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ABSTRACT: Poor oxygen evolution reaction (OER) catalysis
limits the efficiency of H, production from water electrolysis and
photoelectrolysis routes to large-scale energy storage. Despite
nearly a century of research, the factors governing the activity of M-~ 2 é, y

OER catalysts are not well understood. In this Perspective, we wi-g Feten Nilea™S
discuss recent advances in understanding the OER in alkaline
media for earth-abundant, first-row, transition-metal oxides and
(oxy)hydroxides. We argue that the most-relevant structures for
study are thermodynamically stable (oxy)hydroxides and not
crystalline oxides. We discuss thin-film electrochemical micro-
balance techniques to accurately quantify intrinsic activity and in
situ conductivity measurements to identify materials limited by

electronic transport. We highlight the dramatic effect that Fe cations—added either intentionally or unintentionally from
ubiquitous electrolyte impurities—have on the activity of common OER catalysts. We find new activity trends across the first-row
transition metals, opposite of the established ones, and propose a new view of OER on mixed-metal (oxy)hydroxides that

illustrates possible design principles and applications.

0. INTRODUCTION

The electrolysis or photoelectrolysis of water to generate
oxygen and hydrogen gas could provide a scalable mechanism
to store intermittent renewable energy needed to power a
sustainable civilization. The hydrogen gas, an energy dense
chemical, could later be used to generate electricity in a fuel cell
or burned directly like natural gas.' ™ Hydrogen is also already
an important feedstock for the chemical industry in processes
such as petroleum refining, Fischer—Tropsch synthesis of
hydrocarbons, and the Haber—Bosch generation of ammonia.’
Most hydrogen is now produced by steam-reforming of fossil
fuels, with the greenhouse gas CO, formed as a byproduct.”>*
Hydrogen produced by water electrolysis (i.e., water splitting)
could, in principle, be CO, emission-free if the electricity was
derived from renewables like wind or solar, but it must have
increased efficiency and decreased costs to compete with fossil
hydrogen sources.”>® The efficiency of electrolyzer systems is
limited, in part, by the kinetic overpotential losses associated
with driving the oxygen evolution reaction (OER) at the anode
in both acidic (2H,O — O, + 4H" + 4e”) and basic (4OH™ —
0, + 2H,0 + 4e”) environments.”””" Solar water splitting
further provides for the ability to integrate photovoltaic (energy
conversion) and electrolyzer (energy storage) functionality into
a single device, which could further lower hydrogen production
costs relative to separate photovoltaic and electrolyzer
systems.””* These applications provide motivation for under-
standing materials that catalyze the OER in order to inform
catalyst design efforts.

"This Perspective is part of the Up-and-Coming series.
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Electrolyzers have been commercially available for more than
a century.””'"" Traditional alkaline systems are the most
common. They typically use nickel/stainless-steel mesh
electrodes (which, at the anode, likely form Ni—Fe oxy-
hydroxide OER catalysts as discussed below). These electrodes
are active and stable in the hot (~80 °C) concentrated aq.
KOH or NaOH and typically operate at current densities of
100—-500 mA cm 27" In the last few decades proton-
exchange membrane (PEM) electrolysis technology has
captured market share. PEM cells feature higher current
densities (~2 A cm™?), gas-impermeable membranes that
allow for large differential pressures, the ability to run using
neutral water as the feed source, and high purity hydrogen
output.”'”"> The highly acidic conditions next to the
membrane (e.g., Nafion), however, require the use of
precious-metal catalzsts, e.g, IrO, for the OER and Pt for
hydrogen evolution.”'”'* While currently the catalyst cost is
not a major factor in the total cost of the PEM electrolysis
system, at a large scale, earth-abundant catalysts, which are only
stable in neutral-to-alkaline conditions, will be necessary.
Therefore, alkaline-exchange membrane (AEM) electrolyzers'*
with performance equal to, or better than, the acidic PEM
systems would be attractive. One important challenge that we
will not discuss here but that needs to be addressed is the
design of anion exchange membranes with good stability and
ionic conductivities.”""

In order to design better OER catalysts it is useful to
understand how they function, starting with measuring and
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Figure 1. (a) Steady-state Tafel analysis of ultrathin films (i.e, 2—3 nm) of (nominally) oxides on Au/Ti substrates, (b) cyclic voltammetry of the

electrochemical conditioning of NiO, where each cycle shown was taken after 1 h anodization at 10 mA cm™

% and (c) proposed in situ

transformation of NiO, during electrochemical conditioning (red = oxygen; white = Ni**/3*). All films were characterized in O, saturated 1 M KOH.
Note that the data here is contaminated by electrolyte Fe impurities (marked with asterisk), which has a dramatic effect on the OER activity for the
Ni-based samples in particular. Adapted from ref 34 with permission. Copyright 2012 American Chemical Society.

