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The sol–gel process accompanied by phase separation is one of the methods to prepare
hierarchically porousmonoliths, hierarchically porousmonolith, which is applicable not only
to oxides but also to various materials compositions such as metal phosphates, organic-
polymers/carbons, metal-organic frameworks. It is not until recently, however, that
progress has been made in the preparation of low-valence metal oxide HPMs, such as
those of magnesium, manganese, cobalt, nickel, etc. Due to the difficulty of divalent metal
precursors to form homogeneous gels, different approaches from those established for
trivalent and tetravalent counterparts have been attempted. This short review introduces
the methods and trials in the preparation of metal oxide HPMs from divalent metal salts.
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INTRODUCTION

Sol–Gel Process
Sol–gel process, in general, is a method for producing solid materials with controllable particles
sizes at ambient temperature from small molecular precursors in a liquidus medium. Upon
hydrolysis or any other activation, the precursor molecules polymerize, forming chemical bonds
with each other to result dimers, trimers, oligomers, and then polymers. When such polymerized
species (particle size: d � 1–1,000 nm) are dissolved/dispersed homogeneously in the system, the
system is termed sol. When the polymerized species form an integrated network across the entire
vessel, the system is termed gel, and the phenomenon is termed gelation. The important feature of
gelation, the transition from sol to gel, is the sharp increase in viscosity, where the system loses
macroscopic fluidity. Depending on the mobility of the system and the quickness of such spatial
freezing, the gelation can capture the transition state of evolving phases when the phase separation
occurs.

The overall reactions for tetraethoxysilane (TEOS), the most classical system in sol–gel research,
are expressed in Figure 1. Since the isoelectric point (IEP) of silica/siloxane spices lies pH 2,3, the
reaction is regarded to take place under acid-catalyzed conditions when pH < 2; and under base-
catalyzed conditions when pH > 3. Under acid-catalyzed hydrolysis, the protonation of oxygen is a
rate-determining step, followed by leaving of ethanol. Water- or alcohol-producing condensation is
also catalyzed by acid so that the gelation time shortens as pH decreases below pH 2. Under base-
catalyzed conditions, the nucleophilic attack silicon atom governs both hydrolysis and condensation.
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Due to relatively small partial charge values on O and Si
(compared with other metals such as Ti and Zr), both
electrophilic attack on O under acid-catalyzed condition and
nucleophilic attack on Si under base-catalyzed condition is
moderate, leading silicon alkoxides to exhibit slow hydrolysis
and polycondensation kinetics.

Unless specially designed, gels prepared by sol–gel process
generally possess only unimodal pores, which are the
interstices of the structural unit of the gel network. The
pore size ranges from a few to hundreds of nanometers that
can be controlled by the conditions of sol–gel transition, aging,
drying, heat-treatment, and so on. In order to obtain
hierarchically porous structures, it is necessary to introduce
other methods, such as (supra-)molecular template and phase
separation, into the sol–gel process.

Principle of Sol–Gel Process Accompanied
by Phase Separation
Spinodal decomposition is a mode of phase separation distinct
from nucleation/growth, in which any small compositional
fluctuation grows without an activation barrier. Compared
with the nucleation/growth process that requires thermal
activation, the spinodal decomposition generates transient
phase domains spontaneously. One of the typical
morphologies seen in isotropic spinodal decomposition with
comparable volume fractions of two phases is co-continuous
structure, where both separated conjugate phases are
interconnected.

When the spinodal decomposition is combined with a sol–gel
transition, a hierarchically porous monolith (HPM) can be
obtained, in which larger pores are formed by phase
separation and smaller pores by network formation via sol–gel
process. However, it is not a simple mission to concertedly induce
gelation and phase separation, since the chemical-bond
formation governs the entire process. Therefore, it is necessary
to design elaborately the starting composition for inducing the
phase separation during the sol–gel transition and ensuring the
gelation happen at the desired phase-separated state (Figure 2).
About 3 decades ago, Nakanishi et al. prepared silica HPM via

sol–gel process accompanied by phase separation for the first time
(Nakanishi and Soga, 1991). Various factors on the control of the
phase-separated morphology in the silica system, including
precursor, solvent composition, additive component,
temperature, and so on, have been investigated (Nakanishi and
Soga, 1992a; Nakanishi and Soga, 1992b; Nakanishi and Soga,
1992c; Nakanishi and Soga, 1992d; Kaji et al., 1993; Nakanishi
et al., 1994; Kaji et al., 1955; Takahashi et al., 1995; Nakanishi,
1997; Nakanishi and Soga, 1997; Nakanishi et al., 1998). The
driving force of phase separation due to polymerization reaction
can be explained by Flory–Huggins Eq. 1.

