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Chapter

Nanoporous Oxides and
Nanoporous Composites

Dong Duan, Haiyang Wang, Wenyu Shi and Zhanbo Sun

Abstract

Nanoporous oxides, such as cupric oxide (CuO), nickelous oxide (NiO), tita-
nium dioxide (TiO,), cobaltosic oxide (Co;04), and cerium oxide (CeO,), and
noble-metal-based nanoporous composites, such as silver (Ag) ligaments loaded
with CeO,, TiO,, zirconium dioxide (ZrO,) or NiO and palladium (Pd) ligaments
loaded with TiO, or ZrO,, are described in the chapter. Oxide-based nanoporous
composites, such as Au loaded on CuO and CeO, or platinum (Pt) loaded on
TiO,, are also summarized. The structures, microstructures, and microstructure
parameters of these materials are reviewed. The performance of the noble-based
nanoporous composites is presented, including the catalytic oxidation of methanol
and ethanol. Environmental protection applications, such as catalytic oxidation of
carbon monoxide (CO) for the oxide-based nanoporous composites, have also been
developed. Applications of rare earth elements in nanoporous materials are also
reviewed.

Keywords: precursor alloy, dealloying, nanoporous oxides, nanoporous composites,
rare earth elements

1. Introduction

Research on nanoporous materials prepared by dealloying originated from work
with nanoporous noble metals. During dealloying, the active metals in precur-
sor alloys composed of corrosion-resistant noble metals, such as Ag and gold
(Au), and cheaper metals, such as manganese (Mn), zinc (Zn), aluminum (Al),
and magnesium (Mg), were selectively removed. Simultaneously, ligaments of
corrosion-resistant noble metals and pores were formed [1]. At the nanoscale, both
the preparation and the performance of noble metals have unparalleled advantages
due to the excellent catalytic activity and chemical stability. However, the high
price and the scarce resources of noble metals have prompted investigation of new
paths to reduce their usage, resulting in the formation of alloy nanoporous materials
containing less noble metals [2].

Certain metals, such as copper (Cu), nickel (Ni), and cobalt (Co), can remain
in dilute acid or alkali solutions and maintain acceptable catalytic properties.
These metals are potential substitutes for noble metals. Therefore, the preparation
of cheaper nanoporous metals, such as Cu, was investigated [3]. However, it was
found that the nanoscale ligaments inevitably oxidized in air or corrodents due to
small scale and large surface effects after dealloying, which means that the materi-
als must be kept in a special environment. These materials cannot be used in ideal
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environmental conditions, which will inevitably lead to their limited use. Certain
nanooxides, such as CuO, NiO, cobaltic oxide (C0o,03), and CeO,, have acceptable
catalytic activities. In acid and alkali solutions, certain stable metals, such as Cu,

Ni, and Co, can form nanoporous oxides after further oxidation [4-6]. These metals
could be used to produce nanoporous composites with excellent catalytic perfor-
mance after they are loaded with noble metals.

Research [7] has shown that the interface between the noble metal and loaded
oxides and the interaction between the two phases can significantly enhance the
catalytic activity at the nanoscale. Certain oxides, such as CeO,, could prevent poi-
soning and failure of noble metals when loaded on the surface of noble metals. To
improve the performance of noble metals, the proper amount of oxides should be
loaded on the ligament surface of the noble metal. The direct solution mechanism is
to infiltrate the target metal saline solution into the nanoporous metals. The metal
ions are transformed into oxides after drying or dewatering. However, the added
matter concentrates on the surface layer of the sample during drying of the aqueous
solution, causing little oxide to be distributed in the inner region. In 2013, Li et al.
added cerium (Ce) to the Al-Ag precursor alloy. With the removal of Al elements
during corrosion, Ce compounds are formed during the formation of nanoporous
Ag. After heat treatment in air or oxygen (0O,), CeO; is formed and loaded on the
surface of Ag ligaments to create a nanoporous composite material of Ag ligament
loaded with CeO;, [8]. This material’s performance was significantly better than that
of pure nanoporous Ag. Nanoporous Ag loaded with TiO, [9] and ZrO, [10] and
nanoporous Pd loaded with NiO [11] and TiO, [12] have also been prepared.

