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ABSTRACT: Fe cations dramatically enhance oxygen evolu-
tion reaction (OER) activity when incorporated substitution-
ally into Ni or Co (oxy)hydroxides, serving as possible OER
active sites. Pure Fe (oxy)hydroxides, however, are typically
thought to be poor OER catalysts and are not well-understood.
Here, we report a systematic investigation of Fe (oxy)-
hydroxide OER catalysis in alkaline media. At low over-
potentials of ~350 mV, the catalyst dissolution rate is low, the
activity is dramatically enhanced by an AuO,/Au substrate, and
the geometric OER current density is largely independent of
mass loading. At higher overpotentials of ~450 mV, the
dissolution rate is high, the activity is largely independent of
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substrate choice, and the geometric current density depends linearly on loading. These observations, along with previously
reported in situ conductivity measurements, suggest a new model for OER catalysis on Fe (oxy)hydroxide. At low overpotentials,
only the first monolayer of the electrolyte-permeable Fe (oxy)hydroxide, which is in direct contact with the conductive support,
is OER-active due to electrical conductivity limitations. On Au substrates, Fe cations interact with AuO, after redox cycling,
leading to enhanced intrinsic activity over FeOOH on Pt substrates. At higher overpotentials, the conductivity of Fe
(oxy)hydroxide increases, leading to a larger fraction of the electrolyte-permeable catalyst film participating in catalysis.
Comparing the apparent activity of the putative Fe active sites in/on different hosts/surfaces supports a possible connection

between OER activity and local structure.

1. INTRODUCTION

The oxygen evolution reaction (OER) has slow kinetics (i.e.,
high overpotential) and limits the efficiency of a number of
clean energy technologies including rechargeable metal-air
batteries, water-electrolysis systems, and solar-fuels devices.'
In order to develop active, stable, and inexpensive oxygen-
evolution catalysts (OECs), there has been a large number of
studies on first-row transition metal oxides and (oxy)-
hydroxides, espec1a11y of Ni, Co, Fe, and Mn, under neutral
to basic conditions.°™'> Nevertheless, due to complexity in the
possible surface phases, incidental impurity incorporation, and
complicating effects of electronic conductivity and electro-
chemically active surface area, the active sites and fundamental
correlations of activity to composition and structure remain
unclear.'*~"°

Due to high crustal abundance and nontoxicity, Fe-based
OECs are appealing.'”'” Generally, however, iron-based OECs
have been considered to have low OER activity.'*™>' The
volcano curve described by Trasatti'” correlated the activity
with the enthalpy of a lower to higher oxide transition and
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indicated that the activity of iron oxide was much lower than
that of cobalt and nickel oxide. A similar conclusion was drawn
by Subbaraman et al. Using the oxophilicity of the metal cation
(i.e, the M—OH bond strength) as a descriptor, they
concluded that the OER activity of 3d metal (oxy)hydroxides
followed the order Ni > Co > Fe > Mn.”!

On the other hand, Fe is particularly well-known for its
incorporation as a dopant/impurity into Ni/Co-based
OECs."*">**7%% Corrigan®® first showed that Fe impurities
introduced from the electrolyte or coprecipitated into thin-film
Ni (oxy)hydroxide dramatically lower the OER overpotential.
Recently, we showed that the incidental incorporation of Fe
impurities from electrolytes was responsible for the high
catalytic performance of Ni oxides and (oxy)hydroxides,
whereas rigorously Fe-free Ni catalysts are intrinsically poor
OECs."*"* Friebel et al. identified the local structures and site-
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specific overpotentials of Ni and Fe cations in Ni—Fe
(oxy)hydroxide using operando X-ray absorption spectroscopy
(XAS) and density functional theory calculations, respec-
tively.”® The unusually short Fe—O bond distances of the
octahedral Fe®* site and the more optimal adsorption energies
of proposed OER intermediates led to the conclusion that Fe
was the active site. We further found that Fe enhanced the OER
activity of Co (oxy)hydroxide ~100-fold.** By studying the
electrical conductivity and stability in situ, we also hypothesized
that Fe was the active site and that the Ni or Co
(oxy)hydroxide primarily provided an electrically conductive,
chemically stabilizing, and high surface area host. The low
apparent activity for FeOOH itself was associated with low
electrical conductivity. Lyons and co-workers published a series
of papers on electrochemically conditioned Fe metal electrodes
and proposed a mechanism involving the active participation of
iron oxyhydroxide surfaquo groups. ****7*° They studied the
Tafel behavior and argued that the rate-determining step of the
OER depended strongly on the conditions (e.g., potential, OH~
ion concentration) under which the iron oxyhydroxide film is
generated.

We further benchmarked the OER activity of (oxy)-
hydroxides in the absence of confounding surface area,
conductivity, and Fe impurity affects and found a new activity
trend of Ni(Fe)O,H, > Co(Fe)O,H, > FeO,H, > CoO,H, >
NiO,H, > MnO,H, (where the oxyhydroxides are indicated by
a general formula so as not to specify a specific structure or
cation oxidation state).”” This trend is different from previous
experimental and computational trends'”*"***** and sug-
gests Fe plays an important role in OER catalysis across
multiple systems.

