UC Berkeley
UC Berkeley Previously Published Works

Title

Electrochemical Study of the Energetics of the Oxygen Evolution Reaction at Nickel Iron
(Oxy)Hydroxide Catalysts

Permalink

https://escholarship.org/uc/item/68z7c28m|

Journal
The Journal of Physical Chemistry C, 119(33)

ISSN
1932-7447

Authors

Swierk, John R
Klaus, Shannon
Trotochaud, Lena

Publication Date
2015-08-20

DOI
10.1021/acs.jpcc.5b05861

Peer reviewed

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/68z7c28m
https://escholarship.org/uc/item/68z7c28m#author
https://escholarship.org
http://www.cdlib.org/

THE JOURNAL OF

PHYSICAL CHEMISTRY

pubs.acs.org/JPCC

Electrochemical Study of the Energetics of the Oxygen Evolution
Reaction at Nickel Iron (Oxy)Hydroxide Catalysts

John R. Swierk,*" Shannon Klaus,”* Lena Trotochaud,” Alexis T. Bell,”* and T. Don Tilley>‘<’_}_’§

"Joint Center for Artificial Photosynthesis, Materials Science Division, Lawrence Berkeley National Laboratory, Berkeley, California

94720, United States

iDepartment of Chemical and Biomolecular Engineering and §Department of Chemistry, University of California—Berkeley,

Berkeley, California 94720, Unites States

© Supporting Information

ABSTRACT: Iron-doped nickel (oxy)hydroxide catalysts (Fe,Ni,_,OOH) exhibit high
electrocatalytic behavior for the oxygen evolution reaction in base. Recent findings
suggest that the incorporation of Fe’* into a NiOOH lattice leads to nearly optimal
adsorption energies for OER intermediates on active Fe sites. Utilizing electrochemical
impedance spectroscopy and activation energy measurements, we find that pure NiOOH
and FeOOH catalysts exhibit exceedingly high Faradaic resistances and activation
energies 40—50 kJ/mol™" higher than those of the most active Fe,Ni;_,OOH catalysts.
Furthermore, the most active Fe,Ni;  OOH catalysts in this study exhibit activation
energies that approach those previously reported for IrO, OER catalysts.
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C urrently, 55 million metric tons of hydrogen are produced
globally each year, 95% of which is produced from
nonrenewable sources." At the same time, the demand for
renewable sources of energy is increasing: over 65% of federal
energy subsidies outside the electricity sector were devoted to
renewable fuel generation in 2013.” For many renewable fuel
systems, hydrogen gas is a necessary component, making the
renewable production of hydrogen gas an urgent scientific
challenge.” Direct electrolysis of water to form molecular
hydrogen and oxygen currently represents the most promising
route to renewable hydrogen production. Unfortunately, the
slow kinetics of the oxygen evolution reaction (OER, 4OH™ —
2H,0 + O, + 4¢” in base and 2H,0 — 4H" + O, + 4¢~ in acid)
requires large reaction overpotentials, fundamentally limiting
the overall efficiency of this process.

Though much of the early work on OER catalysts focused on
the use of noble metals and their oxides (IrO,, RuO,, Pt, Rh,
etc.)*™"" because of their high electrocatalytic activity and
stability, recent work has emphasized the development of first-
row transition-metal catalysts as more economical options.'> Of
the proposed catalysts, iron-doped nickel oxide/(oxy)hydroxide
catalysts show the most promise,'”” > by some metrics
matching or exceeding the performance of IrO,, which is
generally accepted as one of the best OER catalysts.'”*°

The mechanism underlying the high catalytic activity in iron-
doped nickel catalysts has generated much interest. Initial focus
centered on the role of nickel in the catalyst. A consensus
emerged that a NiIOOH-type structure was responsible for the
OER activity, with aging in base promoting a conversion from a
y-NiOOH-like phase to a more active B-NiOOH
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phase. ™ ”"%"”"® Jron incorporation was thought to primarily

