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Spherical architectures of nickel-aluminum layered double hydroxide (NiAl-LDH) with hydrotalcite-like nanoflakes as
building blocks were facilely fabricated by precipitation reaction in aqueous solution without any surfactants and
organic solvents. Growth of such unique structure undergoes preorganization of primary nanospheres of colloidal amor-
phous aluminum hydroxide (AAH) in solution, followed by nucleation and crystallizaion of LDH from exterior to interior
of AAH spheres by an in situ transformation mechanism. The structure and morphology of LDH spheres depend on both
starting raw materials and synthetic parameters including reaction time, reaction temperature, and aqueous ammonia
dosage. NiAl-LDH sphere as positive electrode material delivers improved rechargeable and discharge capacity, with
the highest discharge capacity of 173 mAh gil at a current density of 30 mA gil within a potential range from —0.1
t0 045 V in 10 mol L~" KOH solution, due to the faster diffusion processes in the spherical architecture than the pow-
der sample. © 2014 American Institute of Chemical Engineers AIChE J, 60: 4027-4036, 2014
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Introduction

Integration of nanosized materials into higher ordered
architectures is of great importance in developing new func-
tional devices for practical applications.'"™ Porous nano-
sphere as one of three-dimensional (3-D) assembled
structures from low-dimensional building blocks such as
nanoparticles, nanorods, and nanosheets can provide nano-
materials with high specific surface areas, strong mechanical
strengths, and fast mass and electron transport Kkinetics.
These 3-D spherical architectures have shown specific func-
tions in a large variety of research fields such as high-
performance structural and functional devices, chemo- and
biosensors, catalysts, adsorbents, energy conversion, and bio-
medical materials.>® Various fabrication strategies have
been attempted for the integration of nanomaterial into 3-D
architectures over the last two decades, such as self-organi-
zation,' ™ field-,>'° bio-,'' and interface-directed'? techni-
ques, however, disadvantages related to complicated
fabrication procedures, high cost, and environmental contam-
ination have hindered the further scale up of many of these
methods for large scale applications successfully. In this
sense, the development of simple, environmentally benign,
and controllable assembly technologies remain a challenge
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for the actual practical applications. Layered crystal materi-
als are a special type of compounds in which the crystals are
built by stacking of two-dimensional (2-D) units connected
to each other through weak interactions such as van der
Waals, electrostatic, and coulombic forces.'? Among the lay-
ered materials, a class of anionic clays: layered double
hydroxides (LDHs, also known as hydrotalcite-like materials)
have been paid much attention recently, due to their poten-
tial industrial applications as adsorbing/separating agents,
additives in polymers, and precursors for catalysts, semicon-
ductors, electrical, magnetic and optical materials.'4'®
Assembling such 2-D platelets into organized 3-D architec-
tures would be indispensable and significant for further
applications of the layered crystals materials by tuning and
controlling their electrical, optical, mechanical, or chemical
properties.

Recently, fabrication of LDHs with 3-D architectures has
been reported by the surfactants-assisted process in hydro/
solvothermal reaction mixtures.'”* For example, coral-like
porous MgAIl-LDH microspheres have been synthesized in a
nonaqueous polar solvent/surfactant system of ethylene gly-
col/methanol/dodecyl sulfate.'® In subsequent cases, sodium
dodecanesulfonate,”® glycine,21 sodium alginate,22 cetyltri-
methyl ammonium bromide,?® and sodium dodecyl sulfo-
nate® have been applied as soft templates in this field. In
those studies, uniform LDH nanocrystals are suggested to be
first attained on nucleation and crystallization in the
surfactants-assisted process. Subsequently, the formed nano-
crystals will assemble into microspheres in order to
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minimize the surface energy during the solvothermal treat-
ment. However, the size of the as-prepared 3-D LDH archi-
tectures is usually at micrometer range. It is noted that
nanosized assembly is not easy to be acquired in the case of
LDH for the chemical bonds are not isotropic in 3-D orienta-
tion. Furthermore, such attempted approaches with organic
surfactants and solvents often require dealing with a lot of
organic solvent, which is neither convenient nor environmen-
tal friendly. Thus, the developing of surfactant-free approach
for nanosphere architectures of LDH working under mild
conditions is highly desired. Herein, we report a simple and
effective fabrication of 3-D nickel-aluminum layered double
hydroxide (NiAl-LDH) spherical architecture by in situ
transformation of preorganized primary amorphous alumi-
num hydroxide (AAH) nanospheres in solution containing
basic aluminum acetate (BAA), nickel acetate, and aqueous
ammonia, without using any surfactants and organic sol-
vents. The formation course, such as the evolution of phase
composition, structure, and particle morphology during the
whole process is verified and the mechanism of LDH sphere
formation is postulated based on the characterization results.
Detailed investigations of starting raw materials and syn-
thetic parameters including reaction time, reaction tempera-
ture, and aqueous ammonia dosage are further carried out
for control of structure and morphology of LDH spheres.

