A Bifunctional Iron Nickel Catalyst for the Oxygen Evolution Reaction
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Abstract: The oxygen evolution reaction (OER) is a key process that enables the storage of
renewable energies in the form of chemical fuels. Although numerous transition metal oxides
have been explored as OER catalysts, the scaling relationship of the binding energies of
various surface-bound intermediates imposes a limit on the maximum activity of these oxides.
While previous computational studies have suggested bifunctional catalysts might be capable
of overcoming this limit, stable and non-precious catalysts of this type remain elusive. Here,
we describe a catalyst that exhibits activity significantly higher than current state-of-the-art
catalysts that operate in alkaline solutions, including the benchmark nickel iron oxide. This
new catalyst is both easy to prepare and stable for many hours. Operando X-ray absorption
spectroscopic data reveal that the catalyst is made of nanoclusters of y-FeOOH covalently
linked to the edge sites of a y-NiOOH support. According to density functional theory
computations, this structure allows a reaction path involving iron as the oxygen evolving
center and a nearby terrace O site on the y-NiIOOH support oxide as a hydrogen acceptor. This
bifunctional mechanism circumvents the aforementioned maximum activity limit associated
with the scaling relationship and leads to superior OER activity.
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Main text

The water splitting reaction provides a convenient process through which intermittent
renewable energies are stored in the form of chemical fuels, namely hydrogen and oxygen'.
Although numerous transition metal oxides have been explored as catalysts for the oxygen
evolution reaction (OER, 2H20 — O, + 4H" + 4e7)*?, this reaction remains a bottleneck in the
water splitting reaction. While only precious IrOx, RuOx, and their composites have sustained
OER activity in acidic solutions, a number of non-precious metal oxides are reported to have
higher activity than IrOx*® in alkaline solutions.

On metal oxides, the OER proceeds via multiple surface-bound intermediates including
M-OH, M-OOH, and M=0O (M denotes a metallic active site). A commonly proposed
mechanism for OER in alkaline solutions consists of the following four steps>*°-1!:

OH +M — M-OH +e (1)
M-OH + OH" — M=0 + H,0 + ¢ )
M=0 + OH" — M-OOH + ¢ 3)
M-OOH + OH" — 0, + H,0 + M + e (4)
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Figure 1 | Volcano plots assuming mono-nuclear (black) and bifunctional OER
mechanisms (green). A denotes an arbitrary H acceptor site. y-FeOOH has been computed in
this work while all other oxides were taken from literature. Mn3Oa, NiO, RhO,’; B-CoOOH '2;
Mn;03, a-MnOz, B-MnO,'3; NiFeOx, y-NiOOH!.

The potential determining step is either the formation of M=0O (step 2) or the step
forming the O-O bond by hydroxide attack of the M=O species (step 3) depending on their
respective potentials (black slopes in Fig. 1). The adsorption energies of OH, O, and OOH are
correlated. In particular, the difference in the surface adsorption energy of OH and OOH is,
according to Density Functional Theory (DFT) computations, independent of the catalyst and
approximately 3.2 eV>!*. Because of this scaling relationship, the minimal theoretical
overpotential (77) for an oxide catalyst is about 0.4 V. According to computations”!®!% on
catalysts like NiO, y-NiOOH, and RhO;, O binds too weakly which causes the formation of
M=0 to become potential determining and the overpotential increases beyond 0.4 V. For
catalysts like Mn3O4, a-MnO2, B-MnO», IrO,, and B-CoOOH, O is too strongly bound and the
formation of M=O occurs below 1.6 V>'2!3_ The potential determining step is the O-O bond
formation, which requires more than 1.6 V. The theoretical overpotential is again larger than
0.4 V. For NiFeOy, both steps 2 and 3 occur at about 1.6 V, putting it near the top of a Sabatier-
type Volcano-plot (Fig. 1)!°. Thus, NiFeOx is predicted to be among the “most active” OER
catalysts, far superior to NiOOH, CoOyx, and MnOx This prediction agrees well with
experimental results®!%!213 To date, the scaling relationship has proven to govern the majority
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of metal oxide catalysts, including all the known “most active” mixed oxide catalysts such as
NiFeOyx, CoFeOy, and FeCoW oxyhydroxide!>!".