tune the redox properties of the active nickel sites while
inducing some structural disorder. Trotochaud et al. later
revealed that the source of catalytic activity on pure nickel
electrodes was due to incidental iron contamination from trace
iron in the electrolyte.”” In iron-free electrolyte, they showed
that NiOOH is in fact an exceedingly poor OER catalyst; this
finding suggested that, in iron-doped nickel (oxy)hydroxide
catalysts, Fe played a more critical role in OER catalysis than
previously appereciated. Recently, Friebel et al. utilized a
combination of operando X-ray absorption spectroscopy and
density-functional theory calculations to demonstrate that the
increased OER activity in iron-doped nickel oxide catalysts is
likely due to Fe** incorporated into a y-NiOOH-like phase.”
Upon oxidation to OER potentials, there is a 7% contraction of
the Fe—O bond length in Fe Ni,  OOH relative to that in y-
FeOOH. Calculations suggest that this bond length contraction
enables more optimal adsorption energies of OER intermedi-
ates (—OH, —O, and —OOH) over these Fe sites, which is the
cause of increased OER activity of Fe Ni;_ OOH materials.
In this study, we experimentally probe the energetics of OER
catalysis on electrodeposited iron-doped nickel (oxy)hydroxide
catalysts (Fe,Ni;_,OOH). Utilizing a combination of impe-
dance spectroscopy and activation energy measurements, we
demonstrate that OER catalysis is energetically more favorable
on Fe Ni;_,OOH catalysts than on pure NiIOOH or FeOOH.

Received: June 19, 2015
Revised:  July 26, 2015
Published: July 28, 2015

DOI: 10.1021/acs.jpcc.5b05861
J. Phys. Chem. C 2015, 119, 19022—19029


pubs.acs.org/JPCC
http://dx.doi.org/10.1021/acs.jpcc.5b05861

The Journal of Physical Chemistry C

The measured Faradaic resistances for Fe Ni;_ OOH are
typically 1 to 2 orders of magnitude smaller than on the
monometallic catalysts. Compared to NiOOH, there is a 3-fold
decrease in the OER activation energy for the most active
Fe,Ni,_,OOH catalysts. We also show that the OER activation
energy for highly active Fe, Ni; ,OOH catalysts is similar to the
measured activation energies of IrO, OER catalysts. Finally, we
present the first impedance measurements, to our knowledge,
of an Fe-free NiOOH electrode at oxygen evolution potentials.

2. EXPERIMENTAL SECTION

2.1. Electrocatalyst Preparation. Electrocatalytic films
containing Ni and/or Fe were deposited onto 5 mm gold disk
electrodes sheathed by a Teflon cup. Prior to electrodeposition,
the gold electrodes were mechanically polished with 1 and 0.05
pum alumina slurries, with 10 min of sonication in high-purity
water after each polishing step. The gold electrodes were then
electrochemically polished by cycling from —1 to 0.7 V vs Hg/
HgO in Fe-free 1 M KOH for 25 cycles at a scan rate of 100
mV s\

Films were deposited via the method of Louie and Bell'® at a
constant current density of —50 mA cm™ for 113 s without
stirring. The deposition solution was prepared by dissolving
nickel sulfate hexahydrate (99.99%) and/or iron sulfate
heptahydrate (99%) in 18.2 MQ cm nanopure water. Before
the metal salts were added, the solution was sparged with argon
for at least 45 min and sparged for an additional 15 min after
the addition of the metal salts. The potential during film
deposition was measured relative to a Ag/AgCl (sat. KCI)
reference electrode (0.197 V vs NHE, BAS Inc.).

The film compositions were determined from XPS measure-
ments. A Mg Ka nonmonochromated X-ray source was used to
avoid the overlap of the Fe 2p region with Ni Auger features
(which occurs with an Al source).

2.2. Electrochemical Characterization. All experiments
were conducted in Fe-free 1 M KOH*® under air using a
Biologic SP300 potentiostat. Potentials were referenced against
a Hg/HgO (1 M KOH) electrode (0.140 V vs NHE, CH
Instruments) with a piece of platinum mesh used as the counter
electrode. A PTFE cup was used as the cell instead of glass to
prevent etching, which occurs in alkaline electrolytes. The
double-layer capacitance for each film was measured in a static
solution, whereas all other measurements were made at a
constant rotation of 1600 rpm to minimize mass transport
effects. The stability of the catalyst films was characterized by
linear sweep voltammetry every 2 h over the course of 2 days.
In the interim between scans, the samples were allowed to stir
at open circuit.

