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The rational preparation of ultrathin two-dimensional metal oxide and hydroxide nanosheets is the first and
crucial step towards their utilization in both fundamental research and practical applications. From the
perspective of the production cost, the further development of such materials remains a challenging task.
Therefore, it is highly desirable to synthesize these materials via a simple and general strategy at room
temperature. Besides, less attention has been paid to investigate their growth process, leading to
ambiguous formation mechanisms and the lack of guiding principles for designing the targeted ultrathin
2D metal oxides and hydroxides. Here, 6 different ultrathin (<5 nm) 2D metal oxides and hydroxides have
been successfully synthesized via a simple precipitation route in formamide aqueous solution at room
temperature. Detailed investigations demonstrate that the formation of the ultrathin morphology relies on
the inhibition of the z-direction growth by the -NH, groups of the formamide molecules. These findings
broaden the fundamental understanding of 2D material formation mechanisms and inspire interest in
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extending this strategy to further systems. Our study opens a new avenue for an easy, general and room
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Introduction

Ultrathin two-dimensional (2D) nanomaterials, such as metal
oxides,"™ metal hydroxides,”” metal chalcogenides,®® metal
carbides’®" and black phosphorus,’*' have been and
continue to be of great interest to researchers since the
experimental discovery of graphene.'* In particular,
attractive advantages of ultrathin 2D metal oxides and
hydroxides set them apart from other materials owing to their
wide structural and chemical variety, broad applications,
potential low-cost mass production and shape-preserving
transformation into other materials. Because the rational
preparation of ultrathin 2D metal oxides and hydroxides
represents the first and crucial step towards their utilization
in both fundamental research and practical applications,
considerable research efforts have been made in the past
decade to develop a facile and scalable synthesis strategy.
Although exfoliation of bulk layered materials into single- or
few-layer nanosheets is regarded as one of the most
promising synthesis strategies, such a top-down strategy
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temperature synthesis of ultrathin 2D metal oxides and hydroxides.

comes inevitably with several inherent drawbacks such as
relatively low yields, time-consuming steps, difficulty in
scaling up and complicated multi-step operations. The recent
rational trend to directly synthesize ultrathin 2D metal oxides
and hydroxides via a bottom-up approach, especially via a
wet-chemical bottom-up route, is attracting rising
interest,"™'” as a result of the advantages of this route
associated with its time-saving, scalable, efficient and easy
synthesis process. Accordingly, various methods belonging to
this route, including pulsed-laser ablation,'® one-step direct
synthesis in the presence of special additives (sodium dodecyl
sulfate, hydrophobic ionic liquid, formamide, etc.),"*>"
hydrothermal synthesis using a high concentration of H,0,
as the solvent, a microwave-assisted liquid phase method,*
green synthesis of 2D nanomaterials at room temperature
using liquid metal reaction media,>*** electrochemical
deposition on certain substrates,*® etc., have been explored.
Note that one-step direct synthesis methods in the presence
of special additives stand out from the competition with other
wet-chemical bottom-up methods benefiting from their
potential in avoiding the drawbacks of utilizing special
facilities/reactants and the energy consumption via elevated
reaction temperature during the synthesis process. This is in
favor of realizing the low-cost and large-scale synthesis of
ultrathin 2D metal oxides and hydroxides. Among different
additives, formamide is the most commonly used one.'”***’
Unfortunately, current synthesis strategies involving

This journal is © The Royal Society of Chemistry 2021
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formamide vary from one system to the other and preparing
various target materials still remains challenging by using
one and the same facile strategy at room temperature,*
significantly impeding the general fabrication and the further
development of relevant materials. Besides, progress in the
preparation and application of corresponding ultrathin
nanomaterials has not been paralleled by a concomitant
development of their formation mechanism. More
specifically, although previous studies proposed that the
successful formation of ultrathin nanosheets results from the
unusually high dielectric constant of formamide and
interactions between the carbonyl groups of formamide and
the hydroxyl layers on the hydroxide sheet surfaces,” the
exact function of formamide on forming the ultrathin
structure has not been fully demonstrated, which is
detrimental to the rational design and preparation of the
desirable target material. Summing up the above analysis,
both fabricating ultrathin 2D metal oxides and hydroxides in
the presence of formamide via an improved synthesis strategy
and investigating the formation mechanism of such materials
are lucrative.