ΔG∝RT(Φg

Pg
lnΦg + Φs

Ps
lnΦs + χΦgΦs) (1)

where R denotes the gas constant, T denotes the temperature, Φ
and P denote respectively the volume fractions and the
polymerization degree of gel-rich phase (i � g) and solvent-
rich phase (i � s), and χ the interaction parameter which
measures the compatibility between the components. The

entropic term, Φg

Pg
lnΦg + Φs

Ps
lnΦs, is always negative since Φ <

1, and its absolute value decreases with proceeding
polymerization. The enthalpy term, χΦgΦs, reflects chemical
affinity between polymerizing species and other components.
When the ΔG becomes positive by polymerization reaction, a
thermodynamic driving force for phase separation is generated.
Since the spinodal decomposition is a non-equilibrium process,
kinetics of formation of phase domains as well as that of sol-gel
transition should be adjusted to obtain desired morphologies
developed by phase separation. The details on the control of
phase-separated morphology in various kinds of HPM have been
summarized in our recent review (Lu et al., 2020a). Compared
with other methods to obtain HPM, the present method owns
unique advantages: it can control the pore size distribution
without any template. Template method, emulsion method,
and freeze-casting are commonly used to prepare porous
materials (Dong et al., 2016; Zhang et al., 2016; Lee and
Chang, 2018; Shen et al., 2018). However, the former one
needs templates and subsequent removal of templates from
the solid product. Complete removal of templates without

FIGURE 1 | Hydrolysis and condensation of TEOS under acidic and basic conditions.
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influencing the monolithic form is not so easy. The latter two
methods suffer from broad distribution of pore size in the
resultant porous body.

Inspired by the success of silica HPM, the preparation of metal
oxide HPM has been explored. Titanium alkoxides and zirconium
alkoxides were used as precursors to prepare corresponding oxide
HPMs (Konishi et al., 2006; Konishi et al., 2008; Hasegawa et al.,
2010). The sol–gel process of metal alkoxides is identical
fundamentally to that of silicon alkoxides, including hydrolysis
and condensation. The important difference, however, is that the
metal alkoxides possess higher reactivity than silicon alkoxides due
to their lower electronegativities of the central metal atoms. As a
result, only a few metal oxide HPMs, such as TiO2 (Konishi et al.,
2006; Hasegawa et al., 2010) and ZrO2 (Konishi et al., 2008) had
been prepared from metal alkoxides under more strict and
complicated conditions, much fewer reports are found on other
metal oxide HPMs prepared from alkoxides.

Sol-gel researchers have been trying to use inorganic salts to
replace alkoxides. Thanks to the hydrolytic instability, many
metal species can undergo condensation to form M–O–M
network in favorable conditions. The sol–gel process of metal
salt solution can also be divided into two steps: forced hydrolysis
and condensation (Figure 3). In general, mostMz+ (Z < 4) exists
in the form of aquo complex, thus an increase of pH is required
for converting them into hydroxo complex. However, it had been
a challenge to modify the pH of the system without generating
precipitates (dispersed products as a result of uncontrolled gel
formation) under a high concentration of metal precursor.
Tokudome et al. referred to the epoxide-mediated sol–gel
method, which was developed by Itoh et al. (Itoh et al., 1993)
and Gash et al. (Gash et al., 2001a; Gash et al., 2001b), to obtain
Al2O3 HPM using AlCl3 · 6H2O as the precursors (Tokudome

et al., 2007). In a traditional way to increase the pH, alkaline
reagents, such as sodium hydroxide, ammonia, are employed.
When the alkaline reagent is mechanically mixed with the metal
salt solution, a sudden and steep increase of pH in the limited part
of the solution causes uncontrolled precipitation. In the epoxide-
mediated sol–gel method, a neutral epoxide, e.g. propylene oxide,
is added, and then the pH is increased by the irreversible ring-
opening reaction Eq. 2.

(2)
Compared to the traditional way to raise the pH, epoxide can

raise the pH homogeneously and gradually. Thus, it became a
facile method to prepare monolithic aerogels and HPMs.
Following the success of Al2O3 HPM, Guo et al. synthesized
ZrO2 HPM from ZrOCl2 · 8H2O (Guo et al., 2015). Li et al.
synthesized TiO2 HPM from TiOSO4 using a similar strategy, in
which the pH was increased slowly by the generation of ammonia
from the hydrolysis of formamide (Li et al., 2013). Although other
transition metal oxide aerogels, such as iron oxide, chromium
oxide, etc., had been prepared via the epoxide-mediated sol–gel
method (Gash et al., 2001b), it was not easy for the preparation of
HPM at that time, even if they were trivalent species. It is because
precursor concentration for preparation of HPM is higher than
that for the preparation of aerogels/xerogel with lower density,
since a comparable volume fraction of gel-rich phase and solvent-
rich phase is required for obtaining the 3D interconnected
structures. Moreover, Gash et al. found that it was hard to
prepare the metal oxide aerogels from M2+ ions (M2+ � Co2+,
Ni2+, Cu2+, Zn2+) even by the epoxide-mediated sol–gel method,

