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Abstract: We report an effective and universal approach for
the preparation of ultrathin single- or multiple-component
transition-metal hydroxide (TMH) nanosheets with thickness
below 5 nm. The unique synthesis benefits from the gradual
decomposition of the preformed metal-boron (M-B, M = Fe,
Co, Ni, NiCo) composite nanospheres which facilitates the
formation of ultrathin nanosheets by the oxidation of the metal
and the simultaneous release of boron species. The high
specific surface area of the sheets associated with their ultrathin
nature promises a wide range of applications. For example, we
demonstrate the remarkable adsorption ability of Pb" and As"
in waste water by the ultrathin FeOOH nanosheets. More
interestingly, the process can be extended simply to the
synthesis of composite structures of metal alloy hollow shells
encapsulated by TMH nanosheets, which show excellent
catalytic activity in the Heck reaction.

Two-dimensional (2D) transition-metal hydroxides (TMHs),
particularly their ultrathin nanosheets with thickness of
several nanometers, are attracting an increasing amount of
attention!! owing to their unique physical and chemical
features, such as high specific surface areas, abundant active
sites, and short diffusion path lengths for both ions and
electrons.”) These advantages make them better candidates,
surpassing the physical capabilities of their bulk counterparts,
or most of other nanostructures, especially for applications,
such as energy storage,”! catalysis,”) and water treatment.”!
An excellent example was recently demonstrated by Xie
et al., who showed that single-layer 3-Co(OH), sheets have
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a significantly enhanced specific capacitance (2028 Fg™')
compared to thicker sheets and bulk plates (525Fg™)
because the single-layer sheets have more active sites and
higher electrical conductivity.*"’

Incommensurate with their high technical importance, the
synthesis of TMH nanosheets has been limited mainly to
hydrothermal and liquid exfoliation processes.’™®! While the
hydrothermal approach usually involves harsh conditions,
such as high temperature and lack of control over the
thickness, exfoliation requires sophisticated procedures with
relatively low yields. To address the synthetic challenge,
herein, we report a simple, efficient, and versatile route for
the large-scale synthesis of ultrathin nanosheets of TMHs
(M =Fe, Co, Ni, NiCo) with typical thickness below 5 nm.
The method is not only suitable for the synthesis of single- and
multiple-component TMH ultrathin nanosheets, but also
accessible for preparing hierarchical composites composed
of metal alloy hollow spheres encapsulated by TMH nano-
sheets, such as PdNi@Ni(OH),. Intriguingly, the ultrathin
FeOOH nanosheets exhibit a high adsorption capacity for
Pb" and AsY. As a catalyst in the Heck reaction, the
PdNi@Ni(OH), composite shows a high turnover number
(TON) of approximately 3550000 and turnover frequency
(TOF) of around 148000 h".

This unique approach involves the preformation of metal—
boron (M-B, M =Fe, Co, Ni) nanospheres and then their
spontaneous transformation into ultrathin TMH nanosheets
via a complete oxidation corrosion process in aqueous
solutions. In a typical synthesis, a M" salt was mixed with
freshly prepared NaBH, solution in the presence of surfactant
in deionized water, producing a black solution containing M—
B nanospheres which then turned into ultrathin nanosheets
upon exposure to air. Depending on the metal salt used, the
products can be identified by X-ray diffraction (XRD,
Figure 1a—c) as 8-FeOOH (JCPDS 77-0247),l"! a-Co(OH),
(JCPDS 46-0605),” and a-Ni(OH), (JCPDS 38-0715).11 The
asymmetric nature of the reflections at 33.8° and 33.6°
indicates the formation of the turbostratic a-Co(OH), and
a-Ni(OH), (Figure 1b,c)."®

The representative scanning electron microscopy (SEM)
images of the 6-FeOOH, a-Co(OH),, and a-Ni(OH), all show
three-dimensional frameworks consisting of highly flexible
lamellar structures (Figure 1d-f). The Energy-dispersive X-
ray spectroscopy (EDX) spectra of the products (Figure 1,
insets) further confirm their chemical composition. The
thickness of these 2D nanosheets was determined by atomic
force microscopy (AFM) to be as small as 1.8, 3.1, and 2.2 nm
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Figure 1. XRD patterns (left), SEM (middle), and AFM (right) images
of the as-prepared a),d),g) FeOOH, b),e),h) Co(OH),, and c),f),i) Ni-
(OH), ultrathin nanosheets. Insets are the corresponding EDX spectra.

for FFOOH, Co(OH), and Ni(OH),, respectively (Figure 1g—
i). As expected from their small thicknesses, these TMH
nanosheets possess large specific surface areas, showing 264,
184, and 442 m’g"' for FeOOH, Co(OH),, and Ni(OH),
nanosheets, respectively (Figure S1 in the Supporting Infor-
mation), which to our knowledge are the highest values
reported for corresponding TMHs.)