Herein, we describe a simple and general wet-chemical
precipitation strategy, which involves the reaction between
metal ions and OH  produced by the NH;-initiated
protonation process, to produce hydroxide nanomaterials in
formamide aqueous solution at room temperature. Different
types of ultrathin 2D metal oxide and hydroxide nanosheets,
namely Co;0,/Co(OH),, y-Fe,03, Mn;0,, ZnO, Cu(OH),-H,0
and Mg(OH),/Mg,(OH);Cl, with a thickness of less than 5
nm can be successfully synthesized under the same
conditions except for changing the original metal salt. Note
that obtaining a metal oxide phase instead of a metal
hydroxide phase using the several systems is ascribed to the
crystal phase change from hydroxide to oxide, which is
caused by the topological transformation during the
reaction process. Detailed investigations were carried out to
study the formation mechanism of these ultrathin
nanomaterials using Fourier transform infrared spectroscopy
(FTIR) and nuclear magnetic resonance (NMR) spectroscopy.
The obtained results reveal that, except for the unusually
high dielectric constant of formamide and interactions
between the carbonyl groups of formamide and the hydroxyl
layers, the -NH, groups of formamide also play a key role
in decreasing the thickness of the nanosheets. To the best
of our knowledge, this is the first work clarifying the effect
of -NH, groups on inhibiting the growth of nanosheets
along the z-direction, providing important insights into
guiding the synthesis of the desired ultrathin 2D metal
oxides and hydroxides. Since the growth mechanism
depends mainly on the layered structure character of the
target materials instead of the individual character of metal
elements, we believe that this strategy can be extended to a
vast number of other systems, offering new opportunities
for an easy, general, low-cost and room temperature
synthesis of ultrathin 2D metal oxide and hydroxide
nanosheets.

This journal is © The Royal Society of Chemistry 2021
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Experimental
Materials

Ammonium hydroxide solution (28-30 wt% solution of NHj;
in water) was obtained from Acros Organics (Geel, Belgium).
FeCl,-4H,0 was bought from Alfa Aesar. MgCl,-6H,O and
Cu(CH3CO0),-H,0 were obtained from Fluka. Other reagents
were purchased from Sigma-Aldrich. All chemicals were of
analytical grade and were used as received without any
further purification. Water used for the preparation of
aqueous solutions was purified using a Millipore-Q water
purification system.

Synthesis of nanosheets

A typical procedure is described as follows: a solution
containing precursor (X mM) was prepared by dissolving the
metal salts in a mixed solution of water (Y mL) and solvent B
(Z mL). After ultrasonic dissolution, the vial was then sealed
with Parafilm and three pinholes were drilled allowing for
gas diffusion. Subsequently, the vial was put into a sealed
blue cap bottle (100 mL) with 2 mL of concentrated
ammonium hydroxide solution. After the diffusion for 12
hours at room temperature, the precipitate found at the
bottom of the vial was washed two times by centrifugation
(9000 rpm, 5 min) with Milli-Q water and dried at room
temperature. More details about the synthesis protocol are
provided in the ESLf

Characterization

Transmission electron microscopy (TEM) images and selected
area electron diffraction (SAED) patterns were acquired on a
Zeiss Libra 120 microscope operating at 120 kV. The TEM
samples were prepared from ethanol dispersion or water
solution on conventional TEM grids (carbon-coated copper
grids, 400 mesh, supplied by Quantifoil GmbH). X-ray powder
diffraction (XRD) data were acquired on a D8 ADVANCE and
DAVINCI.DESIGN (Bruker) X'pert diffractometer with Cu Ko
radiation. Scanning electron microscopy (SEM) was
conducted using a Zeiss CrossBeam 1540XB reaching a
resolution of up to 1.1 nm at 20 kV and the acceleration
voltage can be changed from 0.1 to 30 kV. It was equipped
with an SE2 and an InLens detector. Attenuated-total-
reflection-infrared spectroscopy (ATR-FTIR) was conducted
on a Vertex 80 V spectrometer (Bruker Optics). The thickness
of the nanomaterials was characterized with a JPK
NanoWizard atomic force microscope (AFM) in the
intermittent contact mode using a silicon tip. X-ray
photoelectron spectra (XPS) were obtained on a Thermo
ESCALAB 250XI with Mg Ko radiation (hv = 1253.6 €V) as the
excitation source. High-resolution TEM (HRTEM) images
were obtained on a JEOL-2010 microscope operated at 200
kv. The titration setup is a commercial, computer-controlled
titration system manufactured by Metrohm. The titration
software is Tiamo 2.2. Solution phase *C NMR spectra were
recorded using a Bruker Avance III 400 operating at 400

