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Abstract: Simultaneously synthesizing and structuring atomi-

cally thick or ultrathin 2D non-precious metal nanocrystal may

offer a new class of materials to replace the state-of-art noble-

metal electrocatalysts; however, the synthetic strategy is the

bottleneck which should be urgently solved. Here we report the

synthesis of an ultrathin nickel nanosheet array (Ni-NSA)

through in situ topotactic reduction from Ni(OH)2 array

precursors. The Ni nanosheets showed a single-crystalline

lamellar structure with only ten atomic layers in thickness and

an exposed (111) facet. Combined with a superaerophobic

(low bubble adhesive) arrayed structure the Ni-NSAs exhibited

a dramatic enhancement on both activity and stability towards

the hydrazine-oxidation reaction (HzOR) relative to platinum.

Furthermore, the partial oxidization of Ni-NSAs in ambient

atmosphere resulted in effective water-splitting electrocatalysts

for the hydrogen-evolution reaction (HER).

Two-dimensional (2D) crystals with atomic thickness have

attracted extensive attention because of the dramatically

increased surface/volume ratio and unique electronic struc-

tures.[1–9] Thus, they have been considered as promising

materials in electronics,[10–14] optics,[15,16] magnetics,[17,18] and

catalysis.[19, 20]

Active and stable metal-based 2D crystals have shown

a great potential as efficient electrocatalysts.[6, 21] However,

the bottom-up synthesis of ultrathin nanosheets mainly relies

on whether the material itself has a lamellar structure,[3,21–24]

while metal atoms have a strong preference for close-packed

crystalline structures,[25–29] and rich dangling bonds would

make the nanosheets extremely active and unstable.[30]

Therefore, ultrathin metallic 2D structures with a plethora

of unsaturated atoms are difficult to stabilize and only quite

a few ligand-capped noble-metal ultrathin structures can be

synthesized.[6,30–32] Up to now, non-ligand-caped 2D transi-

tion-metal nanostructures remained big synthetic challenges.

On the other hand, liquid exfoliation of organic–inorganic

precursors has been demonstrated an effective way for

preparation of atomically thick 2D crystals with a non-layered

structure as well as the quasi-layered structure, but this

strategy is so far not applicable to 2D metallic nanostruc-

tures.[33,34] Therefore, developing a new synthetic route for

ultrathin 2D metallic nanostructures, especially non-noble

metals, will greatly expand the 2D material family and

promote their applications.

Here, we synthesized ultrathin nickel nanosheets by

gently reducing a Ni(OH)2 nanosheet array on a metal

substrate under mild reducing conditions. The slow conver-

sion kinetics kept the ultrathin nanosheet morphology and

atomic thickness. The Ni nanosheets showed a single-crystal-

line lamellar structure with a thickness of only ten atomic

layers and an exposed (111) facet. With plenty of active

surface atoms, a single-crystalline structure, a superaeropho-

bic (low bubble adhesive) surface, and a tunable surface state,

the Ni-NSA showed a dramatic enhancement of both activity

and stability on the hydrazine-oxidation reaction (HzOR) and

hydrogen-evolution reaction (HER) relative to platinum,

demonstrating the promising electrocatalytic applications of

such ultrathin non-precious metal nanosheets.

Scheme 1 shows the in situ topotactic reduction procedure

of the ultrathin Ni-NSA. Firstly, Ni(OH)2 nanowall arrays

were grown on a nickel foam following our previous report,[35]

as evidenced by the X-ray diffraction (XRD) pattern (Fig-

ure 1A) of typical Ni(OH)2 peaks after growth of Ni(OH)2
arrays on a Ni substrate. Then the as-formed Ni(OH)2
nanowalls were solvothermally reduced in ethylene glycol

Scheme 1. In situ topotactic reduction method for fabrication of the

atomically layered Ni nanosheet array.
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assisted by NaOH.[36] The exclusive face-centered cubic (fcc)

phase Ni patterns of the sample after reduction suggested

complete reduction from Ni(OH)2 to Ni. In order to confirm

that the reduced product was Ni and to exclude the influence

of the Ni substrate, the same Ni-NSA sample was synthesized

on a Cu substrate (black line in Figure 1A, see Figure S1 in

the Supporting Information for a SEM image). Appearance

of (111), (200), and (220) peaks of the Ni crystal confirmed

complete reduction of the sample.

