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ABSTRACT: Fe plays a critical, but not yet understood, role in enhancing the activity of the Ni-based oxygen evolution reaction
(OER) electrocatalysts. We report electrochemical, in situ electrical, photoelectron spectroscopy, and X-ray diffraction
measurements on Ni;_,Fe (OH),/Ni,_,Fe,OOH thin films to investigate the changes in electronic properties, OER activity, and
structure as a result of Fe inclusion. We developed a simple method for purification of KOH electrolyte that uses precipitated
bulk Ni(OH), to absorb Fe impurities. Cyclic voltammetry on rigorously Fe-free Ni(OH),/NiOOH reveals new Ni redox
features and no significant OER current until >400 mV overpotential, different from previous reports which were likely affected
by Fe impurities. We show through controlled crystallization that f-NiOOH is less active for OER than the disordered y-NiOOH
starting material and that previous reports of increased activity for f-NiOOH are due to incorporation of Fe-impurities during the
crystallization process. Through-film in situ conductivity measurements show a >30-fold increase in film conductivity with Fe
addition, but this change in conductivity is not sufficient to explain the observed changes in activity. Measurements of activity as a
function of film thickness on Au and glassy carbon substrates are consistent with the hypothesis that Fe exerts a partial-charge-
transfer activation effect on Ni, similar to that observed for noble-metal electrode surfaces. These results have significant
implications for the design and study of Ni, _,Fe, OOH OER electrocatalysts, which are the fastest measured OER catalysts under
basic conditions.

0. INTRODUCTION Ni,_,Fe,OOH catalysts appealing for use in solar water-
splitting devices.""">7!” We note, however, that Ni,_ Fe, OOH

The electrolysis of water to form H, and O, gas (ie., water sk
OER catalysts have been known for over 25 years,”” ~"” and

splitting, H,O0 — H, + 1/20,) could enable the large-scale - : > '
storage of intermittent energy from the sun, wind, or other the measured activities (per-Ni) appear to vary little despite

renewable sources."”> The kinetically slow oxygen evolution differences in synthesis.**'****! Large-scale combinatorial
reaction (OER) 2H,0 — 4H* + O, + 4e~ (in acid) or 4OH" screening has further shown that OER catalysts with both Ni

and Fe have the highest activity.”***** The addition of other

— 2H,0 + O, + 4e” (in base) represents a significant efficiency
elements (e.g., Ce, Al, Co) may have additional effects, but does

loss in water-splitting systems.” Identifying more-efficient, ' o ' .
stable, earth-abundant catalysts for the OER is a significant not appear to dramatically enhance the activity. Differences in

challenge. intrinsic activity, however, are difficult to evaluate without a
Ni,_,Fe,OOH oxyhydroxide electrocatalysts have been quantitative determination of a TOF.

under intense study because they are the most active catalysts Despite the large number of studies that indicate that both

measured in basic media.*""* We previously compared thin Ni and Fe are essential for high OER activity in a base, little

films of OER catalysts deposited on quartz-crystal microbalance progress has been made on understanding the role of Fe in

(QCM) electrodes and found that NiyoFe,;OOH has an OER increasing the OER activity. Corrigan proposed several
turnover frequency (TOF) >10-fold higher than that of Iro,.M
The high activity, along with the ability to deposit thin films Received: March 8, 2014
with low optical absorption using solution-processing, makes Published: April 16, 2014

v ACS Publications  © 2014 American Chemical Society 6744 dx.doi.org/10.1021/ja502379¢ | J. Am. Chem. Soc. 2014, 136, 6744—6753


pubs.acs.org/JACS

Journal of the American Chemical Society

hypotheses, including that Fe enhances the electrical
conductivity of NiOOH."® Electrochemical studies show an
anodic shift of the Ni redox waves with increasing x in
Ni,_,Fe,O0H,*”'® indicating changes in the electronic
structure. The details of these changes and their precise effect
on the catalysis mechanism remain unknown.

Incorporation of Fe also changes the physical structure of
Ni(OH),/NiOOH, but clear structure/activity relationships in
Ni,_,Fe,OOH OER catalysts have not been established.
Ni(OH),/NiOOH adopts a brucite (theophrasite) structure,
with layers of metal-(oxy)hydroxide sheets separated by water
and aqueous ions.”*** The redox activity and porous, hydrated,
ion-permeable nature of Ni(OH),/NiOOH indeed enable its
use in commercial Ni-metal-hydride rechargeable batteries.”®
The registry and spacing between the layers are affected by the
synthetic conditions, aging in basic electrolyte, and prolonged
application of an oxidizing potential.>’~>* Earlier work using X-
ray absorption®”* and Massbauer®* ™3¢ spectroscopies shows
that Fe>* substitutes for Ni** in a-Ni(OH),. Louie and Bell
recently used in situ Raman spectroscopy to provide evidence
that Fe in NiOOH modifies the Ni—O local environment,
which correlates with increasing OER activity.®

One major challenge in understanding the fundamental role
of Fe on NiOOH OER activity, electronic properties, and
physical structure has been the difficulty in measuring
rigorously Fe-free catalysts; sub-ppm levels of Fe in electrolyte
readily incorporate in NiOOH.'"'**” Here we report a simple
method using high-purity Ni(OH), precipitate as an Fe-
absorbent to remove trace Fe from KOH electrolyte. We then
investigate the relationship between electrical conductivity,
substrate type, and structural order on measured OER activities
as a function of Fe content in Ni,_ Fe OOH films. Our major
findings are that (1) Fe incorporation increases NiOOH
conductivity >30-fold but that the increased conductivity is not
sufficient to explain the increased activity in thin film samples;
(2) contrary to previous findings in unpurified electrolytes (for
example, see refs 8, 9, 32, and 38—42), pure NiOOH is a poor
catalyst for OER independent of degree of order, and
prolonged anodic polarization and/or aging in KOH electrolyte
does not increase pure NiOOH activity; and (3) Fe affects the
NiOOH electronic structure by inducing partial-charge transfer
in a manner similar to the case of high-work-function surfaces
studied by Bell and co-workers.**** These results are critical to
further elucidate periodic trends of pure metal (oxy)hydroxide
OER activities,** compare experimental results with theoretical
predictions,”™** and ultimately design catalysts with higher
activity.