CrystEngComm, 2021, 23, 3794-3801 | 3795
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MHz. Sample preparation procedures for the measurement of
solution phase ">C NMR spectrum can be found in the ESL}
The 3D crystal structures below were extracted from the ICSD
database using Materials Studio 5.5 (Accelrys) and displayed
after improvements to the number of units.

Results and discussion

As illustrated in Scheme 1, the synthesis strategy used mainly
involves the diffusion of ammonia vapor (NH;) originating
from ammonium hydroxide into formamide aqueous
solution containing metal ion salts, triggering a reaction
between the NH; molecule and water molecule of the
reaction solution to generate OH, namely NH; + H,O =
NH,  + OH’, which could increase the pH value of the
solution. The increased pH enables the hydrolysis of metal
ions to initiate the precipitation of metal hydroxides. In this
strategy, formamide molecules play a key role in influencing
the thickness of the final hydroxide product. Note that by
simply changing the type of the metal salt precursors, six
different ultrathin 2D nanosheets could be successfully
synthesized using the same protocol. The crystallinity of
these nanosheet products was studied by powder XRD. As
displayed in Fig. 1, the XRD patterns of the different
nanosheet products can be well-indexed to Co;0,/Co(OH),,
y-Fe,03, Mn;0,, ZnO, Cu(OH),-H,0 and Mg(OH),/Mg,(OH);Cl
phases, respectively, suggesting the successful formation of
the corresponding metal oxides or hydroxides in the different
systems. The diffraction peaks of the various nanosheet
products were sharp and intense, indicating their high
crystallinity, which might benefit from the slow reaction
process caused by the gas-diffusion strategy. Note that the
generation of metal oxides, namely Coz;0,, y-Fe,O3;, Mnz;O,
and ZnO, is ascribed to the crystal phase change from
hydroxide to oxide caused by the topological transformation
during the reaction process, which has been well
documented by previous studies.***' XPS was employed to
evaluate the surface composition and electronic states of
these metal oxide and hydroxide nanosheets. The survey
spectra provided in Fig. S1f indicate the existence of O and
corresponding metal elements for these six ultrathin 2D
nanosheets, which agrees well with the composition of the
aforementioned metal oxide and hydroxide nanosheets. The

Scheme 1 A schematic illustration of the synthesis strategy for the
ultrathin two-dimensional metal oxide and hydroxide nanosheets.
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high-resolution XPS spectra of these metal elements are
shown in Fig. 2 to analyze their electronic states. As
presented in Fig. 2A, the high-resolution XPS spectrum of Co
2p comprises two spin-orbital peaks together with two
satellite peaks. The Co 2p1/2 peak can be deconvoluted into
two sub-peaks centering at 796.4 and 795 eV, and the Co 2p3/
2 peak can be deconvoluted into two sub-peaks centering at
781 and 780 eV. The binding energies at 780 and 795 eV agree
well with the signal of Co®", while the other two peaks at 781
and 796.4 eV correspond to the signal of Co*,** suggesting
the coexistence of Co*" and Co*", which is consistent with
the presence of the Co3;0, and Co(OH), phases suggested by
the XRD results. Similarly, two pairs of doublets in the
deconvolution results of the Mn 2p spectrum (Fig. 2C) reveal
two kinds of electronic states (Mn>* and Mn®") existing in the
Mn;0, nanosheets,*® supporting the successful formation of
the Mn;0, phase. Besides, the other high-resolution XPS
spectra of Fe 2p for y-Fe,O;, Zn 2p for ZnO, Cu 2p for
Cu(OH),-H,0 and Mg 1s for Mg(OH),/Mg,(OH);Cl nanosheets
confirm the existence of the corresponding electronic states,
namely Fe*", Zn**, Cu** and Mg**>*° which is in line with
the aforesaid XRD results.

