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ABSTRACT: A series of Ni1−xFex hydrous oxide nanoparticles (HO-nps, x =
0−0.5, 1) were prepared by stirring 0.1 M KOH solutions of NiCl2 and FeCl2
under air at room temperature. The resulting HO-nps can be used directly, or
washed and isolated without loss of activity. The Ni1−xFex HO-nps are
outstandingly active and stable toward the water oxidation reaction (WOR) in
base. The Ni0.75Fe0.25 HO-np was the most active mass-normalized WOR
catalyst in the series, with onset overpotential = 190 mV, Tafel slope = 24 mV
dec−1, overpotential at 10 mA cm−2 = 234 mV, and loadings Ni + Fe = 0.135
mg cm−2. The catalysts were robust under long-term galvanostatic and duty-
cycle testing. The Ni0.75Fe0.25 HO-np catalyst has a layered double hydroxide
structure, and it appears that Fe enhances the activity of Ni toward the WOR by decreasing its electron density.
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■ INTRODUCTION

We report a simple synthesis of active, stable catalysts for the
water oxidation reaction (WOR) from common earth-abundant
precursors. The large-scale electrolysis of water is a promising
method to store energy from solar, wind, and other CO2-free
sources of electricity.1,2 The resulting hydrogen can be
combusted or converted into electricity with fuel cells.3,4

Alternatively, carbon dioxide (CO2) can be reduced at the
electrolyzer cathode to form carbon monoxide or liquid fuels.5

Alkaline water electrolyzers possess advantages over acidic
systems.6,7 Among the most significant is that non-noble metals
catalyze the WOR in base.8−10 The major challenge to the
widespread adoption of electrolyzers for energy storage,
however, is the sluggish WOR at the anode (eq 1, E° = 1.23
VRHE, RHE = reversible hydrogen electrode).11,12

→ + +− −4OH O 4e 2H O2 2 (1)

There are numerous reports of combinations of the first row
metals Ni, Fe, Co, and Cu that are promising alkaline WOR
catalysts.13−22 Table 1 describes the most active in the
literature. Most contain Ni and Fe. The active forms of these
catalysts are hydrous oxides prepared by procedures including
photochemical decomposition followed by heat treatment
(Table 1, entry 1),16 controlled electrodeposition followed by
oxidation (entries 2 and 3),23,24 or hydro/solvothermal
treatment followed by modification with graphene oxide
(GO) (entry 4)25 or carbon nanotubes (CNTs) (entry 5).14

Active FeCoW catalysts have very recently been prepared by
careful hydrolysis, sol−gel formation, and drying with super-
critical CO2 (entry 6).26

Ideally, an industrial catalyst synthesis is inexpensive, simple,
quick, and scalable.6,20 We recently reported that Ir1−xNix
hydrous oxide nanoparticles (HO-nps) form as colloidal
suspensions by stirring solutions of NiCl2 and IrCl3 in 0.1 M
KOH under air for 3 days.27 The resulting blue-purple colloids
are active and stable WOR catalysts in acid. For this study, we
report the preparation and study of a series of Ni1−xFex HO-nps
prepared in a similar manner for the WOR in base.

■ EXPERIMENTAL SECTION
Perchloric acid (Aldrich; 70%, 99.999%), potassium hydroxide
(Aldrich; semiconductor grade, 99.99%), nickel chloride (Alfa Aesar;
anhydrous, 98%), nickel chloride hydrate (NiCl2·6H2O; Baker; 98%),
iron(II) chloride (FeCl2·4H2O; Fisher), iron(III) chloride (FeCl3·
6H2O; Fisher), Ni foam (Goodfellow; thickness 1.6 mm; porosity
95%), Toray carbon fiber paper (Electrochem. Inc.), and Nafion (5 wt
%, ElectroChem Inc.) were used as received unless stated otherwise.
Triply distilled water was used throughout the experiments.

