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ABSTRACT: Pesigning a general route for rational synthesis of a series or families of
nanomaterials for emerging applications has become more and more fascinating and
vital in the view of nanoscience and nanotechnology. Herein, we explore a general
strategy for fabficating uniform nanocages of metal hydroxides (MHs) and metal oxides
(MOs). A tenlplate-assisted route inspired by Pearson’s hard and soft acid—base
(HSAB) princfple was employed for synthesizing MH nanocages via meticulous
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difficult to achieve through conventional approaches, such as
inside-out Ostwald ripening and self-assembly.>*~>” Template-
assisted routes can be straightforward in concept for the
synthesis of nanocages and the possible creation of non-
spherical nanostructures.”® However, even with templating
strategies, there have not been many good examples of
anisotropic nanocages reported, possibly due to additional
technological difficulties such as (i) mastery of the reaction
kinetics balance between the growth of a shell with desirable
materials and the synchronous removal of the sacrificial
templates, (ii) formation of a uniform coating around high-
curvature surfaces of the nonspherical templates, (iii)
preservation of the shape with high residual stresses, and (iv)
the lack of proper and easily obtained nonspherical templates.
In recent years, some novel template-assisted approaches based
on different principles such as the Kirkendall effect, galvanic
replacement, and chemical etching have been developed for the
efficient preparation of various cagelike/hollow nanostruc-
tures.'”'®**~* It should be mention that Wang et al. recently
reported an interesting synthesis of SnO, nanoboxes by
“coordinating etching” Cu,O templates using a CI~ ligand.*
However, a similar experiment carried out by us (Experiment
S1 and Figure S1, Supporting Information) reveals that it might
be acid (H") etching rather than coordinating (Cl7) etching
dominating the reaction process in their work. Therefore, no
matter the methods adopted above, the fundamental principle
for the template removal is self-diffusion or acidic or oxidative/
redox etching.

Herein, we explore a general strategy for fabricating uniform
nanocages of metal hydroxides (MHs) by templating against
Cu,O nanocrystals at room temperature and then obtaining
metal oxide (MO) porous nanocages by simple thermal
treament of the as-prepared MHs. Cu,O nanocrystals are
employed as sacrificial templates because they (i) present
diversity in crystal morphology, especially nonspherical shapes
such as cubes, octahedra, and other highly symmetrical
structures,"*~** (i) would provide favorable solution con-
ditions for the precipitation of desired shell materials (see the
equations in the following disscusion), and (iii) can be obtained
via a facile route. The key of this unique strategy lies in the
fabrication of MHs, which is inspired by Pearson’s hard and soft
acid—base (HSAB) principle.*’ This classic coordination
chemistry principle has not been taken full advantage of in
materials synthesis at the nanoscale,'”***" though it has already
been applied in the film processing of the early photographic
industry, where silver bromide (Ag" is a soft acid), a typical
component of photographic emulsions, dissolves easily upon
treatment with aqueous thiosulfate (S,05>™ is a soft base).”>*>
The concept of “coordinating etching” is successfully achieved
in this work. A “coordinating etching and precipitating” (CEP)
route is implemented by deliberately mastering the balance of
the precipitating rate of metal hydroxides and the synchronous
coordinating etching rate toward the sacrificial template. MHs
and MOs with several transition-metal elements (M = Mn, Fe,
Co, Ni, Zn) have been chosen to demonstrate the effectiveness
of this method, in view of the limited success in synthesizing
nanocages of these materials, and their significant applications
in advanced memory, optical, and electronic devices.>*~>’

B EXPERIMENTAL SECTION

Preparation of Solid Cu,O Crystals. The synthesis follows our
previous report with minor modification.*** The cubic, octahedral,

and spherical nanostructures of Cu,O samples are shown in Figure S2
in the Supporting Information.

Preparation of M(OH), (M = Mn, Fe, Co, Ni, Zn, Pb)
Nanocages. In a typical procedure, a certain amount of Cu,O
templates and MCl,-yH,O were added to 10 mL of the ethanol/water
mixed solvent in the presence of PVP (M, = 30,000). After the
mixture was stirred for 10 min, a certain amount of Na,S,0; aqueous
solution was added dropwise. Then the reaction was carried out at
room temperature for some time until the suspension solution
changed from red to the expected color. Eventually, M(OH),
nanocages were fabricated. For details of the reaction conditions see
Table S1 in the Supporting Information.