explaining simple activity trends. The Sabatier principle has
become the generally accepted theory for understanding
heterogeneous OER catalysis.'® Surface metal cations (M) are
believed to be the active sites for the OER. The reaction then
proceeds through a series of intermediates (e.g, M—OH,
M-0, M—OOH, M—00), all bound by an M—O bond."”
This mechanism suggests a relationship between activity and
M—O bond strength that can be plotted to resemble a
“volcano”. Catalysts with optimal M—O bond strength are
active and lie at the top of the “volcano”, while those with too
strong or too weak M—O bonds are worse catalysts with
activities sloping down from the peak.'”"®

While there have been numerous efforts to quantify activities
experimentally, as well as efforts to predict them using
computational methods, the intrinsic activity trends, particularly
for earth-abundant first-row transition metals in alkaline
conditions, are still not clear. For example, initial work by
Delahay'” showed that the OER overpotential trend at 1 A
cm™2, Co ~ Fe > Cu > Nij, found by Hickling20 could be
correlated to M—OH bond strength. Trasatti later compiled
data to determine that the empirical activity trend, RuO, > IrO,
> MnO, > NiO > Co0;0, > Fe;0, correlated with the
enthalpy of the reaction MO, + '/,0, = MO, (which should
relate to the strength of the M—O bond).”"** An experimental
activity trend of Ni > Co > Fe was found for electrochemically
conditioned metallic electrodes in alkaline media studied by
Lyons.”” Near-monolayer metal (oxy)hydroxide films on Pt
were characterized by Subbaraman,” leading to an activity
trend of NiO,H, > CoO,H, > FeO,H, > MnO,H,. Computa-
tional analyses using density functional theory (DFT) have also
yielded a range of trends. Calle-Vallejo™ calculated an activity
trend of NiO > CoO =~ FeO > MnO, while Man”® calculated
Co;0, > NiO > Mn,O, ~ NiOb (where NiOb is a different
surface construction). A number of trends have also been
reported for perovskite oxide OER catalysts, for example,
relating activity to the number of electrons in the ¢, orbital of
the metal cation.”” >* These trends are complicated by many
factors, including differences in electrochemically active surface
area, catalyst electrical conductivity, surface chemical stability,
and surface composition. The presence of electrolyte impurities
such as Fe, which have been shown to substantially enhance the
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activity of both Ni- and Co-based catalysts (discussed in detail
below),**™ is also critical to account for.

In this Perspective, we describe our efforts to uncover the
intrinsic OER catalyst activity trends, to understand local
structures and compositions responsible for catalysis, and to
apply that knowledge in practically relevant systems. We discuss
the role of secondary phenomena (such as electrical
conductivity, mass transport, and chemical stability/solubility)
on the measured activities and how these depend on structure,
composition, and morphology. On the basis of these findings
we provide a working model for mixed-metal Ni—Fe and Co—
Fe (oxy)hydroxide OER catalysts, which we have shown exhibit
the highest known activity in alkaline media.** This Perspective
thus aims to provide insight into strategies to design catalysts
that are intrinsically highly active and for their integration in
industrially relevant alkaline electrolysis systems and emerging
solar fuels devices.

2.0. THIN FILMS AS MODEL SYSTEMS

The study of OER catalysts has been complicated by many
underlying confounding factors. For example, much work has
been performed on poorly defined porous architectures which
make comparisons of different materials difficult as the
measured catalytic response is influenced by the active surface
area and the electron/mass transport properties in a manner
that is difficult to correct for.”>*° Single crystals are in principle
ideal systems, except they are difficult to grow with a range of
compositions, often suffer from low electrical conductivity, and
have surface structures that can rearrange during catalysis.
Our initial work focused on circumventing these issues using
thin-film electrodes. With solution processing, we synthesized
electrocatalyst films on quartz-crystal microbalance (QCM)
electrodes so that the mass (and quantity of active material)
could be measured and monitored in situ during electro-
catalysis.”* The films are spun-cast from ethanol solutions of
metal salts mixed with surfactant to reduce surface tension and
promote film formation. Quick (~2 min), low-temperature
(~300 °C) annealing decomposes the nitrate anions and
surfactant leaving an ~2—3 nm thick layer of the desired oxide
on the conductive electrode surface. In principle, the thin-film
approach minimizes confounding effects due to mass and
electron transport through typical thick, high-surface-area films
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or powders. It also reduces variations in real versus geometric
surface area (i, roughness factors) because there is little
material to support porosity. Using an electrochemical
microbalance allowed for the calculation of lower-limit turnover
frequencies (TOFs, defined as the number of O, molecules
evolved per second per metal site) based on the mass of the
catalyst films. The TOF is a lower limit because, even as a thin-
film, all of the metal cations in the film may not be
electrochemically accessible, and further, only a subset of the
electrochemically accessible metal cation sites may be
responsible for catalyzing the reaction (i.e., some sites may be
more active than others, see further discussion in Section 3.0).
We typically call this a lower-limit “total metal” turnover
frequency, TOF,,. The use of TOF, and the thin-film QCM
approach has proved extremely valuable for establishing a
common measurement basis and shows %ood agreement with
other well-defined activity measurements.”’

