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Abstract
Herein, we aim to suggest a facile method for fabrication of Ni-based nanonetworks via templated electroless plating using
mesoporous polymers as templates. With the control of spinodal decomposition for the polymer/crystalline solvent mixture, it is
feasible to fabricate mesoporous polystyrene with controlled porosity and pore size as well as its distribution that could serve as a
template for templated electroless plating. By taking advantage of the development of reduced Ni from the electroless plating,
nanoporous Ni spheres with controlled micrometer-sized particle could be directly acquired, providing the feasibility as hetero-
geneous catalysts in aimed reactions. With the high specific surface area, the fabricated nanonetwork Ni gave rise to superior
performance for catalytic hydrogenation of unsaturated organics and polymers. With the magnetic properties of Ni, catalyst
recyclability could be simply achieved by magnetic field. This approach is simple and cost-effective to create nanoporous Ni
spheres with high catalytic efficiency and well selectivity for hydrogenation performance.
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1 Introduction

In recent decades, metal nanostructures (including noble metal
like Au [1, 2], Ag [3–5], Pd [6–12], and Pt [8, 13–18]) have
attracted a lot of attention in catalytic applications due to their
excellent activity, superior durability, and good recyclability.
The performance of heterogeneous metallic catalyst is highly
dependent upon the design of nanostructures and morphology

[19–21]. Hence, how to synthesize the metal nanocrystals
with desirable texture and size has become a principle target
of extensive researches on catalytic materials. Recently, vari-
ous strategies for the fabrication of metallic catalyst with spe-
cific morphology, structure, and size have been proposed for
providing superior activity [12, 22, 23]. For example, Kiwi-
Minsker et al. have successfully controlled the morphologies
and sizes of palladium nanocrystals through the change of
reaction conditions in the aqueous solution to achieve the
selective hydrogenation of 2-methyl-3-butyn-2-ol (MBY) in
the reaction [24].Moreover, Zhang et al. proposed a facile soft
chemistry method to fabricate the Ni/CB (carbon black) cata-
lyst by using nickel chloride as the source. That catalyst ex-
hibited high activity for the cost-effective hydrogenation of
nitrophenols to aminophenols at 30 °C, and it could be easily
separated from the solution after hydrogenation reaction by
external magnetic field due to the magnetic property of nickel
[25].

It is also very important to determine how to increase both
the specific surface area to mass ratio and the amounts of
catalytic sites of metallic nanocrystals to enhance the catalytic
performance over the hydrogenation reaction. Therefore, the
fabrication of three-dimensional (3D) nanoporous materials
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with interconnected network structure is in strong demand due
to their high specific surface areas and porosity from the nano-
network texture with nano-pores. With highly porous nano-
structures, the catalytic performance and selectivity of metallic
nanocrystals would be enhanced, and it also can reduce the
consumption of noble metals to achieve the goal of cost-ef-
fectiveness. Lately, Huang et al. fabricated uniform porous
palladium nanostructures (pPdNs) with perpendicular pore
channels by using a convenient wet-chemical strategy. That
catalyst exhibited superior efficiency for the hydrogenation of
nitrobenzene, styrene, and also a Suzuki coupling reaction
because of its uniformly dendritic nanostructures, ultrathin
branches, and the high percentage of surface atoms [6].
Moreover, as previously reported by our laboratory,
nanonetwork-structured polystyrene (PS) template could be fab-
ricated from either hydrolyzing self-assembled PS-PLLA [26,
27] or HF etching of PS-PDMS [28], which could be used for
the fabrication of double gyroid (DG)-structured [29] and single
gyroid (SG)-structured [30] Ni through templated electroless
plating. With a well-ordered nanonetwork texture, continuous
nanochannels, high specific surface area, and a narrow pore size
distribution, the SG-structured Ni sphere fabricated from the
templated electroless plating exhibits excellent efficien-
cies to mediate hydrogenation of organic compounds.
Note that a well catalyst also should be recovered easily
after catalytic reactions. The SG-structured Ni could be
separated from the solution after hydrogenation reac-
tions by the external magnetic field due to its magnetic
property and micrometer size.