The observation that FeOOH is the most active among the
single first-row transition metals motivates efforts to understand
how it operates. Fundamental studies, however, are limited by a
number of factors.*”*”** (1) FeOOH is chemically unstable to
dissolution in alkaline media, and the relationship between
instability and activity are not well-understood.””*”** (2)
Because Fe does not exhibit clear reversible redox waves in the
experimentally accessible electrochemical window, it is not
possible to accurately measure the number of electrochemically
active sites by integrating redox waves.”” (3) The poor electrical
conductivity of FeOOH slows electron transfer between the
underlying conductive substrate and active sites within the film,
convoluting activity data.*>*”*** In sum, these challenges have
limited our basic understanding of intrinsic activities in Fe-
based OER catalysts.

Here, we report a systematic study of FeOOH OER catalysts
in alkaline media with the aim of addressing each of the above
issues. First, we prepared films by three different deposition
methods and found evidence that FeEOOH is the surface species
responsible for OER. Using a quartz crystal microbalance
(QCM) to monitor mass in situ, we found that FeOOH
dissolves in 1 M KOH electrolyte and that the dissolution rate
increases with overpotential. Measuring FeOOH films with
different thicknesses (mass loading) revealed that the geometric
OER current density is constant with loading at low
overpotentials, whereas it increases with loading at high
overpotentials. These observations, coupled with our earlier
in situ conductivity measurements, led us to propose a model in
which only a fraction of the FeOOH film next to the
conducting substrate is electron-accessible and OER-active. At
more anodic potentials, the electrical conductivity increases,
along with the fraction of the film that is OER-active. Finally,
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we report the OER activity enhancement of FeOOH on Au
substrates, which appears to be dependent on the formation of
mixed FeOOH-AuO, film upon potential cycling across the Au
redox wave in the presence of solution Fe impurities or a FeO,,
film. In sum, these results improve our fundamental under-
standing of the factors governing the apparent OER activity of
Fe-based catalysts and the role of Fe in activating other catalyst
systems.

2. EXPERIMENTAL SECTION

2.1. Film Preparation. Fe (oxy)hydroxide, oxide, and metal films
were deposited onto Au/Ti or Pt/Ti coated S MHz quartz crystal
microbalance (QCM) crystals by electrodeposition, spin-casting, and
thermal evaporation, respectively. The QCM crystals were 1 in. in
diameter with an active electrode area of 1.38 cm? and were obtained
from Stanford Research Systems. Prior to spin-casting and thermal
evaporation, the QCM crystals were cleaned by ultrasonication in a
6.25% (v/v) solution of Contrad-70 detergent (Decon Laboratories)
in 18.2 MQ cm water at 60 °C for 30 min, rinsed with 18.2 MQ cm
water, and then cleaned with oxygen plasma for 15 min.

2.1.1. Electrodeposition. Fe (oxy)hydroxide was cathodically
deposited from unstirred solution of 0.1 M FeCl,-4H,0 (Alfa-Aesar,
98% trace metals basis) and 0.05 M NaNO; (Mallinckrodt Chemicals,
>98%) in 182 MQ cm H,O. A two-electrode cell was used with
carbon-cloth (Fuel Cell Earth) as a counter electrode. To prevent the
oxidation of FeCl, into insoluble FeOOH, the solution was covered in
Parafilm and purged with N, for ~20 min prior to FeCl, addition and
between depositions. Depositions at —0.2 mA cm™ ranging from 15 to
240 s produced films with masses between 0.8 and 30 yg cm™>. The
film mass was determined from the difference between the measured
QCM resonance frequency in 182 MQ cm H,O before and after
deposition. Prior to deposition, all QCM crystals were cleaned in 1 M
H,S0,(aq) (Sigma-Aldrich) via potential cycling (2 cycles, 2.5 to —2.5
V at 200 mV s7!) and then checked in 1 M KOH solution (2 CV
cycles, 0 to 0.7 V vs Hg/HgO at 10 mV s™") to ensure complete film
stripping. For Cogs4Fe(4OO0H and Niy,sFe,,sO0H films, the total
metal content in the deposition solution was held at 0.1 M, and 0.06 M
99.999% Co(NO,),-6H,0 or 0.09 M Ni(NO,),-6H,0 was added.
Typical deposition for Niy,sFey,sOOH and Cogg4Fey,sOOH was
accomplished by applying —0.1 and —2 mA cm™ (cathodic),
respectively. Fe content was measured by X-ray photoelectron
spectroscopy (XPS). Further experimental detail has been published
elsewhere for these standard methods.'>*

2.1.2. Spin-Casting. Fe oxide films (~2 nm) were deposited from a
precursor solution via spin-casting. As described previously,'* the
precursor solution was freshly prepared by dissolving Fe(NO,);-9H,0
(>99.9%, Sigma—Aldrich) in ethanol at a concentration of 0.05 M.
Triton X-100 (J.T. Baker) was added to give 0.1S g of Triton per
mmol of Fe**. The precursor solution was spun onto cleaned QCM
crystals at 5000 rpm for 90 s and then annealed in air on a hot plate at
300 or 200 °C for ~S min, as specified in the text. Spin-cast Fe oxide
films for diffraction measurements were spun from 1.0 M Fe(NO;);:
9H,0 in 50:50 ethanol/H,O with 0.05 g mL™" Triton X and annealed
for 10 min at 300 °C to provide a thicker film and thus better
diffracted intensity.