The thin-film measurements resulted in several surprising
results (Figure 1a). First, precious-metal-based IrO,, which is
often found at the top of “volcano” activity plots for OER,*
was not the most active material on a TOF,,, basis. IrO, in fact
had activities of the same order of magnitude as FeO, and
Co0, and about 10-fold lower activity than the films prepared
with Ni. Furthermore, in contrast to many previous reports that
showed synergy between Co and Ni oxides for OER catalysis,
Ni,Co,_,O; thin films showed decreasing activity relative to the
pure NiO, with increasing Co content. These results led us to
study the Ni-based films in more detail to identify the
underlying reason for the very high apparent activity.

We found from both the voltammetry (Figure 1b) and ex situ
X-ray photoelectron spectroscopy (XPS) measurements that
electrochemical conditioning caused a transformation from
nanocrystalline NiO, films to a layered (oxy)hydroxide that
correlated to the increased activity (Figure la). This is
consistent with equilibrium potential—-pH diagrams (e.g.,
Pourbaix diagrams) that often show Ni(OH), and NiOOH as
the predominant species in neutral-to-basic aqueous solutions,
at resting and OER potentials, respectively. In this Perspective
we typically refer to these materials as (oxy)hydroxides and at
times represent them with the general formula of MO,H, so as
not to imply a specific oxidation or protonation state as these
depend on both potential and pH.

Ni (oxy)hydroxide is used in commercial Ni-metal-hydride
batteries and has been extensively studied. Dennis Corrigan,
then at General Motors, discovered in the 1980s that Fe
impurities had a dramatic effect on the self-discharge rate of
Ni(OH),/NiOOH battery electrodes due to enhancement of
OER catalytic activity.”> We measured the Fe content in our
thin film “NiO,” electrodes after polarizing at OER potentials
for 6 h and found that Fe now accounted for 10—20% of the
transition-metal cations. The activity was further improved by
adding 10% Fe to the initial precursor solution. The TOF,,
measured for Ni(Fe)O,H, was >10-fold higher than for IrO,
control films and almost 2 orders of magnitude higher than that
for CoO,. Ni(Fe)O,H, appeared to be the most-active material
for OER in basic conditions known. This catalyst is almost
certainly present on the surface of the stainless steel/Ni anodes
used in commercial alkaline electrolyzers.

The very high intrinsic activity of Ni(Fe)O,H, is fascinating
and has stimulated a tremendous quantity of recent work
focusing on different techniques to prepare Ni(Fe)O,H, and
related catalysts.”” ~** Many fundamental questions, however,
remain. What is the role of Fe in the catalysis? Does Fe activate
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a Ni site or is Fe itself the “active site”> Does Fe incorporation
affect other oxides/(oxy)hydroxides? Do other cation “im-
purities” increase activity via a similar mechanism? Can the
composition and local structure be tuned to enhance activity
further? What are the roles of mass and electron transport”’
inside the disordered (oxy)hydroxide structure in determining
the apparent current response? Can these parameters be tuned
for applications?

3.0. (OXY)HYDROXIDES AND HYDRATED OXIDES AS
OER CATALYSTS

Our observation that nanocrystalline NiO was unstable with
respect to the Ni(OH),/NiOOH phases during OER led us
believe that perhaps many other conventionally studied oxide
OER catalysts were unstable—at least in the near-surface
region—relative to hydrated oxide or (oxy)hydroxide phases.
Such electrolyte-permeated phases would have very different
local structures and compositions than the parent oxides with
the protonation state, coordination geometry, and oxidation
state depending on the electrochemical potential and the
electrolyte. Shao-Horn and co-workers, for example, found
similar transformations in perovskite oxides, *** though in
some cases the bulk appeared to be stable.’® Recent
thermodynamic arguments show that indeed no oxide is
theoretically stable under OER conditions because the driving
force for lattice oxygen evolution exceeds that of oxygen
evolution from the electrolyte.”’ Doyle has discussed
extensivelz the role of hydrated surface layers in electro-
catalysis.”* The Co-oxide-phosphate® and Ni-oxide-borate>*
catalysts studied by Nocera and others are similarly hydrated
electrolyte-permeated (oxy)hydroxide phases, and the “self-
repair” mechanisms found appear to be related to this
instability.>®

