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ABSTRACT: Mesoporous crystalline (hydr)oxides of low-valence metal ions (M(II) and M(III)) are highly demanded in
the context of various applications. In this study, we demonstrate key factors to the successful formation of ordered mes-
oporous films through the Assembly of Nano-Building Block (ANBB) approach using a colloidal solution of crystalline
M(OH), (M = Mn, Fe, Co, Ni, and Cu). The colloidal system of a-Ni(OH), is presented in-depth as a typical example. Crys-
tal growth and aggregation kinetics of the NBB were tuned by synthetic parameters. Nanometer-sized NBBs of tailored
size between oligomer scale to over 20 nm were obtained. The films prepared from o-Ni(OH), NBBs with a diameter of <
7.5 nm showed ordered mesostructures through evaporation-induced self-assembly in the presence of supramolecular
templates. Coarse-grained simulation suggests that there is a threshold diameter of NBB toward the formation of well-
ordered mesostructures. It was found that, as well as limiting the diameter of NBB, inhibition of an aggregation of NBBs
by using coordinative additives or diluting the NBB colloidal solution were essential to control the assembly of NBBs and
templates into the ordered mesostructures. The results obtained here open up the synthesis of ordered mesoporous mate-
rials with a crystalline wall of variety of chemical compositions containing low-valence metal elements.

In the case of mesoporous materials, a precise
tuning of the NBB diameter, Dygp, and their assembly
process are highly demanded. The desired architectural
features are regulated by the Dygp and interaction of or-

Introduction
The bottom-up synthesis of mesoscale architec-
tures from pre-formed nano-building blocks (NBBs) is a

promising way to design functional materials. In the last
few years, superstructures constituted of nanocrystals,’
anisotropic oriented structures,” porous systems,’ gradi-
ent periodic structures* and co-continuous structures’
fabricated through the NBB approach have been reported.
These architectures show advantageous characteristics in
wide application fields such as catalysts,” optical materi-
als,” and energy storage.® The chemical composition and
the crystalline phase of these materials can be tuned by
tailoring the respective NBBs. Moreover, specific interfac-
es and heterostructures can be formed by the use of NBBs
with different chemical and structural features. Intrinsic
properties of NBBs are then combined, and a synergic
effect leads to novel functionalities.>"

ganic and inorganic NBBs ." The Assembly of NBBs
(ANBB) approach has been employed for the fabrication
of ordered mesoporous materials with enhanced lig-
uid/ion diffusion, high specific surface area, and align-
ment of the pores. However, the preparation of single-
nm-sized “crystalline” NBBs and their assembly into or-
dered mesostructures are so far limited to high-valence
metal oxides such as ZrO,, TiO,, and CeO,. *™* Techno-
logically valuable crystalline (hydr)oxides of low-valence
metal elements (M(II) and M(III)) rapidly form coarse
pum-sized crystals and aggregates, which prevents assem-
bly into ordered mesostructures. These materials are
highly desirable in electrochemical catalysts, sustainable
energy devices, and environmental treatment.'>"®
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Recently, we reported the preparation of single-
nm-sized low-valence metal hydroxide nanocrystals with
a variety of chemical compositions.” The nanocrystals
were obtained as colloidal solutions and could be used as
inorganic NBBs to form well-defined mesoporous struc-
tures via an evaporation-induced self-assembly (EISA)
process. Mesoporous films made of Ni(OH), NBBs exhibit
pseudocapacitance of 169 times as high as their non-
mesoporous counterparts. While this breakthrough per-
mitted to access several (hydr)oxide frameworks, the
effect of diameter and stability of the metal hydroxide
NBBs, which in turn depends on a chemical composition
of NBBs, on the final mesoporous structures are only
incompletely understood. The formation of ordered mes-
oporous structures is still limited to NBBs of particular
compositions.

