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ABSTRACT

Increasing attention has been dedicated to the development of nanomaterials rendering green
and sustainable processes, which avail in benign aqueous reaction media. Herein, we demonstrate the
synthesis of a novel family of green nanomaterials, layered double hydroxide (LDH) nanoclusters,
which are concentrated (98.7 g/L in aqueous solvent), stably-dispersed (transparent sol for >2 weeks),
and catalytically-active colloids of nano LDHs (isotropic shape with the size of 7.8 nm by SAXS).
Proof-of-concept applications revealed that the LDH nanocluster works as a solid basic catalyst and

allows easy-separation from solvents of catalytic reactions, confirming the nature of nanocatalysts. The



present work closely investigates the unique physical/chemical features of this colloid, the formation

mechanism, and the capability as basic nanocatalysts in benign aqueous reaction systems.

INTRODUCTION

Nanocatalysts exhibit a significant contact with reactants and allow easy-separation from
products, simultaneously achieving the advantages of heterogeneous and homogenous catalysts.
Increasing attention has been dedicated to the development of nanomaterials rendering green and
sustainable processes which avail in benign aqueous reaction media.* Layered double hydroxide (LDH),
which is a family of lamellar metal hydroxides accommodating anions in their interlayers, is a
promising candidate as a green catalyst. LDHs take various combinations of ubiquitous metals and
anionic species; the general formula of LDHSs is [M?*1.xM**\(OH)2][Axn™mH20], where M?*and M3*
are di and tri valent cations, and A™ is anion. The tunable and distinctive properties of LDHs are
surface basicity, adsorptive nature, anion exchangeability, and bio- and environmental
compatibilities.>® Recent reports have demonstrated that LDH crystals with micron-scale dimensions
catalyze chemical reactions in aqueous media, such as Knoevenagel condensation* and CO; reduction.’

Nanocrystallization of LDH is highly demanded for more advanced and efficient processing.

In spite of the tremendous promise as nanocatalysts, aqueous synthesis of “nano-LDH” is a
considerable challenge because of their rapid crystallization kinetics. In principal, nanocrystallization
favorably occurs at higher supersaturation (i.e., LDH synthesis at higher M?*, M3, and/or OH~
concentrations),® however it is inevitably accompanied by the rapid aggregation of embryonic crystals
to form an inhomogeneous gel-like state. The synthesis of nano-LDH suspension in an aqueous solvent
is exceptionally allowed by using micelles as a nano reaction-pool.” Even in the case, the particle

diameter is in tens nm and the LDH-polymer composites are obtained as a diluted suspension.



Overcoming the trade-off of the crystallization principle between synthesis and stabilization of
nanocrystals is a key issue that merit important consideration to achieve LDH nanomaterials that avail
in green processes. Tuning the nanomorphology will determine catalytic activity/selectivity and
adsorption properties, given the fact that tailored chemical/physical properties of size, shape, and
composition dictate activity and selectivity in current nanocatalysts of oxides,® metals and alloys

(bimetallic compounds),® organic complexes, and their composites.*°

The preparation of LDH nanomaterials is generally bypassed by delamination of bulky LDH
crystals, instead of involving the direct synthesis at higher supersaturation.**? Bulky crystals grown at
lower supersaturation are delaminated to yield two dimensional (2D) nanosheets with a thickness
around one nm and a lateral dimension from submicron to tens micron.*® It was recently demonstrated
that Aqueous Miscible Organic Solvent Treatment (AMOST) yields delaminated LDH powders
maintaining their delaminated state with extremely high specific areas of 260-460 m*/g '.!*!15 On the
other hand, isolating delaminated LDH nanosheets in polar solvents is still a considerable challenge
due to aggregation and restacking, imposing a need to be highly-diluted in a liquid media.'**® The
stability of delaminated LDH suspensions are reportedly lost in several days at a concentration as low
as 10 gL1,*"8 and a high ionic strength and/or poor solvents involved in the real applications further
decease the stability of these colloids. To achieve stable and concentrated aqueous suspension will give

benefits for the development of LDH nanocatalysts in the next generation.

Herein, we for the first time demonstrate the “direct” synthesis of nano LDH aqueous
suspension, which is hereafter called as LDH nanocluster (LDH NC), by overcoming the trade-off of
the crystallization principle between synthesis and stabilization at higher supersaturation. The synthesis
of nano LDH was attempted at a considerably high supersaturation. Nevertheless, stable suspension
without aggregation was successfully achieve by taking advantage of the spontaneous gelation-

deflocculation transition of nanocrystalline LDH gels. The synthesis was performed via one pot process



from commonly available chemicals (metal chlorides, propylene oxide (PO) and, acetylacetone (acac))
in an aqueous solvent at a room temperature. LDH NCs give extremely high solid surface area in
aqueous media and the available solid surface in water exceeds those of delaminated LDHs.
Simultaneously, the high stability of the LDH NC allows easily-separation from the products after the
catalytic reactions. The unique physical/chemical features of this colloid, the formation mechanism,

and the capability as basic nanocatalysts in benign aqueous reaction systems will be closely discussed.

