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ABSTRACT: Two-dimensional (2D) ferromagnetic (FM) materials with nanoscale thickness and spontaneous net
magnetization have emerged as a promising class of functional materials for applications in next-generation
spintronics, quantum processing, and data storage devices. However, most 2D materials exhibit weak FM even at low
temperatures, limiting their potential applications in many technological fields. The fabrication of strong room-
temperature FM 2D materials is highly desirable for the development of practical applications. Here, we
demonstrate an ionic layer epitaxy strategy to synthesize few-layered NiOOH nanosheets with strong room-
temperature FM and a saturation magnetization up to 409.86 emu cm > at 300 K. The results are consistent with the
ab initio predictions of a stable FM NiOOH nanolayer structure with an FM configuration. The FM strength of the
NiOOH nanosheets can be tuned by controlling the surfactant monolayer density and annealing. This work offers a
promising strategy for achieving strong high-temperature FM in 2D materials for spintronic applications.

KEYWORDS: 2D materials, ferromagnetism, ionic layer epitaxy, surface modification, defect engineering

materials that exhibit spontaneous net magnetization

below the Curie temperature. They have been widely
studied in many research fields, including solid-state physics,
materials science, and electronics.”””> Over the years, they have
continuously attracted significant interest for their fascinating
magnetic and spintronic properties for applications in modern
electronics, such as information storage and logic devices.’™>
As an emerging and impactful nanoscale material family, two-
dimensional (2D) materials play significant roles in the
development of new FM building blocks, which may set a
cornerstone for next-generation quantum processing and
memory devices.” For example, a long-range FM order was
discovered in pristine Cr,Ge,Te, atomic layers,” while an out-
of-plane FM spin orientation was observed in Crl;
monolayers.® Following these exciting discoveries, there has

F erromagnetic (FM) materials are a group of functional
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been a fast growth in the prediction and investigation of a
diverse range of 2D magnetic materials.”"’

However, intrinsic FM in most 2D materials has so far only
been observed at low temperatures,” which largely limits their
potential application in many technological fields. Exploring
room-temperature 2D FM materials with tunable spin ordering
is still essential. In addition to the anisotropic dimensionality
effect,” strain'®'” and impurities'®™*' can also tune the spin
ordering, leading to FM. Although this enhancement is
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Figure 1. NiOOH NSs with unique surface features. (a) SEM image of the NIOOH NSs. (b) Grazing incidence X-ray diffraction data of the
NiOOH NSs at the air—water interface. (c) AFM topography image of the NiOOH NSs. (d) Enlarged tiger-skin features from the green
square area in (c). (e) Topographical line profile of the red dash-dot line in (d). (f) Topographical line profile of the blue dashed line in (d).
(g) XPS Ni 2p spectrum. (h) Schematic illustration of the growth process of NiOOH NSs in the ILE synthesis.

generally weak in antiferromagnetic (antiFM) bulk phases, it
can become particularly strong in 2D materials due to the
significantly enhanced anisotropic electronic and magnetic
structures in their ultrathin geometry.””*> NiOOH, a layered
material which can be readily tuned by doping”**® and strain
engineering,”>”” may be able to be fabricated into a tunable
FM 2D material. The 3d” Ni** oxidation state in NiOOH
provides a large number of unpaired electrons in an ultrathin
structure, which may lead to a strong magnetic moment.
Although the experimental investigation of the magnetic
properties of NiOOH has rarely been reported in the literature,
bulk f-NiOOH was predicted as an FM material in an energy-
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favorable, low-spin conﬁguration.28 Theoretical predictions
suggested that it may be possible to achieve a strong FM state
in 2D NiOOH by manipulating its structure and introducing
specific defects.””*°