FIGURE 2 | Scheme of sol–gel process accompanied by phase separation.
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in which only precipitation was obtained (Gash et al., 2001b).
Some divalent metal oxide aerogels have been prepared by the
epoxide-mediated sol–gel method afterwards (Gash et al., 2004;
Gao et al., 2007; Sick and Hope-Weeks, 2008; Wei et al., 2009;
Baghi et al., 2013), but the preparation of HPMs still remained a
challenge.

The Difficulty of Preparing HPMs From
Divalent Metal Salt
The difficulty of forming monolithic gel can be estimated through
the electronegativity of the metal cation in its salt. Table 1 shows
the electronegativity of some metal ions which was calculated by
Li et al. in which the valence state and coordination number were
taken into consideration (Li and Xue, 2006). The difficulty comes
from two facts; 1) forced hydrolysis of metal ions with low

electronegativity generally requires higher pH; 2) the
condensation reaction between hydroxo complexes is more
radical due to the greater polarization of the M–O bond. The
oxygen atom holds higher electron density when it forms bonds
with metal atoms with lower electronegativity. As a result, the
deprotonation becomes harder and higher pH is required in the
step of forced hydrolysis. Aquo complexes of less electronegative
cations are more prone to olation/oxolation when pH is
increased. Their quick and local condensation tend to form
small dispersed condensates (precipitates) limiting the
formation of infinitely grown network.

Recently, some of HPMs have been prepared from divalent
metal salts (Table 2), though each method has its own
shortcomings and limitations. Nonetheless, we have
summarized the methods and trials for the preparation of
these metal oxide HPMs here, and hope this review will
inspire other researchers to find better ways to achieve metal
oxide HPMs from divalent metal salts.

MATERIALS AND METHODS, DISCUSSION

Utilization of Organic Supporters
The initial effort on the preparation of transition metal oxide
HPM via epoxide-mediated sol–gel method combined with
phase separation was in Fe-system using FeCl3 6H2O as a
metal precursor by Kido et al. (2012). Since the pH range
where Fe(III) starts to form precipitates was much lower
than the case of Al2O3 HPM from AlCl3 · 6H2O by
Tokudome et al., an effective method of inhibiting
uncontrolled precipitation/crystallization of iron (oxy)
hydroxide was required. Namely, poly (acrylamide) (PAAm)
was utilized to suppress the undesired precipitation via the
strong interaction between amide groups in PAAm and Fe-
based species, resulting in Fe-PAAm-based HPM. Other

FIGURE 3 | Forced hydrolysis and condensation of metal salts.

TABLE 1 | Electronegativity (χ i) of cations with coordination number (CN) of 6 (or
4)a.

Cation χi Cation χi

Si4+ (CN � 4) 2.245 Co2+ 1.377(L)
1.321(H)

Ti4+ (CN � 4) 2.017 Cu2+ 1.372
Ti4+ (CN � 6) 1.730
Zr4+ (CN � 4) 1.743 Ni2+ 1.367
Zr4+ (CN � 6) 1.610
Sn4+ 1.706 Mn2+ 1.343(L)

1.263(H)
Fe3+ 1.693(L) Y3+ 1.340

1.556(H)
Cr3+ 1.587 Zn2+ 1.336
Al3+ 1.513 Mg2+ 1.234

aχ i is calculated from eq. χi � 0.105np(Im/R)1/2/ri + 0.863, where np is the effective
principal quantum number; R is Rydberg constant; ri is ionic radius. L and H in the
parentheses denote low- and high-spin states of the transition metal ions.

Frontiers in Chemical Engineering | www.frontiersin.org December 2021 | Volume 3 | Article 7877884

Lu and Nakanishi Hierarchically Porous Metal Oxide Monoliths

https://www.frontiersin.org/journals/chemical-engineering
www.frontiersin.org
https://www.frontiersin.org/journals/chemical-engineering#articles


polymer termed poly (acrylic acid) (HPAA or PAA) is also
popular for the preparation of HPMs. This strategy is so
versatile that it has been extended to many other metal-
polymer-based systems, including the low-valence metal
species, such as Mn(II), Ni(II), Cu(II) (Kido et al., 2013;
Kido et al., 2014; Fukumoto et al., 2015; Liu et al., 2020a; Liu
et al., 2020b). On the other hand, both PAAm and HPAA not

only play a key role in gelation, but also act as a phase separation
inducer. In the Cu-PAAm-based system, for example, the
macroporous morphology can be controlled by the amount
of PAAm (Figure 4). The phase separation took place to
form gel-rich phase [metal (oxy)hydroxide and PAAm] and
solvent-rich phase, of which compatibility was lowered due to
the strong interaction between metal (oxy)hydroxide and

TABLE 2 | The synthetic strategies for preparation HPMs from divalent metal salts.

