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a b s t r a c t

The development of non-precious metal electrocatalysts for renewable energy conversion and storage is
compelling but greatly challenging due to low activity of the existing catalysts. Herein, the ultrathin NiAl-
layered double hydroxide nanosheets (NiAl-LDH-NSs) are prepared by simple liquid-exfoliation of bulk
NiAl-LDHs and first used as ethanol electrooxidation catalysts. The ultrathin two-dimensional (2D)
structure ensures that the LDH nanosheets expose a greater number of active sites. More importantly,
much Ni(III) active species (NiOOH) in the ultrathin nanosheets are formed by the exfoliation process,
which play an authentic catalytic role in the ethanol oxidation reaction (EOR). The presence of NiOOH
remarkably improves the reactivity and electrical conductivity of LDH nanosheets. These synergistic
effects lead to strikingly more than 30 times enhanced EOR activity of NiAl-LDH-NSs compared to bulk
NiAl-LDHs. The obtained electrocatalytic activity is also much better than those of most Ni- and LDH-
based EOR catalysts reported to date. In addition, the ultrathin NiAl-LDH-NS electrocatalyst also ex-
hibits good long-term stability (maintain 81.8% of the original value after 10000 s). This study not only
provides a highly competitive EOR catalyst, but also opens new avenues toward the design of highly
efficient electrode materials that have various potential applications in supercapacitor, Ni-MH battery
and other electrocatalytic systems.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

The increasing demand for globe energy has driven the atten-
tions in developing clean/green alternatives to fossil fuels [1e3].
Ethanol is an attractive energy resource for fuel cells with its high
energy density, low toxicity, easily storage and extensive sources
[4,5]. Pt and Pt-based materials have been considered as the state-
of-the-art noble-metal catalysts toward ethanol oxidation reaction
(EOR) [6e9]. However, high cost, low abundance and catalytic
poisoning by the carbon monoxide produced in electrooxidation
have severely restricted the practical usage of Pt-based electro-
catalysts in direct ethanol fuel cells (DEFCs) [10,11]. To overcome
these problems, a broad range of non-precious metal catalysts have
been actively pursued including metal [12], metal oxides [13],
).
hydroxides [14] and sulfides [15]. Recently, layered double hy-
droxides (LDHs) have been reported as a promising candidate for
various electrocatalytic systems [16e19] including EOR [18,19]
owing to their novel structure and desirable properties. Never-
theless, the limited number of active sites due to the thick bulk
form and the poor conductivity have hindered the further devel-
opment of LDHs as EOR electrocatalysts. Several strategies such as
fabricating hierarchical structured LDHs with enhanced surface
area [18] and synthesizing their composites [19,20] have been
developed. Although the enhanced EOR performances are obtained
based on above methods, the results are still not so satisfactory for
the application of DEFCs.

Actually, enhancing reactivity of active sites is another efficient
approach to improve the catalyst performance, which has generally
received less attention than alternating the composition or struc-
ture of the catalyst materials. For EOR based on Ni-based electro-
catalysts, Ni(III) species (NiOOH) play an authentic catalytic role
[12,13,20]. While generally synthesized Ni oxides and hydroxides
need undergo progressive oxidation from low valence states (Ni(II))
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to high valence states (Ni(III)) during electrochemical process prior
to the EOR [13,14]. Previous report [21] has testified that chemically
oxidized NiOOH is extremely active in electrochemical reactions.
Moreover, the partial conversion of Ni(II) to Ni(III) in Ni(II)-based
catalyst may also enhance the electroconductivity significantly.
The electrical conductivity of chemically oxidized NiOOH is higher
(10�5 S cm�1) than that of Ni(OH)2 (10�8 S cm�1) [22]. Based on
these points, directly increasing the population of high oxidation Ni
species in catalysts may effectively promote the performance of
EOR. Therefore, it is envisaged that substantially enhancing the OER
performance may be acquired by simultaneously improving the
content of Ni(III) species and exposing more active sites of LDH
materials. However, the exploration of a facile and effective
approach to achieve this goal remains greatly challenging.