Herein, we demonstrate key factors towards the
compositionally versatile formation of crystalline ordered
mesoporous films from metal hydroxide NBBs. The diam-
eter and the aggregative kinetic of NBBs were tuned by
synthetic parameters of the epoxide-mediated alkaliniza-
tion process, and their effects on the final mesoporous
structures were systematically investigated. We success-
fully controlled the diameter of NBBs, Dygp, from the
oligomeric scale to over 20 nm by tuning the amount of
additives and reaction time. Ordered mesoporous films
were found to form through an EISA process for Dygp
smaller than a threshold value. Simulation studies showed
a good agreement with experimental, indicating that
there is a threshold of Dy toward the formation of well-
ordered mesostructures. It was found that the aggregation
tendency of NBBs is another important factor for the
formation of well-defined mesostructures. The crystalliza-
tion and aggregation of NBBs strongly depend on the
chemical composition of the starting solutions. The pre-
sent tunable synthesis route of NBBs with a variety of
compositions gives us general insights about NBBs for the
successful formation of ordered mesostructures (hydrox-
ide of Mn, Fe, Co, Ni, and Cu). Moreover, the mesoporous
metal hydroxide films produced through this route can be
transformed into oxides, sulfide, and carbon/metal com-
posites by post-treatment. The present synthesis is there-
fore promising to improve the functional properties of
diverse mesoporous materials.

Experimental

Chemicals.

Manganese(II) chloride tetrahydrate (MnCl,-
4H,0, 99.0%), iron(II) chloride tetrahydrate (FeCl,-4H,0O,
99.0-102.0%), cobalt chloride hexahydrate (CoCl,-6H,0,
99.0%), nickel chloride hexahydrate (NiCl,-6H,0O, 98.0%),
copper chloride dihydrate (CuClL-2H,O, 99.0%) acetic
acid (99.7%), acrylic acid (99%), glutaric acid (98.0%),
citric acid (98.0%), ethanol (99.5%), () propylene oxide
(> 99%), and Pluronic Fi127 (poly(ethylene oxide)-
poly(propylene oxide)-poly(ethylene oxide), PEO-PPO-
PEO) were used as received. Acrylic acid, propylene oxide
and F127 were purchased from Sigma-Aldrich Co. All
other reagents were purchased from Wako Pure Chemi-

cals Industries, Ltd. Ultrapure water of 18.2 MQ-cm resis-
tivity was used in all experiments.

Synthesis of a-Ni(OH), NBBs.

NiCl,-6H,O (0.5 mmol) and a given amount of
carboxylic acid (acrylic acid or acetic acid) (molar ratio of
carboxylic acid to nickel chloride was o-4.0) were dis-
solved in an ethanol (1.0 mL) at 25 °C. Propylene oxide
(7.5 mmol) was added to the clear precursor solution and
stirred for 30 s. Resultant homogenous solutions were left
at room temperature (20-25 °C). Variety of in-situ meas-
urements were taken during reaction progress. After an
appropriate time, the samples were dried at 60 °C for 20 h.
The sample IDs prepared through this process are denot-
ed as x-y-t, where x is the type of acid (AA; acrylic acid
and AcOH; acetic acid), y is the molar ratio of carboxylic
acid to nickel chloride, and t is the time (min) since the
addition of propylene oxide.

Synthesis of mesoporous a-Ni(OH), cast-films.

NiCl,-6H,O (0.5 mmol), carboxylic acid (acrylic
acid or acetic acid) (0-4.0 mmol) and template surfactant
(F127) (32 mg, [F127]/[Ni*"] =0.005) were dissolved in eth-
anol (1.0 mL) at 20-25 °C. After the addition of propylene
oxide (7.5 mmol), the solution was stirred for 30 s and left
at 20-25 °C. The reacting solution was casted on glass (76
mm x 26 mm) or Si substrates (~ 20 mm square) after an
appropriate time and allowed to evaporate under ambient
conditions (temperature; 20-25 °C, humidity; 50-70 %)
for 2 h. As-synthesized films were left in an oven at 60 °C
for 2 h, followed by a treatment at 120 °C for 2 h. To re-
move polymer templates, films were heat treated at
250 °C for 2 h. The sample IDs are denoted as F-x-y-t,
where x, y, and ¢ are same as described above.

