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ABSTRACT: As a new member of metal oxide family, two-
dimensional (2D) amorphous metal oxide nanosheets have
attracted considerable research interest in various fields,
because of their unique surface electronic structure. However,
some 2D amorphous metal oxide nanosheets produced by
strong acid weak alkali salts (such as FeCl;, ZrCl,, CrCl;, SnCl,,
and AICl,) are difficult to synthesize, because of their tendency
to precipitate and aggregate under facile conditions. Thus,
developing a common route to prepare these 2D amorphous
metal oxide nanosheets is urgently needed. Herein, we report a
universal method to synthesize a series of 2D amorphous metal
oxide, including Fe,0;, Cr,0;, ZrO,, Sn0,, and Al,O;. In this
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method, lamellar oleate is introduced as a host matrice to restrict the ion exchange reaction that occurs between Cu,O and
metal ions. By controlling calcination temperature to remove the oleate, the corresponding 2D amorphous metal oxide
ultrathin nanosheets are successfully obtained. This facial method may open a new avenue to fabricate promising 2D

amorphous metal oxide nanosheets for practical applications.

s a class of disordered structure with many dangling

bonds, activity sites, and ion channels, amorphous

metal oxides have attracted extensive attention in
recent years, because of its superior performance in energy
storage, catalysis, and mechanics.'”> Compared to two-
dimensional (2D) crystalline metal-oxide nanomaterials, 2D
films at amorphous state are isotropic, lack grain boundaries,
and possess more dangling bonds and reactive sites, which
would exhibit some special physical and chemical proper-
ties.” '" For example, Yang et al. found that 2D amorphous
NiO nanosheet can act as an efficient photocatalyst for solar
H, evolution without any co-catalysts."" Zhao et al. reported
self-supported iron—cobalt—nickel amorphous oxide nano-
sheets, which showed superior electrocatalytic activity toward
oxygen evolution reaction with an overpotential of only 170
mV."” Therefore, the precise morphology and composition
control of 2D amorphous metal oxide nanomaterials is of great
significance. To date, some methods have been proposed for
the preparation of 2D amorphous metal-oxide nanomaterials,
including thermal decomposition methods,"® redox methods,"*
and template-assisted methods.'> However, some serious
issues are still inevitable. For instance, strong acid weak alkali
salts such as FeCl;, ZrCl,, CrCl;, SnCl,, and AICI; easily
precipitate and aggregate to form the corresponding metal
oxide (called SAWA-MO) nanoparticles. Thus, 2D metal oxide
nanosheets are difficult to obtain under facile conditions, let
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alone amorphous 2D nanosheets. To date, only a few
preparation methods have been investigated to synthesize
some specific 2D amorphous nanomaterials.'® Developing a
common method to fabricate 2D amorphous ultrathin
nanosheet of SAWA-MOs remains a great challenge.

So far, confined synthesis of 2D crystalline nanomaterials has
been developed as an extension of template-assisted synthetic
strategy.’~"” It refers to confining the reactants to the
interlayer spaces of layered materials to guide the growth of
nanomaterials. The layered materials with limited interlayer
spaces function as a host matrice for the embedded guest
molecules to undergo chemical transformation under appro-
priate conditions. At present, graphite,”””' layered double
hydroxides,zz’23 and MXenes®>' have been recognized as
effective hosts for the confined synthesis of many 2D
crystalline nanomaterials, including 2D metals,”® 2D carbon
materials,”*>” 2D polymers,”**’ and 2D metal-organic frame-
works (MOFs).*>”" However, some inevitable issues still exist
for most of 2D confined templates. For example, the layered
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double hydroxide templates are readily dissolved during the
synthesis process of SAWA-MO nanosheets. As a template,
graphite always requires high temperature to be removed,
leading to the crystallization of SAWA-MOs. Thus, developing
suitable host matrices to fabricate pure 2D amorphous metal-
oxide nanosheets is highly needed.

