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ABSTRACT: Mixed nickel—iron oxides are of great interest Oxygen Evolution
as electrocatalysts for the oxygen evolution reaction (OER),
the kinetically challenging half-reaction required for the
generation of hydrogen gas from water via electrolysis.
Previously, we had reported the synthesis of single crystal,
soluble nickel—iron oxide nanoparticles over a wide range of
nickel:iron compositions, with a metastable cubic rock salt
phase ([NiFe]O) that can be isolated despite the low
solubility of iron in cubic nickel oxide at ambient temperatures. Here, activity for OER was examined, catalyzed by these
[Ni,Fe]O nanoparticles integrated with indium tin oxide (ITO) electrodes. Because the as-prepared [Ni,Fe]O nanoparticles are
oleate-capped, the surface ligands needed to be removed to induce adherence to the ITO substrate, and to enable charge transfer
and contact with water to enable OER catalysis. Two different approaches were taken to reduce or eliminate the coverage of
oleate ligands in these films: UV irradiation (254 nm) and air plasma. UV irradiation proved to lead to better results in terms of
stable and OER-active films at pH 13. Kinetic analysis revealed that the Tafel slopes of these nanoparticle [NjFe]O OER
electrodes were limited by the electrochemical surface area and were found to be within the range of 30 to 50 mV/decade. Across
the four compositions of Ni:Fe studied, from 24:76 to 88:12, the observed overpotential at 10 mA/cm? for the OER in basic
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conditions decreased from 0.47 to 0.30 V as the proportion of nickel increased from 24% to 88%.
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B INTRODUCTION

An important requirement in the implementation of renewable
energy is the development of energy storage systems; many
renewable energy sources, particularly solar and wind power,
are intermittent. © A number of storage options for energy
derived from renewable sources are under consideration,
including electrochemical storage (e.g., batteries, supercapaci-
tors),”> potential energy storage (e.g, hydroelectric dams,
compressed air storage),(”7 thermal storage (e.g, molten
salt),”® and many others. Chemical storage, however, offers
the possibility of a direct fossil fuel replacement strategy since
energy would be amassed in chemical bonds, as is the case for
fossil fuels."”” Examples of fuels for chemical storage of energy
produced from renewable sources include hydrogen gas derived
from the splitting of water,” > and CO, conversion to
methanol and hydrocarbons;'*~"” in these examples, the stored
chemical energy could then be released through oxidation, such
as direct combustion or via a fuel cell with oxygen.'®™*°
Hydrogen is the cleanest fuel as it is entirely carbon neutral,
producing only water upon combustion with oxygen."”"~"?
The direct electrolysis of water, powered by renewable
energy sources, is of intense interest for the production of
hydrogen gas."*~'**'>* Water electrolysis consists of the
hydrogen and oxygen evolution half-reactions, each of which
take place on separate electrodes. The hydrogen evolution
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reaction (HER) can be catalyzed with high efficiency by a
variety of metal complexes,”* > metal surfaces,””*’ metal
chalcogenides,”"** metal phosphides,” *° and other metal-
containing®**” as well as metal-free systems.”® In contrast, the
oxygen evolution reaction (OER) follows a more complex,
multistep mechanism that requires the application of high
overpotentials to enable the transfer of four electrons
accompanying the decomposition of the water molecule or
hydroxide ion.”"”**~*" If large-scale electrochemical hydrogen
production is to become a reality, OER catalysts based on
efficient, readily available materials are a necessity.

The utility of electrochemically active nickel and iron oxide
systems for energy storage systems dates back over a century,
when nickel—iron oxide batteries were independently invented
by Edison and Jungner.””~** It was work on such battery
systems that led to the serendipitous discovery that mixed
nickel—iron oxide systems can catalyze the OER,"*® results
that have been substantiated repeatedly over recent years via
combinatorial screening and direct synthesis."”>° There are
many variables within the nickel—iron oxide system to control,
including composition, crystallinity, and oxidation states.
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Recent work has shown that amorphous nickel—iron oxide
materials with homogeneous compositions are highly active for
OER catalysis under basic conditions,***’ while others have
shown that ordered crystalline nanostructures, such as layered
oxyhydroxide structures, are also highly active OER cata-
lysts.*”>**7=" Small Fe(III)-doped rock salt NiO nanocrystals
(sues of 1.5-3.8 nm) on gold electrodes were shown to be
active for OER catalysis, suggesting that nanocrystals could be a
promising approach toward catalyst synthesis and develop-
ment.”> The influence and importance of crystallinity, or lack
thereof, in nickel—iron oxide systems remains mostly unex-
plored and is worthy of further investigation to better
understand the fundamental properties of active OER catalysts.