2.1.3. Thermal Evaporation. Fe metal films (~100 nm) were
deposited at S A s™' onto previously cleaned QCM substrates by
thermal evaporation from Fe pieces (Alfa-Aesar, 99.9%) in an
Angstrom Engineering Amod deposition system at a base pressure
<4 x 1075 Torr.

2.2. Characterization. The film masses were calculated using the
Sauerbrey equation®® Af = —C; x Am, where Af is the experimental
frequency change (Hz), C; is the sensitivity factor of the S MHz AT-
cut quartz crystal (~64.5 Hz pg ™' cm?),>* and Am is the change in
mass per unit area (ug cm™). Grazing incidence X-ray diffraction
(GIXRD) patterns were collected on a Rigaku SmartLab diffrac-
tometer (Cu Ka X-ray, incident angle of 0.4°, 0.1° step size, and 72 s
per step integration) with parallel beam optics, diffracted-beam
monochromator (to remove Fe fluorescence), knife edge, and K-$
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filter. Scanning electron microscope (SEM) images were recorded on a
Zeiss Ultra 55 SEM operating at 5 keV. X-ray photoelectron spectra
(XPS) and angle resolved XPS (ARXPS)* were collected using an
ESCALAB 250 (Thermo Scientific) with an Al Ka monochromatic
source (150 W, 20 eV pass energy, and S00 pm spot size). A Mg Ka
(450 W, 75 eV pass energy) nonmonochromatic flood source was used
to determine the compositional information (Ni/Fe and Co/Fe). All
binding energies were referenced to the Au 4f peaks (84.0 eV) when
on Au substrates and C 1s (284.5 eV) on metallic Fe (adventitious
surface carbon), charge neutralized using an in-lens electron source,
and grounded using copper tape.

2.3. Electrochemical Measurements. All electrochemical
measurements were performed in a three-electrode poly-
(tetrafluoroethylene) (PTFE) or poly(methylpentene) (PMP) cell
with an Hg/HgO reference electrode (CH Instruments), Pt wire
(contained in a coarse plastic fritted compartment) as a counter
electrode, and Au/Ti or Pt/Ti-coated quartz crystals coated with the
Fe-based film as a working electrode. Measurements were made at
ambient temperature with a BioLogic (SP300 or SP200) potentiostat
in 1 M KOH electrolyte (semiconductor grade, 99.99%, Sigma-
Aldrich). Prior to use, all plastic components were cleaned with 1 M
H,SO,. Pt counter electrodes were periodically cleaned by dipping in
aqua regia for ~20 s, followed by a 18.2 MQ cm H,O rinse. Ultra high-
purity O, gas was bubbled through the electrolyte for at least 20 min
prior to electrochemical measurements. Magnetic stirring was used to
eliminate bubble accumulation.

Unless otherwise specified, all values of current density were
normalized with respect to the geometric surface area of the QCM
crystal (1.38 em?). Cyclic voltammetry (CV) and steady-state Tafel
measurements were corrected for uncompensated series resistance
(R,)- R, was determined by equating R, to the minimum impedance
between 1 kHz and 1 MHz, where the phase angle was closest to zero.
Typically, R, was ~2—6 Q for Au/Ti QCM electrodes and ~4—15 Q
for Pt/Ti QCM electrodes. The overpotential (17) was calculated using
the equation #§ = E ciued — Erev — iRy Emeasured 1S the recorded
potential vs Hg/HgO, and E,,, is the reversible potential (0.30 V vs
Hg/HgO at pH 14, calibrated against RHE) for the OER. For
chronoamperometry (CA) measurements, the ohmic drop was
compensated at 100% using a manual iR, compensation method
(BioLogic EC-lab).

3. RESULTS AND DISCUSSION

3.1. Film Preparation and Structural Characterization.
A number of methods have been used to prepare Fe-based
materials for OER, including electrodegosition,13"48’49 thermal
decomposition,"* photodeposition,””™>* and potential cycling
of Fe metal.'"* Although films prepared by different methods
have different crystal structures and morphologies, the active
surface layers formed under OER conditions are likely
composed of iron oxyhydroxide, as predicted by equilibrium
Pourbaix diagrams®® and as has been observed in several
cases.””” We prepared films by different deposition methods
(electrodepostion, spin-casting, and thermal evaporation) to
investigate the relationship between the starting materials and
surface structures found under OER-relevant conditions.

