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This paper describes a novel solution-based chemical process to architect hollow spheres of 5-Ni(OH),
with controllable sizes in submicrometer and micrometer regimes. In the synthesis, starting nickel salt
(nitrate) is first converted to 6-coordinated nickel ion complex [Ni(EDA);]*" (bidentate ligand EDA =
C,H,(NH,),) to avoid rapid solid formation. Hollow and core—shell 5-Ni(OH), spheres can be obtained
with this template-free approach under one-pot conditions. The 3-Ni(OH), spheres are constructed from
petal-like nanobuilding units which in turn are formed from even smaller nanocrystallites. The obtained
porous 3-Ni(OH), spheres have a large specific surface area and show a unimodal pore-size distribution.
Several preparative parameters have been examined and optimized. In particular, the concentration of
divalent nickel in the starting solutions plays an important role in controlling thickness of the petal-like
P-Ni(OH), flakes and diameter of spheres. The 5-Ni(OH), flakes self-assemble into final spherical products
through a donut-like structural intermediate. Furthermore, the 3-Ni(OH), hollow spheres can be used as
solid precursors to synthesize other nanostructured derivatives. In this work, phase pure inorganic
nanostructures, carbon nanotube (CNT)—inorganic nanocomposites, and inorganic—inorganic nanocom-
posites (e.g., NiO, Ni, NiO/Ni, Ni/#-Ni(OH),, CNTs/NiO, CNTs/Ni, Ni@CNTs, Fe(OH);/3-Ni(OH),,
Co(OH),/f3-Ni(OH),, and Mg(OH),/3-Ni(OH),) have been prepared via solid-state thermal decomposition,
gas-phase reduction, solution-based reduction, surface oxidation, chemical vapor deposition, and liquid-
phase deposition. A greater picture for general synthesis of Ni-containing nanomaterials is thus obtained.
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1. Introduction

Transition-metal hydroxides are a class of important
mineral materials that have many important applications.! '
For instance, divalent metal cations (e.g., M® = Mn?", Fe**,
Co?*, Ni?*, Cu?*, Zn*", etc.) are located in the central spaces
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of oxygen octahedra formed from six hydroxyl groups. These
cation containing octahedra then share their edges to form
two-dimensional (2D) sheets similar to the well-known
mineral compound brucite Mg(OH),.!® The resultant 2D
sheets can pile up one another along the c-axis of brucite
crystal via hydrogen bonding among the hydroxyl groups.
Intercalation of anions such as nitrates and carbonates to the
intersheet space can further take place, which will lead to
formation of metal hydroxide salts. For example, while
maintaining total charge neutrality, partial substitution of the
hydroxyl groups in brucite-like sheets by other anions (e.g.,
nitrate or carbonate ions) results in expansion of intersheet
spacing.”® On the other hand, when some of the divalent
cations are oxidized to trivalent ones (e.g., M™ = Cr**, Mn**,
Fe**, Co*", etc.), both inorganic and organic anions, includ-
ing negatively charged biomolecules, will be intercalated into
the intersheet space to compensate positive charge gain in
the oxidation of divalent metal cations. This formation
scheme gives rise to another family of metal hydroxides
called hydrotalcite-like compounds (HTlcs).”~ !> Apparently,
the cause of this intercalation is electrostatic,”™"> and the
alternative stacking of positive-then-negative sheets/layers
along the c-axis of a rhombohedral crystal symmetry (R3m)
is similar to the natural hydrotalcite compound MgsAl,-
(OH),6CO53+4H,0.13

Because of their layered structures, the metal hydroxides
tend to form into thin flakes or platelet forms in natural/
normal formation environments.'™"> In view of the rapid
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Figure 1. Schematic flowchart for synthesis of hollow spheres of 5-Ni(OH), and formation processes of their nanostructured derivatives.

development of nanomaterials research over the past
decade,'®"?! in addition to the as-formed metal hydroxides,
it is highly desirable to organize metal hydroxide flakes or
platelets into certain product morphologies for actual ap-
plications, such as adding new functionalities and creating
interior spaces for inorganic nanostructured materials.??~4°
Because of their low dimension along the [001] axis,
moreover, the freestanding layered particles can be viewed
as primitive building units for construction of larger
architectures.®*° This mesoscale organization ensures the
assembled materials and their derivatives function as nano-
materials but can be handled in the same ways of conven-
tional bulk materials (e.g., easy separation after use because
of larger sizes).® In pursuing this research, there have been
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a number of new synthetic methods proposed in recent years.
For example, nickel hydroxide Ni(OH), is an important
transition metal hydroxide which has been used in a wide
range of applications such as rechargeable batteries, hetero-
geneous catalysis, and so forth.*>° As a solid precursor,
Ni(OH), has also been utilized to derive metallic Ni as well
as metal oxide NiO.*™>° To obtain hierarchical organizations
of Ni(OH), nanobuilding units, four different solution
methods have been developed for this hydroxide. First, solid
spherical types of nickel hydroxide [both S-phase and
o-phase (a hydrotalcite-like compound)] have been success-
fully prepared via aggregation of Ni(OH), flakes or
plaletes.***7% Second, carnation-like flower structures of
brucite-like nickel hydroxide (B-phase) have also been
obtained by aggregative growths through different solution
routes.*”* Third, hollow spheres of nickel hydroxide (S3-
phase) have been made with assistance of styrene—acrylic
acid copolymer (PSA) Latex beads as a growth template.*®
And fourth, hollow spheres of nickel hydroxide (/3-phase)
have also been obtained after a prolonged hydrothermal
treatment at 100—180 °C for 24 h, in which Ostwald ripening
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mentioned that, because of the importance of Ni-containing
materials in various technological applications, nanostruc-
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Figure 2. Photographs of the as-prepared samples after different reaction times at 100 °C: (a) before centrifuging and (b) after centrifuging; UV —vis spectra
of the corresponding solution phases are displayed in (c). Materials characterization for the as-prepared hollow spheres of 5-Ni(OH), (refer to Figure 3): (d)

XRD pattern, (e) FTIR spectrum, and (f) pore size distribution.