EXPERIMENTAL SECTION

Chemicals. Nickel (II) chloride hexahydrate (NiClz-6H20: 98%), aluminum chloride hexahydrate
(AICI3:6H20: 98%), iron (III) chloride hexahydrate (FeCls-6H20: 99%), iron (II) chloride tetrahydrate
(FeCl2-4H20: 99%), hydrochloric acid (HCL: 35-37%), sodium hydroxide (NaOH: 97%), citric acid
(H3Cit: 98%), ethanol (EtOH: 99.5%), toluene (99%), and acetylacetone (acac: >99%) were purchased
from Wako Pure Chemicals Industries. Propylene oxide (PO: >99%), pluronic F127, benzaldehyde (>
99%), Cis-cyclooctene (95%), styrene (>99.5%), R-(+)-limonene (97%), trans-hex-2-en-1-ol (>95%),
tert-butylhydroperoxide (TBHP: 5.5 M in decane), cumene hydroperoxide (CHP: 80%), dibutyl ether
(99.3%), and decane (>99%) were purchased from Sigma-Aldrich Co. Malononitrile (> 98%) and ethyl
cyanoacetate (> 99%) were purchased from Tokyo Chemical Industry Co. LTD. All the chemicals were
used as received.

Synthesis of LDH NC. The typical synthesis of LDH NC is as follows. NiCl2-:6H20 (0.594 g; 2.50
mmol) and AICl3-6H>O (0.302 g; 1.25 mmol) were dissolved in a mixture of EtOH (1.50 mL; 25.7
mmol) and ultra pure water (1.00 mL; 55.6 mmol), followed by acac addition (130 pL; 1.25 mmol).
After stirring for >30 min in a glass closed container at a room temperature (~20 °C), PO (1.31 mL;
18.7 mmol) was added to the mixture and further stirred for 1 min to yield a homogenous solution.

Then, stirring was stopped, and the container was sealed and kept at a room temperature (~ 20 °C). The



mixture changed into a gel in ~2 h and deflocculated in ~7 h. The molar ratio in the reaction solution
was Ni*": AI*": acac: H>O: EtOH: PO = 2: 1: 1: 44.5: 20.6: 15.0.

Fabrication of LDH Films and Powders. LDH Films: LDH NC was spin-coated on precleaned Si and
silica substrates at 2000 rpm and dried at 60 °C. Mesoporous LDH Powders: LDH NC mixed with
Pluronic F127 was casted on a petri dish, dried at 100 °C under a reduced pressure, and heated at
250 °C to remove F127. Macroporous LDH films: 0.005 wt% of aqueous polystyrene (PS) suspension
(D =0.10 pm, 5010A, Latex Microsphere Suspensions 10 wt%, Thermo Scientific) was drop-casted on
a Si substrate and allowed to self-assemble into an opal film through the coffee stein effect'® at 20 °C
and 50%RH. LDH NC was 10-fold diluted with EtOH and spin-coated on the PS opal film at 8000 rpm
for 60 s. The film was heat treated at 150 °C for 24 h. PS was chemically etched by chloroform (>99%,
Wako Pure Chemicals Industries) to yield an inverse opal LDH film. Magnetic LDH particles:
Magnetic particles were prepared according to a previous report.?’ FeCl3-6H,O (5.44 g) and
FeCl2-4H>0 (2.00 g) were dissolved in a mixture of ultrapure water (50 mL) and 1 M HCl aq. (10 mL).
This solution was added drop by drop to 100 mL of 1 M NaOH aq. under stirring at room temperature
in a N2 atmosphere, which changed the color of solution from yellow to black. The solution was further
stirred for 30 min to yield magnetic maghemite (y-Fe2O3) nanoparticles. y-Fe>O3 nanoparticles were
centrifuged and washed 5 times with ultrapure water. Thus obtained y-Fe2Os nanoparticles were
dispersed in 500 mL of ultrapure water (1.42 mg/mL). 0.1 g of H3Cit was added to 10 mL of the y-
Fe>O3 suspension, stirred for 1 min. 1.875 mL of suspension of HzCit-modified y-Fe>O3 nanoparticles
(HsCit-magNP) was mixed with 30 mL of LDH NC (3 mg/mL, purified by dialysis in ion exchanged
water) to yield magnetic LDH NC.

Characterization. A field emission scanning electron microscope (FE-SEM; S-4800, Hitachi, with a
thin Pt/Pd coating) and transmission electron microscopes (TEM; JEM-2000FX, JEOL, Japan and
Hitachi 7650, Hitachi, Japan) were employed to observe fine structures. Crystalline nature of the film

was identified by X-ray diffraction (XRD; SmartLab and Maltiflex, Rigaku) using CuKa radiation (A =



