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Synthesis of 2D layered transition
metal (Ni, Co) hydroxides
via edge-on condensation
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Xi Ling23*

Layered transition metal hydroxides (LTMHs) with transition metal centers sandwiched between
layers of coordinating hydroxide anions have attracted considerable interest for their potential in
developing clean energy sources and storage technologies. However, two-dimensional (2D) LTMHs
remain largely understudied in terms of physical properties and applications in electronic devices.
Here, for the first time we report > 20 pm a-Ni(OH), 2D crystals, synthesized from hydrothermal
reaction. And an edge-on condensation mechanism assisted with the crystal field geometry is
proposed to understand the 2D intra-planar growth of the crystals, which is also testified through
series of systematic comparative studies. We also report the successful synthesis of 2D Co(OH),
crystals (> 40 pm) with more irregular shape due to the slightly distorted octahedral geometry

of the crystal field. Moreover, the detailed structural characterization of synthesized a-Ni(OH),

are performed. The optical band gap energy is extrapolated as 2.54 eV from optical absorption
measurements and the electronic bandgap is measured as 2.52 eV from reflected electrons energy loss
spectroscopy (REELS). We further demonstrate its potential as a wide bandgap (WBG) semiconductor
for high voltage operation in 2D electronics with a high breakdown strength, 4.77 MV/cm with 4.9 nm
thickness. The successful realization of the 2D LTMHs opens the door for future exploration of more
fundamental physical properties and device applications.

The first successful exfoliation of graphene in 2004 sparked a dramatic increase in two-dimensional (2D)
materials research and the repertoire of reported 2D materials family has since expanded. 2D crystals composed
of single- or few-layers of atoms display extraordinary chemical, optical, and electronic properties compared
with their bulk 3D counterparts due to quantum confinement effect'. Nevertheless, only several 2D materials
such as graphene?, transition metal dichalcogenides?, and hexagonal boron nitride**, are reasonably well-studied
for 2D electronic and optoelectronic applications, thanks to the development of successful synthesis methods
for large domains and films. Among the over thousands of van der Waals 2D materials®’, unfortunately, many
of them are underexplored experimentally, due to the lack of proper synthesis methods for sufficiently large
domains. For example, layered transition metal hydroxides (LTMHs) are a group of materials with van der Waals
layered structures, but not well studied as 2D electronic materials so far. Several synthetic methods have been
proposed to achieve 2D LTMHs crystals including chemical precipitation®’, electrochemical precipitation'®!!,
chemical aging'?, sol-gel'?, hydrothermal', solvothermal methods'?, and top-down exfoliations'®. The obtained
materials have demonstrated great capability as high-performance electrocatalysts for oxygen evolution reaction
(OER)'!8 and high-capacity electrode materials for supercapacitors'®? thereby exhibiting great potential for
applications in terms of clean energy*'~** and energy storage®*~*°. However, the reported 2D LTMHs are usually
nanosheets'*'%, nanoplates?”?, nanoflowers®® with domain size from hundreds of nm to a few um. Larger lateral
domains of 2D LTMHs (> 10 um) that are desired for certain applications such as semiconductor devices have
never been reported®®*!. Thus, studies of their electronic and magnetic properties have been limited to theoretical
investigation®*->%,

In this work, we achieve largest ever reported 2D a-Ni(OH), single crystals (> 20 um) and Co(OH), (>40 um)
in a hydrothermal synthesis process. The 2D growth mechanism of LTMHs is established and its different exertion
on different transition metals (Ni, Co) is discussed and explained by spin-state geometry theory. Specifically,
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[Ni(H,0)4]** that has perfect O, symmetry, allows the new units adding on via the edge and limits the expansion
of the crystals in two directions only. Additionally, a comprehensive experimental study is performed using the
hydrothermal method to testify the 2D growth mechanism of LTMHs. Further characterizations on the structure
and electric properties of the as synthesized 2D Ni(OH), reveal high crystallinity, mostly a phase, and bandgap
of 2.5 eV with a high breakdown strength of 4.77 MV/cm on a 4.9 nm thick flake, showing a great potential as
WBG semiconductor for high voltage operation. We anticipate this achievement will pave the way for the study
of fundamental properties and applications of 2D LTMHs crystals in 2D micro-nanoelectronics devices, which
is not accessible on reported LTMH samples with limited domain sizes.