Strategy Systems Advantages Problems

Utilization of organic
supporters

Ni Kido et al. (2013), Cu
Fukumoto et al. (2015), Zn Lu
et al. (2019a)

Applicable for many kinds of metal ions and organics The monolithic form and/or the porous structure are
(usually) collapsed after heat-treatment under an
oxidative atmosphere

Suitable for the preparation of metal (oxides)/carbon
composites HPM.

Epoxide-mediated
method

Mg Lu et al. (2019b), Ni Hara et al.
(2021)

The employment of organic supporters can be avoided Difficult to find out the appropriate starting composition
for gelationNegligible impurities remain in the skeleton

Halogenated
alkoxide route

Mn, Co., Cu Lu et al. (2020b) Monolithic form and macroporous structure can be
maintained after the heat-treatment in air, (except the
Cu-system)

Hard for the scale-up production due to the
complicated protocol and the expensive metal
precursors

Available for complex metal oxide HPM. Undesired crystallization may happen due to the
remaining halogen ions (especially in Cu-system)

FIGURE 4 | (A) Appearance of the Cu-PAAm-based as-dried gel. SEM images of samples prepared with varied amount of PAAm: (B) 0.5, (C) 0.6, (D) 0.7, (E) 0.8,
and (F) 0.9 g. Ref. (Fukumoto et al., 2015).

Frontiers in Chemical Engineering | www.frontiersin.org December 2021 | Volume 3 | Article 7877885

Lu and Nakanishi Hierarchically Porous Metal Oxide Monoliths

https://www.frontiersin.org/journals/chemical-engineering
www.frontiersin.org
https://www.frontiersin.org/journals/chemical-engineering#articles


PAAm. The phase separation tendency as well as volume
fraction of gel-rich phase was affected by the added amount
of PAAm (Figure 4).

This synthetic strategy is theoretically applicable to the
preparation of HPM from any kind of metal precursor. The
versatility has been proven by Liu et al. recently, in which metal-
PAA-HPMs can be prepared from ZnCl2, CoCl2 6H2O, NiCl2
6H2O, MnCl2 4H2O, and FeCl2 4H2O, respectively, under the
same conditions except for the kind of metal precursor (Figure 5)
(Liu et al., 2020b). It is also shown that the feasibility in the
preparation of the binary metal systems, such asMn-Co, andMn-
Zn. It is reasonable to believe that more complex multi-metal
HPMs can be achieved using HPAA. Compositional
homogeneity of thus obtained HPMs have not been well
examined yet.

Because of the strong interaction between the polymer and
metal ions (and metal hydroxides), the polymers are stably
remaining in the gel-rich phase. The compositional analysis in
all the systems, such as Fourier transform infrared spectroscopy
(FT-IR) and thermogravimeter-differential thermal analyzer
(TG-DTA), has shown that the solid skeleton of the obtained
HPMs contains a considerable mass fraction of the organic
composition. Heat-treatment under an oxidative atmosphere is

necessary if the crystallization of metal oxide and the removal of
organic polymer are intended. However, the mechanical strength
of the HPMs after heat-treatment in air is decreased significantly
leading to the collapse of the monolith in many cases. Although
SEM images shows that the macropores still remain in the heat-
treated samples, their mechanical strength is limited as compared
with ordinary porous ceramics. Thus, the term, organic
supporters, should be used for PAAm and HPAA, and the
HPMs prepared by this strategy should be expressed as metal-
polymer-based HPMs (not metal oxide HPMs).

Lu et al. have tried to use small molecules with multiple
carboxyl groups instead of polymer in order to produce the
HPM. Citric acid, due to its high solubility, was chosen to
prepare Zn-based HPMs in aqueous methanol (Lu et al.,
2019a). No macroscopic gelation had been observed in the
absence of citric acid. The Zn-citric acid-based HPM was
obtained in the presence of citric acid, and the interconnected
macropores were controlled by the volume fraction of propylene
oxide in the starting solution. It was confirmed by FT-IR and TG-
DTA that the citric acid played a role of structure supporter in
gelation, which was very similar to PAAm and HPAA.
Unfortunately, the monolithic gels became fragile after the
removal of the most organic component by heat-treatment in air.