0.154 nm). The micro/mesopore characteristics of the samples were analyzed by N2 sorption
measurements (Belsorp-mini 11, Bel Japan Inc., Japan). Prior to N2 sorption measurements, samples
were outgassed under vacuum at 200 °C. Thermogravimetric-differential thermal analysis (TG-DTA,
Thermo Plus Evo, Rigaku, Japan) was carried out at a ramp rate of 10 °C min™ while continuously
supplying air at a rate of 300 mL min™*. Liquid state *H NMR measurement was performed with JEOL
JINM-ECS400 spectrometer to assess the progress of Knoevenagel condensation. Ultraviolet-visible
(UV-Vis: V-670 spectrophotometer, JASCO Corp.) was used to assess the chelation of acac molecules.
Inductively coupled plasma (ICP: ICPS-8000, Shimadzu Corp.) emission spectroscopy was employed
to analyze the chemical composition of the colloidal solution. The LDH NC was centrifuged at 450,000
rpm for 210 min, and a supernatant and a precipitate were dissolved by HCI and analyzed, respectively.
Zeta-potential and size distribution of LDH NC (based on dynamic light scattering) were measured
with a nano Zeta-sizer (Malvern instruments, LTd, UK) apparatus, using a laser Doppler
electrophoresis (LDE). The magnetic property of the particles was assessed with a SQUID (MPMS
XL-7, Quantum Design, Inc, USA) by measuring a hysteresis loop with applied fields +/— 7 T at 300 K.
Small-angle X-ray scattering (SAXS) (SmartLab, Rigaku, A = 0.154 nm) was performed on LDH NC to
investigate the morphology and agglomeration state of the LDH nanocrystals. The scattering profiles
were plotted against the scattering vector, g, where q is related to the scattering angle, 26, and the
wavelength of X-ray irradiation, A, through

q = (4m/2) sinb (1)
SAXS curves were fitted with Irena package?! by the unified equation proposed by Beaucage and
Schaefer,?#23 which was developed to describe scattering from objects with a hierarchical structure, i.e.,

primary particles and their aggregates in the present case.

3 3 q (2)

i=1

n P;
1) ~ Z (Giexp (—qZRji) 4 B;exp (—CIZR;(H_D) {[erf(ngi/\/g)r} )



where n is the number of structure levels, Rgi is the radius of gyration of the ith level, P; is the power-
law exponent, G; is the Guinier prefactor, and B; is the prefactor specific to the type of power-law
scattering falls. In the present study, n was set at 1 or 2, corresponding the structural models of primary
particles without and with aggregation, respectively. The reaction solution was well-fitted with n = 1 at
t <2 and 7 h <t since PO addition, whereas n = 2 (or n > 2) gave better fitting during the temporal
gelation and deflocculation, 2 h <t < 7 h. In-situ XRD and SAXS was performed a sample
encapsulated in a rotating capillary.

Catalytic studies. olefin epoxidation: 7.3 mmol of each substrate (Cis-cyclooctene, styrene, R-(+)-
limonene, trans-hex-2-en-1-o0l), 2.650 mL of t-BUOOH (TBHP: 5.5 M solution in decane, 14.6 mmol),
and 0.127 mL of LDH NC (0.073 mmol of Ni), were reacted without solvent or adding 2 mL of decane.
Dibutyl ether (equivalent gram with the substrate) was added as an internal standard. The mixture was
reacted at 120 °C in a closed vessel under stirring at 500 rpm. Conversion and product yield were
monitored by sampling periodically at 10, 30 min, and 1, 1.5, 2, 4, 6, 8 and 24 h. These samples were
treated as described previously prior to injection in the GC column.* The course of the reactions was
monitored by quantitative GC analysis performed using a Shimadzu QP2010-Plus GC/MS system and
a capillary column (Teknokroma TRB-5MS or TRB-1MS) operating in the linear velocity mode.
Knoevenagel reaction: LDH NC was purified via dialysis against ion exchanged water (2 L) with a
dialysis tube (MWCO = 15kD (#132562), Spectrum Laboratories, INC). Ion exchanged water was
replaced with fresh water in 8 h, and then replaced another 3 times every 24 h. A mixture of LDH NC
(25 mg), benzaldehyde (0.5 mmol), ethylcyanoacetate (0.5 mmol), and water (50 mL) was stirred at a
room temperature in a closed container. The kinetic plot was obtained by measuring time-dependence
of an absorption peak of benzaldehyde. 0.2 mL of reaction solution was collected through a filter (o=
0.45 um), 10-fold diluted with EtOH, and the decrease of adsorption band at A = 245 nm was analyzed
by UV-Vis spectroscopy. The conversion was estimated by liquid state 'H NMR. Assignments of 'H

NMR spectra: benzaldehyde: & 10.03 (s, 1H), 7.90 — 7.87 (m, 2H), 7.66 —7.52 (m, 3H); ethy



cyanoacetate: 6 4.30 — 4.25 (q, 2H), 3.45 (s, 2H), 1.35 — 1.31 (t, 3H); benzalmalononitrile: 6 7.92 — 7.90

(m, 2H), 7.78 (s, 1H), 7.66— 7.53 (m, 3H); Malononitrile: 6 3.59 (s, 2H).