Rechargeable batteries are becoming more and more
important in everyday life, especially in consumer electronic
devices and city transportation.25 2% The prospect of develop-
ing high-performance nickel hydroxide-positive electrodes
for application in various nickel-based rechargeable alkaline
storage cells is an exciting direction in the field of electrical
energy storage. Introducing bi- or trivalent cations, such as
Co*™, Zn®**, A", Mn®*, and Fe*™, into the nickel hydrox-
ide lattice has been reported to have a greater discharge
capacity and higher utilization of active material than the /-
Ni(OH), electrode, which might be related to the stable
lamellar structure, efficient water relay system to make rapid
anion migration, and the effects of interlayer anions.'>?"—°
The aggregation of active material tends to reduce the acces-
sible surface area for participating electrochemical reaction
and the utilization ratio of the active material. Thus, the fab-
rication of electrode materials with higher and more accessi-
ble surface area plays a key role in the development of
energy storage technology.’®>* For example, hollow struc-
ture of the nickel hydroxide tube was revealed to contribute
to superior capacity, reversibility, high rate discharge, high-
temperature performance, and cycling stability compared
with dense spherical powder sample.32 With this in mind,
the electrochemical performance of the obtained NiAl-LDH
spherical architecture is further tested as an example of its
practical applications, which exhibits improved rechargeable
and discharge capacity compared with NiAl-LDH powder
sample. The approach we presented is simple and environ-
mentally benign, and accessible to scale up for fabrication of
3-D LDH architectures, which proves good application pros-
pect in energy storage and conversion devices.

Experimental Section
Synthesis of LDH spherical architectures

All the reagents were analytical grade and used without
further purification. NiAl-LDH spherical architectures were
fabricated by precipitation reaction in aqueous solution
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containing BAA, nickel acetate, and aqueous ammonia. In a
typical synthesis, AI(OH)(OCOCHj3),-2H,0 (1.6 mmol) was
added to an aqueous solution of Ni(OCOCH;),-4H,0
(80 mL, with [Ni*" +AP*]=0.1 mol L™" and Ni**/AI’*
molar ratio =4) in a three-neck flask which was soaked in a
water bath previously heated to 60°C under continuous stir-
ring. A suspension of BAA particles was obtained. Then,
aqueous ammonia (15 mL, 28 wt %) was added quickly and
the color of suspension was changed from light green to
deep blue immediately, accompanying the further dissolution
of BAA particles. The initial reaction time was recorded as
0 min after adding aqueous ammonia. After reaction, the
precipitate was filtered off, washed repeatedly with deionized
water and anhydrous ethanol. The washed specimens were
dried in an oven at 60°C overnight.

Other experiment was undertaken in which the aqueous
ammonia dosage was altered from 5 to 40 mL. The reaction
temperature and duration of the reaction were varied
between 50 and 90°C and 0.5 min to 24 h, respectively. For
comparison, Ni(NO3), and AI(NOs3); were also used as Ni
and Al precursor, respectively, and urea was used as basic
precipitator instead of ammonia aqueous solution. Moreover,
the hydrolysis of AI(OH)(OCOCH;),-2H,0 with ammonia
aqueous solution under the same conditions but in the
absence of Ni(OCOCHs),.4H,0 were undertaken.

Material characterization

Powder x-ray diffraction (XRD) patterns of the samples
were collected on a Shimadzu XRD-6000 diffractometer
using a Cu Ka source, with a scan step of 0.02° and a scan
range between 3° and 70°. Fourier transform infrared (FTIR)
spectrum was recorded in the region 4000-400 cm ™' on a
Bruker Vector 22 spectrometer using KBr pellet technique.
The morphologies of the samples were investigated using a
scanning electron microscopy (SEM) instrument (Zeiss
SUPRA 55) with an accelerating voltage of 20 kV. Trans-
mission electron microscopy (TEM) and high-resolution
transmission electron microscope (HRTEM) images were
recorded with JEOL JEM-2010 transmission electron micro-
scope. The accelerating voltage was 200 kV in each case.
The specific surface area determination and size analysis
were performed by Brunauer—Emmett—Teller (BET) and Bar-
rett—Joyner—Halenda (BJH) method, respectively, using a
Micromeritics ASAP 2020 analyzer. Prior to the measure-
ment, the samples were degassed at 100°C for 6 h. X-ray
photoelectron  spectrometer (XPS) measurements were
recorded on an ESCALAB 250 XPS, operating at a typical
pressure of about 2 X 1077 Pa using Al Ko x-rays as the
excitation source (1486.6 kV) in 0.05 eV energy step size.