The morphology of the obtained ultrathin Ni-NSA was

characterized by scanning electron microscopy (SEM) and

transmission electron microscopy (TEM). Figure 1B shows

a 3D open porous array structure of the reduced Ni nano-

sheets, and each nanosheet was vertically grown on the

substrate with hundreds of nanometers in size. However, the

thickness of the nanosheets was as thin as only several

nanometers, which could be read from the HRSEM image.

The relatively low contrast of the nanosheets in the TEM

images (Figure 1C–E) implied ultrathin structures. The

electron diffraction pattern of the two overlapping Ni nano-

sheets (Figure 1C inset, S2) revealed the single crystallinity of

the as-obtained Ni nanosheets while the electron diffraction

pattern (Figure 1D) and enlarged HRTEM image (Figure 1E

inset) of a single-layered region show face-centered cubic

(fcc) nickel with 1/3(422) and (220) lattices on the sheet plane,

which is in good agreement with previous observations on

metallic fcc nanoplatelets,[6] suggesting the nickel nanosheets

have (111) basal planes.

Figure 2 reveals the morphology inherence between Ni-

NSA and the Ni(OH)2 nanowall array (i.e. in situ conversion).

SEM images (Figure 2A and C) show that Ni-NSA inherit the

high porosity of the Ni(OH)2 array after in situ conversion,

but the Ni nanosheets were much thinner than the Ni(OH)2
nanowalls. The HRTEM image of a scrolled Ni(OH)2 nano-

wall (Figure 2B) shows that the thickness of the nanowall was

in the range of 5–6 nm (i.e. 10–12 Ni layers), while the Ni

nanosheet (Figure 2D) was as thin as only 2.2 nm (i.e. 10

atomic layers) typically, demonstrating an ultrathin lamellar

structure. The coincidence of the Ni atomic layer numbers

suggests an in situ topotactic reduction pathway from the

Ni(OH)2 nanowall array to Ni-NSA. Characterization and

analysis on the topotactic conversion intermediates (0, 3 , 6, 9,

and 12 h) through HRTEM, electron diffraction patterns

(Figure S3), and XRD patterns (Figure S4) revealed that the

in situ reduction from Ni(OH)2 to Ni experienced a phase

transformation from hexagonal phased Ni(OH)2 to cubic

phased NiO through dehydration, followed by a reduction

from cubic NiO to fcc Ni.

A lamellar structure is not thermodynamically favorable

for fcc metallic structures; therefore, the in situ reduction

Figure 1. A) XRD pattern of the Ni(OH)2 nanosheet array and Ni-NSA

grown on an Ni foam substrate and a Cu foam substrate. The two

lines at the base show standard XRD patterns of Cu and Ni metals.

B) SEM and HRSEM (inset) images of as synthesized Ni-NSA.

C,D) TEM and corresponding electron diffraction pattern of C) two

overlapped Ni nanosheets and D) a single layered region, demonstrat-

ing a single-crystalline structure. E) HRTEM image (inset shows crystal

lattices) of Ni nanosheets.

Figure 2. A,C) SEM images of an as-synthesized Ni(OH)2 nanowall

array and Ni-NSA. B,D) HRTEM image of a scrolled Ni(OH)2 nanowall

and a vertically laid Ni nanosheet. The inset shows the thickness of

the Ni(OH)2 nanowall and Ni nanosheet.
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kinetics must be well-controlled to avoid self-nucleation.

Lower temperatures (< 140 88C) would resulted in incomplete

reduction of Ni(OH)2 (Figure S5B–C) while higher temper-

atures (> 180 88C) would lead to a too fast reduction and cause

new nucleation, resulting in nanospheres (Figure S5E-F).

