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Ni-Fe layered double hydroxide (LDH) was regarded one of the best catalysts for oxygen evolution 

reaction (OER), yet bridging the relationship between LDH nanostructure and OER performance remains 

a big challenge. Unlike other hydrothermal reaction produced Ni-Fe layered double hydroxides, we 

adopted a simple separate nucleation and the aged steps method to investigate the effect of crystallinity 

and intercalated anions of LDH on OER performance and found that improving the crystallinity and the 10 

size of NiFe-LDH by increasing the aged temperature led to the decrease of OER activity. While 

changing the interlayer spacing of LDH from 8.04 Å to 7.69 Å through introducing more CO3
2- to replace 

NO3
- causes the reduction of OER activity. These were probably attributed to more exposed active sites, 

lower charger transferring resistance, and better exchange ability with OH- in interlamination. Based on 

above observation and the consequent optimizations, a very-low onset overpotential (~240 mV) and Tafel 15 

slope value (33.6 mV/dec) (in 0.1 mol/L KOH) room-temperature synthetic NiFe LDH was achieved. 

This work proposed the strategy for the rational design of LDHs for further enhancement of OER 

electrochemical activity, i.e. by decreasing the size and crystallinity of NiFe- LDH and introducing more 

NO3
- between layers. 

1. Introduction 20 

The high-efficiency, eco-friendly, low-cost energy storage 
applications is a critical element in the societal pursuit of 
sustainable and efficient energy conversion and storage solutions. 
1 The oxygen evolution reaction (OER) in particular is a key 
factor of many renewable energy systems, such as metal-air 25 

battery and water splitting.2-3 Thus, it is important to develop 
cost-effective, highly active catalysts for OER. Precious noble-
metal oxides catalysts such as IrO2 and RuO2 show considerable 
catalytic activity for OER but they suffer from the scarcity and 
high cost. 3-5 As a consequence, extensive efforts have been taken 30 

to discover and develop efficient OER catalysts based on earth-
abundant metals, especially the nickel-based catalysts. 5-10 

Layered double hydroxides (LDHs), which are a kind of 
anion-intercalated materials, have newly drawn great attention in 
the OER area due to their uniformly and densely distributed 35 

active sites. 10-14 Meanwhile, the abundance of constituent 
elements, the easiness of fabrication, the capability of highly 
tunable compositions, and the superior OER performance made 
them to be rising stars, giving the possiblity of practical 
ultilization for electrochemically splitting water and any 40 

applications involved OER such as metal-air batteries. 14-15 
Among these LDHs catalysts, NiFe-LDH was the most studied in 
recent years. 13-18 As the three important factors which have 
strong effect on properties of LDH, when the metal elements are 
determined, the other two aspects may give great impact on the 45 

OER performance under given NiFe-LDH: one is the size and 
crystallinity of catalysts, the other is the intercalated anions 
between LDH’s layers. 19 

In order to validate our assumptions, we finely tuned the 
crystallinity and sheet size by varying the aged temperature and 50 

altered the intercalation anions. It was noticed that the higher 
aged temperature applied, the higher crystallinity the LDH will be 
and consequently, the more the active sites will be confined, as 
verified by OER data. Interlayer spacing was tuned by varying 
the ratio of OH- with CO3

2- from 24:0 to 24:2 and 24:4, while 55 

NO3
- were used as the intercalated ions. More CO3

2- would cause 
4% decrease of the interlayer spacing, which gave a trend of 
interlayer shrinking. Despite the small difference in interlayer 
spacing, we observed obvious OER current variance at the same 
applied voltages. Based on the above results, we safely 60 

hypothesized the most active and efficient OER catalysts that 
were base on LDH could be generated on conditions of small 
size, low crystallinity, and more intercalated NO3

-. 