Preparation of M,0, (M = Mn, Fe, Co, Ni, Zn, Pb) Nanocages.
In a typical procedure, the as-prepared M(OH), samples were treated
with calcination under an argon or air atmosphere at different
temperatures for a certain time. The heating rate was kept at 1 °C
min~" for each sample. After thermal treatment, M, Oy nanocages were
obtained. For details of the calcination conditions see Table S2 in the
Supporting Information.

Characterization. The structures of the as-prepared products were
characterized by X-ray powder diffraction (XRD) using a Shimadzu X-
1ab6000 X-ray diffractometer with Cu Ko radiation (4 = 1.5416 A). X-
ray photon spectroscopy (XPS) was recorded with a Thermo Scientific
ESCALAB 250 Xi XPS system, where the analysis chamber was 1.5 X
107° mbar and the size of the X-ray spot was 500 um. All of the spectra
were referenced to the C 1s binding energy (BE) of 284.8 eV. Spectra
were analyzed using CasaXPS software (version 2.3.14). The
morphologies and element composition of the synthesized samples
were prepared on Si substrates and studied by a JEOL JSM-7500F
cold-field emission scanning electron microscope (CFESEM) and its
affiliated energy dispersive X-ray diffraction spectroscopy (EDS);
transmission electron microscopy (TEM) investigations were carried
out with a JEOL JEM-2100 microscope.

B RESULTS AND DISCUSSION

Strategy for the MH and MO Nanocages Fabrication.
On the basis of the HSAB principle, on one hand soft Lewis
bases can form stable complexes with soft acids; hard bases, on
the other hand, prefer hard acids. Hence, selecting a soft base
ligand (S,0,7, CN~, SCN7, etc.) as the coordinating etchant
should be more appropriate and efficient than a hard base (CI7,
NH,, etc.) due to the soft acid feature of Cu* within the Cu,O
templates. Nevertheless, not all the soft bases can be competent
in our synthetic strategy. For example, CN™ is a C-coordinated
ligand which has an empty 7* orbital. Thus, it can accept an
electron pair from the t,, orbit of the central metal ion to form
7 back-donation, which would significantly enhance the
chemical affinity of CN™ with the transition-metal ions. This
would restrain the generation of MHs even though the Cu,O
can be coordinating etched. SCN™ should not be considered as
the etchant either, because it could induce the impurity of the
product, since CuSCN is insoluble. More information on the
acid—base binding affinity could be obtained from a
comparison of the stability constants of diverse coordination
compounds (Table S3, Supporting Information). The solubility
product constants of various MHs that are proposed to
precipitate are also shown in Table S4 (Supporting
Information). In the case of this work, the synthetic strategy
of MHs is designed by employing Na,S,0; as the coordinating
etchant. The formation process is illustrated as steps 1 and 2 in
Figure 1, and the general chemical route could be described as

Cu,0 + x5,0,°” + H,0
— [Cuy($,0,°7), 7> + 20H"~ (1)
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Figure 1. Schematic illustration of the fabrication of M(OH), (M =
Mn, Fe, Co, Ni, Zn) nanocages by synchronous coordinating etching
of Cu,O nanocrystals and the fabrication of M, Oy by thermal treating
of relevant M(OH),. Abbreviations used: CEP, coordinating etching
and precipitating; CE, coordinating etching; TT, thermal treatment.