Results and discussion
Synthesis and morphology characterization of 2D Ni(OH), and Co(OH),
Figure 1A,B show the crystal structure of a-M(OH), (M =Ni and Co), which is a typical layered material with
a “sandwich” structure of bivalent metals between two layers of octahedrally-coordinated OH™ anions. The
intercalation of H,O between the layers expands the interlayer distance and distinguishes a phase from 3 phase,
which has a smaller interlayer gap due to the absence of intercalation (Fig. S1). In a typical synthesis condition
(more details in “Methods”), we perform the reaction at 120 °C with a cooling rate of 1.5 °C/min, which gives
the most and largest 2D domains of Ni(OH), (Fig. 1C). The surface morphology is further characterized using
scanning electron microscopy (SEM) (Fig. 1C inset), showing the flakes are continuous and smooth, despite
small dis-uniformity probably due to thickness change or contaminations. Moreover, Fig. 1D shows the atomic
force microscopy (AFM) image of a flake of 6.3 nm, corresponding to- 8 atomic layers®. More AFM images of
large flakes are shown in Fig. S2, showing the continuous crystal domain in a large area. The average domain size
and thickness is 20 um (Fig. 1E) and 16 nm (Fig. 1F), respectively, through surveying 100 flakes in randomly
chosen areas. Notably, this is the largest domain size of 2D Ni(OH), ever reported, which is also extraordinary
compared to other 2D nanosheets typically synthesized using hydrothermal methods*~*°. We also obtain the
aspect ratio (dimensionless) by measuring the diameters of each flake along the two perpendicular directions. The
plotted distribution (Fig. 1E inset) indicates about 50% of flakes have an aspect ratio of 1.0 and 84% of surveyed
flakes maintain quasi-circular dimensions with aspect ratios within the range of 0.8-1.2. The (quasi-) circular
shape observed visually is the consequence of the isotropic and outward radial crystal growth. Specifically, Ni**
with its d® configuration (Fig. S3) has an even number of electrons on degenerate orbitals, experiencing no
distortion from Jahn-Teller (JT) theorem, which describes spontaneous symmetry breaking to provide energetic
stabilization of transition metal complexes when there is an odd number of electrons occupying degenerate
orbitals*'=*. The perfect Oy, symmetry on [Ni(H,0)¢]** with identical bond length and electron density on all
six Ni-H,O metal-ligand coordination bonds allows the formation of 2D crystals with large domain.
Following the same synthesis protocol, we also successfully obtain Co(OH), thin flakes with even larger
domains (>40 pm), but the shapes are random rather than circular and the density of such large domains is
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Figure 1. Crystal structure and morphology characterization of M-(OH),, (M =Ni, Co) (A,B) Crystal structure
of a-M(OH),. (A) Side view; (B) Top view. (C) Optical image and SEM image (inset) of synthesized Ni(OH),
flakes on SiO,/Si substrate. (D) AFM image of a Ni(OH), flake, the white dash line indicates the location where
the thickness is measured. Inset: height profile along the white dash line. (E) Size distribution of 100 Ni(OH),
flakes in a randomly chosen area. Inset: aspect ratio distribution, which is defined as the ratio of diameters
measured along two perpendicular directions, indicating the shape of flakes. (F) Thickness distribution of 100
Ni(OH), flakes in a randomly chosen area. (G) Optical image of synthesized 2D Co(OH), flakes on SiO,/Si
substrate, domain size reaches ~ 40 m on one direction. Inset: SEM image of synthesized 2D Co(OH), on SiO,/
Si substrate, showing the crystal domain is continuous. (H) AFM image of a Co(OH), flake, the white dash line
indicates the location where the thickness is measured. Inset: height profile along the white dash line, showing
the thickness of the flakes is 2.5 nm.
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significantly lower than that of Ni(OH), (Fig. 1G). This is also the largest Co(OH), ultrathin domains (Fig. 1H)
ever reported* and the identification from X-ray photoelectron spectroscopy (XPS) is shown in Fig. S4.
The surface morphology revealed by SEM (Fig. 1G inset) suggests the continuity of these crystals and shows
the edge of Co(OH), is less tide compared with Ni(OH),, which is caused by the high spin d” configuration of
[Co(H,0)¢]**. For [Co(H,0)¢]** (Fig. S5), it suffers slight JT distortion and has a weak compression along the
z-axis due to one vacancy in ty, set, leading to D, symmetry”’. The small degree of JT distortions leads to less
perfect structural alignment when [Co(H,0)¢]** units add onto the exiting seed crystals, which would result in
distorted-quasi circular morphology, but the large domain size could still possibly be achieved (Fig. 1G). Another
case of JT distortion is presented with [Cu(H,0)¢]** (Fig. S6), where the high spin d° configuration of Cu?* leads
to three electrons in the e, set, and thus largely elongates along the z-axis*"**. While the elongated axial bonds
in [Cu(H,0),]** also give the complex D,;, symmetry, the degree of distortion is more pronounced owing to the
fact that the e, set are anti-bonding orbitals (Fig. S6A), which would likely to direct the growth on a singular
direction (Fig. S6B), forming nanorods* or nanobelt™.