The morphology of these six 2D materials was investigated
by conducting SEM and TEM. As shown in Fig. 3A-F, all of
them show 2D nanosheet morphologies, but with different
sizes. To be more specific, the Mn;0,4, ZnO, and Mg(OH),/
Mg,(OH);Cl nanosheets possess a lateral size of about several
pm, while the Co;0,/Co(OH),, y-Fe,O; and Cu(OH),-H,O
nanosheets are several hundred nanometers in lateral size.
The planar 2D morphology can be further verified by the
TEM results (Fig. 3G-L). In the TEM images, the high
transparency and the flexible feature represent indirect proof
of the ultrathin thickness of these nanosheets. To determine
the exact thickness, AFM was utilized and the results indicate
that most of the 2D metal oxide and hydroxide nanosheets
have a thickness of 3 + 2 nm (Fig. S2t), manifesting the
formation of the ultrathin structure. Further characterization
was performed using SAED and HRTEM to evaluate the
crystallinity of the 2D nanosheets. In the SAED patterns, the
well-ordered bright spots of the various nanosheets (Fig. 3M-
R) reveal their high-quality single-crystalline nature, with the
exception of the typical ring-pattern of Cu(OH),-H,O that
demonstrates its polycrystallinity. Besides, the SAED patterns
taken from the plane region of the nanosheets can be
indexed to the diffraction patterns of the [001] zone axis for
C030,/Co(OH),, [111] zone axis for y-Fe,O3, [010] zone axis
for Mn3;0,, [001] zone axis for ZnO and [001] zone axis for
Mg(OH),/Mg,(OH);Cl, confirming that the Co;0,/Co(OH),,
y-Fe,03, Mn30,, ZnO and Mg(OH),/Mg,(OH);Cl nanosheets
are respectively exposed with the {001}, {111}, {010}, {0001}
and {001} crystal planes. The HRTEM images of the
corresponding 2D nanosheets (Fig. 3S-X) show clear lattice
fringes with the lattice spacings of 0.23 nm, 0.296 nm, 0.29
nm, 0.28 nm, 0.26 nm and 0.27 nm, matching well with the
(101) plane of Co(OH),, (220) plane of y-Fe,0j, (200) plane of
Mn;0y,, (100) plane of ZnO, (120) plane of Cu(OH),-H,O and

This journal is © The Royal Society of Chemistry 2021
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Fig. 1 XRD patterns of the ultrathin two-dimensional metal oxide and hydroxide nanosheets: (A) Co30,4/Co(OH),, (B) y-Fe,O3, (C) Mn30O4, (D) ZnO,

(E) Cu(OH),-H,0 and (F) Mg(OH),/Mg,(OH)sCL

>
w

Co 2p Fe 2p

0

E 3 5

& coﬁo £ L“

2 s 2 2

(7] [} (7]

S S . g

€ , e satellite / £

- » ¥ = » -

satellite satellite satellite
816 808 800 792 784 776 742 735 728 721 714 707 658 651 644 637
Binding energy (eV) Binding energy (eV) Binding energy (eV)
Dlzn2p _ Elcuze 2, F [mg1s
2P an* " 2p 4 =

) 2p 12 —_ f —_

3 I 3 3

S v 8 s

[} (%] 0

c c c

g g g

£ £ [satellite £

satellit;
1050 _ 1040 1030 1020 968 960 952 944 936 928 1315 1310 1305 1300 1295

Binding energy (eV)
Fig. 2

Binding energy (eV)

Binding energy (eV)

(A) XPS Co 2p spectrum of Coz04/Co(OH),, (B) XPS Fe 2p spectrum of y-Fe,Os, (C) XPS Mn 2p spectrum of MnzQOy,, (D) XPS Zn 2p spectrum

of ZnO, (E) XPS Cu 2p spectrum of Cu(OH),-H,O and (F) XPS Mg 1s spectrum of Mg(OH),/Mg,(OH)sCL.

(100) plane of Mg(OH),, respectively, which further confirmed
the high crystallinity and the exposed faces of these
nanosheets.