In addition to the above methods, in the present study,
we develop a novel template-free approach for construction
of $-Ni(OH), hollow spheres. This wet chemical process
allows one to directly prepare this metal hydroxide into size-
controllable hollow spheres with the nanobuilding units (i.e.,
flakes and platelets). More importantly, on the basis of this
self-assembled hollow precursor, we have also developed
synthetic methods for preparations of 10 different nanostruc-
tured derivatives such as phase-pure metal and metal oxide
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nanostructures Ni and NiO, metal and metal oxide nano-
composite NiO/Ni, metal and metal hydroxide nanocompos-
ite Ni/$-Ni(OH),, metal/metal oxide and carbon nanotube
(CNT) nanocomposites CNT/NiO, CNT/Ni, and Ni@CNTs,
and metal hydroxide and metal hydroxide nanocomposites
Mg(OH),/-Ni(OH),, Co(OH),/3-Ni(OH),, and Fe(OH),/[3-
Ni(OH),. This research endeavor is significant because we
feel that most of nanomaterials and their syntheses at the
present time have been investigated and reported separately
as individual cases, and interconnection or interrelation
among their various derivatives in synthesis is somehow
lacking. To this end, our efforts herein would serve as the
first attempt of this type of systematic investigation for
nickel-related nanomaterials, and thus a greater picture for
the chemical conversions (in liquid phase, solid state, and
solid—gas reactions) of this materials family has been
obtained, as summarized in Figure 1.

2. Experimental Section

2.1. Preparation of Hollow Spheres of #-Ni(OH),. First, as a
starting structural basis for a variety of other nanostructures and
nanocomposites prepared in this work, self-assembled hollow
spheres of 5-Ni(OH), were synthesized. Briefly, varied amounts
of 1,2-ethanediamine (C,H4(NH,),, EDA; 0.0005—0.25 mL; 99 wt
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%) and nickel-nitrate aqueous solution [Ni(NO;),*6H,0; 0.0025
—0.25 mL; 0.50 M] were sequentially added to a glass bottle
(capacity of 4 mL) which contained 2.4—2.5 mL of NaOH aqueous
solution (0—10.0 M), followed by a thorough mixing of all reagents.
In actual synthetic preparations, for example, 0.4 mL of 0.5 M
Ni(NO;),*6H,0 and 80 uL of EDA (99 wt %) were mixed
thoroughly, which was then divided as four equal portions and
added into four glass bottles (volume capacity = 4 mL; each bottle
contained 2.4 mL of 7 M NaOH solution), respectively. Afterward,
the bottles were placed in an electric oven set at 100 °C for 0—3
h (mostly for 30 min); light green 5-Ni(OH), solid products were
harvested with centrifugation—redispersion cycles using deionized
water three times and then dried at 60 °C overnight.

2.2. Preparation of Hollow NiO Nanostructures. Hollow NiO
nanostructures were prepared by thermal decomposition of the
above as-synthesized [3-Ni(OH), at 400 °C for 2 h in laboratory
air in a tubular electric furnace (Figure 1).

2.3. Preparation of Hollow Ni Nanostructures and NiO/Ni
Nanocomposites. Hollow Ni nanostructures were prepared by
heating the above as-synthesized $-Ni(OH), (specified in Subsection
2.1) in a H, gas flow (10—35 mL/min) at 450 °C for 1 h in a
horizontal quartz-tube reactor (Figure 1). Reaction products were
still kept in the same H, gas stream after the power of the furnace
was shut down. Furthermore, reoxidation of certain as-prepared Ni
nanostructures (e.g., prepared with a H, gas flow of 10 mL/min) in
laboratory air led to self-ignition and thus formation of NiO/Ni
nanocomposites (Figure 1).

2.4. Preparation of Hollow Ni/f#-Ni(OH), Nanocomposites.
Ni/-Ni(OH), nanocomposites were obtained by using hydrazine
to partially deoxidize the 5-Ni(OH), solid precursor. In a typical
synthesis, 0.1 mL of hydrazine (35 wt %) and 2.5 mL of NaOH
(7.0 M) aqueous solution were sequentially added to a glass bottle
(capacity 4 mL) containing the above prepared -Ni(OH), (Subsec-
tion 2.1), followed by a thorough mixing of all reagents. The bottle
was then placed in an electric oven set at temperatures over 60—100
°C for 0.5—3 h (Figure 1). Reaction products were harvested with
centrifugation—redispersion cycles using deionized water three
times.