2.0. EXPERIMENTAL SECTION

2.1. Characterization. Microgravimetry measurements were made
using a S MHz quartz crystal microbalance (Stanford Research
Systems QCM?200). The film mass was calculated from changes in
resonance frequency using the Sauerbrey equation®® Af = =Gy X Am,
where Af is the observed frequency change (Hz), C; is the sensitivity
factor of the S MHz AT-cut quartz crystal (58.3 + 3.7 Hz pug™' cm%
see ref 11 for description of C; calibration), and Am is the change in
mass per unit area (ug cm™). Grazing incidence X-ray diffraction
(GIXRD) patterns were recorded on a Philips X'Pert Panalytical
diffractometer operating at 30 mA and 50 kV using monochromated
Cu Ka, radiation (incident angle = 0.2°, 1 = 1.541 A, step size = 0.05°,
integration time 25 s/step). Scanning electron microscopy (SEM)
images were collected on a Zeiss Ultra S5 SEM at 5 kV. X-ray
photoelectron spectroscopy (XPS) studies were carried out on an
ESCALAB 250 (ThermoScientific) using a Mg Ka nonmonochro-
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mated flood source (200 W, 7S eV pass energy). The use of a Mg
source is critical for detecting low concentrations of Fe. Use of a
typical Al source results in the overlapping of Ni LMM Auger features
with the Fe 2p peaks, making detection of low Fe concentrations
impossible. The samples were charge-neutralized using an in-lens
electron source combined with a low-energy Ar* flood source. Spectra
were analyzed, including satellite subtraction for the nonmonochro-
mated X-ray source, using ThermoScientific Avantage 4.75 software.
The C 1s peak for adventitious hydrocarbons at 285.0 eV was used for
binding energy calibration.

2.2. Electrochemical Measurements. All electrochemical
measurements were made in PTFE or polypropylene beakers
containing a 1 M KOH electrolyte solution (Fluka Analytical
TraceSelect, > 30%, diluted with 18.2 MQ-cm H,0). Based on the
lot analysis and assuming no Fe in the 18.2 MQ-cm H,0, we calculate
<36 ppb Fe in the 1 M KOH solution. All electrochemical cell
components were cleaned prior to experiments with 1 M H,SO, and
rinsed with copious quantities of 18.2 MQ-cm H,O. A BioLogic SP300
potentiostat was used operating in two-electrode mode for film
deposition, three-electrode mode for cyclic voltammetry (CV)
measurements, and four-electrode bipotentiostat mode (two synchron-
ized working electrodes) for through-film conductivity measurements.
A carbon cloth (Fuel Cell Earth, untreated) counter electrode was
used for film deposition, while a Pt wire counter electrode housed in a
custom polypropylene compartment separated by porous polypropy-
lene was used for CV and conductivity measurements. Pt counter
electrodes were cleaned periodically by dipping in aqua regia for ~20s.
A new piece of carbon cloth was used for each deposition solution.
Potentials in three- and four-electrode modes were measured versus a
1 M KOH Hg/HgO reference electrode (CH Instruments). The
potential of the 1 M KOH Hg/HgO reference was measured to be
0.928 V vs the reversible hydrogen electrode (RHE) in 1 M KOH. The
RHE was fabricated by bubbling high-purity hydrogen over a freshly
cleaned Pt coil in 1 M KOH. Samples deposited on QCM electrodes
were connected to the working electrode lead of the potentiostat
through the crystal face bias connector of the QCM200. Through-film
conductivity measurements were made on Au/Ti/quartz interdigitated
array (IDA) electrodes (ALS Co.; 2 ym line width, 2 ym gap, 2 mm
length, 65 pairs). The reference and counter electrode leads on the
IDA electrodes were not used. The voltammetry data presented here
were collected on QCM Au/Ti electrodes unless otherwise indicated.
For certain measurements, a glassy carbon (GC) rotating disk
electrode (RDE) (Pine Instruments) was used at 1500 rpm.

High-purity O, gas was bubbled through the KOH electrolyte for at
least 20 min prior to electrochemical measurements. Magnetic stirring
was used to dislodge O, bubbles formed on the QCM electrode
surface. Electrochemical data were corrected for uncompensated series
resistance R, which was determined by equating R, to the minimum
total impedance in the frequency regime between 10 to 50 kHz where
the capacitive and inductive impedances are negligible and the phase
angle was near zero. R, was ~1—3 Q for QCM substrates and ~4—6 Q
for the GC-RDE substrate. The overpotential # was calculated using
the equation 77 = E_ . ;ured — Erev — iRy, Where E_ . queq is the potential
recorded vs Hg/HgO, E,, is the reversible potential of the OER vs
Hg/HgO (0.30 Vin 1 M KOH calibrated as described above), and i is
the current. Current densities are calculated using geometric surface
areas.