In this work, ultrathin NiAl-LDH nanosheets (NiAl-LDH-NSs)
have been prepared by one-step liquid-phase exfoliation of bulk
NiAl-LDHs for electrocatalytic ethanol oxidation (Fig. 1). Owing to
their ultrathin 2D structure, the NiAl-LDH-NSs expose a greater
number of active sites. More interestingly, it is observed that partial
Ni(II) in the layer of NiAl-LDHs were transformed to be Ni(III). The
electrocatalytic performance of the resulted NiAl-LDH-NSs towards
ethanol oxidation is examined systematically and compared with
that of the bulk NiAl-LDHs. The dramatically enhanced activity and
turnover frequency have been achieved. So far, this is the first
research that exfoliated ultrathin LDH nanosheets aimed on
ethanol electrooxidation, which not only expands the applications
of LDH-based materials but also provides a new pathway in the
exploration of high performance catalysts.

2. Experimental

2.1. Materials

Nickel(II) nitrate hexahydrate (Ni(NO3)2$6H2O) and alumi-
num(III) nitrate nonahydrate (Al(NO3)3$9H2O) were obtained from
Sinopharm Chemical Regent Co. Ltd., China. Urea and formamide
were purchased from Xilong Science Co. Ltd., China. Anhydrous
ethanol and sodium hydroxides were obtained from Beijing
ChemicalWorks (China). All other reagents were of analytical grade
Fig. 1. Fabrication of ultrathin NiAl-LD
and used without further purification. All the aqueous solutions
were prepared with deionized, doubly distilled water (DDW).

2.2. Synthesis of NiAl-LDH-NSs

The bulk NiAl-LDHs (NO3
� intercalated) were first synthesized

through a hydrothermal method [23]. 0.10 M of Ni(NO3)2$6H2O,
0.05 M of Al(NO3)3$9H2O and 0.15 M of urea were dissolved in
80 mL of DDW that was boiled to dislodge the CO2. The mixed
solutionwas sonicated for 15 min to form a homogeneous solution.
Then, the resulting solution was decanted to a stainless-steel
Teflon-lined autoclave and heated at 190 �C for 48 h. The as-
obtained green product was collected by centrifugation at
3900 rpm for 10 min, washed with boiled DDW until the solution
was neutral and then anhydrous ethanol for 2 times. After drying in
an oven under 60 �C overnight, the bulk NiAl-LDHs were obtained.

Subsequently, the NiAl-LDH-NSs were prepared through a me-
chanical liquid-exfoliation process [24]. The prepared bulk NiAl-
LDHs power (0.1 g) was dispersed in 100 mL degassed form-
amide, and then mechanically stirred under a N2 atmosphere for
48 h at room temperature. The resulting suspension was centri-
fuged at 3900 rpm for 10 min to remove a small quantity of
unexfoliated particles. Then reseda transparent colloidal suspen-
sionwas obtained. Finally, 10 mL obtained colloidal suspensionwas
poured into a glass culture dish with 10 cm in diameter and dried at
60 �C overnight.

2.3. Preparation of LDH modified electrodes

Glassy carbon (GC) electrodes with a diameter of 3 mm were
used as conductive substrate of the working electrode. Prior to use,
the GC electrodes were polished with 1.0, 0.3, and 0.05 mm alumina
slurry sequentially, followed by rinsing with DDW, sonicating and
then drying by nitrogen. Then, 1.0 mg of dried bulk NiAl-LDHs or
NiAl-LDH-NSs was dispersed in 1 mL of ethanol under N2 protec-
tion and sonicated for 10 min. An aliquot (6 mL) of the bulk LDH or
LDH-NS suspension was dropped on the pretreated GC electrodes.
Then, the modified electrodes were coated with 2 mL of 0.2 wt%
Nafion solution and dried at room temperature. Before testing, the
H-NSs with Ni(III) active species.
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working electrodes were electrochemically activated by cyclic
scanning for 20 cycles at a potential window of 0.00e0.70 V vs. Ag/
AgCl with a scan rate of 50 mV s�1 in 1.0 M NaOH.

2.4. Material characterization

Scanning electronmicroscopy (SEM) imageswere recordedwith
a Zeiss Supra 55 field emission scanning electron microscope
equipped with energy-dispersive X-ray spectroscopy (EDS). Power
X-ray diffraction (XRD) data were collected on a Shimadzu XRD-
6000 diffractometer with Cu Ka radiation (40 kV, 30 mA, and
l ¼ 0.154 nm). Transmission electron microscopy (TEM) images
were obtained on Hitachi H-800 electron microscope and high
resolution TEM (HRTEM) images were tested by a JEM-2100F
transmission electron microscope with an accelerating voltage of
200 kV. The size and thickness of LDH nanosheets were determined
by Atomic Force Microscope (AFM, Multimode Nanoscope IIIa,
Veeco Instruments). X-ray photoelectron spectroscopy (XPS) was
conducted using X-ray photoelectron spectrometer (Thermo
ESCALAB 250) with Al Kɑ as radiation source. Liquid chromato-
graphic analyses were performed on a Shimadzu LC-20AT with an
ultraviolet (UV) detector.