RESULTS AND DISCUSSION
The synthesis and characterization of LDH nanocluster

LDH nanocluster (LDH NC) was synthesized via a facile one-pot route at a room temperature
in air atmosphere from commonly available chemicals. Briefly, NiCl,-6H>O (0.594 g; 2.50 mmol),
AlCl3-6H20 (0.302 g; 1.25 mmol), acetylacetone (acac) (130 pL; 1.25 mmol) were dissolved in a
mixture of EtOH (1.50 mL; 25.7 mmol) and ultra pure water (1.00 mL; 55.6 mmol). Then, propylene
oxide (PO) (1.31 mL; 18.7 mmol) was added and left at a room temperature for 24 h. Without any
additional processes, green-colored colloidal suspension which exhibits the Tyndall effect was
spontaneously formed (Figure 1a). Figure 1b shows XRD pattern of powders collected from the
suspension. The diffraction pattern is ascribed to hydrotalcite-type LDH with rhombohedral (R3m)
symmetry. doos is calculated as 7.76 A (20 = 11.4°) and (003) crystallite size is estimated as 5.4 nm by
the Scherrer’s equation. The crystals possess an isotropic shape with a diameter of ~ 5 nm as observed
in FE-SEM and TEM images (Figures 1c and S1). The size distribution of LDH LC is small without
abnormally-grown crystallites. The synthesis condition of LDH NC exhibits a significant contrast with
those of standard micron-sized LDHs. The synthesis of micron-sized LDHs is reportedly preformed at
a low supersaturation (at a low metal concentration) of 10 mM to grow crystals without aggregation.?
In contrast, LDH in the present case was synthesized at a highly concentrated starting solution of 826
mM to achieve a high supersaturation, allowing to induce the nanocrystallization. Nevertheless, SAXS

analysis coupled with theoretical fitting based on the unified equation?> demonstrated that individual



crystal with a diameter of 7.8 nm was isolated in the suspension without aggregation (Figure 1d) (the
reaction mechanism is discussed in the next section). The narrow particle size distribution is also
supported by dynamic light scattering measurements (Figure S2). The distribution curves which are
centered at ~8 nm also confirms the formation of monodispersed particles without aggregation.
Inductively coupled plasma (ICP) emission spectroscopy and TG-DTA analysis revealed that LDH NC,
with a chemical composition of Ni2AI(OH)e-1.5H20-acac, was obtained at a yield of >93%. To the best
of our knowledge, the present LDH NC is the smallest LDH obtained as an aqueous colloid without
aggregation. A previous report demonstrated the preparation of LDH particles with the dimension of 10
nm under a nonhydrous condition using tris(hydroxymethyl)aminomethane (THAM) as a ligand.?® On
the other hand, aqueous reactions have not achieved LDHs with a lateral dimensions below 50~60
nm.”?728 We can conclude that the present method successfully overcomes the trade-off between the
synthesis and the stabilization of nanocrystals in water, and thereby LDH nanocrystals with 7.8 nm and

a high stability (> 2 weeks) is obtained at a high yield (93 %).

The concentration of LDH NC is 98.7 g/L, 10-100 times higher compared to suspensions of
exfoliated LDH nanosheets. At 100 gL, exfoliated LDHs reportedly form turbid innhomogeneous gels
upon mixing with a liquid.!® An accessible solid surface area of exfoliated LDH nanosheets suspended
at 5 g/L in an aqueous solvent is estimated as 2.3 m?*/mL,?’ whereas that of LDH NC with a high
concentration of 98.7 g/L is estimated as 32 m?mL.>® The comparison as a suspended form
demonstrates that the present LDH NC offers 14 times larger surface area than exfoliated LDH
nanosheets. The crystallization of massive LDH NC is a significant advantage over LDHSs obtained by
electrochemical deposition (ED). ED is alternative way to yield nanocrystalline LDH, however the
occurrence of nucleation and growth is limited on a surface of electrodes, limiting in the synthesis of

LDH thin films with a small sample mass.®® The extremely high concentration as well as the



nanocrystallinity of LDH NC is a critical advantage for practical applications, including adsorption and

catalytic applications as demonstrated later.

LDH NC formed a homogeneous gel simply by drying at a room temperature or heating at
100 °C, without inhomogeneous precipitation and aggregation. Figure S3 shows a homogenous gel
obtained by heating at 100 °C in a closed vessel. The capability of gelation allows further processing
starting from LDH NC. Smooth films with a thickness between 20 nm to 400 nm could be obtained by
a single coating (Figure S4). The transparent LDH thin films are desirable for fundamental researches
as well as advanced applications in photochemical and electrochemical fields.*>** Moreover, coupled
with templating methods widely used in sol-gel chemistry, meso and macroporous pure LDHs
materials, which are so far difficult to achieve, could be fabricated from LDH NC. Well defined
macroporous structure with a pore diameter of 80 nm was obtained via hard templating with PS spheres
(Figure 1e). The templated macropores are far smaller than previous hard-templated LDHs (>420
nm).3* Pluronic F127, block copolymer, was also available as a porogen to increase a specific surface
area. The IV type isotherm with a hysteresis in the case of F127 incorporated clearly demonstrate
mesoporosity (Figure S5). BET surface area is as high as 322 m?g%, which is comparable to
delaminated powdery LDHSs prepared by AMOST. Assuming the particle is spherical with a density of
Ni(OH)2, 4.1 g/cm?, the BET surface area of 322 m?g ! gives an average crystal diameter of 4.5 nm

which is in good agreement with the values from other analyses including SAXS and TEM.

