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ABSTRACT 
Structure–activity relationship (SAR) is the key problem of nanoscience, thus to fabricate novel and well-defined nanostructure will provide a 
new insight on catalyst preparation method. Highly active and low cost electrocatalysts for oxygen evolution reaction (OER) are of great 
importance for future renewable energy conversion and storage. Herein, NiFe-based layered double hydroxides with laminar structure 
(NFLS) were successfully fabricated via a one-step hydrothermal approach by using sodium dodecyl sulfate as surfactant. The as-fabricated 
NFLS showed a well-defined periodic layered-stacking geometry with a scale down to 1-nm. Benefitting from the unique structure, NFLS 
exhibited an excellent catalytic activity towards OER with current densities of 10 mA·cm−2 at overpotential of 197 mV. The synergistic effect of 
Ni and Fe plays a key role in electrode reactions. The present work provides a new insight to improve the OER performance by rational 
design of electrocatalysts with unique structures. 
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One of the research directions of nanoscience is to understand the 
interaction between structure and function, which has enabled 
scientists to extend the synthesis strategies and potential applications 
of nanostructures [1]. The physical and chemical properties vary 
greatly when the dimensions of nanostructures are down to 1-nm 
scale [2], thus the controllable and convenient fabrication of ultrathin 
nanocrystals is highly desirable for potential applications in different 
fields. Among various kinds of nanostructures, laminar superstructures, 
which present periodic multi-level layered-stacking geometry, attract 
a great attention owing to high specific surface area and excellent 
stability [3]. Layered double hydroxide (LDH), composed of positively 
charged metal layers and inserted anions and solvation molecules 
[4], is one of the best building block of laminar superstructures. 
Ordinary LDH bulks suffer from the lack of exposed active sites 
and are hardly to get a better catalytic performance, thus it is an 
urgent need to design and synthesize ultrathin LDH nanostructures 
with well-defined construction and morphology. The top-down 
exfoliation approach is commonly used to obtain LDH nanosheets 
[5–8]. However, the refined morphology of as-synthesized LDH 
nanosheets obtained by exfoliation cannot be controlled precisely, 
as the high charge density of LDHs makes it harder to be 
exfoliated into monolayer [4]. Moreover, LDH exfoliation process 
has sophistications associated with it, such as several days of inert 
atmospheric protection [9], which may limit the industrial applications 
in the area of electrochemistry. 

Contrarily the exfoliation-free bottom-up methods provide another 
convenient approach to get LDH nanostructures [10]. In the bottom-up 
synthesis route, surfactants such as sodium dodecyl sulfonate (SDS) 
are introduced to form micelles as nanoreactors in which LDH 
nanostructures are grown through confined space and nutrients [4]. 
Therefore in the rational design of LDH ultrathin nanostructure, 
the chief aim of the researchers is to control the structure and 

morphology by employing proper surfactants. 
Owing to their unique structural features LDHs are regarded as 

best alternates to noble metal electrocatalysts. In the proceeding lines 
we will briefly overview the electrochemical catalytic performance 
of LDH superstructure especially the electrochemical oxygen evolution 
reaction (OER). As we all know that electrochemical water splitting 
has been considered to be a promising technology for the advanced 
renewable energy conversion to replace fossil fuels [11, 12]. In this 
context OER is considered to be the key process of water splitting 
with uphill potential and slow kinetics, in which the catalysts need 
to overcome a substantial overpotential to reach the desired current 
densities [13]. Thus to design and fabricate highly efficient OER 
catalysts gradually rises to the core issue of electrochemistry. Noble 
metal oxides such as IrO2 and RuO2 are considered to be the best OER 
electrocatalysts for water splitting in both alkaline and acidic media. 
However the high cost and low abundance strictly limit their extensive 
use [14]. Thus the first-row transition metal compounds such as oxides 
[15–19], hydroxides [5, 20, 21], nitrides [22–24], selenides [25, 26], 
phosphates [27, 28] and phosphides [29, 30] have been largely used 
as alternate OER electrocatalysts because of their low cost, high 
abundance and remarkable efficiency. Among these catalysts, layered 
double hydroxides (LDHs) have been widely investigated for their 
unique 2-dimensional lamellar structure and reliable catalytic per-
formance in OER [6, 8, 31–36].  