GIXRD patterns in Figure 1A show the bulk structural
information on as-deposited films. The diffraction pattern for
the electrodeposited film has seven broad peaks at 11.8°, 16.8°,
26.7°, 35.2°, 39.2°, 46.4° and 55.9°, corresponding to (100),
(200), (310), (211), (301), (411), and (521) of B-FeOOH
(ICSD 31136), respectively. Other oxyhydroxide phases (e.g,
a, 8, y) may form under other deposition conditions.”** No
strong diffraction peaks belonging to Fe species are detected for
the spin-cast film, probably due to a largely amorphous
structure from the low annealing temperature (see Figure Sl
for expanded view of the weak, broad diffracted intensity that is
present). For the evaporated film, the sharp peaks at 44.7° and
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Figure 1. (A) GIXRD of as-deposited films. (B) SEM images of
samples as-deposited (top), after 1 min immersion in 1 M KOH at
room temperature (middle), and after 4 h anodic polarization at 5 =
350 mV in 1 M KOH, except for Fe metal films, which were polarized
for 12 h (bottom). The scale bars are 100 nm. Spin-cast films were
annealed at for S min 200 °C for SEM images and 10 min at 300 °C
for the thicker ones used for diffraction measurements.

65.0° are indexed to (110) and (200) of Fe metal (ICSD
52258). The observation that the as-deposited films have
different bulk phases is expected based on the different
deposition methods used in each case. The electrodeposition
proceeds via the cathodic reduction of NO;™ at the electrode
surface, which increases the pH to drive iron hydroxide
precipitation and form a film, as predicted by the Pourbaix
diagram.'>*** The spin-cast film is formed via the thermal
decomposition in air of iron nitrate into amorphous/nano-
crystalline iron oxides. The metallic films are formed from
thermal evaporation of Fe metal under high vacuum with only
the surface accessible for oxidation to oxyhydroxide (i.e., rust).

The different deposition methods also result in different
surface morphologies (Figure 1B). The electrodeposited
FeOOH film has a porous platelet-like structure, which is in
good agreement with the morpholo%y expected for first-row
transition metal (oxy)hydroxides.'">>™>" The evaporated Fe
metal film consists of grains roughly 9 nm in diameter and 40
nm in length. No obvious surface texture was found for spin-
cast films. After being immersed in 1 M KOH electrolyte for 1
min at room temperature, the film morphology evolves. The
spin-cast film roughens, likely as the surface amorphous iron
oxides convert into Fe (oxy)hydroxide. The increased XPS O
Is signal at ~531.7 eV on the spin-cast film after immersion in
KOH (Figures S2 and S3) further indicates the formation of
surface hydroxides and thus FeOOH. The surface morphology
of the Fe metal film changes only slightly after exposure to
KOH at room temperature. XPS results (Figure S4), however,
show that the majority of near-surface species after S s
polarization at # = 350 mV are oxidized forms of Fe, e.g,
FeOOH. If the Fe metal film is oxidized at 200 °C in air for 1 h
and then immersed in 1 M KOH, then a similar roughened

DOI: 10.1021/acs.chemmater.5b03404
Chem. Mater. 2015, 27, 8011-8020


http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.5b03404/suppl_file/cm5b03404_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.5b03404/suppl_file/cm5b03404_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.5b03404/suppl_file/cm5b03404_si_001.pdf
http://dx.doi.org/10.1021/acs.chemmater.5b03404

Chemistry of Materials

morphology was found (Figure S4). [THeSeNSimpleNstudies

suggest that, independent of film preparation pathway, Fe
(oxy)hydroxide forms the surface species under rest conditions
in basic media and is thus the phase that is most relevant for
OER catalysision these films. With this in mind, the remainder
of the study was completed on the electrodeposited FeOOH
films. We also note that, although we refer to the catalyst as
FeOOH, the chemical composition under OER conditions may
change and a more general description would be FeO,H,.

3.2. Stability and Activity of FeOOH at Different
Overpotentials. Stability is required for electrocata-
lysts.'”*>*%~%° Erydendal et al. reported a protocol to access
the stability of OECs by combining inductively coupled plasma
mass spectrometry (ICP-MS) with QCM measurements.””
Danilovic et al. compared the OER activity and chemical
stability of five different noble metal oxides in acid and found
that the most active metals were those with the least chemical
stability (i.e., high solubility in acid).®” We previously reported
that FeOOH is unstable and dissolves under OER conditions,
whereas Co(Fe)OOH and Ni(Fe)OOH do not.*””

To further assess the stability of FeOOH, chronoamperom-
etry experiments were performed at different overpotentials on
both Au and Pt QCM crystals. Dramatic mass loss is detected
during anodic polarization on both Au and Pt, indicating that
FeOOH is soluble in 1 M KOH(aq) during the OER (Figure
2A and Table 1). SEM images shown in Figure 1B confirm that
after 4 h polarization at 7 = 350 mV the film is almost entirely
dissolved. The inset in Figure 2B shows that the dissolution
rate depends on potential. We speculate that the higher
dissolution rates at more anodic potentials are due to the faster
conversion of FeOOH into soluble FeO}”, as suggested by
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Figure 2. (A) Chronoamperometry measurements on FeOOH on Au
(top) and Pt (bottom) at different overpotentials. (B) Voltammetry of
Au, Pt, FeOOH/Au, and FeOOH/Pt at 10 mV s* in 1 M KOH. The
inset shows the dissolution rates calculated from the initial linear
region of the mass—time curves in panel A.
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Table 1. Dissolution Rate and Residual Mass after 4 h
Polarization on FeOOH/Au and FeOOH/Pt”

measurement n (mV) FeOOH/Au FeOOH/Pt
dissolution rate (ug cm™ h™") 350 S+1 4+1
400 4 +1 34 +5
450 72+ 6 71+ 5
residual mass after 4 h polarization 350 0.1 £0.2 0.1 £0.1
(ug em™) 400 02+01 0102
450 0.1 £0.1 02+ 0.1
initial active mass (ug cm™2) 350 0.1+ 02 0.1 £0.1
400 09 £+ 0.5 15+3
450 3+3 8+4