In summary, the preparation of LDH NC is successfully achieved by overcoming the trade-off
between the synthesis and the stabilization of nanocrystals in water. LDH NC was used as nanobuilding
blocks towards meso and macroporous structured LDHs as well as smooth LDH films. These tunable
structured LDHs are desirable for the applications in biochemistry, storage, catalysis, and energy

conversion.
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The formation mechanism of LDH nanocluster

LDH NC formed through a spontaneous gelation-deflocculation process. Figure 2a shows the
time evolution of the reaction mixture at 1, 4, and 24 h since PO addition (t = 0). The reaction sol
became an opaque gel at t = 2 h and deflocculated at t = 7 h, which is induced by a successive increase
of pH of the reaction mixture. PO works as a proton scavenger through the protonation of the epoxide
oxygen and the subsequent ring opening reaction by the nucleophilic attack of conjugate bases, such as
H20 or CI-.*® The protonation and ring opening reactions leads to the increase of solution pH (Figure
2b). The value of pH increased rapidly from 0.4 (at t = 0 min) to 4.3 at t = 5 min, then gradually
increased to 8.9 at t = 12 h, and reached to 9.6 at t = 24 h. The rapid increase of pH in the initial stage
forms massive Al(OH)z embryos and the subsequent slower pH increase allows LDH crystallization via
coprecipitation, which is supported by the corresponding XRD patterns as a function of t (Figure 2c).
No diffraction peak is observed at t < 2 h, where Al(OH)s amorphous nanoparticles formed (diameter =
3.3 nm by SAXS). In Figure 2c, (003) and (110) diffractions of hydrotalcite-type LDH were confirmed
at t = 2 h, and (003) diffraction became prominent with the increase of t. The results demonstrate that
the transient gelation shown in Figure 2a is accompanied with the crystallization of LDH, and the

crystal growth of LDH continued until after the deflocculation.

We found that the addition of acac is the key to achieve the gelation-deflocculation transition.
Figure S6a shows XRD patterns of the reaction mixture without incorporating acac. The crystallization
of LDH was faster compared to the case with acac and almost completed at t = 4 h. The mixture
without acac formed opaque gel at t = 6 min and did not deflocculate at the later stage of the reaction
(Figure S6b). The reaction without acac is a typical gelation process taking place under at high
supersaturation; Al(OH)s formed a gel network on which LDH crystals coprecipitated (Figure
S6¢).%%" Even when the metal concentrations were considerably decreased toward avoiding

agglomeration, LDH NC did not form without acac because of aggregation or sedimentation (Figure

11



S7). These results suggests that acac plays a primal role to overcome the trade-off between the

synthesis and the stabilization of nanocrystals.

The formation mechanism of LDH NC was further investigated by in-situ SAXS measurement
(Figure S8). Figure 3a shows mass fractal dimension, df, of the primary particles estimated from
Porod slope, P, at high g regime of SAXS curves, with a equation of di =P (0 < P < 3). The value of ds
reflects the bonding density of the hydroxide network; higher ds corresponds to a more densely-packed
hydroxide network. acac retard the increase of dr at the initial stage of the reaction (t <4 h). Att =4 h,
dr = 1.8 and 2.1 for the cases with and without acac, respectively. The value of df became saturated in
~9 h for the case without acac (dr =2.4 both at t = 9 h and t =168 h), whereas it continuously increased
for the case with acac (dr = 2.6 at t =24 h and df = 2.8 at 168 h). The time dependence of dr suggests that
the incorporation of acac form less-branched AI(OH)s network at the initial stage and crystalize LDH
more progressively at later stages of the reaction. Since AI(OH)z is an amphoteric hydroxide, the less-
branched AI(OH)s is readily dissolved at a high pH at the later stage of the reaction, allowing to
deflocculate and form LDH NC. Moreover, AI** supplied to the reaction mixture by the dissolution of
Al(OH)s was consumed to crystalize LDH. As a result, the crystallization of LDH at the later stage of
the reaction occurs more progressively for the case with acac compared to without acac (Figures 2c,
S6a, and 3a). The above discussion is also supported by time evolution of pH of reaction solutions

with and without acac, as closely discussed in Supplementary Information (Figure S9).

UV-Vis spectroscopy was used to assess the change of acac chelation to different metal centers;
n-n* transition of a B-diketonato complex depends on its central metal 8% Figure 3b shows UV-Vis
spectra of acac coexisting with AI(OH)3, Ni(OH)2, and LDH NC. Acac in ultra-pure water exhibited an
absorption peak at 274 nm. Upon the chelation to different metal centers, the peak shifted to 283 nm for
Al(OH)s/acac and 297 nm for Ni(OH)2/acac. The reaction solution of LDH NC/acac exhibited

absorption peaks at 280 nm, t = 10 min and at 297 nm, t = 24 h. These results suggest that 1) acac

12



coordinated to Al center in the initial stage such that the hydrolysis and condensation reactions of
Al(OH)s were retarded and 2) after the deflocculation, the coordination switched to Ni sites of LDH NC,
giving the extremely high stability of LDH NC. It is well known that acac forms a complex more
preferentially with AIP* than Ni?* and Al-acac complex is a major product in the acidic condition. On
the other hand, Ni-acac complex is allowed to form at neutral or basic conditions.*® The selectivity of
Ni(11)-complex over Al (I11)-complex increases with increasing pH.** As a result, the coordination of
acac was switched with increasing t, which is a key to the deflocculation of AI(OH)z and stabilization

of nano LDHs.