The single-crystalline ultrathin 2D structure endowed Ni-

NSA with an extremely high ratio of surface atoms and

structure stability (low atom mobility), which was demon-

strated by ultrahigh electrocatalytic performance (Figure 3).

As an example, Figure 3B compares the electrocatalytic

hydrazine oxidation (HzOR) performance of Ni-NSA, 3D

porous Ni nanoparticle assembly (Ni-NPA), commercial Pt/C

(loaded on Ni foam), and reported Cu nanosheet array[37]

electrodes. The onset potential (Eon) of Ni-NSA was about

300 mV lower than that reported for the Cu nanosheet array

and even lower than that of Pt/C, demonstrating a much

higher intrisic activity. For quantitative comparison, the

kinetic currents were normalized to the active area of the

substrates and the mass loading of the catalysts (Figure 3C),

respectively. At the same potential of 0.25 V, the Ni-NSA

electrode afforded a considerable specific activity

(227.6 mAcm¢2) and mass activity (406.4 mAmg¢1catalyst),

which were 1.81 times and 3.25 times higher than that of the

Pt/C catalyst. Besides the high intrinsic activity, the ultrathin

Ni-NSAs also possess rough surfaces, which could cut the

liquid–solid–gas three-phase contact line into tiny pieces

during the electrocatalytic gas-evolution process, thus exhib-

iting superaerophobic surfaces, like the MoS2 nanosheet

arrays previously reported by us.[38] Such superaerophobic

surfaces could facilitate mass transfer on catalyst surfaces and

thus facilitate a current increase during electrocatalysis. As

shown in adhesion force tests in Figure S6, the Ni-NSAs

showed almost no adhesion force to the gas bubbles; in

contrast to the severe adhesion force of Pt/C. Thus, the

superaerophobic Ni-NSA showed a small releasing size and

fast removal of as-formed N2 gas bubbles (Movie S1) while

severe adhesion of gas bubbles on the Pt/C-Ni foam led to

serious blockage of the electrocatalytic active sites, resulting

in a much bigger releasing size of the bubbles and a low

electrocatalytic performance (Movie S2). No cleaning/activa-

tion step was involved for Ni-NSA before the HzOR test,

implying clean surfaces of the products.

In order to further illustrate the advances of atomically

thick 2D structure, we prepared a 3D porous Ni nanoparticle

assembly sample for comparison (Ni-NPA, see the SEM

image in Figure S7 for the morphology) following a similar

procedure but under harsher reduction conditions. The Ni-

NPA was deliberately made 3D open porous and super-

aerophobic, thus both Ni-NSA and Ni-NPA were composed

of the same materials and showed similar surface properties.

A comparison of their electrocatalytic performances reflected

the intrinsic property difference. As shown in Figure 3, Ni-

NSA exhibited a 1.97 times higher activity (Figure 3C) and

a lower charge-transfer resistance (ca. 69W) in Nyquist plots

(Figure 3D), revealing a much higher intrinsic electrocata-

lytic performance, largely because of its ultrathin 2D struc-

ture, ultrahigh surface area, and a plethora of unsaturated

atoms (i.e. surface atoms, step/corner atoms), which could act

as highly active electrocatalytic sites.[39] Combined with

a single-crystalline structure and superaerophobic surfaces,

the Ni-NSA showed 91.8% (Figure S8) of its original current

density and no structural damage (Figure S9) after a 10000 s

harsh stability test in highly concentrated N2H4 solution,

suggesting long-term stability.

The Ni-NSAs also showed a high activity towards the

hydrogen-evolution reaction (HER) after partial oxidation by

exposure in ambient atmosphere for a while (Figure 4A,C).

The HRTEM image (Figure 4B) and the corresponding fast

Fourier transformation (FFT) pattern of a partially oxidized

Ni nanosheet show two crystalline lattices that are indexed as

Ni 1/3(422) and NiO 1/3(422) facets, revealing the existence of

NiO on Ni surfaces. However, the NiO signal in the FFT

pattern was relatively weak, demonstrating that only a small

part of the surfaces was oxidized. X-ray photoelectron

spectroscopy (XPS) spectroscopy confirmed the co-existence

of NiII and Ni0 (Figure S10).