2.3. Film Thickness and TOF Calculations. Effective film
thicknesses were calculated by integrating the Ni**/>* reduction wave,
assuming 1 e~ per Ni atom and a (001)-oriented Ni(OH), film (i.e., a
sheet of Ni(OH), lying flat on the substrate surface) with an average
monolayer thickness of 8 A for a-Ni(OH),*® We label this an
“effective” film thickness because the Ni(OH), sheets do not all lie flat
on the substrate. For films on QCM substrates, the assumption of 1 e~
per Ni correlates well with the measured mass of deposited catalyst
films and is consistent with our previous work."" We note that others
have calculated up to ~1.67 e~ per Ni,>*** meaning that the 1 ¢~ per
Ni used here may underestimate the intrinsic catalyst TOE.*"*" For
thicker films deposited for conductivity measurements, thicknesses
were measured using a stylus profilometer.
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Turnover frequency (TOF) values reported here are defined as the
moles of O, evolved per mole of Ni in the catalyst per second. The
TOFs are calculated at specified series-resistance-corrected over-
potentials by averaging the current of the forward and reverse CV
sweeps (taken at a scan rate of 10 mV s™'), subtracting the average
current of the forward and reverse sweeps of the bare substrate at the
same overpotential, and dividing by the moles of Ni determined as
described above.

2.4. KOH Electrolyte Purification. For rigorously Fe-free
measurements, the 1 M KOH electrolyte was purified as follows. In
a H,SO,-cleaned 50 mL polypropylene centrifuge tube, ~2 g of
99.999% Ni(NO;),-6H,0 were dissolved in ~4 mL of 18.2 MQ-cm
H,0. 20 mL of 1 M KOH were added to precipitate high-purity
Ni(OH),. The mixture was shaken and centrifuged, and the
supernatant was decanted. The Ni(OH), then underwent three
washing cycles by adding ~20 mL of 18.2 MQ-cm water and ~2 mL of
1 M KOH to the tube, redispersing the solid, centrifuging, and
decanting the supernatant. Finally, the tube was filled with S0 mL of 1
M KOH for purification. The solid was redispersed and mechanically
agitated for at least 10 min, followed by at least 3 h of resting. The
mixture was centrifuged, and the purified KOH supernatant was
decanted into a H,SO,-cleaned polypropylene bottle for storage.

2.5. Film Deposition. Prior to film deposition, substrates were
cycled three times in 1 M KOH from 0.0-0.8 V vs Hg/HgO.
Substrates were rinsed with 18.2 MQ-cm H,O before being transferred
to the deposition solution. Films of Ni(OH), were cathodically
deposited from unstirred solutions of 0.1 M Ni(NO;),-6H,0 (Sigma-
Aldrich, 99.999% trace metals basis) in 182 MQ-cm H,0. As-
deposited Ni(OH), films showed no XPS signal for Fe (see discussion
below). For films containing codeposited Fe, the total metal content in
the deposition solution was held at 0.1 M, and FeCl,-4H,0O (Sigma-
Aldrich, >98%) was added. The solutions were purged with N, gas for
at least 20 min before adding FeCl,-4H,O to prevent precipitation of
insoluble FeOOH. Typical depositions at —0.1 mA cm™ for 120 s
gave effective film thicknesses of ~40 nm (see Figure Sl in the
Supporting Information for a typical deposition profile and QCM
frequency measurement). After deposition, films were rinsed by
dipping in H,O before being transferred to the electrochemical cell.
The Fe/Ni ratio in the films was higher than that in the deposition
solutions; however, any given Fe content in solution consistently
produced films with the same Fe content (< + 4%) as determined by
XPS. All film Fe contents reported here are those measured by XPS.

3.0. RESULTS AND DISCUSSION

3.1. Fe Impurities and Their Removal. The ability to
make rigorously Fe-free control measurements on Ni(OH),/
NiOOH is critical for understanding the role of Fe. Previous
work has shown that Fe impurities readily incorporate into
Ni(OH),/NiOOH films during electrochemical experi-
ments.""'® Corrigan showed that Fe-impurity levels as low as
1 ppm in KOH electrolyte significantly affect the activity of
Ni(OH),, particularly for thinner films where the incorporated
Fe makes up a larger percentage of the film.'"® To minimize the
effects of Fe impurities, we eliminated all glass components
from our electrochemical cell (which are etched by KOH),
cleaned all cell components with H,SO, before each experi-
ment, used the highest purity KOH electrolyte available, and
used high-purity Ni(NO,), (99.999%) for film deposition. As
shown in Figure 1a, no Fe is detected by XPS in as-deposited
Ni(OH), films. Despite these precautions, we find significant
Fe incorporation into Ni(OH), after electrochemical experi-
ments.

Figure 1b shows a series of CV cycles of a Ni(OH), film
deposited on a GC-RDE. At a rotation rate of 1500 rpm, OER
activity increases with each CV cycle. The Fe 2p XPS signal
(Figure 1a) is evident after S CV cycles, and the atomic ratio of
Ni/Fe is quantified as 95:5. XPS depth profiling shows that,
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Figure 1. (a) XPS Fe 2p spectra for Ni(OH),/NiOOH thin films after
S CV cycles in TraceSelect KOH (purple), 12 min in TraceSelect
KOH electrolyte with no applied potential (blue), and 300 CV cycles
in purified KOH (green). Spectra for an as-deposited film containing
no Fe (black) and a film with 25% codeposited Fe (red) are shown for
reference. The increase in intensity for binding energies above ~730
eV is due to the onset of an O KLL Auger peak. Spectra are offset on
the y-axis for clarity. (b) Cyclic voltammogram of a Ni(OH), film
deposited on a GC-RDE. With each subsequent CV cycle, OER
current increases due to Fe incorporation.

after only 5 CV cycles, Fe is incorporated throughout the film
and not just at the film surface (see Figure S2), consistent with
the electrolyte-permeable structure and previous results from
Auger electron spectroscopy depth profiling.'® The film spent a
total of ~12 min rotating in the electrochemical cell from
beginning to end of this CV experiment. Figure 1a shows that a
different Ni(OH), film which was simply rotated in the KOH
electrolyte for 12 min (i.e., with no applied potential) also has
significant Fe incorporation (98:2 Ni/Fe). In fact, the presence
of Fe impurities in the KOH electrolyte also increases the OER
activity of the bare Au substrate (see Figure S3), although an
extensive analysis of these changes was not completed.