2.5. Preparation of CNTs/Ni Nanocomposites. Two chemical
vapor deposition (CVD) methods were developed for preparation
of CNTs/Ni nanocomposites. (i) One-step method (Figure 1):
Experiments were carried out in a horizontal quartz-tube reactor
(inner diameter of 7 mm) with acetylene C,H, diluted with purified
argon gas. The above prepared hollow spheres of 5-Ni(OH); (i.e.,
the precursor of catalyst; Subsection 2.1) were supported on glass
wool and pressed into a small packed catalyst bed. The 5-Ni(OH),
powder was heated in an electric furnace inside an acetylene/argon
gas mixture. In most cases, the argon was fed as a background gas
at a constant feed rate of 75 mL/min, and the carbon source gas
acetylene was introduced at a variable rate of 5—10 mL/min when
the temperature reached a desired value (mostly set at 450 °C).
This CVD process was kept running for 5—20 min, and then the
C,H, stream was turned off. The reaction product was retained in
the argon stream for 1 h after the power of the furnace was shut
down. The black powder product was then collected and stored in
a clean glass bottle for further materials characterization. (ii) Two-
step method (Figure 1): In the first step, metallic nanoflowers of
Ni (catalysts) were prepared by deoxidizing 5-Ni(OH), at 450 °C
in a H, stream at flow rate of 10 mL/min for 20 min. In the second
step, a gas flow of acetylene and argon was introduced (as detailed
in Method (i), herein the flow rate of C,H, = 5 mL/min, and the
flow rate of Ar = 75 mL/min) at 450 °C for 5 min, followed by
the same cooling and collecting procedures.

Zhang and Zeng

Figure 3. FESEM images (a, b) and TEM images (c—f) of the as-prepared
hollow spheres of -Ni(OH), at different magnifications. Image (f) shows
detailed structures of 3-Ni(OH), “petals” (image e).

2.6. Preparation of CNTs/NiO Nanocomposites. As described
in Figure 1, CNTs/NiO nanocomposites were prepared in a
horizontal quartz-tube reactor (inner diameter of 7 mm) with
acetylene C,H, diluted with purified argon gas (also see Subsection
2.5). The above prepared hollow NiO nanostructures (i.e., catalysts,
Subsection 2.2) were supported on glass wool and pressed into a
small packed catalyst bed. The NiO powder was heated in an
electric furnace to 400—500 at 10 °C/min and purged with an argon
stream, in which the argon was fed as a background gas at a constant
feed rate of 75 mL/min and the carbon source gas acetylene was
introduced at a variable rate of 5—10 mL/min when the temperature
reached a desired value (mostly at 400—450 °C). This CVD process
lasted 3—20 min and after which the C,H, stream was turned off
while the product was still kept inside the argon stream for 1 h.
The black powder product was then collected and stored in a clean
glass bottle for later materials characterization.

2.7. Preparation of Mg(OH),/#-Ni(OH), Nanocomposites.
Mg(OH),/3-Ni(OH), nanocomposites were prepared using
Mg(NOs;), to react with NaOH in the presence of B-Ni(OH),
precursor (Figure 1). In a typical synthesis, 2.5 mL of deionized
water, 0.5—1.0 mL of 0.05 M Mg(NO;), aqueous solution, and
1.0—2.0 mL of 0.05 M NaOH aqueous solution were sequentially
added to a glass bottle (capacity 4 mL) containing the above
prepared hollow 3-Ni(OH), spheres (Subsection 2.1) under magnetic
stirring at room temperature for 1 h. Products were harvested with
centrifugation—redispersion cycles using deionized water three
times. A light green powder was then obtained.

2.8. Preparation of Co(OH),/f-Ni(OH), Nanocomposites.
Co(OH),/f3-Ni(OH), nanocomposites were prepared using Co(NO3),
to react with NaOH in the presence of 3-Ni(OH), precursor (Figure
1). In this synthesis, 2.5 mL of deionzed water, 0.5 mL of 0.05 M
Co(NOs3), aqueous solution, and 1.0 mL of 0.05 M NaOH aqueous
solution were sequentially added to a glass bottle (capacity 4 mL)
that contained the above prepared hollow [B-Ni(OH), spheres
(Subsection 2.1) under magnetic stirring at room temperature for
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Figure 4. Size-controlled growth of 3-Ni(OH), spheres with different concentrations of Ni(NOs), in precursor solutions: (a) 0.5 mM (TEM image), (b) 1.0
mM (TEM image), (c) 5 mM (TEM image), and (d) 50 mM (FESEM image). Common experimental conditions: molar ratio Ni**/C,H4(NH,), = 1/6 and

reaction time = 30 min.

1 h. Products were obtained after centrifugation—redispersion cycles
using DI water three times. A light blue-green powder was then
collected.

2.9. Preparation of Fe(OH),/3-Ni(OH), Nanocomposites. Fe-
(OH)3/B-Ni(OH), nanocomposites were prepared using Fe(NOs);
to react with NaOH in the presence of the 5-Ni(OH), solid precursor
(Figure 1). In the synthesis, 2.5 mL of deionized water, 1.0 mL of
0.05 M NaOH aqueous solution, and 0.3 mL of 0.05 M Fe(NOs)3
aqueous solution and were sequentially added to a glass bottle
(capacity 4 mL) containing the above prepared hollow 3-Ni(OH),
spheres (Subsection 2.1) under magnetic stirring at room temper-
ature for 1 h. Products were harvested with centrifugation—redispersion
cycles using deionized water three times. A brown powder was
then obtained.

