at two different potentials, before the redox feature (0.91 Vgy¢) and after the redox feature under OER conditions (1.56 Vpe). @) Oxidation states
determined from the Fe K-edge and Co K-edge. b) Fe K-edge of the Fe, 33C0,,6;BPO (cobalt-iron oxyhydroxide) at 1.56 Vg compared with different Fe!'"

reference materials; the inset shows the pre-edge region of the Fe K-edge.
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sample. Thus, in contrast to nickel-iron oxyhydroxides, where
the addition of iron has been shown to inhibit the nickel oxi-
dation,?3%] for the cobalt-iron oxyhydroxides investigated
herein, the cobalt oxidation is not affected by the incorpora-
tion of iron and, during OER, it is around 3.2 showing that
also Co' is present. In contrast to the vast majority of previous
studies about cobalt-iron oxyhydroxides,?**l we observe a
pronounced redox activity for iron ranging from Fe!! to oxida-
tion states above Fe'll. For the Fey;;Co,¢BPO-derived oxyhy-
droxide, the change in the iron redox state (from around 2.8 to
above 3.2) is even larger than the change in the cobalt oxida-
tion state (from around 2.9 to 3.2). XANES is a bulk technique
and the approximated oxidation states are average values.
In this regard, an oxidation state of 2.8 can quite straightfor-
wardly be assigned to a mixture of =20% Fe!l and 80% Felll.
For the OER in situ oxidation state of 3.2, it is most likely a
combination of mainly iron(III) and higher oxidized species
such as iron(IV). However, the presence of even higher oxida-
tion states such as FeVL3%3 which has been observed in water-
free conditions for nickel-iron oxyhydroxides,**! cannot be
ruled out. To verify the presence of an average iron oxidation
state above 3, we prepared a set of Fe'"OOH reference com-
pounds and compared their XANES edge with the one of the
Fe33C0g¢; oxyhydroxide under OER conditions (Figure 4b).
This shows that the Fe K-edge of Fe;33Cogs; oxyhydroxide at
1.56 Vyyg is indeed shifted to a higher energy than one of all
these iron reference compounds of which the 2-line ferrihy-
drite was also measured in situ under OER conditions with
an even higher potential (1.63 Vgyg).”" The observation that

(a) (b)

www.advenergymat.de

the Fe K-edge has a comparable edge position for various Fe!™!

compounds, even if those are structurally different has also
been shown in the literature.’! Therefore, we conclude that, for
the herein investigated cobalt-iron oxyhydroxides, iron indeed
has a substantial redox activity and that iron oxidation states
above three are present during the OER.

2.4.2. Quasi In Situ Extended X-Ray Absorption Fine Structure
(EXAFS)

EXAFS plots of the Co and Fe K-edge spectra of the four sam-
ples acquired at the potential before (0.91 Vgyg) and after
(1.56 Vgyg) the redox peaks are shown in Figure 5a,b. The k-
weighted EXAFS spectra are given in Figures S29 and S30,
Supporting Information. All spectra were simulated with a
model based on layers of edge-sharing [MOg] octahedra as they
are present in layered double hydroxide and cobalt-iron oxyhy-
droxides. Such a layer is shown in Figure 5c. The three solid
white circles represent the three distances (R) from the central
cobalt atom that were considered. The EXAFS peaks are also
assigned to the structural motifs in Figure 5d. The number
of atoms that are intercepted by the circles (six for each of the
three) represents the population (N) that one would expect
in a perfectly ordered (single crystal) material with endlessly
large layers. For smaller layer (domain) sizes, the number of
cobalt/iron atoms at the edges with less than six neighbors
increases resulting in lower populations. All EXAFS plots are
dominated by two large peaks, of which the second one has a

CoK-edge A B C D E Fe K-edge A
154 Fe, 3,C0g 5BPO Fe; 8,C0,43BPO
0.91 Veye 12 0.91 Veye
10 [——1.56 Vgue ——1.56 Veue
e Fit i