Prior to the impedance measurements, the electrodes were
held at a constant overpotential for 15 min to ensure a stable
current. A 10 mV ac perturbation voltage was applied on top of
a given dc overpotential, and the frequency was scanned from
10 MHz to 100 mHz. At each frequency, the length of two
periods occurred before taking the average of two measure-
ments. A total of three to four unique samples were measured
for each given film composition.

For temperature-dependent measurements, the PTFE cup
was sealed with a custom-made lid and then suspended in a
thermostated water bath. The electrodes were passed through
holes in the lid slightly larger than the electrodes to minimize
evaporative losses. The value of the exchange current density,
log(j,/mA cm™), at each given temperature was determined
from the equation of the Tafel slope, with the potential (in

millivolts) of the reference electrode corrected for temperature
(in Kelvin) using®'

Eggigoion- = 10927 + 1.0042T — 0.0034805T”

3. RESULTS AND DISCUSSION

3.1. Electrocatalyst Characterization. Previously, Louie
and Bell determined that the iron concentration in
Fe,Ni, ,OOH catalysts is not linearly proportional to the
concentration of iron in the deposition solution.'® At solution
concentrations above 50% iron, the iron apparently under-
deposits, whereas iron overdeposits within the catalytic film at
iron solution concentrations of less than 50%. We observed an
identical deposition behavior and found film compositions
(determined by XPS) within 1 to 2% of the values reported by
Louie and Bell for identical iron and nickel solution
concentrations (Figure S1). For the 100% Ni films, no iron
contamination was detected by XPS. At high nickel and iron
concentrations, small peaks indicating the presence of a metallic
phase were observed in the as-deposited films. Under OER
conditions, however, the metallic phase is converted to the
(oxy)hydroxide phase.'®

The cyclic voltammograms (Figure 1) of the 100% Ni films
exhibited the expected Ni(OH),/NiOOH redox peaks centered
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Figure 1. Cyclic voltammograms of electrocatalyst films with various
iron compositions in 1 M KOH (Ey,o/0, = 310 mV vs Hg/HgO at 21

°C, scan rate = 10 mV s™').

at approximately 400 mV vs Hg/HgO. These peaks can also be
observed in the 10 and 24% Fe films, though they are smaller
for these films. For the 100% Ni film, integration of a-
Ni(OH),/y-NiOOH peaks gave an effective film thickness of
~7 nm, assuming 1 e~ per Ni*® and a density’” of 1.25 g cm™.
Accounting for the 10-fold difference in deposition time, the
film thickness is in excellent agreement with the thicknesses
measured by Louie and Bell (~70 nm)."® On the basis of this
agreement, we assume that all films in this study are
approximately ~7 nm thick. We determined the double-layer
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capacitance measured in a 0.1 V potential window centered
around the open-circuit potential (Figure S2).>’

Figure 1 presents representative cyclic voltammograms for
films with various Fe compositions. As expected, in Fe-free 1 M
KOH, the pure NiOOH catalyst showed little activity at
overpotentials of less than 400 mV, and more than 533 mV of
overpotential (Figure 2) is needed to achieve a 10 mA cm™
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Figure 2. Overpotential required for a current density of 10 mA cm™

in 1 M KOH as a function of Fe concentration (Ey /0, = 310 mV vs

Hg/HgO at 21 °C). Inset: Tafel slope as a function of Fe
concentration in the film.

