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ABSTRACT: Highly active, durable, and cost-effective
electrocatalysts for water oxidation to evolve oxygen gas
hold a key to a range of renewable energy solutions,
including water-splitting and rechargeable metal−air
batteries. Here, we report the synthesis of ultrathin
nickel−iron layered double hydroxide (NiFe-LDH) nano-
plates on mildly oxidized multiwalled carbon nanotubes
(CNTs). Incorporation of Fe into the nickel hydroxide
induced the formation of NiFe-LDH. The crystalline NiFe-
LDH phase in nanoplate form is found to be highly active
for oxygen evolution reaction in alkaline solutions. For
NiFe-LDH grown on a network of CNTs, the resulting
NiFe-LDH/CNT complex exhibits higher electrocatalytic
activity and stability for oxygen evolution than commercial
precious metal Ir catalysts.

Oxygen electrochemistry has been intensely researched in
the pursuit of sustainable and efficient energy conversion

and storage solutions. Oxygen evolution reaction (OER) is the
process of generating molecular oxygen through electro-
chemical oxidation of water, and it holds a key to a number
of important energy conversion and storage processes, such as
water-splitting and rechargeable metal−air batteries.1−7 OER
proceeds through multistep proton-coupled electron transfer,
and is kinetically sluggish.8,9 An effective electrocatalyst is
needed in order to expedite the reaction, reduce the
overpotential, and thus enhance the energy conversion
efficiency. Currently, the most active OER catalysts are IrO2

or RuO2 in acidic or alkaline solutions,4,10 but these catalysts
suffer from the scarcity and high cost of precious metals.
Extensive efforts have been taken to develop highly active,
durable, and low-cost alternatives such as first-row transition
metal oxides11−15 and perovskites.16,17 However, most non-
precious metal catalysts developed still underperform the Ir
benchmark.
Here, we report a nickel−iron layered double hydroxide

(NiFe-LDH)−carbon nanotube (CNT) complex with higher
OER catalytic activity and stability than commercial Ir-based
catalysts. The key aspects of this catalyst are the formation of
ultrathin nanoplates of a highly OER-active NiF-LDH structure
[the same structure as alpha-phase nickel hydroxide (α-phase
Ni(OH)2] and association of the nanoplates with CNTs that

can form interconnected electrically conducting networks. Even
though electrodeposited NiFe mixed oxide/hydroxide has been
made for OER previously,18−21 this was the first time that
crystalline NiFe-LDH was synthesized chemically to obtain
highly active electrocatalysts for OER in alkaline media. The
turnover frequency (TOF) of the NiFe-LDH/CNT catalyst
exceeded those of any previous Ni−Fe compounds18,22−25 and
was comparable to that of the most active perovskite-based
catalyst.17

A three-step process was developed to synthesize the NiFe-
LDH/CNT complex. Nickel acetate and iron nitrate (with a
molar ratio of Ni/Fe = 5) were hydrolyzed and selectively
coated onto mildly oxidized multiwalled (MW) CNTs (by a
modified Hummers’s method with one-third amount of
KMnO4; see Supporting Information (SI) for details) in a
N,N-dimethylformamide (DMF) solution at 85 °C. The
intermediate product was redispersed in a DMF/H2O mixed
solvent and then subjected to a solvothermal treatment at 120
°C for 12 h, followed by a second solvothermal step at 160 °C
for 2 h. The solvothermal treatment led to the crystallization of
nanoplates and partial reduction of the oxidized CNTs.
The size, morphology, and structure of the resulting material

were characterized by scanning electron microscopy (SEM)
and transmission electron microscopy (TEM). SEM (Figure
1a) showed that ultrathin plates (reflected by poor image
contrast) were grown over a CNT network. TEM (Figure 1b)
showed that the nanoplate size was typically ∼50 nm and nearly
transparent to electron beams due to the ultrathin nature. We
also observed 3−5 nm nanoparticles with higher contrast along
the edges of nanoplates and the outer walls of CNTs. High-
resolution TEM (Figure 1c) of these nanoparticles revealed a
different set of lattice fringes corresponding to iron oxide
(FeOx). Spatially resolved energy dispersive spectroscopy
(EDS) analysis (spatial resolution of ∼2 nm) also suggested
a small amount of FeOx nanoparticles distributed over the
nanoplate/CNT complex (Figure S1).
The X-ray diffraction (XRD) pattern (Figure 1d) of the final