Herein, we first propose a universal confined method to
synthesize a series of amorphous SAWA-MO ultrathin
nanosheets (Fe,0;, Cr,0;, ZrO,, SnO,, and Al,O;). In this
method, lamellar oleate is introduced as a host matrice to
restrict the Cu,O template. Through a simple ion exchange
reaction, Cu ions are replaced by our target metal ions (M**)
to form the corresponding amorphous M(OH),-oleate
complex intermediate. By controlling the calcination temper-
ature, the corresponding 2D amorphous SAWA-MO ultrathin
nanosheets are successfully obtained. This synthetic method
opens a new pathway for economical preparation of
amorphous SAWA-MO ultrathin nanosheets, which might be
a class of promising nanomaterials for future energy-related
devices.

In this study, some strong acid weak alkali salts (FeCl,,
ZrCl,, CrCl;, SnCl, and AICl;) were selected as our reactants.
Table S1 in the Supporting Information shows the Kj, values
of the corresponding metal hydroxide precursors. The general
synthesis route of amorphous SAWA-MO ultrathin nanosheets
is illustrated in Figure 1. In brief, the lamellar Cu,O-oleate
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Figure 1. Schematic illustration for synthesis of amorphous SAWA-
MO ultrathin nanosheets.

complex intermediate is employed as a 2D confined template.
And then, Cu,O undergoes a slow ion exchange reaction with
M*". The generated metal hydroxide precursor is inserted into
the interlamination of oleate to ensure the sheet structure.
Through a simple low thermal treatment of M(OH),—oleate
complex intermediate in an air atmosphere, the corresponding
2D amorphous SAWA-MO ultrathin nanosheets can be
successfully obtained.

Taking 2D amorphous Fe,O; ultrathin nanosheets as an
example, lamellar Cu,O-oleate complex intermediate is first
synthesized by hydrothermal method and the size of
nanosheets is at the micrometer level (Figure S1 in the
Supporting Information).”” Second, lamellar Cu,O-oleate
complex intermediate is dispersed in the solution ultrasoni-
cally. At the same time, a certain amount of NaCl aqueous
solution is added to the suspension and vigorous stirring is
needed to ensure NaCl aqueous solution is uniformly
dispersed in the solution. And then, FeCl; solution is slowly
added to the suspension with a constant pressure titration
funnel. In this process, Fe’* is introduced into the entire
reaction system, which can react with Cu,O to produce CuCl
via jon exchange. Meanwhile, obtained CuCl can coordinate
with extra CI in the solution to form CuCl,~ and dissolve in
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the solution. With the occurrence of coordination reaction, it
will further promote ion exchange between Fe'* and Cu,O.
After the reaction is completed, an amorphous Fe(OH);-oleate
complex intermediate can be successfully prepared (see Figure
S2 in the Supporting Information). Because the entire reaction
occurs in interlamination, the product can well maintain
lamellar morphology of Cu,O template. Finally, the obtained
Fe(OH);-oleate complex intermediate is placed in a tube
furnace for rapid low-temperature calcination to remove oleate
intermediate and water molecules. In this process, choosing
appropriate reaction temperature is signiﬁcant.3'2 If the
temperature is too high, crystallization might occur (see
Figure S3 in the Supporting Information). If the temperature is
too low, oleate will not be completely removed (see Figure S4
in the Supporting Information). After the precipitate is
collected, 2D amorphous Fe,O5 nanosheet can be successfully
obtained.

The detailed morphological and structural characterizations
of 2D amorphous Fe,O; nanosheet are displayed in Figure 2.
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Figure 2. (a) TEM image of the 2D amorphous Fe,O; nanosheet;
(b) HAADF-STEM image of the 2D amorphous Fe,O; nanosheet;
(c) HRTEM image of the 2D amorphous Fe,O; nanosheet; (d) the
corresponding SAED pattern of the 2D amorphous Fe,0;
nanosheet; (e) XRD spectrum of the 2D amorphous Fe,0,
nanosheet; (f) HAADF-STEM image and (g—i) corresponding
elemental mapping analysis (O and Fe (panel (g)), Fe only (panel
(h)), and O only (panel (i))) of the 2D amorphous Fe,O,
nanosheet; and (j, k) XPS spectra of the 2D amorphous Fe,O,
nanosheet (Fe 2p (panel (j)) and O 1s (panel (k))).