Taking the above contents into account, nickel-iron LDH nanos-
tructure are regarded as the most promising OER catalysts due to 
their special electronic configuration which arises as a result of Fe 
incorporation into α-Ni(OH)2/γ-NiOOH lattices [21, 37]. Moreover 
Ni–O and Fe–O bond distances are comparable, thus these two 
metals can easily replace each other and form edge-sharing [FeO6] 
and [NiO6] octahedral [38]. Compared with pure nickel oxyhydroxides, 
Fe incorporation leads to a dramatic increase in OER performance  
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by inducing partial-charge transfer [39, 40]. Herein, we demonstrate 
a bottom-up self-assembly process of Ni-Fe-LDH-based laminar 
superstructure (NFLS) formation via a one-step hydrothermal method. 
The composition, morphology and OER performance were being 
investigated in detail. The as-synthesized NFLS presents a long-range 
ordered superlattice pattern (Scheme 1). SDS plays a key role in 
regulating the formation process of laminar superstructure. As for 
the OER performance, NFLS showed an overpotential of 197 mV to 
reach a current density of 10 mA·cm−2 on glassy carbon electrodes 
(GCE) without any iR correction, which is superior to many reported 
catalysts (Table S1 in the Electronic Supplementary Material (ESM)). 
Especially, the influence of NFLS structure on OER activity was being 
analyzed to reveal the structure–activity relationship, which may 
provide an insight for future electrocatalysts fabrication. 

In a typical synthesis, NFLS was obtained in aqueous solution 
via a single-step hydrothermal process by using nitrates precursors. 
The developed method is general in case of precursors as chlorides 
and sulphates can also get results in the similar products. When the 
reaction temperature increased from room temperature to 120 °C 
the product was nanoparticles and amorphous nanosheets, along 
with a small quantity of laminar regions (Fig. S1(a) in the ESM). 
During the hydrothermal process, laminar regions were enlarged 
and disordered amorphous nanosheets regions disappeared (Figs. S1(b)– 
S1(d) in the ESM). Finally all the intermediate nanostructures were 
converted into the well-organized laminar superstructures with 
columnar outlines (Figs. 1(a) and 1(b), and Fig. S2 in the ESM). The 
as-synthesized columnar NFLS had diameter of 50–100 nm and length 
of several hundreds of nanometers. The columnar outlines were 
further transformed to larger nanosheets when the reaction time 
was prolonged to 8 h, and the basic building blocks remain the same 
(Figs. 1(c) and 1(d)). As-synthesized NFLS was composed of ultrathin 
nanoribbons with a long-range ordered arrangement. The laminar 
structure has a single-layer thickness of 2.0 nm and a uniform interlayer 
spacing of 1.8–3.0 nm, which was negatively correlated with reaction 
time. Considering that the length of dodecyl sulfonic anions (DS− 
for short) was ~ 1.6 nm, it enlightened us to think that DS− play   
a key role in the formation of laminar structure for its particular 
configuration and size. The scanning transmission electron microscopy 
(STEM) image and energy-dispersive X-ray (EDX) spectra (Figs. 1(e) 
and 1(f)) exhibited the elemental composition and uniform dis-
tribution of those elements in NFLS.  

A series of controlled experiments were conducted in which sodium 
dodecyl benzene sulfonate (SDBS) was used instead of SDS. The 
corresponding products were ultrathin Fe-Ni nanoribbons (NFNR) 
(Fig. S3 in the ESM), which were exactly similar to the basic building 
block of NFLS. Based on these observations it can be assumed that 
sulfonate groups coordinate with the metal cations and dodecyl tails 
regulate the formation of laminar structure and NFLS were formed 
by ordered stacking of LDH nanoribbons. OH− and CO3

