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Operando X-ray absorption spectroscopy was employed to study an
active electrocatalyst, hyperfine p-FeOOH nanorods (5 3 x 15 nm)
surface-modified with amorphous Ni hydroxide. The nearest neighbor
structure and valence of Fe** ions did not change under water
oxidation conditions, while changes in the nearest neighbor ordering
of Ni?* ions and a reversible transition to Ni** were observed in
accordance with the electrical bias for the reaction.

In the water oxidation reaction (also referred to as the oxygen
evolution reaction: OER), extracting electrons from water mole-
cules is a crucial step in generating useful chemicals such as
hydrogen by proton reduction,' and organic compounds by CO,
reduction.>® Such uphill energy storage reactions are seen as
part of the current drive toward a sustainable society based on
natural energy sources. To apply such systems on a large scale,
highly active and cost-effective catalysts are crucial.* Oxides,
oxyhydroxides and hydroxides of earth-abundant metals are
recognized as the best choices for this purpose.’” Iron is of
interest because it is relatively nontoxic and has the fourth
highest Clarke number among the elements (4.70).> Among the
possible Fe compounds, FeOOH is especially attractive, as it
occurs naturally in soil, and it is also a product of the corrosion
of steel. Amorphous o- and y-FeOOH have been found to
function as OER catalysts.”™> Recently, Suzuki et al. reported
that the OER rate over hyperfine B-FeOOH(Cl) (akaganeite;
hereafter, f-FeOOH) nanorods having extremely small volumes
(diameters of 3 nm and lengths of 15 nm) was higher than that
of the conventional B-FeOOH nanorods (typically 30 nm and
400 nm, respectively).'®'” The compound B-FeOOH polymorph
has a unique structure; groups of four double chains of FeO5(OH);
octahedra contain tunnels running along the [010] direction,
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which are partly occupied by Cl~ ions.'® Both the OER rate
and overpotential can be enhanced by doping with Ni*" ions
(B-FeOOH:Ni), and further increased by surface modification with
amorphous Ni(OH), (B-FeOOH:Ni/a-Ni(OH),) (X-ray diffraction
data in Fig. S1, ESIf). Based on the previous work on Ni-rich
Ni-Fe oxides,'® it was hypothesized that the enhanced OER rate
in B-FeOOH:Ni can be attributed to the modified electronic state
of the active Fe centers. It was shown that amorphous Ni(OH), at
the surface of the -FeOOH:Ni nanorods not only improved the
electronic structure of these active centers, but also increased the
electrical conductivity of the stacked electrode fabricated from
particles.'® >’Fe Méssbauer spectroscopy revealed that a hyper-
fine B-FeOOH structure was maintained even with the increasing
Ni content and that an increase in quadrupole splitting and the
peak width can be due to the electronic interaction between Fe
and Ni species."”” The B-FEOOH:Ni/a-Ni(OH), stacked anode
possesses an OER activation overpotential of 170 mV and
exhibited a 50 mA cm > OER current at 1.72 V in an aqueous
1 M KOH solution with a Pt cathode during the H,O conversion
to oxygen (O,)."” However, there have been few studies on the
local atomic structure of the Fe-rich oxyhydroxides under OER
conditions in the presence of Ni species, in comparison to those
of Ni-rich systems.

In the present work, operando X-ray absorption spectroscopy
(XAS) was used to examine B-FeOOH:Ni/a-Ni(OH), nanorods in
aqueous solutions during the OER under electrical biases to
understand the atomic-scale properties of the catalysts. These
operando analyses are crucial for a better understanding of the
oxidation states and local atomic structural motifs. Previously,
similar approaches were applied to Ni-rich (Ni,Fe)OOH and
Nig sFe,67C00.2Ce0 4305 systems,"*?° and the results have provided
insights into the interactions between Ni and Fe species in the
compounds. In this study, we investigated both Ni and Fe XAS to
characterize their local environment.

Colloidal suspensions of -FeOOH:Ni (1 at% Ni) and f-FeOOH:
Ni/a-Ni(OH), (22 at% Ni) nanorods were produced at room
temperature (ESIT).">" High-resolution transmission electron
microscopy (HRTEM) observations in conjunction with fast
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Fig.1 (a) HRTEM image of a B-FeOOH nanorod with an inset showing
FFT for the region in yellow square. (b) Current—potential curves acquired
during the OER in 0.1 M KOH using pure B-FeOOH (black), 1% Ni
(B-FeOOH:Ni) (blue) and 22% Ni (B-FeOOH:Ni surface-decorated with amor-
phous Ni(OH),) (red), together with schematic images showing these materials
on carbon paper. (c) Schematic image of the experimental in situ XAS apparatus
used to acquire data during the OER at an anode supported on carbon.