We previously reported the synthesis and characterization of
~8 nm diameter single-crystal, mixed nickel—iron oxide
nanoparticles with a rock salt phase, [Ni,Fe]O, and variable
composition ratios of nickel to iron (Scheme 1), in which the
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oxidation states of the nickel and iron are both in the +2 state
in the nanoparticle core.”> Electron energy loss spectroscopy
(EELS), X-ray photoelectron spectroscopy (XPS), and
magnetometry pointed to oxidation of surface iron species to
trivalent Fe(III), along with Ni(II). Rock salt [NiFe]O is
normally an unstable phase at temperatures under 1073 K,**%*
and thus, this metastable phase represents a new nickel—iron
oxide phase for screening for OER activity. The ratio of Ni:Fe
in the [Ni,Fe]O nanoparticle can be varied over a broad range
from nickel rich, to iron rich, with no apparent change in crystal
phase. In this work, we investigate the integration of these rock
salt phase [Nij,Fe]O nanoparticles of varied Ni:Fe ratios with
transparent indium tin oxide (ITO) electrodes, and carry out
removal of surface ligands via two methods. These [NiFe]O
nanoparticles-on-ITO electrodes were screened for OER
activity, longevity, and stability, and were shown to have
overpotentials as low as 240 mV at 1 mA/cm?, and 300 mV at
10 mA/cm?. The effects of surface chemistry on longevity, the
role of film thickness, and influence of the metastable [Ni,Fe]O
rock salt phase on the OER were evaluated in order to
determine the potential of this phase for applications in the
electrolysis of water.

B EXPERIMENTAL SECTION

Chemicals. FeCl; (98%) (Strem Chemicals), NiCl,-6H,0 (ACP
Chemicals), sodium oleate (>97%) (Tokyo Chemical Industry),

ethanol (Commercial Alcohols), hexanes, acetonitrile, isopropanol,
and potassium hydroxide (KOH, ACS Certified) (Fisher Chemicals),
and 1,1'-ferrocenedicarboxylic acid (Fc(COOH), 96%), oleic acid
(technical grade, 90%), tetrabutylammonium hexafluorophosphate
(TBAHFP, > 99.0%), and l-octadecene (technical grade, 90%)
(Sigma-Aldrich) were used as received. Tin-doped indium oxide on
glass (SiO, passivated, R, = 8—12 Q/[], “ITO”) was acquired from
Delta Technologies. Fluorine-doped tin oxide on glass (2 mm
thickness, R, & 13 Q/[], “FTO”) was acquired from Pilkington via
Sigma-Aldrich.

Nanoparticle SyntheSIS All nanoparticles were synthesized as
previously reported.®” Briefly, metal chlorides in ratios of Ni:Fe 1:S,
2:4, 4:2, and 5:1 mmol were refluxed with sodium oleate amounting to
2 mmol of sodium oleate per mmol of Ni and 3 mmol of sodium
oleate per mmol of Fe in a mixture of 20 mL of hexane, 10 mL of
ethanol, and 10 mL of water at 60 °C for 4 h. After cooling, the hexane
portion was separated and washed with water before centrifuging to
remove more hydrophilic contaminants and products. The red-brown
liquid was dried at 100 °C for 1 h in an oil bath in a fume hood to
remove hexane. The waxy product was dissolved in 20 mL of 1-
octadecene with 0.951 mL of oleic acid in a 250 mL three neck flask.
The flask was degassed by evacuation and refilling three times with Ar
at room temperature, and then at 110 °C. The reaction was then
ramped to 305 °C at a rate of 3 °C/min and held at this temperature
for 20 min. After cooling, 40 mL of isopropanol was added to the
reaction mixture, which was then centrifuged and resuspended in
hexane. Isopropanol was used to wash this mixture twice more before
final storage in hexane under ambient conditions.

