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ABSTRACT: The electrocatalytic oxygen evolution reaction (OER) is a critical
anode reaction often coupled with electron or photoelectron CO2 reduction and H2
evolution reactions at the cathode for renewable energy conversion and storage.
However, the sluggish OER kinetics and the utilization of precious metal catalysts are
key obstacles in the broad deployment of these energy technologies. Herein,
inexpensive supported 4 nm Ni−Fe nanoparticles (NiyFe1−yOx/C) featuring
amorphous structures have been prepared via a solution-phase nanocapsule method
for active and durable OER electrocatalysts in alkaline electrolyte. The Ni−Fe
nanoparticle catalyst containing 31% Fe (Ni0.69Fe0.31Ox/C) shows the highest
activity, exhibiting a 280 mV overpotential at 10 mA cm−2 (equivalent to 10%
efficiency of solar-to-fuel conversion) and a Tafel slope of 30 mV dec−1 in 1.0 M
KOH solution. The achieved OER activity outperforms NiOx/C and commercial Ir/
C catalysts and is close to the highest performance of crystalline Ni−Fe thin films
reported in the literature. In addition, a Faradaic efficiency of 97% measured on Ni0.69Fe0.31Ox/C suggests that carbon support
corrosion and further oxidation of nanoparticle catalysts are negligible during the electrocatalytic OER tests. Ni0.69Fe0.31Ox/C
further demonstrates high stability as there is no apparent OER activity loss (based on a chronoamperometry test) or particle
aggregation (based on TEM image observation) after a 6 h anodization test. The high efficiency and durability make these
supported amorphous Ni−Fe nanoparticles potentially applicable in the (photo)electrochemical cells for water splitting to make
H2 fuel or CO2 reduction to produce usable fuels and chemicals.

1. INTRODUCTION
As global energy demand is increasing rapidly, intensive
research and development have been devoted to novel
technologies for the conversion and storage of sustainable
energy sources, such as water splitting to H2 fuel, CO2
reduction to fuels, and biomass upgrading to biofuels.1−8

However, the electrocatalytic oxygen evolution reaction (OER,
2H2O ↔ 4H+ + O2 + 4e− in acidic media or 4OH− ↔ 2H2O +
O2 + 4e− in basic media) often coupled with these processes at
the anode is a slow reaction that requires an overpotential in
substantial excess of its thermodynamic potential (1.23 V vs
RHE, at standard temperature and pressure) to deliver an
acceptable current density, e.g., 10 mA cm−2 (based on a 10%
solar-to-fuel conversion efficiency).9−12 Many research efforts
have been intensively focused on this reaction, targeting to seek
more efficient OER electrocatalysts at lower overpotential to
reduce the input energy cost.6,11,13 IrO2 and RuO2 have been
identified as the most active catalysts for OER; however, the
scarcity and high cost of these precious metals make them
undesirable for widespread applications.2,6,14 Therefore, explor-
ing efficient and durable catalysts based on earth-abundant
metals has been the focal point of current research. Although
various first-row transition monometal oxides, such as CoOx
and MnOx with different structures, were synthesized and
exhibited promising activity toward OER,15−20 they still
underperformed with respect to IrO2 and RuO2 due to the
strength of the M−O (MCo, Mn, etc.) bond when their
specific defect was too strong or too weak.21 Therefore, more

multicomponent complex catalysts have been studied.22−24 For
example, Suntivich et al. have demonstrated intrinsic OER
activity on a series of perovskite oxides through plotting a
volcano-shaped graph and found that Ba0.5Sr0.5Co0.8Fe0.2O3‑δ
(BSCF) exhibited the highest activity for OER.25 However, the
large particle size (∼200 nm) of perovskite oxides leads to quite
small surface areas, thus limiting further mass activity
enhancement. Recently, the Ni−Fe bimetallic system has
been investigated and was found to be able to serve as an
efficient OER catalyst.26−28 Dai and coworkers successfully
prepared a Ni−Fe-layered double-hydroxide multiwalled
carbon nanotube (MWCNT) complex with an average size of
50 nm via a hydrothermal synthesis method. They proposed
that Fe3+ replaces Ni2+ in the crystalline α-Ni(OH)2 of the
layered double-hydroxide structure, which results in a high
activity of OER.29 Corrigan et al. electrodeposited iron impurity
in a nickel oxide thin film and found that the directly
incorporated iron can also increase the OER activity of the Ni
film catalyst.30,31 Subsequently, a variety of Ni−Fe-based
catalysts with thin-film geometry were prepared, such as an
evaporation-induced self-assembly (EISA) Ni−Fe oxide thin
film by Grosso et al.32 Landon et al. reported that in NiO and
Fe2O3 a thin-film structure coexisted and crystalline NiFe2O4
could be a contributing phase to enhanced OER activity.26 On
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the other hand, Bell et al. used in situ Raman spectroscopy to
demonstrate the oxidation states of Ni and Fe as well as the
corresponding structure of Fe in the Ni−Fe thin film. The
results also implied that the presence of Fe can promote OER
activity in the NiOx film without the observation of any
crystalline NiFe2O4.