The formation mechanism of LDH NC is summarized in Figure 3c. Just after PO addition (< t
= 5 min), AI(OH)z with a less-branched polymeric structure is formed with the aid of acac chelation.
LDH crystalize on AI(OH)s via coprecipitation in t = ~2 h, which accompanies gelation to form a
AIl(OH)s/LDH composite gel. AI(OH)3 with acac is allowed to dissolve due to its amphoteric nature
and less-branched polymer network, which induces deflocculation and recovers the original sol state at
t = 7 h. The dissolved AI(OH)z is consumed to crystalize LDH crystals which are then stabilized by
acac adsorption on the surface of LDH crystals. As a result, the optimized reaction kinetics based on
multi functionality of acac allow to yield the concentrated LDH NC with a high stability via a simple

one pot process from commonly available chemical sources.

Controllable particle size and stability of LDH nanocluster

The ratio of acac to the metal sources (Ni*" and AI*") is critically important for the preparation
of LDH NC. Table 1a summarizes crystallite size, presence of impurity phases, and appearance of the
mixture at = 24 h as a function of acac/Al. LDH without any crystalline impurities were obtained at

acac/Al < 1.5 and acac complexes precipitated at acac/Al ratio of > 1.5 (Figure S10). On the other
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hand, the deflocculation and the formation of LDH NC occurred at acac/Al > 0.75. Pure LDH NC was
obtained in the range between 0.75 < acac/Al < 1.5, where hydrolysis and condensation reactions of
AI(OH)3 were optimized and simultaneously LDH crystallization preferably occurs rather than the
competitive crystallization of metal-acac complexes. The crystallite size of LDH was tunable in single-
nm scale between 3.6 and 7.1, depending on the concentration of the salutes in the starting solutions
(Table 1b). The crystallite size decreases with decreasing supersaturation, suggesting that massive
embryonic AI(OH)s as a scaffold for the coprecipitation of LDHs form almost equally under these
conditions, and the decrease of feeding metal sources leads to yield the smaller crystals. LDH NC is
highly stable and sedimentation did not occur by applying centrifugal field of 400,000 g. The zeta
potential of the LDH NC is + 31 mV, which is not so high considering the extremely high stability of
LDH NC. The high stability is due to the acac modification on the LDH surface as well as the
extremely small size of the particles; indeed, the dissociation of acac from the LDH NC by heating
(Figure S11) resulted in gelation. The concentrated LDH NC can be diluted by EtOH or H20 to
increase the stability of the suspension. Four-fold dilution increases the stability at a room temperature
more than 3 months (Table 1c¢). It should be emphasized that the concentration of LDH is as high as 25

mg/mL even after the four-fold dilution.

Capability of LDH NC as green nanocatalyst

Green synthesis of catalysts from ubiquitous elements/precursors has been a topic of interest in
this decade.*>*3 LDH NCs can be synthesized from a commonly available chemicals in aqueous
solvents, making them promising candidates as green nanocatalysts. The basic nature of LDH NC is
qualitatively assessed by the coloring of phenolphthalein (Figure S12). The absorbed phenolphthalein

was colored on LDH NC and simultaneously confined in a dialysis tube differently from ionic or
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molecular bases, confirming that the stable nanocrystals possess surface with a considerable basicity

(pH for coloring is 8.3~10).

The basic nature of LDH NC was further assessed by Knoevenagel reaction. Figure 4a shows
kinetic plots of Knoevenagel condensation in water between benzaldehyde and ethylcyanoacetate with
and without Ni-Al LDH NC; for the purpose of following the time evolution, LDH NC was set at a low
concentration such that the reaction occurred relatively slowly. The comparison confirms that LDH NC
properly worked as basic catalysts and no induction period was observed thanks to the homogenous
mixing with reactants. The conversions at 24 h were 89 % and 21 % for the cases with and without
LDH NC, respectively. It should be highlighted that acac modification giving the high stability of LDH
NC does not preclude the catalytic reaction. As a result, a hydrophobic sedimentation of the product
was separated from the aqueous solvent containing LDH NC (Figure 4b). The effects of different
substrates and solvents were investigated and the resultant conversions are summarized in Table S1.
The reactions could be catalyzed in H2O and EtOH for ethylcyanoacetate and malononitrile, whereas
the activity is negligible in toluene. The catalytic activity of LDH NC is higher compared to standard
Ni-Al LDHs; standard Ni-Al LDH catalyst** without calcination exhibited a conversion of 15% under
the condition of entry 3 of Table S1 (entry 3 shows a conversion of 91 %). Another study*’, which
investigated a solvent-free reaction of ethylcyanoacetate with a LDH catalyst, reported a conversion of
35%, whereas the corresponding conversion in the present study is 94% (entry 7 in of Table S1).
Further enhancement of the catalytic activity is reportedly possible by optimizing anion species in
interlayers, composition of hydroxide layers,*® size and shape of crystals,’ substrates,’ and heat
treatment (effects of rehydration).* Generally, clusters of noble metal and ligands, and enzymes have
been investigated as catalysts for Knoevenagel condensation in aqueous media.*® On the other hand, a
family of LDHs is an alternative promising candidate because of the capability of using ubiquitous

elements as well as their strong basic nature compared to competitive catalysts, such as X zeolites and
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sepiolites.”® The green synthesis and stabilization nanoparticles demonstrated in the present study will

open up the possibility of LDH as nanocatalysts.