Electrochemical characterization

Electrochemical characterizations were performed in a
three-compartment electrolysis cell, in which a piece of Ni
foam was used as the counter electrode and an Hg/HgO elec-
trode as the reference electrode.” Cyclic voltammetric stud-
ies were carried out on a electrochemical workstation
(CS350, Corrtest, China) at room temperature. Cyclic vol-
tammetry measurements were conducted at a scan rate of 0.5
mV s~ ' vs. Hg/HgO. Galvanostatic charge—discharge studies
were conducted on a LAND CT2001A cell performance tes-
ter. After the working electrode had been immersed in a
10 mol L™' KOH solution for 24 h, the electrode was
charged for at a current density of 30 mA g ' and
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Figure 1. XRD pattern (a) and SEM (b), TEM (c), and HRTEM (d) images of LDH spherical architecture obtained at
60°C for 12 h with aqueous ammonia dosage 15 mL.

XRD pattern of takovite crystal (JCPDS No.15-0087) is included for comparison. Insets of (b) show the high-magnification SEM
images of a represented individual architecture. [Color figure can be viewed in the online issue, which is available at wileyonlineli-

brary.com.]

discharged at the same density until the potential was —1 V.
Herein, the current densities and discharge capacities per
gram were all calculated according to the weight of LDH
used in the preparation of the electrode.

Results and Discussion

NiAl-LDH spherical architecture was fabricated by the pre-
cipitation reaction in mixtures containing BAA aqueous sus-
pension and nickel acetate solution with ammonia aqueous
solution as alkali source. The crystal phase of the resulting
sample produced at 60°C for 12 h was analyzed by XRD (Fig-
ure la), which exhibits a series of (00/) diffraction lines at low
20 values, characteristic of a layered structure. The diffraction
lines are similar to those of takovite crystal (JCPDS No. 15—
0087, a kind of hydrotalcite-type material with carbonate ions
intercalated into gallery). The (003) peak appears at 10.5° (the
interlayer spacing dooz = 0.85 nm), demonstrating the interca-
lation of acetate anions into LDH gallery.**** Figure 1a also
shows the emergence of two broad asymmetric peaks around
35.2° and 62.2° corresponding to (012) and (110)/(113) reflec-
tion line, respectively, confirming a hexagonal lattice with a
3R stacking of LDH layers.35

Figure 1b shows a typical SEM image of the production
composed by the spherical architectures leading to a
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nondensely packed arrangement. The size of the spherical
forms is in the range of 150-200 nm. SEM image at a high-
magnification (inside of Figure 1b) reveals the morphology
of an individual sphere-like architecture which consists of
dozens of nanoflakes intercrossed with each other. The
spherical morphology and interior feature of the LDH archi-
tectures is further confirmed by TEM observation (Figure
1c). Well-defined spheres with size about 200 nm are
observed. LDH nanosheets with platelet edge length in the
range of 30-60 nm and thickness about 4 nm appear as nee-
dles. Such an extrinsic feature is due to the vertical orienta-
tion of the LDH primary nanosheets to the Cu grid when
stacking to form the sphere. HRTEM image provides further
evidence of the appearance of LDH crystalline phase (Figure
1d), which demonstrates the lattice fringes of (012) plane
with a lattice gap of 0.258 nm. Also, we observe the ill-
defined lattice fringes designated by blue dotted circle sug-
gesting the weak crystallinity in this region.

The intercalation of acetate anions into interlayer region
of LDHs can be further confirmed by FTIR spectroscopy
(Figure 2). The broad band at about 3645 cm ' is character-
istic peak of the stretching vibration of hydroxyl groups in
the lattice of LDHs hydrogen-bonded to H,O molecule and
anion interlayer. The asymmetric and symmetric carbonyl
vibration bands of acetate, respectively, at 1645 and
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Figure 2. FTIR spectrum of LDH spherical architecture
obtained at 60°C for 12 h with aqueous
ammonia dosage 15 mL.

1364 cm ™' are observed, along with the stretching vibration
of C—=Oat 1124 cm™ ">

We can see from Figure 3 that the adsorption isotherm of
LDH spherical architecture displays a type-IV characteristic
with a H3-type hysteretic loop at the relative pressure (p/
po > 0.4), indicating the presence of a mesoporous structure.
The BET specific surface area is calculated to be 284 m?*
g~ !. The relatively larger specific surface area may be attrib-
uted to the LDH architecture structure with a large amount
of hierarchical pores which will give great contribution to
the surface area when the particle sizes are in the nanometer
scale.*® The pore-size distribution of the LDH sphere calcu-
lated by BJH method from desorption branch (inset of Figure
3) exhibits a narrow size distribution around 3-5 nm.