Certain metals, such as Ce and titanium (T1i), are active elements. However,
they do not evolve into ions that are removed in alkaline solutions, such as sodium
hydroxide (NaOH) and potassium hydroxide (KOH). Instead, they evolve into
solid compounds containing water, and the nanoporous structure is formed after
crystallization. Some of them, such as Ce and samarium (Sm), also form nanorods
because the crystallization has a clear direction. After high-temperature dehydra-
tion, they evolved into rare earth oxide nanorods [5, 13]. The nanorods support each
other and form a supporting pore structure or framework with a large number of
pores. If noble metals, such as Auand Ag, are added to the precursor alloys in small
quantities, the noble metal nanoparticles or atoms are loaded on the surface of the
nanorods. These metals presented excellent gas catalytic activity [6, 14].

Focusing on the work of our group, this chapter introduces the recent develop-
ment of nanoporous oxides and nanoporous composites prepared by dealloying.
The design principle of the precursor alloys and preparation process and dealloying
methods and effects of the preparation process on the morphologies and physical
parameters of nanoporous oxides and nanoporous composites are reviewed.

2. Design and preparation of precursor alloys and the dealloying process

Generally, the more active elements, that is, the elements removed by corrosion
in the precursor alloys, are the higher the porosity of the nanoporous material is
and the thinner the ligaments are after dealloying. However, if the stable metal
content is too low, that is, less than 5 at%, the nanoporous structure may not form.
Therefore, a stable metal content of 8-15 at% is recommended [4-14]. In addition,
it is important to consider whether the components can form alloys. If the solubility
between the components is not good in the melt, it is likely that the alloy will have
a serious tendency to macrosegregate, and the ideal nanoporous structure cannot
form after dealloying. Some systems, such as the Al-Ti system, have a large tem-
perature difference between the liquidus and the solidus on the Al-rich side (when
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10% Ti is used, the distance between liquidus and the solidus is approximately
585°C), which would result in a serious macrosegregation tendency. Therefore, the
Ti content should be minimized if possible. Thus, a eutectic system, such as Al-Cu,
is an ideal precursor alloy. For some systems, such as Al-Ce and Al-Pt systems, the
temperature difference between the liquidus and solidus is not very large. The melt
quenching can be used to prepare precursor alloys with homogeneous composition.
In addition, systems with a little or no intermetallic compounds in the precursor
alloys are suitable for preparing nanoporous materials by dealloying. Some interme-
tallic compounds, such as Ag,Al in the Al-Ag system, do not effectively decompose
in alkaline solutions at room temperature, resulting in residual Ag,Al and decreased
Ag content in the nanoporous structures [8-10]. The properties of the nanoporous
structures were less optimal. Certain intermetallic compounds, such as AL,Cu, easily
decompose in corrosion fluids, and its content has little effect on nanostructures. If
a binary alloy cannot form an ideal nanoporous material, a third component could
be added to the binary system. However, the third component should be completely
removed in the dealloying. For example, Li et al. added an appropriate amount

of rare earth element Ce to Cu-Ag alloys, resulting in significant microstructure
refinement of the precursor alloys [15]. After electrochemical dealloy removal in
aqueous cupric sulfate (CuSOy), all of the Al and Ce were removed, and the micro-
structure of the nanoporous Ag was obviously refined.

For nanoporous oxides, binary precursor alloy systems, such as Al-Cu [3, 4],
Al-Ni [5], and Al-Ce [5], can be used. For the noble metal-loaded oxide systems,
Al-noble metal-oxide formation elements can be used to form ternary alloy
systems, such as Al-Ag-Ce [8] and Al-Pd-Ni [11]. Their noble metal content is
approximately 10-15%, and the oxide-forming element content is generally less
than 2 at%. In the dealloying, elemental Al is dissolved or removed and the two
other elements remain. Using components with higher noble metal content, noble
metal would form ligaments. After heat treatment, oxide particles form and load
on the surface of the ligaments. In oxide-loading noble metal systems, the precur-
sor alloys are Al-oxide formation element-noble metal ternary systems, such as
Al-Cu-Au [4], Al-Ce-Au [14], and Al-Ti-Pt [16]. Their oxide-formation element
content is approximately 8-10%, and their noble metal content is less than 2%. In
the dealloying, Cu, Ce, and Ti are oxidized into oxides and form ligaments. The
noble metals are loaded on the surface of ligaments after forming nanoparticles.