Electrode Fabrication. ITO and FTO substrates were diced into
2 cm X 2 cm squares, which were cleaned sequentially via sonication in
methylene chloride, Milli-Q water (18.2 MQ:-cm), and isopropanol for
10 min each. Nanoparticle solutions in hexane diluted to 2 mg/mL
were then spin-cast onto ITO and FTO surfaces 50 yL at a time and
spun at 1000 rpm for 10 s. The nanoparticle-coated electrodes were
then either left untreated, plasma-treated for 20 s under air plasma at
0.2 Torr (Harrick Plasma, PDC 32G, 18 W), or UV-irradiated for 1 h
using a 254 nm Hg pen lamp (UVP) positioned 1 cm away from the
surface of the electrode. For electrodes prepared with an oleate
precursor (without nanoparticles), the precursor reflux solution
described above was prepared with a ratio of Ni:Fe 3:3. The hexane
layer was then separated and directly spin-cast onto ITO slides by
applying S0 pL of the oleate mixture at a concentration of 100 mg/mL,
and spinning at 1000 rpm for 10 s. The ITO slides with the oleate
mixture were then irradiated for 1 h using 254 nm UV light.

Electrode Characterization. Imaging of the electrodes was
performed using a Hitachi S-4800 FE-SEM instrument with an
accelerating voltage of 20 kV, while thickness measurements were
performed using a KLA Tencor P-10 surface profilometer. UV—vis
measurements were performed using a PerkinElmer Lambda 1050
UV-vis NIR spectrophotometer. Energy dispersive X-ray (EDX)
analysis of films fabricated from oleate precursors was performed on a
JEOL JSM-6010LA InTouchScope.

Electrochemistry. All electrochemistry was performed using a
Parstat 2273 potentiostat with Powersuite v2.58 software using a
three-electrode electrochemical cell with a platinum wire counter
electrode and an Ag/AgCl (saturated KCl) reference electrode
standardized to potassium ferricyanide every time before testing.
The working solution used for catalytic testing was 0.1 M KOH
measured to be pH 12.8. Voltammetry scans measured from the open-
circuit potential to a current density of 10 mA/cm? at a scan rate of 20
mV/s, were performed on all electrodes to ensure stability of
recordings. Open circuit potential before all experiments was
determined to lie between 0.0 and 0.1 V. The software used was
PowerCV. Uncompensated resistance was determined using a Nyquist
plot generated with POWERSine based on the left-side zero-intercept
of the plot when imaginary resistance reached 0 Q. Each point in the
voltammogram was then corrected by subtracting from the potential
the product of uncompensated resistance and current. Chronopo-
tentiometry was undertaken using POWERStep software at a current
density of 10 mA/cm® For Tafel plots, the current interrupt
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uncompensated resistance function was used as this option was
available in the POWERCorr Tafel software. Tafel plots were taken at
arate of 10 mV/s with time steps of 50 s. This time was determined by
chronoamperometry.

Electrochemically active surface area (ECSA) of electrodes of
different layer numbers was determined using electrochemical
impedance spectroscopy (EIS). ECSA was also indirectly measured
based on charge transfer per surface area, as previously described,
using the electrochemical adsorption of Fc(COOH), to metal oxide
surfaces.” The electrodes were plasma cleaned in air for 5 min to
remove potential surface contaminants before immersion in 1 mM of
1,1’-ferrocenedicarboxylic acid in ethanol for 10 min. Afterward, the
electrodes were washed with ethanol and acetonitrile. Cyclic
voltammetry was then performed on the electrodes using an Ag/Ag*
reference electrode in 0.1 M TBAHFP and acetonitrile. The scan range
used was —0.50 to 1.75 V, at a rate of 0.10 V/s. The amount of charge
transferred was taken by integrating the anodic peak in voltammo-
grams using the Power Suite software.