Herein, we aim to fabricate the metallic (i.e., Ni) catalyst
with nanonetworked structure and controlled pore size by a
facile and cost-effective method. By taking advantage of
spinodal decomposit ion for a mixture of PS and
dimethylformamide (DMF) [31], it is possible to fabricate
mesoporous PS with a variety of pore sizes by changing the
concentration and molecular weight of the PS in the solution
mixture. Subsequently, the mesoporous PS will be used as a
template for the fabrication of nanonetwork-structured Ni
sphere with thru-pore texture and uniform pore size. By taking
advantage of the nucleation and growth mechanism for the
reduction of Ni ions, nanoporous Ni spheres with different
spherical particle sizes can be successfully fabricated for use
as metallic nanoporous hydrogenation catalyst. Also, the
micrometer-scale size of the nanoporous Ni sphere is critical
to provide the excellent recyclability from the reaction solu-
tion by simply using an external magnetic field [32, 33].
Hydrogenation catalysts have found important applications
in food chemistry, petrochemistry, and pharmaceutical indus-
tries. To probe the catalytic behaviors of the novel nanoporous
catalyst, hydrogenation of aliphatic (e.g., cyclohexene) and
aromatic (e.g., toluene) double bonds was examined, respec-
tively, so that the hydrogenation selectivity of the catalyst can
be revealed. In addition, we also studied the hydrogenation of

polymeric materials, a commercial thermoplastic elastomer,
polystyrene-b-polybutadiene-b-polystyrene (SBS), using the
novel catalyst system for demonstration of its applications
on polymers; note that the SBS contains both aliphatic and
aromatic double bonds and it is promising for practical appli-
cations as the hydrogenated rubber offers elevated physical
properties and applications.

2 Experimental section

2.1 Materials

Cyclohexene (≥ 99%) and polystyrene (PS) with three
different molecular weights of 190,000, 280,000, and
350,000 were purchased from Sigma-Aldrich®.
Dimethylformamide (DMF) was purchased from J.T.
Baker®. Methanol and dichloromethane (DCM) were
purchased from Macron Fine Chemicals™. Nickel chlo-
ride (NiCl2·6H2O) and hydrazine monohydrate (98+%)
were purchased from Alfa Aesar. Ammonia, toluene,
and hydrofluoric acid (≥ 37%) were purchased from
Honeywell. Palladium (II) chloride (PdCl2) was pur-
chased from Uni Region Bio-Tech. The SBS materials
in this study were provided by LCY Chemical Corp.,
Taiwan, and have molecular weights of about 69,000.

2.2 Fabrication of nanoporous Ni spheres via
electroless plating

To fabricate the nanoporous Ni spheres, electroless plating
was conducted through nucleation and growth. For nucleation
process, the mesoporous PS templates were soaked into an
activating solution consisting of PdCl2 (0.03 g), methanol
(18 mL), and HCl (1 N, 2 mL) at ambient temperature for
24 h followed by immersion in a reduction solution of meth-
anol (15 mL) and hydrazine monohydrate (98+%, 10 mL).
After that, the templates with the Pd nucleus were soaked into
a Ni bath (0.4 g of nickel chloride (NiCl2·6H2O) dissolved in
a solution mixed with distilled water (40 mL), methanol
(40 mL), hydrazine monohydrate (98+%, 4 mL), and ammo-
nia (6.4 mL) to grow the Ni. To acquire the free-standing
nanoporous Ni spheres, the PS/Ni networked nanohybrids
were washed with dichloromethane to remove the mesopo-
rous PS templates.

2.3 Field emission scanning electron microscopy

To acquire field emission scanning electron microscopy
(FESEM) images, energy-dispersive X-ray spectroscopy
(EDX), and element mapping, the nanoporous Ni sphere pow-
der was prepared after the mesoporous PS template was re-
moved. A HITACHI SU-8010 field emission scanning
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electron microscope was used for FESEM imaging at acceler-
ating voltages of 10 keV.