FIGURE 5 | (A) Appearance of the as-dried gels from left to right: Mn-PAA-based, Fe-PAA-based, Co-PAA-based, Ni-PAA-based, and Zn-PAA-based. SEM
images of samples prepared with varied metal precursors: (B) MnCl2 4H2O, (C) FeCl2 4H2O, (D) CoCl2 6H2O, (E) NiCl2 6H2O, (F) ZnCl2. Ref. (Liu et al., 2020b).

Frontiers in Chemical Engineering | www.frontiersin.org December 2021 | Volume 3 | Article 7877886

Lu and Nakanishi Hierarchically Porous Metal Oxide Monoliths

https://www.frontiersin.org/journals/chemical-engineering
www.frontiersin.org
https://www.frontiersin.org/journals/chemical-engineering#articles


Although it is not easy to obtain metal oxide HPMs with
negligible residual organic/carbon components, the carbon-
containing supporter allows preparation of metallic or carbide
HPMs when the samples are heat-treated under an inert
atmosphere (Kido et al., 2012; Kido et al., 2013; Kido et al.,
2014; Fukumoto et al., 2015; Liu et al., 2020a). Kido et al. reported
that the metallic Ni/C HPM was obtained when the Ni-PAA-
based gel was heat-treated under argon at above 400°C (Kido
et al., 2013). Some micropores were generated after the heat-
treatment, which may come from the carbonization of organic
component. In Cu-PAAm-based system, the as-prepared HPM
was reduced via a solvothermal treatment to obtain HPMs
containing crystalline Cu2O or Cu (Fukumoto et al., 2015).
The resultant HPMs possessed larger mesopore and boarder
pore size distribution in contrast to the original one. The
macroporous Cu/C monolith was obtained by heating the Cu-
PAAm-based HPM under an argon flow above 400°C
(Figure 6A), but only macropores were preserved while the
micropores and mesopores could not be confirmed by
nitrogen adsorption measurement. Moreover, the macroporous
CuOmonolith with negligible carbon could be obtained when the
Cu/C HPM was further heat-treated in air at 400°C (Figure 6B).

As shown above, organic supporters including polymers and
small molecules, which have a strong interaction with metal
species, can suppress the precipitation and promote the
homogeneous gelation. However, the monolithic form cannot
be preserved when the organic component is removed by heat-
treatment in air. It is because the strong interaction between
organic supporters and metal species suppresses the
condensation reaction between metal–oxygen species
themselves. An integrated network constructed by M–O–M
bonding is hard to be formed in the entire gel product. It is,
therefore, necessary to develop other synthetic strategies to
prepare metal oxide HPMs.

Epoxide-Mediated Method
How can we prepare homogeneous “oxide” HPM gels from
divalent metal salts? It is well known that conditions including
pH, solvent composition, coexisting anions and so on, are
important factors influencing the hydrolysis and condensation
reactions (Brinker and Scherer, 1990). The effects of solvent with
varied polarity, dipole moment, viscosity, and protic or nonprotic

behavior have been studied in the silicon alkoxide system (Artaki
et al., 1986; Brinker and Scherer, 1990; Harris et al., 1990; Lee
et al., 2015), but little is known on the effect of solvent in the
inorganic metal salt system especially related to gel formation.

Very recently, Hara et al. prepared Ni-based HPM via the
classical epoxide-mediated method using NiCl2 · 6H2O as
precursors (Hara et al., 2021). A uniform transparent gel was
obtained when only methanol was employed as a solvent. Opaque
gels or precipitates were obtained when the water ratio becomes
high or the solvent with lower polarity was employed. The phase-
separated morphology was not obtained even if polyethylene
oxide (PEO) was added (Figure 7A), which is an effective phase
separation inducer in other systems (Nakanishi et al., 1994;
Tokudome et al., 2007; Konishi et al., 2008; Hasegawa et al.,
2010). When a part of methanol was replaced by N,N-
dimethylformamide (DMF), the phase separation occurred in
the presence of PEO (Figures 7B–D). The macropore size was
increased by increasing the volume ratio of DMF to methanol
(Figure 7E). Hara et al. considered that the coordination between
DMF and nickel hydroxide led to the incompatibility against
PEO, thus increased the phase separation tendency. Besides, the
macropore size could also be controlled by the amount of PEO in
the DMF and methanol mixture solution (Figure 7F). The as-
dried gel prepared with varied starting composition showed a
similar structure at nanometer scale, where the specific surface
area ranged from 400 to 474 m2 g−1 and the mesopore size were
around 8 nm. TG-DTA results showed that the PEO was not
distributed to the macroporous skeleton, which can be removed
by the solvent exchange. Considering that PEO was not required
to maintain the monolithicity of the gels in the system, the gel
network should (dominantly) be constructed by M–O–M
bonding. As a result, the crystalline NiO HPM and metallic Ni
HPM without losing the monolithic form and macroporous
structure were prepared after heat-treatment in varied
atmospheres (Figure 8). Only a small amount of micropores
and mesopores remained in the heat-treated samples due to the
growth of crystallites, pores in sub-micrometer size were obtained
instead.