Synthesis of mesoporous M(OH), (M = Mn(II), Fe(II),
Co(II), Ni(II) and Cu(II)) cast-films.

MCL-nH,O (M = Mn(II), Fe(Il), Co(II), Ni(Il) and
Cu(Il), n = 2-6) (0.5 mmol), carboxylic acid (acrylic acid
(4.0 mmol), glutaric acid (1.0 mmol), or citric acid (0.67
mmol)) and F127 (32 mg) were dissolved in an ethanol (1.0
mL) at 20-25 °C. After the addition of propylene oxide
(7.5 mmol), the solution was stirred for 30 s and left at
20-25 °C. The reacting solution was casted on glass sub-
strate after an appropriate time, and then allowed to
evaporate under an ambient condition (temperature;
20-25 °C, humidity; 50-70 %) for 2 h. The sample IDs are
denoted as M-x-y-t, where M is metal ion (Mn, Fe, Co, Ni
and Cu), x is kind of carboxylic acid (AA: acrylic acid, Glu:
glutaric acid, and Cit: citric acid), y and t are same as
described above, respectively.

Simulation studies.

A coarse-grained model of a-Ni(OH), NBBs and
amphiphilic surfactant, Fi127, was employed to study the
formation of mesostructures. The a-Ni(OH), NBBs were
represented by spherical nanoparticles with variable di-
ameters, and the surfactant F127 was described by a soft
bead-spring model of a BAB triblock copolymer (PEO-
PPO-PEQ). The effect of solvents such as water and acid
are taken into account in the interactions between NBBs
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and surfactants.” The Hamaker potential was chosen for
NBB-NBB interaction, in which the magnitude of the
potential depends on the Dygp. Details of the model are
summarized in the supporting information.

The dispersity index (DI) was calculated to eval-
uate the homogeneity of mesostructures. The DI is de-
fined as DI = S,,/S,, where S,, = £;n;67/Z;n;c; is the weight
average pore area and S, = X;n;0;/Z;n; is the number aver-
age pore area. Here n; is the number of mesopores with
area, o;, obtained from 10 independent simulations; in
each simulation 100 configurations are selected for the DI
calculation.

Characterization.

A transmission electron microscope (TEM; JEM-
2000FX, JEOL, Japan) and scanning TEM (STEM; JEM-
2100F, JEOL, Japan) were employed at an operating volt-
age of 200 kV to observe primary particles and mesostruc-
tures of the samples. Powder X-ray diffraction (PXRD)
(Multiflex, Rigaku, Japan) using Cu Ko radiation (4 =
0.1544 nm) was used to characterize crystal phases of
dried powdery samples. Fourier transform infrared (FT-
IR) spectroscopy (ALPHA FT-IR spectrometer, Bruker
Optik GmbH, Germany) and ultraviolet-visible-near in-
frared (UV-Vis-NIR) spectroscopy (V-670 spectropho-
tometer, JASCO Corp.) were used to analyze chemical
bonding and coordination state of Ni(Il). Conductivity
and pH of solutions were collected using a water quality
meter (D74, Horiba, Japan) with respective glass elec-
trodes (3552-10D and 9618-10D). The mesoporous charac-
teristics of samples heat-treated at 250 °C were analyzed
by N, sorption measurements (Belsorp-mini II, Bel Japan
Inc., Japan). Small angle X-ray scattering (SAXS) meas-
urement was performed to characterize the Dygz and
mesostructures with the beamline of the Brazilian Syn-
chrotron Light Laboratory (LNLS, Brazil DnA-SAXSi-
18927 and 20160366). A polyimide film was used to pack
and measure the powder samples. The Dyg; is defined as
the diameter of aggregates when primary particles form
aggregation. Details of characterization are described in
Supporting Information.