In order to overcome the performance limit of OER catalysts imposed by the scaling
relationship, catalysts that operate by unconventional mechanisms need to be developed.
Through DFT-based computational analysis, Rossmeisl and co-workers proposed that
introducing proton acceptor-donor sites might lead to a bifunctional pathway for O-O bond
formation, thereby circumventing the volcano limit in the OER'®?°. Analogous bifunctional
mechanisms have been reported for highly active catalysts in ammonium synthesis from
nitrogen?' and methanol synthesis from CO> ?2. For the OER, however, there is yet no
experimental report of non-precious bifunctional catalysts that outperform the best
conventional catalysts. Here, we describe a new OER catalyst that significantly surpasses the
current performance limit of all known metal oxides in alkaline solutions, including the current
state-of-the-art NiFeOx catalyst. This catalyst is stable and can be easily prepared from nickel
foam (NF), a readily available and commonly used substrate in OER. Operando X-ray
absorption spectroscopy reveals the unique structure of this catalyst consisting of nanoclusters
of y-FeOOH covalently linked to the edge sites of a y-NiOOH support, which is formed in situ
on NF. DFT computations suggest that this structure allows for a bifunctional mechanism
facilitating the O-O bond formation, leading to exceptional catalytic activity.

NF is widely used as a 3-dimensional support for OER catalysts'*>2*, but its intrinsic
activity is modest (Fig. 2a). Since it has been shown that iron incorporation is required to
enhance the OER activity of NiOx-based catalysts'®!162*?% we hypothesized that the activity of
NF might be increased in a similar way by iron incorporation. Fe ions were incorporated by
potential cycling in commercial KOH, as it was previously shown that such a process led to the
incorporation of Fe ions into NiOx films'®. Indeed when NF was subjected to 100 repetitive
cyclic voltammetric (CV) scans from 1.21 to 1.54 V vs. RHE in a 1 M commercial KOH
solution (with a Fe concentration of 0.18 mg L according to measurements using Inductively
Coupled Plasma Mass Spectrometry (ICP-MS)), a layer of Fe-containing nickel oxide (NiOx-
Fe) was formed. A NF-NiOx-Fe electrode (loading of iron oxide: 4.3 ug cm) exhibits much
higher OER activity than NF (Fig. 2a). The as-received NF was then immersed into a solution
containing 10 wt% hydrochloric acid (HCI) for 30 minutes, which resulted in a NF-AC (AC =
acid cleaned) electrode with a rougher surface than NF according to the scanning electron
microscopy images (Supplementary Fig. 1). After repetitive CV or linear sweep voltammetric
(LSV) scans from 1.21 to 1.54 V vs. RHE in a 1 M commercial KOH solution, NF-AC-NiOx-
Fe electrodes were prepared. According to ICP-MS, the iron oxide loadings were in the range
of 1.0-14.1 pg cm? depending on the preparation procedure (details are provided in
Supplementary Information).

The NF-AC-NiOx-Fe electrodes exhibit excellent OER activity (Fig. 2a and
Supplementary Fig. 2a). To reach 10 mA cm™, a NF-AC-NiOx-Fe electrode (loading of iron
oxide: 14.1 ug cm2) requires an overpotential of 245 mV, lower than NF-NiOx-Fe (266 mV)
and NF (311 mV). The Tafel slopes are 34, 36, and 45 mV dec™! for NF-AC-NiOx-Fe, NF-NiOx-
Fe, and NF, respectively (Supplementary Fig. 3). The activity of the NF-AC-NiOx-Fe electrode
is stable: the overpotential for a current density of 10 mA cm™ remained at 245 mV during an
electrolysis of 18 hours (Fig. 2b). When NF-AC was subjected to 100 CV scans ina 1 M KOH
solution that was stripped of Fe ions by sequestration with an excess of nickel hydroxides for
12 h (the Fe concentration is below the detection limit of ICP-MS after the treatment), the
resulting Fe-free NF-AC-NiOx exhibited much lower OER activity (Supplementary Fig. 4).
Thus, Fe incorporation was essential for the high OER activity of the NF-AC-NiOx-Fe and NF-
NiOx-Fe electrodes.