To prepare Ni0.75Fe0.25 HO-nps, 0.0259 g (0.20 mmol) of NiCl2 or
0.0476 g (0.20 mmol) of NiCl2·6H2O and 0.0133 g (0.067 mmol) of
FeCl2·4H2O or 0.0180 g (0.067 mmol) of FeCl3·6H2O were dissolved
in 20.0 mL of triply distilled water in a 100 mL round-bottom flask. A
3.0 mL portion of 0.83 M KOH solution was then added dropwise
over 2 min. Upon adding KOH, the color of the solution changed
from transparent pale green to dark green, with green particles. The
color of the suspension then changed from green to yellow within 0.5
h, and the solution was stirred at 400 rpm for a total of 24 h in air. The
use of FeCl3·6H2O gave similar water oxidation activity and stability to
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FeCl2·4H2O (Figures S15 and S16). For the synthesis of other
Ni1−xFex HO-nps, appropriate masses of the metal precursors (i.e.,
NiCl2 and FeCl2) and 0.83 M KOH solution (10 equiv the total mole
of Ni2+ and Fe2+) were utilized to yield the desired metal ratios. Table
S1 provides details of the chemicals used for the synthesis. The
amount of Ni precursor was kept constant, and the amount of Fe was
set to the desired mass. The Ni1−xFex HO-nps can be stored in the
reaction mixture, or washed and isolated as described in the
Supporting Information.
The as-prepared colloidal Ni, Fe, and Ni1−xFex HO-np solutions

were mixed with appropriate amounts of Nafion to give a final 1% wt
Nafion per total mass of Ni + Fe, calculated from the amounts in Table
S1. Using a micropipette and graded microtips, appropriate volumes of
the HO-np/Nafion suspensions (sonicated for 2 min) were drop
coated onto ∼1 cm2 area of carbon fiber paper electrodes (CF; 1 × 3
cm2) to give loadings ∼67.5 or ∼135 μg of the Ni1−xFex catalysts, or
drop coated onto ∼1 cm2 area of Ni foam (Nifoam; 1 × 3 cm2) to give
loadings of 135 μg of Ni0.75Fe0.25 catalyst. The ink was dried over 20
min at 60 °C and then left at room temperature for 20 min. Accuracy
of the drop coating was checked by inductively coupled plasma mass
spectrometry (ICP-MS) (∼97%) (Table S4). Homemade graphite
clips were used for electrochemical measurements to avoid metal
contamination.
The electrochemical experiments were performed with a Solartron

SI 1287 Electrochemical Interface controlled by CorrWare for
Windows Version 2-3d software. The reference electrode was a
saturated calomel electrode (SCE; Fisher Scientific); however, all
potentials in this paper are reported versus reversible hydrogen
electrode (RHE). The measured potentials (ESCE’s) were converted to
an RHE scale according to

= + +E E 0.059pH 0.241RHE SCE (2)

η = −E 1.23 VRHE (3)

where ERHE is the potential versus reversible hydrogen electrode, ESCE
is the potential versus the saturated calomel electrode, and η is the
overpotential. All electrochemistry experiments are performed in 1.0
M KOH solution (pH 13.6) at room temperature. The potential was
calibrated by measuring against the homemade reversible hydrogen
electrode potential using a Pt wire electrode under trapped hydrogen
in the same electrolyte. Calibration was also done by measuring against
Pt electrode in H2-saturated 1.0 M KOH (Figure S18). A graphite rod
formed the counter electrode. Uncompensated resistance (1 Ω) was
estimated by ac impedance28 and corrected for.
X-ray photoelectron spectroscopy (XPS) measurements were

performed on a Kratos Axis 165 instrument. Brunauer−Emmett−
Teller (BET) measurements were carried out using Autosorb
Quantachrome 1MP. High resolution transmission electron micros-
copy (HRTEM) microscopy of the washed Ni0.75Fe0.25 HO-nps was
performed at H-9500 with an accelerating voltage of 300 kV. Scanning
transmission electron microscopy (STEM) was conducted at
JEM2200FS with an accelerating voltage of 200 kV. Energy dispersive
X-ray spectroscopy (EDS) was done under STEM mode. X-ray
powder diffraction was performed on a X’Pert Pro MPD diffractometer
(PANalitical, Netherlands) with a curved position-sensitive detector
(CPS 120) and a Cu Kα1 radiation source operated at 40 kV and 20

mA with (l1/2 = 1.54060/1.54439 Å). Other detailed instrumentation
information can be found in Supporting Information.