2.5. Electrochemical measurements

All the electrochemical measurements were carried out in a
three-electrode system using a CHI 660E electrochemical work-
station (Shanghai CH Instruments, China) at room temperature. The
bulk NiAl-LDH or NiAl-LDH-NS modified glassy carbon electrode
was employed as the working electrode. Pt wire and Ag/AgCl
(saturated KCl) were used as counter and reference electrodes,
respectively. The electrolyte was 1.0 M NaOH aqueous solution. The
electrochemical surface area (ECSA) values of bulk NiAl-LDH and
NiAl-LDH-NS modified electrodes were measured at potential
window ranges in 0.00e0.10 V, and the scan rates are 20, 40, 60, 80
and 100 mV s�1, respectively. The electrochemical impedance
spectroscopy (EIS) was recorded at an applied potential of 0.60 V vs.
Ag/AgCl in the frequency range of 0.1�105 Hz with an amplitude of
applied voltage of 5 mV.

3. Results and discussion

3.1. Morphological and structural characterization

The morphological and structural characterization of the as-
synthesized bulk NiAl-LDHs and NiAl-LDH-NSs are shown in
Fig. 2. SEM image (Fig. 2A) shows that the bulk NiAl-LDHs have a
plate-like structure with a lateral size of 300e500 nm and a
thickness of ~20 nm, which is further demonstrated by TEM
(Fig. S1). The XRD pattern of the bulk NiAl-LDHs (Fig. 2B) exhibits a
series of Bragg reflections, in good agreement with that of the NiAl-
LDHs [25]. The basal spacing of 0.88 nm calculated from 2q¼ 10.04�

indicates the nitrate as the interlamellar anion [26]. EDS analysis
(Fig. S2) confirms the composition of element andmetal proportion
(Ni: Al z 2:1) in bulk NiAl-LDHs, which is consistent with the feed
ratio in the precursor solution. These results demonstrate that the
NO3

� intercalated NiAl-LDHs have been successfully synthesized.
The ultrathin 2D NiAl-LDH-NSs are further prepared through a

simple liquid-exfoliation process. After being dispersed in form-
amide with continuous stirring under N2 atmosphere for 48 h,
suspension of bulk NiAl-LDHs becomes clear solution (Fig. 2C). An
obvious Tyndall effect is observed upon irradiation of the solution
with a laser beam, indicating the exfoliation of bulk NiAl-LDHs into
single layers [27,28]. A further evidence of successful exfoliation is
the absence of (00l) peaks in the XRD pattern of NiAl-LDH-NSs
(Fig. 2B). The NiAl-LDH-NSs are directly observed by TEM
(Fig. 2D). NiAl-LDH-NSs possess a faint and identified contrast,
further confirming its ultrathin nature. The detailed nanostructure
of NiAl-LDH-NSs is also investigated by HRTEM (inset in Fig. 2D).
The NiAl-LDH-NSs exhibit a hexagonal lattice with a ¼ 0.25 nm,
which is corresponding to the exposed (012) facet of the NiAl-LDH
phase [29]. The existence of (012) facet indicates the exfoliated
nanosheets were still crystalline, which is consistent with the XRD
results (Fig. 2B). EDS result (Fig. S2) confirms that the composition
of element and metal proportion in NiAl-LDH-NSs basically
remained after exfoliation. Furthermore, AFM image and the height
profiles (Fig. 2E and F) prove that the thickness of the obtained
nanosheets is located in a range of 0.75e0.88 nm, which is
consistent with the thickness of a single or double layer of LDHs
[30,31]. Therefore, NiAl-LDH-NSs with well-defined 2D structure
and atoms thick have been successfully prepared. The unique
structure endows the material with large specific surface area and
high exposure of surface atoms, which are beneficial to the further
catalysis application.