The scanning electron microscopy (SEM) (see Figure SS in
the Supporting Information) and transmission electron
microscopy (TEM) (Figure 2a) images reveal that a great
amount of nanosheets have been successfully prepared, with
uniform micrometer-size and ultrathin thickness, which is
similar to the morphology of template. In addition, a partial
stacking of nanosheets can be found in the TEM image. The
main reason is that, during the process of removing oleate,
water molecules will also be removed, leading to the
reconstruction of ultrathin Fe,O; nanosheets. As a result,
nanosheets between the layers are partially stacked. Therefore,
amorphous Fe,O; nanosheets possess a monomolecular layer
in the interlamination, but nanosheets are partially restructured
during the calcination process, resulting in an increase in the
thickness of nanosheets. Based on high-angle annular dark-field
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scanning transmission electron microscopy (HAADF-STEM)
image, as shown in Figure 2b, it can be seen that nanosheets
have a uniform pore structure with a size of 10 nm. HRTEM
(Figure 2c) shows that no fringe lattices can be observed,
indicating its amorphous nature. Detailed structural features
are characterized by employing the corresponding selected-
area electron-diffraction pattern (SAED) and X-ray diffraction
pattern (XRD). The SAED pattern (Figure 2d) also displays its
amorphous nature, which is consistent with the result of XRD
spectrum (Figure 2e). The elemental mapping analyses of 2D
amorphous Fe,O; nanosheet, as shown in Figures 2f—i, reveal
that Fe and O are homogeneously distributed across the entire
nanosheet. Moreover, the chemical state and local atomic
structure of our sample are studied by X-ray photoelectron
spectroscopy (XPS). As shown in Figure 2j, Fe 2p;,, and Fe
2p1/, peaks are located at 711.0 and 724 eV, respectively,
which belong to the Fe** characteristic peak. The peaks at 718
and 732.4 eV are the satellite peaks corresponding to Fe 2p;/,
and Fe 2p, ,, respectively.’” Figure 2k shows the XPS spectra
and curve fitting results of O 1s. The three characteristic peaks
located at 529.6, 531.3, and 532.8 eV can be attributed to
lattice oxygen, oxygen in OH~, and bound water, respec-
tively.”* Based on all of the above analysis, it proves that
ultrathin amorphous porous Fe,O; nanosheets have been
successfully prepared. In addition, to characterize the purity of
amorphous Fe,O; nanosheets, the XPS spectrum of Cu 2p in
the Fe,O; is displayed in Figure S6 in the Supporting
Information. It can be seen that a small amount of Cu
components also exist, but the relative intensity of Cu peak is
very low. The mass ratio of Fe and Cu tested by XPS is
~98.64:1.36, indicating the high purity of our product.
Taking the amorphous Fe,O; nanosheet as an example, the
possible formation mechanism for 2D amorphous structure is
suggested. First, 2D amorphous Fe(OH); precursor is
produced by a confined reaction. In order to prove the
reaction occurs between layers of oleate, XRD spectra of
Cu,O-oleate intermediate, Fe(OH);-oleate intermediate, and
Fe,0; are shown in Figure 3a. It can be clearly seen that the
Cu,0-oleate complex intermediate has two sets of diffraction
peaks. One is a very ordered periodic diffraction peak
belonging to the peak of oleate (006, 007), indicating that
the oleate has a layered structure. The other set is the
diffraction peaks of cubic phase Cu,O. All the diffraction peaks
(110, 111, 200, 211, 220, 311) are strong, demonstrating good
crystallinity of Cu,O, which is consistent with previous reports
in the literature.”> Whereas, as shown in XRD spectrum of Fe
(OH);-oleate complex intermediate, only periodic diffraction
peaks for layered structure of oleate (006, 007) remained, and
Cu,O crystal peaks disappeared, indicating that Fe(OH),
completely replaced Cu,O through ion exchange reaction
between layers of oleate, and Fe(OH),; nanosheet is
amorphous. Moreover, when we compared the scanning
electron microscopy (SEM) image of Cu,O-oleat complex
with that of an Fe(OH);-oleate complex intermediate (see
Figures S1 and S2 in the Supporting Information), it can be
seen that the morphologies remained, and no nanoparticles
were visible on the edge or surface, further confirming that the
ion exchange reaction happened between the layers of oleate.
The elemental mapping analyses of both the surface and cross
section show that elemental Fe and O are uniformly
distributed on the nanosheets, revealing the existence of
Fe(OH); in the precursor (Figures 3b and 3c). During the
interlayer reaction, the original lattice structure of Cu,O is
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Figure 3. (a) XRD spectra of the Cu,O-oleate complex
intermediate, the Fe(OH);-oleate complex intermediate, and the
Fe,0; nanosheet; (b) corresponding elemental mapping analysis
of the Fe(OH);-oleate complex intermediate; and (c) cross-
sectional elemental mapping analysis of the Fe(OH);-oleate
complex intermediate.