geometric current density. Klaus et al. reported a similar
overpotential for NiOOH in Fe-free 1 M KOH.” With
increasing iron concentration, the OER activity increased,
reaching an apparent maximum at ~35% Fe before decreasing
at higher iron concentrations. The maximum solubility of iron
in NiOOH is estimated to be between 11 and 25% before iron
begins to segregate into less active FeOOH domains.””*
Contrary to the frequently observed Tafel slope behavior of
ca. 40 mV dec™.,'®*>* we observed typical Tafel slopes of ca.
60 mV dec™! (Figure 2, inset; Figure S3). Generally, a Tafel
slope of ca. 40 mV dec™’ is ascribed to a rate-determining step
involving the second electron transfer, whereas a slope of ca. 60
mV dec”! is usually diagnostic of a rate-determining step
involving a chemical transformation following the first electron
transfer.”*>> Doyle and Lyons have extensively investigated the
Tafel behavior of hydrous iron oxide electrodes in base and
suggest that a Tafel slope of ca. 60 mV dec™" is indicative of a
dehydrated film. These authors demonstrated that aging an
electrode in base can convert a film with a Tafel slope of ca. 40
mV dec™ into a film displaying a slope of ca. 60 mV dec™. In
this study, the films were dried under a stream of N, after
deposition, which may contribute to film dehydration. Also, the
Tafel slopes were measured after five cycles between 7 = 0 and
400 mV in 1 M Fe-free KOH to ensure the full conversion of
any metallic species and achieve a stable j—V curve. Tafel slopes
determined from the first cycle were typically 4 to S mV dec™
lower, su§gesting some film dehydration with cycling. Louie
and Bell'” commented on the need to cycle NiFe films 5—10
times before a stable OER current is obtained, which may also
be indicative of a dehydration process upon initial immersion in
KOH. For comparison, freshly prepared 35% Fe films that were

kept wet exhibited a Tafel slope of 48 + 1 mV dec™!, which
changed to 74 + 2 mV dec™" after stirring in Fe-free 1 M KOH
for 2 days. Although Fe Ni; ,OOH catalysts exhibit stable
activity over at least 2 h,'® these results suggest that longer-term
studies are needed to adequately understand the performance
of Fe,Ni;_,OOH in photoelectrochemical systems, which cycle
between periods of activity (daytime) and inactivity (night-
time).

3.2. Electrochemical Impedance. As an analytical
technique that can be applied to a working catalyst,
electrochemical impedance spectroscopy (EIS) offers an
opportunity to explore the underlying controlling factors of
catalyst activity as a function of overpotential and composition.
In an EIS measurement, a small ac perturbation voltage (<10
mV) is superimposed on a dc voltage. The current response is
measured over a range of frequencies, with different electro-
chemical processes resolved as a function of frequency. Merrill
and Dougherty”® and Huang et al.”” briefly explored the
impedance of a single nickel—iron composition but did not
attempt to fit the data to an equivalent circuit. Furthermore,
whereas grevious studies have considered the EIS of Ni OER
catalysts,”’~** those studies are likely to suffer from Fe
contamination.

Lyons and co-workers have extensively considered the EIS of
hydrated metal oxide OER catalysts,*****>* which was heavily
informed by the earlier works of Cahan and Chen*”** as well as
Harrington and Conway."”” Figure 3 shows the equivalent

CI—dI

| ¢
AA— Rs | —
|
Rp Co

Figure 3. Equivalent circuit for OER catalysts without an RC loop
related to film resistance.

circuit proposed to model the OER. Generally, R-€ describes
the uncompensated for solution resistance, and C-dl describes
the double-layer capacitance. The Faradaic OER is treated by
the three circuit components, Rs, Rp, and C¢, which do not
describe single charge-transfer processes; instead, each
component handles multiple steps within the overall
reaction.’®*’ Rp, the polarization resistance, is related to the
overall rate of the OER and incorporates the charge-transfer
resistances of the various steps within the OER up to and
including the rate-determining step. In a general way, Rs is
related to the ease with which one or more surface
intermediates are formed. Together the two give the Faradaic
resistance of the catalyst, which is simply defined as R;,, = Rs +
Rp. Together with C¢, the RsC¢ loop models the relaxation of
charge associated with the formation of surface intermediates.
Broadly, C¢) describes the change in charged surface species as
the OER proceeds. In many instances, an additional RC loop
that models the film resistance and capacitance is included in
series with the circuit shown in Figure 3. To allow for a uniform
application of the circuit in Figure 3, a measurement window
(10 kHz to 0.1 Hz) was chosen that would exclude the loop
related to film resistance and capacitance. On the basis of the
resistivities of Ni(OH),/NiOOH (10'—10° © cm™)*°~>* and
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Figure 4. Representative Nyquist, phase, and Bode plots of a 25% Fe catalyst.

FeOOH (10°=107 Q cm™),*>*** the film thickness (7 nm),
the film area (0.2 cm™), and a reasonable estimate of the film
capacitance (0.1—10 uF cm™2),"**° we estimate that the RC
time constant of this loop should lie outside the measurement
window and contribute little to the 10 kHz to 0.1 Hz range,
though we cannot exclude some contribution to R-Q from this
loop. As we show below, this assumption is valid, as no feature
in the Nyquist or phase plot is observed that can be assigned to
an RC component related to the film resistance and
capacitance.