Fourier transform (FFT) lattice spacing analyses confirmed that
the lattice planes in these materials arranged parallel to the
longitudinal direction of the B-FEOOH nanorods were (200)
planes. The long axis of the nanorods was parallel to the
tetragonal C axis (Fig. 1(a)) and tunnels formed by the Fe-O
octahedra grew in the long axis direction to lengths up to 15 nm.
These nanorods (drawn as cylinders) were deposited on carbon
paper (CP) (Fig. 1(b)). This figure also includes typical electro-
chemical characterization data at 1 mg-catalyst cm™ > demonstrating
that doping with Ni*" lowered the OER potential from +1.66 to
+1.60 V vs. RHE (at 2 mA cm™ %) and that surface modification
with a-Ni(OH), further decreased the corresponding potential to
+1.51 (the data for pure B-FeOOH and a-Ni(OH), are shown in
Fig. S2, ESI)."”

Metal K-edge X-ray absorption near edge structure (XANES)
and extended X-ray absorption fine structure (EXAFS) analyses
were conducted using fluorescence yield detection (Fig. 1(c)
and ESIt). The electrode in a cell was immersed in 0.1 M KOH
so as to produce faster diffusion rates and higher electrocatalytic
current densities. This arrangement allowed the OER overpotential
to be assessed at activity levels comparable to those for conven-
tional Ni-rich systems.>’ Spectra were acquired under three
conditions: dry (without electrolyte, as a reference), at an
open-circuit (OC) potential in the electrolyte and at +1.56 V
(vs. RHE) during the OER. The value of +1.56 V is used in the
previous papers.’” Under conditions where the current value is
greater than this, O, bubbles disturbed fluorescence detection.

The Fe K-edge XANES spectra in Fig. 2(a) provide information
about the B-FeOOH structure. The rising edge energy values are
similar for the 1% Ni and 22% Ni -FeOOH samples, indicating
that Fe*” was present in both. Under the three different test
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Fig. 2 (a) Fe and (b) Ni XANES spectra of 1% Ni (B-FeOOH:Ni) and 22% Ni

(B-FeOOH:Ni surface-decorated with Ni(OH),) acquired under dry, OC
potential and OER potential (+1.56 V) conditions.

conditions, there were no significant differences in spectral
shapes and thus no clear changes in chemical states. However,
there may have been some small changes in the EXAFS local
structure of the Fe** ions (Fig. S3, ESIY). Fig. 2(b) provides the Ni
K-edge XANES spectra. The rising edge energy for the 1% Ni
B-FeOOH is seen to be close to that for the Ni in Ni(OH),,
indicating that the average oxidation state of Ni is close to Ni**
(Fig. S4(a), ESIf). The evident broadening of the white line
under OC conditions also suggests increased heterogeneity of
the Ni species. Under the OER conditions, the white line further
broadens toward higher energies, demonstrating that a portion
of the Ni was oxidized. Because no improvements in the OER
activation overpotential or current were observed by adding
Ni(OH), to the surface of the non-doped B-FeOOH, it is apparent
that part of the Ni remained in the B-FeOOH lattice before and
after the OER, as has been discussed in a previous report."”
These data suggest the crucial role of the Ni ions originally
doped into the f-FeOOH.