Another case of the preparation of HPM from divalent metal
salts is MgO HPM, reported by Lu et al. (2019b). An aqueous
methanol solution with a high concentration of MgCl2 (cMg >
2 M) was prepared at first. Then the propylene oxide was added

FIGURE 6 | SEM images of the Cu-PAAm samples: (A) calcined in argon at 800°C, (B) calcined in argon at 800°C and successively in air at 400°C. Insets show the
appearance of each samples. Ref. (Fukumoto et al., 2015).
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FIGURE 7 | SEM images and appearance of the as-dried nickel hydroxide-based monoliths with varied ratios of DMF and methanol (MeOH): VDMF, VMeOH � (A) 0,
6.0, (B) 2.6, 3.4, (C) 3.0, 3.0, and (D) 3.2, 2.8 mlwPEO � 40 mg. Cumulative pore size distributions of as-dried nickel hydroxide-based monoliths (E)with varied ration of
DMF and MeOH, wPEO � 40 mg, and (F) with varied amounts of PEO, VDMF, VMeOH � 3.0, 3.0 ml. Ref. (Hara et al., 2021).

FIGURE 8 | SEM images and appearance of the metallic nickel monoliths prepared with varied ratios of DMF andMeOH: VDMF, VMeOH � (A) 2.6, 3.4 (B) 3.0, 3.0 and
(C) 3.2, 2.8 ml, wPEO � 40 mg. (D) FE-SEM image of the metallic nickel monolith: wPEO � 40 mg, VDMF, VMeOH � 3.0, 3.0 ml. (E) Cumulative and (F) differential pore size
distributions of the metallic nickel monoliths prepared with varied ratio of DMF andMeOH,wPEO � 40 mg. The as-dried nickel hydroxide monoliths were heat treated in air
at 600°C for 4 h, and then in N2 + H2 (9:1, volume ratio) at 400°C for 6 h. Ref. (Hara et al., 2021).

Frontiers in Chemical Engineering | www.frontiersin.org December 2021 | Volume 3 | Article 7877888

Lu and Nakanishi Hierarchically Porous Metal Oxide Monoliths

https://www.frontiersin.org/journals/chemical-engineering
www.frontiersin.org
https://www.frontiersin.org/journals/chemical-engineering#articles


for prompting the gelation. The monolithic gels were obtained
when the ratio of methanol to water is larger than 4 with a total
volume of 0.75 ml. Only soft “gel” (precipitating gel-like
material) or precipitates was obtained if the volume fraction
of water is too high. Due to the low solubility of magnesium
hydroxide, the phase separation occurred in the absence of any
additive. Poly (vinylpyrrolidone) (PVP) was employed to
control the domain sizes by suppressing the phase separation
tendency via the interaction between PVP and magnesium (oxy)
hydroxide oligomer. Due to crystallization of Mg(OH)2, such
crystalline Mg (OH)2 with small crystalline size, which cannot
be detected by powder X-ray diffraction (XRD) though, tend to
form dense flake-like structures. Consequently, the pores,
resulting from the interstices of flake-like structures, are
almost macropores and small fractions of mesopores. In
order to organize the mesopores, some carboxylic acids, e.g.
1,3,5-benzenetricarboxylic (BTC), were employed to suppress
the growth of Mg(OH)2 crystallites. Although the pore volume
of the mesopore with a size larger than 30 nm was increased
with the increasing amount of BTC, the pore size distribution
was broad (Figure 9A). In addition, the presence of BTC

retarded the gelation thus gave an effect on the macroporous
morphology also, in which the domain sizes became large, and
the interconnected structure changed to spherical aggregates
(Figures 9B–I). Since the monolithic gel can be formed without
any organic supporter, the MgO HPM was obtained after heat-
treatment in air at above 400°C (Figure 10).

