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ABSTRACT: Nickel-iron mixed metal oxyhydroxides have
attracted significant attention as an oxygen evolution reaction
(OER) catalyst for solar fuel renewable energy applications.
Here, we performed surface-selective and time-dependent
redox titrations to directly measure the surface OER kinetics of
Ni" and Fe' in NiOOH, FeOOH, and Ni,_,Fe, OOH (0 <
< 0.27) electrodes. Most importantly, two types of surface sites
exhibiting “fast” and “slow” kinetics were found, where the
fraction of “fast” sites in Ni;_,Fe,OOH matched the iron atom
content in the film. This finding provides experimental support
to the theory-proposed model of active sites in Ni;_ ,Fe, OOH.
The OER rate constant of the “fast” site was 1.70 s™' per atom.
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B INTRODUCTION

The water oxidation half reaction has been studied widely in
recent years due to its importance in the solar fuel generation
process."” Its high thermodynamic barrier (1.23 €V) along with
kinetic complexity involving four electrons and protons render
it one bottleneck in achieving an overall solar to fuel pathway.”
The development of an efficient and earth abundant catalyst for
the oxygen evolution reaction (OER) is a key challenge for the
renewable energy research community. In light of this, mixed
metal oxides of nickel and iron have aroused much attention as
a material exhibiting rapid catalysis at a moderate over-
potential.*~'* Recent composition activity analyses have
revealed a range of czptimum nickel-iron ratios for the best
catalytic performance,”"*~'® and a structural study by X-ray
absorption spectroscopy (XAS) coupled with DFT suggested
that isolated iron sites within a NiIOOH matrix to be the active
site."” Despite these advancements in the understanding of
nickel-iron oxide OER, knowledge of the kinetics of the surface
electron-transfer process is lacking. Also, the identity of the
iron-active site proposed by a theoretical study needs to be
further augmented experimentally.

We have recently reported on an application of a surface-
specific electrochemical titration technique for a cobalt-based
OER catalyst."® This variant of scanning electrochemical
microscopy (SECM), surface interrogation (SI-SECM),
quantitatively detects transient reactivity of surface species.’”
In this contribution, we analyze the surface chemistry of nickel,
iron, and nickel-iron (up to 27% iron) oxyhydroxides by SI-
SECM in an alkaline environment (2 M KOH). Surface active
site densities in these oxyhydroxides were probed by redox
titration at varying potentials (0.27—0.65 V). By time-
dependent studies, with an improved resolution from our
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recent report (<10 ms),”" the surface OER kinetics of nickel,
iron, and nickel-iron were investigated. Importantly, our
findings here revealed that in nickel-iron oxyhydroxides the
number of reactive sites were proportional to the iron content
in the electrode, which should serve as an experimental support
to the theoretically proposed iron active site model.'”

B RESULTS AND DISCUSSION

SI-SECM Titration of NiOOH Surface. In a typical SI-
SECM experiment, two size-matched ultramicroelectrodes
(UMEs) are used at a close proximity such that the analyte
generated by one electrode (tip or substrate) is quantitatively
detected at the other electrode without leaving the tip—
substrate gap.'” In this study, two gold UMEs, substrate and tip,
of radius a = 12.5 pm were used as shown in Scheme 1. The tip
and substrate electrodes were aligned and approached to a
distance of 2.0 um, where quantitative detection of tip-
generated analyte was achieved at the substrate (Scheme 1; for
details on alignment and approach of the electrodes, see the
Supporting Information). The catalyst films were deposited on
the substrate electrode.”'” The redox mediator used in this
work is a triethanolamine (TEA) complex of iron: [Fe-
(C¢H,,NO,) (OH)]™ (FeTEA™>™ E° = —1.05 V vs Ag/AgCl
in 2 M NaOH).”' According to the experimental diagram
shown in Scheme 1, the redox mediator is in its oxidized state
(Fe"™TEA") at the beginning of the experiment. At open circuit
potential (OCP), the nickel atoms in the catalyst film are in
their 2+ oxidation states.'” As the substrate electrode is pulsed
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Scheme 1. (A) Titration Sequence Scheme, (B) Series of Reactions Occurring at the Tip-Substrate Gap during Titration, and
(C) Expected Titration CA Response in the Absence (black) and the Presence (red) of Surface Species That React with Tip-
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“Details: (A) titration sequence: resting at OCP (left), titrand generation by substrate pulse to E,, (center), and titration by titrant generation at
the tip electrode (right) and (B) tip generation of titrants, consumption of tirands (Ni™, Ni'"V, and Fe') by titrants, and OER by Ni'"¥ and Fe'" in the