To measure the electrochemical behavior of Fe-free Ni-
(OH),, we developed a simple purification procedure. As
described above, we found that Ni(OH), readily absorbs Fe
without an applied potential. We therefore suspended high-
purity Ni(OH), powder prepared by precipitation (i.e., of the
same composition as the catalyst) in the electrolyte to absorb
all Fe impurities prior to electrochemical testing of Fe-free
Ni(OH), films. Figure la shows no detectable Fe 2p XPS signal
in a Ni(OH), film after 300 CV cycles in the purified
electrolyte. All subsequent measurements were conducted in
electrolyte purified by this method unless otherwise indicated.

3.2. Effects of Fe on Electrochemical Redox Behavior
and Crystal Structure. Prolonged cycling or aging (in the
absence of an applied potential) of Ni(OH), electrodes in basic
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Figure 2. (a) SEM images of Ni(OH), and Ni,;sFe,,s(OH), films as-deposited and after 24 h of aging in 40 °C 1 M KOH. (b) Grazing-incidence
GIXRD patterns of Ni;_,Fe (OH), films for x = 0, 0.0S, and 0.25 as-deposited (lower, lighter color shades) and after aging in 40 °C 1 M KOH for
24 h (upper, darker color shades). The pattern for the Au substrate is shown (in gray) for reference, and Au may contribute slightly to the intensity
of the peaks near 38° 26 and the background near 44.4° and 64.6° 2. The sloping background is due to the grazing-incidence geometry and has not
been subtracted to preserve the peaks near 11° 26. Indices with the green pattern (top) are for /-Ni(OH),, and those with the red pattern (bottom)
are for the Ni—Fe layered double hydroxide. (c) Crystal structures of -Ni(OH), (theophrasite; ICSD 28101) and NiFe-LDH (fougerite; ICSD
159700; note that this is the all-Fe analogue) viewed roughly along the [110] direction. The unit cell edges are indicated by dark lines. Red = OH;
blue = Ni**; green = Ni**/Fe®*; gray = water. H atoms in both structures and interlayer anions in the LDH structure are omitted for clarity.

electrolyte has been shown to convert the disordered, as-
deposited a-Ni(OH), to the more crystalline f-
form.>"3%3052755 Multiple studies have concluded that p-
Ni(OH), is significantly more active for OER than the a-
Ni(OH),.**%%°¢ guch observations are important in the context
of understanding the role of three-dimensional structure on the
OER activity, as well as in providing insight to guide theory.***”
Given the extreme sensitivity of the OER activity on Fe
impurities,"® it is possible that previous studies of f-Ni(OH),
formed by aging/recrystallization are contaminated with Fe.
Furthermore, the role of crystallinity in Ni,_ ,Fe, OOH with
intentional Fe addition has not been previously studied and
could provide additional insight into the enhanced activity.
The transition from as-deposited @-Ni(OH), to -Ni(OH),
can be observed by X-ray diffraction (see Figure S4 and also ref
50). For GIXRD experiments, films ~150—200 nm thick were
deposited (10 min, —0.1 mA cm™? cathodic) on Au substrates.
Figure 2a shows SEM images of these films before and after
aging in purified 1 M KOH at 40 °C for ~24 h. Films
electrodeposited on Au have a spongy platelet-like structure.
After aging, the average platelet size observed by SEM increases
(from ~9 + 2 nm to ~12 + 3 nm in the Fe-free and ~20 + §
nm to ~35 + 11 nm in the 25% Fe films shown here). In
general, films containing Fe had a larger platelet size than those
without Fe. Thinner films and films deposited on GC tended to
be composed of smaller platelets (see Figures SS—S8 for
additional SEM images of samples discussed in this work).
Figure 2b shows GIXRD patterns for films before and after
aging. All diffraction patterns show increased peak intensity
after aging, indicating an increase in the film crystallinity. The
patterns obtained after aging for the Fe-free Ni(OH), film
agree with the pattern for f-Ni(OH), (Figure S4 and ref 50).
The peak near 19° 26 corresponds to the (001) -Ni(OH),
reflection whose intensity is related to the registry between the
Ni(OH), sheets along the c-axis (Figure 2c). The fact that the
B-Ni(OH), reflections remain relatively low intensity and broad
could indicate the persistence of some disordered a-Ni(OH),,
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which is consistent with voltammetry results that show two
main oxidation waves after aging (see below).