By using commercial KOH solution which contained only a trace amount of Fe ions,
the maximum amount of Fe incorporation into NF-AC electrodes was limited to about 14 ug
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cm?. Although this method of Fe incorporation seemed to be important for the optimal
distribution of Fe active sites and the corresponding site-averaged activity (see below), the
geometrically averaged activity might benefit from a higher loading of Fe. Such activity is
relevant to practical applications, especially because Fe is cheap. To incorporate more Fe in
NF-AC, we dipped the latter into a FeCls solution (0.01 M) for 15 minutes and then dried it in
an oven at 70 °C. The resulting electrode, NF-AC-FD (FD = Fe dipping), has hierarchical
nanoporous structures at the surface (Supplementary Fig. 5). NF-AC-FD was subjected to 100
repetitive cyclic voltammetric (CV) scans from 1.21 to 1.53 V vs. RHE in a 1 M commercial
KOH solution to yield the NF-AC-FD-NiOx-Fe electrode. This electrode has much better net
activity than NF-AC-NiOx-Fe, reaching 10 mA cm™ and 100 mA cm™ at only 215 mV and 248
mV (Fig. 2a), respectively. The activity is stable for 36 h at least(Fig. 2b).
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Figure 2 | Activity and stability of catalysts. a, Polarization curves of NF (black), NF-NiOx-
Fe (magenta), NF-AC-NiOx-Fe (blue) and NF-AC-FD-NiOx-Fe (green). Loadings of iron oxide
in NF-NiOx-Fe, NF-AC-NiOx-Fe, and NF-AC-FD-NiOx-Fe are 4.3, 14.1, and 68.0 pg cm?,
respectively. Backward scan; Scan rate: 1 mV s!; IR corrected. b, Chronopotentiometric
measurements of OER at 10 mA cm for 18 h using NF-AC-NiOx-Fe (bottom) as catalyst and
at 10 mA cm™ and 100 mA cm for 36 h using NF-AC-FD-NiOx-Fe (top) as catalyst. ¢, The J;
at different loadings of FeoO3 for GC-NiOx-Fe (blue spheres) and GC-NiFeOx (black triangles).
d, Comparison of polarization curves between NF-AC-NiOx-Fe and NF-NiFeOx at similar
loading.



Table 1. Comparison of TOFs and J; of selected state-of-the-art OER catalysts in alkaline

solutions.?
Overpotential
270 mV 300 mV
Catalysts Electrode Reference
Js(mAcm’
TOF (s?) Ji(mAcm?)  TOF(s?) 2)(
NF-AC-NiO,-Fe NF 0.7840.27 0.041+0.018 3.4+1.1 0.18+0.08 This work
NF-AC-FD-NiOx-
iy X NF  0.82+0.13  0.051+0.008 n/a n/a This work
Au-NiOx-Fe Au 0.73£0.23 0.17+0.03 3.5+1.3 0.81+0.17 This work
GC-NiOx-Fe GC 0.48+0.10 0.10+0.03 2.5+0.44 0.54+0.09 This work
NF-NiFeO, " NF 0.06£0.02 0.012+0.002 0.33+0.06 0.05+0.01 This work
GC-NiFeO,? GC 0.10£0.02 0.03+0.01 0.44+0.05 0.13+0.04 This work
.072+0.02
NiFeO,* Ge/au 0072002600 0.52+0.16 0.084 816
.015+0.01
NiFeO, Au n/a ?0 >+0.010 n/a 0.11+0.07¢ 7
NiFe LDH GC 0.036 n/a 0.21 n/a 6
G-FeCoW GC n/a n/a 0.93 n/a 5
IrO, ¢ Au ~0.002 ¢ 0.004 ¢ ~0.01 0.02 57

“ For multiple samples, the averaged values with standard deviations are given. For NF-AC-NiOx-Fe,
Au-NiO-Fe, and GC-NiOx-Fe, each sample is measured 2-3 times and the raw data are shown in
Supplementary Table 1-3. For all iron-containing samples except G-FeCoW, iron is assumed as the
active species; for G-FeCoW, Co is taken as the active species. n/a is the abbreviation for the phrase of
not available due to lack of data or influence by mass transfer. ” NiFeO, was prepared according to the
method reported in literature ® (Supplementary Methods). Each sample is measured 2 times and the
raw data are shown in Supplementary Table 4. © TOFs were taken from the samples on GC reported in
literature?®, J; are taken from the continuously deposited film on Au reported in literature® (calculation
of J; see in Supplementary Methods). ¢ TOFs are taken from literature® and J; are taken from literature’.
¢ TOFs and J; at these potentials are extrapolated using the reported Tafel slopes (~35 mV dec! for
NiFeOy, ~40 mV dec! for IrO,).