Results and discussion

Synthesis of a-Ni(OH), NBBs of controlled diameter.
Uniform colloidal dispersions of nickel hydrox-
ides with particle diameters ranging from 2 to 20 nm were
obtained after aging the metal chloride in the presence of
propylene oxide and an organic acid at room temperature.
Hydrolysis of propylene oxide increases the solution pH
homogeneously,” inducing a high degree of supersatura-
tion to form nm-sized hydroxide crystals,” while the
organic acid controls the growth kinetics of the metal
hydroxide. Figure 1a shows a typical sample obtained from
the reaction mixture containing NiClL-6H,O and acrylic
acid (AA-2.0-60). The powder obtained by drying the
colloidal dispersion can be identified as nanometer sized
a-Ni(OH), which grow preferentially along the ¢ axis
(Figure 1b). Acrylic acid was mandatory to yield a stable
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colloidal solution. Indeed, opaque gelatinous products
due to high aggregation of the inorganic building blocks
were obtained from a reaction mixture without acrylic
acid (Figure S2). This result suggests that the addition of
acrylic acid is a key factor to control the crystal growth
and to inhibit the aggregation of nanocrystals.

One desirable feature of this synthetic pathway is
the possibility of an accurate kinetic and thermodynamic
control of Dygg through external synthetic variables such
as initial concentrations, amount of propylene oxide, type
of acid employed, or reaction time.

This approach is illustrated by analyzing in-
depth a reactive system that uses acrylic acid as a growth
controller. Figure 2a shows the evolution of Dygp as a
function of the reaction time for an exemplary system,
AA-2.0-t systems, which evolves for t = 1-60 min. Dygp
were estimated from the in-situ SAXS patterns collected
for the reacting medium (see Supporting information for
the details). A linear increase of the Dyggs is observed,
from the oligomer scale to ~ 1.5 nm in the first 15 minutes.
The growth levels off in a second step, and the final diam-
eter is almost reached in the first 30 min, which is in a
good agreement with the time scale of the consumption
of ionic species. The relative amount of Ni(II) ion de-
creases to 6.1% of the initial concentration within 30 min
reaction. The crystal growth of layered nickel hydroxide
was reported to take place through rapid edge-on con-
densation of partially hydrolyzed Ni species, followed by a
relatively slow stacking of the sheets.” In the present case,
the extended growth of the constituent sheets was suc-
cessfully retarded by the addition of acrylic acid. FT-IR,
UV-Vis-NIR, and PXRD measurements revealed that most
changes due to nanocrystal growth take place in the first
30 minutes of reaction (Figure S3). Racah B parameter
and crystal field energy of AA-2.0-t were estimated from
UV-Vis-NIR spectra and reached constant values compa-
rable with reported o-Ni(OH), (Figure S3b and S3d),***
which means brucite-like hydroxide sheets were success-
fully formed. FT-IR signals belonging to the asymmetric
v(CO0),, and symmetric v(COO), acrylate vibrations
were observed in the 1582-1552 cm™, and 1428 c¢cm™ re-
gions, respectively (Figure S3a). The frequency differences
A = v(COO0),~v(COO),, were in the range of 124-154 cm™,
which is relatively larger or comparable to that of free
acrylate (A = 1o-140 cm™).*® These results suggest acry-
late ion is unidentately coordinated to Ni(II) and interca-
lated/adsorbed on a-Ni(OH), sheets.” It can be conclud-
ed that acrylic acid is present in the NBB through uniden-
tate coordination to a small number of Ni(II) centers, and
intercalation.
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Figure 1. () Transparent solution of AA-2.0-60 showing

Tyndall effect. (b) PXRD pattern of powder collected by

drying AA-2.0-60 solution. The referential pattern was

acrylate intercalated o-Ni(OH), prepared by a standard
precipitation method (see Supporting information).

10 20

Individual nanocrystals remain well dispersed in
the initial solutions when AA/Ni > 2.0. The STEM image
of synthesized NBB (Figure 2b) shows that the Dygg was
1.8 nm without aggregation, which supports the result of
SAXS measurement. The diameter of NBB obtained under
these synthetic conditions is relatively small compared to
previously reported oxide systems (~ 5 nm),”™ which
should allow the flexible tuning of the mesostructure
through controlled interactions among organic and inor-
ganic NBBs.
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Figure 2 Time evolution of Dypp (open circle) and
consumption of ionic Ni species (solid line) (calculated from
conductivity of solution, see ESI) in the reacting solution of
AA-2.0-t (t =1-60 min). (b) STEM image of AA-2.0-60 dried
on a TEM copper grid.