In case of the 22%-Ni B-FeOOH sample, approximately 1%
Ni was doped into the f-FeOOH lattice while the remaining
fraction was located on the surface as amorphous Ni(OH),."”
This same phenomenon has been previously observed using
X-ray diffraction (XRD) and ex situ XANES."” A comparison of
the Ni K-edge XANES data acquired from B-Ni(OH),, Ni foil,
B-NiOOH and y-NiOOH (Fig. S4(b), ESIt) shows that the Ni
profile of the B-FeOOH:Ni/a-Ni(OH), is close to that of the
B-Ni(OH),, since the rising edge energy is similar to that of Ni
in Ni(OH),, and the initial average oxidation state of the Ni ions is
close to +2. The Ni peak intensity increased under OC conditions,
suggesting that the KOH electrolyte induced ordering of the
a-Ni(OH), on the B-FeOOH:Ni surface. The white line was also
found to be broadened and exhibited the edge shift toward
higher energies, meaning that the Ni ions were oxidized to a
trivalent state and a structural change was also induced. Under
the OER conditions, the Ni ions were further oxidized, as
indicated by the edge shift toward higher energy. However,
the peak intensity was slightly decreased, and so the Ni ions
were likely in a mixture of several different oxidation states.
Other data also confirmed that the valence of the Ni ions could
be reversibly changed between that in B-like Ni(OH), and a
higher oxidation state by varying the applied potential (Fig. S5,
ESIt). This result indicates that a reversible change in the Ni
ion state from that of B-like Ni(OH), and a mixture of Ni** and
Ni*" is correlated with the OER activity (Fig. S4(b), ESIt). The Fe
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Fig. 3 Ni EXAFS spectra acquired under dry, OC potential and OER
potential (+1.56 V) conditions using (a) 1% Ni (B-FeOOH:Ni) and (b) 22%
Ni (B-FeOOH:Ni surface-decorated with Ni(OH),) together with that of the
reference compound b-Ni(OH),.
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K-edge EXAFS data obtained from the 1% Ni sample showed no
changes under the OER conditions (Fig. S6(a), ESIt). In con-
trast, the 22% Ni specimen demonstrated a considerable
increase in the peak amplitude for the second nearest neighbor
under the OC conditions in the electrolyte, followed by a relative
decrease under the OER conditions. These results indicate a
small amount of disorder in the -FeOOH structure (Fig. S6(b),
ESIT). Fig. 3 presents the Ni K-edge EXAFS results of these
materials along with the spectrum of the reference compound
B-Ni(OH),. In case of the 1% Ni data shown in Fig. 3(a), there is
almost no second nearest neighbor peak observed under the dry
conditions. This result can be explained by the defects that are
accompanied by doping with Ni, as has also been observed in
the work of the aliovalent doping of nanocrystals.”* The XANES
data demonstrate that Ni*" ions were doped into the Fe** matrix,
which generated dopant sites paired with nearby vacant cation
sites due to charge balancing. Such defects have been observed
in, for example, Cu-doped nanocrystals of zinc chalcogenides.>*
Under the OC conditions and +1.56 V, the FT amplitude corres-
ponding to the first nearest neighbor shell increased, suggesting
a more organized first shell. In addition, the second nearest
neighbor peak became more prominent at +1.56 V. Therefore,
Ni/Fe ions in proximity to one another were likely to be linked or
became more organized. The apparent distances were slightly
smaller than those in crystalline B-Ni(OH),. The internal doping
of the f-FeOOH with Ni evidently had no drastic effects on the
XANES/EXAFS results immediately after adding the electrolyte, as
demonstrated by the data for the 22% Ni sample (discussed
below), in which the majority of the Ni was on the nanorod surfaces.
However, it is possible that the Ni ions in the nanorods were close to
the surface and slowly migrated onto the surface over extended
periods of time (that is, several hours under catalytic conditions).
This phenomenon is suggested by the increase in the FT amplitude
of the second nearest neighbor peak over an extended OER
experiment using the 1% Ni sample (Fig. 3(a)). The best fits for
the Ni EXAFS data obtained under different conditions are
provided in Fig. S7 and S8 (ESIf), and the corresponding
parameters are summarized in Table S1 (ESIT).

In case of the 22% Ni results shown in Fig. 3(b), the second
nearest neighbor peak exhibits a low intensity under the dry
conditions. Under the OC conditions the intensity of the first
nearest neighbor peak increases, which can be attributed to the
formation of a more uniform structure. In addition, the increase in
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the amplitude of the peak related to the second nearest neighbor
shell suggests a transition toward a -Ni(OH),-like phase. Here, the
Ni phase likely exists as both amorphous Ni(OH), and B-Ni(OH),-
like states. The XRD patterns indicate an amorphous state of the
material since they contain no peaks originating from Ni(OH),.
Under the OER conditions, Ni likely exists as a mixed phase that
consists of B-Ni(OH), and a B-NiOOH-like structures, having two
Ni-O-Ni neighbor distances at 2.82 and 3.13 A. However, the Ni
ions seem to be less organized than under the OC conditions. This
reversible change in the degree of the Ni(OH), ordered structures
between the OC and OER conditions at the B-FeOOH nanorod
surfaces seems to be the most important character of these
materials in relation to its function.