Three figures of merits including turnover frequency (TOF), surface area averaged
specific activity, and overpotential for 10 mA cm™, are commonly used to compare OER
catalysts’. The first two parameters focus on the intrinsic activity of catalysts, while the third
one is oriented towards device performance. These three parameters were determined for the
catalyst reported here and compared to the best performing OER catalysts in alkaline solutions
(Table 1, Supplementary Table 5-7). It appears that this catalyst outperforms all other catalysts
for at least 2 of these parameters and competes very well for all of them.



As electrochemical, spectroscopic and computational data (see below) indicate that the
active site of our catalyst is Fe, the apparent TOFs of the NF-AC-NiOx-Fe electrodes were
calculated according to the total amount of Fe ions, as determined by ICP-MS (Supplementary
Fig 6; Supplementary Tables 1; Supplementary Methods). TOFs were calculated for 10 different
electrodes with a Fe (Fe oxide) loading in the range of 1.4 to 14.1 ug cm, and were found to
be similar. Table 1 compares the averaged TOFs of NF-AC-NiOx-Fe with several state-of-the-
art catalysts, and Supplementary Table 5 lists the comparison with an extended number of
known catalysts. All TOFs were calculated according to the total amounts of active metal ions.
NF-AC-NiOx-Fe and NF-AC-FD-NiOyx-Fe have similar TOFs. Their TOFs are the highest
among all solid-state catalysts reported to date. With an average TOF of 0.78 s™' at =270 mV,
NF-AC-NiOx-Fe is about an order of magnitude more active than state-of-the-art NiFeOy and
NiFe LDH catalysts®!® and more than 200 times higher than IrO,. Recently a gelled FeCoW
oxyhydroxide (G-FeCoW) was reported to be the hitherto most active OER catalyst in alkaline
solutions'. NF-AC-NiOx-Fe has a TOF 3.6 times higher than G-FeCoW. To alleviate the
uncertainty using literature values when comparing TOFs, direct comparison of NF-AC-NiOx-
Fe with NiFeOx deposited on NF was conducted (Supplementary Table 4 and Table 5). The
TOFs of NF-AC-NiOx-Fe are again 10-13 times higher than those of NF-NiFeOx.

In the above calculation of TOFs for NF-AC-NiOx-Fe and NF-AC-FD-NiOx-Fe, the
NiOx component was treated as a support for the active Fe centers. For this assumption to be
valid, the TOFs should be independent of the quantity of NiOy. To verify this assumption, thin
layers of NiOx were first electrodeposited on Au and glassy carbon (GC) electrodes, followed
by iron-incorporation using the same method as for the synthesis of NF-AC-NiOx-Fe. On these
two electrodes, the quantity of NiOx could be varied and measured. The activity of the resulting
catalysts, Au-NiOx-Fe and GC-NiOx-Fe, were measured by LSV (Supplementary Fig. 7).
Notwithstanding a small difference, both Au-NiOx-Fe and GC-NiOx-Fe exhibit activities and
TOFs (Table 1, Supplementary Fig. 7 and Supplementary Tables 1-3) similar to NF-AC-NiOx-
Fe. The small difference is likely due to the electrical contact between the NiOx film and the
electrodes rather than the intrinsic activity of the catalyst. The TOFs of Au-NiOx-Fe and GC-
NiOx-Fe are largely independent of the quantity of NiOx (Supplementary Fig. 8). These data
validate the treatment of NiOx as a support in the calculation of TOFs of our catalysts and show
that it outperforms all alkaline OER catalysts reported so far.

