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ABSTRACT: Surfactant-free mixed-metal hydroxide
water oxidation nanocatalysts were synthesized by
pulsed-laser ablation in liquids. In a series of [Ni-Fe]-
layered double hydroxides with intercalated nitrate and
water, [Ni1−xFex(OH)2](NO3)y(OH)x−y·nH2O, higher
activity was observed as the amount of Fe decreased to
22%. Addition of Ti4+ and La3+ ions further enhanced
electrocatalysis, with a lowest overpotential of 260 mV at
10 mA cm−2. Electrocatalytic water oxidation activity
increased with the relative proportion of a 405.1 eV N 1s
(XPS binding energy) species in the nanosheets.

Conversion of solar energy into storable fuels in a
sustainable way will be essential to meet future global

energy demands. Worldwide scalability requires materials to be
made from earth-abundant elements. Splitting water into
oxygen and hydrogen with only sunlight as energy input is
seen as a particularly attractive route.1 But such systems for the
production of solar fuels will require robust, highly active
catalysts.2−4

Most widely used water oxidation catalysts are based on rare
metals such as Ru and Ir.5,6 First-row transition metal oxides
and hydroxides continue to attract attention because of their
low cost and stability in base.7−14 The overpotentials of earth-
abundant catalysts at 10 mA cm−2 typically range from 350 to
430 mV in pH 14 aqueous electrolytes.15,16 In recent work, Yan
showed that hollow spheres of α-Ni(OH)2 catalyzed water
oxidation in base with an overpotential of 331 mV at 10 mA
cm−2 on glassy carbon working electrodes.17

Here we report sur fac tant - f ree , h igh ly act ive
[Ni1−xFex(OH)2](NO3)y(OH)x−y·nH2O nanosheet water oxi-
dation catalysts with admixed ions. Our best catalyst had an
overpotential of 260 mV at 10 mA cm−2 on flat highly ordered
pyrolytic graphite working electrodes. We attribute the higher
activity to unique morphological and structural properties,
which were synthetically accessible by the use of pulsed-laser
ablation in liquids (PLAL). In PLAL, nanoparticles are formed
by very rapid cooling of a plasma comprised of elements from
the solid ablation target and the surrounding liquid. This
condensation process, which is kinetically controlled, produces
predominantly crystalline nanomaterials.18 PLAL offers size and
composition control through a wide range of tunable
experimental parameters.19

With PLAL, mixed-metal nanomaterials with tailored
compositions can be prepared readily by adding metal ions
into the aqueous ablation liquid. We intentionally incorporated
different amounts of Fe into our α-Ni(OH)2 nanocatalysts, as
variable concentrations of Fe in electrodeposited nickel
(oxy)hydroxides have been shown to improve electrocatalytic
activity.20−25 We also added Ti4+ and La3+ ions to the ablation
liquid and screened the resulting materials for water oxidation
activity.
Eight mixed-metal catalysts were synthesized using PLAL by

varying ablation targets, metal ion type and concentrations, and
laser pulse energies (see Supporting Information (SI) for
experimental details; all ablation solutions contained nitrate).
The nanomaterials were prepared with Fe concentrations
ranging from 22 to 95% of the total metal content (Table 1).
We identified their compositions spectroscopically; notably,
they all exhibited high electrocatalytic oxygen-evolution
activities in basic electrolytes.
Powder X-ray diffraction (XRD) measurements (SI) indicate

that the Fe-rich nanoparticles 1−3 are poorly crystalline; the
Ni-rich nanoparticles 4−8 display diffraction patterns con-
sistent with layered double hydroxide (LDH) structures. XRD
data indicate minor contributions from Fe(O)OH;26 6 also
contained the crystalline spinel NiFe2O4,

27 and Ti-based oxides
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Table 1. Conditions for the Preparation of Catalysts 1−8
and Concentrations of Fe with Respect to Total Metal
Content

catalyst
solid
target

added
ions

ion concn
(M)

pulse energy
(mJ)

Fe (% metal
content)a

1 Ni Fe 0.1 90 95
2 Ni Fe 0.01 90 86
3 Fe Ni 0.1 90 70
4 Fe Ni 1.0 90 36
5 Fe Ni 3.0 90 22
6 Fe Ni 3.0 210 30
7 Fe Ni 3.0 210 23