With the aim of controlling effectively the morphology of
3-D LDH spherical architectures and further allow the prop-
erties to be tailored to specific applications, a detailed under-
standing of the mechanism of architectures formation was
carried out in this article. Figure 4a shows an accumulation
of BAA particles with multifarious shapes. The BAA par-
ticles are insoluble after adding to an aqueous solution of
nickel acetate at 60°C under continuous stirring. However,
adding ammonia aqueous solution to the suspension for 0.5
min can lead to the disintegrating of the BAA bulk and a
compact aggregation of spherical particles with the size
about 100-150 nm is formed (Figure 4b). Individual orbicu-
lar particles cannot be distinguished anymore. Meanwhile,
XRD pattern illustrates that the characteristic reflections of
BAA (Figure 5; JCPDS No. 13-0833) have completely disap-
peared for the sample with reaction time 0.5 min (Figure
5a). Instead, we can observe weak LDH diffraction peaks
begin to appear with broad diffuse peaks below 40° charac-
teristic of amorphous phase which maybe AAH gel.37 It is
interesting to see numerous distinguished nanoflakes curve
from the surface of spherical particles after reaction time 1
min (Figure 4c). Consequently, an obvious increasing inten-
sity of LDH diffraction peaks at 10.5° and 21.1° has been
showed for the sample obtained with reaction time from 0.5
to 3 min (Figure 5b), indicating the forming of LDH crystals
on the particle surface and the intercalation of acetate into
the LDH gallery. With extended reaction time for 8 h (Fig-
ure 4e), individual rounded particles with numbers of LDH

4030 DOI 10.1002/aic

Published on behalf of the AIChE

2504 ‘?E
5
2004 3
—_ >
(= =
£15045 2 4 6 8 10 12
3 a Pore Diameter (nm)
£
E 100 -
=)
>
504
0 v T v T v T v T v
0.0 0.2 0.4 0.6 0.8 1.0

Relative Pressure (P/Po)

Figure 3. N,-sorption isotherm and pore-size distribu-
tion (inset) of LDH spherical architecture
obtained at 60°C for 12 h with aqueous
ammonia dosage 15 mL.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

nanoflakes interlaced on the surface can be identified. XRD
patterns also demonstrate a pronounced raise of the intensity
of (003) reflection peak of LDH structure (Figure 5c). When
the duration of reaction was further prolonged, the size of
LDH architecture enlarges from 100-150 nm (reaction time
8 h, Figure 4e) to 150-200 nm (reaction time 12 h, Figure
1b). It is noted that the particle size does not increase with
the reaction time 24 h (Figure 4f), but the (003) reflection
intensity strengthens further (Figure 5e), indicating a gradual
crystallization of LDH platelets.

The above SEM and XRD results denote the formed AAH
spherical particles during the initial stage of reaction may
induce the construction of 3-D LDH architectures with the
used synthesis conditions. An additional experiment to fur-
ther verify the formation and evolution process of the solid
reaction intermediates AAH within ammonia aqueous solu-
tion was carried out. The experiment was conducted using
only BAA and ammonia aqueous solution as raw materials
at 60°C. The SEM images of samples taken at different stir-
ring times are shown in Supporting Information Figure S1.
Congregated spherical particles with size about 100-150 nm
are immediately formed on adding ammonia aqueous solu-
tion for a short time 0.5 min (Supporting Information Figure
Sla). XRD shows broad diffuse peak attributed to the AAH
phase for the sample at the early stage (Supporting Informa-
tion Figures S2a, b). The following hydrolysis reaction (Eq.
1) for BAA may occur within the ammonia aqueous solution

Al(OH)(OCOCH3),(s)+H,0 S Al(OH),(s)+H" +CH;CO0~ (1)
It is noted that the spherical nanoparticles of sample
obtained after reaction 1 min (Supporting Information Figure
S1b) show a smaller particle size than those after 0.5 min,

which may be due to the dissolving of the AAH particles in
the alkaline solutions (Eqs. 2 and 3)

Al(OH),(s) S AI(OH), " +OH™ S AI(OH)*" +OH™ S APT+OH ™
)

or

December 2014 Vol. 60, No. 12 AIChE Journal
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Figure 4. SEM images of reagent BAA (a) and LDH spherical architectures obtained with different reaction times:
0.5 min (b), 1 min (c), 3 min (d), 8 h (e), and 24 h (f) at 60°C with aqueous ammonia dosage 15 mL.

AI(OH),(s)+OH™ 5 AI(OH),~ 3)

