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ABSTRACT: As a part of the persistent efforts to accomplish a sustainable society, solution-
hydrogen reduction were developed for preparing metal materials. Large-scale hierarchical
nickel microstructures with controllable sizes and pores were constructed by adjusting the
reaction conditions and the cycles of repeated reduction using nickel nanoparticles about 700
nm as seeds and H, as reductant. The investigation results of reaction conditions indicated
that ammonia and nickel seeds played crucial roles for the reduction reaction. The possible
formation process of self-assembled hierarchical nickel microstructures was proposed based
on the results of experiments and analysis. The magnetic hysteresis loops show that the
magnetic properties of nickel microstructures were also controllable by controlling the cycles.
The hydrogen storage indicates that the hierarchical nickel microstructures have better
hydrogen storage performance at 298 K, which may be ascribed reasonably to that H,
molecules adsorb onto the surface of nickel particles and form activated hydrogen (Ni-H).
Such a cost-effective and environmentally friendly procedure is a versatile approach that may
be extended to the mass production of some metals and the fabrication of some other

hierarchical microstructures.
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1. INTRODUCTION

Hierarchical micro- and nanostructures of functional inorganic materials have attracted
considerable attention due to their highly ordered architectures and well-defined physical
properties, which exhibit various potential applications in environmental remediation, optics,
and electrochemistry.'™ As an important ferromagnetic material, hierarchical nickel particles
have attracted much attention both theoretically and experimentally because of their high
anisotropy in shapes and structure-dependent magnetic and electronic propeﬁies.4 In past
decades, various strategies were used to prepare different hierarchical nickel structures,”?
such as hierarchical nickel bowl-like nanostructures by a magnetic self-assembly process,"
and porous hierarchical nickel nanostructures through a template- and surfactant-free
strategy.'* However, it is still of great importance to explore facile wet-chemical means
aiming at simple, economical and environmental benign synthetic approaches independent of
surfactants or external magnetic field for assembled nickel hierarchical structures, especially
three-dimensional nickel microstructures with mass preparation, controllable size, porosity
and density.

Therefore, seeding strategies were devised to fabricate inorganic materials with
controlled shape, especially metal materials.'”"® When small nanoparticles as seeds are added
into a solution including metal salt and mild reducing agent, the catalytic reduction of the
metal salt on the surface of the metal particles is more readily than that in the bulk solution.
This strategy effectively separates the nucleation and growth period of nanoparticle
formation. In general, seed-mediated growth of metal particles has several recognized
characteristics. It can enhance particle monodispersity relative to the conventional methods,
and allow smaller particles to grow into larger particles with a pre-determined size, and take
advantage of some properties of seed surface. In the seed-mediated growth, the selection of

reducing agent is of great concern, because strong reducing agents can generate new crystal
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nuclei in solution, which leads to an undesirable size distribution. Typical reducing agents

19,20 15,16,18

employed in seed-mediated reduction include sodium borohydride, ascorbate ions,

1,%*% glucose,** etc. The results also depend on a range of easily

oleyl amine,?' ethylene glyco
controllable parameters, such as reagent concentration, the presence of additives, and the
order and rate of addition of reagents. Recently, there is growing interest in green
nanotechnology to achieve a sustainable society, which encompasses the use of nanoscale

. . . . .. 2708
materials for catalysis,”*® environmental remediation,””

as well as green methods to reduce
or eliminate the use and generation of hazardous substances for the synthesis and production
of materials.”’>° Forsman et al. reported an aerosol phase method to produce cobalt nickel
nanoparticles by hydrogen reduction, which is promising for scaling up because of simple
process and relatively inexpensive materials.”'

