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ABSTRACT

We have demonstrated a direct metallic conversion from nickel hydroxide nanosheets to nickel
metal nanostructures by thermal annealing in vacuum. The metal transition of the single-layer
nanosheets deposited on a Si substrate was revealed by X-ray absorption near edge structure
(XANES) measurements. The XANES signal significantly changed at annealing temperatures
above 250 °C. The metal transition temperature coincides with the reported temperatures at
which layered nickel hydroxide nanosheets are converted to nickel oxide nanosheets by
calcination in air. Auger measurements confirmed that a dissociation of oxygen from the
hydroxide nanosheet induces the metallic conversion. The converted nickel metallic structures
exhibit ferromagnetic behavior revealed by X-ray magnetic circular dichroism (XMCD)
measurement. Atomic force microscopy measurements indicate that diffusions of nickel atoms

on the substrates leads to a structural change from a 2D-like structure to a particle-like structure.



Introduction

Two-dimensional (2D) materials have attracted great interest due to characteristic
physical/chemical properties compared to bulk materials. Furthermore, hetero-structures by
stacking different 2D materials show new functions and can be applied to future nano-devices
[1,2]. A large number of 2D materials obtained from layered bulk crystals by various exfoliation
methods have been reported in the last two decades. However, pure metals and their alloys
including ferromagnetic metals such as Fe and Ni, do not have layered structures and cannot be
exfoliated into atomic layers by the general exfoliation methods [3]. Chemically synthesized
metallic 2D materials have also attracted much attention as novel catalytic materials [4,5].
Various types of 2D transition metal dichalcogenides (TMDCs) including metallic materials are
exfoliated from layered TMDCs and are also created by chemical vapor deposition (CVD)
methods. Although most of the metallic 2D materials are unstable in ambient air, they are

demanded as potential electronic materials for future flexible devices [6].

Another root to obtaining 2D metal structures is reduction from 2D oxide materials. It is well
known that transition metal oxides and hydroxides nanosheets are exfoliated from the layered
metal oxides and hydroxides in chemical solutions [7]. Ruthenium (Ru) and Platinum (Pt) metal
nanosheets are obtained from oxide nanosheets by hydrogen/chemical reduction methods [8,9].
Chemically obtained nickel hydroxide Ni(OH)2 nanosheets with lateral size of a several hundred
nanometers [10] are converted to nickel oxide nanosheets by thermal decomposition [11].
Subsequently, the nickel oxide nanosheets are also converted to metallic states by a hydrogen
reduction [12]. In the metallic conversions from monolayer oxides, evaluations of metallization
are rather difficult due to the ease of re-oxidations. In this paper, we report a direct conversion

from Ni(OH)2 monolayer nanosheets into ferromagnetic nickel metal 2D-like structures by



thermal annealing under vacuum. The metal transitions are evaluated by in-situ element-specific
X-ray absorption spectroscopy at ultra-high vacuum (UHV) to avoid surface oxidation. To our
best knowledge, this study is the first report of a metallic conversion directly from a monolayer
hydroxide. The simple conversion method is also applicable for other types of monolayer
hydroxide nanosheet [13,14]. Furthermore, the converted 2D-like nickel metal exhibits a
ferromagnetic behavior, which can be applied to future spintronics devices composed of 2D

materials.

Experimental

Ni(OH)2 nanosheets were exfoliated from layered nickel hydroxides intercalated with dodecyl

sulfate ions [10]. Figure 1 (a) is a structural model of Ni(OH)2 nanosheet. Electronic and
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Figurel. (a) Structural model of Ni(OH):2 nanosheet. (b) Atomic force microscopy
image of Ni(OH)2 nanosheets deposited on a Si substrate. (c) Height profile along the
dashed line marked in (b).



magnetic properties in the nickel hydroxide nanosheets have been studied by simulations based
on first-principles calculations [15-19]. Figure 1(b) shows an atomic force microscopy image of
the nanosheets deposited on a highly doped conductive Si substrate by the Langmuir-Blodgett
method. Ripples observed in Fig. 1(b) are due to water molecules or dodecyl sulfate ions trapped
between the nanosheets and the Si substrate. Figure 1(c) shows the cross section of the AFM
image at the dashed line in Fig. 1(b). The height between the Si substrate and the 1st layer
generally increases due to surface condition such as the surface roughness. The height between
the 1st layer and 2nd layer is about 0.9 nm, which is comparable to the value reported in the
previous study [10]. Interlayer distance of nickel hydroxide a-Ni(OH)2 and B-Ni(OH)2 are 0.81
nm and 0.46 nm, respectively [20,21]. The observed height is comparable to the value of water
intercalated a-Ni(OH)2 . This indicates presence of water molecules between the stacked nickel

hydroxide nanosheets in ambient air.