Investigation of the 2D growth mechanism of Ni(OH),

During the synthesis, seed crystals formed by a few Ni** ions with edge hydroxyl ions and localized negative
charge (Fig. 2A 1) initiate the 2D growth®.. In order for a single crystal to maintain electrical neutrality, the
negative charged seed crystal attracts more Ni** ions to approach (Fig. 2A II). Meanwhile, the “hanging” water
of solvated [Ni(H,0),]** units formed in aqueous solution will be substituted by hydroxyl groups rapidly and
chemical bonds will be built between seed crystal and [Ni(H,0);]?* units in the solution since the [Ni(H,0)4]*"
is a stable yet labile species. Once this association has been established, continued substitution will occur at
the newly bound metal ion (Fig. 2A III) until it is pulled down into the crystal structure (Fig. 2A IV). The
terminal H,O ligands further deprotonate to form new hanging hydroxy groups and bind with new approaching
[Ni(H,0)e]** units (Fig. 2A V). Since each surface OH™ of seed crystal is already bonded with three Ni** and
have fully incorporated into the crystal structure (Fig. 2A), the free moving [Ni(H,0)¢]** units tend to approach
these intra-planar “hanging” ligands at the edge that have strong localized negative charge. Thus, the expansion
is limited to two dimensions only, leading to the formation of 2D structure.

In order to testify the mechanism, we investigated the influence of several parameters to the synthesis
including the temperature, cooling rate and pH. The detailed discussion can be found in Supplementary
Information (Sect. 1). Here we focus on the discussion of the role of NH; to support the proposed 2D growth
mechanism. As a stronger field ligand compared with H,0, NH; could bond with solvated Ni** and form
[Ni(NH;)4]** (Fig. 2B I), competing with [Ni(H,0),]** at the nuclei edge. However, unlike [Ni(H,0)¢]*", the
addition of [Ni(NH,)e]** onto nuclei will terminate the expansion of 2D crystals since the edge NHj; hardly can
deprotonate to maintain the localized negative charge (Fig. 2B V). Therefore, the resulting crystals would have
smaller domain size, which is also observed from our experiment results.

Figure 2C shows the optical image of the obtained 2D Ni(OH), without additional NH,OH, where numerous
2D circular flakes are observed. And with 0.6 ml additional NH,OH (Fig. 2D), domain size of the flakes
significantly decreases. Optical images of obtained 2D Ni(OH), with different amounts of additional NH,OH
can be found in Fig. S7, showing with increasing amount of additional NH,OH, the domain size decreases and
eventually bulk aggregates are yielded instead of 2D crystals. This is due to the hydrolysis of NH,OH, which brings
more NH; into the system to form more [Ni(NH;)s]*" or monohydrate substituted [Ni(H,0),(NH,)¢,]*" (where
x21), which prevents the 2D expansion based on our proposed mechanism described above. This hypothesis
is further supported by the UV-Vis measurements (Fig. 2E). Three absorption bands assigned left to right as
A= Ty CF), *Ay,— Ty, (F), *A,,— T, are consistent with homoleptic six-coordinate Ni(II) complexes®.
The increased absorption intensity (purple curve) and blue color (Fig. 2E inset) with 0.6 ml additional NH,OH
both suggest more [Ni(H,0),(NH;)s ] are formed.

