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Thermal self-reduction of metal hydroxide acrylate
monolayer nhanoparticles leads formation of
nanoparticulate and porous structured alloys+

’ M) Check for updates ‘

Cite this: Nanoscale, 2023, 15, 15656

a

Naoki Tarutani, 2 **° Yuka Hiragi,® Kengo Akashi,? Kiyofumi Katagiri and

Kei Inumaru (2 ?

Chemical and physical designs of alloy nanomaterials have attracted considerable attention for the devel-
opment of highly functional materials. Although polyol processes using ionic precursors are widely used
to synthesise alloy nanoparticles, the reduction potential of polyols limits their chemical composition,
making it difficult to obtain 3d transition metals. In this study, we employed pre-synthesized metal
hydroxide salt monolayer nanoparticles as precursors to obtain alloy nanoparticles. Simultaneous dehy-
droxylation of the hydroxide moiety and decomposition of the organic moiety allowed the formation of
stable face-centred cubic metals passing through the metal carbide and metastable hexagonal close-
packed metal phases. This self-reduction process enabled the formation of nanoparticulate bimetallic
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alloys and macroporous/mesoporous-structured bimetallic alloys by compositing hard/soft templates
with pre-synthesized metal hydroxide salt nanoparticles. We believe that the strategy presented in this
study can be used to design nanostructures and chemical compositions of multimetallic alloy nano-
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Introduction

Metal nanoparticles show improved and unique functions,
such as depression of the melting point,"” generation of a
band gap,®™ surface plasmon resonance,®® and crystal struc-
ture engineering,”'' compared to bulk materials. Alloying
nanoparticles with two or more metal elements enables the
fine tuning of their physical and chemical properties,**?
leading to unexpectedly high functionality in some cases.'*®
Nanoparticles can be used as nano-building blocks (NBBs) to
construct higher-order structures;'”'® such as, assembled
structures'®>" and porous structures.*

The synthesis of metal nanoparticles through the chemical
reduction of metal ion precursors is one of the most employed
and successful techniques.>® The chemical reduction of metal
ions in a limited reaction space using reverse micelles has
been used to prepare various metal nanoparticles, such as
iron,>* cobalt,*® copper,® silver,>”*® and bimetallic alloys.>*~"
However, there are limitations, such as poor crystallinity, low
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particles as well as bimetallic systems.

yield, and wide particle size distribution, to the reverse micelle
approach.®? Polyol process is another common approach to
synthesize metal nanoparticles.* Polyols work as solvents and/
or reducing agents. The injection of a metal salt solution into
a pre-heated polyol medium results in the formation of metals.
This process, called ‘hot-injection’, allow kinetic formation of
metastable alloys composed of multielements."® The reduction
potential of polyol is not enough to reduce 3d transition
metals, such as cobalt and nickel; therefore, nanoparticles
composed of such elements can be obtained by formation/
decomposition of organometallic species in heated organic
solvents.** In such cases, kinetical control to achieve alloy
nanoparticle is difficult because the formation mechanism
depends on the various parameters including counter anions
and is complex even for pure metal nanoparticle formation.*®
Therefore, this study focused on a process that uses metal
hydroxide salts as a precursor instead of ionic and organo-
metallic species to synthesise alloy nanoparticles.

Metal hydroxide salts (MHS) are a family of layered double
hydroxides. As shown in their general formula
M**(OH)y_ (A" )ymnH,0 (M = Mg**, Ca®*, Co*, Ni**, Cu™",
Zn**, etc.), MHS can incorporate various metal cation homoge-
neously in the atomic-scale.*® Micrometre-sized MHS crystals
form through typical inhomogeneous®” and homogeneous®®
processes. In contrast, layered metal hydroxides are reported
to obtain®® through homogeneous basification by ring-

This journal is © The Royal Society of Chemistry 2023
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opening reaction of epoxides.*® Further, we synthesised single-
nanometre-sized crystalline MHS via epoxide-mediated basifi-
cation.’ Subsequently, we found that nanocrystalline nickel
hydroxide malonates formed metallic nickel without generat-
ing any by-products after heat treatment in an inert atmo-
sphere without an external supply of any reductive gas species.
This result differs from those reported in other studies,
wherein heat-treated MHS formed metal oxides**™** and
metal/metal oxide composite.”® In this study, we aimed to
clarify the mechanism of metal-phase formation from MHS
and applied the process to synthesize nanoparticulate and
porous structured alloy materials.