The specific activity (Js), which is the current density averaged by the electrochemical
surface area, is a parameter that is complementary to TOF in evaluating the intrinsic activity of
electrocatalysts’. To make a direct comparison, the specific activities of our NiOx-Fe catalyst
and NiFeOx deposited on the same supports (NF and GC) were measured (Supplementary
Methods). It was previously reported that NiFeOx had the highest specific activity among
various transition metal oxides’. On both electrodes, our catalyst has 3-4 times higher specific
activity than NiFeOx (Fig. 2c, Table 1 and Supplementary Table 6). The specific activity on GC
is higher than on NF for both catalysts because electrochemical surface areas correspond only
to those of the catalysts due to the GC’s flat surface, while on NF the areas correspond to those
of the porous NF electrodes. The values on GC are therefore representative of the true activity
of the catalysts. For the NiFeOx catalyst, our value is similar to those determined in the
literature”®, confirming that the NiFeOx catalyst used in the direct comparison exhibits the same
activity as the state-of-the-art samples. The intrinsic activity of the bifunctional NiOx-Fe
catalysts is therefore superior to all known catalysts for which an intrinsic activity have been
reported.

Another important parameter of catalytic activity is the overpotential for a given current
density, e.g., 10 mA cm™ (Supplementary Table 7). In direct comparison and at similar loadings,
the present NiOx-Fe catalyst has overpotentials of about 74-80 mV lower than NiFeOy (Fig. 2d,
and Supplementary Fig. 9). A striking improvement of more than 160 mV in overpotential is



obtained when comparing NF-AC-NiOx-Fe with IrO;, the benchmark noble metal catalyst, at a
similar loading. A small number of high-surface-area electrodes coated with a large amount of
catalysts are reported to have overpotentials close to 200 mV for 10 mA cm, making them
interesting for device performance (Supplementary Table 8)'°2*2°. With an overpotential of
only 215 mV, a stable activity, and an easy and economical preparation from earth abundant
components, the NF-AC-FD-NiOx-Fe electrode described above is also very competitive in this
category.

The NiOx-Fe catalyst was subjected to a variety of characterization methods. X-ray
photoelectron spectroscopy (XPS) data are consistent with the presence of iron oxide on the
surface of the electrode (Supplementary Fig. 10)*’. In the Raman spectra, the peaks
corresponding to y-NiOOH, initially absent in the catalyst before OER, emerged after
subjecting the catalyst to OER conditions (Supplementary Fig. 11). This lamellar structure has
already been shown to be the active phase in nickel containing OER catalysts under oxidative
potentials.?® No peak from an iron oxide species was, however, observed in the Raman spectra,
probably because of the low iron concentration. To obtain further structural information on the
catalyst, X-ray absorption spectroscopy (XAS) was applied, both on the post-catalytic material
and under operating conditions.