2.4 Transmission electron microscopy

To obtain transmission electron microscopy (TEM) im-
ages, the nanoporous Ni spheres in the PS templates
were prepared by microtomy, and the nanoporous Ni
spheres were dispersed in the methanol followed by dropping
on the copper grid. A JEOL JEM-2100 LaB6 transmission
electron microscope was used for TEM imaging at an accel-
erating voltage of 200 kV.

2.5 Pore size and isotherm measurements

The pore size, porosity, and isotherms of the fabricated
mesoporous PS bulk were investigated using a volumet-
ric gas adsorption apparatus (BET Sorptometer, CBET-
201A, PMI, USA). Fill pieces of dried sample into a
glass sample tube and thoroughly dried under vacuum at
50 °C overnight. The specific surface area of the PS
bulks was analyzed from the Brunauer-Emmett-Teller (BET)
method, and the pore size distribution was acquired from
Barrett-Joyner-Halenda (BJH) analysis. The hysteresis was
obtained between adsorption and desorption processes, which
is often the phenomenon for the mesoporous materials with
capillary condensation.

2.6 Hydrogenation reactions

Hydrogenation of cyclohexene and toluene was conduct-
ed in a 100-mL Parr reactor using decalin as the dilu-
ent. The hydrogenation reactions were conducted at 80
or 200 °C under 50 atm of hydrogen for 4 h. The ratio
of hydrogenation conversion was determined by 1H NMR
analyses. The hydrogenation of SBS rubber (Mn = 69,000 g/
mol with 5 wt% in cyclohexane) were conducted in a
1000-mL Parr reactor under 50 bar of hydrogen at 200 °C
for 4 h. The ratio of hydrogenation conversion was also de-
termined by 1H NMR analyses.

2.7 Demonstration of the recyclability of nanoporous
Ni spheres

As demonstrated in Video S1, 200 mg of nanoporous Ni
spheres in powder form used in the catalytic hydrogenation
reactions was dispersed in 200 mL of SBS solution (5 wt% in
cyclohexane). The nanoporous Ni catalyst powders can be
easily collected by an external magnetic field, and then, the
re-dispersion of the collected Ni catalyst powders can be
achieved by the shearing force. The dispersion and collection
of the nanoporous Ni sphere powders can be easily repeated
without any limitation.

3 Results and discussion

3.1 Fabrication and identification of mesoporous PS
templates

As shown in Fig. 1, the schematics illustrate the experimental
procedures for the fabrication of the nanoporous Ni spheres in
this study. Following the successful approach developed by
Ichinose’s group [31], nanonetwork-structured PS template
with mesopores (Fig. 1(a)) could be successfully fabricated
through spinodal decomposition. To acquire the fabrication
method of the mesoporous PS with controlled pore size, po-
rosity, and framework size, PS samples with different molec-
ular weights were used to dissolve in DMF at various concen-
trations for phase separation through specific cooling and
heating processes. With the morphological evolution from
spinodal decomposition, co-continuous network texture for
PS and crystalline DMF could be obtained in mass produc-
tion. After extraction of the crystalline DMF, mesoporous PS
was thus fabricated. As shown in Figs. S1-S3, the FESEM
micrographs show the mesoporous PS with nanonetwork-
structured texture at which the forming nanochannels could
provide excellent mass transport for the pore-filling of Pd ion
solution; after reduction, homogeneously distributed Pd nano-
particles (Fig. 1(b)) could be fabricated. The PS templates
with mesopores were well characterized by the nitrogen sorp-
tion isotherms (type IV) of BET measurements (Fig. S4 and
Table S1). Following the platform technology for templated
electroless plating we developed, reduction of Ni could be
carried out through the growth of reduced Ni from the Pd
nanoparticles as nuclei (Fig. 1(c)). After removal of the PS
template, nanonetwork-structured Ni could be obtained (Fig.
1(d)) at which the forming size as sphere can be well con-
trolled by the growth time for the reduction of Ni ions.
Figure 2 shows the plot of the framework size of the mesopo-
rous PS fabricated versus the concentration of PS with differ-
ent molecular weights in the DMF solution. Note that the
framework sizes of the mesoporous PS were measured by
examination of the FESEM micrographs using the ImageJ
software (see SI for details). As shown, the framework size
increases approximately linearly with the concentration of the
DMF solution. We speculate that the enlargement of the
framework size is attributed to the reduction in the amount
of the DMF (i.e., the porosity), giving rise to the decrease on
the pore size of the mesoporous PS at the same degree of
spinodal decomposition. Note that the framework of aimed
nanonetwork-structured Ni will be dependent upon the pore
size of the mesoporous PS; namely, the pore size of the
nanoporous Ni should be the framework size of the mesopo-
rous PS. Surprisingly, with the discrepancy on the concentra-
tion for only 10%, the framework size could be changed to
two times of the original size, giving the effective way for the
control of the pore size of the nanoporous Ni. In addition to the
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control of concentration, it is also possible to achieve the
transformation of framework size (i.e., the pore size of fabri-
cated nanoporous Ni) by varying the molecular weight of the
PS; as shown in Fig. 2, the framework size will increase with
the increase of molecular weight. We speculate that, with the
increase of PS molecular weight, the large PS molecular
weight might lower the mobility of the DMF in the PS and
also reduce the miscibility of PS in the DMF. Owing to the
reduced mobility during the temperature increasing procedure
from the temperature of liquid nitrogen, less amounts of DMF
in the mixture for spinodal decomposition (that is, the lower
porosity for the fabricated mesoporous PS); on the other hand,
the lower miscibility might give rise to the formation of larger
PS framework so as to enlarge the pore size for the fabricated
mesoporous PS. Because of the bigger pore size and the re-
duction on porosity (i.e., the amount of the DMF), the specific
surface area should be smaller at equivalent degree of spinodal
decomposition. Note that it is possible to increase the frame-
work size up to 30 nm by changing the molecular weight from
280,000 to 350,000 g/mol at equivalent concentration (Figs.
S2e and S3e). Nevertheless, the nanonetwork structures might
not be able to form once the amount of DMF decreases to 60%
due to its limited amount of the pore for the formation of the
nanonetwork structure.