The performance of EOR is significantly influenced by the sur-
face properties of the electrocatalysts. Therefore, the surface
composition and metal valence state of the samples before and
after exfoliation are elucidated by XPS. Fig. 3 shows the high-
resolution Ni 2p3/2 spectra of bulk NiAl-LDHs and NiAl-LDH-NSs,
which are fitted and split into two different types: Ni(II)
(855.9 eV) [32,33] and Ni(III) (857.2 eV) [21,34]. The bulk NiAl-LDHs
exhibit a Ni 2p3/2 XPS spectrum locating at binding energy of
855.9 eV, indicating Ni atom in the host layers of bulk NiAl-LDHs
mainly existed as Ni(II). After exfoliated, the peak locating of the
NiAl-LDH-NSs at binding energy of 857.2 eV obviously increases,
demonstrating that new Ni(III) formed in NiAl-LDH-NSs. The Ni(III)
surface states in NiAl-LDH-NSs account for ~56.5%, versus ~10.7% in
the bulk NiAl-LDHs. The growing amount of surface Ni(III) species
in NiAl-LDH-NSs is possibly attributed to the change of the atomic
environment of the Ni atoms in the layer after exfoliation into
single layer [21,35]. As the Ni(III) is really active site for Ni-based
EOR electrocatalysts, thus the presence of high content of Ni(III)
in the ultrathin NiAl-LDH-NSs could be significantly improve their
catalytic activity in the EOR.

3.2. Ethanol electrooxidation performance

Cyclic voltammetry (CV) measurement is employed to evaluate
the ethanol electrooxidation activity of the obtained samples.
Fig. 4A shows the CVs of NiAl-LDH-NSs and bulk NiAl-LDHs in 1.0 M
NaOH solution. The NiAl-LDH modified electrode shows a pair of
redox peak at 0.36 V and 0.58 V, corresponding to the typical
oxidation and reduction between Ni(II) to Ni(III) [14]. For the NiAl-
LDH-NS modified electrode, this pair of redox peak (peak b and b’)
are also observed, and much larger CV curve areas for the redox
peak are obtained. This indicates that the more active sites in NiAl-
LDH-NSs are exposed due to reducing the thickness of LDHs [21].
Furthermore, it is very interesting that a new pair of redox peak
(peak a and a’) of the NiAl-LDH-NS modified electrode appears at
0.34 V and 0.37 V, respectively (Fig. 4A), assigned to the electro-
redox of NiOOH [12,36]. When 1.0 M ethanol is added into the 1.0 M
NaOH solution, the NiAl-LDH-NS catalyst exhibits a large anodic
peak at 0.58 V with an oxidation current density of 45.80 mA cm�2

(534.33 A g�1) (Fig. 4B and Fig. S3), which is 39 times higher than
that of the bulk NiAl-LDHs at 0.58 V (1.17 mA cm�2, 13.65 A g�1;
Fig. 4B). Moreover, the lower onset potential of NiAl-LDH-NSs in-
dicates a significant enhancement in the kinetics of the ethanol
electro-oxidation reaction. The activity of the NiAl-LDH-NSs cata-
lyst is further investigated in terms of the apparent turnover fre-
quencies (TOFs) (detailed calculation shown in the supporting



Fig. 2. (A) SEM image of bulk NiAl-LDHs. (B) XRD patterns of bulk NiAl-LDHs and NiAl-LDH-NSs. (C) Optical image of Tyndall effect of NiAl-LDH-NSs solution when irradiated with a
laser beam. (D) TEM image and HRTEM image (inset) of the NiAl-LDH-NSs. (E) AFM image and (F) the corresponding height profiles for NiAl-LDH-NSs.
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information). NiAl-LDH-NSs have a TOF of 0.171 s�1 at a potential of
0.58 mV, which is about 30 times higher than that of the bulk NiAl-
LDHs (about 0.006 s�1), indicating NiAl-LDH-NSs can accelerate the
rate of EOR signally. Furthermore, the EOR current density of NiAl-
LDH-NSs shows a linear increase with the ethanol concentration of
0.0e1.0 M (Fig. S4). These electrochemical data clearly illustrate
that NiAl-LDH-NSs shows remarkably enhanced electrocatalytic
activity for EOR compared to bulk NiAl-LDHs. The performance
comparison with currently typical Ni-based and LDH-based cata-
lytical systems is also given in Table 1. The NiAl-LDH-NSs also
exhibit the highest current density towards the ethanol
electrooxidation.