In order to investigate electronic states in the nickel hydroxide nanosheets, X-ray absorption
near edge structure (XANES) were measured at the BL-14 beam line of HiSOR. The
measurement setup is schematically drawn in Fig. 2(b). The measured X-ray absorption
corresponds to excitations from 2p core levels to 3d unoccupied levels. The spectra Ni L2 and L3
edges of Ni were taken in total electron yield mode by measuring the current due to X-ray
absorption thorough the conductive Si substrate. The directions of the incident X-ray beam and
the external magnetic field of 1.1 T supplied by a permanent magnet array were perpendicular to
the substrate. The degree of X-ray circular polarization was estimated to be about 70 %. Thermal
annealing for 30 minutes at different temperatures and subsequent XANES measurements at
room temperature were carried out in the UHV chamber of the beam line. The pressure of the

chamber was about 1x10”7 Pa under XANES measurements and increased up to 2x107 Pa during



thermal annealing. XANES spectra and X-ray magnetic circular dichroism (XMCD) spectra
were obtained from the average and the deviation between the X-ray absorption spectra under the

oppositely directed magnetic fields.

Results and discussion

Figure 2 (a) shows the X-ray absorption spectra for different settings of the annealing
temperature. The as grown sample exhibited multiple structures corresponding to the transition
2p®3d® — 2p°3d°, which indicates that the nickel hydroxide has valence state of Ni** [22,23].
The sample annealed below 200 °C also exhibited similar structures which indicate that the
hydroxide nanosheets kept the initial structure under the low temperature annealing. Above
250 °C, the multiple structure drastically changed into two broad metallic peaks with a step-like
background similar to spectra observed in a nickel single crystal [24] and deposited nickel metal
films on different substrates [25-27]. Specific satellite peaks at ~ 6 eV above the L3 main peaks
are also visible as same as the earlier studies. The result indicates that the nickel hydroxide
nanosheets are converted to nickel metal structures by thermal annealing under vacuum.
Comparing between the two metallic spectra, the sample annealed at 250 °C has a broader main
peak and a smaller 6 eV satellite peak as shown in the inset of Fig. 2(a). A similar trend was
observed in deposited nickel films by reducing the thickness down to monolayer [27]. We can
imagine that monolayer nickel islands are produced at the low temperature annealing, however,

further investigations are needed for precise control of the nickel metal structure.
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Figure2. (a) X-ray absorption near edge structure (XANES) for different annealing
temperatures. Small linear backgrounds are subtracted, and different offsets are added
for easy comparison. The position of 6 eV satellite peak is marked the arrow. Inset:
Enlarged XANES spectra around L3 peak for the samples annealed at 250 °C and
400 °C. (b) Schematic illustration of the X-ray absorption measurement. (c) Auger
electron spectra of the Ni(OH)2 nanosheets deposited on Au substrates for different
annealing temperatures. The red circle indicates a small Auger signal of oxygen at

250 °C.

The converted metallic sample annealed at 400 °C was exposed to air and was measured X-ray

adsorption spectra again after 2 months. The metallic broad spectra changed into a multiple

structure similar to the initial hydroxides. However, additional thermal annealing in vacuum

failed to convert the air-exposed sample to a metallic state. It is noteworthy to mention that

layered nickel hydroxides are decomposed to nickel oxides by a calcination in air. The transition

temperature from the hydroxides to the oxides is between 250 °C and 350 °C [28-32], which



coincides with the transition temperature in this experiment. Recently, nickel hydroxides
nanowalls have been successfully converted to nickel metal nanosheets with 10 atomic layers by
a solution-based chemical reduction [33]. In our experiment, we demonstrate that the monolayer
nickel hydroxides nanosheets are successfully converted to not oxides but metallic states by a
thermal annealing in vacuum, although the converted metal structures are easily oxidized by an

exposure to air.