Structural and crystallographic characterization of 2D a-Ni(OH),
We further characterize the synthesized Ni(OH), flakes using XPS. The survey spectrum (Fig. S8A) clearly
indicates the presence of Ni, O elements® and some other elements from substrate and environment with
low intensity. The core-level spectrum of Ni 2p (Fig. 3A) shows the two major peaks at 856.1 (Ni 2p;,,) and
873.8 eV (Ni 2p,,,) with a spin-orbital coupling caused splitting of 17.6 eV, which is characteristic of the Ni**
ion in Ni(OH),***. Meanwhile, the O1 s spectrum (Fig. S8B) is fitted with three peaks located at 531.1, 532.4
and 533.2 eV, representing Ni-O-H, O-Si-O and H-O-H, respectively*®. The appearance of H-O-H signal
suggests the existence of H,O in the crystal, mainly as intercalation species between layers to form a-Ni(OH),.
To better probe the crystal phase of the 2D thin flakes, surface-enhanced Raman spectroscopy (SERS)
measurement using a commercial Ag-nanopillar-coated substrate (Fig. 3B inset) is performed, as the
synthesized a-Ni(OH), flakes are too thin to exhibit visible Raman signals using the normal Raman spectroscopy
measurements. The fingerprint for identifying a-Ni(OH), from B-Ni(OH), or the mixture is observed at
3610 cm™ (Fig. 3B)'>*". Moreover, the phonon mode of a-Ni(OH), is observed at 460 cm™, the 2nd order phonon
modes of a-Ni(OH), are observed at 979 and 1055 cm™, further proving a phase of the synthesized Ni(OH),.
More importantly, transmission electron microscopy (TEM) measurements are carried out to further reveal
the structure in the flakes. The low-resolution TEM image in Fig. 3C reveals the 2D nature of a micrometer large
domain of a typical sample. The selected area electron diffraction (SAED) (Fig. 3C inset) reveals the hexagonal
lattice structure, matching well with the simulated lattice pattern (Fig. S9A). The sharp signals of the SAED
patterns collected from multiple area suggest the high crystallinity of the sample crystal (Fig. S9B-D). Moreover,
atomic-resolution TEM image (Fig. 3D) shows the spacing between (110) planes is 1.50 A.
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Figure 2. 2D Ni(OH), growth mechanism. (A) 2D growth mechanism of Ni(OH), via edge-on condensation
after nucleation. I. The buildup of localized negative charge (orange ring) incurred by edge OH™ ions on the
nucleus attracts approach of Ni** jons; II. Ligand exchange at labile Ni** centers, undergoing substitution with
hanging OH™ groups when proximal to an existing crystal, which guides continues substitution of terminal
OH- groups at newly bounded Ni?*; I11. The unit is locking into the crystal structure; IV. Deprotonation of
coordinated H,O or its displacement by OH™ to extend the crystal domain (V) or to continue the add-on (II).
(B) Schematic of [Ni(NH;)g]** blocking the growing nuclei and crystals, the orange ring represents the localized
negative charge. (C) Optical image of the obtained 2D Ni(OH), without additional NH,OH, where circular
flakes are widely observed. (D) Optical image of the obtained 2D Ni(OH), with 0.6 ml additional NH,OH, the
crystal size are significantly decreased. (E) Absorbance of 2D Ni(OH),/H,O dispersion without (red curve) and
with 0.6 ml additional NH4OH (purple curve), three absorption bands assigned left to right as *A,, — *T,, CF),
3AZg 3T1g CF), 3A2 — T2 , consistent with homoleptic six-coordinate Ni(I[) complexes. Inset: 2D Ni(OH),/
H,O dispersion of (C) (left) and (D) (right).

Furthermore, the thermal stability of the materials and chemical stability in solvents are studied and showed
in Fig. S10. In Fig. S10A, XPS spectra of Ni(OH), and NiO that oxidized under different temperatures are
shown. The energy separation on Ni 2p spectra remains the same when the temperature is 150 °C and changes
dramatically when the temperature is lifted to 160 °C, suggesting the synthesized 2D Ni(OH), is stable and
does not decompose until 160 °C. Besides, the stability of the synthesized 2D Ni(OH), in different solvents, i.e.,
isopropyl alcohol (IPA), acetone, ethanol, toluene, are investigated. After 30 min of immersion in each solvent,
2D Ni(OH), flakes contain the same shape as pretreatment (Fig. S10B), which suggest its great chemical stability
in organic solvents. The above stability tests provide important guidance for following device fabrication.
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Figure 3. Crystallographic characterization of Ni(OH),. (A) XPS spectra of Ni 2p, suggesting a 17.6 eV spin
energy separation, which is characteristic of the Ni** in Ni(OH),. (B) Raman spectra of Ag nanopillar SERS
substrate with and without Ni(OH), thin flakes on. Characteristic peaks of a-Ni(OH), indicated by “stars” are
observed and a fingerprint one is observed at 3610 cm™. Inset: SEM image of Ag nanopillar SERS substrate with
and without Ni(OH), thin flakes on. (C) Low-magnification TEM image. Inset: the SAED pattern. (D) High-
magnification TEM image, the d-spacing of (110) lattice plane is measured as 1.50 A.