Ti 0.015
8 Fe Ni 3.0 210 29

Ti 0.015
La 0.023

aDetermined by XPS.
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were present in 7 and 8. LDHs have the general formula
[M1−xM′x(OH)2](Am−)x/m·nH2O; the structures are comprised
of sheets of [M1−xM′x(OH)2]

x+ edge-shared octahedra.
Cationic charges arising from M′3+ in the sheets are balanced
by intercalated hydrated anions (Am−).28−30

X-ray photoelectron spectroscopy (XPS) was employed to
obtain binding energies of Ni 2p and Fe 2p core levels in 1−8;
these energies are indicative of Ni(OH)2 and (hydrous) iron
oxides (SI). In addition, Mössbauer31,29 and X-ray absorp-
tion32−34 spectroscopic data indicate that Fe is incorporated as
Fe3+ in place of Ni2+ in [Ni-Fe]-LDHs. Two well-resolved N 1s
peaks appear in the XP spectra of nanoparticles 4−8, with
binding energies of 407.3 and 405.1 eV. The higher binding-
energy feature (407.3 eV) is assigned to nitrate.35−40 The 2.2
eV reduction in N 1s binding energy for the second feature
could arise from nitrate in an unusual electronic environment,
although nitrogen in a lower oxidation state (e.g., NO2, NO2

−)
cannot be ruled out. Infrared spectra are consistent with the
presence of a second type of NOx species (SI). Infrared and
Raman data (SI) support the presence of intercalated nitrate
anions in the LDH structure.41 On the basis of these data, the
predominant crystalline material in 4−8 can be assigned to the
[Ni-Fe]-LDH [Ni1−xFex(OH)2](NO3)y(OH)x−y·nH2O (Figure
1).

Nanoparticle sizes were obtained from transmission electron
micrographs (TEM), and crystalline domain sizes were
determined by Scherrer analysis of XRD data. Lateral sizes
ranged from ∼7 to 22 nm (Table S1). Catalysts 4 and 5
consisted of nanosheets, as expected for layered structures.
Analysis of TEM and XRD data for 6 revealed that two types of
nanoparticles were formed; smaller, more spherical (6.5 ± 0.8)
nm particles are attributed to the spinel NiFe2O4, and larger
(13 ± 1) nm sheets are assigned to the LDH [Ni1−xFex(OH)2]-
(NO3)y(OH)x−y·nH2O. Also, differences in TEM contrast,
shape, and size were found for 7 and 8 (SI).42 Specific surface
areas of catalysts 5 to 8 determined by Brunauer−Emmett−
Teller (BET) measurements are in agreement with particle
sizes derived from TEM data. Catalysts 6 to 8, which were
synthesized at 210 mJ pulse energy, had similar BET surface
areas (193 ± 1 m2 g−1), whereas 5, prepared at 90 mJ/pulse,
exhibited a slightly higher surface area (220 m2 g−1) (SI).43

We assessed electrocatalytic oxygen-evolution activity in 1 M
aqueous KOH.44 Faradaic yields of oxygen evolution for 5, 6,
and 8 were all essentially 100%. Steady-state Tafel data were
measured to obtain overpotentials; virtually identical mass
loadings were used in all electrochemical experiments (all
current densities are reported per geometric area). Importantly,

chronoamperometry data showed that the catalytic activity of
nanoparticles 5−8 was maintained for more than 5 h (SI).
The electrocatalytic activities of materials 1−5, synthesized at

virtually the same pulse energy, steadily increased with
decreasing Fe content (Figure S13). Catalyst 5 (22% Fe
relative to total metal content) performed best in the [Ni-Fe]-
LDH materials, with an overpotential of 280 mV at 10 mA
cm−2. Incorporation of less than 22% Fe relative to total metal
content was limited by the solubility of Ni nitrate in the
aqueous ablation liquid. XRD data for 5, collected before and
after 30 min of anodic polarization, confirmed that the
crystallinity of the [Ni-Fe]-LDH material was retained (Figure
S5). The Fe content of our best performing catalyst is in
agreement with Dai’s report.34 It differs, however, from findings
for amorphous materials, which performed best with 40% Fe.45