absence of titrants.
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Figure 1. (a) Titration CA traces of Ni(OH), at varying E,, (inset label). Increased current level indicates the increased density of surface titrands
formed at elevated E,. All CA traces shown are background subtracted and collected in 2 M KOH solution of 8 mM [Fe(TEA) (OH)]", as the tip
was pulsed to —1.15 V. (b) Redox titration curves obtained from Ni(OH), (red) and FeOOH (black) electrodes. Two transitions exhibited in the
titration curve of Ni(OH), are attributed to Ni""" and Ni""/"", respectively. The sole oxidation in the titration of FeOOH is attributed to Fe™/™. In
all of the titration curves, the margins of error were ca. 6% at E ;,; < 0.5 V and 9—10% at E_,,; > 0.5 V. Error bars were omitted for clarity. A plot
including error bars can be found in Figure S10. (c) A time-dependent titration of Ni(OH), (at Ey, = 0.6 V). Obtained titration charge densities are
plotted against 4, and the loss in the obtained charge as a function of f,, is due to Ni" OER in the absence of titrants (see also Figure S3).

to more positive potentials, the oxidation states of nickel atoms
in the film reach 3+ or 4+, which has been seen by X-ray
absorption spectroscopy.'””*** The redox mediator is then
reduced at the tip by application of a negative potential,
introducing the titrant (Fe"TEA®") that undergo reactions with
Ni™ and Ni"V reducing them back to Ni" (Scheme 1B). The tip
current decreases due to the reduction of FeTEA™ measured by
chronoamperometry (CA) back to the background level at
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negative feedback upon consumption of surface-active species
(Scheme 1C). The pseudo-first-order reaction rate constants of
Ni™ and Ni"V with water can be determined by varying the time
between active species production and tip generation of the
titrant. The titration current should decay as a function of delay
time (tdelay, the time between titrand formation and titrant

generation) as water consumes Ni" and Ni'" in the absence of
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the titrant. The potentials reported hereon are referenced to an
Ag/AgCl (1 M CI7) electrode.

The oxidized surface titrands (Ni'' and Ni'") were generated
by a potential pulse (0.27 to 0.65 V, 20 s in duration followed
by open circuit) at the substrate electrode. The experimentally
obtained titration CA traces are displayed in Figure la. As seen
in each subsequent CA trace, more titrands were generated as a
function of applied substrate potential (E,). The obtained
titration amperograms were integrated to yield charge
density—representative of the number of titrands per geo-
metric electrode area—and plotted as a redox titration curve
shown in Figure 1b. The plateau observed between E of 0.45
and 0.55 V indicates the first hole equivalence of the surface,
which is the Ni"™ transition. The subsequent rise in the char;e
density as a function of Eg, is attributed to the NitV/™
transition. Higher than 3+ oxidation states by XAS were
reported in a Ni(OH), film as the electrode was poised at an
oxidizing bias."”** An overall nickel oxidation state of 3.4—3.6
was observed,'””** which is consistent with what we observed in
this work (average nickel oxidation state of 3.6). An interesting
feature to note from the Ni(OH), titration curve in Figure 1b is
the redox active site density. The density of redox sites in
Ni(OH), estimated from the Ni'" plateau (ca. 5000 uC-
cm™?) in the titration curve is 312 nickels per nm?, much higher
than that observed for a gold surface ({111}, 14 Au'nm?, 225
uC-cm™2)*° or that of a cobalt OER catalyst (17 Co-nm™2, 260
uC-nm™% see Supporting Information for detailed calcula-
tions).'®*’ Such densely packed redox active sites cannot be
easily comprehended by surface roughness and porosity alone.
We postulate that the high density is due to charge transfer
from the surface to the bulk material and perhaps some
porosity of the film. We propose that (1) the layered structure
of NiOOH allows partial access of the internals of the catalyst
film and (2) hole conductivity across the layers of NiOOH is
high such that it allows for the titration of the bulk of the film
by oxidizing equivalence transfer to the solution—film interface.
Catalyst films of FeOOH and Ni,_,Fe OOH also exhibit similar
behavior (see below and Scheme 2).