Fourier Transform Infrared (FTIR) Spectroscopy. Scans were
collected using a Nicolet Nexus 760 spectrometer with a DTGS
detector and a N,-purged sample chamber (256 scans, 4 cm™
resolution). Nanoparticle samples were drop-cast on undoped, high
resistivity (~10 Q-cm) Si wafers for data collection in transmission
mode.

X-ray Photoelectron Spectroscopy. X-ray photoelectron spec-
troscopy (XPS) spectra were collected by an Kratos Ultra
spectrometer with a base pressure less than 4 X 107 Pa. A
monochromatic Al Ka source (hv = 1486.6 €V) was run at a power
of 168 W. The analysis spot was 300 ym X 700 ym, and the analyzer
resolution was 0.80 eV for Au 4f peaks. The survey scans were
collected for binding energies spanning 1100 to 0 eV at a constant
energy of 160 eV and spectra for narrow regions were collected at a
pass-energy of 20 eV. Sample charging was compensated by electron
flooding. The binding energy (BE) scale was calibrated by assigning
the C 1s peak from adventitious carbon at 284.8 eV. Relative
concentrations of chemical elements were calculated using CasaXPS,
using a standard quantification routine, including Scofield sensitivity
factors and Shirley background subtraction.

X-ray Diffraction. X-ray diffraction (XRD) was performed using a
Bruker D8 Discover instrument with a Cu Ka beam (40 kV, 40 mA, 1
= 1.5406 A) equipped with a 2D detector. XRD spectra were collected
from the 2D ring patterns by chiral integration. Samples were prepared
by drop-casting nanoparticle solution on silicon (100) substrates
followed by heat treatment in air at either 200, 400, or 600 °C for 2 h
in a Lindberg/Blue M tube furnace. Scans were performed in a grazing
incidence configuration with an incident angle of @ = 5°.

Bl RESULTS AND DISCUSSION

Since the ultimate goal of this work was to determine the
influence of the rock salt [Ni,Fe]O phase on OER catalysis, it
was important that the chemical approaches used to function-
alize and integrate the nanoparticles with the ITO electrodes
did not result in deterioration of their crystallinity. The [Ni,Fe]
O nanoparticles are capped with oleate ligands, which while
imparting solubility to enable solution-phase processing, would
likely impede electrochemical activity, and thus needs to be
removed in part or entirely. Two different electrode
functionalization approaches were examined, starting with
spin-coating of films with a 2 mg/mL colloidal solution of
[Ni,Fe]O nanoparticles in hexane on freshly cleaned ITO. In
the first iteration, the [NiFe]O nanoparticle-coated ITO
electrode was subjected to a 20 s air plasma treatment at 0.2
Torr and 18 W (“plasma-treated”), while for the second, the
electrode was irradiated with ultraviolet (254 nm, 15 mW UV
pen lamp) light for 1 h (“UV-treated”), as outlined in Scheme
1. An “untreated” electrode refers to a [Ni,Fe]O nanoparticle-
coated ITO electrode that has not been subjected to plasma or

UV-irradiation. Air plasma treatment was selected because it
has been shown to gently remove organic ligands with minimal
changes to inorganic structures and surfaces,®® while the
efficacy of UV treatment at inducing the decomposition of 2-
ethylhexanoate ligands of nickel and iron complexes was
demonstrated by Berlinguette and co-workers.”> Both ap-
proaches, plasma- and UV-treatments, led to similar UV—
visible profiles (Supporting Information Figure S1), with an
observable increase in the 350—S00 nm range (Supporting
Information Figure S2) as compared to bare ITO due to
absorption by the [NiFe]O nanoparticle films. The plasma
treatment resulted in complete removal of oleate ligands, as
determined by FTIR (Supporting Information Figure S3), and
UV irradiation led to partial removal (vide infra).