During this process, S,0,” species introduced to the
solution system can play versatile roles: (i) coordinating
etching of Cu,0O (eq 1) occurs by forming a soluble
[Cu,(S,0;3)¢]* ™ complex, since the soft—soft interaction of
Cu*—S$,04>" is much stronger than the soft—hard interaction of
Cu*—0?% within Cu,O; (ii) other transition-metal ions (M?**)
are left nearly free in the solution due to the unstable binding of
borderline acid—soft base (M**—S,05>7); (iii) along with the
OH" released from the etching of Cu,O (eq 1), those OH~
originating from hydrolysis of some S,0;*" (eq 2) can also
facilitate the formation of M(OH), (eq 3). Specifically, the pH
of the Na,S,05; solution used in the typical procedure is slightly
alkaline (9.35 for the solution with 1 M Na,S,0; or 8.50 for
that with 0.2 M Na,S,0;). Nevertheless, the pH of the reaction
systems for fabricating different MHs can all reach over 10
(Table S1, Supporting Information), since much more OH~
would be released when S,0,%" etches Cu,O (eq 1). Hence,
when the etching process occurs, M(OH), starts precipitating
synchronously and the shell structure prefers to form around
the etching interface where the local concentration of OH™ is
the highest. This process is defined as “coordinating etching
and precipitating” (CEP) and is demonstrated as step 1 in
Figure 1. Herein these two synchronous chemical reaction
guarantee that the exterior of M(OH), shell perfectly imitates
the geometrics of Cu,O templates. The shell structure can be
reserved in the following coordinating etching (CE) procedure
(step 2), even though in some cases (Mn and Fe) the M(OH),
might transform to M(OH), due to the oxidation (see the
following discussion of XPS results). It should be noted that, on
one hand, the thickness of the MH shell would increase as the
reaction proceeds until the concentration of metal ions
decreases to a value that cannot meet the request of

precipitation (occurs only in step 1). On the other hand,
continuous dissolution of Cu,O can occur even in closed shells,
proving that species such as $,0;>” and the [Cu,(S,0;),]>™>
complex can freely transport across the shells through
interparticle interstitials and driven by the as-buildup
concentration gradient during the etching process (occurs in
both steps 1 and 2). The evolution of the hollow interior
(Figure S3, Supporting Information) monitored by sampling at
intervals and characterizing with TEM also supports the
mechanism of steps 1 (CEP) and 2 (CE). The strong affinity
between the etchant and the template makes fabrication at low
temperature possible. In addition, the reaction is completed
rapidly without addition of any extra oxidizing or acid agents. In
this regard, the “coordinating etching” mechanism involved in
the present system differs in concept from the traditional
hollow-engendered mechanism, such as self-diffusion or acidic
or oxidative/redox etching, toward the sacrificial templates. In a
further procedure, MO porous nanocages can be readily
obtained by the common thermal treatment of the as-prepared
MHys, illustrated as step 3 in Figure 1.

Component and Crystallographic Structure Analysis
of the MH Nanocages. The as-synthesized MHs samples,
including manganese hydroxide, iron hydroxide, cobalt
hydroxide, nickel hydroxide, and zinc hydroxide, were first
evaluated by XPS. The XPS spectra of M 2p;,, and O 1s of
these five samples are compared in Figure 2. The respective
curve-fitted results are given in Table 1.

Analysis of the XPS Data of Manganese Hydroxide.
According to the systematic study of XPS spectra of transition-
metal hydroxides reported by Biesigner,58 the main peak 2 at
641.8 eV in the Mn 2p;,, spectrum (Figure 2a) should be
assigned to Mn®*, whose other peak was fitted at 643.1 eV
(peak 3); peak 1 at 640.6 €V could be assigned to Mn®'.
Therefore, it can be inferred that two valence states of
manganese ions coexist in the sample, which can also be
supported by analyzing the spectrum of O Is. In Figure 2b, an
obvious fitted peak 1 at 529.4 eV should result from the lattice
oxygen, “ions O>~”,*” which cannot be obviously observed from
the O 1s spectra of nickel hydroxide (Figure 2f), cobalt
hydroxide (Figure 2h), or zinc hydroxide (Figure 2j). The
enhancement of this peak should be attributed to more lattice
oxygen species binding the central metal ions when some of
these metal ions transfer to a higher valence state (Mn®"
oxidizes to Mn®"). This observation is in good agreement
with the result found in the Mn 2p;, spectrum. Peak 2 (530.5
eV) and peak 3 (530.9 eV) can be assigned to two types of
oxygen species integrated in the material as “ions OH™”,
associating with Mn** and Mn**, respectively. Peak 4 at 531.5
eV can be assigned to the “ions O7”, which could allow
compensation for some deficiencies in the subsurface of the
material.** To sum up, the component of this sample might be
a composite of Mn(OH), and MnO(OH), where MnO(OH)
could be generated from the oxidation of Mn(OH), (the
common oxidation result of Mn(OH), is MnO(OH) but not
Mn(OH);). This can be also supported by the observation of
the dark brown color, the characteristic color of MnO(OH), of
the sample solution (see the inset of Figure 3a,).