The pattern of the as-deposited Nij;sFeg,5(OH), also shows
weak reflections associated with A-Ni(OH),. After aging
Nig;sFegs(OH),, sharp peaks at ~11° and 23.5° 26 emerge
and the weak (001) 5-Ni(OH), reflection is further diminished.
These new peaks match those of mixed Ni—Fe layered double
hydroxides (NiFe-LDH; fougerite/pyroaurite mineral struc-
ture) with 25—50% Fe synthesized by coprecipitation,*®
topochemical,59 or mechanochemical®® methods, with the
peaks at ~11° 26 and 23.5° 26 corresponding to the (003)
and (006) reflections, respectively. The NiFe-LDH unit cell is
extended along the c-axis (~2 nm, depending on the identity of
the interlayer anions) compared to that for §-Ni(OH), (0.46
nm) and comprises three sheets of metal cations (see Figure
2c). The NiFe-LDH structure has a significantly larger
intersheet spacing compared to that of $-Ni(OH), because
the increased charge of Fe®" relative to Ni** is compensated by
additional anions (and associated water) in-between the
sheets.>**>! (Note that the formal composition for hydrated
NiFe-LDH structures is [Ni",_ Fe™ (OH),]*" [x/nA""]*"
zH,0, where A = anions. We use the simpler Ni,_,Fe ,(OH),
formula and have excluded the interlayer anions from Figure 2c
for clarity.) The pattern for aged NijosFeqs(OH), shows both
a peak at 11° 26, indicating a NiFe-LDH phase, and a weak
broad peak at ~22° 20 that is not directly assignable to either
the NiFe-LDH or the pure -Ni(OH), phases. This peak at
~22° 20 could be assignable to a-Ni(OH), (see Figure S4),
which also has water and ions between the metal-hydroxide
sheets, although with a smaller intersheet spacing than the
NiFe-LDH. It is therefore possible that NiygsFe,s(OH),
contains a mixture of NiFe-LDH and a-Ni(OH), phases. All
the diffraction data collected, however, are consistent with (1)
increased crystallinity and long-range order perpendicular to
the (00) family of planes with aging (ie., increased registry
between the sheets) and (2) increased spacing between metal
cation sheets in the catalyst films upon substitution of Fe** for
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Figure 3. Cyclic voltammograms taken during aging of films in various purities of KOH. A total of 13 CV scans are shown for each sample; one for
the initial as-deposited film (dark purple), and one additional scan after each S min aging period up to a total of 1 h of aging (dark red). The changes
in the anodic and cathodic wave positions (AEP/Q and AEp,c) are labeled for each set of CVs. (No AE,, value is shown for the Niy ;sFeg,5(OH),, as

the oxidation wave is partially obscured by the OER current.)

Ni**. The increased intersheet spacing would be expected to
facilitate OH™/O, transport through the film, but would limit
electronic interactions between active sites on adjacent layers
along the c-axis.

Previous studies of the a-Ni(OH), to S-Ni(OH), trans-
formation with aging report a corresponding anodic shift in the
B-Ni(OH),/S-NiOOH redox wave relative to that of the as-
synthesized a-Ni(OH),/y-NiOOH, as well as a lower onset
potential for the OER on -NiOOH (e.g, see refs 8, 18, 27, 32,
50, and 62). These observations have long been interpreted to
indicate that #-Ni(OH),/A-NiOOH has an intrinsically higher
OER activity than @-Ni(OH),/y-NiOOH due to its struc-
ture.*”*® For example, Louie and Bell age Ni(OH), films in 10
M KOH and observe a 40 mV anodic shift of the redox peaks
and a 20-fold increase in OER activity at 77 = 0.3 V.* They argue
that the incorporation of Fe impurities should be negligible due
to the absence of an applied potential during the aging process,
but the possibility of Fe incorporation cannot be conclusively
ruled out as the lower detection limit of Fe for the elemental
analysis used was reported to be ~3%. The anodic shift of
redox waves and increases in OER activity are also indicative of
Fe incorporation.'® Our results show that, even in the absence
of an applied potential (i.e., during aging in KOH electrolyte),
Fe incorporation into Ni(OH), does occur and significantly
affects electrochemical behavior. The films investigated by
Louie and Bell were approximately the same thickness (~70
nm) as those studied here (~40—60 nm), and thus we would
expect the extent of Fe impurity incorporation to be similar
(~2% of the total metal) or higher (due to the use of 10 M
KOH aging solution).
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To further study these effects we conducted systematic aging
experiments for Ni(OH),, NigqsFeqs(OH),, and
Nig;sFeg,5(OH), films in different purity electrolytes. Films
were subjected to S min periods of aging at 40 °C in 1 M KOH.
After each aging period, CV data were collected. This process
was repeated to give a total of 13 CV data sets (including as-
deposited) and a total aging time of 60 min for each sample.

Figure 3a and b show the changes in CV behavior of
Ni(OH), in the presence of Fe impurities. When aged in either
the TraceSelect KOH (Figure 3a) or reagent-grade KOH
(Figure 3b) that was not subsequently purified, the redox peaks
shift to higher potentials and the OER activity increases. In
both electrolytes, the redox peaks shift by similar amounts. XPS
shows Ni/Fe ratios of 96:4 and 92:8 after 1 h of aging in the
TraceSelect-aged and reagent-grade-aged films, respectively.
The OER activity increase is greater in the reagent-grade-aged
films relative to those aged in the TraceSelect KOH, consistent
with more Fe in reagent-grade KOH resulting in more Fe
incorporation into the film. Films with coprecipitated Fe show
little change in electrochemical behavior with aging even in the
purified electrolyte. Films with 5% (Figure 3c) or 25% (Figure
3e) coprecipitated Fe show no change in OER activity. Only
the oxidation wave for the sample with 5% Fe shifts to higher
potentials. The lack of significant changes to the OER activity
for Nip,sFeg,5(OH), films as a function of aging (and hence
crystallization) suggests that the long-range order and
intersheet registry are unimportant for the active site OER
activity. It also suggests that the OER activity is not related to
structural defects within Ni,,Fe;,;OOH, but inherent to the
mixed Ni—Fe oxyhydroxide sheet.
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Figure 4. (a) Optical microscope images of IDA electrodes bare and with deposited films. Upon drying, cracking of the films is observed, but the
films are crack free when kept wetted. (b) SEM images of Ni(OH), film on an IDA electrode. Despite cracking, continuous regions of the film can be
seen which span the gap spaces (indicated by white arrows). (c) CV scans of Ni,_,Fe (OH),/Ni,_ . Fe,OOH films deposited on IDA electrodes.
Currents are not normalized for differences in film thickness, and potential values are not corrected for series resistance. (d) Conductivity data
(points with solid connecting lines) for the same films. The potential onset of conductivity correlates with the position of the hydroxide/
oxyhydroxide oxidation wave shown as dotted lines for each film. The inset shows an enlarged region to make the conductivity turn-on for the

rigorously Fe-free film apparent.