Optical and electric characterization of 2D a-Ni(OH),

Ultraviolet-visible spectroscopy (UV-Vis) is carried out on Ni(OH), thin flakes spin-coated on indium tin oxide
(ITO) coated glass. The optical absorption spectrum (Fig. 4A) is obtained from 300 to 700 nm. In addition,
Tauc plot (Fig. 4B) is derived on the direct bandgap®**® and two bandgaps are extrapolated, 2.54 eV and 3.51 eV,
corresponding to few-layers and bulk Ni(OH),, respectively*>*’. Note that the bandgap of 2D a-Ni(OH), is
smaller than that of its bulk counterpart, which has been reported as an exceptional deviation from the quantum
confinement effect™ and is opposite from most other 2D materials®"°2. Moreover, the electronic bandgap is
also measured using reflected electrons energy loss spectroscopy (REELS). As shown in Fig. 4C, a bandgap of
2.52 eV is obtained by measuring the distance between the center of elastic scattering peak and the cutoff of the
low energy loss region.

Together with its large domain size, the relatively large bandgap of 2D a-Ni(OH), motivates us to investigate its
electric properties. An Au-Ni(OH),-Ti sandwich-like structure is fabricated for electric property measurements
(Fig. 4D), where the top Ti electrode is grounded and voltage is applied on the bottom Au electrodes. Figure 4E
shows the typical I-V curves of the devices (as shown in Fig. 4E inset) based on samples with different thicknesses
from 4.9 to 18.3 nm. For all four devices, the current grows exponentially with positive voltage, while a much
lower or negligible current is observed with negative voltage. This unipolar conducting characteristic is attributed
to the difference in Schottky barrier height (S.B.H.) at the Au-Ni(OH), and Ti-Ni(OH), interfaces. Given a much
higher work function of Au compared to Ti, Au is expected to form a higher barrier with 2D Ni(OH),%. When
a positive voltage is applied on the Au electrode, this barrier is forward biased, resulting in an exponential I-V
curve once the voltage exceeds its threshold value (Fig. S11A). Otherwise, the barrier is reversely biased, and no
current is present before breakdown. We further convert the bias voltage into electric field strength to extract
the breakdown field of each device (Fig. 4F), which is 4.47, 2.92, 1.73 and 1.64 MV/cm for 4.9, 8.6, 14.8, and
18.3 nm Ni(OH), flakes, respectively (Fig. S11B). The reduced electric strength at higher thickness may come
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Figure 4. Optical and electrical characterizations of Ni(OH),. (A) Optical absorption spectrum of few layers
a-Ni(OH), thin flakes on ITO glass, measured by UV-Vis from 300 to 700 nm. (B) Tauc plot derived from

(A), the extrapolated bandgaps are 2.54 eV and 3.51 eV, corresponding to few layers and bulk a-Ni(OH),,
respectively. (C) Bandgap extrapolated from reflected electrons energy loss spectroscopy (REELS) by measuring
the gap between the center of elastic scattering peak and the cutoff of the low energy loss peak is 2.52 eV. (D)
Schematic of Au-Ni(OH),-Ti sandwich-like device. The top Ti electrode is grounded and voltage is applied

on the bottom Au electrode for all measurements. (E) Typical I-V characteristics of samples with different
thicknesses, from 4.9 to 18.3 nm. Current increases exponentially under positive bias on all four measured
samples. Inset: optical image of the device. (F) Current density-electric field strength correlation of the tested
samples with current in logarithm scale. The thinnest sample, 4.9 nm, exhibits the highest breakdown field, 4.47
MV/cm.

from the higher density of defects at higher thickness, which is also observed in other 2D WBG materials (e.g.,
h-BN, SiO,*". Nonetheless, the large bandgap and high breakdown strength suggest its great potential for high
voltage operation compared to SiC and GaN (Fig. S11C). Thus, the addition of Ni(OH), to the 2D family provides
a promising candidate as WBG semiconductor for future micro-nanoelectronics devices. From the synthesis
point of view, the results demonstrate the great continuity and uniformity of the synthesized 2D Ni(OH), flakes.