With the reaction time of 10 min, the spherical aggregates
of AAH collapse to form the alveolate-like particles (Sup-
porting Information Figure Slc). Meanwhile, weak dif-
fraction peaks of boehmite can be detected (JCPDS No.
83-2384; Supporting Information Figure S2c). The diffrac-
tion intensity of boehmite strengthens for the sample
obtained after reaction 24 h (Supporting Information Figure
S2d). The above SEM and XRD observation demonstrate
that AAH phase can be formed during the early stage within
ammonia aqueous solution. Crystallization of boehmite may
occur with a prolonged reaction time. As the acetate ions
from hydrolysis of BAA can link to aluminum atom on
AAH, probably by mononuclear outer-sphere complexes,
that is, complex which are coordinated to OH— groups and/
or water molecules at the hydrated surface through electro-
static interactions and hydrogen bonding,38 AAH tends to
form nanoparticle agglomerates with external spherical
appearance in aqueous solution to decrease the total system
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energy. For estimating the important role of the acetate ions
for the controlling of the formation of LDH spherical archi-
tectures, an additional experiment was performed using
AI(NO3); and Ni(NOj3), as the Al and Ni precursor salt,
respectively. Only round-like particles with size about 30 nm
can be obtained (Supporting Information Figure S3a). In
fact, even with BAA and Ni(NOs), as raw materials, we can-
not obtain the LDH spherical architecture (Supporting Infor-
mation Figure S3b). It is concluded that the appropriate
quantity of acetate ions is necessary for bonding the
Al(OH); to AAH orbicular agglomerates, which further
induce the construction of LDH spherical architecture.
According to the literatures, chemically induced self-
transformation process from the aggregated precursor par-
ticles with globular shape has been performed by several
groups as one of the nontemplate methods for fabrication of
hollow inorganic materials.””™** Several mono-metal com-
pounds such as hollow spheres of Sn02,3 o CaCO3,40 WO3,41
and y-AIOOH** have been fabricated through the self-
transformation process. In our case, the crystallization
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Figure 5. XRD patterns of reagent BAA and LDH spher-
ical architectures obtained with different
reaction time: 0.5 min (a), 3 min (b), 8 h (c), 10
h (d), and 24 h (e) at 60°C with aqueous
ammonia dosage 15 mL.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

process of LDH spherical architecture is relatively compli-
cated in consideration of the double metal hydroxides sys-
tem. The observation of the evolution process of BAA in the
ammonia aqueous solution illustrates a behavior of BAA
hydrolysis to AAH orbicular agglomerates and subsequent
recrystallization to boehmite (Supporting Information Figure
S1 and Figure 2). Moreover, the dissolved AI(OH), species
may have great opportunity to react with abundant Ni*" ions
to nucleate inside the reaction solution, leading to the forma-
tion of discrete LDH crystalline. Herein, these problems can
be mitigated by the complex formation of Ni** with a large
excess of ammonia in solution (Eq. 4)

Ni2* +NH; S Ni(NH;) 2 4)

Actually, we observe an obvious change of the solution
color from light green to deep blue with the addition of
ammonia aqueous solution, demonstrating the initiation of
the complexing reaction. We suggest that the formed
Ni(NH;)s*" complex provide a feasible period for preorgani-
zation of AAH spheres and prevent the direct nucleation of
NiAI-LDH in the solution. Experimentally, when we
replaced ammonia aqueous solution with urea for fabrication
of LDH architecture, only partially collapsed or irregularly
shaped microspheres with the size above 4 um are obtained
(Supporting Information Figure S4a). Because the thermal
activation of urea decomposition at ambient pressure requires
a long reaction time, the releasing rate of Al** species is rel-
atively slow when using urea as precipitator. Thereby, the
LDH nucleation and crystal growth take a comparatively
long time, leading to a larger spherical form. Moreover,
when using strong base NaOH as the basic precipitator (Sup-
porting Information Figure S4b), the obtained products are
not organized architectures but discrete nanoplates with a
diameter size about 30 nm. We speculate that the increasing
pH of reaction solution with NaOH makes the solid AI(OH);
dissolving rapidly into AI(OH), , and thus LDH nuclei form
in the solution instead of on the surface of AAH spheres.
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XPS spectra of Al 2p and Ni 2p for the specimens
obtained with different reaction times were given in Support-
ing Information Figure S5. We can recognize that the spec-
trum of Al 2p for the specimen prepared with reaction time
0.5 min shows a peak with binding energy of 75.0 eV,
related to the AI’* species in the form of AI—OH of the
amorphous phase (Supporting Information Figure S5a).*?
With prolonging the reaction time, the peak at 75.0 eV grad-
ually disappears, and simultaneously another peak at 74.1
eV, which may be attributed to the AP species in NiAl-
LDH,* shifts to 74.4 eV. A positive shift of Al 2p signal for
the AI*" species in the AAH phase indicates that the elec-
tron cloud density surrounding the aluminum nuclei may be
decreased accompanying the formation of LDH phase by
incorporation of Ni?* with aluminum hydroxide in the layer.
In addition, XPS spectra of Ni 2p exhibit two peaks at 856.2
and 862.3 eV for all the specimens, which may be associated
with the Ni*" species in NiAl-LDH.**