destroyed, making the Fe(OH); precursor an amorphous state.
In the subsequent calcination reactions, amorphous Fe,O;
nanosheets can be readily obtained as long as an appropriate
temperature is applied.

In order to test the universality of this confined method,
different SAWA salts are added into the solution. Herein, by
adjusting the ratio of ethanol and water, the amount of Cu,O
and metal salts, and appropriate heat treatment temperature, a
series of amorphous SAWA-MO nanosheets have been
successfully synthesized, including SnO,, Cr,0; ZrO, and
AlL,O; nanosheets. SEM (Figure S7 in the Supporting
Information) and TEM images (Figures 4a—d) indicate that
SAWA-MO nanosheets basically retained the morphology of
original Cu,O template nanosheets. The HRTEM images in
Figures 4a,—d, reveal that the as-synthesized SAWA-MO
nanosheets are amorphous, as evidenced by the absence of
typical lattice fringes, which is in agreement with the
corresponding SAED images (see the insets in Figures 4a—
d). In addition, no additional crystalline peaks can be seen in
the XRD pattern (Figure S8 in the Supporting Information),
further confirming the amorphous nature of SAWA-MO
nanosheets.

To characterize the electronic structure of various samples,
XPS spectra of obtained samples are conducted, and the results
are displayed in detail in Figures S9—S12 in the Supporting
Information. Figure S9a in the Supporting Information shows
XPS spectra of Sn 3d, the two symmetrical peaks are located at
487.0 and 495.5 eV, respectively, corresponding to Sn 3ds,,
and Sn 3d;,. In addition, the binding energy width (AE) of Sn
3ds/, and Sn 3dj;); is calculated to be 8.5 eV, which is close to
the AE value of Sn*" reported in the literature.>> In addition,
the O 1s spectrum is further conducted as shown in Figure S9b
in the Supporting Information; the two O 1s peaks located at
530.4 and 531.8 eV can be ascribed to the lattice oxygen and
OH, respectively. All of the above features suggest that our
synthesized sample is SnO,. For the Cr 2p XPS spectrum
(Figure S10a in the Supporting Information), the peaks fitted
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Figure 4. (a—e) TEM images of 2D amorphous SAWA-MO
ultrathin nanosheets (SnO, (panel (a)), Cr,0; (panel (b)), ZrO,
(panel (c)), AL O; (panel (d)), and SnZrO, (panel (e))) (the inset
images show the corresponding SAED patterns); (a;—e;) HRTEM
images of 2D amorphous SAWA-MO ultrathin nanosheets
(SnO,(panel (a,)), Cr,0; (panel (b)), ZrO, (panel (c,)), ALO;
(panel (d,)), and SnZrO, (panel (e,)); and (f) elemental mapping
analysis of the SnZrO, nanosheet.

