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Abstract: We report the synthesis of ultrafine NiFe-layered double hydroxide (NiFe-

LDH) nanosheets, possessing a mean lateral size of less than 3 nm with thickness of 0.6 

nm. Abundant cation and oxygen vacancies impart these ultrafine nanosheets with 

semi-metallic character, and thus superior charge transfer properties and 

electrochemical water oxidation performance with overpotentials (η) of 254 mV 

relative to monolayer LDH nanosheets (η of 280 mV) or bulk LDH materials (η of 320 

mV). These results are highly encouraging for the future application of ultrafine 

monolayer LDH nanosheets in electronics, solar cells and catalysis. 

 

Electrocatalytic water splitting involving oxygen evolution reaction (OER) and 

hydrogen evolution reaction (HER) is a promising technology for generating hydrogen 

from water, and widely considered a cornerstone technology in the development of 

future hydrogen economies.[1] The overall efficiency of the electrocatalytic water 

splitting process is generally limited by slow kinetics of OER, a complex four-electron 

redox process involving O-O bond formation that typically requires a high 

overpotential. RuO2 and IrO2 are currently the state-of-the-art materials for OER, 

though the high cost and low earth abundance of Ru and Ir motivates the search for low 

cost alternatives. Layered double hydroxide (LDH), due to the flexible chemical 

composition, show great potential in photo/electrocatalysis.[2] Since the first report of 

NiFe-LDH-based materials exhibiting high OER activity,[3] Hu and co-workers have 

reported that monolayer NiM-LDH nanosheets (M = Fe, Co, etc.) exhibit efficient 

performance for water oxidation at low overpotentials (0.3 V at 10 mA m-2).[4] CoMn,[5] 

NiCo,[6] NiV,[7] VFe-based ultrathin LDH nanosheets also show good performance in 

OER, mainly due to the high surface area and the exposure of active surface sites.[8] 

However, the LDH nanosheet catalysts reported to date generally possess lateral platelet 

dimensions above 30 nm (Table S1), these platelets are too large to dramatically 

improve the catalytic performance due to the limited availability of edge and corner 

sites which are typically highly reactive sites due to coordinative unsaturation.[9] 

Although the catalytic activity can be partly improved by loading LDH nanosheet on a 
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substrate to increase the quantity of these reactive interfaces, it is still highly 

challenging to obtain ultrafine monolayer LDH with the lateral size of less than 3 nm 

containing highly exposed coordinatively unsaturated edge or corner active sites.  

  Transitionally, the size of LDHs nanosheets can be successfully controlled within 

lateral size of 30-200 nm and monolayer thicknesses by using top down (including 

solvent exfoliation[10] and plasma etching[11]) or bottom up approaches[4, 13a, 14] 

(microemulsion methods,[12] layer growth inhibitors[13]).. Reducing the lateral size 

further to sub-3 nm is challenging due to rapid crystallization kinetics and/or platelet 

aggregation.[15] Recently, 7.8 nm LDHs nanoclusters containing only several layers 

were obtained using propylene oxide and acetylacetone as solvents,[16] and some ~5 nm 

LDH nanosheets have been reported when LDHs were grown in-situ on graphene-based 

supports.[17] Such approaches to ultrafine LDH nanosheets have limited practical value 

due to the low production yield. The discovery of a simple and facile route to monolayer 

LDH nanodots with lateral size less than 3 nm that should intrinsically possess an 

abundance of the key surface sites is the motivation for this current work. The aim is 

that such engineered nanomaterials should demonstrate excellent OER performance. To 

our knowledge, no prior work has been reported on the successfully synthesis of 

support-free sub-3 nm monolayer LDHs.   

  Recently, significant effort has been directed towards the preparation of novel 

ultrafine nanosheets materials,[18] by using top-down (sonication method) or bottom up 

methods. The successful synthesis of ultrafine nanosheets has been reported in charge-

neutral layered materials (graphene,[19] carbon,[20] phosphorene,[21] hexagonal BN and 

transition-metal dichalcogenides (TMDs)[22]) and charge-negative materials (carbon 

nitride,[23] transition metal oxides).[9, 24] These materials display unprecedented physical, 

electronic and chemical properties, and they are finding new applications in sensing, 

electronics, catalysis, supercapacitors and batteries, amongst others.[25] This inspired us 

to explore the synthesis of ultrafine positively charged LDH nanosheets for catalytic 

applications. 