33 It has been well recognized that the
catalyst surface area will strongly influence the mass activity of
catalysts. A nanoparticle catalyst with a smaller size can provide
more active sites on which to achieve a higher OER activity on
a mass basis.16,34 In addition, catalysts with smaller nanoscale
dimensions and higher OER activity can be readily fabricated
into practical electrochemical cells. However, few studies so far
have been focused on small Ni−Fe nanoparticles as an OER
electrocatalyst.
Herein, we present the synthesis of 4 nm amorphous Ni−Fe

nanoparticles supported on XC-72 carbon black via a modified
organic solution phase reduction method. Low crystallinity in
NiOx or FeOx nanoparticles was characterized by XRD and
TEM-SAED. The amorphous Ni−Fe structure has shown
surprisingly high OER activity in alkaline media, which
outperforms most Ni−Fe thin films previously reported and a
commercial carbon-supported Ir nanoparticle catalyst. More-
over, the high stability and Faradaic efficiency of OER achieved
on the amorphous Ni−Fe nanoparticle catalysts suggest
promising opportunities for practical sustainable energy
conversion and storage applications in the future.

2. EXPERIMENTAL SECTION
2.1. Preparation of Carbon-Supported Ni−Fe Nanoparticles.

All carbon-black-supported Ni−Fe nanoparticle catalysts were
prepared through a modified organic solution phase nanocapsule
approach, which has been reported elsewhere.35−37 The brief synthesis
procedure for the Ni−Fe catalysts with a metal loading of ca. 20 wt %
is described as follows. Ni(acac)2 (Aldrich Chemistry, 95%), Fe(acac)2
(Aldrich Chemistry, 99.95%), and Vulcan XC-72 carbon black
(FuelCell Store) were mixed in 25 mL of benzyl ether (Alfa Aesar,
98%). The stoichiometry of each metal precursor was varied based on
the targeting ratios of Ni to Fe. Note that the Fe precursor was added
in 200% excess of the stoichiometric amount because Fe2+ could not
be completely reduced under the synthesis conditions (e.g., for the
synthesis of Ni0.5Fe0.5Ox/C, 0.25 mmol Ni(acac)2 + 0.25 × 3 mmol
Fe(acac)2 was used). Then, the mixed solution was heated to 60 °C
under nitrogen flow, and the surfactants (oleylamine OAM (Aldrich
Chemistry, 70%), oleic acid OAc (Aldrich Chemistry, 95%)) were
added to the system, followed by maintaining for 5 min to ensure the
complete dissolution of precursors and surfactants. As the temperature
was further increased to 120 °C, LiBEt3H (1.0 M in THF, Acros
Organics) was quickly injected and held for 30 min. Then, the
temperature was rapidly ramped to 180 °C and held for an additional 1
h. The carbon-supported Ni−Fe catalysts were finally collected after
filtration, washing with copious ethanol (Pharmco-Aaper, 200 proof),
and drying in a vacuum oven at 50 °C for 24 h.
2.2. Physical Characterization. The metal loading and

composition of the catalyst were analyzed by inductively coupled
plasma optical emission spectroscopy (ICP-OES Optima 7000 DV,
PerkinElmer). The specimen was prepared by dissolving 10 mg of
catalyst in 4 mL of fresh aqua regia, followed by diluting to 250 mL
with deionized water (18.2 MΩ). The catalyst crystallinity was
characterized by using a Scintag XDS-2000 θ/θ diffractometer with Cu
Kα radiation (λ = 1.5406 Å), with a tube current of 35 mA and a tube
voltage of 45 kV. Transmission electron microscopy (JEOL JEM-
2010) was utilized to determine the catalyst morphology, size, and
diffraction pattern with an operation voltage of 200 kV.
2.3. Electrochemical Characterization and OER Tests.

Electrochemical characterizations and tests were performed in an
electrochemical cell (AFCELL3, Pine Instrument). A rotating disk
electrode (RDE) and rotating ring disk electrode (RRDE) were used

for the examination of OER kinetics without the interference of mass-
transfer effects and for the analysis of the OER Faradaic efficiency,
respectively. A coiled platinum counter electrode, which was isolated
by a fritted glass tube from the main test electrolyte, and a Hg/HgO
(MMO) reference electrode with 1.0 M KOH filling solution were
used throughout the electrochemical characterizations. The 1.0 M
KOH electrolytes prepared from bioxtra grade (Macron, 86%) and
semiconductor grade (Aldrich Chemistry, 99.99%) reagents was used
to test the OER activity and Faradaic efficiency of Ni−Fe
electrocatalysts, respectively. A 2.0 mg mL−1 solution of catalyst ink
was prepared by dispersing carbon-supported Ni−Fe nanoparticles in
isopropanol, followed by ultrasonication until no aggregation was
visible. The catalyst ink (15 μL) was then dropped onto the surface of
a glassy carbon electrode with a 5 mm diameter, and 10 μL of a 0.05
wt % diluted Nafion solution (Ion Power, Inc., 5 wt %, 1100EW) was
finally added to the top to fix the catalyst particles.