“All values are the average from three independent experiments.

equilibrium Pourbaix diagrams.>® Interestingly, even after
polarizing at #7 = 450 mV for 4 h, a small amount of FeOOH
(ca. 0.1 ug cm™?) seems to remain on the substrates, suggesting
a possible chemical interaction that will be discussed below.
This is further confirmed by angle-resolved XP spectra (Figure
SS), which shows that a thin layer FeOOH remains after 1 h
polarization at 77 = 350 mV. We note the uncertainty in these
residual mass measurements is high due to limitations of the
QCM measurement but that the error sets an upper limit on
the residual mass, and we are certain that some FeOOH
remains from the XPS results.

Figure 2A shows geometric current density (right axis) and
mass (left axis) as a function of time at different overpotentials.
At 57 =350 mV, the OER current after 4 h polarization (ca. 0.33
mA cm™?) is comparable to the initial current density (ca. 0.37
mA cm2), even though >95% of the mass is lost. In contrast, at
1 = 400 mV, the current density after 4 h polarization (ca. 2.5
mA cm™?) is only 22% of the initial current density (ca. 11.5
mA cm™?), whereas at # = 450 mV, the current density
decreases by 96% after 4 h polarization. Assuming that all
residual FeOOH species are active and that the current density
is completely determined by the FeOOH film (i.e., no substrate
enhancement), we can estimate the initial amount of OER-
active FeOOH by dividing the residiual mass by the fractional
change in the current relative to the initial film (Table 1). We
note that the errors are larger than the values in some cases due
to the larger error in estimating the residual mass (due to the
detection limit of the QCM). However, our measurements
systematically show an average residual mass greater than zero.
It is also evident that some FeOOH must remain on the surface
because the OER activity remains much larger than the bare Au
or Pt substrate and we observe clear Fe 2p peaks by XPS
(Figure SS). The estimates of the film active fraction are further
consistent with those obtained by considering the electrical
conductivity measured in situ, as discussed below.

We also observe that, for a similar amount of FeOOH, the
current density of FeOOH/Au is higher than that of FeFOOH/
Pt at # = 350 mV, whereas at 7 = 450 mV, the current density
of FeOOH/Au and FeOOH/Pt is similar.

Assuming that all of the Fe cations remaining in the film are
active, the effective mass-based total metal turnover frequencies
(TOF,,) at 7 = 350 mV are 0.25 and 0.07 s™' on Au and Pt
substrates, respectively, which is much higher than that of Fe-
free COOOH/Au (0.01 s™*) and Fe-free NiOOH/Au (0.003
s71).”” These TOF,, values, defined as O, generated per
second per metal cation, are calculated using the entire
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(remaining) film mass to find the total number of transition
metal cations.

3.3. Tafel Electrokinetic Analysis. Figure 3 shows steady-
state Tafel plots of FeOOH/Au and FeOOH/Pt. The Tafel
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Figure 3. Steady-state Tafel measurements and in situ mass
measurements on FeOOH/Au (solid) and FeOOH/Pt (open), with
slopes of 46.0 + 0.7 and 31.4 + 0.8 mV dec™', respectively. The Tafel
analysis was performed at current densities between 107> and 1072 A
cm™ in 13 steps of 3 min in duration each.

slopes of FeOOH/Au (ca. 46 mV dec™") and FeOOH/Pt (ca.
31 mV dec™") are different, suggesting that the substrate plays a
role in the OER mechanism (more discussion on this can be
found below).”” Specifically, to achieve 0.01 mA cm ™2 a higher
overpotential is required for FeOOH/Pt than FeOOH/Au,
whereas for 10 mA cm™2, the overpotentials are similar. We also
note that roughly constant Tafel slopes are obtained for both
FeOOH/Au and FeOOH/Pt even though substantial mass is
lost during the course of the measurement. This is consistent
with the hypothesis that only a small amount of FeOOH next
to the substrate is active for OER.

3.4. Substrate and Thickness Dependence. The
apparent OER activities of transition metal oxides/(oxy)-
hydroxides are influenced by the substrate as well as by the
catalyst thickness.” " Yeo and Bell investigated CoO," and
NiOOH®* films electrodeposited onto roughened metal
electrodes and discovered that the OER activity of CoO, or
NiOOH was enhanced by electronegative metals such as Au.
They also found that estimated TOFs of the CoO,/Au or
NiOOH/Au electrodes decreased with film thickness. The
enhanced and thickness-dependent activity was attributed to
partial electron transfer from the CoO,, or NiOOH to the more
electronegative Au substrate, thus making the generation of
Co™ or Ni** species easier. Frydendal et al, on the other hand,
used DFT calculations to suggest that the enhancement of OER
activity was due to the hydrogen acceptor role of Au=0."" We
note the surface of both Au and Pt is oxidized to form a thin
oxide layer under alkaline OER conditions,”® which may affect
the interface interactions.