Here, we demonstrate the strong room-temperature FM in
NiOOH from a quasi-2D structure synthesized by ionic layer
epitaxy (ILE).*'7** The as-grown NiOOH nanosheet (NS)
exhibited a saturation magnetization up to 409.86 emu cm™ at
300 K. The magnetic properties of NiOOH NSs could be
further tuned between FM and antiFM by controlling the
surfactant density in the synthesis and annealing processes. A
Ni valence state analysis and a density functional theory
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Figure 2. Ferromagnetic properties of the as-grown NiOOH NSs. AFM images of (a) NS-4, (b) NS-6, (c) NS-8, and (d) NS-10. (e)
Temperature-dependent magnetizations with an applied field of 0.1 kOe. Hysteresis loops of NiOOH NSs at (f) 300 K and (g) 2 K. (h) Plot
of the saturation magnetization of the NiOOH NSs vs the amount of ODAM employed.

(DFT) study suggested that the strong FM was associated with
the Ni** component in the NSs. This study provides insights
into the design and creation of 2D magnetic and spintronic
materials with higher transition temperatures.

RESULTS AND DISCUSSION

2D NiOOH NSs were synthesized at the air—water interface
through the ILE technique under the template of a monolayer
of octadecylamine (ODAM) surfactant using NiCl, as the
precursor (for details, see Methods). To avoid nucleation and
particle growth in bulk solutions, ammonium tartrate (Tart)
was added to coordinate and stabilize the Ni** jons.**™*°
Negatively charged Tart anions can also promote the
accumulation of NiTart in the electrical double layer
(EDL)*” at the air—water interface, which facilitates the

ODAM-directed NiOOH crystal nucleation and growth.>* The
spacing between the ODAM molecules increased after NiTart
attached to the surfactant monolayer, as evidenced by the peak
shifting from 1.499 to 1.428 A™' in the liquid surface grazing
incidence X-ray diffraction data (GIXD, Figure Sla,b).

The NiOOH NSs (NS-4, synthesized with 4 uL of ODAM)
were collected from the water surface after 4 h of growth, and
their morphology was characterized by scanning electron
microscopy (SEM). A few micron-sized NSs merged into each
other and formed large networks (Figure 1a). The lateral size
of some of the larger pieces reached >500 pm (Figure Slc).
The in-plane lattice structure of the NIOOH NSs at the air—
water interface was studied in situ by GIXD during growth
(Figure 1b). The diffraction rods at Q,, = 1.376 and 1.624 A!
could be assigned to the (100) and (110) planes of f-NiOOH
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with a (3 X 3)R30 reconstruction.”®*” The diffraction peak at
1.428 A™' was associated with the ODAM-assembled
monolayer (Figure S1b). The intensities of the NS peaks
were stronger in the high Q, region, suggesting that the NSs
grew under the ODAM monolayer at the interface. Moreover,
the diffraction peak of the NSs located at 1.376 A" on the left
of that of ODAM (1.428 A™") suggested that the NSs were
grown under compressive strain from the ODAM monolayer.
Next, the surface and thickness features of the NiOOH NSs
were investigated by atomic force microscopy (AFM). The
NSs possessed sharp hexagonal edge facets, which confirmed
that the 2D crystal growth followed the closely packed
surfactant molecule monolayer well at the water—air interface
(Figure 1c). The entire as-grown NSs possessed a uniform
thickness of 3.3 nm (Figure 1ld,e). The high-magnification
topography also resolved a periodic thickness fluctuation on
the NS surface with a quasi-parallel pattern (Figure 1d). The
average width of a single trench was ~15 nm, and the spacing
between the parallel trenches showed an average distance of 40
nm (Figure 1f). The X-ray photoelectron spectroscopy (XPS)
Ni 2p spectrum of the NSs is presented in Figure 1g. The Ni
2ps,, and 2p,, peaks did not show the typical multiplet-splits
characteristic of a NiO,/Ni(OH), mixture.*’ The spectrum
agreed with the results of NIOOH/Ni(OH), peak fitting. This
indicated that the NiOOH NS (Ni** 2p;,, 8559 eV)
containing 7.4% Ni*" was associated with the valence state of
Ni(OH), (Ni** 2ps),, 854.1 eV). The amine head groups from
the surfactant monolayer may have taken the hydrogen sites
and allowed the NiOOH phase to be more favorable in the
NSs than in typical bulk conditions. These characterizations
also suggested that the NSs fabricated via ILE were few-layered
NiOOH crystals and may contain a high concentration of
defects due to the presence of Ni**.