2.10. Materials Characterization. UV —vis spectroscopy of the
reaction solutions at different times was used to investigate the
reaction process, recorded on a UV —vis spectrophotometer (Shi-
madzu UV-2450), using an aqueous solution of 7 M NaOH as
reference. Identical starting solutions (i.e., specified the example
of Subsection 2.1) were injected into 12 glass bottles and were
then placed in an electric oven with temperature at 100 °C for 0,
3,5,6,7,8,9, 10, 15, 20, 25, and 30 min, respectively. Afterward,
the glass bottles were centrifugated at 6000 rpm for 5 min, and the
separated clear solutions were used to perform UV—vis analysis
at room temperature. The crystallographic phases of all as-prepared
samples were investigated using the powder X-ray diffraction
method (XRD, Shimadzu XRD-6000, Cu Ko radiation, A = 1.5406
A) at a scanning rate of 2°/min. The dimension, morphology,
structure, and chemical composition of the samples were examined
using field emission scanning electron microscopy and energy
dispersive X-ray spectroscopy (FESEM/EDX; JSM-6700F), trans-
mission electron microscopy and small area electron diffraction

(TEM/EDX/SAED; JEM 2010, 200 kV), and high resolution
transmission electron microscopy (HRTEM/EDX/SAED; JEM
2100F, 200 kV). Thermogravimetric analysis (TGA/DTG; Shi-
madzu TGA-50) measurements were carried out at a heating rate
of 10 °C/min in purified air atmosphere. Specific surface area
measurement and porosity analysis for the as-prepared 3-Ni(OH),
(Subsection 2.1) and NiO (Subsection 2.2) samples were performed
using N, adsorption—desorption isotherms (Quantachrome NOVA-
3000 system at 77 K). Prior to measurements, the samples were
degassed at 100 °C overnight.

3. Results and Discussion

Figure 1 shows a schematic description of hollow spheres
of B-Ni(OH), and related chemical conversions to many
different nano-derivatives investigated in this work. Starting
with the nickel nitrate and ethylenediamine, flower-like
hollow spheres of S-Ni(OH), can be prepared in basic
solutions. In Figure 2a,b, the sample bottles show a sequential
color change from rosy purple starting precursor solution to
light green 5-Ni(OH), product with increase in reaction time.
UV —vis absorption spectra measured for the reaction solution
phases are also displayed in Figure 2c. As described in eq
1, the major Ni'! complex species present in the starting
solutions is 6-coordinated [Ni(EDA);]*" (where EDA = 1,2-
ethanediamine) under our preparative conditions. In particu-
lar, three observed bands at 345, 542, and 880 nm can be
readily assigned to 3Ay, — 3T 4(P), *As, — *T',(F), and A,
— 3T, of the octahedral complex [Ni(EDA);]** on the basis
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Figure 5. Donut-like intermediate of $-Ni(OH), petal assemblies (a, b,
FESEM images), which forms the basic structure for final hollow spheres
of B-Ni(OH), (¢, FESEM image). Experimental conditions: molar ratio Ni**/
C,H4(NH,), = 1/10 and reaction time = 15 min.

of a D3 symmetry.®** The above characteristic absorptions
can be used to monitor the reaction extent of 5-Ni(OH),
formation. After 30 min of reaction, for example, all the three
bands disappear, indicating that there is no more [Ni-
(EDA)3]*" in the solution phase, and the formation reaction
of $-Ni(OH), is complete; this chemical stoichiometry is
shown in eq 2. The function of EDA used herein is to lower
the precipitation rate of 3-Ni(OH), and thus to enhance the
product regularity.
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Ni**(aq) + 3EDA(aq) — [Ni(EDA),]**(aq) (1)

[Ni(EDA),]*"(aq) + 20H(aq) — 8-Ni(OH),(s) +
3EDA(aq) (2)

The light green products (3-Ni(OH),) are examined with
microscopic methods. Figure 3 shows some representative
images of their morphologies. The prepared [-Ni(OH),
products are actually microspheres that comprise solid flakes.
The individual flakes are curved and connected to each other
(Figure 3a,b; also will be characterized shortly in Figure 4).
More intriguingly, these dandelion-like 3-Ni(OH), spheres
have interior space(s). As shown in Figure 3, two types of
interior structures are found: (i) single-shelled spheres (Figure
3c) and (ii) core—shell spheres (Figure 3d). In the latter case,
an additional void in the central core is often found (i.e.,
double-shelled structure). On the basis of our TEM image
statistics, the population ratio between the type (i) and the
type (ii) spheres is estimated at 3:1 under our typical synthetic
conditions (Subsection 2.1). It should be mentioned that while
synthesis of nanostructured -Ni(OH), spheres had been
studied extensively,* > our template-free synthesis of hollow
B-Ni(OH), spheres with complex interior structures is a novel
self-assembly approach. The petal-like flakes of 5-Ni(OH),
on the shell structures are standing along the radial directions
of spheres while they seem to be quite flexible (Figure 3b,e),
reflecting their ultrathin feature. A more detailed view on
the B-Ni(OH), “petals” is displayed in Figure 3f. The self-
assembled 5-Ni(OH), petals consist of even smaller nanoc-
rystallites at the sizes of 3—4 nm. However, metal hydroxides
are also prone to high energy electrons (i.e., under TEM
electron beam irradiation). Therefore, apart from the
B-Ni(OH), nanocrystallites in Figure 3f, formation of par-
tially dehydrated products (e.g., NiO nanocrystallites together
with $-Ni(OH), main phase) cannot be entirely ruled out
using the TEM data alone; this point will be further addressed
together with our BET/BJH investigation results (Figure 2f).