On the basis of above systematic experimental results, we
propose a schematic formation mechanism of LDH spherical
architecture via the template-free in situ transformation pro-
cess, as represented in Figure 6. After adding ammonia aque-
ous solution into the reaction mixtures containing BAA
aqueous suspension and nickel acetate solution, BAA hydro-
lysis takes place rapidly in the basic solution, leading to the
disintegration of the bulk to a compact aggregation of AAH
spherical nanoparticles (Eq. 1). This preorganized AAH
spheres could be an important stage for the assembled mor-
phology controlling of the final LDH spherical configuration.
Hydrolysis of BAA in ammonia aqueous solution can pro-
duce plenty of acetate ions, which may form one dominating
outer-sphere surface complex on water-aluminum hydroxide
interface, along with those from reagent nickel acetate. Thus,
AAH tends to form spherical nanoparticle agglomerates in
the aqueous solution by decreasing the surface tension. It is
worth noting that the complexing of acetate may slow down
the dissolving of the solid AAH which contributes to the
construction of 3-D spherical architectures (discussed below).
Moreover, we suggest that in order to prevent the direct
nucleation of NiAl-LDH in the solution, the complexing
reaction between Ni*" and a large excess of NH5 (Eq. 4)
provide a feasible period for preorganization of AAH spheres
from BAA compound. Then, the formed Ni(NH3)62+ com-
plexes may be adsorbed on the exterior surface of AAH
spheres (Step 1).

Subsequently, the surface-absorbed Ni** from the dissoci-
ation of Ni(NH3)>" complexing compounds in the alkaline
solution (Eq. 4) incorporate with aluminum compounds on
the AAH surface and positively charged brucite-like sheets
form using the distinct NiOg and AlOg octahedral with
plenty of surface-located OH— groups, which should easily
attract the negatively charged acetate groups via electrostatic
interaction. Then, the stacking of sheets begins to form lay-
ered structure with the participation of hydroxide anion
(OH "), acetate, and water, resulting in the LDH nucleation
(Eq. 5, Step 2)

Ni** +Al(OH),(s)+OH ™ +H,0

5
+CH;CO0 ™ SNiAl—LDH(CH3CO0 ™ )(s) ©)

In the next stage, LDH nuclei adhered on the surface of
preorganization AAH spheres are in situ crystallized in the
basic solution (Step 3). We suggest that the continuous dis-
sociation of the Ni(NH3)62+ complexing compound and the
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Figure 6. Schematic illustration of a proposed evolution process of NiAl-LDH spherical architectures.

“Step 1: Preorganization of AAH precursor spheres from reagent BAA with Ni(NH3)s>* complexes adsorbed on the exterior sur-
face. Step 2: Conversion of Ni** and AP* species to form NiAl-LDH nuclei, with the participation of hydroxide anion, acetate,
and water. Step 3: LDH phase is in situ crystallized on the surface of the preorganized AAH spheres; crystallization proceeds
toward the AAH interior until the crystals eventually bond with the sphere. Step 4: Extended crystallization time results in stable
LDH spherical architecture which consists of dozens of nanoflakes intercrossed with each other; an “evolution selection mecha-
nism” is suggested to be responsible for the inward growth orientation and interlaced accumulation of the LDH nanoplates with
abundant channels. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

preorganized AAH material supply the necessary nutrients
for the crystallization and growth of LDH nanoplatelets.
According to literature, the release of AI*" cations from alu-
mina can be improved by adsorption of cations such as Ni**
and Zn*** It is aware of the mass relocation starting from
the AAH surface region. As a result, LDH phase crystalliza-
tion proceeds toward the AAH phase interior until the crys-
tals eventually bond with the sphere. For an anisotropic
LDH crystallite, growth in the ab-direction is obviously
faster than that in the c-direction, ensuring that crystals with
their fastest growth direction normal to the AAH surface
eventually envelop all the other crystals. Accordingly, the
interlaced accumulation of LDH platelets restricts the growth
by each other, giving a final spherical conformation com-
posed of nanoflakes with abundant channels. The gradual
increase in the intensity of basal reflection illuminates that
the crystallization degree of LDH increases with extended
reaction time, resulting in a stable spherical aggregation
finally (Step 4).

In brief, the formation process of the 3-D LDH spherical
architecture is likely to be the result of preorganization of
AAH sphere particles in ammonia aqueous solution, com-
plexing between Ni?* and NH; and deposition the produc-
tion Ni(NH3)62+ compounds on the AAH surface,
conversion of Ni*" and aluminium species to NiAl-LDH
nuclei, in situ crystallization and growth of LDH from the
exterior to the interior of AAH spheres. The compromise
among the above involved chemical reactions may be possi-
ble to dominate the development of the LDH architectures.
It is noted that several key problems need to be overcome in
this case. First, the preorganization of AAH spheres is an
essential prerequisite for inducing the construction of LDH
architectures. Many aluminum salts are soluble in water and
the intermediate amorphous phases obtained from hydrolysis
are often in the form of gels or irregularly shaped aggregates
of nanoparticles rather than discrete and morphologically dis-
tinct particles. In the present study, the adoption of BAA as
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raw material could produce spherical AAH particles possibly
by decreasing the surface tension through the formation of
mononuclear outer-sphere complexes between acetate ions
and aluminum species on the water-aluminum hydroxide
interface.*® Second, the preorganized AAH spheres tend to
crystallize to form boehimite phase in the basic aqueous
solution such that the amorphous phases are extremely short-
lived. It is worth noting that ammonia aqueous solution as
reagent in the reaction mixtures can work as both precipitant
and complexing agent. The strongly complexing reaction
between Ni** and a large excess of NH3; may prevent the
direct nucleation of LDH in the solution and provide a feasi-
ble period for the preorganization of metastable AAH sphere
agglomerates from BAA compound. Third, the relative rate
of dissolution of the intermediate AAH particles should be
assorted with that of nucleation of LDH. When the former is
relatively fast, the amorphous phase will completely dissolve
prior to crystallization, leading to the formation of discrete
LDH phase in the free solution. Only when the rates are
well-matched will the amorphous particles in situ transform
to the LDH crystalline nanospheres.