We speculate that the changes on the interdomain
spacing of fabricated mesoporous PS are attributed to
the less amounts of DMF solution that will give the
small pores at high PS concentration, in line with the
imaging results above. During rapid cooling process using
liquid nitrogen for quenching followed by the heating process,
DMF nanocrystalline could be formed in the PS with the
equivalent size first, and then, the growth of the crystalline

DMF will define the final morphology to give the pore size
of fabricated mesoporous PS. Moreover, the decrease on the
mobility and the miscibility of the PS in DMF solution with
the increase of the molecular weight might result in the less
degree of phase separation that will enlarge the frame-
work sizes of the fabricated mesoporous PS and also the
DMF domain size (namely the pore size of the PS).
Consequently, the q value of the reflection in the SAXS result
of the mesoporous PS becomes smaller, reflecting the increase
of the interdomain distance, in line with the imaging results
from FESEM observation and the pore size analysis from
BET measurements.

Fig. 2 Plots of the framework size of the mesoporous PS bulk fabricated
from spinodal decomposition versus the concentration of PS in the
mixture with the molecular weight of PS: 190,000; 280,000; 350,000 g/
mol. The framework sizes of PS were measured by examination of SEM
images

Fig. 1 Schematic illustration for
the fabrication of nanoporous Ni
spheres from mesoporous PS
through templated electroless
plating. (a) Mesoporous PS tem-
plate possessing the interconnect-
nanonetworked structure with
high specific inner surface area.
(b) Pd nanoparticles distributed in
the template serving as nuclei for
the reduction of Ni ions. (c) PS/Ni
nanohybrids with nanonetwork
texture via templated electroless
plating. (d) Nanonetwork-
structured Ni porous spheres fab-
ricated after removal of the PS
template
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3.2 Synthesis and characterization of nanoporous Ni
spheres