Intermediate alloy ingots can be synthesized by melting and powder metallurgy.
Melting is the most recommended method. However, the direct dealloying of alloy
ingots results in a longer dealloying time due to their larger ingot size. The size of
ligaments and holes might be too large. Some systems, such as Cu-Ag and Al-Cu
systems, can be made into thin strips by cold rolling. However, other systems, such
as the Al-Ti system, do not allow for creating a high-quality precursor by cold rolling
due to poor ductility. Thus, it is necessary to adopt melt spinning. Melt spinning is a
rapid solidification process. In this method, alloy melts can directly solidify or evolve
into thin ribbons at cooling rates of 10°-10° K/s. Based on the conditions adopted, the
thickness of the thin ribbons can be controlled from 20 to 100 pm, and the width can
be adjusted. For most alloys, alloy ribbons with a highly homogeneous distribution
of elements can be obtained by melt spinning or melt quenching. Binary Al-Ti and
Al-Ce and ternary Al-Ti-Pt and Al-Ce-Au systems could be prepared into high-qual-
ity precursor ribbons. If the required thin ribbons cannot be prepared in this manner,
the system might not be an optimal precursor alloy for nanoporous materials.

Hydrochloric acid or aqueous KOH or NaOH is often used as dealloying solvents.
The dealloying temperature should be room temperature. However, at higher tem-
peratures such as 80°C, nanorod support pore structures can form [5, 6, 14] in the
Al-Ce precursor system. Thus, the dealloying temperature is important for products
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with specific morphologies. In dealloying, the smaller components in the precursor
alloys are distributed in the ligaments by mechanical mixing. During subsequent
heat treatment, the ligament begins to crystallize or crystallizes further. The loaded
elements cannot be fixed or dissolved in the ligaments, and they are forced to
diffuse to the surface of the ligament. This promotes the formation of nanopar-
ticles and atomic load on the ligament surface. As a result, composite materials
from loading the ligament surface with other particles evolve well [4]. Regardless
of whether the noble metal is loaded on oxides or the oxides are loaded on noble
metals, designing the proper composition of precursor alloys is critical. Notably, the
binding between the load and the carrier in the nanoporous composite prepared by
dealloying is similar to that of metallurgical binding or a semi-embedding structure
[4]. Compared with other methods, they have a stronger binding force, which is
conducive to the stability of structures and stronger interface effects.

Heat treatment or calcination is an indispensable procedure in preparation of
nanoporous oxides and nanoporous composites. During heat treating, some ele-
ments are oxidized into oxides and the desired structures can be formed
[4,5, 8,9, 13, 14]. In certain composites, such as Co;04 [17] and CeO, loaded with
Au [14], interface and crystalline defects occurred. This can be useful to enhance
the catalytic properties. The calcination technologies indicated that the choice of
atmosphere should be optimized according to the materials. This approach provides
a starting point for researchers. However, certain composites, such as nanoporous
Pd loaded with oxides [11, 12, 18], are not suitable for calcination because the nano
Pd easily oxidizes at high temperatures.

Rare earth elements are important metallurgical additives in the industry. In the
past 5 years, rear earth elements, such as Ce, have been used in research examining
nanoporous materials [5, 6, 8, 14, 15]. The Ce in melt-spun Cu-Ag-Ce alloys can
observably refine the microstructures of precursors. The nanoporous structures
were obviously fine after electrochemistry dealloying, and all Cuand Ce were
removed [15]. The most compounds with rare earth elements could be decomposed
during dealloying. Some rare earth elements, such as lanthanum (La), Ce, neo-
dymium (Nd), and Sm, could not be removed by NaOH and KOH solutions at up
to 100°C. When their contents are lower, that is, less than 2%, they can be loaded
by ligaments of noble metals, resulting in improved catalytic properties [8]. In
alkali liquors, these elements can form compounds with water and crystallize. The
crystallization has specific directions, which results in the formation of nanorods at
temperatures above 80°C. The compounds with water can transform into rare earth
oxidations after dehydration, and a framework structure constructed by support
nanorods forms [5, 8, 14]. Rare earth oxidation nanorods are important carriers
loaded by nobles and other oxidations because they have special interactions with
other matter. The composites present excellent catalytic properties. In 5% nitric
acid (HNO;3) solution, the CeO, can be removed. Ultrafine nanoporous Pt with
excellent properties was also achieved [19].

3. Nanoporous oxides

Transition metal oxides (TMOs) are important nanoporous materials exhibit-
ing a wide variety of structures and electronic and magnetic properties due to the
nature of the outer d states [20]. Nanoscale transition metal oxides exhibit favor-
able catalytic activity for catalytic oxidation of harmful gases due to the presence
of variable valency ions [21-23]. Transition metal oxide semiconductor materials,
such as TiO,, have important applications in photocatalytic hydrogen production
and photodegradation due to their nontoxicity, high chemical stability, low cost,
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and light stability [24-26]. Thus, research has been devoted to the creation of stable
ordered nanoporous transition metal oxides.