Scheme 2. A Pictorial Representation of the Layered
Structure of the Catalysts in Discussion, the Interlayer Hole
Transfer Processes, and the Distinct “Fast” and “Slow” OER
Catalytic Sites
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The OER kinetics of Ni'" and Ni" in NiOOH catalyst film
was studied using a time-dependent titration method. A delay
time fy,, Was varied, in which the only decay mechanism of
Ni"" and Ni' is via OER in the absence of other oxidizable
species in solution. Obtained titration charge was then
converted to In [Ni] and plotted as a function of taelay (Figures
1c and S3) to obtain the pseudo-first-order kinetic rate constant
for OER (see Supporting Information for details). As seen in
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Figure S3 (at Eqp, = 0.5 V), Ni'! was not potent enough to
undergo OER, as evidenced by no time dependence in the
titration current. The Ni' species in NiOOH exhibited a
pseudo-first-order decay for OER (Figure lc, at Egy, = 0.6 V)
with a kinetic rate constant of 0.04 s™". This relatively slow rate
constant is consistent with recent observations on macro
electrodes of slow kinetics on nickel oxide surfaces.*”'”

SI-SECM Titration of FeOOH Surface. A redox titration
similar to that for Ni(OH), described in the previous section
was performed on a thin film of FeOOH. Amperograms
obtained from titration experiments are shown in Figure S4,
and the charge-integrated redox titration curve is exhibited in
Figure 1b. Unlike in the case of nickel, only one oxidative
transition (Fe™™) was observed for FeOOH catalyst. This
observation is consistent with those from XAS studies in the
literature'”*** as well as the cyclic voltammetry of FeOOH
electrode (Figure SS). Earlier investigations have indicated that
the film properties (thickness, porosity, and roughness) are
similar between a film of FeOOH and that of Ni(OH),;""
therefore the difference in the redox site density we find here
(312 Ni-nm™ and 185 Fe:-nm ™, respectively) is attributed to
the difference in the hole conductivity in the two films and the
subsequent fractional participation of the bulk film in the
FeOOH. Similar observation of limited conductivity in FFOOH
films has been reported.”®

The OER kinetics of Fe'¥ was probed similarly to that
performed for nickel, by variation of t4,, during titration. Log
of the remaining surface Fe'" concentration was plotted as a
function of t,, in Figure 2 (Eg,, = 0.6 V). FeOOH revealed a
marked different OER kinetic behavior, with a rapid quench of
the “fast” active sites by water followed by a slow decay with a
distinct rate constant (see also Figure S6). Pseudo-first-order
OER rate constant of the “fast” iron sites was 0.18 s7),
significantly faster than that of Ni'', whereas that of “slow” iron
sites was similar to that of Ni' (Table 1). The two-time regions
shown here in the In [Fe] vs ty,, plot indicates that two
distinct types of surface iron sites exist on an electrode poised
at an oxidizing bias (enough for OER) exhibiting different
chemistry with water. From our redox calculations presented
here, the fraction of “fast” sites in our FeOOH film is ca. 8% of
total irons, similar to the fraction of oxygen-deficient iron sites
found in Fe,0,.”’