The possible growth mechanism of the NiIOOH NSs follows
the typical ILE process and is schematically illustrated in
Figure 1h. As the growth began, NiTarts were attracted by the
ODAM monolayer and reached supersaturation in the EDL-
confined region. According to the LaMer mechanism,*
nanocrystal nucleation occurred at the air—water interface.
Templated by the ODAM monolayer, the nuclei grew laterally
into discrete micron-sized NiOOH NSs.*® As the discrete NSs
grew bigger, some of them contacted each other and merged.31
During this process, the excess ODAM in the gap region
between the NSs could have been compressed and trapped on
the NS surface. The surface trenches were possibly created by
the strain relaxation after the merging, while the ODAM may
have spread out on the NS surface or filled the trenches to
improve the uniform coverage over the NSs.

In previous kinetic studies of ILE growth dynamics,*” it has
been demonstrated that adjusting the surfactant packing
density can tune the uniformity of the monolayer template
and the charge density in the EDL, thus resulting in different
NS assembly morphologies.”” Here, the NiOOH NSs were
also synthesized with different ODAM packing densities
provided by 4, 6, 8, and 10 uL of ODAM. Accordingly,
these NiOOH NSs were labeled NS-4, NS-6, NS-8, and NS-10,
respectively. (It should be noted that due to the EDL-confined
2D crystal growth mechanism,”>*” 4 uL of ODAM was the
minimum amount of surfactant that was able to provide a well-
assembled monolayer for uniform 2D crystalline NiOOH NSs
growth (Figure S2). Additionally, because of the poor sample
qualities of the NSs synthesized with lower ODAM amounts,
their magnetic properties were not measured.) All of the