2. Experimental  

2.1. Chemicals 65 

Ni(NO3)2•6H2O and Fe(NO3)3·6H2O was obtained from Xilong 
Chemical Co., Ltd., and Tianjin Fu Chen Chemical Reagents, 
respectively. NaOH and Na2CO3 were all of A.R. grade, and 
purchased from Beijing Chemical Reagent Co., Ltd., and used as 
received without further purification. Deionized water has been 70 

bubbled with N2 for 1 h to remove CO2. 
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2.2. Synthesis of NiFe-LDH 

In a typical procedure, 10.0 mL of mixed salt solution containing 
Ni(NO3)2·6H2O (2.4 mmol) and Fe(NO3)3·6H2O (0.8 mmol) and 
40.0 mL of mixed alkali solution containing NaOH and Na2CO3 
(nNaOH+2nNa2CO3=7.2 mmol, nNaOH:nNa2CO3=24:0, 24:2, or 24:4) 5 

were simultaneously poured out into acolloidal mill and 
continuously stirred for 10 min. The resulted slurry was 
centrifuged at 12,000 rpm for 15 min and washed twice with 
deionized water to remove the excess free metal salts and alkali, 
and subsequently dispersed in 40.0 mL of deionized water. This 10 

aqueous suspension was transferred into a stainless steel 
autoclave with a teflon lining. The autoclave was then placed in a 
preheated oven, followed by hydrothermal treatment at room 
temperature (RT), 90, 120 and 150 °C for 12 h. The products 
were collected by centrifuge, repetitively washed with CO2-free 15 

deionized water and lyophilized.  

2.3. Characterization 

Transmission electron microscopy (TEM) was performed on 
Hitachi-800 (accelerating voltage = 200 kV). X-ray diffraction 
(XRD) patterns were obtained on a Shimadzu XRD-6000 20 

diffractometer, using Cu Kα radiation (λ=1.5418 Å) at 40 kV, 30 
mA. Fourier transform infrared (FT-IR) spectra were recorded in 
the range 4000 to 400 cm-1 with 2 cm-1 resolution on a Bruker 
Vector-22 fourier transform spectrometer using the KBr pellet 
technique (1 mg of sample in 100 mg of KBr). XPS 25 

measurements were performed using an ESCALAB 250 
instrument (Thermo Electron) with Al KR radiation. The CHN 
analysis was executed with a varioELcube elemental analyzer. 

2.4. Electrochemical measurements 

All electrochemical measurements were performed on standard 30 

three-electrode setup at RT. Electrochemical measurements 
(using a PARSTAT 2273 potentiostat from Princeton Applied 
Research) were conducted in an electrochemical cell using 
saturated calomel electrode (SCE, 1.01 V vs. RHE in 0.1 M 
KOH) as the reference electrode, a 1-cm2 Pt plate as the counter 35 

electrode and the sample modified glassy carbon electrode (GCE) 
as the working electrode. For the rotating disk electrode (RDE) 
measurements, the working electrode was scanned cathodically at 
a rate of 5 mV s-1 with a speed of 1600 rpm. Linear sweep 
voltammetry (LSV) was carried out at 5 mV/s for the polarization 40 

curves after the catalyst was cycled for 10 times by cyclic 
voltammetry (CV) in the oxygen saturated 0.1 M KOH aqueous 
solutions at a sweep rate of 50 mV s-1 from 0.2 to 0.7 V, 
respectively. Prior to surface coating, the GCE was sequentially 
polished using 1.0 and 0.3 mm alumina slurry and then washed 45 

ultrasonically in water and ethanol for 5 min. The cleaned GCE 
was dried at RT for the next modification.   

For RDE measurements, 2.0 mg catalyst was dispersed in 
490.0 µL of ethanol and 10.0 µL of 5% nafion solution and 
sonicated for 30 min to form a homogeneous ink. Then 5.0 µL of 50 

the catalyst ink was loaded onto the cleaned GCE (5 mm in 
diameter, area of 0.196 cm2). The All polarization curves were 
corrected with iR-compensation. 