Toward the goal, solution-hydrogen strategy has been developed to industrially
produce metallic nickel and other metals from salt solutions by hydrogen reduction, which is
an economical and environmental benign method.**>* The works mainly focused on principal
phenomena, procedures, catalysts and reaction kinetics. However, few studies were reported
about controllable synthesis and structure-dependent properties of metallic nickel and other
metals. Here, nickel has been also selected as a model material to investigate the feasibility of
the solution hydrogen reduction route for large-scale controllable preparation and structure-
dependent properties. In the process, foreign nickel seeds were required to initiate the first
reduction; meanwhile, the nickel seeds and obtained nickel could also activate H, molecules
to form activated hydrogen atoms as reductant. Ammonia was introduced to act as
neutralizing agent for controlling pH value and complexing agent for reducing the reaction
rate. After the completion of reaction, the depleted solution was discharged, leaving the

metallic nickel in the autoclave. The produced nickel particles were used as seeds for the

reduction of the next batch of solution. Through repeated batch reductions, the size, porosity
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and density could be controlled. However, the repeated batch reductions only continued 10 or
15 cycles because the metal powder particles became too heavy to obtain effective agitation
and serve as effective catalysts. This process involves the use of renewable feedstocks, non-

hazardous solvent and reductant, and more environmentally responsible reaction conditions.
2. EXPERIMENTAL SECTION

2.1. Materials.

Nickel (IT) sulfate hexhydrate ((NiSO4-6H,0), ammonium sulfate ((NH4)2SO4, 98%),
and ammonia solution (NH3-H,O, 28%) were purchased from Wako Pure Chemical
Industries, Ltd., Japan. Nickel seeds were obtained from Nissin Rika Co., Ltd. Hydrogen and
nitrogen were obtained from Tosa Gas Engineering Co., Ltd. Deionized water was prepared
by an Ultrapure Water System (Yamato WG203).

2.2. Seed-mediated production of nickel hierarchical microstructures

Preparation of nickel microstructures was carried out in a high pressure autoclave (MMJ-
200, OM Lab. Tech. Co., Ltd.) with about 150 cm®. The starting materials including 12.6 g
nickel (II) sulfate hexhydrate, 12.4 g ammonium sulfate, 2.8 g nickel seeds about 700 nm
(Figure S1(a) of the Supporting Information), 7.7 ml ammonia solution and 18.5 ml deionized
water were loaded into the autoclave equipped with a rotor made of Teflon stirring. The
temperatures were measured with a K-type thermocouple that was inserted into the autoclave.
After sealing the autoclave, the air in the reactor was replaced with N, by successive purging.
After the autoclave was heated to 180 °C, 3.5 MPa H, was introduced into the autoclave, and
the temperature was maintained at 180 °C for 1 h. Then, the autoclave was cooled to room
temperature naturally. It was found that the final products in the autoclave were brown black
precipitates and residual gases. The precipitates were collected and washed with distilled
water and ethanol for several times. After that, the products were dried in a vacuum box at 50

°C for 6 h, and were collected for characterization. In the repetitive experiments, the obtained
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nickel products were used as seeds for the reduction of next batch of the solution. The
repeated reduction was conducted up to 10 or 15 times. With increasing repetitive cycles, the
color of products becomes to silver gray.

In order to realize mass production, the autoclave with 3 L was used to prepare nickel
microstructures, and raw materials were also expanded 20 times under keeping the other
reaction conditions unchanged, and the results were consistent with those of
micropreparation.

2.3 Characterization of nickel hierarchical microstructures

The field-emission scanning electron microscopy (FESEM) images of the seeding
agent and products were performed on a JSM-6360 instrument (JEOL). The X-ray powder
diffraction (XRD) patterns of the products were recorded on a Rigaku Ultima IV
diffractometer operating at 40 kV and 20 mA using Cu Ka radiation (A=1.54178 A). The
samples for observing the internal structure were prepared using a cross-section polishing
technique with an Ar ion beam (JEOL, SM09010). Low pressure nitrogen (77 K) and
hydrogen (77 K and 298 K) adsorption isotherms were performed using an ASAP 2020
instrument (Micromeritics). The distribution of elements was examined by an electron probe
micro analysis (EPMA, JXA8900R, JEOL, Japan) under an acceleration voltage of 20 kV,
beam current of 10 mA. The average particle sizes were measured by Microtrac 9320HRA,
Honeywell, and Autosrb 1-C, Yuasa lonics. Mercury porosimeter was performed in the
pressure range from 0.1 to 60000 psia on a Micromeritics Autopore IV 9500, which mainly
shows meso-macropores, total pore volume, total pore area, and the pore size distribution.
The nickel production was weighed using electronic balance (HR-200), and the conversion
ratio of nickel ions to solid products was define as m/my, where m and my are the mass of the
produced nickel and theoretical mass of complete conversion of the nickel species in starting

solution, respectively.
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3. RESULTS AND DISCUSSION