TEM observations indicated that samples ob-
tained from solutions with lower amount of acrylic acid
(AA/Ni < 2.0) were composed of aggregated fine nanopar-
ticles (shown in the Experimental Section of ESI). There-
fore, a hierarchically structured model was employed for
fitting the SAXS curves of reactive systems containing
lower amount of organic acids, i.e., AA-y-t (y = 0-1.0, t =
1-60 min), in order to take into account the aggregation
of the NBBs. Time-evolution of primary and secondary
particle diameters are presented in Figure 3a. All solutions
contained secondary particles after an appropriate reac-
tion time. The nanoparticle growth rates were estimated
by linear fitting of the obtained plot. The primary parti-

cles grew at a rate of 0.37 nm/min (AA-o-t), 0.25 nm/min
(AA-0.1-t), 0.33 nm/min (AA-o0.5-t) within the first 10 min,
and the diameter of the primary particles, D,, reached a
value of ~ 2.0 nm irrespective of the amount of acrylic
acid. On the other hand, the growth rates of the second-
ary particles, D,, were retarded by increasing amounts of
acrylic acid (AA-o-t; 7.5 nm/min, AA-0.1-t; 2.9 nm/min,
AA-0.5-t; 0.61 nm/min). Figure 3b shows Dygp prepared
with various amounts of acrylic acid after 30 min reaction
(D, or D, were used as Dygg for the system without or
with aggregation, respectively). It is clearly observed that
Dygp decreased from > 20 nm (aggregated particles) to ~ 2
nm (isolated particles) with increasing amounts of acrylic
acid. These results indicate that acrylic acid not only re-
tards the crystallization but also suppresses the aggrega-
tive tendency of NBBs, through coordination, intercala-
tion, and surface modification. In summary, Dyps were
successfully controlled from oligomer scale to > 20 nm by
tuning the reaction time and the amount of acrylic acid.
This procedure permits to tailor the size and interactions
between the inorganic NBBs, in order to create hybrid
meso-architectures. It is important to stress that after
reaction completion (i.e., removal of Ni(II) from solution),
no significant changes are observed in Dygp for several
days, so it can be reasonably concluded that after a first
kinetic evolution, the control of Dyggp is attainable in a
practically thermodynamic fashion.
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Figure 3. (a) Time-dependent growth of the diameters of
primary particles, D, (open symbols), and secondary
particles, D; (close symbols), prepared from AA-o-t (black),
AA-0.1-t (red), and AA-o0.5-t (blue) (t = 1-60). (b) Molar ratio
([AA]/[Ni]) dependence of Dygg (Ds when AA/Ni < 1.0 and D,
when AA/Ni = 2.0) of AA-y-30 (y = 0-4.0).

The effect of Dygg on the formation of mesoporous
structures

The «a-Ni(OH), NBBs with different diameters
could be tunably produced and were used to elucidate
dominant factors towards the successful formation of
mesoporous  crystalline films. A nonionic block-
copolymer, Fi27, was used as the supramolecular pore
template. The addition of F127 to the initial solutions had
little effect on the growth and aggregation of NBBs (Fig-
ure S4). While this fact permitted us to keep design Dygs,
the controlled drying of cast sols containing also the tem-
plate allowed for the co-self-assembly of NBBs and Fi27
templates.