From another aspect, we also assessed a capability of catalytic oxidation of olefins with LDH
NC. Olefin oxidation lies at the heart of the modern chemical industry and is widely used to
synthesize final products, such as paints, resin, surfactants, and also intermediates in many organic
reactions.>®>! There is a pressing need to design stable catalysts, that can selectively oxidize higher
alkenes though an environmental-friendly approach.? LDH is expected as a catalyst and a host for the
epoxidation of renewable resources, such as vegetable oils and their fatty derivatives.®>>*%* Figure 4c
summarizes the result of epoxidation of various olefins with TBHP and LDH NC as an oxidant and a
catalyst, respectively. No reaction took place in the absence of catalyst, whereas LDH NC
successfully catalyzed the reactions. Figure 4c confirms that all olefins were converted with TBHP, in

the presence of LDH NC as catalyst, to their corresponding epoxides (with the exception of trans-hex-

2-en-1-ol (entry 4)) with high selectivity. For cis-cyclooctene (entry 1) and R-(+)-limonene (entry 3),

the catalyst converted these olefins yielding exclusively to the corresponding epoxides (100%
selectivity) and 53% and 35% conversion respectively without the presence of additional solvent. The
catalyst converted styrene (entry 2) very efficiently yielding the epoxide with 83% conversion and
69% selectivity, once again without the use of added solvent to the catalytic reaction. These
achievements make it one of the best catalysts when compared with others reported in the literature;
many catalysts with metal centers converted styrene with high conversion but with low selectivity
towards the epoxide, yielding benzaldehyde instead.>>% The epoxidation of trans-hex-2-en-1-ol
(entry 4) did not yield the corresponding epoxide, however the aldehyde was formed with 100%
selectivity. The high selectivity of reactions renders it further possibilities for chemical
transformations using the olefin moiety (C=0). The above results were obtained without the addition

of extra solvent (only decane from 5.5 M TBHP). Further addition of decane (2 mL) and thereby
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decrease of the concentration of the reactants affected substrate conversion, whereas the product
selectivity did not suffer any changes (Table S2).

The scope of the catalyst was also screened for its activity towards different oxidants. Cumene
hydroperoxide (CHP) was used instead of TBHP (Table S3). For all substrates, the results obtained
with CHP outperformed those of TBHP in what concerns substrate conversion. Overall, the product
selectivity was not affected which again evidences the good performance of the catalyst. To this end,
the only exception was styrene. The catalyst presented a very high conversion with CHP (97%) (entry
2 in Table S3), confirming that it is a very promising catalyst for styrene oxidation. Such
achievements attest not only the wide scope of the catalyst, but the potential to tune chemoselectivity
of the process, as well, by picking the right reaction components. Furthermore, these results pave the
way for new applications of this catalyst that are currently being explored.

Finally, we demonstrate the collection and sterilization of the nanocatalyst. Magnetic LDH NC
was prepared by complexing LDH with y-Fe,Os nanoparticles (magNPs).>” y-Fe.Os modified with
HsCit possess a highly negative charge on the surface with an isoelectric point of pH <3.% HsCit-
modified magNPs readily formed a nanocomposite with LDH NC via an electrostatic interaction by
simply mixing these two solutions, thanks to the inherent positive charge of LDH. The ferromagnetic
property of magNPs is maintained through the process (Figure S13). As a result, the magnetic
collection, which is one of the vital aspects in catalytic synthesis,* is allowed for LDH NC (Figure
4d). From another aspect of using LDH NC, the extremely small size of LDH NC allows sterilizing
filtration which is a mandatory step for biomedical applications, such as drug-delivery and cellular
uptake.” Figure S14 shows UV-vis spectra of LDH NC before and after the membrane filtration with
pore diameter = 0.20 um. LDH NC completely pass through the membrane which blocks standard
micron-sized crystals. The result demonstrated that contaminations of fungi and virus can be

eliminated from LDH NC, opening up novel biomedical applications of biocompatible LDH.
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CONCLUSIONS

Hydrotalcite-type LDH with an average diameter of 7.8 nm was obtained as a highly-concentrated and
sable aqueous suspension (98.7 g/L). LDH NC with a controllable crystallite size between 3.6 and 7.1
nm exhibits extremely large accessible surface area in aqueous media due to its small crystallite size
and high dispersivity. LDH NC can be used as nanobuilding blocks to yield mesoporous and
macroporous LDHs through templating techniques, as well as transparent thin films. The reaction
pathway involves the transient gelation followed by the deflocculation, which simultaneously achieve
nanocrystallization and dispersion under the highly-supersaturated condition. The addition of acac and
the amphoteric nature of AI(OH)3 play critical roles in the reaction. Optimized kinetics allowing to
form pure LDH NC was achieved in the compositional range of 0.75 < acac/Al < 1.5. Thus obtained
LDH NC catalyze Knoevenagel condensation and olefin epoxidation. The catalytic activity is
comparative or higher compared to the cases of using standard LDHs. The nanocrystals were
functionalized with magnetic nanoparticles by taking advantage of inherent positive charge on the
surface of LDH crystals. The magnetically modified LDH NC could be collected by a magnet, which is
a vital aspect for catalytic applications. The nanocatalytic nature of LDH NC is expected to open up
applications in the field of catalysis and biomedical thanks to versatilities of shape, size, and
composition (intercalated anion and metal in hydroxide sheets) of LDHs. As preliminary results, we
have also succeeded to obtain Co-Al and Li-Al types LDH NCs and further detailed studies on

respective systems and applications of these nanocrystals are in progress.