1
Feg 55C0g4sBPO
0.91 Ve

0.91 Ve

FT Magnitude
FT Magnitude

1
Feg 55C0g4sBPO

0.91 Ve

CoBPO
0.91 Ve

1
Fe; 33C0,6,BPO

Figure 5. In situ EXAFS data of the freeze-quenched reconstructed Fe;_ ,Co,BPO samples (cobalt-iron oxyhydroxides after reconstruction) at two dif-
ferent potentials, before the redox feature (0.91 Vgyg) and under OER conditions (1.56 Vgye). a) Co K-edge and b) Fe K-edge, with the corresponding
fits. ) Structural model of layers of edge-sharing [MOg] octahedra as present in cobalt-iron oxyhydroxides with the lattice distances (white circles) for
the EXAFS coordination shells. d) Structural motifs for the given lattice distances for the EXAFS coordination shells.
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shoulder on the right. The first peak (A) is assignable to the
first circle of our model and thus an M—O bond distance, and
the second peak (B) is the M—M distance between the metals
of two edge-sharing (or in other words di-f1-oxo bridged) [MOg]
octahedra. The right shoulder of this peak (C) is the M—O dis-
tance between the metal center of one [MOg] octahedra and the
oxygen of a neighboring [MOg] octahedra. The simulations are
shown as black lines in Figure 5a,b and the fitting data is given
in Tables S2 and S3, Supporting Information. In all cases, they
reproduce the experimental data well. Furthermore, for some
samples, additional peaks between 4-6 A can be seen. These
peaks, (D) and (E), are the M—M distance to the second nearest
neighboring [MOg] octahedra as marked by the dashed circles
in Figure 5c and the models in Figure 5d.°Y These distances
were not simulated and will only be discussed qualitatively.

For the sample containing only cobalt, the spectra at the
potential before the redox peak and during OER are very similar
and the differences in the R and N values of the simulations are
small (Table S2, Supporting Information), showing that a lay-
ered cobalt oxyhydroxide-like structure is adapted, which per-
sists in the cobalt oxidation state range 2.9-3.2.

For the sample with mainly iron, Fejg,Coo13BPO, the
second peak is substantially less intense than the first one
and the peaks in the range of 4-6 A are barely visible. These
characteristics are typical for a lower degree of order and can
be observed in the Co and Fe EXAFS plots of reconstructed
Fe4,C001sBPO at both potentials and in the Co and Fe EXAFS
plots of reconstructed Fe;33Coqs,BPO and Fejs55Co,4sBPO at
0.91 Viye- In these four Fe EXAFS plots, the two main peaks
are broader indicating that more than one bond length is pre-
sent for the Fe-O and Fe-M distance. Indeed, the simulation
of these spectra was unsuccessful with only three coordina-
tion shells (Table S3, Supporting Information). Therefore, two
Fe—O distances and two respective Fe-M distances were used
to simulate them, which results in good reproduction of the
experimental data. The two Fe-O distances are a short one with
around 1.90 A and a longer one with around 2.04 A, this auto-
matically results in two different Fe-M distances, of which one
is around 2.85 A and the other around 3.00 A. Consistently, we
also used two Co—M shells to fit the Co EXAFS reconfirming
the variation in the Fe-M distances (Table S2, Supporting Infor-
mation). The four samples with the additional elongated Fe-O
bond contain average iron oxidation states below three (around
2.8 in all cases, see Figure 4a). This reduced oxidation state
explains the occurrence of an elongated bond (the Fe-O bond
distance in Fe''(OH), is around 0.1 A longer than in Fe'"OOH),
and such two different Fe—O bond distances have already been
observed previously in cobalt-iron oxyhydroxides and several
FeOOH compounds (Table S4, Supporting Information).*® For
all cobalt EXAFS plots, the addition of another, longer Co—-O
distance did not substantially improve the fits and resulted in
unstable fits. Thus, we assume only one distance is present,
which is consistent with previous reportsi?>*! and a smaller
amount of Co!! (oxidation state around 2.9) is present compared
to Fe!l (oxidation state around 2.8).

Most interesting is the structure of the most active samples,
reconstructed Fe; 33Co, ¢;BPO and Fe 55Coq 4BPO, under OER
conditions. In contrast to their EXAFS spectra at 0.91 Vyypg,
the in situ OER EXAFS spectra are well simulated with only
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one Co-O and Fe-O bond length. Adding an additional M-O
bond length resulted in unstable fits. The Co-O bond length
was found to be around 1.89 A and the Co—-M distance around
2.84 A, which is consistent with bulk-active amorphous cobalt
catalysts,/?’! the average bond length of Co,O4 cubane model
compounds under OER conditions,”? and extrapolations of all
surface di-i,-oxo cobalt sites under OER conditions.[?8! There-
fore, we assume that all transition-metal atoms are electroni-
cally wired to the anode and have access to the electrolyte, even
though a comparably high loading of 130 pug cm™ transition-
metal was used. Remarkably, the single Fe-O bond length is
identical to the Co-O bond length in these two samples during
OER. This is surprising, as Fe™-O bonds in various FeOOH
structures comprising [FeOg] octahedra are usually longer than
2 A and even compounds containing only [Fe!VOg] octahedra
have average bond distances of around 1.92 A (see Table S4,
Supporting Information for various examples). Thus, the Fe-O
bond is substantially contracted in the COOOH matrix. In our
case, another reason for such a short Fe-O bond is probably the
presence of Fe!V or the presence of y-oxyl radicals as bridging
anionic species.