at 576.6 and 586.5 eV correspond to Cr 2p;/, and Cr 2p, 5,
respectively, indicating the presence of Cr’*. The peaks at
529.8, 531.4, and 532.8 eV in the O 1s spectrum (Figure S10b
in the Supporting Information) should be assigned to lattice
oxygen, OH™, and bound water, respectively. All of the above
observations strongly support the successful synthesis of
Cr,0,.°° As shown in Figure Slla in the Supporting
Information, two distinct characteristic peaks of Zr 3d, located
at 182.2 and 184.6 eV, correspond to Zr 3ds;, and Zr 3d;),,
respectively, suggesting the existence of Zr*. The O 1Is
spectrum (Figure S11b in the Supporting Information)
possesses two distinct characteristic peaks at 529.9 and 531.8
eV, corresponding to lattice oxygen and OH~, respectively,
which indicate the successful synthesis of ZrO,.'® Similarly, the
XPS spectrum of ALO; 2p (Figure S12a in the Supporting
Information) show that only one main peak is located at 74.3
eV, which can be ascribed to AI**. The O 1s spectrum (Figure
S12b) shows only a particularly symmetrical characteristic peak
at 531.6 eV, which can be assigned to lattice oxygen. The
above analysis results identify the presence of Al,O,."”

For the amorphous SAWA-MO nanosheet, it is difficult to
precisely control element composition to obtain the corre-
sponding binary amorphous metal oxides, because of the
different reaction kinetics and redox potential of different metal
ions.””” However, because of synergistic effect between
different elements, the properties of binary metal oxides are
generally improved, compared to those of mono-metal oxides.
In this synthesis method, unlike other methods for preparing
binary amorphous metal oxides, metal salts react with Cu,O,
based on ion exchange; thus, the reaction rate is less affected
by the solubility product constant. Therefore, this method is
suitable for the synthesis of amorphous bimetallic metal oxide
nanosheets. Taking the synthesis of amorphous SnZrO,
nanosheets as an example, Figure 4e shows a TEM image of
the SnZrO, nanosheets. It can be seen that the nanosheets
have a similar morphology and size to that of Cu,O
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nanosheets. The selected-area electron diffraction (SAED)
suggests that the SnZrO, nanosheet possesses an amorphous
structure, which is consistent with the HRTEM results (Figure
4e,) and the XRD results (see Figure S13 in the Supporting
Information). Mapping analysis (Figure 4f) reveals the
homogeneous distribution of Sn and Zr in amorphous SnZrO,
nanosheets. Based on the above analyses of the SnZrO,
nanosheets, it is confirmed that our method can be extended
to the synthesis of 2D multiple amorphous SAWA-MO
nanosheets.

Metal oxides have always been considered to be a class of
excellent anode materials, because of their high theoretical
capacities.”™*” In order to verify advantages of amorphous
materials in energy storage, the cycling performance of pure
amorphous Fe,0; (a-Fe,0;) nanosheet as an anode material
for potassium-ion batteries is first evaluated (see Figure S14 in
the Supporting Information), as well as crystalline Fe,O; (c-
Fe,0;) nanosheet (see Figures S3 and S15 in the Supporting
Information) for comparison. It is obvious to see that c-Fe,O;
nanosheet basically has no potassium electric properties and
the reversible capacity directly decreased to 20 mAh g~" at 0.1
A ¢! after 100 cycles. Compared to c-Fe,O; electrode, the
amorphous Fe,O; electrode has better cycling performance.
The initial capacity of a-Fe,O; nanosheet potassium has
reached 450 mAh g™, and the capacity still possesses 210 mAh
g 'at 0.1 A g”" after 100 cycles, which can be attributed to the
flexible amorphous porous structure buffered volume change
during potassium ion intercalation and deintercalation process.
Therefore, amorphous Fe,O; nanosheets have promising
application potential in potassium-ion batteries by combining
with other conductive materials.

In summary, we successfully developed a simple and
universal synthetic strategy to create a series of 2D amorphous
SAWA-MO nanosheets. The key step of this approach is to
confine the amorphous metal hydroxide precursor to the
interlamination of oleate. This method can not only be used to
synthesize amorphous mono-metal oxide nanosheets (Fe,O;,
Sn0,, Cr,0;, ZrO,, Al,0;), but can also be extended to the
synthesis of amorphous binary metal oxide nanosheets
(SnZrO,). Compared to the 2D crystalline Fe,O; nanosheet,
2D amorphous Fe,O; nanosheet shows great application
potential in potassium-ion batteries. Overall, this method
broadens the variety of 2D amorphous metal oxide nanoma-
terials and provides important guidance for the synthesis of
other 2D amorphous nanomaterials.
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