Representative Nyquist, phase, and Bode plots for each
catalyst composition are shown in Figure 4 and Figures S5—S9.
All of the Nyquist plots showed a flattening of the semicircle,
indicative of a dispersive capacitance. To address this
dispersion, constant phase elements (CPEs) were used in
modeling C-dl and C¢. The CPE is defined as

1

= Q(iw)”

Zomm Q(iw)

where Zcpg is the impedance of the CPE. If a = 1, then the
CPE describes an ideal capacitor with Q = C, and when a = 0,
the CPE describes an ideal resistor with Q = R.>® Although the
precise physical interpretation of the CPE is unclear, a is
generally taken as an indicator of the homogeneity and
uniformity of the electrode.”

In the phase plots, we generally observed a single peak
between 10 and 1000 Hz, which appears to correlate with the
characteristic frequency associated with the RC time constant
of the RsC¢ loop. This suggests that the catalysis of
Fe Ni;,_ OOH in these films is dominated by the formation
of chemical intermediates and not electron-transfer steps, which
is consistent with the observed Tafel slopes of ca. 60 mV dec™".
We also observed only a single step in the Bode plots, again
demonstrating that RsC¢ is the dominant process. Typically,
the optimum fit values for Rs were significantly larger than for
Rp, with differences greater than 1 order of magnitude not
uncommon (Table S1—S5).

Figure S shows the variation of Rs both with composition
and overpotential. With increasing overpotential, the magnitude
of Rs decreased for all compositions, which is to be expected for
a Faradaic reaction. The 0 and 100% Fe catalysts exhibited
significantly higher Rs values when compared to the mixed
compositions, with a nearly 2 order of magnitude difference
between the Rs values of 0% Fe and 35% Fe films, for example.
This offers insight into the significant difference in activity
observed. On a monometallic (oxy)hydroxide surface, the high

1x 104
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§
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|
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Figure S. Optimum fitting values for Rs as a function of catalyst
composition and overpotential.

values of Rs indicate that the stabilization of chemical
intermediates is difficult. For an Fe site incorporated into a
NiOOH lattice, the stabilization of chemical intermediates
becomes markedly easier, as demonstrated by the significant
decrease in Rs at 10—75% Fe. The trends we observed in Rs
can be well described computationally. DFT + U calculations
suggest that on FeOOH, OER intermediates are too strongly
bound for effective catalysis, but they are too weakly bound on
NiOOH. When an Fe site is surrounded by Ni next-nearest
neighbors, the affinity for binding OER intermediates decreases
and tends toward an optimal value.”® Interestingly, at high
overpotentials the bimetallic catalysts exhibited similar Rs
values despite differences in catalytic activity. This suggests that
Rs is not the sole controlling factor for OER activity.

In the equivalent circuit for OER catalysis, Rs is in parallel
with a capacitance (C¢), which aids in modeling charge
relaxation related to the production of surface intermediates. In
Figure 6, we show that C¢ reached an apparent maximum
between 35 and 75% Fe. Of particular note, the values of C¢p
for 100% Fe are significantly lower than any other catalyst
composition. This may be related to the low conductivity of
FeOOH,***** making it unable to efficiently allow for charge
relaxation.
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It is interesting that the Rs and C¢ values for the 75% Fe
catalyst suggest that this composition should be a highly active
OER catalyst, although Figure 2 shows that it is notably less
active than 25 or 35% Fe. We can suggest a possible
explanation for this discrepancy by considering the physical
structure of the catalyst. From XAS measurements, Friebel et
al.* suggest that a 75% Fe catalyst film is composed of islands
of FeOOH surrounded by veins of Fe-saturated NiOOH. It is
most likely that these veins of Fe-saturated NiOOH contribute
to the OER catalysis; as the Fe sites in these veins are
chemically identical to those in other Fe-doped compositions, it
is reasonable that the energetics should be similar. However,
the current passed at a given overpotential depends on more
than just the energetics of the catalytically active site. The total
number of accessible sites will also control the current observed
at a given overpotential. Figure S2 shows that the open-circuit
double-layer capacitance, which correlates with the accessible
surface area, is significantly less for iron-rich compositions than
for nickel-rich compositions. Furthermore, as the overpotential
increased, we saw a decrease in the double-layer capacitance
(Figure S10), which is commonly observed and ascribed to the
formation of bubbles blocking active sites.*® Thus, although the
active site energetics on a 75% Fe catalyst are similar to those of
lower Fe content catalysts, the 75% contains significantly fewer
accessible active sites. As a final note, we saw a consistent trend
in C-dl with potential, suggesting that we are in fact measuring
an authentic capacitance associated with the catalytic film and
not the underlying substrate, though we cannot exclude that
some sites are inaccessible due to poor film conductivity.