With respect to other divalent metal systems, such as Mn, Cu,
and Zn, the preparation of HPM by the epoxide-mediated
method has not been achieved yet. In the epoxide-mediated
method, solution pH can be raised gradually, but it cannot
further influence the hydrolysis and condensation reactions.
The solvents thus play a key role in the control of the
hydrolysis and condensation reactions and offer more
possibilities for achieving gelation. Recently, Fe2O3 HPM was
prepared by the epoxide-mediated method using DMF as a major
solvent, while it had been considered difficult to form gels without
organic supporters [(Kido et al., 2012; Hara et al., 2018)]. When
the metal salt was dissolved in DMF, the anions in the metal salt
will not be solvated completely. The complexing anion will give a
decisive effect on the sol–gel behavior of the metal species, which
will be discussed in the next section. Therefore, the polar aprotic

FIGURE 9 | (A) Pore size distribution with varied amount of BTC. SEM images of Mg(OH)2 HPMs prepared with varied amount of BTC, (B) 0, (C) 10, (D) 20, (E) 30,
(F) 40, (G) 50, (H) 60, (I) 70 μmol. Ref. (Lu et al., 2019b).

Frontiers in Chemical Engineering | www.frontiersin.org December 2021 | Volume 3 | Article 7877889

Lu and Nakanishi Hierarchically Porous Metal Oxide Monoliths

https://www.frontiersin.org/journals/chemical-engineering
www.frontiersin.org
https://www.frontiersin.org/journals/chemical-engineering#articles


solvent, such as DMF, may show us a new possibility to achieve
metal oxide monolithic gel by the epoxide-mediated method.

(Warning: Abrupt exothermic reaction may occur in the
epoxide-mediated method. Cares should be taken to avoid the
boiling of the solvent mixture upon addition of epoxide reagent,
by limiting the amount of solution small and arranging the
reaction solution efficiently cooled. For example, the total
solution volume less than 5 ml in an ice bath with intensive
magnetic stirring can avoid most possible accidents).

Halogenated Alkoxide Route
As mentioned in the introduction, high reactivity of metal
alkoxide is due the large electronegativity difference between
the metal and oxygen atoms. The reactivity can be modified
by employing alternative (partially) coordinating ligands. In
controlling the colloidal particles formation, Matijević found
that the morphology was affected by the co-existing anions
[(Matijević, 1976; Matijevic, 1981)]. Thereafter, Livage et al.
developed the partial charge model to explain this
phenomenon and to demonstrate how the charge distribution
is affected by the complexing anions [(Livage et al., 1988; Sanchez
et al., 1988)]. Based on the electronegativity equalization
principle, the electronegativity of an atom varies linearly with
its partial charge and the electron density rearranges until all
electronegativities reach a mean value. Thereby, the electron
density can be withdrawn from oxygen to metal, when a
strong complexing anion is associated with the metal atom
(Figure 11). Alquier et al. prepared Nb2O5 gels using
Nb(OEt)3Cl2 as a precursor, which was obtained by the
reaction between NbCl5 and EtOH (Alquier et al., 1986). They
found that Nb(OEt)3Cl2 was more stable than Nb(OEt)5 against
water, thus the gelation from Nb(OEt)3Cl2 became more facile. It
indicates that it may be a feasible strategy for the preparation of
monolithic gel from divalent metal salts.

However, the reactivity of low-valence metal salts toward
alcohol is quite low. In order to obtain halogenated metal

alkoxide, Lu et al. suggested a new route, in which metal
bromides (MnBr2, CoBr2, and CuBr2) were reacted with
epichlorohydrin in DMF by a ring-opening reaction (Lu et al.,
2020b). The reactions were qualitatively confirmed by FT-IR
(Figure 12A). In the control solutions containing
epichlorohydrin and CuBr2 with a mole ratio of 2:1, the
absorption of characteristic peaks of the epoxy ring (962, 928,
853, and 760 cm−1) decreased over time, but did not disappear
completely within 30 min (Wang and Polavarapu, 2000). On the
other hand, the presence of the new absorption band ranged from
628 to 532 cm−1 is attributed to the formation of Cu–OR bonding
(Singh et al., 1981). Similar results were obtained in the Co- and
Mn-systems. In the practical process, the mole ratio of
epichlorohydrin to metal bromide was higher than 2, ice-bath
was employed to slow down (or stop) the ring-opening reaction
so that not all the metal bromides are converted to metal
alkoxides instead of brominated metal alkoxides. The gelation
was achieved after the addition of hydrochloric acid. Three kinds
of as-dried samples possessed relatively narrow pore size
distributions, indicating that the nanoparticles were quite
uniform, which proved the hydrolysis and condensation
reactions were mild (Figure 12B). The interconnected
macropores were obtained using PVP and PEO simultaneously
to control the phase separation behavior (Figures 12C–E). The
gelation is a result of the polycondensation of metal species
without any additive supporters, thus the crystalline metal
oxide HPMs can be obtained with suppressed cracks, except
for the Cu-system (Figures 12F–H). In the Cu-system, however,

FIGURE 10 | (A) Appearance and (B) SEM images of as-dried Mg(OH)2
gel. (C) Appearance and (D) SEM images of MgOHPM. Ref. (Lu et al., 2019b).