The [NiFe]O nanoparticle-ITO electrodes were then
screened for OER activity via voltammetry under basic
conditions, 0.1 M KOH (pH 12.8) at room temperature, as
shown in Figure la. The potential of the electrodes was raised
from open circuit potential until the current density reached at
least 10 mA/cm?, and then returned to open circuit potential,
repeating this cycle until minimal change in overpotential was
observed (Supporting Information Figure S4). The OER
overpotential at 10 mA/cm? of UV-treated electrodes typically
stopped changing after two or three cycles, while the OER
overpotential for plasma-treated and untreated electrodes took
up to 10 cycles to stabilize. UV-treated electrodes had the
lowest overpotentials for OER (0.43 V) at a current density of
10 mA/cm® (Figure la), while plasma-treated electrodes had
overpotentials of 0.60 V at the same current density.
Meanwhile, untreated electrodes rapidly lost activity such that
when the voltammograms finally reached stability, the
voltammograms of the untreated electrodes appeared similar
in catalytic activity to bare ITO. UV—vis studies of the
electrodes post-voltammetry showed that the UV-treated
electrodes maintained the same spectral profile, and had no
change in absorption compared to an untreated electrode not
used for voltammetry. In contrast, plasma-treated electrodes
showed reduced absorption in the 350—500 nm region, while
the untreated electrodes had a near-complete loss of absorption
in this region when compared to an untreated electrode before
voltammetry (Figure 1b). The stability of UV-treated electro-
des was also studied by chronopotentiometry; under the
stability testing criteria suggested by Jaramillo and co-workers
of 10 mA/cm? for 2 h,” the UV-treated electrode demonstrated
a 30 mV increase in overpotential, from 0.43 to 0.46 V (1.66 to
1.69 V vs RHE) (Figure 1c). The morphology of this
nanoparticle film after stability testing, as per SEM inspection,
was found to be mostly unchanged (Figure SS).

To determine what changes may have occurred during OER
screening, untreated, plasma-treated, and UV-treated electrodes
were examined using scanning electron microscopy (SEM), as
shown in Figure 2, before and after ten cycles of voltammetry
(cycles shown in the Supporting Information, Figure S4, where
the electrode potential was raised until the current density
reached at least 10 mA/cm? on the first cycle). SEM inspection
of untreated nanoparticle electrodes ([Ni,Fe]O nanoparticles
on ITO) showed the nanoparticle films are composed of
uniformly distributed mats of nanoparticles with some regions
of exposed ITO (Figure 2a). After voltammetry, the untreated
electrode lost most of its nanoparticle coverage, and the surface
looks like a sample of bare ITO (Figure 2b). Plasma treatment
did not affect the initial appearance of electrodes before OER
(Figure 2c), but after OER, more features indicative of the
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Figure 1. Catalytic and optical properties of ITO electrodes
functionalized with Ni:Fe 51:49 [NiFe]O nanoparticles via spin-
coating, followed by 1 h of UV irradiation with 254 nm light (UV-
treated), air plasma for 20 s (plasma-treated), and no further treatment
(untreated) electrodes. (a) Voltammograms of UV-treated, plasma-
treated, untreated electrodes, and a nanoparticle-free ITO control, in
0.1 M KOH. (b) UV—vis spectra of UV-treated, plasma-treated, and
untreated [Ni,Fe]O electrodes before and after voltammetry as in (a).
(c) Chronopotentiometry trace of UV-treated [NiFe]O electrodes
held at a current density of 10 mA/cm? for 2 h in 0.1 M KOH.

underlying ITO were visible, pointing to nanoparticle detach-
ment (Figure 2d). Finally, UV-treated nanoparticle films were
not visibly affected by the UV illumination treatment (Figure
2e), and remained similar in appearance after voltammetry
(Figure 2f), suggesting that of the functionalization procedures
attempted, only UV irradiation was successful at forming films
of nanoparticles that could adhere in a stable manner to the
ITO surface. A micrograph of bare ITO has been provided for
comparison (Figure 2g). The data appear to support a claim
that loss of catalytic activity and changes of UV—vis absoption
profiles upon OER catalysis arose primarily from loss of
nanoparticle coverage.