Interestingly, the electrodeposited FeOOH films in this study
exhibit a significant enhancement relative to hydrous iron oxide
films prepared by cycling metallic Fe in base, most heavily
studied by Lyons and co-workers.”** For example, at an
overpotential of 350 mV, the Rs value for the FeOOH films in
our study is 273 + 16 Q, whereas Doyle and Lyons* report
values of 13420 and 32 080 €, depending on the method of
preparation. There is also a roughly 1 order of magnitude
difference in the Rp values between the Fe films in our study

and those reported by Doyle and Lyons. The large differences
in Rs and Rp are manifest in a nearly 100 mV increase in the
overpotential needed to reach 10 mA cm™ for hydrous iron
oxide films. Interestingly, at the same overpotential there is
good agreement between the two studies in the value of C¢, S5
+ 11 uF cm™ in our study as compared to 13.4 and 41.6 uF
cm™2, and the double-layer capacitances, 75 + 13 versus ca. 44
uF cm™2. Although a direct comparison is difficult because of a
probable difference in film thickness, the similarity in C¢) and
C-dl suggests that even for two nominally similar catalysts the
OER mechanism and activity, reflected in Rp and Rs, strongly
depend on the local structure around the active site. The
hydrous iron oxide films are considered to be composed of a
compact inner layer and an open, polymeric phase that has a
repeating unit of [Fe,O;(OH);(OH,);]*, with counterions
maintaining charge neutrality.” By contrast, y-FeOOH is
formally neutral and relatively compact, with slabs of octahedral
Fe bound together through shared oxygen atoms. On a y-
FeOOH-like structure, the lowest-energy mechanism is
calculated to go through a bridged oxygen atom intermediate
involving two adjacent Fe sites on the face of the slabs,*
whereas in hydrous iron oxide the proposed mechanism
involves an isolated Fe site in an open, polymeric phase.”
Using time-resolved observations of OER intermediates on
Co30,, Zhang et al. found that a bimetallic mechanism is
significantly faster than the monometallic active site in Co;0,.>
By extension, we propose that a similar effect may be apparent
here: a lower-energy bimetallic mechanism in FeOOH (as
exemplified by the much lower Rs and Rp values) and a higher-
energy single-site mechanism with hydrous iron oxide electro-
des.

Comparisons between the 100% Ni electrodes in this study
and previously published works are considerably more difficult,
likely because of incidental iron contamination in previous
studies. For example, Lyons and Brandon characterized the
impedance of a hydrous nickel oxide electrode in 1 M NaOH
and determined Rp and Rs values that were several orders of
magnitude smaller than those determined here,” though we
note that the Tafel slope and overpotential required to reach 10
mA cm 2 are consistent with an Fe-contaminated electrode.””*’
Likewise, Mellsop et al. also considered the impedance of
NiOOH electrodes, finding a significantly smaller total
impedance, but those electrodes likewise exhibited an aging
behavior consistent with incidental iron contamination.”” The
impedance measurements they observed are more consistent
with the measurements we observe for 10% Fe, which is a
reasonable value for Fe impurity uptake by NiOOH films.*’

3.3. Activation Energy. Though the vast majority of OER
work focuses on catalytic activity at room temperature,
significant insight into the variation in catalytic performance
can be obtained by considering the effect of temperature on
activity. Specifically, the apparent electrochemical activation
energy (E,) for water oxidation can be determined using the
Arrhenius relationship®>*”

()log(io) _ E,
L 23R
T

where i, is the exchange current density, T is the temperature,
and R is the universal gas constant.