The standard electrode potential of Hg/HgO/1.0 M KOH (MMO)
was 0.098 V vs standard hydrogen electrode (SHE) based on the
manufacturer’s specification. Then, the potential of the Hg/HgO/1.0
M KOH reference electrode was calculated to be 0.924 V vs the
reversible hydrogen electrode (RHE) at pH 14. Thus, the reversible
potential of water oxidation, 1.23 V vs RHE at pH 14, could be
calculated as 0.306 V vs MMO at pH 14 (1.230−0.924 V = 0.306 V).
And the overpotential η was calculated using following equation

η = − − ×E E R iapplied rev u (1)

where Eapplied is the applied potential vs MMO in 1.0 M KOH, Ru is the
compensated resistance, i is the measured current, and Erev is the
reversible potential of OER vs MMO (0.306 V vsMMO at pH 14).
The compensated resistance, Ru, between working and reference
electrodes was determined to be ∼15 Ω in 1.0 M KOH electrolyte by a
single-point high-frequency impedance method at 300 mV over-
potential, and all of the potentials reported were IR-compensated to
85%.6,29 All experimental results for the OER activity on Ni−Fe
catalysts were reported as current density vs iR corrected applied
potential (vs MMO) and overpotential. The current densities are
normalized by using geometric surface areas.

2.3.1. Cyclic Voltammetry. The OER activity of Ni−Fe catalysts
was determined using cyclic voltammetry (CV). The 1.0 M KOH
electrolyte was deaerated by pure oxygen gas for 30 min prior to each
experiment. Surfactant removal was first carried out by scanning from
−0.8 to 0.65 V (vs MMO) at a 1000 mV s−1 scan rate for 50 cycles,
followed by catalyst activation in a potential range of 0 to 0.65 V (vs
MMO) at a scan rate of 50 mV s−1 for 10 cycles. The polarization
curves were subsequently obtained using a scan rate of 5 mV s−1

between 0 and 0.8 V (vs MMO).
2.3.2. Calculation of the Turnover Frequency (TOF). The TOF is

defined per the total number of metal atoms including subsurface
metal per second, and the equation is shown as follows, which has
been widely used in previous work,3,6,10,16,33

=
× ×

I
F m

TOF
4 (2)

where I is the measured current at a certain overpotential, F is the
Faraday constant with a value of 96 485 C mol−1, and m is the number
of moles of the total active metals drop-cast on the glassy carbon
electrode.

This TOF is estimated by assuming all of the active metal atoms in
the catalysts drop-cast on the glassy carbon electrode are catalytically
active for OER. However, this is a gross underestimate of the real
TOF, which should be the lower bound, TOFmin, because the porous
structure of carbon supporting materials could inhibit the perfect
connection between the electrolyte and catalysts and some of the
subsurface active material atoms might not be accessible for catalyzing
the OER.3,10,16,33

2.3.3. Faradaic Efficiency. The RRDE was employed to measure
the OER Faradaic efficiency over the Ni−Fe catalysts with different
compositions. The collection efficiency, N, of RRDE was determined
by the current ratio between the ring and disk in 0.01 M K3Fe(CN)6 +
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0.1 M KOH electrolyte, which was 23 ± 1%.38 This result agrees well
with the 25% collected efficiency calculated according to the geometry
of RRDE. Pure nitrogen gas flowed into 1.0 M KOH electrolyte prior
to each test for 30 min and remained throughout the electrochemical
experiments to purge the system. Because of the low magnitude of the
ring current, the Pt ring was polished with a diamond slurry (1 μm
MetaDi Supreme) before ring current collection in order to minimize
the interference of the contaminants. Five microliters of the 1 mg
mL−1 catalyst ink was dropped onto the surface of the disk electrode,
followed by adding 3 μL of diluted Nafion solution (0.05 wt %) to the
top. To determine the background current of the ring electrode, the
open circuit potential of OER was applied to the disk electrode where
no Faradaic reaction occurs, while the Pt ring electrode was held at
−0.6 V vs MMO. The background ring current determined was
typically lower than 50 μA. Then, the applied voltage was held at
several potentials in the OER kinetic-limited region for 1 min.
Meanwhile, the ring current was collected under −0.6 V vs MMO.