SI-SECM Titration of Ni,_,Fe,OOH (x = 0.09, 0.18, and
0.27) Surfaces. Similar to the cases with Ni(OH), and
FeOOH observed above, surface redox titration was performed
on nickel-iron oxyhydroxide electrodes of composition
containing 8.97, 18.19, and 27.31% iron, respectively
(composition determined by energy dispersive X-ray spectros-
copy). The obtained titration curves are presented in Figures 3a
and S7. Most noticeably, in the nickel-iron mixed metal
oxyhydroxides, the Ni'™%, Ni'™ and Fe™™ transitions
(simultaneous at ca. 0.45 V) occurred at negatively shifted
potentials than those observed from Ni(OH), and FeOOH.
Because each of the three (Ni'!, Ni'V/™, and Fe™/™) electron-
transfer events is not resolved in Eg,, the surface active site
density was not directly measurable. However, based on the
similar catalyst film properties of Ni,_ ,Fe, OOH and Ni-
(OH),”" and treating the transition (at ca. 0.45 V) as an
overall two-electron event, we can estimate that the surface
active site density in the Ni,_,Fe OOH is similar to that in
Ni(OH),. Concurrent to the cathodic shift of the metal
oxidation potentials in the Ni,_,Fe, OOH, the OER potential
was also negatively shifted, with active OER starting from E,,
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Figure 2. A time-dependent titration of FeFOOH (top frame; at E,;,, =
0.6 V). Obtained titration charge densities are plotted against tdelap and
the loss in the obtained charge as a function of #4,, is due to FelV OER
in the absence of titrants (see also Figure S6). Two time regions with
distinct k" was observed. In the bottom frame, a time region with high
k' (“fast” sites) is shown.

Table 1. Pseudo-First-Order OER Rate Constants of Various
Catalysts Tested in This Work”

Fe “fast” site rate  “slow” site rate  “fast” site
content constant k’ constant k’ fraction
catalyst (%) ) (s (%)
NiOOH <0.8 0.04 + 0.03
Nigo1FeqwOOH 897 041+ 003 001 + 0.02 6.4
Nigg:FeosOOH 1819 170 £ 007  0.04 + 0.02 17.6
NigsiFe,;,OOH 2731 034 + 0.17
FeOOH >98.3 0.18 + 0.05 0.02 + 0.02 8.6

“Noticeably, the “slow” sites in the nickel-iron materials all exhibited k’
similar to that of NiV in NiOOH. Also, the “fast” site fraction in the
Nij g,Feq 1sO0H and Nigg,Fe(o0OOH electrodes agreed well with the
iron atom content in the material.

of 0.45 V (see Figure S8; NiOOH and FeOOH OER at E ,, =
0.6 V). This lowering in the onset overpotential of ca. 0.15 V is
also similar to that calculated from a DFT study.'”
Time-dependent surface titration of the Nijg,Fey,sOOH
electrode is presented in Figure 3. Similar to that of the
FeOOH electrode, two regions with distinct rate constants
were observed (see Scheme 2). Quenching of the “fast” surface
sites by water occurred within ca. 100 ms, followed by OER of
the “slow” sites. The OER rate constant obtained for the “fast”
sites in the Niyg,Fe, ;sOOH electrode was 1.70 s™, much faster
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than those estimated from experiments on larger electro-
des,” "% and similar to that of a Co' site that we measured
via SI-SECM (1.2 s71)."®%° The rate constant of the “slow” sites
in the Nij g,Fey1;00H electrode is similar to that of Ni'V in the
NiOOH. Quite interestingly, the fraction of the “fast” sites in
the Nigg,Fe;300H catalyst film matches the iron content in
the film very well (18.19% iron and 17.6% “fast” sites),
suggesting that the dispersed iron sites in the NiOOH matrix is
the identity of the “fast” site observed here. This also serves as
the first experimental support for the theoretical model that
suggested such active site structure.'”