We made catalyst 6 employing virtually the same precursor
conditions as for 5, but with a pulse energy of 210 instead of 90
mJ. We have shown before with cobalt oxide that pulse energy
can be used to control particle size.19 Varying pulse energy in
the synthesis of more complex mixed-metal materials led to
particles with different compositions (Figure 2). While 5

consisted mainly of crystalline [Ni-Fe]-LDH, 6 was mixed
crystalline [Ni-Fe]-LDH/NiFe2O4. Catalyst 6 showed inferior
activity for water oxidation relative to 5, presumably because
the active [Ni-Fe]-LDH was diluted by the spinel oxide. This
finding suggests that crystall ine [Ni1−xFex(OH)2]-
(NO3)y(OH)x−y·nH2O is the more active species in our
materials for catalytic water oxidation. IR spectra of 5 and 6
are consistent with [Ni1−xFex(OH)2](NO3)y(OH)x−y·nH2O
with high interstitial water and nitrate content.46−48 The
positions of peaks in the IR spectrum of catalyst 5 indicated the
incorporation of Fe into the α-Ni(OH)2 lattice (SI).49

The precise nature of the electrocatalytically active species in
Fe−Ni−O catalysts has been much discussed.51,52,45,53 In work
on crystalline Fe−Ni−O thin films, Boettcher suggested
(Fe,Ni)(O)OH was the catalytically active phase.24,25 Whereas
Dai found that crystalline α-(Fe,Ni)(OH)2 had highest activity
with an Fe:Ni ratio of 5:1,34,54 Hu demonstrated higher
intrinsic activity of exfoliated LDHs with a nominal Fe:Ni ratio
of 1:3.55 In other work of note, O’Hare demonstrated that NiTi

Figure 1. Schematic structural representation of the [Ni-Fe]-LDH
[Ni1−xFex(OH)2](NO3)y(OH)x−y·nH2O.

Figure 2. (a) Tafel plots of current density (j) as a function of
electrode polarization potential (Ep) (red, 5; blue, 6; gray squares, Ni
oxide electrodeposited according to ref 50; gray circles, bare
electrode), and a photograph of 5 and 6. (b) XRD data (*,
[Ni1−xFex(OH)2](NO3)y(OH)x−y·nH2O; |, NiFe2O4 spinel). (c) Far-
IR spectra (red, 5; blue, 6).
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layered double hydroxide nanosheets were effective visible-
light-driven water oxidation photocatalysts with AgNO3 as
sacrificial electron acceptor.56

We found that addition of Lewis-acidic Ti4+ and La3+ ions to
the ablation liquid improved catalytic activity relative to our
most active [Fe-Ni]-LDH catalyst (5). We synthesized catalysts
7 and 8 using virtually the same precursor conditions as for 5,
but with Ti4+ (7) or Ti4+ and La3+ (8) added to the ablation
solution (Table 1). XRD data revealed that both catalysts were
primarily [Ni-Fe]-LDH materials (SI). Oxides containing
added elements were also present; TiO2 and Fe2TiO4 were
found in 7, whereas crystalline Ni3TiO5 and La(Ni,Fe)O3 were
detected in 8. The spinel oxide NiFe2O4 was absent from both
7 and 8. XPS data showed that 8 contained 1% La relative to
total metal content. Both catalysts were more active than LDHs
5 and 6, with 7 and 8 exhibiting the lowest overpotentials at 10
mA cm−2 of 270 and 260 mV, respectively (SI).
Highly active, surfactant-free, mixed transition metal

hydroxide water oxidation nanoparticle catalysts can be made
by PLAL. We spectroscopically identified a crystalline [Ni-Fe]-
LDH as the catalytically most active material. We discovered
that turnover frequency correlated with the ratio of two
nitrogen species detected by XPS in the as-synthesized catalysts
(Figure 3). Addition of Ti4+ and La3+ ions further enhanced

activity (reaching 10 mA cm−2 at an overpotential of 260 mV).
On a flat electrode, this is the lowest overpotential reported to
date for mixed metal oxide catalysts.
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