3. RESULTS AND DISCUSSION

3.1. Catalyst Preparation. The carbon-supported amor-
phous Ni−Fe nanoparticles (NiyFe1−yOx/C) were prepared via
a modified solution-phase nanocapsule method. The compo-
sition of Ni−Fe nanoparticles was controlled by varying the
ratio of two precursors (Ni(acac)2 and Fe(acac)2). Fe(acac)2 in
200% excess was added in order to achieve the setting ratio and
loading of Ni−Fe nanoparticles on the carbon black. Excess Fe
precursor was found to be necessary because Fe2+ could not be
completely reduced under the synthesis conditions, which may
be attributed to the more negative redox potential of Fe2+/Fe
(−0.440 V vs SHE) compared to that of noble metal catalysts
such as Pt2+/Pt (1.200 V vs SHE), Pd2+/Pd (0.987 V vs SHE),
and Au3+/Au (1.498 V vs SHE). In addition, in contrast to
noble metals, non-noble metals may have a relatively weak
bonding strength with the surfactants (oleylamine and oleic
acid), leading to poor control over the particle size,
morphology, and final composition of catalysts.35 Through
modifying the synthesis conditions, such as the molar ratio of
precursors, temperature increase rate, and duration of synthesis,
the Fe precursor present in 200% excess was found to be the
optimum stoichiometry to ensure that the obtained molar ratios
of Ni and Fe approach the setting compositions and metal
loadings on the carbon black supporting materials, as confirmed
by ICP-OES.
To obtain the amorphous structure of Ni−Fe nanoparticles,

postheat treatment was not performed. Nanoparticle aggrega-
tion, which often occurs at high temperatures and can lead to a
significant decrease in the catalyst surface area and active sites,
was minimized under such mild synthesis conditions of the
nanocapsule method.36

On the other hand, the surfactants may bond at the metal
surface, resulting in a blocking for catalytic active sites, which
can strongly affect the oxygen evolution reaction (OER)
performance of Ni−Fe catalysts. Therefore, copious ethanol
was used to wash the catalysts, which has been found to enable
surfactant removal to <5 wt % of the final catalyst content.36 In
order to further minimize the interference of surfactant possibly
presented after ethanol washing, a cyclic voltammetry scan with
1 V s−1 scan rate was performed until the anodic wave become

stabilized before obtaining the OER activity over the Ni−Fe
electrocatalyst.

3.2. Physical Characterization. The metal loadings (Ni +
Fe) of all catalysts were calculated through the total weights of
Ni and Fe detected by ICP-OES divided by the total weight of
NiyFe1−yOx/C determined by weight balance, as shown in the
following equation:

+

=

‐ ‐

−( )
(wt of Ni) (wt of Fe)

total wt of Ni Fe O /C

metal loading

y y x

determined by ICP OES determined by ICP OES

1 determined by balance

(3)

Because of the existence of small amounts of surfactant on
the surfaces of as-prepared catalysts and the formation of FeOx
and NiOx as the sample is exposed to air, the metal loading (Ni
+ Fe) of all of the catalysts has been found to be ∼15 wt %,
which is lower than the setting loading of 20 wt % for all of the
samples.39 The metal compositions of as-prepared Ni−Fe
catalysts were also obtained by ICP-OES, as shown in Table 1,
and the Ni/Fe molar ratio varied from 0.83:0.17 to 0.25:0.75.
XRD was employed to characterize the crystallinity of

supported Ni−Fe nanoparticles by scanning from 10 to 100°,
and the patterns are shown in Figure 1 and compared to

polycrystalline NiO (Joint Committee on Powder Diffraction
JCPDS card 04-0835) and γ-Fe2O3 (JCPDS card 39-1346)
standards.A low intensity for all characteristic crystalline
diffraction peaks was observed, except for the peak related to
the graphite (002) facet at ∼25°, which suggests that the NiOx,
FeOx, and NiyFe1−yOx nanoparticles predominantly feature
amorphous structures. For NiOx/C, only three weak peaks at
37.3, 43.3, and 62.9° were exhibited, representing the NiO
(111), (200), and (220) facets, respectively. With increasing Fe
content, the characteristic peaks of the γ-Fe2O3 (311) and
(400) facet at 35.6 and 44.2° were displayed, while the

Table 1. Summary of Actual Ni−Fe Composition and Average Particle Sizes of NiyFe1−yOx/C Catalysts

target Ni/Fe composition 1:0 0.8:0.2 0.7:0.3 0.5:0.5 0.3:0.7 0:1
actual Ni/Fe composition 1:0 0.83:0.17 0.69:0.31 0.46:0.54 0.25:0.75 0:1
average particle size/nm 3.7 4.1 4.4 4.4 4.2 3.4