Redox titration was also performed on nickel-iron mixed
metal oxyhydroxides of the compositions Nijo,Fe 0 OOH and
Niy,;Feq,,O0H (titration curves presented in Figure S7). In
the case of NijgFe;o0OOH, the observed surface kinetic
behavior was similar to that of Niyg,Fe;;;0O0H, exhibiting
simultaneous access of Ni"V", Ni'V/™, and Fe!V/™ at E, ., = 0.45
V, and in the presence of “fast” and “slow” sites. The OER rate
constants for “fast” and “slow” sites in Nijg,Fe;qoOOH were
0.41 and 0.01 s74, respectively. The “slow” site rate constant is
similar to that of Nijg,Fe;;sOOH; however, that of the “fast”
site was 3-fold lower than that of Nijg,Fe, ;sOOH. This result
is consistent with the activity of nickel-iron oxide films obtained
from various composition amalyses.()’g’14 Optimum iron
concentrations for best performance exist, and 10% is outside
of the range. The “fast” site fraction agrees well with the iron
content in Nigg;Feq00OOH (8.97% iron and 6.4% “fast” sites),
though not as good of an agreement as that seen in
Nig g,Feo 1sOOH. The discrepancy in the k' of the “fast” sites
between Nijg,Fee0OOH and Nijg,Fey sOOH may also be
partially attributable to the lower “fast” site fraction compared
to the iron content in the Nijg,Fe;oOOH film. In the case of
Ni,-;Fe,7,OOH, we have observed a titration curve similar to
that of Ni(OH), (Figure S7), suggesting that phase segregation
of Ni(OH), and FeOOH occurred. Preceding studies have
reported that no phase se§regation occurred at iron
concentrations lower than 50%;”* however, in our preparation
on UMEs, phase segregation was always observed from samples
with iron content >25%, similar to that found in more recent
studies.'”'® In the time-dependent study of Niy,;Fe,,,OOH
catalyst, no clear sign of “fast” and “slow” active sites were
observed (see Figure S9). However, a more enhanced OER rate
constant (0.34 s~') compared to that of NiOOH was observed.
With samples of >25% iron content the uncertainty in the k’
measurement increased significantly (0.34 + 0.17 s7'),
suggesting that reproducible preparation of the catalyst film
was difficult due to an uncontrolled degree of phase
segregation.

B CONCLUSION

In this report we have performed surface selective redox
titration of Ni(OH),, FeOOH, and Ni,_,Fe,OOH electrodes.
We observed unusually high densities of surface catalytic sites
in these electrodes (ca. 300 atoms-nm™2), suggesting that many
atoms from the bulk (layers underneath the solution interface
layer) are participating in the surface catalysis via fast interlayer
hole transfer. Through time-dependent titrations we have
shown that Ni'" is indeed a poor OER catalyst as suggested by a
theoretical study,'” with a k' of 0.04 s™' (see Table 1).
Interestingly in FeOOH and Ni,_,Fe,OOH electrodes (x <
0.25), we observed two types of catalytic sites exhibiting “fast”
and “slow” OER behavior, respectively. The “fast” site fraction
in the Ni;_,Fe, OOH electrode coincided well with the iron
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Figure 3. (a) A redox titration curve for NijgFey;s0O0H is displayed alongside that of Ni(OH),. Ni™"/™ and Fe™ transitions are noticeably
cathodically shifted (ca. 0.15 V). (b) Time-dependent titration of the Niyg,Fe,;sOOH electrode is shown, exhibiting two time regions with distinct
k', similar to that shown in the titration of FeOOH. (c) The OER rate constant of the “fast” sites in the Nijg,Feq;300H electrode was determined
by plotting In [NiFe] as a function of taelay UP to 100 ms. (d) In [NiFe] as a function of t4elay in the “slow” site time region, displaying a similar rate

constant to that of NiV.