Conclusion

In conclusion, we achieve the largest ever reported 2D Ni(OH), (>20 pm) and Co(OH), (>40 pm) crystals
down to a few nanometers in the hydrothermal synthesis process with a comprehensive understanding of the
growth mechanism. Specifically, a direct relationship between spin-state controlled metal-ligand geometry
and macroscopic morphology of the LTMHs is built, illustrating the preferred geometry from the growth. A
2D growth mechanism via edge-on condensation at atomic level is established for the hydrothermal synthesis
of Ni(OH), through a systematic investigation on the influence of key parameters. The reaction-morphology
relationship elaborated herein provides a blueprint for a well-guided approach towards the successful design and
development of more 2D LTMHs. Moreover, the detailed characterization on the synthesized Ni(OH), flakes
shows the high crystallinity, a phase, and large bandgap of 2.5 eV. Electrical measurements further suggest its
great potential of as a WBG semiconductor for high voltage operation in 2D electronic devices. Considering the
great scalability of the hydrothermal synthesis method, our work suggests a promising future of joining LTMHs
in the 2D family as a group of important members for future micro-nanoelectronics.
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Methods

Hydrothermal synthesis

The synthesis is initiated by combining 0.504 g nickel nitrate hexahydrate, an inexpensive, commercially available
salt, with 0.456 g carbamide, commonly known as urea, in the mixture of ethylene glycol (28 ml) and deionized
water (4 ml). After 30 min stirring under room temperature, the solution is transferred to a 100 ml Teflon vessel,
which is sealed into a hydrothermal autoclave reactor afterwards. For an optimal synthesis, the reactor is sent
into an oven, in which the temperature is raised up to 120 °C at a speed of 1.5 °C/min. After 18 h soaking, the
reactor is cooled down to room temperature as the same speed as heating up, then the solution is washed by
ethanol and deionized (DI) water for three times each and eventually dispersed in DI water (usually ~40-50 ml)
for storage. The obtained flakes are high yielding on gram scales and gradually sinking to bottom over time.

Sample preparation

The synthesized thin Ni(OH), flakes are extracted from the bulk material by centrifugation. After 4 h centrifuge
at 9500 rpm, 3-4 drops (~0.15-0.2 ml) of clear supernatant is drop-casted on 1 x 1 cm: (1) 300 nm SiO,/Si
substrates for optical images, AFM, SEM, (2) Si substrates for XPS, (3) copper grids and silicon nitrite grids for
TEM, (4) Ag-nanopillar-coated substrate for SERS and dried by heating on hot plate at 80 °C for 2 h. The clear
supernatant and dispersion are spin-coated on ITO glasses for UV-Vis measurements. The sediment is collected
and dried at 80 °C for 12 h for PXRD.

Chemicals and materials

All reagents (carbamide with purity 98 + %, nickel nitrate hexahydrate with purity 98%) are purchased from
Fisher chemical and used without further purification, with the exception of nickel nitrate hexahydrate, which
is recrystallized from supersaturated aqueous solution.

Characterization techniques

Optical images are collected by optical microscopy (Nikon DS-Ri2). AFM topography is acquired on a Bruker
Dimension 3000 in a tapping mode. SEM images are taken on Zeiss Supra 55. XPS spectra are collected from
PHI Versaprobe II. TEM measurements are performed on a FEI Tecnai Osiris TEM, operating at a 200 keV
accelerating voltage. SAED is measured on a JEOL 2100 TEM. The SAED simulation is performed through
STEM_CELL software. PXRD scanning are performed on a Bruker D2 Phaser with Cu Ka radiation of wavelength
A=1.54184 A at 30 kV and 10 mA. SERS measurement is performed on a Horiba-JY T64000, using a triple-
grating mode with 1800 g mm™ gratings, and a 532 nm laser line. Solution- and solid-state UV-Vis spectra are
taken with Agilent Cary 5000. REELS measurement is carried out on Thermo Scientific Nexsa G2 and data is
analyzed using Avantage software.

Electric measurements

The Au electrodes are firstly fabricated on the SiO,/Si surface, 2D Ni(OH), flakes are then transferred on top of
the Au electrode. Ti electrode is then deposited on the top of 2D Ni(OH), form an Au-Ni(OH),-Ti sandwich-like
structure from bottom to top. During the measurement, the top Ti electrode is grounded and voltage is applied
on the bottom Au electrodes.

Data availability
All data generated or analyzed during this study are included in this published article and its supplementary
information file.
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