Further research of synthetic parameters such as reaction
temperature and aqueous ammonia dosage on the control of
the structure and morphology of the obtained LDH spherical
architectures were carried out. The production sample pre-
pared at lower reaction temperature 50°C consists of amor-
phous particles with irregular form accompanied by a small
part spherical-like LDH aggregates (designated by blue dot-
ted circle with a drawing of partial enlargement, Supporting
Information Figure S6a). With the enhancing of reaction
temperature to 60°C, the assembled 3-D spherical structures
are formed as already presented in Figure 1. Further increase
of reaction temperature does not change the size of individ-
ual LDH architecture (Supporting Information Figures S6b,
¢). However, the characteristic XRD reflections of LDH
phase strengthen for the sample prepared at reaction temper-
ature 90°C. The operation of the Ostwald ripening process is
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Figure 7. Electrochemical behaviors of typical sample of NiAl-LDH spherical architecture, obtained using aqueous
ammonia as alkali source, and NiAl-LDH powder sample using NaOH as alkali source.

(a) Cyclic voltammograms (CVs) curves at a scan rate of 0.5 mV s '; (b) typical discharge curves as a function of capacity at a
current density of 30 mA g~' within a potential range from —0.1 to 0.45 V.

suggested to take place with the enhanced temperature, leading
to a higher crystallinity of the LDH architecture, which was pre-
viously demonstrated by in situ imaging of crystal growth/dis-
solution of individual LDH crystals immobilized on Si
substrates.*® In addition, when we attempt the smaller aqueous
ammonia dosage 5 mL at temperature 60°C, a compact aggre-
gation of irregular or partially collapsed spherical LDH archi-
tectures is formed (Supporting Information Figure S7a). The
smaller amounts of NH3 may be inadequate under the exploited
reaction conditions for complexing with Ni**, resulting in the
direct nucleation of LDH in the solution. Further increase of
ammonia aqueous solution, however, can produce several crys-
talline phases of aluminum oxide. An irregular aggregate of
strip-like particles (designated by blue dotted circle) can be
seen from SEM image of the sample obtained with ammonia
aqueous solution 25 mL (Supporting Information Figure S7b),
accompanied by the distorted LDH architectures. Meanwhile,
XRD reflection in Supporting Information Figure S7b indicate
the appearance of new bayerite and boehmite phase (marked by
black solid arrow and black hollow arrow) and the intensity of
LDH characteristic peaks decreases obviously. With a larger
amount of aqueous ammonia dosage 40 mL, only mixed crys-
talline phases of bayerite and boehmite can be found (Support-
ing Information Figure S7c).

The electrochemistry properties of typical sample of NiAl-
LDH spherical architecture obtained using ammonia aqueous
solution (indicated in Figure 1) was further evaluated. For
comparison, the data for NiAl-LDH powder obtained using
NaOH (indicated in Supporting Information Figure S4b)
were also measured under the identical conditions. Figure 7a
shows the cyclic voltammograms of NiAl-LDH spherical
architecture and NiAl-LDH powder sample. When the elec-
trodes were scanned cathodically, two peaks, that is, the oxi-
dation potential Eo and the oxygen-evolution potential Egp,
appeared. Although, during the following anodic polariza-
tion, only one peak, the reduction potential Egx was observed.
The difference between the oxidation potential and the
reduction potential, Eqg — Eg, is taken as a measure of the
reversibility of the electrode reaction. Table 1 demonstrates
that LDH spherical architecture has the smaller Eq — Er
value, demonstrating the more reversible electrode reaction.
Moreover, the stronger intensities of Eo and Egr peaks is
obtained for LDH spherical architecture, revealing the
energy density in the spherical architecture electrode is
higher than that in the powder sample. In addition, we can
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see that the difference value between the oxygen evolution
potential and the oxidation potential, Eqog — Eo, increased
from 87 mV for the powder electrode to 117 mV for the
spherical architecture electrode, indicating the latter to be
charged fully before oxygen evolution.’® The above results
demonstrate that the spherical architecture electrode delivers
much better electrochemical-cyclic properties than the pow-
der electrode.