As demonstrated by our previous works, nanoporous Ni
sphere could be fabricated by templated electroless plating
through nucleation and growth processes. By pore-
filling Pd2+ solution into the nanochannels of mesopo-
rous PS template, homogeneously dispersed Pd nuclei
could be formed by using monohydrate hydrazine as a
reducing agent. As shown in Fig. S7a, Pd nanoparticles
from the reduction of Pd ions could be identified
followed by the reduction of Ni ions from the Pd nu-
clei. With the growth of Ni, micrometer-scale Ni sphere
could be clearly observed after removal of the PS tem-
plate (Fig. 3(a)). Moreover, abundant amounts of
micrometer-sized nanoporous Ni spheres could be suc-
cessfully fabricated, providing the potential for various
applications. The inset of Fig. 3(a) shows a photograph
of the nanoporous Ni spheres in a black powder form,
demonstrating the feasibility for fabrication of a large
amount of nanoporous Ni spheres. A high-magnification mi-
crograph of the Ni sphere shows the coral-shaped outer sur-
face, suggesting that reduced Ni becomes the inverse phase of
PS template so as to create the outer surface of nanonetwork
texture after removal of the PS template (Fig. 3(b)). To further
examine the suggested nanonetwork texture, TEM imaging
was acquired; as shown in Fig. S7b, the projection of the
nanoporous Ni sphere is in line with the SEM results at which
the formed Ni appears as dark microdomain with bright pro-
jection of the pores. Figure S7c shows the nanonetwork struc-
ture inside the nanoporous Ni sphere at high magnification,
giving the potential for the hydrogenation of organics and
polymers due to its high specific surface area. The crystalline
structures of the nanoporous Ni spheres were characterized by
a wide angle X-ray diffraction (WAXD) experiment (Fig.
S7d); the pattern shows several intense diffraction peaks lo-
cated at 44.9°, 52.3°, and 76.8°, corresponding to the (111),
(200), and (220) reflection planes of a face-centered cubic
(fcc) Ni phase.

3.3 Controlled growth of spherical particle size
and tunable pore size formation

As shown in Fig. 4(a)–(f), the particle size of the Ni sphere
will be dependent upon the reduction time. Note that under
specific nucleus density estimated using formula in
Section 2.1, there is no significant color change in the first
2 h; based on the TEM observation, the particle size of Ni
sphere would be smaller than 100 nm. The particle size of
the Ni sphere is approximately 120 nm after 3 h and gradually
increases to approximately 1200 nm after 120 h. As shown in
Fig. 4(g), a plot shows the relationship between the Ni sphere
size, based on the statistical calculation for the average particle
size from the FESEM micrographs, and the reaction time; a
typical growth pattern for templated electroless plating from
the heterogeneous Pd nucleus shows that the growth rate grad-
ually reduces with the increase of the reaction time. Also, the
growth rate of nanonetwork-structured nanoporous Ni sphere
experiences a reduction on the growth rate after 96 h at which
the particle size will reach a maximum plateau even after
refreshing the reduction agent and/or introducing new batch
Ni ion solution; therefore, the reduction on the growth of Ni
spheres might be attributed to the reduction on the mass trans-
port of Ni ions into the mesoporous template.

Positron annihilation spectroscopy (PAS) was conducted to
determine the pore size distribution of the nanoporous Ni
spheres. A total of 50 mCi of 22Na was served as positron
source for the analysis. After implantation of the positron into
the nanoporous Ni spheres in powder under ambient condi-
tions, the lifetime of positron was detected (Fig. 5(a)). Within
the lifetime being detected, it is possible to acquire the pick-
off annihilation rate of o-Ps (ns-1) (λR) based on age-
momentum correlation (AMOC) technique combining with
the selection of the 3γ annihilation located in the range of
340–490 keV analyzed by PATFIT program, giving the fitting
of the distribution of the longest o-Ps lifetime (Fig. 5(a)).
Consequently, the pore size of the nanoporous Ni spheres was
calculated based on the relationship between λR and volume
radius (R) derived by Tao and co-workers, and further modified