samples followed the same structural evolution process.
Compared to NS-4 and NS-6, the NSs grown under higher
ODAM densities (NS-8 and NS-10) possessed a more mer%ed
morphology with a larger average grain size (Figure $3).””*
AFM topography scans revealed that NS-4, NS-6, and NS-8
were 3.3 nm in thickness, while NS-10 was 3.9 nm in thickness
(Figure 2a—d). This greater thickness could be attributed to
excessive ODAM molecules that may have formed a capping
layer on the top surface of the NS (~0.6 nm). Our previous
electrochemical studies revealed that there was an ODAM
capping layer on the as-grown NS surface. The more ODAM
that was applied for NS growth, the thicker the capping layer
that covered the crystalline NS surface became, resultin% in an
increased impedance for charge transfer across the NSs.*’ NS-4
and NS-6 exhibited a similar trench depth (d,) of about 0.8
nm, while the trenches in NS-8 and NS-10 were largely
diminished (d, < 0.2 nm), yielding a smooth surface. This
phenomenon indicates that excessive ODAM molecules were
able to fill the gaps and eventually cap the entire surface.
The magnetic properties of the NiOOH NSs were
characterized by a superconducting quantum interference
device (SQUID). Because the ultrathin NiOOH NSs were
flexible and stable under ambient conditions (Figure S1d, S4,
and S5), all of the NSs were directly transferred from the
solution surface onto sapphire substrates for the SQUID
measurements. The magnetic properties of the bare sapphire
substrate and pure ODAM, NiTart, and NiO powders were
also measured as controls. It was determined that sapphire and
ODAM were diamagnetic, NiTart was moderately para-
magnetic, and the NiO powders were antiFM (Figures S6
and S7). None of them exhibited any FM behavior, which
allowed us to obtain the FM properties of NiIOOH NSs from
the measurements. The as-grown NSs demonstrated obvious
FM behaviors. Zero-field-cooled (ZFC) magnetizations were
measured from 2 to 300 K with an in-plane magnetic field of 1
kOe (Figure S8). As the magnetization—temperature (M—T)
curves show in Figure 2e, the magnetic properties of the as-
grown NiOOH NSs varied among the samples made from
different ODAM densities. The magnetic moments of both
NS-4 and NS-6 showed an almost linear decreasing trend as
the temperature increased, evidencing an obvious FM
behavior. NS-8 exhibited a mixed temperature dependency,
suggesting a weaker FM behavior at low temperatures, which
then converted to antiFM above 270 K (Figure S8e). NS-10
was antiFM in the entire temperature range between 2 and 300
K according to the observed linear increasing trend with
temperature. The M—H hysteresis curves of all four samples
measured at 300 and 2 K are shown in panels f and g of Figure
2 (and panels a and b of Figure S9), respectively. Narrow “S-
shaped” loops were observed at both temperatures, indicating
the soft FM properties of these NiIOOH NSs. NS-4 possessed
the strongest saturation moments of 409.86 emu cm™ at 300
K and 437.97 emu cm ™ at 2 K. The saturation magnetizations
of these curves are summarized in Figure 2h and Table S1. The
differences between the measurements at 300 and 2 K were
consistent with the ZFC measurements. In general, a less dense
ODAM monolayer promoted stronger FM in the as-grown
NiOOH NSs. NS-10 possessed a slightly larger magnetization
than NS-8, which may have been caused by a nonideal
magnetic ordering in the defective structure induced by the
nonuniform  ODAM monolayer.*” With higher ODAM
coverage (e.g, 10 uL), the surfactant monolayer was more
likely to form wrinkles and local islands rather than a perfect
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Figure 3. Ferromagnetic properties of NiOOH NSs after annealing 1 h in N, at 200 °C. AFM images of (a) NS-4, (b) NS-6, (c) NS-8, and (d)
NS-10. (e) Temperature-dependent magnetizations with an applied field of 0.1 kOe. Hysteresis loops of NiOOH NSs at (f) 300 K and (g) 2
K. (h) Plot of the saturation magnetization of the NIiOOH NSs vs the amount of ODAM employed.

flat structure. The weak S-shape behavior in the M—H curve of
NS-10 at 300 K was possibly due to the thermal effects on the
nonideal ordering of NS-10 and the ODAM capping on the
surface. Additional M—H hysteresis and ZFC measurements
were performed up to 400 K on the NS-4 and NS-10 samples
(Figure S10). NS-4 maintained its FM behavior at 400 K. A
magnetization maximum was observed at ~348 K from the
M-T curve of NS-10, showing a possible Neel temperature.
These results further revealed how the magnetic properties of
NiOOH NSs could be tuned by controlling the surfactant
density.

To further confirm the influence of the surfactant and
evaluate the magnetic properties of the NiIOOH NSs, the four
NS samples were annealed at 200 °C for 1 h with an N, flow of
40 sccm (standard cubic centimeters per minute) at a vacuum

level of 800 mTorr to remove the surfactants. The structure
and surface morphology of the annealed NiOOH NSs (NS-
nan) were characterized by SEM (Figure S11) and AFM
(Figure 3a—d). In all four samples, the hexagonal facets and
the parallel trenches features were maintained without obvious
reconstruction. The thickness line profiles shown in Figure
3a,b revealed a thickness reduction of 0.7 (to 2.6 nm) in NS-
4,n and NS-6,y, indicating the successful removal of the
surfactant. NS-8,y and NS-10,y were even thinner after
annealing, only retaining a thickness of 1.3 nm, which is half
that of NS-4,y and NS-6,y (Figure 3c,d). The smaller
thicknesses of the NiIOOH NSs were a result of the denser
surfactant monolayer, which could build more charges at the
air—water interface and promote the lateral growth of 2D
crystals rather than thickness growth.”> In addition, the
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NiOOH NSs from annealing.

trenches became much deeper in the 6—10 uL samples, almost
across the whole NS thickness. The greater thickness reduction
that was observed in the NSs grown under denser ODAM
suggested that there was a larger amount of surfactant capping
on the as-grown NS surfaces.