To establish the guiding synthesis principles for other
ultrathin nanosheets, it is necessary to fully understand the
factors that determine the formation of the here obtained six
ultrathin nanosheets. Reference experiments were conducted
using the same synthesis protocol but without the addition

This journal is © The Royal Society of Chemistry 2021

of formamide to verify the influence of formamide on the
formation of ultrathin nanosheets. The SEM images provided
in Fig. S31 show the 2D morphology of the obtained
reference products, suggesting their preferential growth habit
along one layer during the growth process, which can be
explained by the preferential growth along one layer for
materials with a layered structure wunder suitable
experimental conditions.”® It is known that Co(OH),,

CrystEngComm, 2021, 23, 3794-3801 | 3797
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Fig. 3 SEM images, TEM images, SAED patterns and HRTEM images of the 2D nanomaterials: (A, G, M and S) Co3z04/Co(OH),, (B, H, N and T)
v-Fe;0s3, (C, I, O and U) Mn30y, (D, J, P and V) ZnO, (E, K, Q and W) Cu(OH),-H,0, and (F, L, R and X) Mg(OH),/Mg,(OH)sCL.

Fe(OH),, Mn(OH),, Zn(OH),, Cu(OH),-H,0 and Mg(OH), have  bonding and weak van der Waals forces between different
typical layered structures with strong in-plane chemical layers (Fig. 4A), and thus the preferential growth along one

3798 | CrystEngComm, 2021, 23, 3794-3801 This journal is © The Royal Society of Chemistry 2021
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Fig. 4 (A) Atomic structure of Co(OH),, Fe(OH),, Mn(OH),, Zn(OH),,
Cu(OH),-H,0 and Mg(OH),. (B) Evolution of the typical O-H stretching
mode of the Mg-OH groups over time. (C) FTIR spectra of the reaction
process after introducing NH3z into the formamide aqueous solution
containing MgCl, in the 1000-2000 cm™ region. (D) ¥*C NMR spectra
of (a) pure water after introducing NHs, (b) aqueous solution containing
MgCl;, after introducing NHs, (c) pure formamide aqueous solution, (d)
formamide aqueous solution containing MgCl,, (e) formamide aqueous
solution after introducing NHsz without MgCl, and (f) formamide
aqueous solution containing MgCl, after introducing NHs.

layer could be easily realized. Note that compared to these
obtained reference products, we found that the
nanomaterials synthesized in formamide aqueous solution
show thinner structures, implying that formamide molecules
have a positive effect on decreasing the thickness of the
nanosheets. To understand the driving force originating from
formamide for inhibiting the growth of nanosheets along the
z-direction, taking the Mg(OH),/Mg,(OH);Cl system as an
example, additional reference experiments were performed
using the same protocol but with the replacement of
formamide by other organic solvents or additives possessing
various functional groups, structures, dielectric constants,
etc. Fig. S4f presents the molecular formula of the organic
solvents or additives used and the morphology of the
corresponding final products as observed by SEM. It can be
seen that nanomaterials synthesized in the reaction solutions
containing dimethylformamide or ethanol tend to grow
thicker, demonstrating that dimethylformamide or ethanol
might have no influence over inhibiting the z-direction
growth. In contrast, ultrathin nanosheets could be obtained
when formamide was replaced with one of the following
organic solvents or additives: ethanolamine,
ethylenediamine, glycine and hydrazine. Note that
ethanolamine has a low dielectric constant (Table S1t) and
carbonyl groups are absent in hydrazine, ethanolamine and
ethylenediamine, which calls into question that the
formation of ultrathin structures is related to the unusually
high dielectric constant of organic solvents and interactions
between the carbonyl groups of organic solvents and the