2− were 
gradually released into solution while urea was being decomposed 
thermally during the fabrication process, thus the growth of NFLS 
could be precisely controlled. Oppositely, transition metal salts with 
stronger ligands as anions such as acetate or acetylacetonate could 
not be used as substrates for NFLS growth as their use results in the 
formation of nanosheets or nanoparticles with irregular orientation 
(Figs. S4(a) and S4(b) in the ESM). This might be due to the reason 
that these ligands bind to metal ions intensively and it becomes 
difficult for DS−, OH− and CO3

2− to coordinate with metal ions 
hence the ligand–ligand interaction of interlayered DS− is disturbed. 
Contrarily, employing Na2CO3 instead of urea also led to irregular 
nanosheets or nanoparticles (Fig. S4(c) in the ESM). Use of stronger 
bases such as NH3·H2O or NaOH preferably gives nanoparticles 
(Figs. S4(d) and S4(e) in the ESM) because strong bases quickly 
bind to metal cations and hydroxides are directly formed without 
well-defined morphology.  

 
Scheme 1 One pot synthesis strategy of Ni-Fe-LDH-based laminar structure. 
Color of balls: yellow (sulfur); red (oxygen); blue (nitrogen); gray (carbon); green 
(nickel ion); purple (ferric ion). 

 
Figure 1 TEM images of NFLS with the reaction time of 2 h (a) and 8 h (c), 
showing the tubular and platelike profiles separately. (b) and (d) show the enlarged 
images of white boxes in (a) and (c). (e) STEM and (f) EDX mapping spectra of 
tubular NFLS, showing the laminar pattern and uniform distribution of O (red), 
S (yellow), Fe (blue) and Ni (green). (g) HRTEM image of tubular NFLS shows 
the lattice distance of 0.151 nm, which is indexed to (113) planes of NiFe-LDH. (h) 
XRD pattern of NFLS and the standard curve of Ni0.75Fe0.25(CO3)0.125(OH)2·0.38H2O 
(JCPDS: 40-0215) (vertical bars). Scale bar: 100 nm (a) and (c); 50 nm (b), (d) 
and (e); 5 nm (g). 

X-ray diffraction (XRD) peaks of NFLS were broaden and  
hard to fit with any certain crystal structures exactly, though a part 
of peaks labeled by vertical bars could fit the standard curve of 
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Ni0.75Fe0.25(CO3)0.125(OH)2·0.38H2O (JCPDS: 40-0215), which illustrated 
that NFLS showed good crystallinity (Fig. 1(h)). Absence of (003) and 
(006) peaks revealed the nanoribbon building blocks of NFLS with 
an ultrathin scale at one dimension. Lattice fringes of these crystal 
planes were also verified by high resolution TEM (HRTEM) visually 
(Fig. 1(g)). NFLS and NFNR shared similar XRD pattern, which 
confirmed the same LDH building blocks. The laminar structure 
contributed to a large specific surface area as revealed by nitrogen 
adsorption–desorption isotherm (Fig. 2(a)). The Brunauer–Emmett– 
Teller (BET) surface areas of NFLS was measured to be 78.1 m2·g−1, 
while the reported values for LDH in other relevant literatures were 
often in the range of 10–60 m2·g−1 [41]. The average pore width is 
12.3 nm calculated through Barrett–Joyner–Halenda (BJH) desorption 
curve (Fig. 2(b)). Fourier transform infrared spectra (FT-IR) of NFLS 
further revealed the existence of DS− (Fig. 2(c) and Table S2 in the 
ESM). The bands at 1,248, 1,105 and 977 cm−1 were characteristic 
vibration for OSO3− stretching [42]. Inductively coupled plasma optical 
emission spectra (ICP-OES) was applied to measure the contents of 
each element. The ratio of Fe:Ni:S was 2.90:1:0.87, which fixed the 
XRD pattern of NFLS and further confirmed DS− coordination.  