atom content in the film, suggesting that the identity of the
“fast” active sites is indeed the dispersed iron atoms in a
NiOOH matrix; one proposed by a DFT study but not
previously shown experimentally.'” Uncontrolled phase segre-
gation into NiOOH and FeOOH was observed in
Ni,_,Fe,OOH electrodes when the iron content exceeded
25%. From this contribution we can conclude that the
remarkable OER catalytic activity of the nickel-iron mixed
metal oxyhydroxides arises from a combination of two effects:
(1) high density of catalytically participating metal sites via fast
hole conduction through the catalyst film (ca. 300 atoms-nm 2,
compared to those of Co;0, and IrO,, 17 nm™ and 25 nm 2,
respectively)'**>** and (2) fast OER kinetics on iron catalyst
sites in NiOOH matrix with a rate constant of 1.70 s™".

B EXPERIMENTAL SECTION

General. All solutions were prepared using Milli-Q deionized water
(18.2 MQ-cm, 4 ppb total oxidizable carbon). Triethanolamine (TEA,
99+9%, Aldrich), Fe(NO;);-9 H,O (99+%, Acros), FeSO,7 H,O
(99.9%, Fisher), NiSO,6 H,0 (99.9+%, Alfa-Aesar), and sodium
hydroxide (98.9+%, Fisher) were used as received. Gold wire (99.99+
%) of 25 um diameter was purchased from Goodfellow (Devon, PA).
The gold wire was used to fabricate the SECM tips as described
elsewhere.”” All electrodes used in this study had an RG of ca. 1.3 and
were polished with alumina paste on microcloth pads prior to use. The
surfaces of the electrodes were cleaned with an acidic piranha solution
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(1:1 v/v 40% H,0, and concentrated H,SO,) before the experiments.
The Ni(OH),, FeOOH, and Ni,_,Fe,(OH), OER catalyst films (0 < x
< 0.27) were deposited onto a gold SECM tip (substrate electrode) by
an electrophoretic deposition method described in the literature.%"”
Briefly, the catalyst films were deposited electrophoretically from a
solution containing 10 mM metal ions (combined 10 mM, Ni:Fe ratio
varied for desired composition) by an application of a reducing bias at
the working electrode. The cathodic current applied at the working
electrode was 50 pA-cm™%, for a duration of 25 s. For all
electrochemical measurements an Ag/AgCl reference electrode and a
platinum wire counter electrode were used. The [Fe(TEA) (OH)]~
redox mediator (TEA = triethanolamine (C¢H,;sNO;), E° = —1.05 V
vs Ag/AgCl; see Supporting Information for details) was prepared as
described in the literature.””*® The redox mediator solution was
prepared freshly before each titration experiment and used for no
more than 48 h.

Instrumentation. SECM experiments were conducted utilizing a
CHI920C SECM station bipotentiostat and its built-in software (CH
Instruments; Austin, TX). Chronoamperometry (CA) was chosen as a
detection technique in the SI-SECM experiments. An external
switching device controlling the two working electrodes of the
SECM (tip and substrate) was implemented. For details of the setup,
refer to refs 18, 20, and 28. The tip and the substrate electrodes (both
25 ym Au UME) were positioned at 2.0 ym from one another, a
distance at which generation-collection efficiency was unity (refer to
the Supporting Information for details of electrode alignment and
placement). For each data point collected, the substrate was stepped to
Egs for a time ., = 20 s followed by a potential step back to open
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circuit. A respective detection by stepping the potential of the tip was
performed after a delay time tg,,,- A total collection time of 15 s was
selected for CA experiments. The redox mediator solutions employed
in this work consisted of 8 mM [Fe(TEA) (OH)]™ in 2 M KOH.
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