Figure 1. XRD patterns of as-prepared carbon-supported NiOx, FeOx,
and NiyFe1−yOx nanoparticles with different Fe content. Patterns of
NiO [Joint Committee on Powder Diffraction (JCPDS) card 04-0835]
and γ-Fe2O3 (JCPDS card 39-1346) standards are shown at the
bottom.
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characteristic NiO diffraction peaks gradually disappeared. The
two small, sharp peaks at 23.2 and 25.8° are observed on FeOx/
C, which are probably assigned to the diffraction peaks of the γ-
Fe2O3 (210) and (211) facets. By analyzing all characteristic
peaks in the XRD patterns, it may be concluded that small
amounts of γ-Fe2O3 with low crystallinity are contained in the
predominantly amorphous phase in FeOx and NiyFe1−yOx

nanoparticles.40 However, due to the low intensity and close
position of NiO and γ-Fe2O3 standard diffraction peaks, the
XRD patterns could not reveal the exact crystalline phase in the

low-crystalline Ni−Fe nanoparticles. In addition, the XRD
patterns provided no evidence for alloyed NiFeOx and NiFe2Ox

crystals. Therefore, it further confirms that the hypothesized
crystalline phases in Ni−Fe nanoparticles are γ-Fe2O3 rather
than alloyed nickel iron oxides and that the Ni−Fe catalysts are
predominantly amorphous.41 After comparing a variety of
standard crystalline Fe oxides (e.g., α-Fe2O3, γ-Fe2O3, and
Fe3O4), only the standard XRD pattern of γ-Fe2O3 is shown as
the major crystalline phase in Figure 1.40−43

Figure 2. TEM images, corresponding selected-area electron diffraction (SAED) patterns, and particle diameter histograms of carbon-supported
NiOx, FeOx, and NiyFe1−yOx nanoparticles.

Figure 3. (a) Cyclic voltammograms of carbon-supported NiOx, FeOx, and NiyFe1−yOx nanoparticles collected at 5 mV s−1 and 1600 rpm in O2-
saturated 1.0 M KOH. (b) Reduction peak potential as a function of Fe content. The line demonstrates a linear fit to the data.
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TEM images were used to observe the Ni−Fe particle size
and size distribution directly, and selected-area electron
diffraction (SAED) patterns were employed to investigate the
amorphous structure of the Ni−Fe catalysts. From the TEM
images and corresponding histograms, all Ni−Fe catalysts were
found to be uniform nanoparticles with good dispersion and a
narrow size distribution (from 2.0 to 6.5 nm), centered at ca. 4
nm based on the counting of 250 randomly chosen particles
over an arbitrarily chosen area, as shown in Figure 2. The
average Ni−Fe nanoparticle diameters obtained from TEM are
summarized in Table 1. In addition, if highly crystalline nickel,
iron oxides, or Ni−Fe alloy is present, then one would expect
either a matrix of sharp, bright rings in the TEM-SAED patterns
as shown in Figure 2. However, only blurred rings were
observed, indicating a predominantly amorphous structure for
the as-prepared Ni−Fe catalysts, which is consistent with XRD
patterns. Some nearly unnoticeable bright spots with blurred
circles were displayed in FeOx/C, indicating that small amounts
of low-crystallinity Fe oxides were contained in the amorphous
phase.
3.3. Electrochemical Characterization. 3.3.1. Cyclic

Voltammetry of OER. The cyclic voltammograms of carbon-
supported amorphous Ni−Fe catalysts are shown in Figure 3a.
In 1.0 M KOH electrolyte, the NiOx/C and FeOx/C catalysts
exhibited significant differences in both characteristic redox
peaks and OER activity. The NiOx/C displayed redox peaks at
overpotentials of 52 and 140 mV (0.358 and 0.446V vs MMO)
during the anodic and cathodic scans, which resulted from the
transformation of Ni(OH)2 and NiOOH (Ni(OH)2 + OH− ↔
NiOOH + H2O + e−) in alkaline electrolyte, whereas FeOx/C
did not show any observable current density in the over-
potential range of <350 mV.44,45 However, it should be
mentioned that Fe oxide also has redox peaks at potentials of
between −1.2 and −0.6 V (vs MMO) in alkaline electrolyte,
which is out of the overpotential range studied.46,47

For Ni−Fe bimetallic catalysts, the Ni(OH)2/NiOOH redox
peaks were positively shifted with increasing Fe composition,
while the redox peaks area decreased simultaneously.30,31,33,36