18



ASSOCIATED CONTENT

Supporting Information
The Supporting Information is available free of charge on the ACS Publications website
AUTHOR INFORMATION

*tokudome@mtr.osakafu-u.ac.jp

Notes

The authors declare no competing financial interest.

ACKNOWLEDGEMENTS

The present work is partially supported by JSPS KAKENHI and JSPS-MAE SAKURA program. Y. T.
appreciate financial support from the Foundation for the Promotion of Ion Engineering. CDN and PDV
thank to FCT, POCI and FEDER (UID/MULTI/00612/2013) for financial support. We thank Prof.
Kiyofumi Katagiri, Hiroshima University, for super-centrifuge of the colloidal suspension and Dr.
Cristina I. Fernandes, Universidade de Lisboa, for the epoxidation of olefins. Special thanks go to Profs.
Ogawa and Nomoto, Osaka Prefecture University, for their help for 'H NMR measurement. Y. T. also

thanks to Dr. Christine Mousty, Clermont Université, Université Blaise Pascal, for helpful discussion.

19


mailto:tokudome@mtr.osakafu-u.ac.jp

Figures

(a) (b)

—
)
o
<

Intensity (a. u.)

JCPDS 00-015-0087

1 1 | 1 II I I.l L |“.I
10 20 30 40 50 60 70

26/°
d)

Intensity (a. u.)

O: SAXS raw data
= Unified fit (n =1)

B
q/nm’

Figure 1. (a) Appearance of LDH NC. The incident light beam enters from the side of the container.

(b) XRD pattern of LDH NC collected by drying. The referential data is NicAl2(OH)16(CO3, OH)-4

H>0. (c) FE-SEM image of the LDH NC after dialysis. (d) SAXS raw data and fitting curve with the

unified equation (2) at n=1. The blue and green dotted lines depicts 1°' (Gunier) and 2" (Porod) terms

of equation (2), respectively. The inset illustration represents an envisaged LDH NC. (e) FE-SEM

image of macroporous LDH film with an inverse opal structure prepared via hard templating from

LDH NC.
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Figure 2. (a) Appearance of the reacting mixture as a function of time. (b) pH evolution of the reaction

solution since PO addition (¢ = 0) (c) XRD patterns of the reacting mixture. *: background diffraction

from the capillary.
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Figure 3. (a) Mass fractal dimension, dr of the reaction solutions as a function of ¢ for the cases with
and without acac. (I) and (II) corresponds the reaction times at which LDH crystallization and
deflocculation occurred, respectively. (b) UV-Vis spectra of acac in solutions coexisting with different
hydroxides; LDH-NC: LDH nanocluster (Ni/Al=2); AI(OH)s/acac: hydroxide nanocluster prepared
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Figure 4. (a) Kinetic plots for Knoevenagel condensation with and without LDH NC as a catalyst.

LDH NC was used as the catalyst after dialysis with deionized water. R=COOC;H;s (ethylcyanoacetate).

(b) Appearance of the mixture after Knoevenagel condensation between benzaldehyde (10 mmol) and

malononitrile (10 mmol). As prepared LDH NC (3 mL) was mixed with EtOH (10 mL) and used as a

solvent as well as the catalyst. (c) Summary of epoxidation reaction of olefins catalyzed by LDH NC

without solvent. Benzaldehyde (31%) was obtained as a byproduct in the case of entry 2 (d) The

collection process of LDH NC by a magnet; LDH NC: LDH nanocluster; H3Cit-magNP: y-Fe2O3

modified nanoparticles with citric acid. LDH NC was used after dilution for this process.
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Table 1 (a) Crystallite size, the presence of impurity phase, and appearance of mixture at =24 h as a

function of acac/Al ratio. (b) Concentration of solutes vs crystallite size. (¢) Stability of LDH NC at

various degrees of dilution with EtOH.

(@) "Yacac/Al | acac 2Purity 3)Crystallite size att=24h (c) x- fold dilution | 9Stability of
/mmol (single phase) (003) (t =24 h) /nm with EtOH sol
0 0 © 3.1 Gel x=1 14 days
0.5 0.625 @) 54 Gel 2 2 months
0.75 0.938 © 7.6 Sol 4 >3 months
1 1.25 . ®) 54 Sol 10 >3 months
1.5 1.88 x 6.1 Sol
2.50 X 7.0 Sol + Precipitates
5.00 X &= Sol + Precipitates
(b) “Relative concentration | NiCl,-6H,0 AICI;-6H,0 acac 2Purity 3)Crystallite size
of solutes /mmol /mmol /mmol  (single phase)  (003) (f = 3 months) /nm
1 2.50 1.25 1:25 © 78
12 1.250 0.625 0.625 @, 6.1
1/4 0.625 0.313 0.313 O 4.5
1/10 0.250 0.125 0.125 (@] 3.6

) acac amount was varied as a parameter.

2).3) by XRD analysis on powders collected by drying the LDH nanocluster.

4) the solvent mixture was set at: H,O: 1.00 mL; EtOH: 1.50 mL; PO: 1.311 mL.
5)time until the suspension lost fluidity.
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