Understanding the (oxy)hydroxide and hydrous surface
phases therefore appears to be critical in understanding the
OER, particularly in alkaline conditions. To study them, we
synthesize electrolyte-permeated (oxy)hydroxides directly as
thin films (with loading of ~10 g cm™) via electrodeposition
at room temperature. Typically electrodeposition is from metal
nitrates or from chloride salts with added sodium nitrate. The
nitrate reduction reaction consumes protons near the electrode
surface driving the direct precipitation of the hydroxide phase.
This is a common deposition technique.””***” Anodic
depositions can also be used, which rely on the solubility
change upon metal cation oxidation to drive precipitation,
typically of an oxyhydroxide, on the electrode surface. The
resulting hydrated oxide or (oxy)hydroxide phases are, we
hypothesize, similar or perhaps identical to those that would
otherwise form in situ at the surface of oxide-based catalysts
synthesized at high temperature.

The (oxy)hydroxide phases of NiO,H, and CoO,H, are
particularly interesting. Their structure is composed of stacks of
single atomic sheets of octahedrally coordinated metal cations
(Figure 1c) typically yielding the nanoplatelet or leaflet film
morphologies evident in Figure 2. Because the sheets are held
together only by noncovalent bonds, the structures are often
disordered, allowing for electrolyte access within the catalyst
bulk and intersheet “galleries”. In the case of NiO,H, every Ni
can be electrochemicallzf active (which is one reason it is used
as a battery electrode).”

Role of Electrical Conductivity. The electrocatalytic
activity of a metal cation site requires that the site is
“electrically wired” to the metallic conductive current collector,
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Figure 2. Scanning electron microscope images of the (oxy)hydroxide
catalyst films. Images for CoO,H, and FeO,H, adapted from refs 33
and 58 with permission. Copyright 2015 American Chemical Society.

as well as “ionically wired” to the electrolyte solution. However,
dry measurements of electronic conductivity, for example, on
pressed oxide powders,”® are not relevant to the hydrated
surface phases where catalysis takes place. To make in situ
conductivity measurements, we used microfabricated interdigi-
tated array (IDA) electrodes (Figure 3).°”*® The catalyst is
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Figure 3. In situ electrical conductivity measurements. (a)
Interdigitated array electrode (IDA) and (b) expanded portion the
IDA where w is the gap spacing (2 ym), d is the film thickness, and I is
the electrode length (2 mm). (c) Effective conductivity measured in
1 M KOH with a 10 mV DC offset between the two working
electrodes. Adapted froms ref 33 and 58 with permission. Copyright
2015 American Chemical Society.

electrodeposited so that it bridges the gap between the “fingers”
of the IDA. The conductivity measurement is made using a
bipotentiostat (or a single-channel potentiostat in conjunction
with a source-meter unit). A small DC bias (typically 10 mV) is
applied across the two sets of fingers (WE1 and WE2 in Figure
3) while the potential of both WE1 and WE2 is controlled
relative to the reference electrode in the electrochemical cell.
The magnitude of the DC current measured at steady-state can
be related to the electrical conductivity of the film at a given
state of charge. Some care must be taken in the measurement
when the electrical conductivity is very low (e.g, for FeO,H,),
because background faradaic currents can complicate measure-
ment of the underlying DC conductivity current (see
particularly the Supporting Information in ref 33).

The effective conductivity measurements of the first-row
transition metal (oxy)hydroxides were found to vary dramat-
ically with composition and with electrochemical potential
(Figure 3c). For the Ni- and Co-based (oxy)hydroxides we
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found that the catalysts were electrically insulating in the 2"
resting oxidation state but were quite conductive after oxidation
under OER conditions to the (nominally) 3* state. Interest-
ingly, Fe doping increased the conductivity of NiOOH but
decreased that of CoOOOH. However, all the Ni- and Co-based
catalysts were sufficiently conductive (with or without the
added Fe) such that the potential drop due to catalyst resistivity
would be negligible (<0.1 mV) for the typical films studied
(that are, at most, a few hundred nanometers thick). FeO,H,
and MnO,H,, however, exhibited high resistivity until much
higher overpotentials. We noticed that the onset of electrical
conductivity correlated with the onset of OER activity,
suggesting that, for the Fe and Mn (oxy)hydroxides, the poor
electrical conductivity was “gating” the electrocatalysis.

Quantifying Electrolyte Accessibility and “Counting”
Electrochemically Active Sites. As mentioned above, the
layered double hydroxide structure adopted by many of the
relevant first-row transition-metal OER catalysts has weak
noncovalent interactions between the metal cation sheets that
allows for disordered structures with high electrolyte
accessibility. Quantifying the precise number of accessible
cations is important, however, to estimate TOFs, especially in
systems which may have different structure types.