3.1 Nanoporous CuO

In 2015, Zhang et al. reported that nanoporous CuO was prepared by a simple
method of dealloying Al-Cu alloy ribbon in alkaline solution and calcining in air
[4]. The precursor ingots were obtained by melting alloys composed of pure Al and
pure Cu. The ribbons were prepared by melt spinning at 33 m s and protected by
0.05 MPa argon (Ar). The as-quenched ribbons were immersed into aqueous 5 wt%
NaOH at room temperature. The dealloyed ribbons were calcined at 600°C for 1 hin
air. The results showed that the samples are mainly composed of Cu and copper (I)
oxide (Cu,0) after dealloying and only CuO could be detected after calcination at
600°C. The prepared CuO exhibits a three-dimensional interpenetrating nanopo-
rous structure with mesoporous properties. The pore size is approximately 25 nm,
and the ligament size is approximately 50 nm. The materials have good redox capac-
ity and can be used for the catalytic oxidation of CO. The reaction temperature for
catalyzing 50% of CO is approximately 170°C, and the temperature for completely
converting CO is 240°C. The long-term stability did not degrade even after 60 h,
indicating that its performance is favorable.

In 2017, Li et al. reported the fabrication of a 3D free-standing CuO nanowire
array supported by a nanoporous CuO network by dealloying CugoZr35Al;5 glassy
ribbons in a dilute HF aqueous solution at 0.05 mol L™" for 12 h at room temperature
[27]. The CuO nanocomposite exhibits a hierarchical nanostructure containing
a well-aligned CuO nanowire array and nanoporous substrate with continuous
nanoporosity. The nanoporous CuO exhibits superior degradation performance for
methylene blue in the presence of hydrogen peroxide (H,0,) compared to that of
commercial CuO nanoparticles. The remarkable catalytic activity and good reus-
ability and stability during degradation make the as-prepared nanocomposite a
promising candidate for purifying wastewater with organic dyes. The high degrada-
tion efficiency of the nanocomposite mainly results from the uniform nanowire
array structure and its high internal surface area, which provide more effective
contact between the MB and catalysts [27].

3.2 Nanoporous NiO

In 2013, Liang et al. reported that a three-dimensional (3D) nanoporous NiO
film was fabricated via a two-step process using an electrochemical route [28]. The
dealloying process included electrodeposition of the Ni/Zn alloy film and elec-
trochemical dealloying using a direct-current power source. The NiO film had an
irregular 3D interconnected nanosheet structure with open channels. The specific
capacitance of the NiO reached 1670 F g™" at a discharge current density of 1 A g™
for the supercapacitor. In addition, the NiO exhibited high performance during a
long-term cycling. The maximum specific energy and specific power at the 1.1 V
potential window were 170 and 27.5 kW kg_l, respectively.

In 2016, Zhang et al. successfully prepared nanoporous NiO by dealloying
AlgsNijs alloy and calcining in air [5]. The precursor alloys were prepared by similar
methods with Al-Cu [4]. The surface and pores of the sample present a nanopo-
rous structure. The pore diameter is approximately 30-50 nm, the pore walls are
composed of island-like barriers, and the width is approximately 50 nm. The entire
material presents a porous frame structure with a uniform pore size. It achieved
good performance in the catalytic oxidation of CO, and the active temperature of
fully catalyzed oxidation of CO was approximately 340°C.
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3.3 Nanoporous Co304

In 2011, Xu et al. employed a simple fabrication method for Co;O, nanosheets
through dealloying Al-Co alloy in alkaline solutions [17]. The precursor alloy was
AlysCos, and ribbons were prepared by melt spinning. The microstructure was a
hierarchical flower-like aggregate structure with the typical size at the micron scale,
where each nanoflower is composed of many irregular interlaced nanoslices with
thicknesses as small as 6 nm, which is a typical porous structure. The results indi-
cated that Co;04 nanosheets exhibited excellent catalytic activity for CO oxidation
at ambient temperature, the reaction temperature for catalyzing 50% of the CO was
approximately 80°C, and the temperature for completely converting the CO was
140°C. Calcination in an O, atmosphere was essential to achieve high CO oxidation
activity for these nanostructures, which allowed for the generation of active species
for surface reactions. In addition, the calcination temperature significantly affected
the catalytic activity; 300°C was a more favorable calcination temperature than 200
or 450°C, considering the optimum balance between the active reaction species
and the surface area upon calcination. In addition, Co;O, nanosheets showed good
time-onstream catalytic stability. It is expected that many other useful metal oxide
materials can be fabricated similarly. Due to the evident advantages of simple
processing, nearly perfect yield, and low fabrication cost, these functional nanoma-
terials may lead to applications in various catalytic processes.