B-Ni(OH), is isomorphous with brucite Mg(OH),.*! The
crystallographic structure of hollow spheres of $-Ni(OH),
has been investigated with XRD in this work; all diffraction
peaks in Figure 2d can be indexed perfectly to a brucite-
like hexagonal crystal phase (space group: P3ml; a, = 3.126
A, and ¢, = 4.605 A; JCPDS file no. 14-0117);*'~% no peaks
from the a-Ni(OH), phase were observed.*! In particular,
the 001 diffraction is more intense than the 100, indicating
the {001} surfaces are indeed predominant in the phase pure
B-Ni(OH), flakes. The FTIR spectrum shown in Figure 2e
reveals chemical information and major functional groups
in the 5-Ni(OH),. The sharp peak at 3649 cm™! is assigned
to the stretching vibrational mode (voy) of non-hydrogen-
bonded hydroxyl groups in the brucite-like sheets, while the
broadband at 3447 cm ! to the stretching mode of hydrogen-
bound hydroxyl groups in the same layered structure. The
latter band (i.e., 3447 cm ') and a strong absorption at 1635
cm ! can also be ascribed to the stretching and bending
modes of surface-adsorbed/trapped (hydrogen-bonded) water
molecules.*' The peak at 519 cm™! is attributed to the in-
plane deformation vibration of water (doy) and the shoulder
absorption at 459 cm ™! to the stretching vibration of Ni—OH
(Vnion).' The large water peaks observed are consistent with
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Figure 6. (a—c) Hollow spheres of NiO formed from thermal decomposition of hollow spheres of 5-Ni(OH), (a, FESEM image; b and ¢, TEM images; and
the inset in ¢ is a SAED pattern), (d) TGA scan of hollow spheres of 3-Ni(OH),, (¢) XRD pattern of resultant hollow spheres of NiO, and (f) pore-size
distribution of NiO hollow spheres. Color inset illustrates a proposed mechanism for thermal decomposition of 5-Ni(OH), to NiO, in which the (001) plane
of $-Ni(OH), and the (100) plane of NiO are shown; q, are lattice constants of the respective unit cells (marked with dashed frames).

the common features of 3-Ni(OH),, and it is easy to include
intersheet water. As a result of the basicity of metal
hydroxides, it is not surprising to see the adsorption of
atmospheric carbon dioxide and therefore the presence of
carbonate anions on the surfaces of the -Ni(OH), spheres,
as shown in the small peaks at around the 1442 cm™! range
for this anion.'>!* The peak at approximately 1380 cm ™! is
attributable to a trace surface adsorption of nitrate ions (v;
vibration mode of NO;™; this anion was from the starting
nickel nitrate).'*'* No organic vibrations (e.g., C—C and
C—H) were observed in their respective fingerprint regions,
which reveals that the chelating agent 1,2-ethanediamine was
not incorporated in the hollow spheres. As expected for the
observed porous nature, our typical 3-Ni(OH), spheres have

a large specific surface area of 93.2 m?%g, with a unimodal
pore-size distribution located across the range of 2—5 nm
(reported in Figure 2f). Quite interestingly, the measured
mesoporosity by the Barrett—Joyner—Halenda method is also
consistent with our direct TEM observation on the inter-
crystallite spaces (e.g., Figure 31).% Therefore, the small
crystallites (3—4 nm; Figure 3f) in the 5-Ni(OH), flakes do
not result from the electron beam irradiation; they are pristine
nanocrystallites. In agreement with this, lattice fringes of d}o
can be viewed in our HRTEM study in which the incident
electron beam was pointed perpendicularly to the surfaces

(65) Sing, K. S. W.; Everett, D. H.; Haul, R. A. W.; Moscou, L.; Pierotti,
R. A.; Rouquerol, J.; Siemieniewska, T. Pure Appl. Chem. 1985, 57,
603-619.
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Figure 7. (a—d) Porous metallic Ni formed from thermal reduction of hollow spheres of $-Ni(OH), (a and b, FESEM images; ¢ and d, TEM images), (e)
XRD pattern of resultant porous metallic Ni product, and (f) XRD pattern of NiO/Ni nanocomposite resulted from self-ignition in air; diffraction peaks of
NiO phase are indicated with an asterisk. H, flow rates used in the reduction reactions: (a—e) 35 mL/min and (f) 10 mL/min.
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Figure 8. (a—f) Morphologies of Ni/$-Ni(OH), nanocomposites [a—d, TEM images; e and f (the central part of image e¢), FESEM images] and (g) XRD
pattern of Ni/3-Ni(OH), nanocomposite, noting that the 111 diffraction of metallic Ni can be clearly seen.

of the {001}. Further details can be obtained from Supporting Various process parameters have been optimized in this
Information (SI-1). work (Subsection 2.1). Among them, the concentration of
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Figure 9. CNTs/Ni nanocomposite (a, TEM image) and Ni@CNTs
nanocomposites (b—d, TEM images), spiral CNTs (e—g, TEM images),
and helical CNTs formed on the surface of Ni spheres (h, FESEM image).
These samples were formed from hollow spheres of 5-Ni(OH), at 450 °C
with a gas stream of C,H, and Ar (Method (i), Subsection 2.5; refer to
Figure 1).

divalent nickel in the starting solutions plays the most
important role in controlling the size of resultant spheres. In
Figure 4, four representative -Ni(OH), spheres are dis-
played. It is clearly demonstrated that the size-controlled
growth can be manipulated well with starting concentrations
of Ni?™ and EDA. Furthermore, the thickness of the
B-Ni(OH), flakes, which is shown as thin lines in the
microscopic images, can also be controlled in the range of
5 nm (image a) to 20 nm (image c) or a few tens of
nanometers (image d) with an increase in starting concentra-
tions. However, when the Ni?* concentration is lower than
5 mM (Figure 4a,b), only solid -Ni(OH), spheres can be
obtained. This is because thin and soft 5-Ni(OH), flakes
aggregate more easily into a compact form. When the Ni**
concentration is equal to or high than 5 mM (Figure 4c,d),
hollow spheres of S-Ni(OH), can then be prepared. To
understand the formation of hollow interiors, we have also
carried out a mechanistic investigation. By introducing more
EDA to synthesis (e.g., Ni>*/EDA = 1/10), we were able to
lower the speed of [S-Ni(OH), precipitation and arrest
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solid intermediates. Surprisingly, in such intermediates, the
p-Ni(OH), flakes self-assembled into a donut-like ring
structure. Some of these donut-rings are shown in Figure
5a,b, noting that they are eventually turned into complete
hollow spheres when more 3-Ni(OH), flakes are added to
the ring structure (Figure 5¢). The self-assembly mechanism
revealed herein for the formation of a hollow interior is
different from a reported one,* in which a solid hollowing
process of 24 h with Ostwald ripening was required under
hydrothermal conditions (at 100—180 °C).30-3840