■ RESULTS AND DISCUSSION
Figure 1a shows the high resolution transmission electron
microscopy images of the isolated, washed Ni0.75Fe0.25 HO-np

catalyst. This is the most active mass-normalized WOR catalyst
in the series prepared for this study (vide infra). The selected
area electron diffraction pattern contains several rings (Figure
1a, inset), indicating regions with polycrystalline structure.
Figure 1b shows that the catalyst consists mostly of regions
with clear lattice images, indicating a largely polycrystalline
Ni0.75Fe0.25 HO-np structure. The measured interplanar
distances are 0.248 and 0.210 nm, corresponding to the
(012) and (015) planes of α-Ni(OH)2, respectively. A similar
interplanar distance (0.25 nm) was reported by Dai et al. for
the (012) lattice plane in their NiFe-LDH/CNT hybrid WOR
catalyst.14 The powder X-ray diffraction pattern of the isolated
Ni0.75Fe0.25 HO-np also contained peaks corresponding to the
(00n) planes of LDH structures, consistent with NiFe-LDH
(JCPDS 51-0460) (Figure S19).14,29−33 The Brunauer−
Emmett−Teller (BET) surface area of the isolated, vacuum-
dried Ni0.75Fe0.25 HO-np powder was 68.64 m2 g−1. The BET
surface areas reported for other NiFe LDH materials in the
literature range from 7 to 385 m2 g−1.25,34−36

The energy dispersive X-ray spectroscopy (EDS) elemental
mapping indicates that the distribution of Ni, Fe, and O in the
catalyst is uniform, with the ratio of Ni to Fe ∼ 3:1. The same
ratio was measured by the ICP-MS after dissolving Ni0.75Fe0.25

Table 1. Reported Active Water Oxidation Catalysts in Basea

catalyst ηonset /V η at 10 mA cm−2/V (LSV) Tafel slope (mV dec−1) loading (mg cm−2)

1 Fe−Co16 0.18 NA 31 NA
2 NiFe/Pt foil23 NA NA 14.8 NA
3 NiFe−LDH array/Ni foam24 0.20 0.23 52.8 1.0
4 FeNi−rGO LDH hybrid25 0.19 0.21 39 0.25
5 NiFe LDH−CNT hybrid14 0.22 0.25 31 0.25
6 FeCoW/Au plated Nifoam

26 NA 0.19 NA 0.39
this work 0.19 0.23 24 0.135

aThe following abbreviations apply: NA, not available; η, overpotential; LDH, layered double hydroxide; rGO, reduced graphene oxide.

Figure 1. (a and b) High resolution transmission electron microscopy
images of the isolated, washed Ni0.75Fe0.25 HO-nps. The inset of part a
shows the selected area electron diffraction pattern. EDS elemental
mappings for Ni (d), Fe (e), O (f), and the STEM image of the
corresponding area (c).
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HO-nps in 0.1 M HClO4, and by XPS (Table S4). Potassium
and chloride ions were not detected by EDS or XPS in the
isolated, washed catalyst (Figures S4 and S5). Thus, the initial
ratio of Ni and Fe precursors is present in the isolated hydrous
oxide nanoparticle product. Also, the absence of Cl− shows that
the anionic species in the LDH structure are oxides or
hydroxides.
The XPS spectra (Figure S2) of the Ni0.75Fe0.25 HO-nps

show that Fe is predominantly in the 3+ oxidation state,
resulting from air oxidation of Fe(II) during the synthesis.37 We
note that the use of FeCl3 as precursor formed the catalyst with
the same activity. Table S2 summarizes the key results with the
Fe 2p signals at ∼713 eV (Fe 2p3/2) and ∼725 eV (Fe 2p1/2).
Deconvolution of the O 1s signal at ∼530−533 eV shows that
the oxygen predominantly existed as OH− incorporated into
the lattice or on the surface, with only ∼1% of lattice O2−

present (Figure S2).20,38 The Ni XPS signals are consistent with
Ni(OH)2.