product was consistent with the α-phase Ni(OH)2 (the same as
LDH) with a greater interlayer distance compared to β-phase
Ni(OH)2. From the widths of (003) and (006) diffraction
peaks, the thickness of nanoplates was estimated to be ∼5 nm,
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confirmed by atomic force microscopy topological height
analysis (Figure S2). Interestingly, pure β-phase Ni(OH)2
nanoplates on CNT networks were synthesized by the same
method in the absence of any iron precursors. The drastically
different phases suggested that incorporation of an Fe precursor
to Ni induced the formation of NiFe hydroxide in LDH
structure. It was known that Fe3+ could replace Ni2+ in the
Ni(OH)2 lattice, forming a stable LDH structure.26−30 The
excessive cationic charge due to Fe3+ was balanced by anion
intercalation between the hydroxide layers.28 X-ray photo-
electron spectroscopy (Figure S3) corroborated the existence
of both Fe and Ni in the hybrid material. The Fe species was
found to be mostly in the +3 oxidation state from the high-
resolution Fe 2p spectrum (Figure S3d). X-ray absorption near-
edge structure (XANES) measurements confirmed the Ni2+ and
Fe3+ oxidation states (Figure S4a,b). Both Fe and Ni signals
were detected on nanoplates in areas free of decorating FeOx
nanoparticles by spatially resolved EDS (Figure S1). These
results suggested the synthesis of ultrathin NiFe-LDH nano-
plates decorated with FeOx nanoparticles grown over a network
of gently oxidized MWCNTs (Figure 1).
We investigated the electrocatalytic OER activity of NiFe-

LDH/CNT in alkaline solutions (0.1 and 1 M KOH) in a
standard three-electrode system (see details in SI). The
material was uniformly cast onto a glassy carbon (GC)
electrode (loading ∼0.2 mg/cm2) for recording iR-corrected
OER polarization curves at a slow scan rate of 5 mV/s to
minimize capacitive current (Figure S5). During the measure-
ments, the working electrode was continuously rotating at 1600
rpm to remove the generated oxygen bubbles. For comparison,
a commercial Ir/C catalyst (20 wt% Ir on Vulcan carbon black
from Premetek Co. with the same ∼0.2 mg/cm2 loading) was
measured side-by-side. In 0.1 M KOH, the anodic current
recorded with the NiFe-LDH/CNT catalyst showed a sharp
onset of OER current at ∼1.50 V versus the reversible
hydrogen electrode (RHE) (Figure 2a). The Ir/C catalyst
afforded a similar onset potential, but its OER current density

fell below that of our NiFe-LDH/CNT hybrid at ∼1.52 V. In 1
M KOH, the OER onset potential of the NiFe-LDH/CNT
reduced considerably to ∼1.45 V vs RHE (Figure 2a). We also
loaded and tested the catalysts on carbon fiber paper (CFP,
loading density ∼0.25 mg/cm2, effective area 1 cm2) and
observed an activity trend and pH dependence (Figure 2b)
similar to those on a rotating disk electrode. The peak around
1.43 V of NiFe-LDH/CNT in 1 M KOH is assigned to the
Ni(II)/Ni(III or IV) redox process.31 The NiFe-LDH/CNT
electrocatalyst was among the most active non-precious metal
electrocatalysts11−15,24,32 (Table S1).
We calculated a high TOF of 0.56 s−1 associated with NiFe-

LDH/CNT at an overpotential of 300 mV in 1 M KOH,
assuming all the metal sites were involved in the electro-
chemical reaction (see SI). This value represented the lower
limit, since some of these metal sites in the nanoplates were
electrochemically nonaccessible. Even in this case, the TOF of
our NiFe-LDH/CNT catalyst was still about 3 times higher
than those previous reported for mixed nickel and iron oxide
electrocatalysts (the previous highest TOF was 0.21 s−1 at
similar experimental conditions).18,22−25 Our result here also
compared favorably to the TOF of a high-performance
perovskite material (∼0.6 s−1 calculated based on only
surface-active sites).17

Besides high OER activity, the NiFe-LDH/CNT catalyst
exhibited good durability in alkaline solutions (Figure 2c,d).
When biased galvanostatically at 5 mA/cm2 on CFP electrodes,
the NiFe-LDH/CNT catalyst had a nearly constant operating
potential, at ∼1.52 V (corresponding to an overpotential of
0.29 V) in 0.1 M KOH, whereas the Ir/C catalyst showed an
increase in overpotential by ∼20 mV (Figure 2d). In 1 M KOH
(Figure 2d), the working potential of NiFe-LDH/CNT was
lowered to ∼1.48 V to deliver a 5 mA/cm2 current density, and
the catalyst was also more stable than the commercial Ir