The same set of magnetic property measurements was
repeated for these four annealed samples. The M—T results
presented in Figure 3e revealed that all of the annealed
NiOOH NSs exhibited a typical FM temperature dependency
from 2 to 300 K with a stronger FM behavior (Figure S8b).
NS-8,n and NS-10,y were fully converted from antiFM to FM,
showing a linear decreasing trend as the temperature increased.
In the M—H curves, all four samples showed enhanced
saturation moments compared to their pre-annealed counter-
parts, where NS-8, and NS-10,y displayed distinct hysteresis
S-shaped loops (Figures 3f,g and S9c,d). Moreover, NS-6,y
and NS-8,y showed moderate magnetization, with their loops
almost overlapping. NS-4, and NS-10,y showed magnet-
izations that were stronger than those of the two samples with
intermediate ODAM densities (Figure 3h). Similar FM was

achieved in both the thick (2.6 nm, samples NS-4,y and NS-
64n) and thin (1.3 nm, samples NS-8,y and NS-10,y) NSs.
Therefore, FM in NiOOH may not be directly related to the
NS thickness.

The higher FM that was observed in the annealed NiOOH
NSs may be due to the spin structure in the NS surface layer
becoming more polarized when the capping surfactants were
removed. In addition, the coercivities of NS-6, and NS-8,y
were higher than those of NS-4,y and NS-10,y. The harder
FM indicated there was a larger magnetic domain size with
longer-range ordering in the NSs. This could be related to the
ordering of the surfactant monolayer during NS growth. The
monolayers obtained from using 6 and 8 uL of ODAM were
expected to possess a uniform packing that was closer to the
lattice of the NiOOH (001) plane. Thus, the nanocrystals in
the early growth stage were more likely to have rich epitaxial
binding with the ODAM monolayer. The as-grown 2D
NiOOH NSs yielded a higher crystallinity and large domain
size, leading to harder magnets.37 Because 4 uL of ODAM was
not enough to fully cover the entire growth surface area, the
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Figure S. Summary of first-principles calculations for NSs. (a) Schematic of the considered magnetic spin configurations and their respective
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with respect to the FM configuration. (c) Schematic showing the differences in the structures of antiFM Ni(OH), and FM NiOOH. (d) Total
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NSs were less likely to have large domain sizes with a higher
possibility to form locally defective structures. In contrast, high
ODAM concentrations (e.g, 10 L) would lead to the
formation of a wrinkled surfactant monolayer or multilayered
islands. These features could have resulted in a higher
concentration of defects or local disorders in the NiOOH
NSs, which could have contributed to the enhanced FM
property after annealing.”