To evaluate the impact of the substrate on FeOOH catalysis,
we recorded the steady-state current with different loadings of
FeOOH at two overpotentials (350 and 450 mV) on both Au
and Pt QCM crystals (Figure 4). Similar measurements on bare
Au and Pt electrodes are shown for comparison. Because
FeOOH dissolves during the OER, the current and mass
plotted in Figure 4 were the average from the second minute in
each chronoamperometry experiment. At # = 350 mV, the
current density of FeOOH/Au (ca. 0.5 mA cm™2) is much
higher than bare Au (ca. 0.004 mA cm™>) and does not change
with mass loading. The calculated TOF,,, for FeOOH/Au thus
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Figure 4. Steady-state current densities (top) and TOF,,, (bottom) for
FeOOH with different mass loading on Au (red circles) and Pt (black
boxes). The current densities on bare Au and Pt (mass = 0, indicated
by the dotted blue line) at both potentials in Fe-free KOH are shown
for reference. Because the FeOOH dissolves during OER measure-
ments, the data shown is the average during the second minute for
each film, and each point is for a different film.

decreases rapidly as the mass loading increases. The 0.7 ug
cm™? FeOOH/Au sample exhibits the highest TOF,,, ca. 0.16
s, which is much higher than that for the 25 ug cm™
FeOOH/Au sample (ca. 0.005 s™'). In the case of FeOOH/
Pt, the current density at 7 = 350 mV first increases with the
mass loading and then remains constant (this may be due to
incomplete island coverage during FeOOH deposition on Pt,
leading to increased interfacial FeOOH with increases in mass

loading).

, the

en the mass loading is less than 3 g cm™
current density is nearly proportional to the number of
deposited Fe ions, resulting in a constant TOF,,. With loading
increasing from 3 to 7.5 ug cm ™, the current density does not
increase proportionally; consequently, the TOF, decreases.

Once the mass loading is greater than ~7.5 ug cm™, the

current density remains constant, indicating the additional mass
does not contribute to the activity.

3.5. Model for the OER on FeOOH Films. Good electrical
conductivity is required for heterogeneous electrocatalysts, and
low electrical conductivities can make it difficult to measure
intrinsic activities.'>'>*”** We showed that FeOOH is an
insulator with measurable conductivity (~0.02 mS cm™) only
at high overpotentials, >400 mV.”> The impedance spectra
(Figure S6) for FeOOH/Au with different mass loadings are
nearly identical to that for bare Au, suggesting that the FFOOH
films are porous with electrolyte permeated through the film to
the Au electrode surface.”” This hypothesis is further supported
by the similar Au/AuO, voltammetric peaks for the FeOOH/
Au films independent of loading. If the FeOOH were not
electrolyte-permeable, then increased FeOOH loading would
block the Au/AuO, surface redox processes and increase the
series resistance measured by impedance.
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Figure S. Schematic depicting the region of OER activity in the
electrolyte-permeable FeOOH films at different overpotentials. § is the
thicknesses of electron-accessible OER-active FeOOH, and d is the
thickness of the entire film.

_. For example, at 7 = 350 mV, the

conductivity of FeOOH is, at most, 1077'S cm™! (based on the
noise limit of the measurement). In order to drop <1 mV of
potential across the film when passing 1 mA cm™2, the film
thickness must be <1 nm. If the FeOOH sheets lie flat on the
substrate, then the mass of a 1 nm thick film is calculated to be
ca. 0.14 pug cm™ (see Supporting Information). This value is
similar to that estimated from the residual film after FeFOOH
dissolution from QCM (0.1 + 0.2 ug cm™2). We hypothesize
that for higher mass loadings the real number of active sites
(i.e., that are electron-accessible) remains constant and the
number of inactive sites (i.e., that are electron-inaccessible)
increases. This view is consistent with the data shown for
FeOOH/Au in Figure 4. For FeOOH/Pt, however, the current
density did increase with loadings up to ~10 ug cm > We
propose that this is due to the lower chemical affinity of Pt for
FeOOH relative to Au (which is consistent with activity
enhancement observed only on Au) and thus better dispersion
of the initially deposited FeOOH on Au relative to Pt. For Pt,
then, the entire surface would be covered only at higher
loading. We attempted to confirm this hypothesis with scanning
electron microscopy, but we were unsuccessful. Further
experiments, for example, using single-crystal Au and Pt with
atomic force microscopy, would be helpful.

At higher overpotentials of 450 mV, the conductivity of
FeOOH is 3.5 X 107 mS em™, and to drop 1 mV potential
across the film when passing 1 mA cm™> the maximum
thickness (6) is ~35 nm. If all FeOOH sheets are close-packed,
then the mass of a 35 nm thick layer is ca. 5 ug cm™. Thus,
when the mass loading is less than S yg cm™ (ie., d < §), all
FeOOH sites are presumably electron-accessible and OER-
active. When the mass loading is greater than § ug cm™ (i.e., d
> &), the electron-accessible (i.e., OER-active) layer thickness &
stays constant, as would the geometric current density. This
hypothesis is consistent with the results in Figure 4 on both Pt
and Au. The active loading of ~S pg cm™ (estimated by the
simple assumptions regarding the electrical conductivity above)
is similar to the experimental loading where the OER current
becomes independent of loading, further supporting the model
in Figure 5. We note also that at the high current densities (ca.
200 mA cm™*) measured at § = 450 mV bubble or mass
transport may play a role in limiting the loading dependence,
although we did not observe a strong dependence of the
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current on the stirring rate used to dislodge bubbles (Figure
7).