Herein, we report the synthesis of ultrafine monolayer NiFe-LDH nanosheets (size 
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2.3 nm, thickness 0.6 nm with a narrow platelet size distributions, denoted as LDH-UF), 

we show that these materials display higher OER activity than monolayer NiFe-LDH 

nanosheets. The LDH-UF samples were obtained in high yield by the pulsed 

ultrasonication of monolayer LDH nanosheet precursors in formamide (Scheme 1). 

Extended X-ray absorption fine structure (EXAFS) studies and density functional 

theory (DFT) calculations revealed that the LDH-UF possess a higher concentration of 

cation and anion (i.e. oxygen) vacancies compared with the monolayer NiFe-LDH 

nanosheet precursor or bulk NiFe-LDH, which gave the LDH-UF semi-metallic 

character. The high conductivity of LDH-UF, along with an abundance of exposed 

surface sites (especially sheet edges), resulted in the nanodots displaying excellent 

performance for electrocatalytic water oxidation compared with monolayer LDH 

nanosheets. 

  To synthesize LDH-UF, we used monolayer LDH nanosheets as the precursor. 

Generally such monolayer sheets are obtained by top-down methods involving the 

exfoliation of bulk LDH in highly polar solvents such as formamide, though such 

processes typically take up to 1-3 days to yield LDH monolayers.[10] The monolayer 

LDH nanosheets used in this study were prepared by a novel process wherein 

formamide was actually included in the synthesis of the LDH material, thereby 

inhibiting layer stacking and allowing only in-plane sheet growth as firstly reported by 

Sun and co-workers.[13a] Using this approach, monolayer NiFe-LDH with a lateral size 

of 30 nm and thickness of ~1.0 nm could be successfully obtained in 10 min (denoted 

as LDH-monolayer, Figure 1A, B, Figure S1, S2) with the lattice spacing (0.15 nm) 

corresponding to the (110) planes of the LDH structure (Figure 1C). Ultrasonication of 

the LDH monolayer precursor in formamide caused fracturing of the nanosheets, 

thereby affording LDH-UF. Figure 1D and E show LDH-UF with a mean size of 2.3 

nm. A lattice fringe spacing of 0.15 nm also corresponds to the (110) planes of the LDH 

structure (Figure 1F), which was verified by performing a fast Fourier transform (FFT) 

on the high-resolution transmission electron microscopy (HRTEM) image (Figure 1G). 

The molar ratio of Ni : Fe was identified as ~2.90 : 1:00, nearly the same as LDH-
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monolayer (Ni : Fe = 2.92 : 1:00). A structural model for NiFe-LDH-UF is shown in 

Figure S3, with an approximately nominal formula of [Ni42Fe14(OH)112]14+. Atomic 

force microscopy (AFM) was used to determine the thickness of the LDH-UF sample, 

a measured thickness of ~0.6 nm is consistent with a single LDH monolayer (Figure 

1H, I). The Tyndall effect was observed when an ethanolic suspension of LDH-UF was 

irradiated with a visible laser beam (Figure 1J), this provides evidence for the colloidal 

nature and the excellent dispersibility of the ultrafine LDH nanosheets. 

On account of their monolayer thickness (~0.6 nm) and small lateral size (~2.3 nm), 

the LDH-UF were expected to contain an abundance of defects (such as oxygen or 

cation vacancies and low coordination metal ions located around the edge) as well as 

significant structural disorder, all of which could be expected to significantly alter the 

typical LDH electronic structure. X-ray absorption near-edge structure (XANES) and 

EXAFS were used to explore the effect of size reduction on LDH structure. Figure 2A 

shows Ni K-edge XANES spectra for the LDH-UF and the monolayer LDH nanosheet 

precursor. Both showed similar spectra, with a slight difference seen above 8380 eV for 

the ultrafine nanosheets suggesting a change in the electronic structure of Ni species. 

The Ni K-space spectra of the LDH-UF showed fewer oscillations at high k values 

implying a subtle difference in the coordination environment of Ni atoms (Figure 2B). 

Key information about the Ni coordination was found in the corresponding R space plot 

(Figure 2C) which provided information on the first shell (Ni-O) and second shell (Ni-

Ni or Ni-Fe), the average distance (R) and the coordination number (N) in each shell. 