Fig. 3 (a) Low-magnification and
(b) high-magnification SEM mi-
crographs of nanonetwork-
structured nanoporous Ni spheres
from templated electroless plating
using mesoporous PS as a tem-
plate. The inset image shows a
photograph of the nanonetwork-
structured nanoporous Ni spheres
in a powder form
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to Eq. (1) to include 3γ from o-Ps annihilation for the calculation
of pore size larger than 1 nm withΔR = 0.166 nm, Ra = 0.8 nm,
and b = 0.55 [34, 35]. As shown in Fig. 5(b), based on the cal-
culated pore size distribution, the full width at half of maximum
(Dfwhm) could be as low as 3.7 ns, indicating that the
nanoporous Ni sphere possesses the pore size of approximately
10.8 nm and 16.8 nm for using the templates with molecular
weight of 280,000 g/mol at the concentration of 30% and 35%.
These results are in line with themeasurements of the framework
size (Fig. 2) from FESEM images. Therefore, we could obtain
the pore size of the nanoporous Ni sphere through estimating the
framework size of the mesoporous PS based on the above ex-
perimental results.
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3.4 Exploiting nanoporous Ni spheres
for hydrogenation reaction

Owing to its nanoscale pore size, network texture, and con-
trollable micrometer-sized sphere, it is appealing to use the
fabricated nanoporous Ni sphere for an extensive variety of
applications. Herein, we intend to exploit it as a hydrogenation
catalyst for the demonstration of practical application. Ni met-
al is a commonly used heterogeneous catalyst in hydrogena-
tion reaction. In the heterogeneous catalytic hydrogenation
procedures, effective catalysts need to possess not only high
catalytic activity but also excellent durability and recyclabili-
ty. In general, catalytic activity typically depends mainly on
the specific surface area and the mass transport procedure. The
nanoporous Ni sphere fabricated by electroless plating has
been proved to have the fcc crystalline phase; as a result, the
packing of atoms in the fcc lattice structure gives the easy
absorption of hydrogen, resulting in high activity for organics
or polymer hydrogenation on the catalyst surface [36–38].

Fig. 5 (a) Age-momentum corre-
lation spectrum (3γ annihilation
in the range of 340–490 keV) for
the nanonetwork-structured
nanoporous Ni sphere powder by
using PS with molecular weight
of 280,000 g/mol at the concen-
tration of 30% (black line) and
35% (red line). (b) Pore size dis-
tribution calculation by positron
annihilation spectroscopy using
the longest o-Ps lifetime obtained
from AMOC

Fig. 4 SEM micrographs of the
nanonetwork-structured
nanoporous Ni spheres at differ-
ent growth times for Ni reduction:
(a) 3 h; (b) 6 h; (c) 9 h; (d) 12 h;
(e) 24 h; (f) 48 h. (g) Plot of the
particle radii of the nanonetwork-
structured nanoporous Ni spheres
versus reduction time for Ni
deposition
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Moreover, with the interconnect-nanonetworked structure
having high inner specific surface area, it is reasonable to
suppose the high catalytic efficient for hydrogenation reac-
tion. Moreover, the continuous network texture of the
nanoporous Ni sphere with mesoscale pore size could enhance
the ability for mass transport of the reactants within the
nanochannels, which would supply the abundant reaction
sides inside the Ni sphere and prevent the unnecessary
blocking from the districts with smaller pore size. The catalyt-
ic activity of the nanoporous Ni sphere was demonstrated by
the hydrogenation of aromatic (i.e., toluene) and aliphatic
double bond (i.e., cyclohexene) under different reaction con-
ditions (see Table 1 for details). For the hydrogenation of
aromatic double bonds, 95% conversions can be accom-
plished. This hydrogenation activity is comparable with the
hydrogenation results using single gyroid-structured Ni sphere
catalyst synthesized as previously reported by our laboratory.
Note that the method for the fabrication of such disordered
nanonetwork Ni spheres is much more appealing in the prac-
tical applications due to its facile and cost-effective approach
for the preparation of PS templates, which is indeed much
easier than the one generated from gyroid-structured template.
The fabrication process (including the preparation of tem-
plates and the complexity of templated electroless plating)
for the aimed gyroid-structured Ni sphere is much more chal-
lenging. Accordingly, the reaction for the hydrogenation of
unsaturated double bond was conducted under the condition
of 50 bar and 80 °C with the use of 3 mL cyclohexene as
reactant by introducing 40 mg catalyst into the reactor.