Finally, the model is consistent with the differences in TOF
for FeOOH on Pt and Au. At low overpotentials, only the
FeOOH directly on the Au or Pt is active for OER, and it is
these Fe cations that would be expected to be modulated
substantially by electronic interaction with the underlying AuO,
or PtO,. Because the FeOOH is porous and permeated by
electrolyte (as discussed above), the interfacial Fe remains
active at higher loadings and the FeOOH/Au is always more
active than the FeOOH/Pt. At high overpotentials, only a small
portion of the active layer is strongly influenced by the
substrate, and the measured activity is that largely of the bulk
FeOOH. Consequently, the OER activity of FeOOH on Au
and Pt is almost the same at 77 = 450 mV. This is consistent
with the Tafel data in Figure 3, which shows that for
overpotentials above ~400 mV the Tafel slopes on both Pt
and Au become similar.

3.6. Comparing Matrix and Support Effects on the
OER Activity of Fe. Results reported here and previ-
ously”*””% show that the intrinsic activity of FeOOH is
much higher than previously thought and that the apparent
activity of FeOOH is limited by its low conductivity. As
discussed in the Introduction, Fe cations, then, are plausible
active sites for OER. Therefore, understanding the activity of Fe
in different local environments may help to better understand
the range of highly active OER catalysts that utilize Fe.

Here, we compare the apparent TOFs across a number of
Fe-containing samples including FeOOH/Au, FeOOH/Pt,
Nig;sFeg2s00H, and Coys4FeqsOOH (Figure 6). We note

) PZZ3n =350 mV
5 * BRI n =450 mV

NN

o‘ X
Ni, ,Fe,,00H Co, Fe, OOH FeOOH/Au

0.54 “0.46

FeOOH/Pt

Figure 6. Intrinsic activity comparison based on the total film mass
and composition assuming that only electrically accessible Fe-sites are
available for catalysis during steady-state polarization at #7 = 350 and
450 mV. The asterisk (*) indicates that at # = 450 mV the current
densities on those catalysts are large (~50—200 mA cm™) and could
be potentially influenced by bubble/mass transport. As discussed in ref
37, the activity of the pure CoOOH and NiOOH phases is
substantially lower than that of the Fe-containing phases, indicating
that Fe is essential for the high activity.

that Fe-free NIOOH/Au and CoOOH/Au have much lower
activities than the Fe-containing analogs, as has been discussed
in detail in our previous publications.”””® For Ni, ,sFe,,;OOH
and Co, 4Fe(4sOO0H, the grecise composition was chosen for
roughly maximum TOF,,"**”**”° and determined by XPS.
Here, however, apparent turnover frequencies are calculated
assuming that only Fe-sites are available for catalysis (TOF§P).
This is a different metric appropriate for comparing putative Fe
site activity (compared to TOF,,,, which accounts for all metal
cations and is more generally applicable). For the FeOOH/Au
and FeOOH/Pt samples at # = 350 mV, we calculate TOF{#P
assuming that only the first 0.1 g cm™> contributes to the OER
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activity (due to the electrical conductivity limitations discussed
above). With these assumptions, we find that, at # = 350 mV,
Nig-sFeg,sOOH has the highest TOFEP of ca. 9 s7', higher
than those of Cogs,FeysOO0H (ca. 1.8 s7!), FeOOH/Au (ca.
1.1 s7!), and FeOOH/Pt (ca. 0.02 s~ !). Because
Nij7sFeq2,s00H and Cogs,Feo,sOOH are both highly
conductive'>*>*” and we have corrected (approximately) for
the conductivity limitations of the FeOOH samples by counting
only the first 0.1 g cm™?, these differences are presumably due
to the intrinsic differences in the local structure of the active
site(s).

At 7 = 450 mV, the TOF#? values of Cogs,Fey,O0H,
FeOOH/Pt, and FeOOH/Au are similar (ca. 15 s_l), whereas
that of Niy,sFe,sOOH (ca. 110 s7') is larger. For the
FeOOH/Au and FeOOH/Pt samples at 1 = 450 mV, we
calculate TOF#? assuming that all of the Fe cations are possible
actives sites as the film loading is small enough (<3 ug cm™2)
such that it is all electrically accessible at 7 = 450 mV. Friebel et
al.”® explained the high activity by Fe substituting for octahedral
Ni with a Fe—O bond ~6% shorter than that in y-FeOOH.
Correlating local structure to activity across the various Fe-
containing phases would be important to further test this
hypothesis.