Although metallic nickel was formed in our previous study,
its size was greater than 100 nm.*' Highly agglomerated con-
dition of the precursor MHS nanoparticles is one of the
reasons for coarse particle formation. In the following studies,
well-dispersed MHS nanoparticles were obtained using mono-
carboxylates such as acetate instead of dicarboxylates such as
malonate.’®™® Acrylate was employed in this study to syn-
thesise MHS monolayer nanoparticles composed of cobalt,
nickel, and cobalt-nickel bimetals. In situ measurements
using spectroscopic techniques revealed the successful for-
mation of a solid-solution MHS. When a typical polyol redu-
cing agent was used, alloy microparticles with an uncontrolled
chemical composition were formed. In contrast, heat treat-
ment of the MHS nanoparticles led to the formation of Co-Ni
alloy nanoparticles with controlled chemical compositions.
The formation mechanism of the metallic phase from MHS
was investigated in detail, thereby enabling the synthesis of
macroporous/mesoporous-structured alloys using the precur-
sor MHS nanoparticles as NBBs.

Experimental

Chemicals

Cobalt chloride hexahydrate (CoCl,-6H,0, 98.0%), nickel chlor-
ide hexahydrate (NiCl,-6H,0, 98.0%), acrylic acid (99%), and
propylene oxide (99.0%) were purchased from Sigma-Aldrich
Co., LLC (St Louis, MO, USA). Ethanol (EtOH, 99.5%), ethylene
glycol (EG, 99.5%), and tetrahydrofuran (THF, 98%) were pur-
chased from Nacalai Tesque, Inc. (Kyoto, Japan). Polystyrene
(PS) microparticle dispersion (PS-R-B1035, 5 wt% in H,O,
mean diameter of 508 nm, polydispersity index (PDI) of 0.02)
was supplied by microParticles GmbH (Berlin-Adlershof,
Germany). The block copolymer poly(styrene)-b-poly(ethylene
oxide) (PS-b-PEO) (M,, = 18 000-b-7500, M,,/M,, = 1.05) was pur-
chased from Polymer Source, Inc. (Dorval, Canada).

Synthesis of colloidal dispersions of cobalt, nickel, and cobalt-
nickel hydroxide acrylate monolayer nanoparticles
(Scheme S1at)

MCl,-6H,0 (M = Co or Ni) and acrylic acid were dissolved in
EtOH (molar ratio of M:acrylic acid:EtOH = 1:2:34.25).
Propylene oxide (15 molar equivalents against metal ions) was
added to the solution and stirred for 30 s. Homogenous solu-
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tions were left in a water bath at a controlled temperature of
25 °C for 24 h. Colloidal dispersions were collected after rotary
evaporation under 30 kPa at 30 °C for 5 min to remove the
residual propylene oxide. The sample IDs are denoted as
Co,_,Ni,HA, where x represents the nominal molar ratio of the
cobalt and nickel salts dissolved in the starting solution.

Reduction of metal hydroxide acrylate nanoparticles through
polyol process (Scheme S1b¥)

The prepared colloidal dispersions were further rotary evapor-
ated under 0.3 kPa 30 °C for 30 min after the addition of EG
(EtOH:EG = 1:1 in volume) to replace the dispersion media
from EtOH to EG. The 20 mL of colloidal dispersion in EG was
added to the 150 mL of EG pre-heated at 190 °C with a drip-
ping rate of ~2 mL min~" (both solutions were bubbled with
Ar for 15 min in advance). After stirring for 4 h, the precipitate
was collected by centrifugation and washed with EtOH. The
sample IDs are denoted as P-Co;_,Ni,HA.

Self-reduction of metal hydroxide acrylate monolayer
nanoparticles (Scheme Sict)

Powders were obtained after complete evaporation of
Co,_,Ni, HA dispersions by rotary evaporation under 0.3 kPa at
30 °C for 30 min. The powder (0.10 g) was placed in a quartz
tube furnace in a quartz vessel. The furnace was vacuumed
and refilled with Ar gas prior to heat treatment. Heat-treatment
condition was 600 °C for 1 h with a ramp rate of 10 °C min™*
under Ar flow of 300 mL min~". The collected powders were
denoted as SR-Co;_,Ni, HA.