Analysis of the XPS Data of Iron Hydroxide. According to
ref 58, the main peak at 711.4 eV and all the other fitted peaks
in the Fe 2p,, spectrum (Figure 2c) should be assigned to Fe**
in Fe(OH);. In Figure 2d, the enhanced peak 1 at 529.4 eV,
similar to that in Figure 2b, also indicates the existence of the
high valence state of the iron ion (Fe*"). Peak 2 at 530.9 eV can
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Figure 2. XPS spectra of the as-prepared samples of (a, b) manganese
hydroxide, (c, d) iron hydroxide, (e, f) cobalt hydroxide, (g, h) nickel
hydroxide, and (j, j) zinc hydroxide.

be assigned to the “ions OH™”, and peak 3 at 532.1 eV should
be associated with weakly adsorbed oxygen species.” To sum
up, the component of this sample should be Fe(OH),, where
the preformed Fe(OH), might be all oxidized to Fe(OH);.
This can be also supported by the observation of the russet
color, the characteristic color of Fe(OH),;, of the sample
solution (see the inset of Figure 3b,).

Figure 3. Overview SEM images and TEM images of the (a)
manganese, (b) iron, (c) cobalt, (d) nickel, and (e) zinc hydroxide
nanocages. Insets of x; (x = a—e) are digital photos and show the
colors of the sample solutions. The scale bars in parts x; and x, are 1
pum and 500 nm, respectively.

Analysis of the XPS Data of Cobalt Hydroxide. According
to ref 58, the main peak at 780.7 eV and all the other fitted
peaks in the Co 2p;, spectrum (Figure 2e) should be assigned
to Co*" in Co(OH),. In Figure 2f, the peak at 531.0 eV can be
assigned to the “ions OH™".%" To sum up, the component of
this sample should be Co(OH),. This can be also supported by
the observation of the jade green color, one of the characteristic

Table 1. Curve-Fitted XPS Binding Energies of the Five Metal Hydroxide Samples

M 2p;,, (eV) O 1s (eV)
peak Mn Fe Co Ni Zn Mn Fe Co Ni Zn
1 640.6 710.1 780.7 855.8 1021.5 529.4 529.4 531..0 530.7 531.1
2 631.8 7114 782.2 857.9 530.5 530.9
3 643.1 713.2 786.6 861.6 530.9 532.1
4 7159 864.2 S31.5
N 719.2 866.7
16085 dx.doi.org/10.1021/ja402751r | J. Am. Chem. Soc. 2013, 135, 1608216091
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colors of Co(OH),, of the sample solution (see the inset of
Figure 3c,).

Analysis of the XPS Data of Nickel Hydroxide. According to
ref 58, the main peak at 855.8 eV and all the other fitted peaks
in the Ni 2p,, spectrum (Figure 2g) should be assigned to Ni**
in Ni(OH),. In Figure 2h, the peak at 530.7 eV can be assigned
to the “ions OH™".%’ To sum up, the component of this sample
should be Ni(OH),. This can be also supported by the
observation of the light green color, the characteristic color of
Ni(OH),, of the sample solution (see the inset of Figure 3d,).

Analysis of the XPS Data of Zinc Hydroxide. The peak at
1021.5 eV in the Zn 2p;,, spectrum (Figure 2i) should be
assigned to Zn”* in Zn(OH),.°" In Figure 23, the peak at 531.1
eV can be assigned to the “ions OH™”.% To sum up, the
component of this sample should be Zn(OH),. This can be
also supported by the observation of the white color, the
characteristic color of Zn(OH),, of the sample solution (see the
inset of Figure 3e,).