To understand the antiFM-to-FM transition in the NiOOH
NSs that occurred because of annealing and the subsequent
removal of the surfactant, we analyzed the changes in the Ni
oxidation state in all of the NSs using high-resolution XPS.
Panels a and b of Figure 4 display the Ni 2p components of the
NSs before and after annealing, respectively. It was found that
all of the samples could be well-fit to a combination of Ni**
and Ni*" peaks. The binding energies of the Ni** 2p,,, and
Ni** 2p;, peaks were related to the amount of ODAM. Before
annealing, the binding energy of the Ni** 2p; , peaks stayed at
855.9 €V, while the Ni*" 2p,,, peaks were red-shifted with the
increase of ODAM (Figure 4c and Table S2). The N 1s spectra
evidenced that ODAM was successfully removed from the NS
surfaces after annealing (Figure S12). Because of the absence
of ODAM, a moderate blue-shift of the Ni’* 2p,,, peaks
(around +0.1 eV) and a red-shift of the Ni** 2p,,, peaks were
observed. The Ni** 2p;, peak for NS-4,\ was located at 853.7
eV, and that of the other three annealed samples were situated
at ~853.4 eV. These Ni oxidation states revealed the charge
transfer that occurred between Ni and amine (from ODAM) at
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the NS surface. Amine on the NS surface is a donor-type
ligand36 that reduces the oxidation state of the Ni** ions to the
2+ oxidation state.** Thus, when the ODAM molecules were
removed from the NS surface, more Ni** was generated in the
NiOOH structure. To evaluate the changes in the Ni valence
state after annealing, the intensities of the Ni** 2p,,, and Ni**
2p;/; peaks of each sample were integrated and compared. The
intensity ratio between the Ni** and Ni** 2p, , peaks (I[Ni**]/
I[Ni**]) revealed the Ni valence difference in the NSs (Figure
4d and Table S3). An intensity ratio of 12.54 was found for
NS-4, while that for NS-6 dropped to 5.06. The values for NS-
8 and NS-10 were 8.42 and 15.22, respectively. After ODAM
was removed by annealing, I[Ni**]/I[Ni**] increased to 25.75,
11.23, 12.16, and 24.35 for NS-4,y, NS-6,y, NS-8,y, and NS-
104y, respectively. It was found that these ratios matched the
saturation magnetization trend of the NSs. These results
verified that the FM of the NSs was directly related to the Ni**
component in the NiOOH NSs. The NS-4,y and NS-10,y
samples, which had more Ni*, possessed a stronger FM
compared to that of NS-6,, and NS-8,y, which had less Ni**.
By engineering the thickness, defect concentration, and surface
properties of the NSs, we obtained a a wide variety of magnetic
2D NiOOH NSs using the ILE technique (Figure 4e).
Because it is difficult to effectively and reliably control the
defects and strain in the synthesis of NSs with atomic
precision, it is extremely challenging to experimentally explore
the origin of their magnetism by characterizing the defects and
strain in such ultrathin 2D materials. Therefore, in order to
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better understand the structure and magnetism of NiOOH, we
utilized ab initio methods (see Methods for technical details).
We predicted the stable hydrogen locations and stable
magnetic ordering for bulk NiOOH, as shown in Figure S13.
These results suggest that NiOOH is a bulk ferromagnet (with
the staggered-I structure; see the Supporting Information for
details), which is consistent with previous studies. However,
the energetic preference is just a few meV per formula unit (see
Table S4), which leaves a possibility for a low-energy transition
from FM to layer-antiFM.