With the above-prepared hollow spheres of 3-Ni(OH),,
we have investigated formations of various Ni-containing
nanoderivatives, as detailed in the flowchart of Figure 1. As
the first example, hollow spheres of NiO can be obtained
from thermal decomposition of hollow spheres of 3-Ni(OH),,
as indicated in eq 3. As reported in Figure 6a, hollow spheres
of NiO retain the similar product morphology and size to
those in Figure 2. In this connection, importantly, the interior
spaces of the hollow spheres are well preserved upon the
thermal treatment (400 °C, Figure 6b; see Experimental
Section) in laboratory air. To understand this conversion
process, we also conducted a thermogravimetric analysis in
an air stream. In Figure 6d, it is found that while trapped
moisture (about 1%) can be removed in the early stage of
this process (up to 200 °C), the thermal decomposition of
B-Ni(OH);, is largely completed at 300 °C. The weight loss
over 300 to 800 °C can be assigned to a continuous thermal
depletion of deep-trapped hydroxyl groups and removal of
chemisorbed carbonate anions. The theoretical weight loss
for the decomposition reaction (eq 3) is 19.4%. Our
experimental value here (99.05%—79.11% = 19.9%) is in
good agreement with the theoretical data. The slight increase
in the value is due to the loss of surface-adsorbed species,
as discussed above and revealed in our FTIR investigation
(Figure 2e). The resultant hollow spheres of NiO are well
crystallized, which is reflected in sharp diffraction rings of
the SAED pattern and well-defined phase-pure XRD patterns
of Figure 6c¢,e (space group: Fm3m; a, = 4.178 A; JCPDS
file no. 71-1179).5"%2 The phase transformation of 3-Ni(OH),
to NiO causes a crystallographic structural change from the
hexagonal system to the cubic system. Because the intensity
of the 200 diffraction peak is clearly higher than those of
others, it can be deduced that the boundary faces of the NiO
flakes (Figure 6¢) are mainly the {100} surfaces of this rock
salt structure. The formation of these nonpolar crystal planes
is understandable. Topotatically, transformation of the {001}
faces of hexagonal $-Ni(OH), to the {100} faces of rock-
salt NiO involves the least structural change, since a simple
removal of water molecules from hydroxyl groups between
brucite-like sheets can easily realize this process, as depicted
in Figure 6 (color inset). Through this conversion, the specific
surface area of the resultant NiO spheres is about 114.2 m?/
g; this value is larger than that of their precursor 5-Ni(OH),
spheres (93.2 m%*/g) and much larger than that obtained in
nanocolumn porous NiO (42.3 m?%g).%* Quite interestingly,
in Figure 6f, the pore size distribution shows a bimodal
hierarchical structure. There are two types of pores in the
pore-diameter profile, one peaked at 2—5 nm (similar to
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Figure 10. TEM images of hollow spheres of NiO after reaction with a mixed stream of C,H, and Ar at 400 °C for 3 min (a) and of CNTs/NiO nanocomposites
formed with the same mixture stream of C,H, and Ar at 450 °C for 10 min (b and c¢) and for 20 min (d) which shows formation of helical CNTs. Experimental

details can be found in Subsection 2.6 (refer to Figure 1).

Figure 2f) and the other at 5—15 nm. The formation of large
mesopores can be considered as a result of shrinkage of
brucite-like sheets of 5-Ni(OH), when they are condensed
into the NiO phase (Figure 6) with release of water, noting
a considerable difference in the densities between 3-Ni(OH),
and NiO (4.15 g/cm® vs 6.67 g/cm?). Similar to their
mesocrystalline precursor $-Ni(OH),, crystallographic ori-
entations among the NiO crystallites are still kept in the petal-
like NiO flakes after thermal decomposition, as revealed in
our HRTEM investigation that shows large areas of crystal-
line NiO across the petal textures (Supporting Information,
SI-2).

B-Ni(OH),(s) =~ NiO(s) + H,0(g) 3)

In addition to the above thermal conversion, the hollow
spheres of 3-Ni(OH); can also be turned into porous metallic
nickel with reducing agents, such as shown in eq 4 with
hydrogen. In Figure 7, we present the product morphologies
of porous nickel formed after a reduction in hydrogen
atmosphere at 450 °C (Figure 1). Although the shape of
individual spheres is still recognizable, the resultant nickel
spheres are fused together during the reduction reactions
(Figure 7a,b). Nevertheless, in addition to their porous
appearance, they still preserve their initial hollow interiors,
since the central cavity of individual hollow spheres can be
virtualized clearly in our TEM images (Figure 7c,d). The
XRD pattern in Figure 7e indicates the porous nickel has an
fcc crystal structure (space group: Fm3m; a, = 3.45 A;
JCPDS file no. 88-2326).5!7% In some cases, interestingly,
the metallic products can self-ignite when handled in
laboratory air and turn into oxidative forms. This surface
oxidation is demonstrated with the XRD patterns of Figure
7f, in which the metallic nickel and nickel oxide phases are
superimposed. Compared to alkali and earth alkali metals,
which are much easier to burn in atmospheric ambience, the