Preparation of macroporous and mesoporous structured alloy
materials

For macroporous structure formation, the as-received PS
microparticle dispersion was diluted with EtOH (10 g L") and
allowed to dry in a glass Petri dish after ultrasonication.
Formed polystyrene microparticle colloidal crystal was heated
at 120 °C on the hot plate and 2 pL of as-synthesised
Cog sNipsHA dispersion was injected twice to form PS micro-
particles/Co, 5Nip sHA composite. A block copolymer was used
to form the mesoporous structures. PS-b-PEO (50 mg) was dis-
solved in 1.5 mL of THF at 40 °C, which allows formation of
spherical micelle as reported previously.”® CoqsNigsHA dis-
persion of 2 mL was added to this solution. The obtained
homogeneous dispersion was cast onto a Si substrate to form
the PS-b-PEO micelles/Coq sNiy sHA composite. The obtained
composites were heat-treated at 200 °C for 1 h in a pre-heated
oven under air atmosphere and dipped in THF (40 °C) to
remove PS microparticles or PS-5-PEO micelles. Further heat-
treated at 600 °C for 1 h with a ramp rate of 10 °C min™~" under
Ar flow of 300 mL min™" for self-reduction.

Characterization

A field-emission scanning electron microscope (FE-SEM;
S-4800, Hitachi High-Tech Corp., Tokyo, Japan) equipped with
an energy-dispersive X-ray spectrometer (EDS) was used to
observe the fine structures and investigate the elemental com-
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position. A transmission electron microscope (TEM; JEM-2010,
JEOL, Tokyo, Japan) equipped with an EDS was employed at an
operating voltage of 200 kV to observe the nanoparticles. X-ray
diffraction (XRD; D2 PHASER, Bruker AXS, Karlsruhe,
Germany) using Cu Ka radiation was used to characterise the
crystal phase of the powder samples. Fourier-transform infra-
red (FT-IR) spectroscopy (FT/IR-4100, JASCO, Tokyo, Japan)
was used to characterise the chemical bonding states.
Ultraviolet-visible (UV-Vis) spectroscopy (V-750; JASCO, Tokyo,
Japan) was used to characterise the local structures of the solu-
tion samples. Small-angle X-ray scattering (SAXS) measure-
ments were performed using a NANO-Viewer (Rigaku, Tokyo,
Japan) equipped with a PILATUS 100k detector to evaluate the
particle size in the dispersions. The fitting function of the
SAXS pattern used to calculate the particle diameter is pre-
sented in the following section. In situ conductivity and pH
data were collected every 5 s after the start of the reaction
using a water quality meter (WQ-330]; Horiba, Japan). The rela-
tive amounts of ionic species were calculated using the follow-
ing equation prepared from the calibration curve: ¢ = 638 —
Cmetal, Where ¢ and cpecar are the conductivity (10> S m™) of
the solution and the concentration of metal ions (mol L),
respectively. Thermogravimetry-differential thermal analysis
(TG-DTA; STA-449, Netzsch, Selb, Germany) combined with
mass spectrometry (MS; JMS-Q1500GC, JEOL, Tokyo, Japan)
was used to characterise the thermal behaviours of the
samples and volatile products. The measurement conditions
are as follows: temperature range of 40-700 °C, ramp rate of
10 °C min™", He gas flow of 50 mL min~", column temperature
of 250 °C, and the m/z detecting range of 10-500. The chemical
composition of formed alloy was determined using inductively
coupled plasma optical emission spectroscopy (ICP-OES) (iCAP
6500, Thermo Fisher Scientific, Waltham, MA).

SAXS measurement

After removing the background scattering data for EtOH, the
scattering 2D profiles were circularly averaged. To evaluate the
particle size from the experimental SAXS patterns, we
employed the unified equation proposed by Beaucage and
Schaefer.>®>! The unified equation for a monomodal structure
is described as follows:

oo S5) el

where R, is the gyration radius, P is the power-law exponent, G
is the Guinier prefactor, and B is a prefactor specific to the
type of power-law scattering. The particle diameter dgsaxs was
calculated using the spherical particle model as follows:

dsaxs /3
Rg =

2 V5
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Results and discussion

Formation of solid solution nanoparticles of cobalt and nickel
hydroxide acrylates