3. Results and discussion 

The targeted NiFe-LDHs were prepared according to the 55 

separate nucleation and the aged steps (SNAS) method in which 
the salt and the alkali solutions were quickly mixed and nucleated 
in a colloid mill and subsequent hydrothermally treated. 20-21 Fig 
1 and Fig S1, the typical TEM images, revealed that NiFe-LDHs 
displayed plate-like morphology with growing size from RT to 60 

150 ºC (Fig 1f). The corresponding XRD spectra (Fig 1e, Fig 
S2a-b) showed that the (003) and the (006) peaks were 
significantly broadened and weaken with depressed aging 
temperature, suggesting the less crystallinity and more defects in 
the stacked structure. 22-28 The lateral sizes of NiFe-LDH 65 

naosheets with no CO3
2- was 16, 33, 61, and 143 nm in average 

for RT, 90, 120 and 150 ºC-aged samples, respectively (Fig. 1f). 
And the typical size is labelled in TEM image to highlight the 
difference (Fig. 1a-d). The other different anions-intercalated 
NiFe-LDHs also showed similar size growth at the same aging 70 

temperature (Fig. S1).  

Fig 1. TEM images of NiFe-LDH plates under different resultant 
temperature for 12 h with a 24:0 ratio of NaOH and Na2CO3: (a) 
RT, (b) 90 ºC, (c) 120 ºC, (d) 150 ºC and (e) their XRD spectra, 
(f) size distribution. 75 

 
To demonstrate the difference of intercalated anions (NO3

-or 
CO3

2-), Fourier transformed infrared spectra of the RT-aged 
samples were collected and shown in Fig.2a, which was recorded 
in the range from 2000 to 1000 cm-1. The infrared band at 1631 80 

cm-1 is attributed to the deformation mode of water (δ (H2O)) 
while the band at 1384 cm-1 stands for NO3

-. 21, 24 As the CO3
2- 

increased, two new broad bands at about 1470 cm-1, and the one 
between 1000 and 1200 cm-1 occurred, which were assigned to 
the CO3

2-. Meanwhile, a typical vibration of interlayer CO3
2- band 85 
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at 1357 cm-1 appeared and grew strong; besides, the ν3 
(asymmetric stretching) mode of NO3

- at 1384 cm-1 band which 
turned weak, suggesting that NO3

- had been exchanged by CO3
2-

.26-27 In addition, the other important mode ν (OH-), δ(OH-) and ν1 
(CO3

2-) were labled in Fig. S4. Besides, with a varioELcube 5 

elemental analyzer, we found that the nitrogen content of NiFe-
LDH with 24:0-RT, 24:2-RT, 24:4-RT was 0.676%, 0.413% and 
0.22% in weight respectively, which is agreed with FT-IR results. 
As shown in Fig. 2b, with the more NO3

- exchanged by CO3
2- in 

the synthesis step (24:0 to 24:4), the (003) Bragg reflection 10 

gradually shifted from 8.04 Å to 7.82 Å then 7.69 Å. And for the 
complete NO3

- batch, the interlayer spacing is the same to that of 
NO3

- intercalated MgFe-LDH (8.04 Å) prepared by the 
coprecipitation. 27  

Fig 2. (a) The FT-IR and XRD spectra (b) of NiFe-LDH OER 15 

catalyst with various ratios of NaOH and Na2CO3 at RT. 
 
The products with the lowest applied aged temperature, i.e. 

RT yielded the best electrocatalytic activity in 0.1 M KOH 
aqueous solution (Fig 3a, Fig. S3a-b). It is in accord with the fact 20 

that the defects are generally active sites for water splitting 
reactions. 30-32 Especially, those RT-catalysts exhibit superior 
OER activity to commercial Ir/C in alkaline medium. Under high 
aged temperature, consequently elevated crystallinity and 
depressed disorder (Fig.1e, Fig S2), the sheet size grew bigger 25 

(Fig.1f) and those defects concentration decreased, which 
provided less activity towards OER reactions. This was consistent 
with the report that the amorphous phase showed the superior 
OER activity to the crystalline ones. 30 

Fig 3. (a) The electrochemical performance of NiFe-LDH aged 30 

under different resultant temperature with a 24:0 ratio of NaOH 
and Na2CO3. (b) The OER activity of NiFe-LDH with different 
ratios of NaOH and Na2CO3 at RT. (c) The potentials at 10 
mA/cm2 current for all samples. The loading of all samples was 
about 0.1mg/cm2. 35 