3. Discussion

In contrast to our previous study on LiCoBPO, where, even
after 24 h, only the near-surface area of the precatalyst was
reconstructed into oxyhydroxides, we successfully applied a ball
milling procedure in analogy to Kwon et al., which enabled us
to fully reconstruct the LiFe; ,Co,BPO with four different Co:Fe
ratios within minutes to cobalt-iron oxyhydroxides.l’? We have
previously shown that such reconstruction processes enable the
formation of oxyhydroxides with disorderly stacked, relatively
small domain sizes, which are electrolyte penetrable and thus
to a significant extent bulk-active.?>! As XAS is a bulk tech-
nique, this electrolyte penetrability is ideal, as the averaged XAS
results mainly yield information on transition-metal centers
that could potentially participate in the OER. Our quasi in situ
XAS measurements on these samples show that the Co-O
bond distances and cobalt oxidation states are comparable to
those of bulk-active amorphous cobalt catalysts,?’ extrapola-
tions of all surface di-pu,-oxo cobalt sites under OER condi-
tions,1?8 and the average bond length of Co,0, cubane model
compounds under OER conditions,’ showing that these sam-
ples behave comparable to an all-surface structure, due to their
electrolyte-penetrability.

The electrocatalytic investigations show that the oxyhydroxide
samples with a Fe:Co ratio of 33:67 and 55:45 are the most OER
active. The pure cobalt sample’s activity is hampered by the
absence of iron, which is crucial for fast OER kinetics.3] The
sample with a Fe:Co ratio of 82:18 is insufficiently conducted
to enable the participation of many active sites, consistent with
previous reports.[3164] We find that the same Tafel slope for all
three samples containing cobalt and iron are the same, showing
that all of them have the same kind of active sites, which are
likely di-u)-oxo(/oxyl radical) bridged bimetallic Co-Fe edge
sites, as suggested in previous reports.10204] In this regard, it
is reasonable that the sample with an around 50:50 ratio is the
most active, as it should have the most bimetallic active sites
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assuming a statistical distribution. This assumption is also
supported by the redox peak shift, which is most pronounced in
that sample, indicating the strongest interaction between iron
and cobalt. In contrast to reported nickel-iron oxyhydroxides,!?*!
we cannot observe a significant decrease of the redox activity
through the addition of iron and observe only an anodic shift.

Quasi in situ XAS of the four different cobalt(-iron) oxyhy-
droxides at a potential (0.91 Vyyg) before their redox peak and
during OER (1.56 Vgyg) revealed a substantial cobalt redox
behavior with an oxidation state of around 2.9 below the redox
peak and 3.2 at OER conditions. In contrast to various previous
investigations,?>%! we could also observe a redox activity of the
iron centers, which was even slightly more pronounced (2.8
to above 3.2) than the one of cobalt. We note that Boettcher
and co-workers also identified a shift in the iron edge at a
potential just before the OER and during OER, but this shift is
smaller than the one observed herein.*l Furthermore, in con-
trast to this report, Boettcher and co-workers did not observe
any redox activity at the cobalt sites.[*) Most importantly, by
comparison to multiple Fe!l K-XANES edges, we identify iron
in oxidations states above three, which has been proposed
to be a crucial part of the active sites in such systems.[23:26:33]
These highly oxidized iron species have been challenging to
detect, as the rate-determining step has been suggested to be
the iron oxidation and that the formed highly oxidized iron
species rapidly reacts in the OER reaction.[?¥26:333% Thus, the
iron content during the reaction is minute. We hypothesize
that the reason for their detection herein is the following:
The investigated cobalt-iron oxyhydroxides are electrolyte pen-
etrable and thus most of the transition metals are anodically
wired and have access to the electrolyte for the required proton
exchange, needed to undergo redox chemistry (e.g., Fe'"OOH
— FelYO, + H* + ¢7). However, compared to surface-active
materials, electrolyte access is limited by mass transport in
parts of the bulk catalyst. Thus, some iron sites are oxidized
beyond three but do not have sufficient access to the substrate
to rapidly react (it is also possible that the local electrolyte is
too acidic due to the proton formation by the iron oxidation
and OER). Therefore, they remain in the highly oxidized state
for a longer time and can be detected.