Figure 1. Ultrathin nickel−iron layered double hydroxide nanoplates
grown on carbon nanotubes. (a) SEM image of NiFe-LDH nanoplates
grown over a network of mildly oxidized MWCNTs. (b,c) TEM
images of the NiFe-LDH/CNT hybrid. Arrows point to individual
NiFe-LDH plates and smaller iron oxide particles. (d) XRD spectra of
NiFe-LDH/CNT (black) and a control β-Ni(OH)2/CNT sample
(red, synthesized without the iron precursor). The lines correspond to
standard XRD patterns of α-Ni(OH)2 (black, JCPDS card No. 38-
0715) and β-Ni(OH)2 (red, JCPDS card No. 14-0117). (e) Schematic
showing the hybrid architecture and LDH crystal structure.

Figure 2. Electrochemical performance of NiFe-LDH/CNT hybrid
OER catalyst. (a) iR-corrected polarization curves of NiFe-LDH/CNT
hybrid and Ir/C catalyst on GC electrode in 0.1 and 1 M KOH,
measured with a catalyst loading of 0.2 mg/cm2 for both NiFe-LDH/
CNT and Ir/C at a continuous electrode rotating speed of 1600 rpm.
(b) iR-corrected polarization curves of NiFe-LDH/CNT hybrid and
Ir/C catalysts on carbon fiber paper, measured with a catalyst loading
of 0.25 mg/cm2. See SI and Figure S5 for details of iR correction. (c)
Chronopotentiometry curves of NiFe-LDH/CNT hybrid and Ir/C
catalyst on GC electrode at a constant current density of 2.5 mA/cm2.
(d) Chronopotentiometry curves of NiFe-LDH/CNT hybrid and Ir/C
catalyst on CFP at a constant current density of 5 mA/cm2.
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catalyst. Consistent OER durability data were also recorded on
rotating disk electrodes (Figure 2c).
We fitted the polarization curves obtained with the NiFe-

LDH/CNT hybrid on CFP electrodes at various pH’s to the
Tafel equation η = b log(j/j0), where η is the overpotential, b is
the Tafel slope, j is the current density, and j0 is the exchange
current density.33 The NiFe-LDH/CNT catalyst exhibited a
Tafel slope of b ≈ 35 mV/decade in 0.1 M KOH and b ≈ 31
mV/decade in 1 M KOH (Figure 3a). This value was smaller

than that of Ir/C reference (∼40 mV/decade).33 Consistently,
the NiFe-LDH/CNT catalyst exhibited higher activity and
stability than Ir/C at current densities of 10 and 20 mA/cm2

(∼50 and ∼60 mV difference in overpotential after 1 h
operation, Figure 3b). Similar trends of OER activity and
stability were observed under maximal loading of the hybrid
catalysts on CFP (Figure S6).
To confirm oxygen evolution, we carried out high-current

and long-time electrolysis by passing through more charges
than would be needed for completely oxidizing carbon in the
NiFe-LDH/CNT catalysts (Figure S7). High OER activities
remained, and CNT structures were observed in the catalyst
after the long OER operation when examined by SEM and
TEM (Figure S7c,d), suggesting that the CNTs in the catalyst
complex were not removed by oxidative etching under the OER
conditions used. Note that pure CNTs without NiFe-LDH
showed negligible current in the <1.5 V voltage range (Figure
S8, green curve) over which OER was highly active for the
NiFe-LDH/CNT catalyst (Figure S8, black curve). Clearly, the
high anodic current density observed with the NiFe-LDH/
CNT catalyst was dominant for OER catalyzed by the hybrid
material rather than oxidative corrosion of CNTs. We analyzed
the gaseous products from the OER of NiFe-LDH/CNT
catalysts on non-carbon-based electrode using gas chromatog-
raphy and found that oxygen was the only product, with a
Faradaic efficiency similar to that of an IrO2 benchmark (IrO2
nanoparticle from Premetek Co.) (Figure S9).
Our electrochemical data suggested that the NiFe-LDH/