Epoxide is known to induce a pH increase in a solution of dis-
solved metal salts through an irreversible ring-opening reac-
tion.*® Fig. 1a shows the time-dependent potential change of
the ethanolic reaction solution (the potential corresponds to
pH in the case of an aqueous system). The potential, that is,
proton activity, decreases with reaction time for all systems,
indicating the basification of the solution. The relative
amounts of metal ions decreased with reaction time (Fig. 1b).
The timescale of the potential change and relative metal ion
decrease were comparable in all the systems, which indicates
that solids formed during basification of the solution. The
relative ion amounts reached 0.033 (Co), 0.0023 (Ni), and 0.044
(Ni), indicating that the almost all the ions were consumed for
all systems. Although Jobbagy et al. have reported formation of
cobalt hydroxide and nickel hydroxide with a similar induction
period in an aqueous solution using 3-hydroxypropylene
oxide,>® Ni system showed shorter induction period compared
with Co system in this study. The difference might be derived
from different structure of starting metal complexes. Water
poor ethanolic condition with carboxylic acid leads formation
of aqua-carboxylate complex.*® Alkoxylation of nickel hydrox-
ide have been reported under water poor synthetic condition
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Fig. 1 Time-dependent change of (a) potential, (b) relative ion
amounts, and (c) absorbance at 480 nm (circle, Co species) and 400 nm
(square, Ni species) of reacting solutions of Co;NigHA (black), CogNi;HA
(red), and Cog 5Nig sHA (blue).
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as well.”® Considering these, starting metal complexes will
have acrylate and/or ethoxy groups, which affects induction
period of epoxide-mediated basification. The Co-Ni system
exhibited an intermediate reaction rate and ion consumption
rate between those of the Co and Ni systems. This implies the
formation of a solid solution. The formation of solids (metal
hydroxide salts) was evaluated by UV-vis spectroscopy. For
both Co and Ni, the colour changed during the reaction due to
changes in the coordinating ligands (Fig. S11). The absorbance
at a specific wavelength (480 nm for Co species and 400 nm
for Ni species) was plotted against the reaction time to clarify
the timescale of metal hydroxide salt formation (Fig. 1c). In
the case of the Co and Ni systems, the absorbance changed
around 1000-2500 s and 200-600 s, respectively, which is in
good agreement with the timescale of potential change and
ion consumption. On the other hand, the absorbances of both
the Co and Ni species changed at comparable timescales of
500-1400 s after the start of the reaction in the case of Co-Ni
system. This indicates that the Co and Ni species underwent
co-hydrolysis and co-condensation to form a solid solution.
This direct evidence of solid solution formation was achieved
owing to low light scattering by nanoscale objects.

The diameters of the formed particles were estimated
through SAXS and TEM. The SAXS pattern of Cog sNiysHA was
typical of monodispersed objects (Fig. 2a). The diameter of the
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Fig. 2 (a) SAXS pattern of reacting solution of CogsNigsxHA; raw data
(black circle) and fitted data (red line). Inset is TEM image of dried
CopsNpsxHA. (b) XRD patterns of dried powders of Co;NigHA,
COoNilHA, and COo_sNio_sHA.
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dispersed object, dsaxs, was calculated as 1.89 nm. Fig. 2a
inset shows a TEM image of the formed particles. The mean
diameters, drgy, was 1.74 (PDI of 0.14). The dsaxs and drem
results are in good agreement. Although dsaxs is slightly larger
than drgy, this trend is due to the lower electron density of the
acrylate moiety compared to that of the metal hydroxide
moiety, as reported in our previous study.*” The chemical com-
position of Co,sNiysHA was estimated using TEM-EDS. The
atomic ratio of Co:Ni was 0.47 : 0.53, which is comparable to
the nominal molar ratio. The XRD patterns of the powdered
samples are shown in Fig. 2b. The peak located at 26 ~7.6°
corresponds to the layered structures of metal hydroxide acry-
lates (lattice spacing of 1.17 nm (Co), 1.14 nm (Ni), and
1.15 nm (Co-Ni)) considering the reported studies.’® The
peaks derived from the lateral direction planes, such as 110,
were not detected because of the small crystallite size and low
crystallinity resulting from growth inhibition by the carboxy-
lates.*! A characteristic low-angle peak was not observed in the
SAXS pattern, indicating that the synthesised Co, sNio sHA was
a monolayer nanoparticle dispersion, and a layered structural
feature was observed owing to restacking during the drying of
the dispersions. In conclusion, solid-solution Co-Ni hydroxide
acrylates were obtained as monolayer nanoparticles through
epoxide-mediated basification of solutions. Nanoparticle fea-
tures provide direct evidence of solid-solution formation
through in situ UV-vis analysis. The obtained Co-Ni hydroxide
acrylates were used as precursors to synthesise the alloys.