FIGURE 11 | Scheme of halogenated alkoxide route. (M: metal atom, X:
halogen atom, blue area: electron density).

Frontiers in Chemical Engineering | www.frontiersin.org December 2021 | Volume 3 | Article 78778810

Lu and Nakanishi Hierarchically Porous Metal Oxide Monoliths

https://www.frontiersin.org/journals/chemical-engineering
www.frontiersin.org
https://www.frontiersin.org/journals/chemical-engineering#articles


the remaining Br will lead to the crystallization of CuBr during
the heat-treatment at around 200°C. The serious deformation and
exothermic from the crystallization of CuBr may become the
reason for the collapse.

To prove that the halogenated alkoxide route is also effective in
the preparation of binary complex metal oxide, CoMn2O4 HPM
has been prepared (Lu et al., 2021). The spinel CoMn2O4 HPMs
were obtained after heat-treatment at above 300°C in air
(Figure 13A). The nitrogen adsorption isotherms and the
corresponding pore size distribution indicated the presence of
mesopores before and after heat-treatment at varied temperatures
(Figures 13B,C). The interconnected macroporous structure and
monolithic form were preserved after heat-treatment at even
600 °C (Figures 13D,E). Element mapping results detected by
energy-dispersive X-Ray spectroscopy (EDX) showed that Mn
and Co. were uniformly distributed in the samples (Figures
13F–I). In addition, the MnCo2O4 and Cu-Mn complex

HPMs can be also prepared by this strategy (partially
unpublished).

Although the halogenated alkoxide route seems to be
applicable for any kind of metal salts theoretically, more
evidences are required to prove the concept. We have tried to
prepare MgO and ZnO HPMs by this strategy, but either of them
failed. In Mg-system, the MgBr2 cannot be dissolved in the
epichlorohydrin–DMF solution. In Zn-system, only yellow and
transparent gel-like materials with extremely high viscosity were
obtained. The kinds of solvent and the epoxide need further
exploration in these two systems.

FUTURE PERSPECTIVES

For the metallic element with an atomic number less than 33,
about 1/3 of their oxides are prepared from divalent metal salts.

FIGURE 12 | (A) FT-IR spectra of the solution before (black curve) and after mixing with CuBr2. (B) Pore size distribution of the as-dried gels of Cu-, Co-, and Mn-
systems. SEM images and appearances (inset) of the as-dried gel, (C) Cu-based, (D) Co-based, (E) Mn-based. SEM images and appearances (inset) of (F) CuO, (G)
Co3O4, (H) Mn5O8. Ref. (Lu et al., 2020b).
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The investigation on the hydrolysis and condensation of divalent
metal ions, therefore, is meaningful for the preparation of metal
oxides by sol–gel method. It not only involves the preparation of
HPM and aerogel/xerogel, but also the preparation of particles
and films.

To date, utilizing organic supporter can effectively suppress
the precipitation and thus produce HPMs from all of the divalent
metal salt. However, the metal oxide HPMs with negligible
impurity are hard to be obtained by heat-treatment in air,
which is common way for the removal of the organic
components and crystallization of metal oxides. Some of metal
oxide HPMs, such as NiO and MgO, can be prepared by the

classical epoxide-mediated method in a selected solvent
composition. The halogenated alkoxide route shows its
potential in the preparation of metal oxide HPMs from
divalent metal salts.

However, it is still a challenge to prepare some metal oxide
(e.g. CuO, ZnO) HPMs without impurities and cracks. On the
other hand, although the HPM has been obtained, the control of
mesoporous structure is not easy (e.g. MgO). With respect to the
successful cases (e.g. NiO, CoOx, MnOy), a lot more works are
required for the scaling-up (first to device size) and practical
application in the future. For these 4,5 decades, numerous
experimental facts have been accumulated in sol-gel synthesis.

FIGURE 13 | (A) XRD patterns of CoMn2O4 HPMs after heat treatment at varied temperature in air. (B) Nitrogen adsorption–desorption isotherms and (C)
mesopore size distributions of CoMn2O4 HPMs before and after heat treatment at varied temperature. SEM images of CoMn2O4 HPMs (D) before and (E) after heat
treatment at 600°C (inset shows the appearance of the heat-treated sample). The EDX element mapping images of the CoMn2O4 HPMs heat-treated at 600°C: (F)C, (G)
O, (H) Mn, (I) Co. Ref. (Lu et al., 2021).
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The exploration of a novel composition with designated structure
still relies largely on the trial and error. With better and deeper
understanding of solution processing and structure controls, the
dispersed knowledge should be organized into general tools/
shortcuts with the aid of evolving machine-learning and
artificial intelligence technology.
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