Figure la shows the FESEM images of the products obtained from the solution
hydrogen reduction route for 1 cycle at 180 °C, which display large-scale uniform
hierarchical microstructures about 72 pum, and the yield is almost 100%. The high
magnification FESEM images in Figure 1b and 1c show clearly that the microstructures have
porous structures formed by assembling smaller particles with the size of about 700 nm. To
ascertain the components and structures of products, XRD was used to investigate the crystal
phases of the seeds and products obtained for 1 cycle. According to the reflection peaks in the
powder XRD pattern in Figure 1d, the main phases of the seeds match well with the face-
centered cubic (fcc) structure of nickel (JCPDS 04-850), and the peaks located at 44.5°,
51.8°, and 76.4°, can be indexed to (111), (200), and (220) planes of nickel, respectively. The
products obtained for 1 cycle display the same XRD pattern as the seeds, in good agreement
with the standard pattern of Ni with fcc structure. No characteristic peaks of other impurities
were detected, indicating that pure crystalline nickel microstructures were prepared by the
presented procedure.

The slices for observing the internal structures were prepared using a cross-section
polishing technique with an Ar ion beam. Figure 2 shows typical cross-sectional FESEM
images of a microstructure obtained for 1 cycle. The cross-sectional microstructure in Figure
2a provides definite evidence that nickel hierarchical microstructures are assembled by many
small particles and have high porosity. The further observation reveals that the exterior of
microstructures is compacter than the interior. Figure 2b shows that the size of small particles
is in agreement with the FESEM result in Figure 1c.

Figure 3a shows the nitrogen adsorption-desorption isotherms of the nickel hierarchical
microstructures for 1 cycle at 180 °C. The BET surface area is 0.9807 m*/g. The calculation

of Barrett-Joyner-Halenda (BJH) in Figure 3b reveals that the pore-size distribution of the
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nickel hierarchical microstructures centers between 1.5 and 10 nm. Low pressure hydrogen
adsorption measurements of the nickel hierarchical microstructures were carried out at 77 K
and 298 K. As shown in Figure 3(c) and 3(d), the results indicate that the nickel hierarchical
microstructures has an lower adsorption capacity of 0.00243wt% at 77 K and 860 mmHg,
which can be attributed to the big size particles and small BET surface area. It is noteworthy
that the value (0.00257wt%) measured for the nickel hierarchical microstructures at 298 K
and 860 mmHg is higher than that at 77 K. The result may be ascribed reasonably to that H,
molecules adsorb onto the surface of nickel particles and form activated hydrogen (Ni-H),
which also indicates that the nickel hierarchical microstructures have high activity for
hydrogen adsorption at 298 K.

Solution-hydrogen reduction as a simple, economical and environmental benign route
was developed to prepare metal materials combined with seed-mediated fabrication. Here, we
have selected the important ferromagnetic material, nickel, as a model material for
investigation. The overall reaction of nickel reduction was as follows:

Ni*" + nNH; — Ni(NH;),>" (1)
2Ni + H, —2Ni-H 2)
Ni(NH3),>" + 2Ni-H— 3Ni + 2NH;" + (n-2)NH; (3)

In the reaction, the addition of ammonia is done prior to reduction as complexing agent
and neutralizing agent. Ammonia with nickel ions forms nickel compexes, shown in equation
(1), which can reduce the concentrations of nickel ions in solutions to lower reaction rates, so
that the morphology and size of products could be controlled. If no neutralising agent is
present, the produced H' ions will lower the pH value of the solution, which cause that the
reduction is not complete. The results clarify that the amount of ammonia determines the

conversion ratios because nickel ions can be reduced by H, only when the solution is under
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alkaline conditions (Table S1 of the supporting information). Therefore, the amount of
ammonia or pH of the solution plays a crucial role in the reduction reaction.