For an “ideal” dense oxide catalyst, i.e, with no surface
hydrated phase, only the surface atoms are electrochemically
accessible. The number could be calculated from the surface
area obtained, for example, from gas adsorption measurements.
If the oxide catalyst is sufficiently conductive, the electrode
capacitance, derived from electrochemical impedance measure-
ments can also be used to estimate surface area based on known
areal capacitances.sg’60 We caution, however, that impedance
measurements generally fail for estimating the surface areas of
hydrated catalysts. The capacitance of the underlying
conductive electrode is often measured, as the electrolyte
permeates through the catalyst layer.””*'

For the Ni and Co (oxy)hydroxide catalysts, the number of
electrochemically accessible metal cations can be calculated by
integrating the pre-OER redox features evident in the
voltammetry (Figure 4). Care must be taken, however, to
ensure that the oxidation wave is collected under conditions
where the film is in a completely reduced state (i.e., Co®" or
Ni?*). It has been documented for the Ni®™® and Co*®
(oxy)hydroxides that, due to the conductivity switching
behavior illustrated in Figure 3, the integrated charge in the
waves collected from repeated cycling only count a fraction of
the electrochemically accessible metal centers when films are
thicker than a few nanometers. Holding at a reducing potential
for ~20 min or letting the sample sit at open circuit for a long
period allows the oxidized catalyst that is isolated from the
conductin(g substrate by the reduced metal hydroxide to
discharge.”' Integrating the first oxidation wave then yields
the total number of electrochemically accessible sites.

For Ni (oxy)hydroxide, up to 1.6 e~ per Ni have been
reported during oxidation. We simultaneously measure mass by
QCM. If we assume the film is composed of NiFe,_,(OH),
and ignore additional solvent or electrolyte weight, then we find
almost exactly 1 e~ per Ni These results lead us to the
conclusion that nearly all the Ni cations in the Ni(Fe)O,H,
films are electrochemically accessible. For CoO,H,, only about
60% of the Co ions are electrochemically active, while for
CogsFegsOH, they are nearly all electrochemically active
(assuming 1 e~ per Co). This type of catalyst has been termed
to exhibit “volume” activity.”" Because the integrated redox
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Figure 4. Voltammetry of electrodeposited hydrated OER catalysts in
1 M KOH collected at 10 mV s™', each at a loading between ~7 and
12 pug cm ™2 The prewave redox features for the Ni and Co can be used
to calculate the fraction of active sites as long as care is taken to ensure
that the integrated charge in the wave is not limited by conductivity
switching.®' Both the first and the second cycles of CoO,H, are shown.
Integration of the oxidation wave for the first cycle, i.e., starting with
the film completely reduced, provides for an accurate measurement of
the total electrolyte-accessible Co or Ni ions. Adapted from ref 58 with
permission. Copyright 2015 American Chemical Society.

wave measurements show that most of the cation sites are
electrochemically accessible, we typically calculated lower-limit
TOFs based on the total number of all cations obtained from
the “total-metal” mass of the film measured using the QCM
electrode (TOF,,). We ignore the mass contributions from
electrolyte solvent or ions, because these corrections are small
relative to the orders-of-magnitude variation in TOF,,.

Estimating the number of electrochemically accessible
cations is not possible for FeO,H, and MnO,H, using redox
peak integration because they have low conductivity and do not
show substantial reversible faradaic chemistry. The very low
conductivity also indicates that only those cations within the
electrolyte-permeated solid very close to the conductive
support (typically Au or Pt in our case) are able to contribute
to the OER. TOF,, calculated from the total mass of thick films
thus severely underestimates the intrinsic per-Fe activity. For
FeO,H, on Au, however, TOFs obtained for very thin films
appear to be enhanced by substrate interactions.*®

“Intrinsic” Activity Trends for Oxyhydroxides in the
Presence and Absence of Fe Impurities. Understanding
the intrinsic catalytic activity provides insight into improved
catalyst design. As described in the introduction, however,
experimental and computationally predicted activity trends
have varied substantially. The “real” trends, particularly for the
first-row transition metals, are likely to have been obscured by
electrolyte impurities, potential-dependent electrical conductiv-
ity, and difficulty in correcting for surface-area or mass-loading
differences. One of our central goals is to provide revised
activity trends in the absence of these confounding effects.
These should provide a new basis for comparison to theory and
help guide the design of improved catalyst systems.