39 The detected presence of Fe(III) and OH− and the
likely presence of Ni(OH)2 are also consistent with the Ni/Fe
LDH catalyst structure.
The combined results from the characterization studies show

that the Ni0.75Fe0.25 HO-nps predominantly exist as Ni/Fe LDH
structures,29,31 containing Ni(II)(OH)2 and Fe(III)(OH)2

+

octahedral centers in the hydroxide layers, with OH− and
H2O intercalated between the layers. The overall equation for
its formation would then be eq 4.

+ + + +

→

+ + −

+ −

3Ni Fe 7.25OH 0.25O 0.5H O

4[Ni Fe (OH) ] OH

2 2
2 2

0.75 0.25 2
0.25

0.25 (4)

Figure 2 shows the positive-going linear sweep voltammo-
grams (LSVs) in 1 M KOH for a series of Ni1−xFex HO-nps

deposited upon carbon fiber paper (CF). The total mass
loading of Ni + Fe was the same (0.0675 mg cm−2) for all the
electrodes. The LSV of the Fe HO-np/CF is essentially
featureless up to ∼1.58 VRHE (∼350 mV overpotential), where
the WOR current spikes up. The LSV of the Ni HO-np/CF
contains a distinctive peak at 1.37 VRHE, corresponding to the
Ni(OH)2/Ni(O)OH redox couple.40 This peak shifts to higher
potentials when the mole fraction of Fe increased. Similar
observations have been reported by others.41−44 The shift to
higher potentials may in part result from an increasing electron
deficiency in the layered double hydroxide as Ni2+ is replaced

by Fe3+ in the lattice. The WOR onset over the Ni HO-np/CF
(x = 0) was ∼1.56 VRHE (∼330 mV overpotential), which
compares to the literature value after all traces of Fe were
removed from the KOH.43,45 The mixed systems are
substantially more active than the pure Ni or Fe catalysts
toward the WOR, with Ni0.75Fe0.25 HO-np/CF being the most
active when normalized to the total mass of Ni + Fe. Table 2
summarizes the data. With increasing fractions of Fe, the onset
potential decreased from 1.56 VRHE over Ni HO-np/CF to 1.44
VRHE (210 mV overpotential) over Ni0.75Fe0.25 HO-np/CF. The
onset potential then increased to ∼1.58 VRHE over pure Fe HO-
np/CF. The Ni(O)OH/Ni(OH)2 peak in the cathodic sweeps
of the LSVs did not overlap with the WOR, and could be used
to estimate the number of electrochemically accessible Ni
atoms in the samples. Table 2 lists the WOR overpotential for
the HO-np at 6 × 104 A molNi

−1 in order to investigate the
intrinsic activities of Ni within this series. The data show that
the activity of Ni increases when the mole fraction of Fe (x)
increases, even as x exceeds 0.25, the mole fraction within the
most active mass-normalized WOR catalyst. Although this
trend does not exclude other possibilities, it does suggest that
the Ni0.75Fe0.25 HO-np is the most active catalyst by mass
because the combination of Ni activation by Fe and the number
of Ni atoms with the HO-np is optimized for the WOR. To our
knowledge, this observation has not been reported previously.
The Tafel slopes for the Ni and Fe HO-np/CF were ∼62

and 120 mV dec−1, respectively. The slopes were substantially
less over the most active catalysts Ni0.75Fe0.25 and Ni0.80Fe0.20
HO-np/CF (∼29 and 30 mV dec−1, respectively). The Tafel
slopes were all near 40 mV dec−1 for the series of Ni1−xFex HO-
nps. As proposed by Gervasi et al., this Tafel slope is consistent
(at low overvoltages and under steady-state conditions) with a
mechanism with two net steps. The first is a reversible one-
electron oxidation accompanied by coordination of hydroxide
to a Ni(IV) active site (eq 5). The second is a turnover-limiting
one-electron oxidation that occurs by reaction between
dissolved hydroxide and Ni(IV)(OH)ad to generate O2 (eq
6).46,47 Equations 5 and 6 likely represent multistep processes.
The turnover-limiting eq 6 likely resembles an attack by
hydroxide on an electron-deficient oxygen species bonded to
Ni(IV).