The morphology and structural information of the prod-
ucts were further revealed by transmission electron micros-
copy (TEM). As shown in Figure 2a—c, these TMHs display

Figure 2. a)-c) TEM images of the TMH ultrathin nanosheets, insets
show their corresponding SAED patterns; d)—f) HRTEM images of the
nanosheets, indicating that Co(OH), and Ni(OH), can easily be
transformed into CoO and NiO under beam irradiation; g)—i) HRTEM
images taken from edges of the nanosheets.

a folding sheet-like morphology with lateral dimensions
ranging from several hundred nanometers to several micro-
meters. The high transparency under the electron beam
demonstrates their ultrathin nature. The insets in Figure 2 a—c
show the corresponding selected-area electron diffraction
(SAED) patterns. The line profiles derived from the diffrac-
tion patterns of Co(OH), and Ni(OH), show asymmetric
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peak intensity in the range of 3.7-3.8 nm !, further confirming
the formation of turbostratic a-Co(OH), and o-Ni(OH),
(Figure S2). The high resolution TEM (HRTEM) image of
the FeOOH nanosheets shows hexagonal lattice fringes with
a d-spacing of 0.26 nm, corresponding to the {100} planes of
FeOOH (Figure 2d). Because the a-Co(OH), and a-Ni(OH),
were sensitive to electron beam irradiation (Figure S3), we
were only able to catch HRTEM images of the CoO and NiO
nanosheets evolved from the a-Co(OH), and a-Ni(OH),
nanosheets (Figure 2e,f). The thicknesses of the nanosheets
determined from their edges (Figure 2 g—i) are approximately
1-2 nm, consistent with the AFM measurements.

To explore the growth mechanism of the ultrathin nano-
sheets, time course study was carried out on the nickel system.
The initial black product from treating Ni" with NaBH,
consists of spherical particles with diameters of 60-80 nm
(Figure 3a), which are composed of small Ni crystallites (ca.

Figure 3. TEM images of Ni—-B nanospheres a) before and b)—d) after
exposure to the ambient atmosphere for b) 30 min, ¢) 8 h and d) 12 h;
e) Schematic illustration of the formation of the ultrathin TMH nano-
sheets.

2nm) embedded within an amorphous boron matrix as
confirmed by the HRTEM and X-ray photoelectron spec-
troscopy (Figure S4), in line with a previous report.l'’ The size
and morphology of the Ni-B nanospheres remained almost
unchanged with time. After the system was exposed to air for
30 min, Ni(OH), nanosheets were observed around the
nanospheres (Figure 3b). The lateral dimension of the nano-
sheets increased remarkably with time, accompanied by the
gradual disappearance of the nanospheres, producing only
ultrathin Ni(OH), nanosheets after 12 h (Figure 3c,d). It can
be clearly seen that the growth of Ni(OH), nanosheets
progressed at the expense of Ni-B nanospheres by the
oxidation of Ni clusters in the Ni-B by ambient oxygen in the
presence of water (Figure 3e). This sequence was further
demonstrated by the fact that the concentration of B in the
solution increased gradually with the extension of exposure
time (Figure S5). This result signifies that the oxidation of Ni
occurred simultaneously with that of amorphous B which was
then released into the solution, probably in the form of
borate.'!! Thus, the gradual release of B from Ni-B spheres
into solution enables the access of oxygen and water to the
inside Ni nanoclusters, allowing their continued oxidation.
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The formation of FeOOH and Co(OH), nanosheets under-
went a similar evolution process (Figure S6,7).

We believe that the unique Ni-B nanocomposite structure
is crucial in this nanosphere-to-nanosheet transformation. In
a parallel experiment involving pure Ni spheres instead of Ni—
B spheres (Figure S8), only slight oxidation was found to
occur on the surface of the Ni nanospheres even after four
days, as the dense Ni(OH), layer could prevent the further
oxidation of Ni. While the intrinsic crystal structure of o-
Ni(OH), determines the preferred lateral growth of nano-
sheets, the adsorption of borate on the {001} facets of the
nanosheets might contribute to the ultrathin characteristics by
slowing down their axial growth."

This general process represents a new synthetic platform
for developing various ultrathin 2D materials with a wide
range of functionalities. For example, with their ultrahigh
specific surface area as well as their large pore volume, the as-
synthesized FeOOH nanosheets could be utilized as an
efficient heavy-metal adsorbent for waste-water treatment.
The room-temperature adsorption isotherms reveal that the
maximum adsorption capacities of the FeOOH nanosheets
for Pb" and AsY are 114 and 109 mgg', respectively (Fig-
ure S9). As far as we know, those values are the highest
among reported Fe-based adsorbents (Table S1,2).%

This facile method can also be extended to the prepara-
tion of ultrathin multi-component TMH nanosheets by simply
using mixed-metal precursors. In the example of Ni—Co
hydroxide nanosheets shown in Figure S10, a homogeneous
distribution of Ni, Co, and O elements throughout the entire
sample was confirmed by the EDX elemental analysis. XRD
measurement further demonstrates that the nanosheets are
a single phase corresponding to Ni-Co layered double
hydroxide.