We used the interdigitated electrodes to measure the
electrical conductivity in situ of each catalyst and determine
whether or not the measured activities are affected by poor
electronic transport. We used the thin-film QCM approach to
measure the mass of the films in situ and ensure that they are
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not dissolving on the time scale of the activity measurement.
We also developed simple methods to rigorously clean the
electrolyte of Fe.”>*® Because both Co(OH), and Ni(OH),
have a high affinity for free Fe’* in KOH, we use precipitated
Ni or Co hydroxides as powders to absorb the Fe from the
electrolyte. We then centrifuge and decant the purified
electrolyte directly into an acid-cleaned and glass-free electro-
chemical cell where we test CoO,H, or NiO,H, as thin films.
When we do this we observe no Fe by XPS analysis in the
catalyst films. The catalyst material itself, in powder form, thus
serves to purify the electrolyte used to test the catalyst thin
films. To understand possible substrate enhancement effects,
we measure activities on both Au and Pt QCM crystals.

Our results (Figure Sab) establish a new activity trend for
OER catalysts.”® We have plotted the activity trend at both 5 =
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Figure 5. (a) Steady-state activity trends as a function of potential for
(oxy)hydroxides on Au (solid) and Pt (open) quartz crystals. (b) at 5
= 450 mV (top) and at 7 = 350 mV (bottom). Compositions in (b)
are ordered based on atomic number of the host/primary cation.
TOF,,, is calculated from total number of metal cations based on in
situ mass measurements. Lines and shading lines are to guide the eye.
All the films had a loading of between 8 and 12 pg cm™>, except for the
thin FeO,H, which was 0.5-1.0 ug cm™2 Adapted from ref 58 with
permission. Copyright 2015 American Chemical Society.

350 mV and at # = 450 mV. The lower # is most relevant for
applications, but there is substantial uncertainty in calculating
the apparent activity of FeO,H, because it depends strongly on
the film thickness and substrate identity (since only the cations
near the substrate surface are active).58 At 7 =450 mV, FeO,H,
is more conductive and thus the apparent activity is largely
insensitive to support interactions and film thickness—more of
the electrolyte-permeated FeO,H, film contributes to the OER
activity. These activity trends for the first-row transition metals
are substantially different than those previously reported. While
Ni-based oxides and (oxy)hydroxides are often thought to be
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the most-active first-row OER catalysts, this is due to Fe
impurities. NiO,H, without Fe impurities is at least three-
orders-of-magnitude less active for OER than Ni(Fe)O,H,. We
found similar behavior for NiO,H, and Ni(Fe)OxHy in near-
neutral borate buffer solutions,”’ as well as for CoO,H, and
Co(Fe)OxHy.B While many studies have found Fe oxide/
(oxy)hydroxide catalysts to be inactive,”**® this appears to be
primarily due to their very low electrical conductivity.

4.0. ROLE OF Fe IN ACTIVATING OER CATALYSTS

The very high intrinsic OER activity of Ni(Fe)OxHy and
Co(Fe)OxH), motivated our efforts to understand the
fundamental roles of Fe and the layered double (oxy)hydroxide

structure in OER catalysis. We have proposed a new model for
the OER on mixed-metal (oxy)hydroxides (Figure 6).>>** Our

conductive electrode

Figure 6. Schematic of active electrolyte-permeated catalyst structure.
OER likely occurs at the Fe sites (orange) while the NiOOH host
(gray) supports electronic transport and chemically stabilizes the Fe.
Mass transport of OH™ and O, is facilitated by the open disordered
structure and weak noncovalent interactions between the (oxy)-
hydroxide layers.

hypothesis is that Fe—whether introduced intentionally or
from electrolyte impurities—is the active site in essentially all of
the highly active first-row transition metal oxide OER catalysts
previously reported. When Ni or Co is present, (oxy)hydroxide
phases form that accommodate the Fe by substituting for Co or
Ni, which we find evidence for from X-ray diffraction
experiments on Ni(Fe)O,H, and Co(Fe)OxHy.SOJ3

The Ni or Co (oxy)hydroxide host provides several
functions. When oxidized it is conductive and thus electrically
connects the dispersed Fe sites to the conducting electrode. It
also serves as an intrinsically high-surface-area support with
nearly every metal cation electrochemically accessible. The
electronic interaction between Ni/Co and Fe, evident from the
dependence of the Ni/Co redox potential on the Fe
content,”** likely further activates the Fe site for OER, while
also chemically stabilizing Fe from dissolution (as demon-
strated by the data in Figure 7).

Several other lines of evidence also support our proposed
model. First, pure FeO,H, is much more active than previously
thought, and the apparent activity is limited by poor electrical
conductivity. In other words, only the first monolayer or so of
FeO,H, supported on a metallic electrode is active for OER.*
The iR voltage drop to access Fe further from the substrate
dramatically reduces the driving force available for OER. This
interpretation is consistent with our finding that the Tafel slope
and geometric activity of FeO,H, films remain constant even
though a dramatic mass loss from the film is measured (Figure
7, bottom panel). Because only Fe directly in contact with the
Au substrate is active for OER, dissolution of the remainder of
the film does not affect the measured current. Fundamental
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Figure 7. Top panel shows the mass change for a variety of first-row
transition metals during an ~50 min steady-state Tafel analysis (closed
symbols, Au and open symbols, Pt), and the bottom panel shows the
steady-state Tafel analysis (left axis) of FeO,H, with in situ mass (right
axis) on Au and Pt substrates. Adapted from ref 58. Copyright 2015
American Chemical Society.

aspects of the OER on FeO,H, and support interactions
deserve further study.