Figure 3a shows the Fe K-edge X-ray absorption near edge spectra (XANES) of NF-
AC-NiOx-Fe, together with iron oxide references®’. The oxidation state of as-prepared NF-AC-
NiOx-Fe is close to the value of +3, since the main absorption edge position coincides with that
of y-Fe(3+)OOH. Spinel iron oxides (maghemite and magnetite) and hematite contain both
octahedral and tetrahedral sites. Tetrahedral iron sites have a well-defined signature in Fe K-
pre-edge with an intense peak at low energies (ca. 7114 eV)**3!, From the pre-edge intensity
and position (inset of Fig. 3a), the tetrahedrally coordinated Fe ions can therefore be ruled out.
This result is confirmed by Extended X-ray Absorption Fine Structure (EXAFS) spectra at the
Fe K-edge (as depicted in Fig. 3b), which further describes the local geometry of Fe. The first
peak at apparent distances 1.5 A and the second and third peaks at 2.5 and 3.1 A, are attributed
to the single scattering path of the closest oxygen (that is, Fe-O) and the second/third
neighboring iron metals (that is, Fe-Fe) surrounding the absorbing Fe ions***3, respectively.
These results clearly reveal the Fe-Fe bonds with octahedrally coordinated Fe ions in NF-AC-
NiOx-Fe, which are more similar to those of y-FeOOH or NiFe-LDH and Fe-doped y-NiOOH?**,
as opposed to hematite or spinel structures. Most interestingly, a new peak (Fe-Niousside) Was
observed at 3.98 A (Fig. 3b, Supplementary Table 9 and Supplementary Fig. 12 - Fig. 14); this
value is significantly larger than those of both Fe-Fe(rq) and Fe-Feon) in hematite or spinel
structures, as well as that of Fe-Ni in NiFe LDH (~3.1 A), indicating that there is a Fe-Ni path
with a specific long distance in NF-AC-NiOx-Fe (~4.0 A). This specific path is attributed to an
interfacial interaction between the octahedrally oxygen-coordinated Fe and the underlying
closest NiOx through an oxygen bridge. Notably, the coordination number (CN) of Fe-Fe is
remarkably smaller than those of Lepidocrocite (y-FeOOH) or NiFe-LDH. This result reveals
small size clusters (~1-2 nm), where the Fe ions at the edges have fewer Fe-Fe interactions than
in the center (Supplementary Table 9 and Supplementary Fig. 13 - 14), thus decreasing the
overall mean Fe-Fe coordination numbers. Accordingly, the NF-AC-NiOx-Fe catalyst can be
described as discrete nanoclusters of y-FEOOH covalently linked to the NiOx support (with a y-
NiOOH structure under OER, see Raman data above and XAS data below) via bridging
oxygens (Fig. 3¢). The lack of Fe-Ni path at about 3.1 A as found in NiFe LDH (Supplementary
Fig. 14) indicates that the FeOs octahedron and the NiOs octahedron are not edge-sharing as in
NiFe LDH, but corner-sharing which leads to a Ni-O-Fe distance of about 4 A. Therefore, the
interface between the FeOOH clusters and the y-NiOOH support occurs at the edge, but not
terrace, sites of y-NiOOH (Fig. 3c¢).



In-situ X-ray absorption spectroscopy was employed to reveal the structural evolution
of the catalyst during OER (Fig. 3d, Table 2 and Supplementary Table 10)***. In order to collect
Ni K-edge data, the catalysts deposited on Au-coated FTO (Au-NiOx-Fe) were used instead of
NF-AC-NiOx-Fe due to the strong background Ni signal from NF. The Fe K-edge data of Au-
NiOx-Fe are similar to those of NF-AC-NiOx-Fe, confirming the similar nature of catalysts on
both supports. Prior to OER (when no bias or n = 0.22 V are applied), slight decreases in
apparent distance are observed compared to the dry sample. These changes might be attributed
to a specific interaction with the electrolyte. Once the applied voltage is further increased above
n = 0.27 V, the apparent distance of Fe-Fe path is reduced by approximately 0.15 A. This
decrease in Fe-Fe path is due to the oxidation of Fe, as observed before in other systems>*33.
Likewise, in-situ Ni K-edge XAS (Fig. 3d, Supplementary Fig. 15 and Supplementary Table
10) shows that the apparent distances of the Ni-Ni path is reduced by about 0.24-0.27 A under
OER potentials, indicating the oxidation of Ni ions. The potential dependent edge energies
(Supplementary Fig. 16) indicate the transformation of the NiOy support from a-Ni(OH)> to y-
NiOOH under OER conditions**?® in agreement with the result of the Raman study (see above).

The distance of Fe-Niouside path changes dramatically, from 3.98 A in the dry sample to
3.80 A at no bias and n = 0.22 V to 3.34 A at ) = 0.27 V and further to 3.21 A atn =0.37 V.
This result indicates strong structural changes at the interface of the y-FeOOH clusters and the
v-NiOOH support. From the dry sample to the catalyst at the beginning of OER (1 = 0.27 V),
the structural change can be accounted for by considering a 52° tilt of the FeO¢ octahedron
relative to the NiOg octahedron (Fig 3c¢). A further 3.6° tilt of the FeOs octahedron can account
for the structural change from n = 0.27 V to n = 0.37 V. While the more than 50° tilt is
significant, it seems feasible since the FeOs octahedrons in pure y-FeOOH are tilted at about
23° degree one over the other (Supplementary Fig. 17). Notably, this significant structural
change only occurs on NF-AC-NiOx-Fe catalyst. The NiFe LDH reference sample, which is
considered as the active form of NiFeOx, exhibits no such structural changes according to
operando XAS (Supplementary Fig. 18). This comparison further underscores the unique
nature of the present NF-AC-NiOx-Fe catalyst relative to NiFeOx and the peculiar role of the
interaction between the NiOOH support and the discrete FeOOH clusters.
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Figure 3 | in-situ X-ray absorption spectroscopy. a, XANES spectra, inset shows the pre-
edge features of all spectra. b, Fourier transform of Fe K-edge EXAFS spectra for NF-AC-
NiOx-Fe and the corresponding references. ¢, Proposed model of y-FeOOH onto NiOOH
surface with geometric tilt. Inset shows the illustrative side view of the tilt (o is the tilt degree).
d, in-situ FT-EXAFS spectra of Fe K-edge and Ni K-edge for Au-NiOx-Fe during OER.