A three-layer NiOOH (c = 4.86 A) system was also studied
respective to the 1.3 nm thick NSs, and similar to the bulk case,
the staggered-I hydrogen structure with an FM configuration
was found to be the ground state. Figure Sab shows the
optimized staggered-I structure and the energy difference
between the different magnetic configurations. The magnetic
moments arising from the spin density difference in the FM NS
are virtually identical to those predicted for bulk systems:
1.093 uB within a sphere of 1.286 A centered on a Ni atom,
and a total of 1 uB per formula unit, which results in effective
magnetic moments (determined from the relationship
described in the Methods section) of 1.732 and 1.893 uB;
these values are in line with the expectation for Ni**. Previous
calculations™ have demonstrated that high-spin configurations
are not stable. We confirmed this by initializing calculations
from a higher magnetic moment of 4.5 uB, which always
relaxed to a low-spin result. For comparison, the Ni** in
Ni(OH), has a magnetic moment with an average absolute
value of ~1.79 uB at Ni with a total of 2 4B per formula unit,
which results in effective magnetic moments of 2.531 and
2.828 uB for all magnetic configurations (Figure Sc). Similarly
to NiOOH, reducing the bulk Ni(OH), system to the NS does
not change either the in-plane lattice parameters, magnetic
moments, or magnetic configuration preference, which for
Ni(OH), is a layer-antiFM configuration (Figure Sc). This
result suggests that the presence of excess hydrogen atoms, as
suggested by the presence of Ni*" in the XPS spectra, may
locally induce a higher magnetic moment on the Ni atoms
(characteristic of Ni(OH),) but keep the FM character due to
the low energy difference of the transition from layer-antiFM
to FM and the compressive strain from the surrounding
NiOOH, thus effectively strengthening the FM of the NSs. In
addition, the total energy with respect to in-plane strain was
calculated. Figure 5d shows the energy preference expressed as
the difference between the antiFM or layer-antiFM energies
and the energy of the FM configuration. As can be seen from
the plot, a compressive strain of ~2% with respect to the
equilibrium FM in-plane lattice parameter is enough to switch
the energy preference to layer-antiFM, which suggests that a
moderate strain is capable of modulating the magnetic
behavior and local strain. For example, a strain induced by
epitaxial growth under the surfactant monolayer may be
capable of locally inducing layer-antiFM behavior and lowering
the effective magnetic moment. The combination of the local
compressive strain induced by the surfactant, which is capable
of lowering the effective magnetic moment, and small amounts
of excessive hydrogen, which can locally change the oxidation
state of Ni and increase its magnetic moment, can further tune
the magnetic behavior of NiOOH NSs.

CONCLUSIONS

In summary, we synthesized a series of ultrathin NiOOH NSs
at various ODAM surfactant densities via the ILE technique.

Because of the ultrathin structure of the NSs, the NS thickness
and Ni** concentration could be substantially modified by the
density of the ODAM monolayer. The ground state FM
configuration of NiOOH was stabilized by the epitaxial ODAM
on the NS surface, resulting in a strong room-temperature FM.
The as-grown NiOOH NS sample NS-4 reached a saturation
magnetization of 409.86 emu cm™> at 300 K. Further magnetic
property studies revealed an FM-to-antiFM transition that was
associated with an increasing surfactant density. XPS analyses
and DFT calculations revealed that the FM of the NSs was
suppressed by the electron doner-type capping of ODAM.
Therefore, the FM of the NSs could be further enhanced by
surfactant removal. With more Ni’* being exposed in the
annealed NSs, their saturation magnetizations were improved.
It was also found that the magnetism of the NiOOH NSs could
be further tuned by the strain induced by the surfactant
monolayer. The insights obtained from this study offer a
promising route toward the design and synthesis of 2D FM
materials with extraordinarily strong room-temperature mag-
netization. Compared to rare-earth-element-based FM materi-
als, earth-abundant Ni-based NSs can obtain superior magnetic
properties from the facile and scalable ILE method, adding
additional advantages to addressing environmental concerns in
FM applications. Moreover, the FM NiOOH NSs may also
show good electronic transport properties because of their
nanoscale thickness and rich defects. With a further under-
standing of the charge transport and FM properties, the
materials innovation from this work may eventually be utilized
for developing next-generation memory and logic devices.

METHODS

Synthesis of NIOOH NSs. NiOOH NSs were synthesized by the
ILE method. In a typical synthesis, a 10 mL aqueous solution
containing S mM nickel(II) chloride (NiCl,) and 4 mM ammonium
tartrate (Tart) was prepared in a 20 mL glass vial (with an inner
diameter of 24 mm) by subsequently dissolving ammonium L-tartrate
(Sigma-Aldrich) and NiCl,-6H,0 (Sigma-Aldrich) powders. Then, a
small droplet of a chloroform solution containing 1.8 mM
octadecylamine (ODAM, Sigma-Aldrich) was slowly added to the
surface of the precursor solution (e.g., 4 uL of ODAM formed a self-
assembled monolayer with a density of 0.096 ODAM A~2). Finally,
the glass vial was kept at ambient conditions for 4 h. The NiOOH
NSs could be transferred onto an arbitrary substrate by scooping at
the surface of the solution or extracting the solution from the bottom
of the vial for characterization and device fabrication. The NiOOH
NSs were transferred on double-sided polished single-crystalline
sapphire substrates (S X S X 0.5 mm, AdValue Technology) for
magnetic property characterizations. Si substrates were used for the
other NS characterizations.