The observation that Fe doping enhances the OER activity of
Ni (oxy)hydroxide®?3»3%#142.6567.68 4nq4 Co (oxy)-
hydroxide,” by factors of roughly three and two orders of
magnitude, respectively, is also consistent with the proposed
model.*>**~7" Tafel slopes for Ni(Fe)O,H, and Co(Fe)O,H,
are both near 30 mV dec™" and within the range measured for
pure FeOH, (~30—45 mV dec”'), suggesting a similar
mechanism in all Fe-containing catalysts. We also showed
that the activity of Col_z(Fe)ZOxHy can be modeled as a
function of z assuming a constant intrinsic TOF at 77 = 350 mV
for both Fe (0.8 s™') and Co (0.006 s™') sites (TOF¥P and
TOFE?, respectively). These TOF estimates are based on
experimental activity measurements.” Similar analysis can be
applied to Ni(Fe)O,H,.”” We acknowledge, however, that these
analyses cannot distinguish between Fe acting as the active site
or an adjacent, activated Ni/Co doing so. However, the
observation of high TOF in thin, pure FeO,H, is most
consistent with the hypothesis that Fe is the active site.

Friebel et al. provide further evidence for Fe as the OER
active site.”® Operando X-ray absorption (XAS) measurements
of Ni,_,Fe,OOH showed that Fe** occupies octahedral Ni sites
in the (oxy)hydroxide structure (for x < 0.25) with unusually
short Fe—O bond distance ~6% less than that in y-FeOOH.
Using DFT computational methods, this structural motif was
found to have more-optimal adsorption energies for OER
intermediates, and thus lower theoretical overpotentials, relative
to Ni sites in Ni;_,Fe, OOH. While there remain questions
regarding the degree to which the simplified physical systems
accessible to current DFT calculations represent the reality of
the electrochemical system, these results support strongly the
hypothesis that Fe is the active site in Ni(Fe)O,H,.

It is also interesting that, for Fe contents above roughly 25—
50%, Friebel finds evidence for phase-segregated FeOOH and
lowered overall geometric activity. This is consistent with our
results showing FeOOH is electrically insulating and thus OER
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inactive. It is also consistent with our observation of substantial
mass loss during OER from Co,_,Fe,OOH for x > 60% which
is thus presumably due to chemical dissolution of phase-
segregated FeOOH. Targeting multication matrices with high
Fe content that preserve electrical conductivity at low
overpotentials and chemically stabilize Fe is thus a possible
strategy for further improving OER performance in these
systems.

5.0. DESIGN OF OPTIMIZED Ni—Fe OXYHYDROXIDE
OER CATALYSTS

While the thin-film experiments described above provide a
fundamental understanding of the OER on oxides and
(oxy)hydroxides, practical systems, e.g., for alkaline electrolysis,
require much higher mass loadings. Because all the metal
cations are electrochemically accessible for Ni—Fe (oxy)-
hydroxide, the catalytic current at a given overpotential should
increase linearly with loading—if the electrical resistance of the
catalyst film and the mass-transport and ionic resistances within
the electrolyte-permeated catalyst remain negligible. A number
of advanced architectures have been studied to improve Ni—Fe
oxyhydroxide activity at high mass loading. For example, hybrid
structures using carbon nanotubes®' or graphene*’ have been
fabricated to improve electrical conductivity. Graphitic carbon,
while stable for lab time scales in test-cells, is unlikely to be
stable long-term in an alkaline electrolyzer (~80 °C in
concentrated base). Approaches to increase active-site accessi-
bility and reduce mass-transfer effects at high loading include Al
dissolution from Ni—Al to from porous Ni electrodes, >
deposition onto, followed by dissolution of, polystyrene sphere
templates,”* and deposition of active Ni—Fe (oxy)hydroxide
layers onto porous metallic Ni foams.***>**

We have focused on controlling the electrodeposition
process to access thick morphologies of Ni—Fe (oxy)hydroxide
that retain the high intrinsic TOF of the thin-film samples used
for fundamental studies. Typically we use a continuous cathodic
electrodeposition at a constant current to drive nitrate
reduction and cause precipitation of the hydroxides on the
electrode. This leads to an open, “fluffy” catalyst architecture, as
shown in Figure 8c. As we increase loading the geometric
activity does increase, but the intrinsic per-metal TOF
decreases by almost a factor of S. Interestingly we notice that
the charge reversibility, ie., the ratio of the charge in the Ni
oxidation wave measured on the first cycle relative to that
measured at steady state,’' decreases similarly to TOF. As
discussed above, a reversibility below unity is attributed to the
conductivity switching of the Ni (oxy)hydroxide and trapping
of a portion of the film in the oxidized state upon
reduction.””*'~® Therefore, films that are better electrically
connected with the conducting support should have higher
reversibility.