self-ignition of transition metals only takes places for the
samples with fine crystallites and with very large surface
areas. In the present cases, we find that when a higher flow
rate of H, is used (Figure 7e), the resultant nickel crystallites
are more stable in air and phase pure Ni can be obtained,
whereas a slower flow rate of H, input would lead to
formation of more active nickel which will burn in normal
air and give rise to the fabrication of NiO/Ni binary
composites (also refer to Figure 1). It can be thus deduced
that the slower reaction rate favors formation of larger surface
areas for metallic nickel. On the basis of the results of Figure
7e.f, we can further control chemical reactivity of the
resultant nickel metals and thus design chemical composi-
tions of reaction products by selecting the reaction rate in
this type of synthesis.

B-Ni(OH),(s) + H,(g) = Ni(s) + 2H,0(g) “

Instead of the above total reduction in gas phase, partial
reduction of 3-Ni(OH), to metallic Ni can also be achieved
in solution phase under moderate reducing conditions; this
process leads to formation of Ni/3-Ni(OH), binary compos-
ites, as illustrated in Figure 8. In the presence of N,H,, partial
reduction of -Ni(OH), can take place at relatively low
temperatures of 60—100 °C. In Figure 8a—f, the nickel
nanoparticles are formed on the surface of hollow spheres
of 3-Ni(OH),. Because we do not observe separate free-
standing nickel nanoparticles in our prepared samples, we
believe that the petal-like flakes of 5-Ni(OH), also serve as
starting nucleation points for the divalent nickel to metallic
nickel conversion. As a result of to the limited reducing
power of N,H,, the reduction mainly takes place on the
external surfaces of 3-Ni(OH), spheres. For instance, the
central cores of -Ni(OH), spheres seem to remain intact
after the reduction reactions [Figure 8, part a (a hollow
sphere) versus part b (a core—shell sphere)]. On the other
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Figure 11. TEM images of CNTs/Ni nanocomposite (a) and Ni@CNTs
nanocomposites (b,c). These samples were formed from porous metallic
Ni at 450 °C with a gas stream of C,H, and Ar (Method (ii), Subsection
2.5; refer to Figure 1).

hand, the size and population of surface nickel depend on
the N,H,4 concentration in the starting solutions and reaction
temperature used in synthesis. The metallic nickel formed
in this process also has an fcc crystal structure (space group:
Fm3m; a, = 3.45 A; JCPDS file no. 88-2326).5'~% Both
our XRD (Figure 8g) and HRTEM/SAED (Supporting
Information, SI-3) investigations confirm this crystallographic
phase for the metal nanoparticles.>!

In view of their nanostructural natures, we further use the
as-prepared -Ni(OH),, NiO, and Ni spheres as catalytic
materials to synthesize carbon nanotubes (CNTs), as sche-
matically described in Figure 1. In these examples, the hollow
spheres of 3-Ni(OH), can directly react with C,H, at elevated
temperatures, resulting in CNTs/Ni and Ni@CNTs types of
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Figure 12. TEM images of Mg(OH),/3-Ni(OH), nanocomposite (a and b),
Co(OH),/-Ni(OH), nanocomposite (¢ and d), and Fe(OH),/3-Ni(OH),
nanocomposite (e and f). These samples were prepared with the precipitation
of a surface phase to -Ni(OH), support at room temperature (refer to Figure

1.

nanocomposites. Chemically, the reduction of divalent nickel
to metallic nickel is realized in the presence of C,H,
according to eqs 5 and 6. In Figure 9a, which shows the
first type of nanocomposite (CNTs/Ni) formed from this
process, the metallic nickel still keeps the spherical shape
of precursor 3-Ni(OH), while the sphere surfaces are
surrounded with CNTs. In Figure 9b, which gives an overall
view of the second type of nanocomposite (Ni@CNTs),
rhombic (or bicone shaped) nickel particles are included in
individual CNTs, as detailed in Figure 9c,d. This type of
M@CNTs (M = metal elements) has been observed with a
number of transition metal catalysts (e.g., Fe;—,Cu,@CNTs,
Co@CNTs, Coy—,Cu,@CNTs, Co;_,Ag,@CNTs, Ni@CNTs,
and Ni;—,Cu,@CNTs) using other synthetic processes, where
the CNTs are synthesized into the form of cone stacks or
“herringbone” structures, leaving a hollow tubular space in
the central parts of CNTs.%~® The boundary crystal planes
of the included metals are normally the {111} type owing
to their thermodynamic stability and the structural conforma-
tion of adsorbed C,H, on a 3-fold site during the carbon
deposition.®% Annealing at higher temperatures will lead
to structural reconstructions of both metallic and CNTs
phases.® It should be mentioned that more helical CNTs can
be obtained using precursor (-Ni(OH), in this reaction
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(Figure 9e—g). In particular, the helical CNTs have been
found to form favorably on the surfaces of the nickel spheres,
and two different spiral directions are found (Figure 9h,
FESEM image). Using the hollow spheres of NiO (reported
in Figure 6), on the other hand, CNTs can also be grown
onto the surface of the metal oxide, noting that the nickel
atoms in the outermost surface region must have been
reduced to metallic form (Nig,), in accordance to the reaction
in eq 7. Nonetheless, compared to 5-Ni(OH),, the reduction
of NiO to metallic nickel is more difficult, and the basic
structure of NiO can still be kept as demonstrated in Figure
10a (at 400 °C), while the CNTs phase is mainly produced
as overlayers on the catalyst spheres under CNTs formation
conditions at 450 °C [eq 8; Figure 10b—d]. Accordingly,
less metal particles are included in the grown CNTs, although
the helical form of CNTs can still be observed among the
adjacent CNTs/NiO composite spheres (Figure 10d). In
contrast, using porous nickel metals (reported in Figure 7)
under the same reaction conditions, the Ni phase becomes
hardly present (Figure 11a,b) and the product obtained in
such a case is largely Ni@CNTs. Unlike the previous two
cases, the C,H, in the present reaction is exclusively for
CNTs synthesis (not for Ni** reduction). Therefore, a greater
reaction extent is expected. Indeed, many metallic droplets
are trapped within the CNTs (Figure 1lc). Interestingly,
furthermore, the CNTs grown with the metal spheres are
not helical, compared to the other two solid precursors
(B-Ni(OH), and NiO) discussed above.