To summarize the XPS results, the components of these five
different samples should be Mn(OH),/MnO(OH), Fe(OH),,
Co(OH),, Ni(OH),, and Zn(OH),, respectively. Though some
contaminant elements, e.g. Na, Cu, and S, which might be
derived from the adsorbed Na,S,0; etchant and
[Cu,(S,05)¢]* ™ complex, can be also detected in the full
range of XPS patterns, the relevant intensities of these elements
are very weak (Figure S4, Supporting Information). This
indicates the low proportion of the contaminant elements in
each sample, which can be also proved by the investigation of
EDS (Figure SS, Supporting Information). It should be
mentioned that the oxidation of Mn(OH), and Fe(OH), can
still occur in the presence of a common reductant, thiosulfate.
The reason is as follows: the thiosulfate could be oxidized to
sulfate (SO,>7), a high oxidation state, in the present of strong
oxidant (e.g,, Cl, or MnO,”) or under the strongly alkaline (1
M NaOH) conditions with heating.62 However, none of these
strongly oxidizing conditions can be found in our reaction
system. Otherwise, another common oxidation product of
thiosulfate is tetrathionate (S,04>7), a relatively low oxidation
state.%” Since the standard reduction potentials (vs SHE) of the
Fe(OH);/Fe(OH), pair, MnO(OH)/Mn(OH), pair, O,/OH"~
pair, and S,04>/S,05>" pair are —0.56, 0.10, 0.40, and 0.08 V,
respectively, the preformed Fe(OH), or Mn(OH), could be
easily oxidized to Fe(OH); or MnO(OH) by oxygen in the
open reaction system in our work and would not be reduced by
thiosulfate after the oxidation. XRD patterns (Figure S6,
Supporting Information) reveal the amorphous feature of all
five samples as expected, since the synthesis is carried out at
room temperature and completed rapidly.

Morphology Characterization of MH and MO Nanoc-
ages. Overview SEM images and low-magnification TEM
images in Figure 3 show that each sample consists of uniform
and high-quality nanocages without impure particles or
aggregates. The insets of Figure 3 show the typical color of
each sample, which support the component analysis above.
High-magnification SEM and TEM images of the typical MH
nanocages are shown in Figure 4 to provide a clear view of
these architectures. Figure 4x; (x = a—e) reveal the cagelike
MHs have an octahedral structure with an edge length of ~500
nm, which inherit the geometrics and dimensions of the Cu,O
template well. It can be clearly observed from Figure 4x, that
small particles constitute the shell structure. In addition, these
small particles are active and therefore easily aggregate to form
varying degrees of wormlike secondary structures on the surface

Figure 4. SEM, TEM, and SAED images of the (a) manganese, (b)
iron, (c) cobalt, (d) nickel, and (e) zinc hydroxide nanocages. Parts x;
(x = a—e) and x; show a typical metal hydroxide cage image by SEM
and TEM, respectively; part x, shows high-magnification images of the
surface of the cage in part x;; part x, is the SAED pattern obtained
from the whole cage in part x;. The scale bars in parts x;, x,, and x; are
100, 20, and 100 nm, respectively.

of the cages to reduce the system energy. It should be noted
that the morphology of the zinc hydroxide nanocages appears
to be slightly different from that of the other metal hydroxides.
Their shell appears to be more sheetlike and loosely packed.
This is because the smallest solubility product constant (Table
S4, Supporting Information) and relatively high pH of the
reaction system (Table S1, Supporting Information) can induce
a faster nucleation of zinc hydroxide into small particles which
then aggregate in a greater degree. Therefore, the secondary
structures of zinc hydroxide seem more sheetlike, while those of
other materials, e.g. cobalt hydroxide, seem wormlike. These
sheetlike structures cause the shell to be loosely packed, but the
shell framework can still maintain the basic octahedral
architecture.