Chemical reduction of metal hydroxide salts through polyol
method towards alloy formation

Polyol process, which typically uses ethylene glycol as a redu-
cing agent, is an efficient method for obtaining metal nano-
particles and microparticles.*>>* Metal salts and hydroxides
have been used as precursors to synthesise Co, Ni, Co-Ni
alloys.*>*>>” First, metal hydroxide salts are used as precur-
sors for the polyol process. Fig. 3 shows SEM images of
P-Co;NigHA, P-CooNi;HA, and P-Co;NigsHA obtained after
reaction in ethylene glycol media at 190 °C for 4 h.
Microparticles were formed in all systems. The XRD patterns
reveal that the precipitates have face-cantered-cubic (fcc)
crystal structures (Fig. S2at). These results revealed that ethyl-
ene glycol successfully reduced the metal hydroxide salts to

Fig. 3 SEM

images of (a)
P-COo_sNiQ_sHA.

P-CojNigHA, (b) P-CogNijHA, and (c)
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metals. The calculated lattice constants of P-Co;NigHA,
P-Co,Ni;HA, and P-Co, sNi, sHA were 3.600(14) A, 3.52357(15)
A, and 3.52206(68) A, respectively (Fig. S2bf). The chemical
composition of P-CogsNipsHA was investigated using
SEM-EDS, which revealed that the molar ratio of Co to Ni was
0.06:0.94. EDS mapping analysis revealed that both cobalt
and nickel elements distributed homogeneously. The lattice
constants of P-Co;_,Ni,HA well agree with Vegard’s rule. These
results indicate that formed P-Co, sNiysHA was Ni-rich Co-Ni
alloy. The UV-vis spectrum of the supernatant showed that
cobalt hydroxide salt species remained after the polyol process
(Fig. S31). Jeyadevan et al. suggested that the formation of
metallic cobalt from cobalt hydroxide involves the replacement
of hydroxyl ions with ethylene glycol monoanions to form
intermediate metal alkoxides during the polyol process.*® The
reaction rate of metal alkoxide formation might differ between
cobalt and nickel species, causing the formation of alloys with
different chemical compositions compared with the precursor
metal hydroxide acrylates.

Self-reduction of metal hydroxide salts through heat-treatment
towards alloy formation

Self-reduction of metal hydroxide salts in an inert atmosphere
was first reported by Gu et al. using nickel hydroxide cyanate.*?
They obtained a composite of metallic Ni and NiO. In contrast,
we previously reported the formation of pure metallic Ni using
nickel hydroxide malonate/succinate nanoparticles.*"*® In this
study, cobalt, nickel, and cobalt-nickel hydroxide acrylate
nanoparticles were used for alloy formation. TG-MS was
employed to investigate the thermal behaviour of Co,Ni;HA
during heat treatment in an inert atmosphere (Fig. 4). The
weight stared to decrease at ~100 °C owing to elimination of
adsorbed water. The signal of m/z = 72 corresponding to
acrylic acid was detected at 250-300 °C with slight weight loss,
indicating the elimination of adsorbed acrylate species.
Acrylate coordinated to nickel cation left even after heat-treat-
ment at 300 °C confirmed by ex situ IR measurement
(Fig. S47). This indicates that the coordination to the metal
hydroxide layer stabilises the organic moiety during heat treat-
ment. Significant weight loss occurred at 300-400 °C. The
detection of MS signals at m/z = 18 (H,0), 28 (CO), and 44
(CO,) indicates that the dehydration of the hydroxide moiety
and decomposition of the acrylate moiety occurred in the
same temperature range. Metallic Ni of fcc and hexagonal-
close-packed (hep) and NizC formed at 400 °C. Although the
metallic Ni hep phase is known as the metastable phase,
thermal decomposition of Niz;C nanoparticles lead to the for-
mation of an hep phase.>® According to the reported study,*
the metallic Ni formed was considered as an interstitial-atom-
free hcp phase. A small endothermic event at 450-490 °C and
XRD patterns of sample heat-treated at 500 °C indicated
decomposition of Ni;C leaving fcc and hep metallic Ni. After
heat treatment at 600 °C for 1 h, the XRD pattern indicated the
formation of a fcc Ni with trace hep Ni. Decomposition of Ni;C
is known to leave amorphous or graphite-like carbon