Furthermore, the products of ethanol electrooxidation reaction
have been investigated by liquid chromatography (Fig. S5). The
results indicate the main products of EOR with this ultrathin NiAl-
LDH-NSs as electrocatalyst are acetaldehyde and acetic acid. The
electrochemical measurement further proves this result. As shown
in Fig. S6, the ultrathin NiAl-LDH-NSs have a good catalytic activity
for acetaldehyde while have no catalytic performance for acetic
acid, demonstrating the acetic acid is the final product in this re-
action process. Combine the results in our work and the general
reported EOR reaction mechanism by Ni-based catalysts in the
literature [12,13], the EOR reaction process by ultrathin NiAl-LDH-
NSs in this work is as follows:

Ni(OH)2 þ OH�/NiOOH þ H2O þ e� (1)

NiOOH þ CH3CH2OH / CH3CHO þ Ni(OH)2 (2)

NiOOH þ CH3CHO / CH3COOH þ Ni(OH)2 (3)

The long-term chronoamperometry and multiple cycle tests are



Fig. 3. Ni 2p3/2 XPS spectra of bulk NiAl-LDHs and NiAl-LDH-NSs.
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carried out to assess the stability of the samples under continuous
operating conditions. In Fig. 4C, the current density of the NiAl-
LDH-NS modified electrode for 1.0 M ethanol is much higher than
that of the bulk NiAl-LDH modified electrode, further demon-
strating a significantly enhanced electrocatalytic activity. Moreover,
the current density of the NiAl-LDH-NSs maintains 91.6% of its
original value after 2000 s and 81.8% after 10000 s, while bulk NiAl-
LDHs retains only 70.2% of its initial value after 2000 s. In addition,
Fig. 4. CV curves of bulk NiAl-LDH and NiAl-LDH-NS modified electrodes in 1.0 M NaOH in
Chronoamperometric curves of bulk NiAl-LDH and NiAl-LDH-NS modified electrodes in 1.0 M
larger view for bulk NiAl-LDHs). (D) Cycling stability of the electrocatalytic responses for 1
the NiAl-LDH-NS modified electrode also exhibits satisfactory
cycling stability. As shown in Fig. 4D, 84.7% of the initial catalytic
activity is still maintained after 200 potential cycles for NiAl-LDH-
NSs, much better than that of bulk NiAl-LDHs (67.1%). The results
demonstrate that the NiAl-LDH-NSs also showed the greatly
improved stability of EOR.

3.3. Discussion of the enhanced performance

The excellent electrocatalytic performance of NiAl-LDH-NSs for
EOR, especially for extraordinarily enhanced electrocatalytic ac-
tivity (39 times high than that of bulk NiAl-LDHs) inspires us to
further explore the possible reasons. Surface area is an important
factor in catalysis; the increase of surface area is often primarily
responsible for enhanced catalytic activity after nanostructuring.
Hence, the enhanced surface area of exfoliated NiAl-LDH-NSs is
resolved by the electrochemical surface area (ECSA). As the double-
layer capacitance (Cdl) is linearly proportional to ECSA, here, Cdl of
bulk NiAl-LDH and NiAl-LDH-NS modified electrodes is character-
ized by CV measurement method [38,39]. CV curves of these two
modified electrodes in 1.0 M NaOH solution at different scan rates
from 0.0 to 0.1 V (vs. Ag/AgCl) are shown in Fig. 5A and Fig. S7. From
which, the plots of Dj/2¼(ja�jc)/2 at 0.05 V (vs. Ag/AgCl) against the
scan rates were obtained and shown in Fig. 5B. The Cdl of the NiAl-
LDH-NSs is 2.8 times higher than that of the bulk NiAl-LDHs,
demonstrating the larger surface area of the exfoliated nano-
sheets. However, the EOR performance for NiAl-LDH-NSs increases
39-fold tremendously than bulk NiAl-LDHs with 2.8-fold increase
in ECSA. This testifies that the increased ECSA by the exfoliation is
not the main factor for the enhanced catalytic performance.
the absence (A) and the presence of 1.0 M ethanol (B) at a scan rate of 50 mV s�1. (C)
NaOH including 1.0 M ethanol at an applied potential of 0.58 V vs. Ag/AgCl (inset: the

.0 M ethanol at bulk NiAl-LDH and NiAl-LDH-NS modified electrodes.



Table 1
Comparison of current density obtained from some Ni- and LDH-based EOR electrocatalysts in alkaline medium.