Table 2 | Structural parameters of Au-NiOx-Fe sample extracted from in-situ Fe K-edge
EXAFS refinement during OER.



condition path R (A) CN AE (eV) ¢2 (A% R-value (%)
I 1 ) 1 1 1 1
Fe-O 1.98(1) 4.8(2) 1.4(8) 0.0095(2) 0.798
Dry sample Fe-Fe 3.06(2) 2.3(2) 1.3(6) 0.0071(1)
Fe-Nioutside 3.98(4) 3.6(4) 3.2(7) 0.0080(6)
I 1 ) 1 1 1 1
Fe-O 1.93(1) 5.3(3) -1.7(3) 0.0023(2) 4915
No bias Fe-Fe 2.97(1) 4.5(5) -7.3(4) 0.0055(3)
Fe-Nioutside 3.83(2) 4.3(9) 1.2(9) 0.0058(5)
I 1 ) 1 1 1 )
Fe-O 1.98(4) 5.9(3) 4.8(3) 0.0054(1) 5.906
n=0.22 Fe-Fe 3.03(5) 4.0(8) -1.6(5) 0.0073(2)
Fe-Nioutside 3.80(7) 4.2(9) 2.4(7) 0.0049(3)
I 1 ) 1 1 1 )
Fe-O 1.91(1) 4.3(4) -4.0(1) 0.0103(1) 3.800
n=0.27 Fe-Fe 2.87(3) 2.3(3) -4.4(1) 0.0120(4)
Fe-Nioutside 3.34(4) 2.1(7) -1.6(3) 0.0138(9)
I 1 1 1 1 1 1
Fe-O 1.93(1) 4.9(1) -1.7(3) 0.0103(2) 1.907
n=0.32 Fe-Fe 2.88(2) 2.3(6) -2.903) 0.0108(4)
Fe-Nioutside 3.22(6) 2.2(9) -3.2(5) 0.0123(7)
I 1 1 1 1 1 1
Fe-O 1.91(1) 4.7(4) -2.9(8) 0.0103(1) 11.580
n=0.37 Fe-Fe 2.86(2) 3.1(2) 2.7(7) 0.0118(1)
Fe-Nioutside 3.21(5) 1.9(7) 1.0(1) 0.0135(4)
6
a)’f 1 b)
5-_ 0, ]
Fe-OOH pP.9eV ]
4F 1.3 eV o
= | M o e ]
E 3:_ 1.3eV _
O | Fe=0+Ni,0
2:' 12eV ]
E Fe-OH+Ni,O ]
I 1.1eV — Bifunctional Path
ok H,0 — Mononuclear Path
d)

+H,0
—

-H*/e
1.1 eV

-H*/e
1.2 eV

A;'

1.3 eV
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Figure 4 | DFT computations. a, Free energy diagram comparing the electrochemical
potentials of water oxidation at y-FeOOH proceeding through a mono-nuclear mechanism
(black solid line) and a bifunctional mechanism with Nis-O sites acting as hydrogen acceptor
(green dashed line). b, Schematic picture of the y-FeOOH model. Color code: violet: Fe; red:
O; grey: H. ¢, Ni3-O hydrogen acceptor site at y-NiOOH; Color code: Green: Ni; red: O; grey:
H. d, Schematic representation of the OER reaction mechanism. Upper path: Mono-nuclear
mechanism; lower path: Bifunctional mechanism. Color code: violet: Fe; green: Ni; red: O;
grey: H.