Solutions containing NBBs of varying diameter
Dygp from 0.74 to 26 nm were employed to fabricate
mesostructured films through the EISA process, in a sys-
tematic experiment (Figure 4a). The cast-film prepared by
using NBBs of Dygp < 7.5 nm showed SAXS peaks assigned
to an organized mesostructure. TEM micrographs and the
N, adsorption isotherm showed cubic-like patterns (Fig-
ure 4b and Ss5), which could then be confirmed by indexa-
tion as derived from an Im-3m structure formed by inor-
ganic NBB located around initially spherical micelles. The
obtained ordered 3D cubic mesostructure was maintained
even after removal of F127 template by heat treatment at
250 °C. The threshold of Dygg toward the ordered
mesostructure formation, 7.5 nm, demonstrated in this
study is valid for previously reported mesoporous metal
oxides with Fi127 templates, where the sizes of NBBs are
smaller than a critical size for all the successful examples,
which is linked to a size of building block that permits to
flexibly adapt to the micelle curvature.**

T T
(a) Mesophase: Im3m
— =
s -
s
b N
lT) DNBE
C
ko) 0.74 nm
< 2.1nm
(o2}
o
- 4.7 nm
= 7.5nm
%
26 nm
L '
0.1 1 10

Scattering vector / nm™

Figure 4. (a) SAXS patterns of cast-films after drying at
120 °C for 2h. The casted-films composed of Dygg = 0.74 nm,
2.1 nm, 4.7 nm, 7.5 nm, and 26 nm were prepared from F-AA-
2.0-5, F-AA-2.0-60, F-AA-0.5-15, F-AA-1.0-45, and F-AA-0.1-15,

respectively. *: background peaks from a-Ni(OH), and
polyimide. (b) TEM image of films prepared from AA-2.0-F-5

after heat treatment at 120 °C for 2 h and 250 °C for 2 h.
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The samples prepared with NBB of 4.7 nm < Dygs
< 7.5 nm showed a broad peak at ¢ ~ 0.5 nm™. The broad-
ening of the peak for these samples reveals that the
mesostructure becomes less-ordered when larger inorgan-
ic NBB are used as precursors.

In order to understand the role of the NBB in the
formation of organized mesostructures, we performed a
simulation study that takes into account the size and
interactions of the inorganic NBB and the templates. The
model considers n amphiphilic surfactants and np nano-
particles in the canonical ensemble. The inorganic NBBs
are modelled as spherical NPs, which interact which each
other via a Hamaker potential.”” The PEO-based surfac-
tant, F127, is represented by a bead-spring model with soft,
non-bonded interactions,® and the molecule is discre-
tized into N = 40 coarse-grained beads with a structure of
B,,A;,B,,. The end-to-end distance of F127 can be calculat-
ed as R,, =~ V6R, = 8.475 nm, where R, = 3.46nm is the
radius of gyration for Fi27, measured from SAXS experi-
ments. This top-down model incorporates bonded inter-
actions that describe the linear chain architecture and
non-bonded interactions that give rise to microphase
separation in the surfactant solution.*” Details of the cal-
culation and potentials used are provided in the ESI.

Figures 5a and 5b show snapshots from the simu-
lation system with the extreme values of Dygp = 2.54 and
5.94 nm, respectively, after the system has reached a sta-
tionary state. While in the first case a very well-ordered
mesostructure is observed, the system with larger NBB
size shows significantly less-ordered mesostructures (see
Figure S6 and further discussion in supplementary infor-
mation). To evaluate the homogeneity of the mesostruc-
ture, the dispersity index (DI) was calculated for each
simulation system (Figure 5c). DI is a criterion of a homo-
geneity of mesostructure in this study, a smaller DI sig-
nals implies a more homogenous mesostructure. While a
relatively constant value of DI is observed for low NBB
diameters, which 1is indicative of a well-defined
mesostructure, a rapid increase of DI is observed between
Dngps = 4.24 and 5.08 nm. This result indicates that the
mesostructures becomes less ordered when Dygg grows
beyond a critical value.
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Figure 5. Typical snapshots of mesostructures formed with
NBBs and Fi127 with Dygg = (a) 2.54 nm and (b) 5.94 nm. The
system size of (a) is 61.02 x 61.02 x 7.63 nm> and of (b) is
68.65 x 68.65 x 7.63 nm>. The red spheres, green rings and
blue regions are the NBB core, the interface and the Fi27
filled parts, respectively. (c) The change of the DI calculated
from snapshots along with the Dygp.