The X-ray photoelectron spectroscopy (XPS) was used to analyze 
the valence state of NFLS (Figs. 2(d) and 2(e)). In XPS spectrum, 
peaks at 723.7 and 711.6 eV stood for Fe3+ and 872.9 and 855.1 eV 
for Ni2+ in Ni-Fe layered double hydroxides [7, 43]. The peak at 
167.7 eV was indexed to S6+, indicating the existence of dodecyl 
sulfonate anions in NFLS. Soft X-ray absorption spectra (sXAS) 
were further conducted to analyze the fine electron of NFLS, NFNR 
and LDH bulk (Fig. 3). The L3 peaks of Ni were precisely fitted 
each other. Peaks at 850.7 eV stood for Ni2+ and shoulder peaks at 
852.7 eV revealed the existence of Ni3+, which was regarded as OER 
active site. Two peaks appear at Fe L3 edge at 708.4 and 706.6 eV for 
Fe3+ and Fe2+ respectively, and Fe3+ was the main valence state of iron 
in NFLS and NFNR. Peaks of Fe3+ showed a red-shift of 0.2 eV relative 
to LDH bulk, qualitatively indicated that the electron density of Fe3+ 
sites has been changed by the cooperation of DS−, and electrons were 
transferred from ligands to Fe3+ sites compared with LDH bulk [44]. 

OER performances of NFLS, NFNR, Fe-Ni-LDH bulk as well as 
commercial IrO2 were being conducted in a three-electrode system  

 
Figure 2 (a) N2 adsorption-isotherm curve and (b) BJH pore size distribution 
curve of NFLS. (c) FT-IR spectra of NFLS reveals the existence of DS− 
coordination. (d) Overall XPS curve and (e) individual peaks of Ni 2p, Fe 2p, O 2p 
and S 2p with baseline verification show the valence state of NFLS. 

 
Figure 3 Normalized Ni L-edge (a) and Fe L-edge (b) sXAS patterns of NFLS, 
NFNR and LDH bulk. 

in oxygen-saturated 1 M KOH solution at room temperature. All 
samples were mixed with carbon powder (Vulcan XC72) with a 
mass ratio of 4:1 to enhance the conductivity. Figure 3(a) shows the 
cyclic voltammetry (CV) curve of NFLS. Linear sweep voltammetry 
(LSV) curves in 1 M KOH with NFLS, NFNR, LDH bulk and IrO2 
as electrocatalysts (Fig. 4(a)) show that the polarization curve of 
NFLS display a sharp onset potential of OER at ~ 0.42 V (vs. mercuric 
oxide electrode (MOE)), while LDH bulk and IrO2 showed higher 
onset potential at ~ 0.57 and ~ 0.54 V respectively. The shoulder peak 
located at 0.39 V (vs. MOE) was denoted as the Ni(OH)2/NiOOH 
redox characteristics, which indicates Ni3+ as the active centers of 
OER [45, 46]. It could be found that NFLS exhibit an overpotential 
at 10 mA·cm−2 of 197 mV, which was much lower than LDH bulk 
(335 mV), NFNR (277 mV) and IrO2 (358 mV). Specifically, NFNR 
present inferior OER performance relative to NFLS, and these 
differences were caused by the confinement effect of the stacked 
geometry of NFLS [47, 48]. The Tafel slope of NFLS (Fig. 4(b)) 
were measured to be 100 mV·dec−1, smaller than that of NFNR 
(139 mV·dec−1) and LDH bulk (129 mV·dec−1), which indicated that 
despite sharing similar basic building modules, the laminar structure 
presents a higher OER rates relative to dissociative nanoribbons.  

To further reveal the electrochemistry process on the surface of 
GCE, electrochemical impedance spectra (EIS) was conducted to 
unravel the charge transfer resistance of NFLS (Fig. 4(c)). According 
to EIS curves in Fig. 4, the charge transfer resistance of NFLS exhibited 
a significant decrease as compared to that of NFNR and LDH bulk. 
These differences suggest that NFLS exhibit the fastest charge transfer 
process among all the samples, which might be attributed to the 
unique layered stacking structures and the interaction between Ni 
active sites on nearby layers. This was supported by double layer 