Surprisingly, it is found that partial oxidization of Ni-

NSAs under low-pressure air conditions (vacuum oven, ca. 1 ×

103 Par) for 6 h showed the best HER performance (Fig-

ure 4C). Under this condition, the Ni/NiO-NSAs showed an

onset potential of ¢34 mV in 0.1m KOH (Figure 4D inset)

and a Tafel slope of 114 mV per decade (Figure S11), which is

better than that of the Ni/NiO-NPA counterpart (135 mV per

decade) because of its structural advantage. Besides, the

current increase of Ni/NiO-NSAs was much faster than that

of Pt/C at a higher current (e.g. 100 mAcm¢2, Figure 4D)

because of its high surface area and superaerophobic surface

structure. The ultrathin Ni/NiO-NSA also exhibited a very

Figure 3. A) Schematic of the Ni-NSA catalytic hydrazine oxidation.

B) HzOR performance of Ni-NSA, 3D porous Ni nanoparticle assembly

(Ni-NPA), Cu nanosheet array, and commercial Pt/C (loaded on a Ni

foam). C) Comparison of the specific activity and mass activity of Ni-

NSA, Ni-NPAs, and 20 wt% Pt/C. An 81% enhancement was observed

for Ni-NSA. The specific activity and mass activity were currents

normalized to geometric areas of the nickel foam substrates and the

mass loading of the samples, respectively. D) Nyquist plots of the four

electrodes, indicating that Ni-NSA possessed a much smaller charge-

transfer resistance. Note: the loading amount of Pt/C was twice that of

Ni-NSA because of the poor adhesion to the substrate. The mass

loadings of Ni-NSA and Ni-NPA were 0.59 mgcm¢2 and 0.81 mgcm¢2,

respectively.
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high electrocatalytic stability. After 10 h stability testing, the

Ni/NiO-NSAs still showed 94.9% (Figure S12) of its initial

current density and no structural damage was found (Fig-

ure S9).

Such high HER performance was ascribed to a synergistic

HER catalytic activity on the Ni/NiO interface reported by

Dai and co-workers.[40] The OH¢ generated by H2O splitting

preferred to attach to a NiO site at the interface because of

a strong electrostatic affinity to the locally positively charged

Ni2+ species and more unfilled d orbitals in Ni2+ than Ni

metal, while a nearby Ni site would facilitate hydrogen

adsorption and thus the Volmer process. Theoretical calcu-

lation revealed that desorption of H2 on Ni/NiO (111)

surfaces possesses a lower energy barrier (3.228 eV) than on

pure Ni (111) surfaces (3.763 eV), supporting the above

hypothesis.

In summary, ultrathin nickel nanosheet arrays (Ni-NSAs)

were synthesized through a well-controlled in situ topotactic

reduction/conversion kinetical process. Such method could

achieve ultrathin nanostructures while maintain the original

2D morphology of the precursors. With plenty of active

surface atoms and single-crystalline structure, the as-prepared

ultrathin Ni-NSA was demonstrated as highly effective

electrocatalysts for fuel-cell and water-splitting application

with activity and stability higher than that of Pt. The in situ

conversion method opened up a way for fabrication of 2D

non-precious metal nanostructures and should be beneficial

to the preparation of low-cost, highly efficient, and stable

electrocatalysts and other related nanomaterials.

Experimental Section
Ni(OH)2 nanowall films were synthesized following our previous

report.[35] In a typical in situ topotactic reduction procedure, NaOH

(1 g) and ethylene glycol (EG; 36 mL) were put into a 40 mLTeflon-

lined stainless-steel autoclave, and stirred until the solid dissolved.

Then Ni(OH)2 nanowall films were transferred to the autoclave and

maintained at 160 88C for 12 h to yield the final products. The thin

nanosheets on the metal substrate were rinsed several times with

distilled water and ethanol (all the solvents were bubbled with Ar to

eliminate solved oxygen). The Ni-NSA should be stored in an

environment without oxygen to avoid oxidation.
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