The appearance of the threshold value of Dyg,
above which DI drastically increases, mainly originates
from the contribution of the non-linear Hamaker poten-
tial (a more intense attractive interaction between the
inorganic NBBs) and also the depletion interaction.* The
increase of Dygp results in a rapid aggregation of NBBs,
which collapses the ordered structure formed by the am-
phiphilic surfactants. This model is in excellent agree-
ment with the observed experimental trends and illus-
trates not only the key role of Dy in flexible adaptation
of NBBs to the micelle structure but also, more im-
portantly, the critical role of Dyggin colloidal and deple-
tion forces which put self-assembly process into the ac-
tion.

The effect of aggregation of NBB on the formation of
mesoporous structures

As well as the value of Dygs, the aggregative ten-
dency of NBBs upon drying in the EISA process is another
important parameter. In a previous work on mesoporous
titania, simulations permitted to explain the deleterious
role of aggregation between the NBBs on the order of the
mesoporous structures. Namely, strong NBB-NBB attrac-
tion results in aggregation, which in turn leads to a merg-
ing of the mesopores, thus leading to poorly defined
mesostructures.” In order to test the generality of this
hypothesis, samples with higher aggregation tendency

than the previously presented AA-y-t were employed to
investigate this point. When acetic acid was used (AcOH-
2.0-t) instead of acrylic acid, the aggregation tendency
was higher than that in the acrylic acid system (AA-2.0-t)
(Figure S7). Residual Ni** ions, D,, and zeta potentials of
particles were comparable between both systems at a
given reaction time (Table 1). However, the AcOH-
containing colloids present a higher degree of aggrega-
tion, that results formation of a larger aggregate. This
difference in the aggregation behavior suggests a different
interparticle interaction, originated from different Lon-
don-van der Waals forces derived from both surface mod-
ifiers. This points out that attention has to be paid to the
intimate structure and interactions in the NBB (i.e., using
AA and AcOH as reaction controllers).

Figure 6 shows the SAXS patterns of films pre-
pared from F-AcOH-2.0-t solutions. The resultant
mesostructures were assigned to the same cubic
mesostructures (space group; Im-3m) as F-AA-y-t sys-
tems. However, the threshold of Dygs = 1.3 nm for the
formation of ordered mesostructures is significantly
smaller compared with the F-AA-y-t systems (Dygp < 7.5
nm). It is interesting to remark that albeit the AcOH-
derived NBB are small and in principle should lead to
high organization, they tend to aggregate (as discussed
above), which increases the effective size of the building
blocks and changes the effective interactions with the
template. Dg of the F-AcOH-2.0 systems begins to in-
crease significantly after 20 minutes aging with respect to
the equivalent AA-derived samples. In the case of F-
AcOH-2.0-60, for example, Ds = 7.9gnm, which is in fact
practically twice the critical NBB size found in the theo-
retical model for obtaining ordered mesostructures. This
demonstrates that the aggregation tendency is an essen-
tial parameter to synthesize highly organized mesostruc-
tures, which should be taken care of, as well as control-
ling the Dypp below a certain critical size.

Table 1. The comparison of AA-2.0-t and AcOH-2.0-t
systems.

Residual  Dp D, Zeta potential
DN %) am o
nm nm (PH)
29.6
AA-2.0-5 33.0 0.74 N/A
(8.0)
32.2
AA-2.0-60 4.4 2.1 N/A
(8.2)
AcOH- 28.6
. o. N/A
2.05 33.7 929 (6.2)
AcOH- so 32.9
2.0-60 39 ’ 79 (8.3)