The hollow interior and architectural construction of as-
prepared M(OH), nanocages have been further studied by
TEM images, as displayed in Figure 4x;. The inner cavity is
clearly revealed by the contrast between the shells and hollow

dx.doi.org/10.1021/ja402751r | J. Am. Chem. Soc. 2013, 135, 16082—16091
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Figure S. SEM, TEM, and SAED images of the (a) Mn;0,, (b) Fe,0;, (c) CoO, (d) NiO, (e) ZnO, and (f) Co;0, nanocages. Parts x; (x = a—f)
and x; show a typical metal oxide cage image by SEM and TEM, respectively; part x, shows high-resolution images of the surface of the cage in part
x;, with porous structures pointed out in circles; part x, is the SAED pattern obtained from the whole cage in part x;. The scale bars in parts x;, x,,

and x; are 100, 40, and 100 nm, respectively.

interiors. The highly symmetric octahedral shell framework can
be observed more distinctly from these perspective views. The
shell of the nanocages is as thin as ~40 nm. One would expect
the nonspherical template should lead to nonuniform shell
thickness because of enhanced reactivity at the corners and
edges of the template, but we did not observe this effect. This
result might be attributed to the equally high reactivity of the
eight faces of the Cu,O octahedron, since the coordination
unsaturated “Cu” species on these faces® is also active to
interact with S,0;>". No structural deformation such as
warping or collapse occurs, though the reaction proceeds
quite quickly. The selected area electron diffraction (SAED)
patterns in Figure 4x, also suggest the amorphous feature of
these MHs nanocages, consistent with the XRD result.
Amorphous materials are well-known as containing numerous
undercoordinated atoms or reactive sites at the surface, which
would have a unique influence on the internal structures of the
materials. Thus, the as-prepared amorphous MH nanocages
may find interesting application in the field of electro-
chemistry®*~% and photochemistry.*”%®

After simple thermal treatment of the as-synthesized MHs
samples, relevant MOs nanocages were readily obtained. XRD
results (Figures S7a—S11a, Supporting Information) reveal that
calcining the five hydroxide samples under an argon
atmosphere can produce Mn;0,, Fe,O; CoO, NiO, and
ZnO, respectively. This result also support our aforementioned
component analysis of MH samples that there are two valence
states (Mn®>" and Mn®") in the sample of manganese
hydroxides, while there is only one state (Fe’") in the sample
of iron hydroxides. Interestingly, another type of cobalt oxide,
Co;0,, can also be obtained when carrying out the calcination
of cobalt hydroxides in the air (Figure S12a, Supporting
Information). This is attributed to the fact that some Co** can

be oxidized to Co®" under the oxygen-rich conditions.
However, other types of MOs with further oxidation, e.g.
Mn,0;, cannot be obtained by a similar approach.

Overview SEM images and low-magnification TEM images
(Figures S7b—S12b, Supporting Information) show that each
sample consists of uniform nanocages without small particles
even after calcination. High-magnification SEM and TEM
images of the typical MO nanocages are shown in Figure S.
Figure Sx; (x = a—f) reveals that the cagelike MOs still maintain
the octahedral geometries and dimensions of the relevant MH
nanocages. The octahedral shell structures can be observed
more obviously from the TEM image in Figure 5x;. Pores can
be created on the shell of these MO nanocages (pointed out in
circles in Figure Sx,), which are induced by the loss of
constitutional water when hydroxides transform to oxides.
Meanwhile, no obvious structural destruction such as collapse
or deformation occurs after calcination, indicating that the
present cagelike nanostructures are stable at the respective
calcination temperatures. The SAED patterns in Figure Sx,
show the polycrystalline features of these MO nanocages. It
should be mentioned that though the crystallinity of these MOs
is not that good, from an observation of XRD and SAED
results, this instead might be conducive to their applications in
view of some recent reports.””**~7° For instance, materials with
the feature of an amorphous state, an extreme case of poor
crystallinity, were found to have promising applications in the
field of electrochemistry and photochemistry;**~*® poorly
crystalline nanomaterials can also show better Gperformance in
electrochemical catalysis®® and as capacitors.””’® Tt is well-
known that porous hollow materials can provide large surface
areas for reaction, interfacial transport, or dispersion of active
sites at different length scales of pores and shorten diffusion
paths or reduce the diffusion effect. Hence, the as-obtained
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porous MO nanocages may find a promising future in the
applications of catalysis, sensors, energy conversion, and
storage.n’72