15660 | Nanoscale, 2023, 15, 15656-15664

View Article Online

Nanoscale
(@)
ICD
—_ 1S
S >
~ =2
= =
2 2
([ o
= =
©
[0}
T
0 4
>
‘@ —J\/\ miz = 72 (Acrylic acid)
(9]
£ miz = 44 (CO,)
(0]
= miz = 28 (CO)
€
5|— N memsmo
1 " 1 N 1 N 1 L 1 L 1 N
100 200 300 400 500 600 700
Temperature / °C
(b) T T T T T T T T
; P 600 °C for 1 h
: [ (fcc Ni/hep Ni))
N 600 °C
he i A (fcc Ni/hcp Ni)
A 500 °C
- . ; A (fce Nifhep Ni)
J‘/\'\_k 400 °C

(fcc Nithcp Ni/Ni,C)

300 °C (MHS)

|

Normalized intensity / counts

200 °C (MHS)
100 °C (MHS)

L1 [ .1
10 20 30 40 50 60 70 80
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(analogous structure of hcp Co #89-7373), and fcc Ni (#04-0850).

species.’™®* Considering XRD pattern, amorphous carbon will

form in this study. In summary, the heat treatment of nickel
hydroxide acrylate triggers sequential and/or concerted de-
hydration of the hydroxide moiety and decomposition of the
acrylate moiety to form Ni;C, interstitial-atom-free hcp Ni, and
fcc Ni subsequently. Thermal behaviours of Co;Ni,HA and
Coy5Niy sHA were investigated as well (Fig. S51). Pure fcc Co
phase was found to form at 600 °C through Co,C and hcp Co
intermediate phases. Although fcc metal phase formed at
>400 °C in the case of Co,;NijsHA, intermediate crystalline
carbide phase did not be detected. This implies that amor-
phous Co-Ni carbide formed.
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Considering the heat treatment conditions discussed above,
Coy sNip sHA was heat-treated at 600 °C for 1 h in an inert
atmosphere. Fig. 5a shows TEM images of SR-Cog sNijsHA.
Nanoparticles with a size rage of 3.7-89 nm (average diameter
of 12.8 nm) were observed. Electron diffraction pattern of
nanoparticles was assigned as the fcc phase. The chemical
composition of SR-Cog sNipsHA was determined as Co:Ni =
0.49:0.51 and 0.49:0.51 through macroscopic and micro-
scopic analyses using SEM-EDS and TEM-EDS, respectively.
ICP-OES technique was employed as well to determine chemi-
cal composition, which shows Co:Ni = 0.516:0.484. These
values are comparable to that of the precursory Co, sNiy sHA.
SR-Co,; _,Ni,HA (x = 0-1) was prepared under the same heat-
treatment conditions. The XRD patterns indicate that the fcc-
phase metals are the major components in all cases (Fig. 5c).
The lattice constants of SR-Co;Ni,HA and SR-Co,Ni;HA are in
good agreement with the reported values for the respective
pure metals. SR-Co; ,Ni,HA (x = 0.25-0.75) showed a linear
change in the lattice constant with the nominal chemical com-
positions (Fig. 5d), agreeing with Vegard’s rule. Thus, the self-
reduction reaction of metal hydroxide acrylates during heat
treatment enables the formation of alloy nanoparticles without
an external supply of reductive gas species. Here, a nano-
particle mixture of Co;NisHA and Co,Ni;HA was also heat-
treated. Heat treated nanoparticle mixture showed comparable
XRD pattern and corresponding lattice constant with
SR-Co, sNipsHA (Fig. S6%). A solid-state reaction will be

This journal is © The Royal Society of Chemistry 2023
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occurred during heat treatment as reported by Buonsanti
et al.®