There have been various reports regarding the OER at low
potentials over Ni-rich oxide and (oxy)hydroxide systems mixed
with Fe, because these materials exhibit much higher activity
than Fe-rich systems.”>** The results obtained from Ni-rich
systems by Gorlin et al. suggest that Fe ions serve as the active
sites, because the binding energies of OER intermediates such
as HO*, O* and HOO* at Fe sites are nearly ideal, and these
sites can be modified by adjacent Ni species.”® The low activa-
tion energy in these scenarios is attributed to Fe sites with
unusually short Fe-O bond lengths induced by the presence of
Ni.'® Analyses by both differential electrochemical mass spec-
trometry and XAS have shown that Fe centers remain in the Fe**
state regardless of the applied potential or catalyst composi-
tion, while the Ni centers in NiOOH are oxidized from Ni*" to
Ni*" and even to Ni** during the OER.>® However, it is believed
that the formation of Ni** and Ni*" has a negative effect on the
faradaic efficiency of O, formation when Ni is adjacent to Fe.
DFT calculations have suggested that the OER activity of Fe-doped
NiOOH is associated with the reduction of Ni** to Ni*" in concert
with the oxidation of Fe*" present on the surface to Fe*".*”

In a prior study of an Fe-rich OER system containing Ni,
Chemelewski et al. showed that the reaction overpotential for
electro-deposited amorphous FeOOH was reduced by mixing
with Ni (5-20%).>® As noted, the present surface-modified
B-FeOOH:Ni/a-Ni(OH), catalyst also exhibits a very high OER
activity.'® In this case, Fe ions are believed to serve as the active
sites. The electronic state of these ions determines the inter-
actions with intermediates such as HO*, O* and HOO* but can
be modified by the presence of adjacent Ni species in a similar
manner to the functioning of Ni-rich systems.'” In B-FeOOH:Ni/
a-Ni(OH),, the B-FeOOH:Ni and a-Ni(OH), are phase-separated
such that a-Ni(OH), is situated on the surfaces of the p-FeOOH:Ni
nanorods, which is different from the structure of Ni-Fe mixed
oxides. However, a previous study using >’Fe Méssbauer spectro-
scopy has suggested electronic interactions between Fe and Ni in
B-FeOOH:Ni/a-Ni(OH),."” The cyclic voltammetry curves obtained
from B-FeOOH:Ni/a-Ni(OH), exhibit minimal hysteresis compared
to those generated by Ni-Fe mixed oxides.?® Here, Ni** ions are not
oxidized to Ni*" at +1.56 V and that only a small fraction of the
original Ni** is oxidized to Ni**, perhaps in close proximity to the
B-FeOOH:Ni/a-Ni(OH), interface. This presumably occurs due to
the separation of the Fe-rich and Ni-rich phases and could be the
key to the high activity and 100% faradaic efficiency at +1.56 V. It is
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also suggested that Ni** may be further oxidized to Ni*" at higher
potential, and such species could play an important role in the
OER. However, collecting XAS data at higher potential was not
possible due to the interference of O, bubbles. The enhanced OER
by a simple physical mixture of Ni oxyhydroxide and Fe oxyhydr-
oxide in contact® is interesting for comparison with the present
system. Result from the DFT calculations, which suggested that the
(010) surface index of f-FeOOH tends to increase its catalytic activity,
could also be taken into account.™ From these results, in the previous
literatures and the present paper, the control and optimization of
the structure and electronic interactions of the p-FeOOH and the
accompanying Ni species could further enhance the OER.

In summary, operando XAS analyses of 3-FeOOH:Ni surface-
modified with a-Ni(OH), in aqueous solution were conducted.
The nearest neighbor structure and valence of Fe*" ions under
electrically-biased OER conditions were identical to those under
non-biased conditions. In contrast, Ni ions showed second
nearest neighbor ordering equivalent to 3-Ni(OH), and a fraction
of (presumably at the interface of B-FeOOH:Ni and a-Ni(OH),)
Ni** ions was oxidized to Ni** during the catalytic reaction. This
process was reversible depending on the applied electrical bias.
These findings show the important role of the Fe and Ni inter-
actions in the Fe-rich oxide OER catalysts, accompanied by the
structural change of Ni species at a catalytic potential.
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