Discussion of the CEP Reaction System. From the above
discussion, one can perceive that the fabrication of the MH
nanocages, ie. the CEP procedure, is the most fascinating and
important part of this novel strategy. In the present system,
precisely manipulating two synchronous processes, the
precipitation of the shell materials and the coordinating etching
of Cu,O templates, is crucial for fabricating high-quality
M(OH), nanocages. Taking Ni(OH), for example, if the
strategy was carried out in the solvent system with only water,
then excessive hydrolysis of S,05>” (eq 2) would cause a high
concentration of OH™ in the bulk solution. This would provide
an opportunity for some Ni** to precipitate far from the etching
interface and inevitably form abundant irregular particles, some
of which might further induce severe collapse of nanocages by
rapid mass transport across the shells (Figure S13a, Supporting
Information). Meanwhile, the hydrolysis-induced decrease of
the concentration of S,0;*~ would lower the rate of
coordinating etching of Cu,O (eq 1), resulting in a prolonged
reaction time. Therefore, a nonaqueous solvent such as ethanol
should be introduced into the system to control the hydrolysis
of $,0,>". However, too much ethanol would not be
appropriate either. For example, in the solvent system with
only ethanol, OH™ release is significantly inhibited due to the
lack of water and decreased ionizability. Moreover, the poor
solubility of Na,S,0; in ethanol lessens its coordinating etching
ability toward Cu,O. Thus, only a few Ni(OH), nanocages
form (Figure S13b, Supporting Information). For fabricating
nanocages with different components, the initial volumes of
water and ethanol are not the same: ie., 3 and 7 mL for
manganese hydroxide, 10 and 0 mL for iron hydroxide, and S
and S mL for cobalt, nickel, and zinc hydroxides. This
difference can be attributed to the diversity of the solubility
product constants of these MHs (Table S4, Supporting
Information).

The concentration of the Na,S,0; added to the reaction
system should also be considered. In the case of fabricating
Ni(OH), nanocages, the concentration of Na,5,0; should be
kept at 1 M. If the concentration of Na,$,0; was too high (e.g,
1.5 M), abundant irregular particles would appear in the
sample, similar to the phenomenon of manipulating the
reaction in the solvent system with only water (Figure S13a,
Supporting Information). A relatively low concentration of
Na,$,0; (e.g,, 0.5 M) could reduce the concentration gradient
of the etching procedure and thus the diffusion rate of $,0,*~
would decrease consequently, which would significantly
increase the reaction time. Therefore, an extremely high or
low concentration would not maintain the balance between
M(OH), formation rate and Cu,O removal rate. Additionally,
an alternative coordinating etchant with a soft base feature,
(NH,),S,05 or CH,N,S, was also successfully applied in this
reaction system. Uniform nanocages (e.g, Ni(OH),) can also
be readily synthesized (Figure S14, Supporting Information).
Nevertheless, using either of these two etchants would prolong
the reaction time compared with that for Na,S,0;. This is
because the neutral pH of these two etchant solutions would
lead to a low concentration of OH™ ions in the reaction system
and thus retard the precipitation of the MHs. Even after the
reaction was complete, the pHs of the reaction systems using
(NH,),S,0; and CH,N,S can only reach 8.10 and 84S,
respectively, which are much lower than that for Na,S,0;

(Table S1, Supporting Information). It is also found that
introducing a surfactant such as polyvinyl pyrrolidone (PVP) to
the synthetic system is indispensable in forming high-quality
products. In the absence of PVP, Ni(OH), hollow nanostruc-
tures for instance, could still be produced, but not all the cage
structures can be retained. Some irregular Ni(OH), particles
also appeared (Figure S1S, Supporting Information). In
addition, PVP might also reduce the mobility of $,0,>~ and
thus slow down the etching reaction,”® guaranteeing the
production quality. Apart from the nonionic surfactant PVP,
other common ionic surfactants, e.g. cetyltrimethylammonium
bromide (CTAB) and sodium dodecyl sulfate (SDS), can also
assist the fabrication of nanocages (Figure S16, Supporting
Information), indicating a wide inclusivity of this system toward
the types of surfactants. As a result, well-defined and high-
quality M(OH), nanocages can be fabricated with judicious
selection of the coordinating etchant, optimization of reaction
conditions, and the assistance of a surfactant.