+ ⇌ +− −Ni(IV) OH Ni(IV)(OH) es ad (5)

+ → + + +− −Ni(IV)(OH) OH Ni(IV)
1
2

O H O ead s 2 2

(6)

Cyclic voltammetry studies in the literature44,48,49 and of our
own indicate that the electron deficiency at Ni increases with
the fraction of Fe in the lattice. Combining this observation
with the mechanism proposed by Gervasi et al.,47 we propose
one way that Fe enhances eq 6 is by reducing the electron
density at Ni, thereby increasing the reactivity of Ni-bound O-
containing species toward attack by OH−. This enhancement
increases with the mole fraction of Fe in the HO-nps, but the
mass activity of the catalyst also depends upon the mole
fraction of Ni. Again, this proposal does not exclude other
possibilities.
Table 2 also summarizes the LSV and galvanostatic WOR

potentials of the series at 10 mA cm−2 (geometric). Again, the
mixed catalyst Ni0.75Fe0.25 HO-np was the most active (E ∼
1.49−1.50 VRHE, 260−270 mV overpotential) by mass of Ni +
Fe.

Figure 2. Voltammetric WOR over Ni1−xFex HO-nps/CF in 1.0 M
KOH from 1.2 to 1.7 VRHE at 5 mV s−1. All loadings of Ni + Fe =
0.0675 mg cm−2.
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The stability of the Ni0.75Fe0.25 HO-nps toward the WOR was
investigated by galvanostatic and duty-cycle experiments. Figure
3 shows the 24 h galvanostatic WOR polarization curves over

Ni and Ni0.75Fe0.25 HO-np/CF at j = 10 mA cm−2 with the
loading Ni + Fe = 0.0675 mg cm−2. Both catalysts displayed
sustained polarization patterns during the entire galvanostatic
water oxidation. The cyclic voltammograms (Figure S17) and
XPS spectra (Figure S3) of the Ni0.75Fe0.25 HO-np/CF
electrode were measured after the 24 h galvanostatic WOR.
The area under the Ni(O)OH/Ni(OH)2 cathodic peak (Figure
S17) increased slightly (∼4%), suggesting that no major
restructuring of the catalyst occurred over the 24 h WOR. The
Ni and Fe 2p3/2, 2p1/2 XPS peaks shifted by 0.5−1.0 eV to
higher binding energies (Figure S3), and deconvolution of the
O 1s peak showed that the amount of O2− increased from <1%
to ∼3%. Taken together, the increases in the 2p binding
energies and in the amount of O2− suggest that the fraction of
high oxidation state species, perhaps resembling Ni(O)OH,
Fe(O)OH, increased over the 24 h WOR. This interpretation is
tentative, however, because other factors, such as the degree of
hydration, proportion of OH− versus O2− in the intercalated
layers, etc., could also change over the 24 h WOR.
Strasser et al. developed duty-cycle tests that assess the

durability of IrNiOx acidic WOR catalysts under conditions
closer to an operating electrolyzer.50 We applied similar duty-
cycle tests to the Ni0.75Fe0.25 HO-np/CF for the WOR in base,
except that we measured the WOR activity after each cycle at
10 mA cm−2, rather than the reported 1 mA cm−2. We utilized

this harsher current density to be in keeping with the
conventions of the alkaline WOR literature. Figure 4 shows

plots of WOR potential at 10 mA cm−2 (E10) versus number of
duty cycles for Ni and Ni0.75Fe0.25 HO-np/CF. Both catalysts
demonstrated high stabilities that are comparable to the acid
IrNiOx systems reported by Strasser et al. Specifically, E10

increased by 30 mV, over 5 duty cycles with Ni HO-np/CF,
and by only 17 mV, over 5 duty cycles with Ni0.75Fe0.25 HO-np/
CF. Thus, the Ni0.75Fe0.25 HO-nps were robust to 24 h
galvanostatic and duty-cycle tests.
The highest reported NiFe activities were obtained with