We measured Auger spectra in the annealing process to confirm the metallic transition. For
avoiding signals from native oxide-layer in the Si substrates, we prepared samples in which Au
films were deposited between the Si substrates and the nickel hydroxide nanosheets for the
Auger measurements. Figure 2(c) shows the Auger spectra for different annealing temperatures
in vacuum. Comparing the results for different annealing temperatures, the signal from oxygen
(O) around 500 eV was apparently suppressed at 250 °C. Although the small oxygen signal
seems to be remained at 250 °C, it is difficult to perfectly remove signals originated from surface
contaminants even in UHV chamber. The element specific XANES measurement reveals that the
250 °C sample does not contain the multiple oxide/hydroxide signal. Hence, we can conclude
that the remained oxygen atoms observed in the Auger measurement at 250 °C do not have
chemical bonds to nickel atoms. The result implies that water molecule dissociations from the
hydroxide nanosheets accompany with oxygen molecule dissociations, which lead to

crystallizations of nickel metal.
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Figure3. (a) Normalized X-ray magnetic circular dichroism (XMCD) spectra for
different annealing temperatures. (b) Atomic force microscopy image of the sample
annealed at 250 °C. (c) Atomic force microscopy image of the sample annealed at
400 °C. (d) Height profile along the dashed line marked in (b). (¢) Height profile along
the dashed line marked in (c).

XMCD measurements also support the transition from the nickel hydroxide to the nickel metal.
Figure 3(a) shows XMCD spectra normalized by the amplitude of L3 peak in each X-ray

absorption spectra. A weak XMCD signal appeared in the sample annealed at 250 °C and was



enhanced in the sample annealed at 400 °C, which means a ferromagnetic order induced by the

metallization.

To evaluate the amplitude difference in the XMCD signal, we compared surface morphologies
between the samples annealed at different temperatures by an atomic force microscopy. Since the
measurements were carried out at ambient air, surface oxidations may have occurred.
Nevertheless, the morphologies shown in Fig. 3(b)(c) were significantly different. For the case of
the sample annealed at 250 °C, the initial sheet structures were still remained even after the
metallization as shown in Fig. 3(d). The height between the substrate surface and the top of the
Ist layer increased from 1.8 nm to 2.5 nm by the annealing at 250 °C. It should be pointed out
that the increase in the measurement height may originate from surface oxidations. In contrast,
nickel atoms widely diffused on the substrate at 400 °C, leading to formations of nickel
nanoparticles. The surface roughness increases about twice as that of the sample annealed at

250 °C as shown in Fig. 3(e).

From the XMCD spectra, we can estimate magnetic moments per Ni atom by calculation based
on the sum rules [34]. Assuming the number of unoccupied d states nh = 1 and neglecting the
contribution of the spin magnetic dipole operator, the total magnetic moments for the samples
annealed at 250 °C and at 400 °C are estimated to be 0.03 pus and 0.24 us, respectively. These are
smaller than the reported value of bulk nickel ~ 0.6 us. Reductions of total magnetic moments
due to interactions with substrates have been observed in thin nickel films [25-27]. In our
XMCD measurements, the direction of the external magnetic field of 1.1 T was perpendicular to
the sample, so that the magnetic moments were not fully aligned along the magnetic field

especially in thinner 250 °C sample. Another possibility is a reduction of the Curie temperature,
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which is strongly dependent on the thickness [35]. These are the reasons why the XMCD signal
measured at room temperature was relatively weak for the sample annealed at 250 °C even

though the X-ray absorption spectra revealed the metal transition.

Conclusions

Chemically exfoliated Ni(OH)2 nanosheets are converted into metallic nickel 2D structure by
annealing above 250 °C in vacuum. XANES signal significantly changes from a multiple
structure to a broad metallic structure. Auger measurement also supports the metallic transition
accompanied with dissociation of oxygen. XMCD measurement reveals that the converted metal
structures exhibit ferromagnetic behavior. The perpendicular magnetization increases with the

annealing temperature due to the structural change from 2D-like sheet to nanoparticle.
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