Versatility of the Strategy for Nanocage Fabrication.
This HSAB-principle-inspired and template-assisted strategy
also allows rational control of the size, shell thickness, and
shape of resultant MH nanocages. Ni(OH), nanomaterials are
taken as an example to demonstrate this versatility as follows.
Figure 6 shows the octahedral nanocages with edge lengths

Figure 6. SEM and TEM images of the Ni(OH), nanocages with edge
lengths around (a, b) 1 gm and (¢, d) 170 nm.

around 1 ym and 170 nm, which can be synthesized utilizing
the same procedure by taking the Cu,O octahedra with
respective sizes as the templates. Although the size range of the
Cu,O templates is wide, the reaction times are very close. This
proves again the strong affinity between the etchant and the
templates. In addition, the shell thickness can be controlled by
changing the initial concentration of Ni** (ICN). Tuning the
concentration at 0.5 and 3 times that of the typical ICN (0.7
mM) can bring about the resultant nanocages with ~15 and
~80 nm of the shell thickness, respectively (Figure 7). Thus,
this provides a clue that the lower (higher) the ICN is, the
thinner (thicker) the shell thickness of the nanocages would be.
However, well-defined and high-quality nanocages could not be
obtained by further a decrease or increase of the ICN. For
instance, a much lower ICN (0.21 mM) would induce the
breakage and deformation of the nanocages, while a much
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Figure 7. TEM images of the Ni(OH), nanocages with shell thickness
around (a—c) 15 nm and (d—f) 80 nm. Parts c and f are the magnified
images of the typical shell structure from the marked areas of the
nanocages in parts b and e, respectively.

higher ICN (2.8 mM) would lead to abundant irregular
Ni(OH), nanoparticles in the product (Figure S17, Supporting
Information). When other morphologies of Cu,O templates are
introduced, such as cubes and spheres, the resultant Ni(OH),
nanocages with corresponding shape can be also obtained, as
shown in Figure 8. The features of the octahedral nanocages,

including uniform dimensions, good exterior texture, and
amorphous, intact, and regular shell structure can also be clearly
observed in these cubic and spherical nanocages. All these
suggest that the provided strategy for the fabrication of
Ni(OH), nanocages is powerful and should be suitable for
preparing other kinds of MH nanocages, even templating
against a more sophisticated architecture of Cu,O.

Along with the series of MH and MO nanocages with
transition-metal elements mentioned above, the provided
fabricating strategy also shows potential in the synthesis of
main-group-metal hydroxides and oxide nanocages. For
example, uniform, amorphous, and octahedral Pb(OH),
nanocages can be synthesized in a similar solution system
with slight modification (Figure S18, Supporting Information).
These Pb(OH), nanocages have exterior and interior structural
features similar to those of the transition-metal hydroxides.
Through thermal treatment at an appropriate temperature,
amorphous Pb(OH), can transform to polycrystalline PbO
nanocages without any structural destruction (Figure S19,
Supporting Information). On the basis of these results, we
believe that more interesting and important new types of
nanocages can be obtained by properly tuning the chemical
reactions in the fabricating process.

Bl CONCLUSION

In summary, we have demonstrated a general strategy for the
fabrication of MH and MO nanocages. A template-assisted
route inspired by the HSAB principle was employed for
successfully synthesizing MH nanocages via meticulous
selection of the coordinating etchant as well as optimization
of the reaction conditions. This unique route shows potential in
designing well-defined and high-quality MH nanocages with
varying components, shell thicknesses, shapes, and sizes at
room temperature. Consequently, porous MO nanocages can
be obtained readily just through appropriate thermal treament

500 nm 500 nm
) ———

Figure 8. SEM and TEM images of Ni(OH), nanocages with (a—c) cubic and (d—f) spherical structures. The insets in parts ¢ and f are SAED

patterns, indicating the amorphous feature of the samples.
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of the respective MH nanocages. The overall strategy present in
this work expands the range of the application of the HSAB
principle in nanoscience and offers a unqiue clue for rational
fabrication of hollow (porous) and/or amorphous structures on
the nanoscale, where these nanocages may present promising
potential for various applications.
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