ACS Paragon Plus Environment

Page 6 of 10



Page 7 of 10
1 Mesophase: Im3m
2 5
3 L

2
6 £ 0.99 nm
7 g

~ 1.3 nm
8 4.3 nm
9 7.9 nm
10 0.1 1 10
1 Scattering vector / nm™'
12
13 Figure 6. SAXS patterns of casted-films after drying at 120 °C
14 for 2h. The casted-films composed of Dygp = 0.99 nm, 1.3 nm,
15 4.3 nm, and 7.9 nm were prepared from F-AcOH-2.0-5, F-
16 AcOH-2.0-10, F-rAcOH-2.0-30, and F-AcOH-2.0-60,
17 respectively. Dypp of 4.3 nm and 7.9 nm are D and their D,
18 are 1.7 nm and 2.0 nm, respectively.
19 Extending the ANBB Approach to Other Transition
20 Metal Hydroxides.
21 The ANBB approach presented above was ex-
22 tended to hydroxide NBBs for a series of divalent ele-
23 ments (Mn, Fe, Co, and Cu), based on the insights ob-
24 tained in the a-Ni(OH), NBB system. Controlling the
25 crystallization in the respective systems was allowed
26 through the choice of carboxylic acids (Figure S8 and
27 Table S1). According to the literature,® metal hydroxo
28 clusters can be formed through M-OH-M bond formation
29 upon leaving of the aqua-ligand. Therefore, the rate of the
30 formation of NBBs strongly depends on a lability of the
31 ligand. It was found that NBBs were controllably grown
32 by using a carboxylic acid with an appropriate coordina-
33 tion strength. A polyprotic carboxylic acid with stronger
34 coordination characteristic can be used for a divalent
35 metal element with more labile aqua-ligand. By this way,
36 a general and versatile synthesis of the metal hydroxo
37 NBB and their assembly into mesostructured films can be
38 achieved by simply optimizing the kinetics of crystal
39 growth and aggregation (Figure 7). High ordering is al-
40 lowed by the appropriate choice and combination of the
41 metal ion and an adequate carboxylic acid.
42
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Figure 7. SAXS patterns of cast-film of Co-Cit-0.67-0.5 after
drying at 120 °C for zh. (b) Cross sectional SEM images of Co-
Cit-0.67-0.5 after heat treatment at 120 °C for 2 h and 250 °C
for 2 h.

Conclusion

In this work, we report the controlled synthesis
of colloidal a-Ni(OH), NBBs with a variety of diameters in
the nanometer scale -from oligomer to over 20 nm- by
controlling the crystallization and aggregation kinetics via
a homogeneous epoxide-mediated alkalinization process.
Highly ordered mesostructures were obtained when the
o-Ni(OH), NBBs with a size less than a critical value were
employed in combination with Fi27 templates. A compu-
tational model in conjunction with simulations showed
an excellent agreement with experimental results and
predictive power, which is useful for the actual design of
the synthetic pathway. This analysis reveals that the Dygp
is a critical parameter to obtain the ordered mesoporous
structures. It was also found that the aggregation tenden-
cy (stability of NBBs) significantly affects the thresholds
of Dygp toward ordered mesostructures; the NBBs with
lower aggregation tendency showed a wider Dygp range
for ordered mesostructure formation. To prepare NBBs
and mesostructured films for a variety of chemical com-
positions, an appropriate combination of a metal and a
carboxylic acid in each system is mandatory for the inhi-
bition of crystal growth and retarding aggregation. The
approach demonstrated here is a promising general route
to access versatile functional mesoporous and mesostruc-
tured materials, in particular those based on low-valence
transition metal oxides. In addition, as this method is
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based on EISA, a flexible processing can lead towards thin
films, xerogels or aerosols.

We anticipate that this pathway that employs
pre-defined, controlled and stable inorganic NBBs will
permit to circumvent the chemical complexities of solu-
tion processing. In addition, the feedback between exper-
iments and theory permits to consider a “chemistry of
objects”, in which the co-self-assembly of pre-
programmed soft and colloidal objects can be envisioned.
Following a simple set of rules, based on controlling the
size of different NBB, their interactions and aggregation
behavior, complex architectures can be created by simple
combination of building blocks “from the shelf”.

ASSOCIATED CONTENT

Supporting Information. FT-IR spectra, UV-Vis-NIR spec-
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