According to our experiments, the self-assembled hierarchical microstructures were
difficult to be prepared by the solution-hydrogen reduction without adding seeds, since nickel
could not nucleate homogeneously from a solution under the hydrothermal conditions.”
Nucleation is usually defined as the formation of the smallest thermodynamically stable
nucleus of a new phase from parent phase, and solid surface is required to evoke the initial
deposition of nickel. So the addition of seeds is important during the initiation of reduction
and can also control the rate of the overall reaction. Additionally, it is well known that
metallic nickel can be used as hydrogenation catalyst to activate hydrogen.***' H, adsorbs on
the nickel surface to form Ni-H,** shown in equation (2), and the H is in the activated state
due to the weak Ni-H bond. The activated hydrogen can release their electrons to Ni** from
the dissociation of Ni(NH3),>" in the solution, producing nickel deposited on the surface of
nickel seeds, shown in equation (3). Since metallic nickel is the product of reduction, the
reaction should become autocatalytic and the reduction reaction is accelerated in the early
stages. However, with increasing the cycles, the reduced nickel is deposited on the surface of
the nickel already present, causing growth of the solid particles, which means that the
effective catalytic area will decrease. Meanwhile, the increase in the density of the growing
nickel particles in the course of the reduction makes them settle on the bottom of the
autoclave, thereby also decreasing the effective catalytic area. To further investigate the
effect of nickel seeds on the controllable preparation of hierarchical microstructures, Figure 4
shows FESEM images of the products obtained by adding 0.8, 1.6, 2.4 g nickel seeds at 180
°C for 1 h and rotation rate of 1200 rpm, which show that the size of microstructures become
smaller with increasing the amount of nickel seeds, and the sizes of microstructures are ca.

110, 90, 77 pum, respectively. Comparing the high magnification FESEM images in Figure 4c,
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4f and 4i, the small particles which are assembled to microstructures, also become smaller
and smaller with increasing the amount of nickel seeds. Figure 5 displays the results of grain
size analysis of the products obtained by 0.8, 1.2, 1.6, 2.0, 2.4, 2.8 g nickel seeds, which
further confirm that the sizes of microstructures decrease with increasing the amount of
nickel seeds. Figure 6a indicates that the obtained products mainly comprise two sizes of
pores with the average diameters of 1.5 and 33 pm. The results in Figure 6b, 6¢ and 6d
demonstrate that increasing the amount of nickel seeds can improve the total intrusion
volume (mL/g) and total pore area (m?/g), and lessen the pore sizes of the obtained products.
Careful observation from experimental results found that the morphologies of microstructures
tend increasingly to spherical shape with reducing the amount of nickel seeds, and the results
can be confirmed from FESEM images of the products for 10 cycles using 1.2 g nickel seeds
for the firstcycle (Figure S2 of the Supporting Information). Another set of experiments was
performed to understand the dependence of the morphology and structure of products on
nickel seed particle size. From the FESEM images of the products for 1 , 5 and 15 cycles
using 2.8 g smaller nickel seeds about 200 nm (Figure S1b of the Supporting Information),
the morphology and size of the obtained products are not uniform (Figure S3 of the
Supporting Information). The reason is that these highly active small particles can accelerate
the reduction of Ni*" by H,, and lots of nickel atoms are generated in a short time, which
cause that it is difficult to fabricate the produced nickel to spherical particles. Therefore, it is
very necessary to control the quantity and size of nickel seeds for obtaining the desired
products.

Apart from nickel seeds, rotation rate is also one of influence factors in the reduction
reaction. The results indicate that conversion ratio was increased with increasing rotation rate
before 900 rpm in the reaction of one hour. The variation tendencies of particle sizes and pore

information with rotation rate of 750 rpm (Figure S4 and S5 of the Supporting Information)
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are similar to the results in Figure 5 and 6. However, in the same other conditions, the sizes
of microstructures at 750 rpm are bigger than those at 1200 rpm, and the total intrusion
volumes and total pore areas at 750 rpm are slightly higher than those at 1200 rpm. From the
FESEM images of the products by adding 0.8, 1.6, 2.4 g nickel seeds at 180 °C for 1 h and
rotation rate of 750 rpm (Figure S6 of the Supporting Information), it is also found that the
average sizes of microstructures decrease with increasing the amount of nickel seeds, which
are ca. 166, 139, 98 um, respectively.