When the Fe composition was greater than 54%, the
electrochemical oxidation and reduction peaks became less
pronounced, and the oxidation peak was even overlapped with
the rapidly increased OER current. The addition of Fe may
suppress the electrochemical oxidation of Ni(OH)2 to NiOOH,
and the number of electrons transferred per Ni atom could also

be changed.34 In order to reveal the effect of Fe content on the
OER activity of Ni−Fe catalysts, the reduction peak position as
a function of Fe content was plotted, as shown in Figure 3b. A
linear correlation between the position of the reduction peak
and Fe content is obtained, where a higher incorporated Fe
content gives rise to a more positive shift of the reduction peak.
However, the OER activity of the Ni−Fe catalysts is not
monotonically enhanced with increasing Fe content.
Ni0.69Fe0.31Ox/C, which is examined with the optimal Fe
content, exhibited the highest OER activity with a 280 mV
overpotential at 10 mA cm−2 in 1.0 M KOH, compared to the
335 mV overpotential observed on the monometallic NiOx/C
catalyst. The significant enhancement of the OER activity
indicates that Fe involved in the amorphous Ni−Fe catalyst
interacts closely with Ni. When the Fe content was further
increased, the OER activity of Ni−Fe catalysts decreased. For
instance, the OER overpotential on Ni0.25Fe0.75Ox/C at 10 mA
cm−2 increased to 341 mV, which is close to the 335 mV
overpotential of monometallic NiOx/C. This activity drop is
probably ascribed to the decrease in the number of Ni active
sites on the catalyst surface with the addition of more Fe.
However, due to the complex amorphous structure of Ni−Fe
catalysts, the mechanisms of OER activity varying with Fe
content still needs to be further investigated. It should be
mentioned that the optimal Fe content varies from 10 to 50%
for different Ni−Fe OER catalysts, as reported in previous
publications. This may be due to different catalyst morphology
and structure (crystallization vs amorphous) resulting from
synthesis methods and electrode preparation techniques.15−20

In addition, the 280 mV overpotential on the Ni0.69Fe0.31Ox/C
catalyst at 10 mA cm−2 is also lower than the 305 mV
overpotential on the well-known most active Ir/C, as shown in
Figure 4a. Because IrOx has been found to be unstable in basic
solution in the high-current-density region, the recorded first
cycle voltammogram was recorded for this comparison. Thus,
the ca. 25 mV overpotential difference at 10 mA cm−2 between
Ni0.69Fe0.31Ox/C and Ir/C indicates higher OER activity for the
amorphous Ni−Fe catalysts. Moreover, in order to investigate
the effect of carbon supporting material on NiyFe1−yOx/C OER
activity, a blank CV test on carbon black (without metal
nanoparticles) was carried out under the same experimental
conditions. Interestingly, a very low current density was
observed in the overpotential region of <450 mV, indicating
a sluggish OER activity over the carbon black. Thus, the high

Figure 4. (a) Cyclic voltammograms of carbon-supported NiOx, FeOx, Ni0.69Fe0.31Ox, Ir nanoparticles, and carbon black. (b) Tafel plots of carbon-
supported Ir, NiOx, and Ni0.69Fe0.31Ox nanoparticles collected at 5 mV s−1 and 1600 rpm in O2-saturated 1.0 M KOH.
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OER performance achieved on the reported NiyFe1−yOx/C
catalysts is contributed by Ni−Fe bimetallic nanoparticles,
rather than the carbon black supporting material.
The Tafel plots for the carbon-supported Ni−Fe and Ir

catalysts in alkaline media are shown in Figure 4b. The
observed Tafel slope of the Ni0.69Fe0.31Ox/C catalyst was about
30 mV dec−1, while those of NiOx/C and Ir/C catalysts were
38 and 44 mV dec−1, respectively. The turnover frequency
(TOF) of the Ni0.69Fe0.31Ox/C catalyst at an overpotential of
300 mV was also calculated in 1.0 M KOH, assuming all of the
active metal atoms in the catalysts drop-casted on the glassy
carbon electrode are catalytically active for OER.3,10,16,33,48 The
TOF value of Ni0.69Fe0.31Ox/C was calculated to be 0.20 s−1,
which is similar to the previously reported highest TOF of 0.21
s−1 for the Ni−Fe thin film, and is roughly 10-fold higher than
that of the reported IrOx (0.0089 s−1) catalyst, suggesting a
high OER activity on amorphous Ni−Fe nanoparticles.48 It
should be noted that the porous structure of carbon supporting
materials could affect the OER performance of the metal
catalysts, since some of the Ni−Fe surface-active sites may not
directly contact the electrolyte. Therefore, the obtained TOF of
the Ni0.69Fe0.31Ox/C catalyst should be the lowest boundary
and smaller than its actual TOF value. Corrigan has reported
the highest Tafel slope of 25 mV dec−1 for the 10% Fe
coprecipitated Ni−Fe thin film and has shown a measured
current of 100 mA at a 287 mV overpotential in 1.0 M
KOH.30,31 On the basis of their reported data, the TOF was
calculated to be 0.07 s−1, which is much smaller than that of the
presented carbon-supported amorphous Ni0.69Fe0.31Ox nano-
particles. In addition, Ba0.5Sr0.5Co0.8Fe0.2O3−δ (BSCF), reported
by Suntivich et al., has a very high TOF of ∼0.6 s−1 at 300 mV
in 0.1 M KOH.25 However, the large particle size of ∼200 nm
and the 50 mV dec−1 Tafel slope of BSCF will limit its OER
mass activity enhancement, particularly at high overpotentials.
The interaction effects between the Ni−Fe metal catalysts and
the supporting material on the OER activity should be
thoroughly investigated because the porous structure of carbon
black that is currently used may not give rise to the optimum
contact between the metal catalytic sites and electrolyte.
Nitrogen-doped carbon nanotubes, 3D graphene, or reticulated
vitreous carbon could be more promising alternative electro-
catalyst supports, which are worthy of exploring in future
research.
3.3.2. Faradaic Efficiency. The Faradaic efficiency of OER