With the similar reaction condition, in contrast to the com-
mercial Raney® nickel (with a nickel composition of 61%)
with only 36% conversion, the conversion for the fabricated
nanoporous Ni spheres could reach up to 98%. We speculate
that this significant improvement is attributed to the high spe-
cific surface area of the nanoporous Ni sphere from the free-
standing nanonetwork with the through-pore character that is
intrinsically different from the commercial Raney® nickel
catalyst, which situated the reactive sites only at the outer
surface of the catalyst. Moreover, the nanoporous Ni sphere
with high efficiency possesses high selectivity for the

hydrogenation between toluene and cyclohexene. Platinum
and palladium are well-known excellent catalysts but the hy-
drogenation of aromatic and aliphatic double bonds might
happen simultaneously under the mild reaction conditions
[39, 40]. Compared with the noble metal catalysts, such as
platinum and palladium, under the mild reaction conditions
(i.e., 50 bar and 80 °C), the nanoporous Ni sphere shows the
selective hydrogenation of aliphatic double bonds
(cyclohexene) with unsaturated double bond but displays no
hydrogenation activity toward the aromatic double bonds (tol-
uene). As summarized in Table 1, the nanoporous Ni sphere
catalyst displays outstanding hydrogenation activity and se-
lectivity that offers potential industrial applications. We have
to point out that, for the use in various industrial processes, the
nanoporous Ni sphere catalysts need to maintain its hydroge-
nation activity after several cycles of catalyst collection and
hydrogenation. As shown in Table S2, the hydrogenation of
unsaturated double bond was conducted under 50 bar of hy-
drogen and at 80 °C in the presence of 3 mL cyclohexene as
reactant using 40 mg of catalyst. The conversion for the ali-
phatic double bonds (cyclohexene) is up to 97% in the first
reaction cycle, and after several reaction/collection cycles, the
hydrogenation ratio can be maintained at 95%. We speculate
that the purged hydrogen from previous cycles could be
retained in the mesopores of Ni spheres that prevents the ox-
idation of the Ni catalyst by exposing into the oxygen in the
air. Based on the results of catalyst recyclability experiments,
the nanoporous Ni spheres is obviously able to maintain high
hydrogenation activity after several reaction cycles.

In order to examine the effect of pore size, the nanoporous
Ni sphere was used as the catalyst in the hydrogenation of the
SBS triblock copolymer. Note that the SBS has a much higher
molecular weight as compared with the small organic com-
pound of cyclohexene and toluene; as a result, for effective
hydrogenation of SBS, an increase in the pore size of the
nanoporous Ni sphere should be critical to give the feasibility
to pore fill the polymers into the channels for catalytic reac-
tions as expected. To provide a systematical investigation on
the pore size effect, the nanoporous Ni spheres fabricated from
the mesoporous PS templates with PS molecular weight of

Table 1 The hydrogenation of aliphatic and aromatic double bonds using nanonetwork-structured nanoporous Ni spheres as catalyst

Entries Toluene/cyclohexene (mL) P (bar) Temp. (°C) Time (h) Cat. weight (mg) Conversion for toluene/cyclohexene