In the reduction reaction, H, molecules were activated by nickel catalyst to form Ni-
H, and the activated hydrogen acts as reduction reagent to reduce Ni*" to Ni’, so enough H, is
very important for complete conversion of nickel ions. When the pressure of H; is 3.5 MPa,
the nickel ions should be reduced to nickel completely. It is well known that the reduction
process from Ni*" to Ni’ needs certain energy, and the reaction temperature would also be an
important factor for the reduction reaction. The results of temperature dependence
experiments revealed that the reduction reaction has begun at 60 °C, and the nickel
conversion ratios were increased until the reaction temperature rose to 80 °C in reduction
reaction process of one hour, and Ni*" jons in solution have been reduced completely from 80
to 180 °C. The experimental results indicate that the reaction rates were accelerated by higher
reaction temperatures, the complete conversion of Ni*" needed sixty minutes at 80 °C.
However, it was only twenty minutes at 180 °C. This can be rationalized as follows: the
decomposition rate of Ni(NH3),>" is accelerated at higher reaction temperature, which will
improve the supply of Ni*" in solution; higher temperature can also provide high energy for
the reduction. Beside the conversion ratio, reaction temperature also influenced the
morphology of the products. Figure 7a shows that the products are large scale irregular
microstructures with the size of about 30 um when the reaction temperature is 80 °C, and the

microstructures are assembled by many nanoparticles loosely, shown in Figure 7b. With
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increasing the reaction temperature, the size and density of microstructures are improved.
When the reaction temperature is 120 °C, the products consist of the smaller microstructures
with the size of about 30 um and bigger microstructures in Figure 7c. Figure 7d shows that
the sizes of some bigger microstructures reach above 100 um. From Figure 7e and 7f, when
the temperature is increased to 160 °C, the shape of microstructures becomes more uniform,
and the size of microstructures is about 75 um.

The possibility for growing successively to spherical microstructures with controllable
size, density and porous structures was investigated by adjusting the cycles of repeated
reduction. By repeating the process, the intended target was achieved, and the size, density
and porous structure of nickel microstructures could be controlled. Figure 8 shows the
FESEM images of the products obtained for 3, 5, 10, 15 cycles. The reduction after 3 cycles
still gave uniform hierarchical microstructures with the average size of about 77 um (Figure
8a). However, the high magnification FESEM images in Figure 8b and 8c show clearly that
the porosity become small and the size of small particles become bigger comparing with
those of the microstructures obtained for 1 cycle. The results from porosimetry in Figure 9
show that the total intrusion volume, total pore area and average pore size of the
microstructures are 0.9561 mL/g, 1.011 m*/g and 3.7839 um for 1 cycle. When 3 cycles were
carried out, the total intrusion volume, total pore area and average pore size are reduced to
0.3842 mL/g, 0.337 m?/g and 4.5534 pm, respectively. Figure 8d, 8¢ and 8f show the
different magnification FESEM images of the products for 5 cycles. The results display that
the products are hierarchical microstructures with the average size of about 83 um. However,
there are some small microstructures, which maybe that some small particles were broken off
from the incompact structures during mixing process, then growing to the small
microstructures in Figure 8d. From Figure 8¢ and 8f, the porosity of hierarchical

microstructures becomes smaller incessantly, and the particle sizes at surface become bigger
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obviously. The total intrusion volume, total pore area and average pore size are 0.2119 mL/g,
0.148 m%/g and 5.7439 um, respectively. With increasing the cycles, the sizes of
microstructures continue to grow, and the porosity also gradually becomes smaller. From
Figure 8g, 8h and 8i, the size of the microstructures for 10 cycles is about 107 um, and there
are almost no pores from the surface of microstructures. The total intrusion volume, total pore
area and average pore size are only 0.0993 mL/g, 0.015 mz/g and 26.4318 pm, respectively.
After 15 cycles, Ni*" becomes more and more difficult to completely converse to nickel in the
reaction time of one hour. After 15 cycles, the different magnification FESEM images of the
products show in Figure 8J, 8k and 8l. The particles become more uniform with the size of
about 123 um, and the surface of microstructures become smooth. The total intrusion volume,
total pore area and average pore size are 0.0964 mL/g, 0.010 m%g and 36.8734 pm,
respectively. The total intrusion volume and total pore area are reduced constantly, and the
average pore size become bigger and bigger with increasing cycles. From Figure 9d, there
still exist low peaks centered at about 26 um, and the peaks centered at about 1.5 pm have
disappeared after ten cycles, which indicate that there are no pores or close pore in the
interior of the microstructures. The results of XRD in Figure 10 indicate that the products
obtained for 3, 5, 10, 15 cycles are also pure crystalline nickel (JCPDS 04-850) and no
impurities were detected. When the reactor with 3 L was used to prepare nickel
microstructures, and raw materials were also expanded 20 times under keeping the other
reaction conditions unchanged, the morphologies and structures of products are similar to
those of the products obtained by the reactor with about 150 mL.