can be determined by RRDE, where oxygen was produced at
the center disk electrode and collected and reduced on the Pt
ring electrode. The background Pt ring current was measured
and corrected prior to the experiments, and then the disk
electrode was applied to consecutive 1 min constant potential
steps from 0.586 to 0.646 V (vs MMO) at a 1600 rpm rotation
rate under a N2 gas blanket. The ring current was recorded at a
constant potential of −0.6 V (vs MMO), which was sufficiently
negative to reduce the collected oxygen rapidly. It should be
noted that only dissolved O2 can be reduced at the surface of
the ring electrode. Hence, the measured Faradaic efficiency
could be lower than the actual value due to the undissolved
oxygen bubbles.6 The Faradaic efficiency can be determined as
below

=
×

×
n i

i N
Faradaic efficiency app r

d (4)

where napp is apparent number of electrons, ir and id are the
measured ring and disk currents, respectively, and N is the
collection efficiency of RRDE, ∼0.23 in this work.
Under the conditions of −0.6 V vs MMO in 1.0 M KOH on

the Pt ring electrode at a rotation rate of 1600 rpm, the
apparent number of electrons, napp is calculated as 2 (napp= ca.
2), which was reported by Jaramillo et al.6 They investigated
the apparent number of electrons for oxygen reduction reaction
(ORR) on a Pt ring electrode in 1.0 M KOH electrolyte and
found that the limiting ring current is strongly related to the
apparent number of electrons and rotation rate of the Pt ring
electrode, based on the Levich equation of RRDE.6,49

The disk and ring currents over the Ni0.69Fe0.31Ox/C catalyst
in 1.0 M KOH are plotted as a function of the applied disk
potential in Figure 5. The highest Faradaic efficiency, ∼97%,

was obtained at the applied disk potential of 0.586 V (vs
MMO), and decreased to 43% with the disk voltage increasing
to 0.646 V (vs MMO). The decreasing Faradaic efficiency
might be ascribed to apparently undissolved oxygen bubbles
generated at the relatively high applied disk potentials. Most of
the oxygen in the gas bubble cannot be collected by the Pt ring
electrode. Thus, the 97% Faradaic efficiency, achieved at 0.586
V (vs MMO) (obtained 1.0 mA cm−2 disk current density), is
more representative of the OER efficiency on the Ni−Fe
catalysts because such a disk current density is sufficiently high
to generate dissolved oxygen while satisfactorily low to suppress
local oxygen bubble formation at the surface of the disk
electrode. The Faradaic efficiency of ∼97% suggests that the
disk current is dominantly attributed to OER rather than non-
OER reactions (e.g., carbon corrosion, further oxidation of
nanoparticle catalyst, etc.).

3.3.3. Catalyst Stability. The short-term stability of the
optimized Ni0.69Fe0.31Ox/C catalyst was investigated by
chronoamperometry. A current density of 10 mA cm−2 was
held for 6 h at a rotation rate of 1600 rpm. The cyclic
voltammogram was collected after each hour to study the
change in the OER activity on Ni0.69Fe0.31Ox/C, and the results
are shown in Figure 6a. It is exciting to observe that after a 6 h
test, the cyclic voltammograms showed no apparent change,
implying that the Ni−Fe catalyst was not deactivated in 1.0 M
KOH. Bell and coworkers found that the redox couple of the
NiOx thin film will shift to a higher overpotential in alkaline
media after several hours of anodization, which is ascribed to