Figure 7 shows a representative plot of current density versus
overpotential as a function of temperature for a 100% Ni
catalyst. As the temperature is increased from 0 to 70 °C, there
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Figure 7. Linear sweep voltammograms as a function of temperature
for a representative 100% Ni catalyst film in 1 M KOH. Inset:
Arrhenius plot of the inverse temperature versus the log of the
exchange current.

is a noticeable increase in the current density at lower
overpotentials. An Arrhenius plot of the exchange current
values obtained from the low current region (0.2 to 1 mA)
versus temperature reveals linear dependence on temperature.
From the slope of the Arrhenius plot, the apparent electro-
chemical activation energy (E,) can be extracted.

In Figure 8 we present activation energy as a function of
composition, with the shape of the plot qualitatively consistent
with that shown in Figure 2. The 100% Ni catalysts exhibited
an average E, of 76 + 5 kJ mol ™", which is roughly 50 kJ mol™
greater than the 25 and 35% Fe compositions. This significant
decrease in E, is again consistent with a model proposed by
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Figure 8. Apparent electrochemical activation energy as a function of
catalyst composition.

Friebel et al.’® for a decrease in the binding energy OER
intermediates on Fe-doped Ni. Furthermore, in their model,
these authors suggest that OER intermediates bind too strongly
on pure FeOOH sites, which is reflected in the measured E, of
66 + S kJ mol™" in this study. The increased activation energies
at 10 and 75% Fe are likely related to the presence of largely
inactive regions of NiOOH and FeOOH within the films. We
note that the shape of data in Figure 8 is qualitatively similar to
the overpotential data presented in Figure 2, suggesting a direct
relationship between OER activity and activation energy.

The E, values we experimentally determined are in good
agreement with the literature (Table S9). Previous studies®”®’
on hematite (a-Fe,O;) photoelectrochemically determined
activation energies for water oxidation of 43—66 kJ mol™’,
which aligns with our value of 66 + S kJ mol ™" for FeOOH. For
NiOOH, there is a greater disagreement between the published
values®>®* (54—63 kJ mol™") and our value (76 + § k] mol™);
however, those values are likely inaccurate because of iron
contamination, suggesting that a better comparison may be
with our 10% Fe catalyst. In this case, the measured value of 40
+ 5 kJ mol™' is more similar to the literature values.
Interestingly, the E, values for the most active catalyst
compositions (ca. 25 kJ mol™') approaches the reported
values®*® for 1rO, (15—16 kJ mol™"), which is generally
considered to be one of the best OER catalysts in terms of both
activity and stability.

4. CONCLUSIONS

Developing a complete picture of a working OER catalyst is
complicated by the many kinetic, energetic, and structural
considerations in any catalyst. In this study, we utilized a
combination of electrochemical impedance and activation
energy measurements to gain insight into the energetics of
Fe,Ni,_,OOH catalysts. Our results show that as Fe is
incorporated in a NiOOH lattice, the Faradaic resistances
associated with the OER decrease and charge relaxation
becomes more favorable. Furthermore, our impedance results
show that the formation of charged surface intermediates is the
dominant process in the OER catalysis of these films. We also
show from the impedance and activation energy measurements
that while isolated Fe sites in NiOOH lattices have similar
energetics regardless of film composition, the overall OER
activity is also controlled by structural considerations. The
accessible surface area and presence of inactive phases such as
NiOOH or FeOOH play significant roles in controlling the
observed OER current.

Finally, we also considered monometallic iron or nickel
(oxy)hydroxide surfaces. In these catalysts, in situ impedance
and activation energy measurements suggest that OER
intermediates are poorly stabilized, leading to poor catalytic
activity. The apparent activation energy for water oxidation on
NiOOH is roughly SO kJ mol™' higher than on a
Feg35NigsOOH surface, and the overall Faradaic resistance is
nearly 2 orders of magnitude higher. On a pure FeOOH
surface, the overall Faradaic resistance is significantly lower than
on pure NiOOH; however, the charge relaxation related to the
formation of OER intermediates is quite poor. We also
measured an activation energy of 66 + S k] mol™' on FeOOH,
which is significantly higher than the activation energies of the
most active catalysts.
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