This journal is © The Royal Society of Chemistry 2021
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hydroxyl layers on the hydroxide sheet surfaces.”® More
importantly, based on the fact that ultrathin nanosheets
could form when hydrazine (NH,-NH,) was used as the
organic solvent (Fig. S4Af), it is reasonable to infer that,
except for the aforesaid two factors, the -NH, groups also
play a key role in the inhibition of the z-direction growth.
FTIR was utilized to verify the interaction between the
-NH, groups and the formed hydroxide via monitoring the
signal change of the functional groups during the reaction
process. Note that we monitored the reaction process of one-
off addition of 2 mL of concentrated NH;-H,O into the
reaction solution, because it is difficult to in situ monitor the
reaction process of NH;-diffusion into the reaction solution.
As shown in Fig. S5,f the one-off addition of 2 mL of
concentrated NH;-H,O into the reaction solution leads to the
formation of nanosheets with a similar morphology to that of
the NH;-diffusion method, indicating that the former is a
suitable alternative to investigate the interaction between the
formed ultrathin hydroxide nanosheets and the -NH, groups.
As shown in Fig. 4B, the intensity of the peak located at 3702
em™, which can be ascribed to the O-H stretching mode of
the free Mg-OH groups, presents a gradual increase during
the first 2500 seconds, indicating the continuous formation
and growth of the Mg(OH),/Mg,(OH);Cl nanomaterials
during this period. Meanwhile, during the first 2500 seconds,
the feature at 1625 cm ™" (Fig. 4C) corresponding to the -NH,
scissoring vibration shows a shape change and a red-shift of
1603 cm™', while there is no obvious signal change for the
CN stretch, CH bend and C=—O stretch, suggesting the
possible interaction between the -NH, groups and the
hydroxyl layers of hydroxide. To gain further insights into the
role of -NH, groups at a molecular level, *C NMR
spectroscopy was applied to investigate six different samples.
As shown in Fig. 4D, the spectra of pure water after
introducing NH; and aqueous solution containing MgCl,
after introducing NH; show no obvious peak belonging to
the resonance of the carbon atoms, suggesting the absence of
carbon. In the spectra of pure formamide aqueous solution,
formamide aqueous solution containing MgCl,, formamide
aqueous solution after introducing NH; without MgCl, and
formamide aqueous solution containing MgCl, after
introducing NH;3, an obvious peak at 168.1 ppm can be seen,
which is ascribed to the resonance of the carbon atoms from
formamide. Note that one additional peak located at 172
ppm (grey arrow) is only detected in the spectrum of
formamide aqueous solution containing MgCl, after
introducing NH;. The emergence of this new peak indicates
the change of the atomic environment of some carbon atoms,
which is probably caused by the interaction between the
-NH, groups connecting with the carbon atoms and the
hydroxyl layers of hydroxide. The new peak is absent in the
spectrum of formamide aqueous solution after introducing
NH; without MgCl,, suggesting the unchanged atomic
environment of the carbon atoms for such a reaction system,
which supports our idea that the NH,- groups connecting
with the carbon atoms interact with the hydroxyl layers of

CrystEngComm, 2021, 23, 3794-3801 | 3799
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hydroxide instead of the free hydroxide ions in aqueous
solution. Based on the aforesaid analysis, although
formamide may serve multiple functions in inhibiting the
growth of nanosheets along the z-direction, we infer that,
except for the wunusually high dielectric constant of
formamide and interactions between the carbonyl groups of
formamide and the hydroxyl layers, the -NH, groups of
formamide play a key role during this process. These
findings can advance our understanding of the formation
mechanism of ultrathin nanomaterials obtained from the
bottom-up fabrication route using formamide as the layer
growth inhibitor, and such a perspective could guide us to
select the suitable layer growth inhibitor for the future
preparation of ultrathin 2D nanomaterials.

Conclusions

In summary, this study has proposed a general and facile
strategy to prepare ultrathin 2D metal oxide and hydroxide
nanosheets at room temperature by using a wet-chemical
precipitation method, which has been successfully utilized to
synthesize C030,/Co(OH),, y-Fe,03, Mn;0,, ZnO, Cu(OH),-H,-
O and Mg(OH),/Mg,(OH);Cl nanosheets. The -NH, groups of
formamide molecules play a key role in further decreasing
the thickness of the nanosheets by inhibiting the growth of
the nanosheets along its z-direction, which is supported by
the results of FTIR spectroscopy and NMR spectroscopy.
These findings can not only broaden the fundamental
understanding of the formation mechanism but also provide
a guiding principle for selecting a suitable layer growth
inhibitor. Since the growth mechanism is mainly dependent
on the layered structure character, this approach should be
versatile and transferable to more materials with a similar
structure, opening up new opportunities for an easy, general
and low-cost synthesis of ultrathin 2D metal oxide and
hydroxide nanosheets.
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