The electrochemical behavior of Ni(OH), films aged in
purified KOH electrolyte is different from that of previous
reports®10193638=41,50.62266 4 different from what we
observe in the unpurified electrolyte. First, instead of a gradual
anodic shift in the Ni(OH), oxidation wave (as is observed in
the unpurified KOH), a decrease in the original anodic peak
intensity and emergence of a new oxidation wave at more
anodic potentials (~0.47 V vs Hg/HgO) is observed in the
purified KOH (Figure 3d). No significant OER current is
observed until >400 mV overpotential. Furthermore, Ni-
(OH),/NiOOH aged in the purified KOH shows a decrease
in OER activity with increased aging time, opposite to what
others have observed. The decrease in OER activity with aging
may be due to a decrease in the number of active sites if the
are associated with defects (e.g., stacking faults)***>%7%% or
edges44‘69 in the more-ordered B-Ni(OH), films or due to
reduced OH™/0O, transport rates within the interlayer volume.
No Fe is observed in the XPS analysis of Ni(OH), aged in the
purified electrolyte. These data show that significant redox wave
shifting and increases in OER activity only occur in the
presence of Fe impurities and are not the result of formation of
B-Ni(OH),. These results are important in the context of the
theoretical effort that has been extended toward understanding
the activity, electronic, and structural properties of Ni-based
catalysts,*****7°"73 including experimental studies that have
aimed to relate OER activity to fundamental properties such as
the “oxophilicity” of the cation.**

The lack of OER activity until very positive potentials for the
Fe-free NiOOH films reveals additional electrochemical
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features in the voltammetry. For the unaged film, a small
oxidation peak at ~0.6 V vs Hg/HgO is observed. Another
small oxidation peak appears at ~0.7 V vs Hg/HgO upon aging
in concert with a larger peak at ~0.47 V vs Hg/HgO. The wave
at 0.6 V vs Hg/HgO may be due to the formation of a small
amount of Ni*', perhaps at the edges of the a-Ni(OH),/y-
NiOOH sheets (or other sites representing only a small fraction
of the Ni atoms). Revised Pourbaix diagrams for Ni suggest the
formation of NiO, at OER potentials (7 > ~0.22 V) at pH
14,7* and other studies have indicated the presence of Ni*" at
elevated potentials. > >3**SL75 The oxidation waves that
grow in at 0.47 and 0.7 V vs Hg/HgO are attributed to ordered
P-NiOOH, as they arise in concert with the increased
diffraction intensity due to J-Ni(OH),. The new oxidation
waves were also observed in a film aged for 24 h (see Figure
S9), which is the same film for which the GIXRD pattern is
shown in Figure 2b. The small peak at 0.7 V vs Hg/HgO has
not been reported previously, likely due to interference from
the OER onset current when Fe impurities are present.
Previously, Corrigan also removed most Fe impurities from
the electrolyte by prolonged electrolysis (S days in a
polypropylene container using a 1 kg Hg cathode 50 cm” and
a 3 cm? high purity Ni anode, <0.005% Fe w/w).'® The CV
behavior he reported for Ni(OH),/NiOOH films cycled in that
purified electrolyte is similar to what we measure for films aged
in our purified electrolyte, including the appearance of the
peaks at 0.47 and 0.6 V vs Hg/HgO after aging. The new peak
observed here at 0.7 V vs Hg/HgO appears to have been
obscured by OER current in CVs collected by Corrigan,

dx.doi.org/10.1021/ja502379¢ | J. Am. Chem. Soc. 2014, 136, 6744—6753



Journal of the American Chemical Society

suggesting that the electrolyte purification used here is more
effective at removing Fe.

In light of these findings, it is likely that previous studies of
highly active Ni(OH),/NiOOH-based catalysts were affected
by Fe impurities. For example, recent work has found that the
Ni-borate (NiB;) OER catalyst operating at pH 9.2 has a short-
range structure analogous to that of NiOOH.*"**76 NiB,
requires prolonged anodization to reach its most active state.
Using a combination of electrochemical and structural studies,
it was argued that a significant population of Ni*" is required for
high OER activity and that the more-active anodized structure
resembles that of y-NiOOH rather than S-NiOOH.*' These
conclusions, like ours, are in conflict with the long-held view
that /-NiOOH has a higher intrinsic OER activity. However,
we conducted prolonged constant-current-density anodization
of NiOOH in Fe-free KOH and found a decrease in activity
over ~12 h at both 1 and 10 mA cm™ (Figure S10). It is
possible that the anodization of NiB; films resulted in the
incorporation of Fe from the electrolyte and that the increased
activity of the anodized NiB; catalyst is due to the formation of
a mixed Ni—Fe oxyhydroxide. Further experiments on NiB;
under Fe-free conditions would be required to test this
hypothesis.

3.3. Electronic Conductivity in Ni,_,Fe,OOH. Electro-
catalysts must be sufficiently conductive to pass charge through
the catalyst film with a negligible potential drop. In cases where
the catalyst is not sufficiently conductive, a portion of the
applied potential will drop across the catalyst film to drive the
current transport. This would lead to a lower apparent catalytic
activity relative to a more-conductive film. It is known that
NiOOH is conductive while Ni(OH), is an insulator.””
Corrigan hypothesized that Fe increases the conductivity of
NiOOH, which might explain the enhanced activity of
Ni,_.Fe,OOH relative to NiOOH.'® However, the conductivity
of Ni,_,Fe,OOH as a function of potential and Fe content has
not previously been measured.