3.7. Role of Au in Activating Interfacial FeOOH. A
synergistic interaction between Au and iron oxide/hydroxide
has been observed in many cases, including in CO
oxidation,”"™"* the water—gas shift reaction,”*”* and photo-
catalysis.”® Generally, studies focus on how iron oxide/
hydroxide improves the catalytic performance of Au. We
reported that the presence of Fe impurities in alkaline
electrolyte dramatically increases the OER activity of bare Au
substrates.">*> This is intriguing as the OER activity of Au
measured in Ni(OH),-cleaned Fe-free 1 M KOH is poor
(Figure 4).*” There are other indications that Fe activation of
Au is important. Doyle and Lyons reported the cathodic
superactivation of Au using a repetitive potential cycling
procedure and found that the Tafel slope decreased from ca.
120 to ca. 48 mV dec™' with increased activation of the Au
surface.”” The Tafel slope of the activated Au electrode (48 mV
dec™) is similar to that of FeOOH/Au, and the repetitive
potential cycling likely results in Fe incorporation. Karthik et al.
used Fenton’s reagent (i.e, Fe** + H,0,) to activate Au and
observed that the overpotential for OER was lowered by 190
mV, consistent also with Fe surface contamination.”® During
the review of our work, Klaus et al. showed that Fe impurities
deposited on oxidized Au electrodes serve as OER-active sites
using density functional theory calculations.” In light of these
findings, it is important to understand how Au interacts with Fe
species and affects its OER catalytic performance.

Figure 7A shows a series of voltammetry cycles of a bare Au-
QCM electrode in 1 M KOH that was not specifically cleaned
for Fe impurities. The OER activity depends on the voltage
sweep region. When sweeping from 0 to 0.7 V vs Hg/HgO, the
OER activity increases with each cycle, as we have previously
observed."” On the contrary, OER activity decreases with
each cycle when sweeping only between 0.35 and 0.7 V. A
similar decrease is also detected on the bare Pt QCM crystal,
which has no clear redox features, even if the electrode is cycled
from 0 to 0.7 V (Figure S9). Comparing the data, it appears
that the difference lies in the presence/absence of Au redox
features during activation. It is possible that the Au electrode
could take up Fe impurities from electrolyte only during its
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Figure 7. (A) Voltammetry on a bare Au QCM electrode in 1 M KOH
solution from 0 to 0.7 V (bottom, solid lines) and 0.35 to 0.7 V (top,
dash lines). (B) Chronoamperometry measurements on spin-cast
FeO,/Au (top) and FeO,/Pt (bottom). At the indicated times, CVs
were measured at a scan rate of 10 mV s™' (see Figure S8).

oxidation/reduction. A bimetallic Au—Fe oxide/hydroxide at
the electrode surface may be thus formed.

We further tested spin-cast FeO, films on Au. As shown in
Figure 7B, the steady-state current density decreases after
cycling between 0.35 and 0.7 V, which is probably due to the
dissolution of FeO,. A dramatic enhancement in activity is
measured after cycling between 0 and 0.7 V. This data further
supports the hypothesis that it is the oxidation/reduction of Au
and the formation of the AuO, that activates the FeOOH,
perhaps through the formation of a hydrated Au—Fe mixed
surface oxide. FeOOH simply in contact with the Au electrode
does not appear to be sufficient to provide enhanced activity.
Because AuQ, is electrically conductive,” this mixing would
also lead to much better electronic coupling of Fe to the
underlying metallic electrode. In the case of FeO,/Pt, no such
enhancement was observed, perhaps due to a smaller degree of
Pt surface oxidation or to less optimal electronic interaction
between the Pt and Fe cations. Further studies to directly
identify Au—Fe mixed (and likely hydrated) oxides would be
useful to confirm these hypotheses. This data is consistent with
the experiments and density functional theory calculations by
Klaus et al.”’

4. CONCLUSIONS

We investigated the OER on FeOOH in alkaline media as a
function of deposition method, film thickness (i, loading),
and substrate type. At 7 = 350 mV, the electrical conductivity of
FeOOH limits the number of Fe cations that can participate in
OER, with only first ~0.1 ug cm > being sufficiently electrically
integrated. These interfacial Fe cations are also influenced by
the substrate, with the FeOOH on Au being substantially more
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active than on Pt. We found that the activation of FeOOH on
Au depends on the electrode cycling history: Fe cations are
activated for OER only when the Au substrate is cycled through
the Au/AuO, redox transition. At higher overpotentials (7 =
450 mV), the electrical conductivity of FeOOH increases, more
of the film (up to ~5 ug cm™2) becomes OER active, and the
geometric OER currents are similar on both Au and Pt. We also
found that FeOOH films dissolved in 1 M KOH and that the
dissolution rate was enhanced under anodic bias, suggesting the
formation of soluble FeO3.

This work contributes to the growing body of evidence
indicating that Fe is broadly important for OER catalysis under
alkaline conditions.”” Fe incorporation significantly increases
the activity of NIOOH and CoOOH, and it has been proposed
the Fe acts as the OER-active site (although the mechanism is
still a matter of debate). The observations here that FeOOH
itself is also highly active, albeit limited by electrical
conductivity, and that Fe on Au/AuO, has a similar per-Fe
TOF as Co(Fe)OOH are consistent with this hypothesis.
Leveraging new tools to study the role of Fe cations for OER in
various chemical and electronic environments is likely to
further improve our understanding of high-activity alkaline
OER catalysts.
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