Since the UV-treatment appeared to be the most promising
with respect to [Ni,Fe]O nanoparticle adhesion to the ITO and
stability under OER conditions, this surface chemistry was
examined in greater detail. FTIR of thin films of nanoparticles
spin-cast on high-resistivity, native oxide-capped Si(100) was

Figure 2. SEM micrographs of a Ni:Fe $1:49 [Nj,Fe]O-functionalized
ITO electrode with no further treatment procedure (untreated) (a)
before and (b) after voltammetry; a plasma-treated electrode (20 s,
air) (c) before and (d) after voltammetry; and a UV-treated electrode
(254 nm, 1 h) (e) before and (f) after voltammetry. (g) Micrograph of
blank ITO.

used to determine the extent of removal of the oleate ligands by
these treatments (Figure 3). The strongest feature, observed at

B
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Figure 3. FTIR spectra of a Ni:Fe 51:49 [Nj,Fe]O nanoparticle film
spun on high resistivity native oxide-capped Si(100) (~10 Q-cm) after
different periods of irradiation with 254 nm UV light, as well as after
immersion in 0.1 M KOH for 2 h. Scans were collected transmission
mode.

low energg corresponds to modes associated with NiO (~450

em™),*”% and FeO (410 cm™), and showed no change after 1
h of irradiation.”” The v(CH,) region at 2800—3000 cm™'
diminished in intensity upon UV irradiation, corresponding to
the photolytic decomposition of organic ligands. Decom-
position of the oleate ligand was, however, incomplete after 1 h
of irradiation as judged by the remaining features in the v(CH,,)
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region. Immersion in the highly basic aqueous solution used for
OER catalysis, 0.1 M KOH, for 2 h resulted in the removal of
all organic groups. Despite the lingering presence of ligand
following UV irradiation, a shorter UV exposure time of 15 min
appears to be sufficient to reach maximum OER activity, as
shown by the results in Figure 4, comparing OER over-
potentials at 10 mA/cm® for electrodes fabricated with
irradiation times of 5, 10, 15, and 30 min.

N

0 1—5 min
> 84—10min
g)&.\ —15 min
8%6' 30 min
BE4
3 2
0 . "

00 02 04 06 08 1.0
Overpotential (V)
Figure 4. Voltammograms of Ni:Fe 51:49 [NiFe]O nanoparticle-

functionalized electrodes in 0.1 M KOH after irradiation with 254 nm
UV light for different lengths of time.

To complement the FTIR surface analyses, X-ray photo-
electron spectroscopy (XPS) of both the Ni 2p and Fe 3p
regions was acquired; the spectra of untreated, UV-treated, UV-
treated/0.1 M KOH-treated (2 h at open circuit potential in 0.1
M KOH), and UV-treated/postchronopotentiometry (10 mA/
cm?, 2 h) electrodes were contrasted, and no major differences
in Fe 2p peak positions or shape were noted (Figure Sa). In the
Ni 2p spectra, the position of the main peak at 854.5 eV
remained constant under all examined conditions (Figure Sb),
compared to the 3 eV shift previously reported for NiO that
had been completely transformed from a cubic rock salt
structure into a layered hydroxide structure.”” XPS therefore
suggests that, even under the harsh oxidizing conditions of the
OER (0.1 M KOH, ~1.7 V vs RHE), the bivalency of the
[Ni,Fe]O nanoparticles remained intact.

Given that the ratio of Ni:Fe is an important parameter in
OER catalytic activity,"”’~**>>> [Ni,Fe]O nanoparticles with
different Ni:Fe ratios were also tested.”” Hexane solutions of
[Ni,Fe]O nanoparticles with Ni:Fe ratios of 88:12, 73:27, and
24:76 were spin-cast onto ITO electrodes and irradiated with
UV light for 1 h, as carried out previously with the 51:49
[Ni,Fe]O nanoparticles (vide supra). Upon testing for OER
catalysis in 0.1 M KOH, the electrodes were determined to
have overpotentials of 0.32, 0.36, and 0.50 V, respectively, at a
current density of 10 mA/cm? (Figure 6a). The overpotentials
of these electrodes could be improved by increasing the
quantity of [Ni,Fe]O nanoparticles on the surface via a layer-
by-layer process of alternating spin-coating and UV irradiation.
A modest reduction in overpotential was observed going from
one to two layers of deposited [Ni,Fe]O nanoparticles, with the
overpotential of Ni:Fe 24:76 being reduced from 0.50 to 0.47
V, Ni:Fe 51:49 being reduced from 0.44 to 0.40 V, the Ni:Fe
73:27 being reduced from 0.36 to 0.34 V, and the Ni:Fe 88:12
being reduced from 0.32 to 0.30 V (all parameters were kept
equal and measured at a current density of 10 mA/cm?, Figure
6b). However, additional layers did not significantly improve
the observed overpotential. Therefore, the [NiFe]O system
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Figure 5. XPS spectra of the (a) Fe 2p and (b) Ni 2p* regions of a
UV-treated Ni:Fe 51:49 [NjFe]O nanoparticle-functionalized elec-
trode before and after UV irradiation, after 2 h of immersion in
electrolyte (0.1 M KOH), and postchronopotentiometry in 0.1 M
KOH (10 mA/cm?, 2 h).