NiFe LDH structures that were modified with oxidized
graphene or carbon nanotubes, and supported on Ni foam at
high loadings (0.25 to 1 mg cm−2).14,24,25 For comparison, we
prepared electrodes with higher mass loadings of Ni0.75Fe0.25
HO-nps (Ni + Fe = 0.135 mg cm−2) deposited on Ni foam and
carbon fiber paper. Figure 5 compares the WOR LSVs of the
Ni0.75Fe0.25 HO-np catalyst on Ni foam, on carbon fiber paper,
and of bare Ni foam. The redox peaks and WOR activity of the
bare Ni foam were negligible compared to the Ni0.75Fe0.25 HO-
np deposit. The LSV overpotential at 10 mA cm−2 was only 234
mV (VRHE = 1.46 V) over Ni0.75Fe0.25 HO-nps on Ni foam. This
activity is comparable to the best, modified Ni−Fe catalysts in
the literature (210 mV (0.25 mg cm−2)25 and 224 mV (1 mg
cm−2)24). The onset potential over Ni0.75Fe0.25 HO-np/Nifoam
was 1.42 VRHE (190 mV overpotential), which also compares
well to the lowest in the literature (180 mV).16 The Tafel slope
for the Ni0.75Fe0.25 HO-np/Nifoam electrode was also low, 24

Table 2. Key Electrochemical Results for the Ni1−xFex HO-np/CF and Ni0.75Fe0.25 HO-np/Nifoam Electrodesa

ηonset
b/VRHE η at 10 mA cm−2/V

catalyst LSV Tafel LSV galv η at 6 × 104 A molNi
−1/Vc Tafel slope (mV dec−1)

Ni 0.33 0.31 0.44 0.45 0.47 62
Ni0.89Fe0.11 0.24 0.23 0.28 0.29 0.31 34
Ni0.80Fe0.20 0.22 0.23 0.27 0.27 0.29 30
Ni0.75Fe0.25 0.21 0.22 0.26 0.27 0.28 29
Ni0.66Fe0.34 0.23 0.22 0.27 0.28 0.26 34
Ni0.50Fe0.50 0.24 0.22 0.30 0.29 0.25 42
Fe 0.35 0.34 0.54 0.58 - 120
Ni0.75Fe0.25/Nifoam

d 0.19 0.20 0.23 0.24 0.28 24
aAll loadings of Ni + Fe = 0.0675 mg cm−2. bThe onset overpotential was estimated by the intercept of the negative-going LSV with the E axis
(Figures S7 and S8), and the beginning of the linear region in Tafel plots. (Figures S11 and S12). cThe current density was chosen arbitrarily. The
electrochemical accessible Ni normalized cyclic voltammograms are shown in Figures S9 and S10. dCatalyst loading on Ni foam Ni + Fe = 0.135 mg
cm−2.

Figure 3. 24 h galvanostatic (10 mA cm−2) WOR over Ni HO-np/CF
and Ni0.75Fe0.25 HO-np/CF, loading Ni + Fe = 0.0675 mg cm−2.