Electrocatalysts Fuel composition Current density (mA cm�2) References

NiO 0.5 M NaOHþ1.0 M ethanol 1.5 [13]
MgFe-LDH 1.0 M NaOHþ1.0 M ethanol 1.14 [18]
NiFe-LDH 1.0 M NaOHþ1.0 M ethanol 1.6 [19]
NiFe-LDH@MnO2 1.0 M NaOHþ1.0 M ethanol 4.5 [19]
Ni hollow spheres 1.0 M NaOHþ1.0 M ethanol 17.0 [37]
NiAl-LDHs 1.0 M NaOHþ1.0 M ethanol 1.17 This work
NiAl-LDH-NSs 1.0 M NaOHþ1.0 M ethanol 45.8 This work

Fig. 5. (A) CV curves at different scan rates in a potential window where no Faradaic processes occur (0.0e0.1 V vs. Ag/AgCl) for NiAl-LDH-NSs on GC electrodes. (B) Charging
current density differences (Dj/2¼(ja�jc)/2) plotted against scan rates; the linear slope equivalent to the double layer capacitance Cdl, was used to represent the ECSA.
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However, the CV curve areas and current intensity of redox peak of
Ni(II) for the NiAl-LDH-NS modified electrode were much higher
than that of bulk NiAl-LDH modified electrode (Fig. 5B), indicating
the NiAl-LDH-NSs have a much larger number of active sites than
bulk NiAl-LDHs. Therefore, exposed more active sites by exfoliation
may be a main contributor for the enhanced activity of NiAl-LDH-
NSs.

On the other hand, increased Ni(III) (NiOOH) content in the
NiAl-LDH-NSs can be a second main contributor for higher activity.
The above mentioned EOR reaction mechanism by NiAl-LDH-NSs
indicates that Ni(III) (NiOOH) plays an authentic catalytic role.
Directly increasing the population of high oxidation metal species
Ni(III) in catalysts could effectively promote the performance of
Fig. 6. Nyquist plots of bulk NiAl-LDH and NiAl-LDH-NS modified electrodes (inset:
the larger view for NiAl-LDH-NSs).
EOR. Through the exfoliation, the electrical structure of Ni ions in
the layer of LDHs may be disturbed and valence state of partial
nickle ions increased to higher valence. The formed Ni(III) species
increases the catalyst activity of NiAl-LDH-NSs and accelerates the
rate of EOR.

In addition, the electron conductivity of the samples before and
after exfoliation is investigated by electrochemical impedance
spectroscopy (EIS) since it is also important factor for affecting the
performance of electrocatalysis. The corresponding Nyquist plots
are shown in Fig. 6. The diameter of semicircle is calculated about
60 U for the NiAl-LDH-NS modified electrode, which is much
smaller than that of the bulk NiAl-LDHs. The EIS analysis demon-
strates that the NiAl-LDH-NSs containing Ni(III) exhibit superior
charge transport kinetics naturally, in accordance with previous
reports [22] mentioned in the introduction. A similar phenomenon
has also been reported by Pralong et al. [40,41], the chemically
oxidized CoOOH had a higher conductivity compared with elec-
trochemically oxidized CoOOH. The electrical conductivity of
chemically oxidized CoOOH (10�2 S cm�1) is actually much higher
than that of electrochemically oxidized CoOOH (10�5 S cm�1).
Furthermore, the ultrathin thickness can offer an intimate contact
with the electrode, and the greatly reduced interlayer distances by
exfoliation can shorten the ion diffusion paths thus accelerate
charge transport. Thus, improved conductivity may be another
contributor for the enhanced activity of NiAl-LDH-NSs.
4. Conclusions

In summary, a highly efficient LDH-based ethanol electro-
oxidation catalyst is successfully synthesized through a simple
liquid-exfoliation process for the first time. The as-obtained NiAl-
LDH-NSs have an ultrathin 2D nanostructure (with a thickness of
0.75e0.88 nm) and a higher concentration of Ni(III) in the layer. The



L. Xu et al. / Electrochimica Acta 260 (2018) 898e904904
excellent ethanol electrooxidation performances, including an ul-
trahigh current density, quick turnover frequency and long dura-
bility, are demonstrated based on the ultrathin NiAl-LDH-NSs as
electrocatalysts. The tremendously enhanced EOR performance
may be mainly attributed to the synergy of exposing more active
sites, producing active species and improving conductivity after
exfoliation. This study not only provides a competitive catalyst for
ethanol electro-oxidation, but also opens a new avenue to the
design of highly efficient electrode materials that have various
potential applications in supercapacitor, Ni-MH battery and other
electrocatalytic systems.
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