reaches a minimal OER overpotential with two layers of
[Ni,Fe]O nanoparticles, at a Ni:Fe ratio of 88:12, similar to
other nickel—iron oxide systems.”’~**** Moreover, the
magnitude of the measured overpotentials at 10 mA/cm?
compares favorably to other planar nickel—iron oxide OER
systems, which are typically found to have a minimum
overpotential of ~0.3 V and are measured at pH = 14.”°>7°
It is also noted that these nanoparticles could be well suited for
recently developed methods of further reducing overpotential,
where high surface area electrodes were fabricated by blending
Ni—Fe sheets with graphene, resulting in overpotentials of
~0.26 V.°°" Lastly, these electrodes were all found to be stable
under repeated electrochemical cycling (Figure S6).

To validate the claim of increasing thickness of the [Ni,Fe]O
nanoparticle films on ITO, UV—vis spectroscopy was used to
quantify the change in optical absorption with layer number
(Figure 7a). Using the Ni:Fe 51:49 sample as an example,
absorption increased monotonically with increasing layers of
nanoparticles, reducing the transmission at 450 nm from 84.5%
to 69.3% over the course of 4 layers cycles of spin-coating and
UV irradiation. This increase in thickness was confirmed using
profilometry, where the measured film thickness increased with
the number of layers (Figure 7b). Single-layer nanoparticle
films were not analyzed via this method because the films were
incomplete. As determined by SEM, for all nanoparticles
studied, a single cycle of nanoparticle deposition yielded
incomplete nanoparticle films since bare ITO could be seen in
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Figure 6. Catalytic properties of ITO electrodes functionalized with
[Ni,Fe]O nanoparticles with compositions of Ni:Fe 88:12, 73:27,
51:49, and 24:76. (a) Voltammograms of [NiFe]O nanoparticle-
functionalized electrodes with one layer of nanoparticles of different
compositions recorded in 0.1 M KOH. (b) Relationship of thickness
based on number of layers and overpotential at 10 mA/cm? in 0.1 M
KOH of different nanoparticle compositions. All ratios refer to Ni:Fe.

some regions (Figure 8a,ceg). However, these regions
disappeared after one additional loading cycle, resulting in
continuous nanoparticle films with no visible ITO (Figure
8b,d,fh). Since additional layers did not reduce the observed
overpotential, it appears that surface coverage, not film
thickness, was the most important factor in influencing
overpotential. This result suggests that this method of layer-
by-layer film deposition of these nanoparticles produces
compact films, whereby subsequent layers bury underlying
nanoparticles, making them inaccessible to the reactant
molecules necessary for OER. In order to check this hypothesis,
the ECSA of the electrodes was measured using EIS as a
function of layer number. As shown in Figure S7, the ECSA is
found to be constant (within error) as the number of layers is
increased.