To measure the through-ilm conductivity in situ under
relevant conditions, the films were deposited onto IDA
electrodes. The two IDA leads were shorted together, and a
total Au/Ti surface area of ~0.1 cm? was submerged in the
deposition solution. Films were deposited at —0.1 mA cm™
(cathodic) for 20 min. Deposition occurred on top of the IDA
fingers and spanned the gap spaces (Figures 4a and 4b). After
drying, cracking is observed due to contraction of the porous
films. Dry films on the IDA electrodes were ~0.8—1.5 ym thick
as determined by SEM and stylus profilometry. CVs were
collected in a three-electrode configuration with the two IDA
working electrodes shorted together (Figure 4c).

Steady-state in situ film conductivity measurements were
performed by applying a constant potential offset between the
two IDE working electrodes (WE1 and WE2) of 10 mV while
WEI was held constant relative to the reference electrode for
2—S5 min until the measured current stabilized. During this
dual-working-electrode conductivity experiment, the current
measured at each working electrode can be described as the
sum of faradaic and through-film-conduction components:

Iyer = Iogri + Tan + Leond (1)
Ty = Iopre + Ly = Loond (2)

where Ly, and ILyp, are the total currents measured at each
working electrode, Iogy is the current from the OER, I is the
current from catalyst oxidation, and I .4 is the through-film
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conductivity current. Because the working electrodes are
symmetric, Iogp; & Iogra and Iaq & L. Thus, gy — Twe,
& 2., The effective catalyst film conductivities o are

estimated by

Icondw

? = NldAV 3)

where w is the IDA gap spacing, N is the number of electrodes
(here N = 130), [ is the length of each electrode, d is the film
thickness, and AV is the voltage offset between WE1 and WE2
(here AV = 10 mV).”® We use the term effective conductivity
to account for the fact that this calculation assumes a dense,
uniform slab across the electrode array with a thickness much
less than the spacing between the IDA electrode fingers such
that current flows essentially linearly across the finger gap.
Because these conditions are not rigorously met here, the
values reported are taken as lower-bound estimates of the
intrinsic conductivities.

The effective conductivities are shown in Figure 4d
(conductivity data are shown with the y-axis on a logarithmic
scale in Figure S11). All reduced films have low conductivities,
independent of Fe concentration. A sharp increase in
conductivity is observed upon Ni oxidation. The conductivity
turn-on shifts to higher potentials with increasing Fe-content
and correlates with the position of the Ni**/3* oxidation wave
(dashed lines, Figure 4d). Oxidized NiOOH under Fe-free
conditions has 6 & 0.1 to 0.2 mS cm™". Samples with 5%—25%
Fe have ¢ & 3.5 to 6.5 mS cm™), all more than an order of
magnitude higher than that of the Fe-free films. NiOOH films
without intentionally added Fe measured in the unpurified
electrolyte have ¢ & 2.5 mS cm ™/, consistent with substantial Fe
incorporation over the duration of the dual-electrode in situ
conductivity experiment.

These experiments show that Fe increases the conductivity of
NiOOH. -NiOOH is an n-type semiconductor,”” and doping
with Fe could change the carrier concentration (which may be
consistent with the formation of a significant population of Fe**
at anodic potentials; see discussion below). The 30—60-fold
increase in conductivity would be expected to have a dramatic
effect on the performance of NiOOH catalysts under
conditions where the potential drop needed to transport
current across the film was a substantial fraction of the total
applied overpotential, i.e. for sufficiently thick films. For a 100
nm thick Fe-free NIOOH film passing a current density of 10
mA cm™? less than 1 mV would drop due to resistive losses.
For typical films ~40 nm thick on Au substrates, we measure a
~200 mV difference between the overpotential required to
drive 10 mA cm™ for NiOOH versus Niy,sFe,,s;OO0H. The
conductivity difference between NiOOH and Nij,sFe,,;OOH
cannot account for the difference in apparent activity. The
conductivity differences would, however, be important for
device architectures where much thicker films (ie., > 1 um)
are needed, and these measurements provide guidance for the
design of such architectures.

3.4. Activity Enhancement via Partial-Charge Transfer
between Ni and Fe. Yeo and Bell compared the OER activity
of NiOOH films with varying thicknesses and showed that on
noble metal substrates the OER TOF increases for films with
less than a few monolayers in thickness.*> The effect was most
pronounced on Au and smaller on less-electronegative Pd
substrates. The increase in activity is attributed to partial
electron transfer from the NiOOH to the more-electronegative
noble metal substrate, thus modifying the electronic properties
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of the Ni** centers. The effect is strongest for the first few
monolayers because the cations are close to the substrate
interface. Past a critical film thickness, the average Ni center
was too far away from the interface to feel the electron-
withdrawing effect of the substrate, and the measured activity
was that of bulk NiOOH. Similarly, Gorlin et al. recently
demonstrated enhanced activity of MnO, OER catalysts when
combined with Au nanoparticles or by adding Au salt to the
electrolyte.’® The authors determined using electrochemical
and X-ray absorption techniques that the observed activity
enhancement is due to local electronic effects at the Au/MnO,
interface.