 
Figure 4 Electrocatalytic oxygen evolution performance of different catalysts. 
(a) LSV curves of NFLS, NFNR, LDH bulk and IrO2 for OER at a scan rate of 10 
mV·s−1 in 1 M KOH electrolyte. (b) Tafel slope of all catalysts in 1 M KOH 
electrolyte. (c) EIS Nyquist plots for different electrocatalysts recorded at an 
open-circuit voltage. (d) Chronoamperometric response at an overpotential of 
300 mV. 
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capacitance (Cdl) of working electrode, which was measured by CV 
scanning around the open circuit voltage (~ −0.14 V vs. MOE) 
under different scanning rates (Fig. 5). NFLS showed a capacitance 
of 0.642 mF·cm−2, while NFNR and LDH bulk showed 0.233 and 
0.104 mF·cm−2 respectively. The electrochemical surface area (ECSA) 
is a key evidence to prove the structure–activity relationship of NFLS, 
for the density of catalytic active sites could be determined by ECSA. 
ECSA could be calculated via the following equation [49] 

dl 2
ECSA2ECSA cm

20 μF cm
C

-=
⋅

             (1) 

NFLS show an ECSA of 32.3 cm2, which is much larger than NFNR 
(11.7 cm2) and LDH bulk (5.2 cm2).  

To better understand the relationship between structure and 
catalytic activity, OER performance of different samples obtained at 
different reaction conditions as well as different Fe/Ni ratio was 
being evaluated. It was obvious that the oxidation peaks at ~ 0.4 V 
(vs. MOE) were corresponding to Ni(OH)2/NiOOH redox charac-
teristic, and Fe incorporation plays a key role on electronic con-
figuration [21, 37, 38]. It could be seen that FeNi-LDH exhibited higher 
OER activity than Ni(OH)2 layered structure(Figs. 6(a) and 6(b)). 
Compared with Ni(OH)2 controlled group, the incorporation of Fe 
enhanced Ni(OH)2/NiOOH redox peaks on LSV curves, and the OER 
activity presented a volcano-type shape change, which indicated the 
synergistic effect between Fe and Ni and a ratio around 1:3 was 
the preferable composition. Fe3+ sites helped the electron transfer  
of Ni(OH)2/NiOOH transformation and make Ni2+ easily to be 
oxidized, which significantly improved OER performance [38]. 
However, decrease of Ni sites concentration could influence the 
current density. Thus there was a most suitable Fe:Ni ratio around 
1:3 according to Fig. 5(b). We further founded that OER activity was 
also affected by the reaction time of hydrothermal process. The 
function between OER activities and reaction time also showed a 
volcano-type curve (Figs. 6(c) and 6(d)), indicating that an impeccable 
layered stacking morphology had a confinement effect and enhanced 
OER activity. 

In summary, the well-defined LDH laminar superstructure as 
efficient electrocatalysts for OER was fabricated by a single-step 
bottom-up hydrothermal process. The result demonstrated that the 
layered stacking structure of NFLS was the key to enhance the OER 
activity, which was superior to LDH bulks. The optimized NFLS 
presented a very small overpotential of 197 mV to reach a current 
density of 10 mA·cm−2. Such a fabrication strategy may provide a 

 
Figure 5 Analysis of double layer capacitance of different working electrodes. 
CV curves of (a) NFLS, (b) NFNR and (c) NiFeLDH bulk with different scanning 
rates in 1 M KOH electrolyte around open-circuit. (d) Linear regression of scan 
rate against current density. The slope of regression curves stands for the double 
layer capacitance density. 

 
Figure 6 Controlled experiment of different catalyst preparatory condition on 
OER overpotential. (a) LSV curves toward OER in the present of NFLS with 
different ratio of Ni and Fe, together with Ni(OH)2 and Fe(OH)3 as controling 
group. (b) Current densities of different ratio of Ni and Fe at an overpotential of 
400 mV. (c) LSV curves toward OER in the present of NFLS with different 
hydrothermal reaction time. (d) Current densities of different reaction time at 
an overpotential of 300 mV. 

valuable insight into rational design of multi-stage superstructures 
with potential applications in renewable energy conversion field. 
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