CNT complex was a novel electrocatalyst material with high
OER activity and stability in basic solutions. The high
electrocatalytic performance was mainly attributed to the
NiFe-LDH phase. Strong association of the LDH with CNTs
further facilitated charge transport and improved the catalyst
(Figure 4b). In a series of control experiments, we observed
that the NiFe LDH material alone without CNTs showed high
activity for OER catalysis and was superior to amorphous NiFe
oxide formed by electrodeposition18 on GC electrodes (Figure
4a). The NiFe-LDH phase was also more active for OER than a

mixture of β-Ni(OH)2 and FeOx nanoparticles, with and
without association with CNTs (Figure 4b). When loaded into
Ni foams to facilitate better contact and charge transport by the
Ni foam substrate, the NiFe-LDH nanoplates alone without any
carbon additive exhibited high activity and stability over several
days of OER operation at 20 mA/cm2 in 1 M KOH (Figure
S10). We also performed XRD analysis of the NiFe-LDH/CNT
catalysts after OER operation for 3 h. The XRD pattern was
consistent with a crystalline NiFe-LDH phase (Figure S7e),
suggesting no change in the LDH phase through OER catalysis.
Thus, we chemically synthesized a crystalline NiFe-LDH phase
as a highly OER-active material in basic solutions.
Interaction between NiFe-LDH and CNTs afforded by direct

nucleation and growth of LDH nanoplates on the functional
groups on CNTs contributed to the optimal OER activity of
the NiFe-LDH/CNT complexes. XANES measurements were
employed to reveal the interactions (Figure 4c). At carbon K-
edge absorption, the NiFe-LDH/CNT showed a drastic
increase of carbonyl π* peak intensity at ∼288.5 eV34

compared to the CNT control without any NiFe-LDH plates.
This was attributed to the formation of M−O−C (M = Ni, Fe)
bonding via the carboxyl group, leading to large perturbations
to the carbon atoms in the carbonyl groups. The drastic
changes in the X-ray spectroscopy revealed strong interaction
effects of NiFe-LDH nanoplates and CNTs, which facilitated
charge transport and favored high OER activity and stability.
Accordingly, NiFe-LDH/CNT hybrid material exhibited higher
OER activity than NiFe-LDH nanoplate alone, NiFe-LDH
mixed with carbon black, and NiFe-LDH mixed with CNT
(Figures 4b and S11).
In conclusion, we devised a strategy for the nucleation and

growth of NiFe-LDH nanoplates on mildly oxidized CNTs. We
uncovered the high intrinsic OER electrocatalytic activity of the

Figure 3. (a) Tafel plots of NiFe-LDH/CNT catalyst loaded on CFP
(at 0.25 mg/cm2) recorded at 0.1 mV/s in 0.1 and 1 M KOH. (b)
Chronopotentiometry curves of NiFe-LDH/CNT hybrid and Ir/C
catalyst loaded on CFP (at 0.25 mg/cm2) under higher current
densities of 10 and 20 mA/cm2.

Figure 4. (a) Polarization curves of free NiFe LDH nanoplates
(loading of 0.2 mg/cm2) without any CNTs and electrodeposited
NiFe oxide [cathodically electrodeposited under the current density of
1 mA/cm2 for 600 s, 0.09 M Ni(NO3)2 and 0.01 M Fe(NO3)3 solution
(pH 2) (loading of 2.4 mg/cm2)18] in 1 M KOH on GC electrodes.
(b) Polarization curves of NiFe-LDH/CNT hybrid, NiFe-LDH plate
alone, a physical mixture of β-Ni(OH)2/CNT and FeOx/CNT, and a
physical mixture of β-Ni(OH)2 and FeOx nanoparticles loaded on
CFP (with a loading of 0.25 mg/cm2) in 1 M KOH. (c) C K-edge
XANES spectra of NiFe-LDH/CNT (black) and pure MWCNT (red)
without coupling to LDH. The blue dashed lines mark defects at 284.4
eV, σ*C‑H at 286.9 eV, and π*O‑C(O)‑O (carbonate) at 290.1 eV.

Journal of the American Chemical Society Communication

dx.doi.org/10.1021/ja4027715 | J. Am. Chem. Soc. XXXX, XXX, XXX−XXXC

http://pubs.acs.org/action/showImage?doi=10.1021/ja4027715&iName=master.img-002.jpg&w=224&h=89
http://pubs.acs.org/action/showImage?doi=10.1021/ja4027715&iName=master.img-003.jpg&w=227&h=190


crystalline NiFe-LDH phase and observed the underlying CNT
network enhancing electron transport and facilitating high OER
activity of the NiFe-LDH nanoplate/CNT complex. This led to
an electrocatalyst that outperformed Ir in both activity and
stability in basic solutions, opening a new venue to advanced,
low-cost oxygen evolution electrocatalysts for energy applica-
tions such as high performance Zn-air batteries.35
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