Figure 11 shows typical cross-sectional FESEM images of the products obtained for 15
cycles. From Figure 11a, it is difficult to observe obvious pores except several big pores in
central section, which indicates that the microstructures become more and more compact with

increasing the cycles. However, the high magnification FESEM image in Figure 11b reveals



Journal of Materials Chemistry A

that there are still some small pores in the inside of microstructures, and these pores should
be closed pores combined with the results in Figure 8k and Figure 9, which resulted in that
Ni** and H, were retarded to enter the interior of the microparticles. Figure 11c and 11d show
EPMA elemental micromaps of Ni and O for nickel slices from the microstructures for 15
cycles. The element distribution on the cross-sections indicates that only Ni element is found
on the slices, and the distribution of Ni element is uniform. It is worthwhile to note that
neither O element nor other elements were detected. The results match well with the result of
XRD analysis.

To elucidate clearly the fabrication mechanism of hierarchical nickel microstructures by
seed assisted solution hydrogen reduction route, an illustrative scheme is presented in Figure
12. When H, was added into the reaction solution, H, molecules first adsorbed onto the
surface of nickel seeds to form activated hydrogen (Ni-H). The hydrogen with high activity
was easy to react with nickel ions in the solution, and the produced nickel deposited on the
surface of nickel seeds. Then the produced nickel particles acted as nucleator and
hydrogenation catalyst to promote sequentially the reduction reaction between Ni*" and H..
In this progress, the reaction became autocatalytic to form hierarchical microstructures until
the end of the reaction. In order to control the size and pore of microstructures, some reaction
conditions were adjusted, including the amount and size of seeding agent, the amount of
ammonia, reaction temperatures, rotation rate, and so on. If need to prepare dense
microstructures, the repeating the process by adjusting cycles should be carried out.

It is well known that understanding the relationship between the size, hierarchical
surface and magnetic property is very important for fundamental research and the
development of potential applications in electronics and information technologies. Magnetic
measurements were carried out on the obtained nickel microstructures. Therefore, Figure

13(a) is the magnetic hysteresis loop of as-prepared nickel microstructures for 1, 3, 5, 10 and
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15 cycles at 298.15 K. Figure 13(b) displays the relationship between the magnetic properties
and cycles. Figure 1 and Figure 7 show a distinct difference in anisotropy, size and
hierarchical surface of the microstructures with the increasing of cycles. Since the coercivity
of magnetic material depends strongly on size and shape anisotropy. The results indicate that
the H, values of obtained nickel microstructures are ca. 46.7, 16.1, 10.6, 7.1 and 5.4 Oe for 1,
3, 5, 10 and 15 cycles, which decrease with the increase of cycles. Compared with the
coercivity value (0.7 Oe) of bulk nickel, obvious increase occurs in the coercivities of all the
nickel microstructures, which is consistent with previous reports.*” The enhancement may be
attributed to the reduced size of nickel particles and presence of hierarchical structure which
cause change in the magnetization reversal mechanism.* The decrease in coercivity of the
nickel microstructures with the increase of cycles has been considered to the result from the
decrease in the magnetic anisotropy. The values of saturation magnetization (Ms) for the as-
prepared nickel microstructures decreased from 86.3, 77.1, 69.4, 62.2 to 59.5 emu/g with
increasing the cycles, which are bigger than that of the bulk nickel (ca. 55 emu/g), possibly
for its small sized structures. Additionally, the values of Ms decrease with increasing the
cycles, which is also attributed to the sizes of nickel particles. The same trend was recorded
for the remanence magnetization. The results confirm that the coercivity and magnetization
are mainly governed by the particle size. Here, shape anisotropy also affects the coercivity
and magnetization because of the hierarchical surfaces of the nickel microstructures. This is
that the demagnetizing field will not be equal for all directions when particles are not
perfectly spherical.
4. CONCLUSIONS