Compared with the Ni-O shell in LDH-monolayer (N ~5.69), the Ni-O shell for the 

LDH-UF had a lower intensity and a lower N (5.4), indicating severe structural 

distortion caused by the higher abundance of oxygen vacancies (VO) in LDH-UF (Table 

S2). Furthermore, in the Ni-Ni/Fe shell, N decreased from 5.36 for the monolayer LDH 

nanosheets to 4.70 for LDH-UF, indicating the existence of Ni and Fe vacancies (VNi 

and VFe). The Debye-Waller factor (σ2) provides further evidence for severe structural 

distortion in the LDH-UF. The larger Debye-Waller factor for the Ni-O shell (0.0059 

Å2) and Ni-Ni/Fe shell (0.0066 Å2) for the LDH-UF, compared to the corresponding 
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values for the LDH-monolayer (0.0047 and 0.0055 Å2, respectively), suggest a severely 

distorted octahedral Ni-O and Ni-Ni/Fe environments in the ultrafine nanosheets. 

Similarly at the Fe K-edge, the lower intensity of the signal for first Fe-O shell and 

second Fe-Ni shell of LDH-UF, compared with that of the LDH-monolayer (Figure 2D-

F, Table S3), implies more extensive defects and structural distortion to the LDH 

structure. The EXAFS data of Figure 2 conclusively demonstrate that as the lateral size 

of the monolayer LDH precursor was reduced to form the ultrafine nanosheets, both VO, 

VNi and VFe were introduced, leading to severe distortions in the LDH structure and 

metal cation coordination, mainly due to the severely increased edges sites of ultrafine 

nanosheets during synthesis. Recently, Wang and co-workers reported the development 

of multivacancies (metal and O vacancies) during the plasma exfoliation of bulk LDH 

into ultrathin nanosheets, supporting the findings of the current study.[11] The presence 

of these defects and the structural distortion in the LDH-UF was expected to 

dramatically alter the LDH electronic structure and catalytic properties, as was 

confirmed by experiments and DFT calculations below. 

We evaluated the OER performance of the NiFe-containing LDH-UF (lateral size 

2.3 nm) against monolayer NiFe-LDH (lateral size ~30 nm) and NiFe-LDH bulk 

(denoted as LDH-Bulk, lateral size ~600 nm and thickness ~20 nm, Figure S4). Results 

are shown in Figure 3A. At a current density of 10 mA cm–2, the LDH-UF, LDH-

monolayer and LDH-Bulk displayed OER overpotentials (η) of 0.254, 0.280 and 0.320 

V, respectively. Further, the current density of the LDH-UF was ~2 and ~10 times higher 

than that of LDH-monolayer and LDH-Bulk, respectively. The Tafel slope determined 

for LDH-UF was ~32 mV/dec (Figure 3B), much smaller than that determined for 

LDH-monolayer (42 mV/dec) and LDH-bulk (48 mV/dec). These results confirm a 

superior OER performance for LDH-UF compared with previously tested LDH 

materials. To pinpoint the origin of the superior OER performance of the LDH-UF, 

electrochemical impedance spectroscopy (EIS) was used to explore the charge transfer 

properties of each LDH material. As shown in Figure 3C, the LDH-UF showed a much 

smaller semicircle in the Nyquist plot compared to LDH-monolayer or LDH-Bulk, 
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indicating a significantly lower charge-transfer resistance. The high concentration of 

multivacancies in the ultrafine nanosheets, leading to the excellent conductivity, is thus 

very important to the high OER activity of the LDH-UF.[26] Moreover, LDH-UF 

exhibited nearly a 100% Faradaic yield, indicating the O2 evolution was driven by 

LDH-UF electrocatalysts (Figure S5). The OER data indicates that LDH-UF show 

superior activity to most reported NiFe-based electrocatalysts for OER (Table S4). 

Figure 3D revealed that LDH-US maintained stable electrocatalytic activity over a 12 

h period of OER testing.  