Figure 7b shows the discharge curves of the spherical
architecture and powder electrodes. The discharge curve of
the former displays a higher discharge voltage and a longer
plateau than that of the latter. The highest discharge capacity
of 173 and 118 mAh g ' are obtained for the spherical
architecture and powder electrodes, respectively. According
to the literatures, the morphology features of the electrode
materials with a higher proton diffusion coefficient have
been emphasized to have a very important effect on the
improvement of electrochemical behavior.?'* Compared
with  LDH powder sample, LDH spherical architecture
obtained using ammonia shows a larger specific surface area
(Supporting Information Figure S8 and Table S1). It is noted
that the LDH sphere from ammonia exhibits a narrow pore-
size distribution around 3-5 nm, whereas the powder sample
displays a wider pore-size distribution. Thus, the large spe-
cific area and abundant mesopores in the spherical structure
promise the direct contact of the increasing electrochemical-
active Ni sites with electrolyte and provide the shortening
diffusion channels for electrolyte ions during the charge/dis-
charge process. Recently, Luo et al. reported the electro-
chemical performance of an ordered mesoporous [-MnO,,
synthesized using mesoporous silica KIT-6 as a template, as
a positive electrode for rechargeable lithium batteries.*” The
mesoporous f-MnQO, electrode shows an excellent high
rate discharge performance with the discharge capacity of

Table 1. The Comparison of Parameters of CVs for
NiAl-LDH Spherical Architecture and NiAl-LDH Powder
Samples

Potentials (mV)*

Electrode Exr Eo Eog Eo—Er Eog—Eo
Spherical architecture 301 481 598 180 117
Powder 237 514 601 277 87

“Eg: the reduction potential; Eq: the oxidation potential; Eog: the oxygen-
evolution potential.
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158 mAh g~ ' at a current rate of 0.4 mA cm™ 2. In addition,
the mesoporous MnO, electrode exhibits a capacity fading
of no more than 0.2% per cycle, decreasing to 142 mAh g~ !
at the 50th cycle. In the case of LiCoO, cathode material for
lithium batteries, Ergang et al. prepared a macroporous
LiCoO, by colloidal crystal templating method with a poly(-
methylmethacrylate) sphere template and a precursor con-
taining lithium acetate/cobalt acetate mixtures and evaluated
its high rate capability in comparison with bulk LiCoO,.
Although the bulk LiCoO, electrode material shows the
highest initial specific capacity of 136 mAh g ' and main-
tains the greatest cycling stability at a relatively low rate of
27.2 mA g~ ', the macroporous electrode exhibits marked
improvement in specific discharge capacities at higher
cycling rates relative to the bulk material.*® The above elec-
trochemical test results (Figure 7 and Table 1) show that the
hierarchical configuration of NiAl-LDH spherical architec-
ture, which may permits diffusion and oxidation/reduction to
occur easily, ensures an improved rechargeable and dis-
charge capacity in comparison to that of NiAl-LDH powder.
Further electrochemical tests of other NiAl-LDH spheres
obtained with different experimental conditions are currently
under investigation.

Conclusions

NiAI-LDH spherical architectures were facilely fabricated
by precipitation reaction in aqueous solution containing alu-
minum and nickel acetate and ammonia aqueous solution as
alkali source, without any surfactants and organic solvents.
The obtained LDH architecture is composed of hydrotalcite-
like nanoflakes with small spherical particle size of about
200 nm, high specific surface area 284 m* g~ !, and mesopo-
rous distribution 3—5 nm. The formation process, such as the
evolution of phase composition, structure, and particle mor-
phology during the whole process was verified, which illus-
trates that the growth of such wunique hierarchical
architecture undergoes the preorganization of primary nano-
spheres of colloidal AAH in solution, the complexing
between Ni*" and NH; and deposition the production
Ni(NH;)6>* compounds on the AAH surface, the conversion
of Ni*" and aluminum species to NiAl-LDH nuclei, the in
situ crystallization and growth of NiAl-LDH from the exte-
rior to the interior of AAH spheres. The structure and mor-
phology of the LDH spherical architectures depend on both
the starting raw materials and synthetic parameters such as
reaction temperature and aqueous ammonia dosage. Our
work demonstrates that the in situ transformation from the
preorganized primary nanospheres of colloidal AAH would
be an effective, surfactant-free, promising approach for fabri-
cating LDH spherical architectures with size in nanometer
scale in a single step. Moreover, the electrochemical per-
formance of the obtained NiAl-LDH spherical architectures
is tested as an example of their practical applications. In
comparison to the NiAl-LDH powder, the spherical architec-
ture as positive electrode material exhibits improved
rechargeable and discharge capacity due to the faster diffu-
sion processes in the hierarchical configuration of the LDH
spherical architecture, suggesting the high potential as elec-
trode material for further energy storage/conversion devices.
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