We developed a simple pulsed-electrodeposition process,
where, following each 2 s deposition current pulse at —10 mA
cm™?, the solution is stirred for ~10 s to reinfiltrate the
deposited (porous) catalyst with fresh solution precursor.
Pulsed deposition eliminates the decrease in the TOF,, with
increased mass loading resulting from continuous deposition
(Figure 8a), which we attribute to improved electrical
connectivity (and likely smaller domain size) in the Ni—Fe
(oxy)hydroxide sheets. This hypothesis is supported by the
correlation between enhanced TOF and electrochemical
reversibility at high loadings observed for the pulsed-deposited

films. These films perform comparably to those with more-
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Figure 8. (a) Loading-dependent reversibility (stars, dashed lines) and
activity (squares, solid lines) of pulse (green) and continuously (blue)
deposited films. The lines are drawn to illustrate trends. The
reversibility is the ratio of metal centers measured during the first
cathodic return sweep and the first anodic forward sweep during
voltammetry. The data shown was collected on Au electrodes at 10
mV s~ TOF activity data were obtained from chronoamperometry
(iR corrected) and normalized with loadings determined using
integration of the anodic wave in the first cycle. Cross-sectional
SEM images of the (b) pulse and (c) continuously deposited films
deposited under conditions resulting in the highest loading films
shown in (a). Figure adapted from ref 61 with permission. Copyright
2015 American Chemical Society.

advanced architectures,””*""* for example, passing a current
density of 120 mA cm™ at 300 mV overpotential in 1 M KOH
at room temperature with a loading of 730 nmol metal cm™.
Given the temperature activation of the OER on Ni—Fe
oxyhydroxides (E, ~ 25—30 kJ mol™),” roughly five times
higher activity would be expected at typical operating
conditions of 80 °C. By using Ni foam instead of planar
metallic supports, the geometric activity could also be

significantly increased.

6.0. CONCLUSION AND OUTLOOK

The work described here supports a new view of OER catalysis.
Thermodynamics appear to favor hydrated phases, like
(oxy)hydroxides or hydrous oxides, over crystalline oxides
under OER conditions. Fe impurities, which are ubiquitous in
neutral to alkaline electrolytes, dramatically enhance the
activities of Ni and Co-based OER catalysts. The most-active
structures are those where Fe is supported within a Ni or Co
(oxy)hydroxide host. The active site is probably Fe, while the
host provides an electrically conductive and high-surface-area
framework that chemically stabilizes and further activates the Fe
sites. These Fe-activated Ni and Co OER catalyst architectures
are ubiquitous. They are likely the active structures in
essentially all of the vast number of reports on OER catalysis
with Ni or Co and Fe (intentionally or unintentionally
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introduced) in neutral to basic conditions, independent of
preparation method %27/2837,38:52,5576-82

Despite advances in understanding what the OER active
phases and compositions are, the details of the mechanism are
still difficult to unambiguously determine.®*> Given rapid
improvements in in situ measurements at synchrotron X-ray
sources, there appears significant opportunity to study hydrated
OER catalysts in their active state and understand how the
electronics™ ™ and structure*®***’7%? of the catalysts evolve
during the OER. The insight gained from composition-activity-
structure analysis should help in the formulation of improved
computational methods that better model the active-state
structure, including the surrounding solvent and ionic environ-
ment as a function of the applied potential.”’

Finally, in order for the fundamental work to impact
applications, the catalysts must be studied under practical test
conditions. Often, catalysts that show high activities in
analytical three-electrode cells do not perform well in
commercially relevant devices that demand high current
densities and operating temperatures with long lifetimes.
Traditional alkaline electrolyzers probably can be improved
by tuning the OER catalyst architecture and composition,'"”!
but dramatic improvements over conventional stainless steel/
Ni electrodes will be challenging. Alkaline membrane electro-
lyzers that utilize a hydroxide-conducting membrane'* and
earth-abundant catalysts might be able to reach the high
performance of current proton-exchange (acid) membrane
electrolyzers that require Pt and IrO, catalysts. To do this,
however, advances in hydroxide membrane stability are
needed,”” as well as further research on approaches to
enable catalyst/ionomer composites that provide good
electronic and ionic conductivities.
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