Electrodeposited Ni—Fe mixed hydroxides contain Fe
predominantly as Fe**.3****" Under OER conditions, E—pH
(Pourbaix) diagrams predict both Fe** and Fe*".** In principle
partial-charge transfer between Fe and Ni**/#, as has been
proposed by Corrigan et al,* could enhance the activity via a
similar mechanism as the Au support. In support of this
hypothesis, the potential of the Ni**/** couple in Ni,_,Fe, OOH
depends on the Fe content (e.g, see Figure 4c and also ref 8).
Adding Fe makes it more difficult to oxidize Ni** leading to
Ni*** with more oxidizing power and thus possibly faster
OER kinetics. If the Fe exerts a similar electron-withdrawing
effect on Ni as does the Au substrate, the thickness-dependence
of the OER TOF for NiOOH on Au observed by Yeo and Bell
would be diminished after Fe incorporation because the Fe
would be distributed throughout the film (thus “activating” all
Ni centers).

Figure S compares the TOF as a function of thickness for Fe-
free NiOOH and Nij,sFe;,;OOH on Au and GC. The number

2 5 }U-Nio_75Feo_2500H

o ) "n=0.3 V.
GC-Nij ;sFe,,;00H o
A

J;V
1=0.
~ A

/
GC-NiOOH

{ ]
Au-NiOOH—~

0.1 1 10
effective # of monolayers

Figure 5. Turnover frequency (TOF) as a function of film thickness
for Fe-free NiOOH (closed symbols) and Niy,sFe,,sOOH (open
symbols). Films on Au (circles) show a greater thickness dependence
than films on GC (triangles) for both catalysts. Lines are fit to the data
using a power function y = ax” (see Supporting Information for fit
values). TOF values were calculated at 7 = 0.3 V for Nig,sFe,,OOH
and # = 0.4 V for NiOOH.

of active sites was assumed to be equal to the number of
electrochemically active Ni sites obtained from integration of
the Ni**/>* wave. The slopes of the fit lines indicate the
magnitude of the TOF thickness dependence. For both
catalysts, the thickness dependence is greater on Au than on
GC, consistent with the higher work function of Au compared
to C (Au 5.1-5.5 €V; C 5.0 eV).* The difference in work
function for the electrode surface in a base under oxidizing
conditions, however, is likely different from those of the pure
elements measured in vacuum due to surface oxidation of the
Au to form AuO, (which is seen in CV scans; see Figure S3)
and the possibility of oxidation of the C and contamination by
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adventitious adsorbed hydrocarbon species. Another explan-
ation for the activity enhancement is the formation of a
bimetallic Au—Ni oxide/hydroxide at the electrode surface,
which Yeo and Bell consider based on in situ Raman
measurements.*> The lower activity on the GC substrates
could be due to the inability of C and Ni to form such a
bimetallic oxide under these conditions.

Figure S also shows that for both substrates the TOF
thickness dependence is less for Nij,sFe,,sOOH than for the
NiOOH. On Au, the TOF increases by more than 2 orders of
magnitude for NiOOH over the measured thickness range,
while the TOF for Nij,sFe;,sOOH changes by less than an
order of magnitude. On C, the NiOOH TOF increases by
about an order of magnitude over the thickness range
measured, while Ni,,sFe;,sOOH shows no significant change
with film thickness. These results are consistent with the
hypothesis that the Fe enhances the activity of NiOOH through
a Ni—Fe partial-charge-transfer activation process occurring
throughout the film similar to that which occurs for thin layers
on Au.

Corrigan et al. found evidence from in situ Mossbauer
spectroscopy of partial electron transfer away from Fe*
accompanying the oxidation of Ni** to Ni*.*® There is
substantial evidence from X-ray absorption®>*"”* and Méssba-
uer’* ™ experiments that Ni* and/or Fe** are present in
Ni,_,Fe,OOH at OER potentials. Axmann and Glemser
studied Ni,_,Fe,OOH using M®0ssbauer spectroscopy and
found high-spin Fe*" without observing quadrupole splitting,
indicating a regular (i.e, no Jahn—Teller distortion) octahedral
geometry around Fe.** The authors propose a model to explain
their results whereby clusters of one regular Fe'VOg4 octahedron
surrounded by six regular Ni'VOy4 octahedra create discrete M**
domains within sheets that otherwise consist of M*" ions. It
may be that such M* domains within Ni,_,Fe,OOH are the
OER active sites. Further experimental and theoretical study to
measure the electronic density of states, map the domain
structure, and identify reaction intermediates with changes in
Fe content is needed to better describe the electronic structure
of Ni,_,Fe OOH.

4.0. CONCLUSIONS

We tested several mechanisms by which Fe has been predicted
to increase the catalytic activity of Ni(OH),/NiOOH for the
OER. We showed that the conductivity of Ni(OH),/NiOOH
increases by >30-fold upon coprecipitation with Fe, but that
these differences cannot explain the observed increase in
activity. The effect of film thickness on TOF was investigated,
and it was found that films with codeposited Fe showed a lower
thickness-dependence on Au or GC substrates than Fe-free
films. This is consistent with an Fe-induced partial-charge-
transfer mechanism, which activates Ni centers throughout the
catalyst film. We studied the structure and activity of
Ni,_,Fe,(OH),/Ni,_,Fe,OOH films as a function of aging.
All films studied showed an increase in crystallinity with aging,
while only those exposed to Fe impurities showed an increase
in OER activity. This shows that the absorption of Fe
impurities is responsible for the dramatic increase in activity
of aged Ni(OH),/NiOOH and disproves the long-held view
that -NiOOH is intrinsically more active for the OER than y-
NiOOH. The results also indicate that previous reports of
highly active Ni(OH),-based OER catalysts include Fe
impurities. Long range order (or disorder), however, is
apparently unimportant to the catalytic activity in the
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Ni,_,Fe,OOH system. These results further underscore the
importance of recognizing and accounting for the effects of
impurities on the performance of heterogeneous electro-
catalysts. They are also important for comparison with
theoretical predictions and ultimately a complete understanding
of the origins of high activity in Ni;_,Fe, OOH-based OER
electrocatalysts.
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