NiOOH NS Characterizations. A Zeiss LEO 1530 field-emission
scanning electron microscope (FESEM) was used to study the
morphologies of the NiIOOH NSs. Atomic force microscopy (AFM)
tomography images were obtained by using an XE-70 Park Ssystems
instrument. X-ray photoelectron spectroscopy (XPS) was performed
on a Thermo Scientific K-Alpha XPS instrument using a spot size of
400 pm and with the flood gun turned on during the measurements.
In situ grazing incidence X-ray diffraction (GXID) experiments were
performed at beamline 15-ID-C ChemMatCARS at the Advanced
Photon Source (APS) in the Argonne National Laboratory. A 100 mL
precursor solution was prepared in a Teflon trough with a 60 cm?
open area (6 cm X 10 cm), and 53.5 uL of a ODAM solution was
added to the surface to achieve the same surfactant density as with the
growth using 4 uL of ODAM in the 20 mL glass vial.

Magnetic Property Measurements. A superconducting quan-
tum interference device (SQUID, Quantum Design MPMS3
EverCool) with a magnetometer in direct current (DC) mode was
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used for all of the magnetic property measurements for the NiOOH
NSs. M—H hysteresis loops ranging from —5000 to +5000 Oe were
measured with an applied magnetic field parallel to the substrate at
temperatures of 300 and 2 K. ZFC M—T curves were measured at
1000 Oe from 2 to 300 K. The obtained results of NIOOH NSs were
processed by subtracting the diamagnetism of the sapphire substrate.

DFT Calculations. The Vienna Ab Initio Simulation Package
(VASP) was used for the density functional theory (DFT)
calculations in this study.**® The energy cutoff for the plane wave
basis set was set to 600 eV. For each calculation, the ions were
allowed to relax using the conjugate-gradient algorithm until the
maximum force in the system did not exceed 0.01 eV A™", while the
convergence of each self-consistent field (SCF) cycle was set to 1 X
107% eV/atom. A 10 X 10 X 8 [-centered k-point mesh for a primitive
unit cell equivalent was used, which resulted in a § X S X 4 mesh for
the 2 X 2 X 2 supercell and a S X 5 X 1 mesh for the thin layers
constructed from a 2 X 2 X 8 supercell. The on-site Coulomb
interactions were treated within Dudarev’s approach to DFT+U"
with a U-J value of 5.5 eV on the Ni atoms, as suggested by previous
research through linear response theory.*® Spin polarization was
included in all calculations. First, we determined the different atomic
arrangements of the hydrogen atoms using a 2 X 2 X 2 supercell,
which allowed us to consistently study the most likely low-energy
configurations. An equal-sized 2 X 2 X 2 supercell was used to study
the different magnetic configurations. The effective magnetic moment
was calculated from the magnetic moments arising from the difference
in the spin up and spin down charge (u) according to the formula

g = y/u(u+2). For modeling the NSs, a three-monolayer system

was initially built from optimized bulk structures by constructing a 2
X 2 X 8 supercell and removing 5 of the 8 layers, which resulted in 3
layers of NiOOH and a vacuum of around 26 A (the equivalent
thickness to that of the S removed layers). The in-plane lattice
constant was then varied by +3% in intervals of 0.5%, allowing the
atoms to fully optimize their positions each time, and a third-order
polynomial was fit to the converged energies to determine the
minimum energy and final lattice parameters, which in all cases ended
up being virtually the same as those for the bulk systems. Table S5
shows all of the optimized in-plane lattice constants, the NS
thicknesses, the total energy differences with respect to the ground
state FM, and a summary of the calculated magnetic moments.
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