Figure 4. Voltammetric potential at 10 mA cm−2 vs duty cycle for Ni
and Ni0.75Fe0.25 HO-np/CF, loading Ni + Fe = 0.0675 mg cm−2.
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mV dec−1. The 24 h galvanostatic WOR at 10 mA cm−2 (Figure
6b, only ∼1.47 VRHE, 240 mV overpotential) and duty-cycle
stability tests (Figure 6a, E10 increased by ∼13 mV after 5 duty
cycles) showed that the Ni0.75Fe0.25 HO-nps were more active
(per gram Fe + Ni) and stable over Nifoam than over carbon
fiber paper. The charges under the Ni(O)OH/Ni(OH)2
cathodic peak (Figure S8) showed that the utilization of Ni
was ∼11% in the Ni0.75Fe0.25 HO-np/CF electrode at 0.135 mg
cm−2 mass loading Ni+ Fe. The utilization over Ni foam (48%)
was substantially higher. When normalized to the electro-
chemically accessible sites estimated from the charges under the
Ni(O)OH/Ni(OH)2 cathodic peak (Figure S10), the
Ni0.75Fe0.25 HO-nps possessed nearly the same WOR activity.
Therefore, the increased activity can only come from the
increased utilization of Ni (48%) when supported on Ni foam.
More research is required to understand why the catalyst
utilization is higher over Nifoam. Regardless, these results show
that the Ni0.75Fe0.25 HO-np/Nifoam electrode, prepared in this
simple manner, is comparable to the most active WOR catalysts
reported to date.51 The Ni0.75Fe0.25 HO-nps can also be isolated
by centrifugation, washed with distilled water, and redispersed
in distilled water by sonication. A control experiment showed
that the isolated, washed, and dispersed Ni0.75Fe0.25 HO-nps
had the same activity as the directly prepared catalyst (Figure
S13).

This is one pot, open-air synthesis from simple Ni and Fe
chlorides produced remarkably active and stable WOR
catalysts. The synthesis is substrate-versatile and easily scaled.
The hydrous oxide nanoparticles can be used directly from the
reaction mixture, or isolated as a solid without loss in activity.
We suggest that the presence of Fe decreases the electron
density at Ni, which enhances the rate of reaction between Ni-
oxide species and dissolved hydroxide in the turnover-limiting
step. The simultaneous optimization of the activity of Ni by Fe,
the fraction of Ni in the HO-nps, and the catalyst utilization
contributed to the high activities and stabilities of these
catalysts. Studies on incorporating the Ni1−xFex HO-nps into
prototype water electrolyzers, on the mechanism of the WOR
over these catalysts,13,30,32,39,45,49,52−63 and on support−catalyst
interfaces are currently underway in our laboratories.
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Figure 5. LSV WOR of Ni0.75Fe0.25 HO-nps on Ni foam (solid line,
loading: Ni + Fe = 0.135 mg cm−2), on carbon fiber paper (dash line,
loading: Ni + Fe = 0.135 mg cm−2) and bare Ni foam (dash dot line)
in 1.0 M KOH at 5 mV s−1.

Figure 6. (a) Voltammetric potential at 10 mA cm−2 vs duty cycle and (b) 24 h galvanostatic (10 mA cm−2) WOR over Ni0.75Fe0.25 HO-np/Nifoam
(loading Ni + Fe = 0.135 mg cm−2).
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(36) Ruano-Casero, R. J.; Peŕez-Bernal, M. E.; Rives, V. Preparation
and Properties of Nickel and Iron Oxides obtained by Calcination of
Layered Double Hydroxides. Z. Anorg. Allg. Chem. 2005, 631, 2142−
2150.
(37) Grosvenor, A. P.; Kobe, B. A.; Biesinger, M. C.; McIntyre, N. S.
Investigation of multiplet splitting of Fe 2p XPS spectra and bonding
in iron compounds. Surf. Interface Anal. 2004, 36, 1564−1574.

ACS Sustainable Chemistry & Engineering Research Article

DOI: 10.1021/acssuschemeng.6b02391
ACS Sustainable Chem. Eng. 2017, 5, 1106−1112

1111

http://dx.doi.org/10.1021/acssuschemeng.6b02391


(38) Dupin, J.-C.; Gonbeau, D.; Vinatier, P.; Levasseur, A. Systematic
XPS studies of metal oxides, hydroxides and peroxides. Phys. Chem.
Chem. Phys. 2000, 2, 1319−1324.
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