Figure 5. Faradaic efficiency measurement for the carbon-supported
Ni0.69Fe0.31Ox catalyst in 1.0 M KOH at 1600 rpm under N2 saturation.
The disk and ring currents of RRDE are plotted as functions of the
applied disk potential.
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the transformation of disordered γ-NiOOH to ordered β-
NiOOH.33 However, the slight increase in the redox peaks area
without a position shift of the redox couple is observed in the
Ni0.69Fe0.31Ox/C catalyst stability tests, which could be
explained as the incorporated Fe influencing the transformation
of disordered γ-NiOOH to ordered β-NiOOH and more Ni
surface sites exposed to electrolyte and becoming electro-
chemically active during the anodization.16,33

In order to investigate the stability of as-prepared Ni−Fe
nanoparticle catalysts further, TEM was employed to reveal the
nanoparticle size change before and after 6 h of anodization.
Particle aggregation often occurs under high current density
and has been identified as one of the main reasons leading to
the decrease in catalyst activity, owing to the reduced
electrochemically active surface area. However, it was
interesting to observe nearly no catalyst particle aggregation
after 6 h of constant current anodization, as shown in Figure 6c
(TEM images for Ni0.69Fe0.31Ox/C before and after 6 h of OER
testing). The average Ni0.69Fe0.31Ox particle size measured after
6 h of OER was about 4.6 nm, which is very close to the initial
value of 4.4 nm for the fresh catalyst. This negligible size
change of Ni0.69Fe0.31Ox nanoparticles further confirms the
robust stability of the presented small amorphous Ni−Fe
nanoparticle catalysts.
In addition, the stability of commercial Ir/C in 1.0 M KOH

has also been studied for comparison with the amorphous Ni−
Fe nanoparticle catalysts. Figure 6b shows the overpotential as a
function of time for carbon-supported Ni0.69Fe0.31Ox and Ir for
2 h. The Ni−Fe catalyst exhibited a surprisingly high
electrochemical stability: the overpotential of the Ni0.69Fe0.31Ox

catalyst at 10 mA cm−2 was maintained at around 285 mV
during the 2 h test. The slight increase in overpotential during
the first 60 min for the Ni−Fe catalyst resulted from oxygen
bubbles accumulating at the surface of the electrode. After
removal of the bubbles by lifting the working electrode out of
the electrolyte and rotating it, the measured OER overpotential
reduced to the initial value. On the contrary, the OER
overpotential on the iridium catalyst at 10 mA cm−2 was
tremendously increased from 286 mV to 480 mV during 2 h of
anodization, indicating that the Ir/C catalyst is very unstable in
1.0 M KOH. This could be explained by the oxidation of the
surface IrOx to water-soluble IrO4

2− or other water-soluble
solvated Ir(VI) ions, which has been reported in the
literature.50−52

4. CONCLUSIONS

We have successfully synthesized carbon-supported amorphous
Ni−Fe nanoparticle catalysts with an average size of 4 nm
through a solution-phase reduction route. XRD and TEM-
SAED characterizations showed that all Ni−Fe catalysts are
predominantly amorphous, containing a small crystalline phase.
The highest OER activity of catalysts was observed for a 31%
Fe content Ni−Fe bimetallic catalyst (Ni0.69Fe0.31Ox/C) in 1.0
M KOH, which exhibited a 280 mV overpotential at 10 mA
cm−2. It was not only lower than the 335 mV overpotential with
the amorphous NiOx/C catalyst but also lower than the 305
mV overpotential with commercial Ir/C. The Tafel slope of 30
mV dec−1 with optimized Ni0.69Fe0.31Ox/C was comparable to
those with the state-of-the-art Ir catalyst and Ni−Fe thin film in
an alkaline electrolyte. Moreover, an attractive 97% Faradaic

Figure 6. (a) Cyclic voltammograms of carbon-supported Ni0.69Fe0.31Ox nanoparticles collected hourly at 5 mV s−1 and 1600 rpm in O2-saturated 1.0
M KOH during 6 h of a constant current density (10 mA cm−2) anodization test. (b) Plots of overpotential as a function of time for carbon-
supported Ni0.69Fe0.31Ox and Ir catalysts recorded under a 10 mA cm−2 constant current density at 1600 rpm in O2-saturated 1.0 M KOH. (c) TEM
images of carbon-supported Ni0.69Fe0.31Ox before and after 6 h of a constant current density anodization test.
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efficiency implies that the majority of the current density is
attributed to the OER rather than to other side reactions. The
OER overpotential remained nearly constant at around 285 mV
at 10 mA cm−2 during 6 h of anodization. TEM images further
show that the average Ni−Fe particle size apparently did not
change (from 4.4 to 4.6 nm) and no obvious Ni−Fe
nanoparticle aggregation was observed. All of these strongly
indicate the robust stability of the small amorphous Ni−Fe
nanoparticle catalyst for alkaline OER. The reported
amorphous Ni−Fe nanoparticles with high OER efficiency
and stability can potentially serve as electrocatalysts for
(photo)electrochemical cells in water splitting or CO2
reduction applications.
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