Decreasing the LDH particle size is expected to increase the available surface area, 

although the electrochemical active surface area (ECSA) of the LDH-UF was ~10% 

higher than the LDH-monolayer (Figure S6), it was found that the current density of 

the LDH-UF was twice as high as that of the LDH-monolayer (Figure 3A), we can 

make a conclusion that factors other than just active surface area contribute to the high 

OER performance of the LDH-UF. Electronic structure and its influence on electrical 

conductivity clearly play a more significant role.[27]  

In order to understand the impact of multivacancies (VO, VNi, VFe) on the electronic 

structure of the NiFe-LDH ultrafine nanosheets, density functional theory (DFT) 

calculations performed. Structural models used for the calculations included monolayer 

LDH, monolayer LDH doped with multivacancies (VO, VNi, VFe) to represent the LDH-

UF, and multilayered LDH (more than 3 layers). As shown in Figure 4A, B and Figure 

S7, multilayered NiFe-LDH without defects had a band gap of ~1.4 eV. On reducing 

the LDH thickness to one monolayer, the band gap narrowed due to an increase in the 

Fe DOS near the Fermi level (Figure 4C, D and Figure S8). On introducing 

multivacancies (VO, VNi, VFe) into monolayer LDH, the DOS revealed no obvious gap 

around Fermi level (Figure 4E, F and Figure S9), indicating that the defects conferred 

semi-metal like character to the LD-UF. This result is in accordance with the 

electrochemical tests in Figure 3, which showed that the electrical conductivity and 

charge transfer properties of the LDH-UF were far superior to those of the monolayer 

LDH nanosheets. 
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Finally, to demonstrate the wide applicability of the approach introduced here for 

the synthesis of NiFe-containing LDH-UF, we also synthesized ultrafine monolayer 

ZnAl-LDH and monolayer NiCo-LDH nanosheets with lateral sizes of ~3.0 nm and 

~2.8 nm, respectively (Figure S10, S11). 

In summary, the first successful synthesis of ultrafine sub-3 nm LDH nanosheet is 

reported, These materials display improved OER performance compared with the 

equivalent monolayer LDH. The synthesis method, is based on ultrasonication of 

monolayer LDH nanosheets with large lateral dimensions, the method is versatile and 

yields ultrafine LDH nanosheets in high yields with narrow size distributions. Reducing 

the lateral dimensions of monolayer LDH to less than 3 nm creates multivacancies and 

induces severe structural distortions, which collectively give the ultrafine nanosheets 

semi metal character and greatly improved OER activity compared with the monolayer 

nanosheets of lateral size ~30 nm. In conclusion, the work describes a facile route for 

the large production of ultrafine LDH nanosheets, paving the way for future widespread 

application in catalysis, energy applications, electronics, sensors and bio-imaging.  
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Scheme 1. Synthetic strategy used for the synthesis of ultrafine monolayer LDH 

nanosheets. 
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Figure 1. A, B) TEM and C) HRTEM images of the LDH-monolayer. D, E) High-angle 

annular dark-field TEM (HADDF-TEM) and HRTEM of LDH-UF, respectively. F) 

HRTEM image of one LDH-UF and G) the corresponding FFT pattern. H) AFM image 

and I) height profiles of LDH-UF. The numbers 1 to 3 in (I) correspond to the numbers 

1 to 3 in (H); J) A dispersion of the ultrafine LDH nanosheets in ethanol displaying 

Tyndall effect. 
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Figure 2. A) Ni K-edge XANES spectra, B) Ni K-edge EXAFS oscillation functions 

k2χ (k) and C) magnitude of k2-weighted FT of the Ni K-edge EXAFS spectra; D) Fe 

K-edge XANES spectra, E) Fe K-edge EXAFS oscillation functions k2χ (k) and F) 

magnitude of k2-weighted FT of the Fe K-edge EXAFS spectra for LDH-monolayer 

and LDH-UF, respectively.  
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Figure 3. A) OER polarization curves for LDH-Bulk, LDH-monolayer and LDH-UF, 

respectively; sweep rate: 5 mV s–1; B) Tafel plots (RHE vs. log current) derived from 

A); C) Electrochemical impedance spectra for LDH-Bulk, LDH-monolayer and LDH-

UF electrodes; D) A current-time curve for water oxidation using LDH-UF at η = 254 

mV vs. RHE. 
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Figure 4. Schematic structure model and the corresponding calculated total 

DOS/PDOS plots for A, B) multilayer LDH; C, D) monolayer LDH and E, F) 

monolayer LDH-doped with multivacancies (The Fermi level is denoted by the vertical 

dashed line).  
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Ultrafine monolayer layered double hydroxide (LDH) nanosheets, with a mean 
lateral size of less than 3 nm were obtained by the ultrasonic treatment of monolayer 
LDH nanosheets. Abundant vacancies impart these ultrafine nanosheets with semi-
metallic character, superior charge transfer properties and electrocatalytic oxygen 
evolution performance relative to monolayer LDH nanosheets. 
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