Consistent with the high oxidation state of iron, we find an
in situ Fe—O bond length that is around 6% shorter than in
reported FeOOH compounds. For nickel-iron oxyhydroxides,
this contraction of the Fe—O bond has previously been detected
by Friebel et al.”® Furthermore, Boettcher et al. and Yeo et al.
also detected bond contractions for cobalt-iron-based mate-
rials.33401 Herein, this contracted Fe-O bond length is iden-
tical to the Co-O one. As the core of the OER is the removal
of electrons from oxygen atoms, oxygen redox chemistry at
the catalyst’s active sites is crucial for its catalysis.[*”) Recently,
it has been shown that the Co—O bond length observed herein
is consistent with a Co''"-O" oxyl radical species.”! As we also
observe a similarly short Fe—O bond length, we hypothesize that
the cobalt and iron atoms are di-p,-oxo bridged by oxyl radical
and that these units are the active sites. Furthermore, the bond
lengths and M-M distance can be used to calculate the geo-
metry of the [MOg] octahedra which is shown in Figure 6. Con-
sistent with a previous report on nickel-iron oxyhydroxides,*4 it
shows a strong distortion.
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Oxyl radical

2.84 A

Figure 6. The geometry of a bimetallic Fe—Co site as identified by the
EXAFS measurements in the cobalt-iron oxyhydroxides formed through
helical borophosphate reconstruction. The Co-O bond distance is con-
sistent with the presence of a u-oxyl radical.[?¥l The Fe-O bond distance
is around 6% shorter than in oxidic iron(lll) compounds, which could
be explained by the oxyl radical character of the oxygen. We hypothesize
that such oxyl radical bridged bimetallic species are the active centers for
OER catalysis.

4, Conclusion

In the present study, we successfully synthesized helical
LiFe,_,Co, borophosphates with four different Co:Fe ratios
and applied a ball milling procedure, enabling us to fully
reconstruct the material electrochemically within minutes
into cobalt-iron oxyhydroxides, which are comparable to an
all-surface structure, due to their bulk-activity and electrolyte-
penetrability. Electrocatalytic investigations on flat FTO sub-
strates show the highest OER activity for oxyhydroxide samples
with a Fe:Co ratio of 33:67 and 55:45, with 1,y = 277 mV and
o = 270 mV, respectively. Iron is crucial for fast OER kinetics,
which leads to a decreased activity of the pure cobalt sample.
The material with the highest iron content (82:12) suffers from
insufficient conductivity and reduced participation of active
sites. Still, for all cobalt-iron samples, the same active site struc-
ture is observed.

Quasi in situ X-ray absorption spectroscopy was applied to
track the redox behavior and to identify the active structure.
The quasi in situ XAS measurements of the four different
cobalt(-iron) oxyhydroxides before the redox peak (0.91 Vpyg)
and during OER (1.56 Vyyg) demonstrate strong interactions
between iron and cobalt correlated to an anodic redox peak
shift, without a decrease of the redox activity through the addi-
tion of iron. Furthermore, the quasi in situ XAS measurements
reveal a substantial cobalt redox behavior. Moreover, in contrast
to various previous investigations, a redox activity of the iron
centers can be observed with oxidation states up to 3.2. There-
fore, we identify iron in oxidation states above three in cobalt-
iron oxyhydroxides. This might stem from the presence of Fe!V
or even higher oxidation states, which have been proposed to
be a crucial part of the active sites in these systems. We believe
that the detection of this highly active site is possible herein,
due to limited substrate availability in the bulk of the catalyst.
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Furthermore, we find a strong distortion of the [MOg¢] octa-
hedra and an in situ Fe-O bond length that is around 6%
shorter than in reported FeOOH compounds and identical to
the one of Co-O during OER. We hypothesize that the short
M-0 bond length could be caused by the presence of oxyl rad-
ical species and that di-u-oxyl radical bridged bimetallic cobalt
iron motifs are the active sites. We believe that our detailed
electronic and structural investigation of the active phase in
cobalt-iron oxyhydroxides can prove essential for theoretical
investigations and design-based catalyst development.
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