B-Ni(OH),(s) + C,H,(g) — Ni(s) + 2H,0(g) + 2Ccyr,(s)
Q)

Ni(s) + nC,H,(g) — Ni(s) + nH,(g) + 2nCeypi(s)  (6)

NiO,(s) + C,H,(g) = Ni,«(s) + H,O(g) + 2Cxr(s)
)

Ni,(s) + nC,H,(g) — Ni(s) + nH,(g) + 2nCryr(s)
(3)

As a result of extruding puffy structures of hollow
spheres of 5-Ni(OH),, new secondary phases of materials
can be easily deposited. Taking this structural advantage,
for example, binary or ternary nanocomposites can be
further prepared. In the work presented in Figure 12 (also
refer to Figure 1), we introduced three different kinds of
metal hydroxides onto the external surfaces of the
B-Ni(OH),. In this preliminary exploration, the hydroxide
flakes indeed can be inserted into the puffy (open) surfaces
of the self-assembled hollow spheres. In Figure 12a,b,
Mg(OH), (brucite) flakes are deposited perpendicularly
to the “petals” of 3-Ni(OH),, while the basic structure of
the 3-Ni(OH), sphere remain unaltered. In Figure 12¢—f,
similarly, 5-Co(OH), and Fe(OH); are deposited respec-

(66) Audier, M.; Oberlin, A.; Coulon, M. J. Cryst. Growth 1982, 57, 524—
534.
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11, 3862-3866.

(68) Chambers, A.; Rodriguez, N. M.; Baker, R. T. K. J. Phys. Chem. 1996,
100, 4229-4236.

(69) Feng, J.; Zeng, H. C. J. Phys. Chem. B 2005, 109, 17113-17119.
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tively onto the 5-Ni(OH), phase. The presences of these
secondary phases have been confirmed with our EDX
analyses (Supporting Information, SI-4). Similar to those
reported in Figures 6 and 7, in principle, the bihydroxide
composites of this type can be used as precursor solids
for preparations of even more complex nanocomposites
of metal oxides and metals after respective thermal
decomposition and reduction.

As depicted in Figure 1, the synthesis of self-assembled
hollow spheres f3-Ni(OH), and the studied chemical
conversions in liquid phase, solid state, and solid—gas
reactions allow one to predict and synthesize a large set
of Ni-containing nanomaterials with compositional design
and structural architecture. With the present findings,
exploration of this class of nanomaterials for their practical
applications becomes the next immediate challenging
research.

4. Conclusions

In summary, we have devised in this work a solution-
based chemical approach to prepare hollow spheres of
B-Ni(OH),, starting from thin flake nanobuilding units. It
has been found that control of precipitation is a key to
obtaining spherical porous morphology. Particularly,
6-coordinated nickel ion complex [Ni(EDA);]*" (EDA =
C,H4(NH,),) has been prepared as a nickel precursor to
slow down the precipitation rate. By changing the starting
concentration of divalent nickel in the precursor solutions,
furthermore, the diameter of hollow spheres of 5-Ni(OH),
can be controlled in submicrometer and micrometer
regimes. The 5-Ni(OH), product spheres are constructed
from petal-like flakes and platelets that are comprised of
even smaller nanocrystallites in the size range of 3—4 nm.
The thickness of the flakes/platelets along the c-axis of
the -Ni(OH), crystal can be prepared in the range from
5 nm to a few tens of nanometers by varying the starting
chemical concentrations. Under simple one-pot conditions,
complex interior spaces (i.e., hollow and core—shell types
of spheres) can be further attained. Typical specific surface
area of f3-Ni(OH), hollow spheres has been determined
at 93.2 m¥/g, and an unimodal pore-size distribution across
a range of 2—5 nm has also been measured. During their
self-assembly process, the hollow spheres of -Ni(OH),
went through a donut type of structural intermediate. The
as-synthesized 3-Ni(OH), spheres can be utilized as a solid
precursor to synthesize other nanostructured derivatives.
In this work, phase pure inorganic nanostructures, organ-
ic—inorganic nanocomposites, and inorganic—inorganic
nanocomposites of NiO, Ni, NiO/Ni, Ni/3-Ni(OH),, CNTs/
NiO, CNTs/Ni, Ni@CNTs, Fe(OH);/3-Ni(OH),, Co(OH),/
B-Ni(OH),, and Mg(OH),/3-Ni(OH), have been prepared
via solid-state thermal decomposition, gas-phase reduction,
solution-based reduction, surface oxidation, chemical
vapor deposition, and liquid-phase deposition processes.
Our efforts herein can be considered as the first attempt
at a systematic investigation on nickel-related nanoma-
terials, and therefore a greater picture for the general
chemical conversions of this materials family has been
obtained.
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