In summary, a seed-mediated growth strategy was developed to fabricate hierarchical

nickel microstructures by solution-hydrogen reduction. The results demonstrate that it is

possible to control the size, density, and porous structure of nickel microstructures by
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adjusting the cycles of the repeated reduction. The synthetic conditions were also investigated
and discussed, including the amount and size of nickel seeds, ammonia solution, reaction
temperature, reaction time, and so on. The results indicate that nickel seeds and ammonia
play key roles in the fabrication of hierarchical nickel microstructures. For example, nickel
seeds acted as nucleus to provide control over the nucleation step and evoked the initial
deposition of nickel, but also as hydrogenation catalyst to activate H,. A possible reaction
mechanism was proposed on the basis of the experimental results and analysis. The results of
hydrogen storage indicates that the hierarchical nickel microstructures have better hydrogen
storage capacity at 298 K than that at 77 K, which was attributed to that the formation of
activated hydrogen (Ni-H) on the surface of nickel particles improved the hydrogen
adsorption quantity and stability at 298 K. The magnetic properties of nickel microstructures
were also controlled, and the coercivities and magnetizations have obvious decrease with
increasing the cycles due to the reduced size and presence of hierarchical structure. The
nickel microstructures could broaden the application of nickel materials, such as batteries and

catalysts as well as stainless steel.
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Figure captions

Figure 1. (a-c) Different magnifications FESEM images of the products for 1 cycle at 180 °C
for 1 h; (d) XRD patterns of nickel seeds and the above obtained products.

Figure 2. Different magnifications FESEM image of the cross-section of the nickel
microstructure for 1cycle at 180 °C for 1 h.

Figure 3. (a) Nitrogen adsorption and desorption isotherms of the nickel hierarchical
microstructure for lcycle at 180 °C for 1 h; (b) Pore size distribution of the nickel
hierarchical microstructure; (c) Low pressure hydrogen adsorption isotherms of the nickel
hierarchical microstructure at 77 K; (d) Low pressure hydrogen adsorption isotherms of the
nickel hierarchical microstructure at 298 K.

Figure 4. Different magnification FESEM images of the products for 1 cycle with the rotation
speed of 1200 rpm: (a-c) 0.8 g; (d-f) 1.6 g; (g-1) 2.4 g.

Figure 5. Size attributions of the products using different amount (0.8, 1.2, 1.6, 2.0, 2.4, 2.8
g) of nickel seeds with the rotation speed of 1200 rpm.

Figure 6. Pore information of the products using different amount of nickel seeds (0.8, 1.2,
1.6, 2.0, 2.4, 2.8 g) with the rotation speed of 1200 rpm: (a) differential intrusions curve; (b)
total intrusion volume; (c) total pore area; (d) the average pore diameter.

Figure 7. Different magnification FESEM images of obtained nickel microstructures at
different temperatures: (a-b) 80 °C; (c-d) 120 °C; (e-f) 160 °C.

Figure 8. Different magnification FESEM images of the products: (a-c) 3 cycles; (d-f) 5

cycles; (g-1) 10 cycles; (j-1) 15 cycles.
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Figure 9. Pore information of the products for 1, 3, 5, 10, and 15 cycles from the high
pressure mercury porosimetry: (a) total intrusion volumes; (b) total pore areas; (c) average
pore diameters; (d) differential intrusions with pore size.

Figure 10. XRD patterns of the products for 3, 5, 10 and 15cycles.

Figure 11 (a) and (b) Different magnification FESEM image of the cross-section of the
microstructures obtained for 15 cycles; (c) and (d) EPMA micrographs of the cross-section of
the products obtained at for 15 cycles: (c) Ni element; (d) O element.

Figure 12. Schematic illustration of the formation mechanism of nickel microstructures.
Figure 13. (a) Magnetic hysteresis loops of nickel microstructures with different cycles at
298.15 K; (b) Coercivity (Hc) and remanence magnetization (Mr) of nickel microstructures

with different cycles.
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