SG-structured Ni spheres 3/0 50 200 4 17 97%/-

Nanoporous Ni spheres 3/0 50 200 4 17 95%/-

Raney® Ni 3/0 50 200 4 17 70%/-

Nanoporous Ni spheres 0/3 50 80 4 40 -/98%

Raney® Ni 0/3 50 80 4 40 -/36%

Nanoporous Ni spheres 1.5/1.5 50 80 4 17 1%/97%

Raney® Ni 1.5/1.5 50 80 4 17 1%/45%
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190,000, 280,000, and 350,000 g/mol at 37.5% in the DMF
solution were used for the templated electroless plating. The
nanoporous Ni spheres were used as catalyst for hydrogena-
tion of 5 wt% SBS in the 200 mL cyclohexane solution under
the condition of 50 bar and 200 °C by introducing 200 mg
catalyst into the reactor. As shown in Table 2, in contrast to
Entry 1, it could be found that the conversions for unsaturated
double bond would increase approximately 50% when the
pore size is enlarged by using the template from the PS with
the Mw of 190,000 g/mol. Moreover, when the nanoporous Ni
spheres possess much larger pore size comparing with
nanoporous Ni spheres fabricated by the templates from the
higher PS molecular weight such as 280,000 and 350,000 g/
mol, the conversion of hydrogenation of aromatic double
bonds could be also increased. Obviously, the pore size of
nanoporous Ni sphere plays an important role in the SBS
hydrogenation reaction. The fact that nanoporous Ni sphere
catalyst fabricated from higher molecular weight PS shows
higher catalytic activity for SBS hydrogenation can be ratio-
nalized by higher molecular weight PS template providing
larger pore size in the resultant nanoporous Ni sphere catalyst
so that offering higher tendency for the high molecular
weight SBS polymer to enter into the reactive site con-
taining pore to initiate the hydrogenation reaction. As a
result, the conversions for the 1,2 addition butadiene
and 1,4 addition butadiene of SBS could reach up to
over 90% with the loading amounts of nanoporous Ni
sphere from 200 to 350 mg, reflecting that the nanoporous Ni
sphere could offer almost complete hydrogenation of aliphatic
double bonds. These SBS hydrogenation results indicate that
such a heterogeneous catalyst could provide excellent perfor-
mance on hydrogenation of polymeric materials similar to the
type of homogeneous catalysts. Note that one critical

advantage for the heterogeneous catalyst is its recyclability;
it is essential for a cost-effective process. Owing to the robust
structure of the continuous nanonetwork, the texture would be
maintained after the hydrogenation reaction, which could be
reused after many cycles without significant decay on hydro-
genation efficiency. Moreover, based on the micrometer-scale
dimension, the nanoporous Ni spheres could be easily
suspended in the reactant solution for hydrogenation reaction
and then simply recycled by using a magnet to collect the Ni
catalyst. After collecting the spheres by applying an external
magnetic field, the catalyst could be simply re-dispersed in the
suspension by the shearing (see Video S1 for demonstration).

4 Conclusions

In summary, the nanoporous Ni sphere with nanonetwork
texture can be successfully fabricated by a facile and cost-
effective procedure for the templated electroless plating meth-
od with mass production. Through controlling the concentra-
tions of PS with different molecular weights in DMF solution,
the pore sizes for the templates and thus the nanoporous Ni
spheres fabricated from the templated synthesis can be well
tuned in the mesoporous region. Moreover, the nanonetwork
structure with thru-pore character could be fabricated
without additional efforts like templated electroless plat-
ing from self-assembled block copolymers with gyroid
texture such as the requirement for precise control for
Pd concentration to narrow down the pore size distribu-
tion. Consequently, the nanoporous Ni spheres with uni-
form pore sizes, high specific surface areas, and
micrometer-scale particle size can be obtained. As dem-
onstrated in this study, the nanoporous Ni sphere dis-
plays an excellently catalytic efficiency for organics and
polymers for hydrogenation reaction; it also possesses
perfect recyclability due to its micrometer-sized particle.
As a result, the fabricated nanoporous Ni spheres have
high appealing potential for practical applications in the
industries because of their nanonetwork texture for pore-
filling of reactants, uniform nanoscale-sized pore for
high catalytic efficiency, micrometer-sized particle for
recyclability, and, most importantly, cost-effective fabri-
cation process for mass production.
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Table 2 The nanonetwork-structured nanoporous Ni spheres for the
demonstration of polymeric catalysis performance with different loading
amounts

Entries 5 wt% SBS
in
cyclohexane
(mL)

P
(bar)

Temp.
(°C)

Time
(h)

Cat.
weight
(mg)

Conversion for
1,2 addition
butadiene/1,4
addition
butadiene/
aromatic ring

1a 200 50 200 4 200 28%/28%/21%

2b 200 50 200 4 200 42%/41%/25%

3c 200 50 200 4 200 42%/41%/31%

4d 200 50 200 4 250 59%/49%/49%

5e 200 50 200 4 350 93%/91%/59%

a 190,000, b 280,000, and c–e 350,000 (g/mol) of PS at 37.5% in the mix-
ture of PS/DMF used as template for the fabrication of nanoporous Ni
sphere which was applied in the polymeric hydrogenation reaction for
SBS
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