Tafel plots of the nanoparticle electrodes were acquired in
order to study the kinetics of the OER on electrodes with two
layers of nanoparticles, which had achieved the lowest
overpotentials with the least catalyst material loading (Figure
9a). The Tafel slopes acquired from the [NiFe]O nanoparticle
electrodes in order of increasing slope values were 36 mV/
decade (Ni:Fe 73:27), 42 mV/decade (Ni:Fe 88:12), 44 mV/
decade (Ni:Fe 51:49), and 48 mV/decade (Ni:Fe 24:76)
(Figure 9b), respectively. These values lie within the range of
reported Tafel slopes for nickel—iron oxide catalysts, which are
typically reported to lie between 30 and 50 mV/decade.**™°
This suggests that the kinetics of the oxygen evolution reaction
on the surfaces of these crystalline nanoparticles with a
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Figure 7. Optical and thickness properties of ITO electrodes
functionalized with [NjFe]O nanoparticles with compositions of
Ni:Fe 88:12, 73:27, 51:49, and 24:76. (a) UV—vis spectra of [Ni,Fe]O
nanoparticle-functionalized electrodes with increasing numbers of
layers. The composition of nanoparticles used in this graph was Ni:Fe
51:49. (b) Relationship between thickness (determined via contact
profilometry) and number of layers of [NiFe]O nanoparticle-
functionalized electrodes. All ratios refer to Ni:Fe.

metastable rock salt phase is similar to other variations of Ni—
Fe oxide OER catalysts.”' In order to better understand this
trend in Tafel slope as a function of nanoparticle film
composition, the ECSA was measured. As seen in Figure 9b,
we see that the Tafel slope has a strong inverse correlation with
the ECSA; that is, as the ECSA is increased the Tafel slope
decreases. As such, the OER kinetics of the [NiFe]O
nanoparticle electrodes are primarily governed by the available
electrochemically active surface area.

It is also noted that the Tafel slope begins to increase at
higher overpotentials (Figure 9a), which is generally observed
in OER catalysis, and is typically attributed to either a change in
the rate-determining step pathway or a change of the
adsorption of OER intermediate species.”’ However, it is
difficult to distinguish between these two scenarios for these
data, since there is not a sharp transition between two distinct
linear Tafel regions and it is also necessary to consider that
increasing the amount of evolved gas can also reduce the
effective surface area at higher potentials.”’

The similar OER performance (overpotential and Tafel
slope) of these rock salt phase nanoparticles to other Ni—Fe
oxide catalysts can be better understood by analysis of the
surface structure of these nanoparticles. Specifically, in our
previous work,®” it was shown through magnetometry and XPS
that the surface of the nanoparticles consisted of a thin Ni—Fe
oxide surface layer possessing Fe* species. Recent work by
Friebel and co-workers’” revealed that the active sites for Ni—
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Figure 8. SEM micrographs of one layer (left) and two layer (right)
nanoparticle electrodes with different compositions of nanoparticles.
From top to bottom, the nanoparticle Ni:Fe compositions are 24:76
(ab), 51:49 (c,d), 73:27 (e,f), and 88:12 (gh).
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Figure 9. (a) Tafel curves of [NiFe]O nanoparticle electrodes of
different compositions acquired in 0.1 M KOH with 50 s step times.
Ratios refer to Ni:Fe. (b) Tafel slopes at 0.5 mA/cm? and
electrochemical surface area as measured by EIS.
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Fe oxide OER catalysts comprise Fe®* surface species, and not
the nickel centers. As such, despite the inherently different
crystal structure of these rock salt Ni—Fe oxide nanoparticles,
the presence of Fe®* species on the surface could account for
the majority of the observed OER catalytic activity.

Bl CONCLUSIONS

A metastable rock salt phase of single crystal [NiFe]O
nanoparticles was tested for oxygen evolution reaction (OER)
catalysis; the Ni:Fe ratio could be synthetically controlled, from
iron rich to nickel rich, with no change in crystal structure.
These [Ni,Fe]O nanoparticles were integrated with an indium
tin oxide (ITO) electrode via two chemical approaches, the first
involving plasma treatment, and the second utilizing UV
irradiation. The UV irradiation deposited on electrode surfaces
led to films that adhered to the ITO surface, and could be
electrochemically cycled, and maintained at 10 mA/cm? for 2 h.
The nickel-rich nanoparticles resulted in the lowest observed
overpotential for the OER, of 300 mV at 10 mA/cm”.
Moreover, the Tafel slopes were found to be in the range of
36—48 mV/decade. It was proposed that the OER performance
of the [NiFe]O electrodes could be attributed to the active
Fe®" sites on the nanoparticle surfaces, while the OER kinetics
were limited by electrochemical surface area. Lastly, these
nanoparticle catalysts represent a promising candidate for the
decoration of high surface area conductive scaffolds.
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