We further demonstrate that a simple modification to the
M-B precursor could allow the fabrication of more complex
nanocomposites. As the transition metals (Fe, Co, Ni) can
easily form alloys with noble metals via Galvanic replacement
and co-reduction," M-B@NM (N = Au, Pt, Pd, and M =Fe,
Co, Ni) core-shell structures could be readily synthesized and
then transformed into interesting hierarchical hollow struc-
tures upon exposure to air. SEM and TEM images of the
product obtained from the preformed Ni-B@PdNi show that
it consists of hollow spheres fully covered by Ni(OH),
nanosheets (Figure 4a,b). The high-angle annular dark-field
scanning TEM (HAADF-STEM) image (Figure 4c) clearly
highlights the contrast between the hollow sphere and the
enclosing Ni(OH), nanosheets, with the higher contrast of the
shells attributable to the presence of Pd, a heavier element.
This result is confirmed by EDX elemental mapping analysis
(Figure 4d-f,h). The enhancement of both Ni and Pd signals
(Figure 4g) on the edge signifies the PdNi alloy shells.
Further, as shown in the EDX line scan analysis in Fig-
ure 4i-k, the line profiles in three random edge positions
show a similar trend in variation of the composition of Ni and
Pd with a consistent O signal (O is from Ni(OH),), which
again demonstrates the alloy nature of the shells. Addition-
ally, the PdNi alloy was also analyzed by HRTEM (see
Figure S11 and the corresponding discussion in the Support-
ing Information). This strategy is also applicable for the
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Figure 4. a) SEM and b) TEM images of the hierarchical hollow PdNi—
Ni(OH),; c) HAADF-STEM image and d)-h) EDX mapping of PdNi—
Ni(OH),; i)—k) EDX line scan in three random edge positions.

preparation of other hierarchical hollow structures, such as
PtNi-Ni(OH), (Figure S12).

Palladium-catalyzed cross-coupling reactions are highly
efficient paths for the creation of new C—C bonds.™! As Pd is
a precious metal with limited abundance, it is of great
economic importance to lower its usage while maintaining the
high activity.'" As a demonstration, we used the hierarchical
PdNi-Ni(OH), as a catalyst in the Heck coupling reaction
between iodobenzene and butyl acrylate (Scheme 1). After

I NiPd-Ni(OH), (245 mol ppb Pd) . -CO2Bu
- FcosBu
Et:N (3 mol equiv)

TBAA (0.2 mol equiv)
(50 mmol) 160 °C, 24h

(100 mmol) Yield 87%

TON=3, 551,020

TOF=147, 959 h!
Scheme 1. Mizoroki-Heck reaction with the hierarchical PdNi-Ni(OH),
catalysts.

24 h, the desired butyl cinnamate was produced in a high yield
of 87 %. The corresponding TON and TOF were calculated to
be as large as 3551020 and 147959 h™", respectively, which are
far higher values than those reported previously (Table $3).1"!
More interestingly, PANi-Ni(OH), also showed very stable
catalytic activity during catalytic cycling tests (Figure S13).
Although the exact mechanisms still require further explora-
tion, we suspect that the high performance might come from
the following aspects: 1)there is a “synergistic effect”
between Ni and Pd in the alloy!™ (Figure S14); 2) the
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hollow shells composed of small-sized PANi may ensure more
accessible catalytic sites; 3) the high specific surface area
Ni(OH), as a support may stabilize the PdNi particles from
leaching and aggregation during reaction (Table S4 and
Figure S15)."*! With the simplicity of its synthesis and its
excellent activity in the coupling reaction, the PANi-Ni(OH),
catalyst is very promising for future practical utilization.

In summary, we have developed a simple, mild, and
universal synthetic route to single- or multiple-component
TMH nanosheets with thickness below 5 nm. Owing to the
high specific surface area, the FeOOH nanosheets exhibited
remarkable adsorption capacities for Pb™ and As" of 114 and
109 mgg ™!, respectively. The unique synthesis benefits from
the gradual decomposition of the preformed M-B nano-
composite spheres which facilitates the final formation of
ultrathin nanosheets by the oxidation of M and the simulta-
neous release of boron species. More interestingly, we were
able to extend the synthesis to the formation of hierarchical
structures composed of metal alloy hollow shells covered with
TMH nanosheets, which show excellent catalytic activity in
the Heck reaction. We believe this process represents a new
synthetic platform for developing various ultrathin 2D TMH
materials for broad applications.
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