 
Besides the aged temperature, we found the ratios of 

different anion intercalated being another vital parameter to 
enhance OER performance (Fig 3b-c). Given the difference ratio 
of intercalated anions, the interlayer spacing could be affected. 40 

XRD characterizations were performed to verify varied interlayer 
spacing of resulted LDHs. It was found that larger interlayer 
distance induced by less CO3

2- was relative to smaller 
overpotential for OER, which means higher activity. However, 

considering the small change of the interlayer spacing, we safely 45 

believed that the intercalated anions play more important roles in 
OER catalytic process instead of lamellar spacing of LDHs. 19 

In order to illustrate the intercalated anions and interlayer 
spacing being the important factors which affect overall OER 
performance for the RT aged temperature NiFe-LDHs, XPS 50 

analysis of samples synthesized at RT but with different ratios of 
OH- and CO3

2- were performed. The Ni2p and  Fe2p XPS spectra 
were respectively shown in the Fig. S5a-b. The oxidation states 
of Ni and Fe were found to be Ni2+ and Fe3+; the ratios of 
Ni and Fe kept almost the same with each other for the 55 

three samples. 13 Given the situation that no obvious binding 
energy (BE) shift occurred, we can safely conclude that chemical 
states remain the same within these three samples obtained at RT.  

Fig. 4 The current–time plots (a) of the different NiFe-LDH 
electrodes under the same alkaline conditions with various ratios 60 

of NaOH and Na2CO3 under RT and corresponding Tafel plots 
(b), Nyquist plots (c) with a frequency range from 0.1 MHz to 1 
Hz. 

 
Tafel slopes were then measured  to investigate the electrode 65 

kinetics. As shown in Fig 4a, the corresponding Tafel slope 
values were respectively 33.6, 36.9, and 44.5 mV/dec, meaning 
total NO3

- intercalated NiFe-LDH was more efficient OER 
electrocatalyst among these three samples. EIS plots (Fig. 4b) in 
the high frequency range indicated the intercalation by NO3

-, and 70 

also agreed broader interlayer space possess lower charger 
transferring resistance (Rct) at the corresponding 
electrode/electrolyte interface, resulting in a more favorable OER 
kinetics. 9, 15, 30 The chronoamperometric tests of NiFe-LDHs 
were performed at 0.55 V (vs SCE, without iR correction) on the 75 

GCE. As seen in Fig 4c, NiFe-LDHs without CO3
2- showed the 

best stability in both low and high voltages, 2,000 s cycling 
caused only 4.8% activity decade at 0.55 V and 3% at 0.6 V. 
While for the other two samples synthesized at RT, the activity 
decades were 5.5% for 24:2 NiFe-LDH and 5% for 24:4 NiFe-80 

LDH, respectively. Yet their current densities were relatively low 
compared to that of 24:0 NiFe-LDH at the same applied voltage 
of 0.55 V. 

As a kind of anion-intercalated material, LDHs possess 
powerful ion exchange ability. 16, 19, 33 And the accessibility to 85 

OH- plays very important role in OER because OH- is the main 
reactant in alkaline solution.1, 13 Considering that NO3

- is easier to 
be exchanged by OH- than the CO3

2-, it obviously the complete 
NO3

- intercalated NiFe-LDH can gather more OH-.33 Therefore, 
the reason why the sample with only NO3

- intercalated showed 90 

the best electrocatalytic activity is because of the lowst harger 
transferring resistance as well as the good anion-exchange ability 
with hydroxyl anion.  

4. Conclusions 
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Size, crystallinity, and intercalated anions were all found to be 
important in determining the activity of OER. The samples with 
low crystallinity were achieved through lowering the aged 
temperature. The variations of intercalated ions can be obtained 
using different amount anions of NO3

- and CO3
2- in the synthesis 5 

procedures. Investigations of size, crystallinity and interlayer 
anions on OER demonstrated that efficient OER favored small 
size, low crystallinity which provided more unconfined active 
sites. More intercalated NO3

- and wider interlayer space could 
reduce the charger transferring resistance and improve the 10 

exchange ability with OH-. Our comprehensive understanding of 
LDH catalyzed OER process could be extended for synthesizing 
better layered materials for OER.  
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