The DFT computations shown in Figs. 1 and 4 assist in understanding how NF-AC-
NiOx-Fe can significantly outperform the state of the art NiFeOx catalyst. Here, a generic
isolated y-FeOOH was constructed. This model contains the key features of the active catalyst,
i.e., the brucite type structure and the octahedral coordination by six oxygen ligands (Fig. 4b).
Computationally, this model has the advantage of representing potentially active Fe sites while
avoiding complications resulting from interfacing the cluster with the y-NiOOH support. As
shown in Fig. 1, y-FeOOH binds O too strongly and is placed on the strong binding side of the
Sabatier volcano (Fig. 1). The formation of Fe=O has an equilibrium potential of only about
1.2 V. The potential determining step is the hydroxide attack on M=0O, which has a potential of
1.7 V and results in a theoretical overpotential of 0.5 V (Fig. 4a). Thus, y-FeOOH alone is only
a modest catalyst. However, if the O-O bond forming step on y-FEOOH can proceed through
an alternative pathway, such as a bifunctional mechanism that avoids the potential limiting
formation of M-OOH, the overpotential can be reduced!®. The bifunctional mechanism assumes
the direct formation of O» through a nucleophilic attack of OH™ coupled with a concerted H
transfer to an adjacent acceptor site, A'®!%:

M=O+OH +A->M+0,+A-H+e (5)

As the Fe ions in NF-AC-NiOx-Fe are located on the edges of the y-NiOOH support, we
explored the H transfer to various nearby sites on y-NiOOH as potential hydrogen acceptors. It
was found that an NizO site at a terrace plane of y-NiOOH was a suitable hydrogen acceptor,
with a potential of 1.3 V for NisO + H" + ¢” to NisOH (Fig. 4¢). Such a site is abundantly present
at the proximity of the Fe center (Fig. 4d). Incorporation of the NizO hydrogen acceptor
completely alters the energy landscape of the OER on y-FeOOH (Fig. 4a and 4d). The O-O
bond forming step now only has a potential of about 1.3 V, resulting in a theoretical
overpotential of only 0.1 V. This bifunctional catalysis avoids the high-energy OOH
intermediate and introduces two new slopes for a revisited Volcano plot (green curves in Fig. 1;
see also Supplementary Fig. 19). The left slope represents a region where the O-O bond
formation through a bifunctional mechanism determines the overpotential. A narrow plateau is
found at the top of this Volcano plot, where the formation energy of M=O ranges from 1.1 to
1.3 eV. At this plateau the overpotential is determined by the recovery of the H acceptor site
and the theoretical overpotential is at its minimum value of 0.1 V. The y-FeOOH-Ni;O
bifunctional catalyst, which is proposed to be the active component of NF-AC-NiOx-Fe, sits
exactly at the top of the “bifunctional Volcano™ and represents a new benchmark for metal oxide
OER catalysts.

According to computations, the availability of y-FeOOH sites, with an equilibrium
potential of about 1.2 V for the formation of Fe=O, is a pre-requisite for the proposed
bifunctional catalysis. In NiFeOx, the Fe ions are incorporated into an extended lattice of -
NiOOH. The resulting structural and electronic change shifts the Fe=O formation potential to
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about 1.6 V?** and as a consequence, the theoretical overpotential is 0.4 V with or without a
suitable hydrogen acceptor.

In summary, an oxygen evolution catalyst based on earth abundant elements with an
“off the scale” activity in alkaline solutions has been discovered. This catalyst not only
significantly out-competes the most active current state-of-the-art NiFeOx catalyst, but it is also
easily prepared and exhibits long-term stability. Applications can be envisioned for both
alkaline electrolysers and photoelectrochemical water splitting devices, which often employ
thin layers of nickel oxide as catalysts, heterojunction, or protection layers*®*’. The
experimental demonstration that bifunctional catalysis in the OER can lead to activity superior
to the best conventional catalysts showcases its potential. A further implication of this work is
that other bifunctional systems comprised of an active site with an equilibrium potential close
to 1.23 V for the formation of M=O and a support with an equilibrium potential close to -1.23
V for hydrogen addition might also exhibit superior OER activity. Thus, this work should
inspire numerous follow-up studies employing bifunctional catalysis as a new design strategy,
leading to the next generation of OER catalysts that perform beyond the Volcano limits.
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