Nanoparticles with sizes on the single-nanometre scale
have been reported to be used as nano-building blocks to con-
struct not only macroporous structures but also mesoporous
structures using hard- and soft-templates.*>**> Although the
robustness of the nanoparticle assembly is sometimes not
sufficiently high to maintain porous structures, we have
reported overcoming this issue by interconnecting nano-
particles through thermal polymerisation of the organic
moiety of metal hydroxide acrylate.°® For the macroporous
structure, PS microparticles were used as hard templates
(Fig. 6a). A colloidal crystal was obtained after evaporation-
induced self-assembly of PS microparticles (Fig. S7t). Use of
colloidal crystals as templates is known as one of the success-
ful process toward inverse opal macroporous structure.®”
Nanoparticle dispersion of Co,sNiysHA were injected to the
PS colloidal crystal and dried, which enabled to fill the inter-
stitial spaces of PS microparticles. Formed PS/MHS nano-
particles composite was heat treated at 200 °C to induce
thermal polymerization of acrylate moiety of MHS, which
improves robustness of the MHS nanoparticles assembled
skeleton. The removal of the PS microsphere template by dis-
solution in THF left well-oriented macropores with a dia-
meter of ~400 nm is shown in Fig. 6b. Although the macro-
pores shrank to ~200 nm in diameter owing to the volu-
metric loss during heat treatment at 600 °C for self-
reduction, the porous structure was maintained (Fig. 6¢). The
PS-b-PEO micelles were used as soft templates for the for-
mation of mesoporous structures (Fig. 6d). The dispersion,
including Co, 5NipsHA and PS-b-PEO, was cast onto the sub-
strate, allowing co-assembly through an evaporation-induced
self-assembly process. Obtained micelles/MHS nanoparticles
composite was heat treated at 200 °C to improve robustness
of the MHS nanoparticle assembled skeleton. A mesoporous
structure with a pore diameter of ~30 nm was obtained after
removing the PS-b-PEO template by dissolution in THF
(Fig. 6d). The mesopore size was comparable to a reported
*° indicating that spherical micelles of PS-h-PEO were
successfully formed during the evaporation process. The
mesoporous structure was maintained even after self-
reduction although nanoscale cracks were formed (Fig. 6e).
The mesopore size was comparable before and after self-
reduction, despite the volumetric loss. This is due to uni-
directional contraction, which is known to occur in the case
of mesoporous films immobilised on the substrate.’®
Different to alloy nanoparticles prepared without any tem-
plates (Fig. 5a), large nanoparticles with a size greater than
50 nm did not form in both porous structured cases. Spatial
disconnections by the introduced pores may limit the
diffusion of atoms and inhibit particle growth. The strategy
shown here using inorganic-organic hybrid metal hydroxide
salt nanoparticles as precursors for the synthesis of alloys is
successful not only in designing the chemical composition of
the synthesised alloy nanoparticles but also for structural
control at the macro/meso-scales.

value,
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Fig. 6 Schematic illustration of (a) macroporous and (d) mesoporous
alloy materials. SEM images of (b) and (c) macroporous and (e) and (f)
mesoporous structures composed of (b) and (e) Co—Ni MHS and (c) and
(f) Co—Ni alloy, respectively.

Conclusions

This study demonstrated a novel strategy to synthesise alloy
materials with controlled shapes, such as, nanoparticles,
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mesoporous structures, and macroporous structures, using
metal hydroxide acrylate nanoparticles. The formation of a
solid solution of metal hydroxide acrylates was demonstrated
using an in situ spectroscopic technique because of the low
light-scattering property of the nano-object. Alloy microparti-
cles of Co-Ni with an uncontrolled chemical composition were
prepared using the traditional polyol method. In contrast, Co—-
Ni alloy nanoparticles with a well-controlled chemical compo-
sition were formed by the heat treatment of metal hydroxide
acrylate monolayer nanoparticles. In situ and ex situ measure-
ments revealed that metallic Co, Ni, and Co-Ni alloy was
formed via the self-reduction of metal hydroxide acrylates,
including the formation and decomposition of the metal car-
bides. Owing to the small size of the precursory metal hydrox-
ide acrylate nanoparticles, composites with hard and soft tem-
plates were successfully prepared. Well-defined macroporous/
mesoporous structures were formed after the removal of the
templates and self-reduction reaction. The approach shown
here is expected to be employed to synthesise bimetallic alloys
as well as complex alloys.
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