3.4 Nanoporous TiO,

In 2018, Shi et al. prepared nanoporous TiO, by dealloying an Al-Si-Ti precursor
alloy and calcining [16]. The Al¢;Si3oTig precursor alloy was prepared from pure Al,
Ti, and silicon (Si) by arc-melting. The melt-spun ribbons were obtained by melt
spinning at 33 m s and protected by 0.05 MPa Ar. The as-quenched ribbons were
dealloyed in aqueous 10% NaOH at 80°C. Subsequently, the ribbons were immersed
in aqueous 3% (by weight) hydrogen chloride (HCI) at an ambient temperature for
7 h. The samples were then calcined at 400°C for 2 h. The results show that nano-
porous TiO, exhibits a laminated sheet morphology, and the irregular sheets show a
pore-ligament structure. The structure had large specific surface areas, small pore
diameters, and large pore volumes. The measurements also revealed that nano-
porous TiO, had favorable photocatalytic performance in degradation of methyl
orange (MO).

3.5 Rare earth oxides

Due to the special electronic structure of rare earth elements, which have unique
physical and chemical properties, and the continuous development of nanotech-
nology, the preparation of nanoporous rare earth oxides has attracted increasing
attention [29, 30]. Rare earth oxides such as CeO, have heterogeneous catalytic abil-
ity and excellent storage/deoxygenation capacity, which is optimal for supporting
noble metal nanoparticle carriers [31, 32]. Nanoporous rare earth oxides have a wide
range of applications in energy, chemical, environmental, and magnetic materials.

In 2017, Zhang et al. reported a CeO, nanorod framework synthesized via deal-
loying Al-Ce alloys coupled with calcination treatment [5]. The precursor alloy was
AlyoCey, and ribbons were prepared by melt spinning at 33 m s~ and protected by
0.05 MPa Ar. The precursor alloy ribbons were dealloyed in 20 wt% NaOH solution
at 80°C. The dealloyed samples were heat treated at 400°C in O,. After dealloying,
the CeO, particles grew into nanorods with a diameter of approximately 20 nm. The
nanorods piled up into frameworks containing pores. The nanorods and pores were
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homogeneously distributed and formed the framework structure. The material
presented favorable CO catalytic oxidization properties: the reaction temperature
for catalyzing 50% of CO was approximately 300°C, and the temperature for
completely converting CO was 440°C. In 2018, Wang et al. reported that the CeO,
nanorod framework also exhibits a high-specific capacitance and superior charge/
discharge stability, which are mainly ascribed to its high-Brunauer-Emmett-Teller
surface area [33].

In 2018, Duan et al. prepared nanorod samarium oxide (Sm,0;) by dealloying
Al-Sm alloy and calcining in O, [13]. The preparation is the same as in the CeO,
framework [5]. Similar to CeO,, Sm,0; also exhibits uniform nanorods, measur-
ing approximately 20-30 nm in diameter, and a framework structure. The loose
nanorod framework structure provides efficient transport of reactive gases and
sufficient space for the activation of molecular oxygen, which improves catalytic
performance. The Sm,0; nanorod framework shows good performance for the
catalytic oxidation of CO. The 50% CO conversion temperature was approximately
280°C, and 100% CO conversion occurred at approximately 360°C.

The above results show that a reasonable precursor alloy design and a com-
bination of dealloying and calcination processes can be used to generate nano-
porous oxide structures with ideal structural parameters. These materials have
favorable catalytic properties and can act as a support for noble metals or oxides,
providing good conditions for the development of higher performance nanopo-
rous materials.

4. Noble ligaments loaded with metallic oxides

Nanoporous composites in which the noble ligaments are loaded with metal-
lic oxides have recently been investigated. These composites include nanoporous
Ag-TiO,, Ag-CeO,, Pd-NiO, and Pd-TiO, and exhibit improved catalytic proper-
ties compared with pure nanoporous nobles. In this section, their structures and
performance are reviewed.

4.1 Nanoporous Ag-CeO,

Nanoporous Ag-CeO, ribbons have been prepared through dealloying melt-
spun Al;95Ag>0Ceq s alloy in aqueous 5 wt% NaOH, followed by calcining in air [8].
Precursor ingots were obtained by melting the alloys composed of pure Al, Ag,
and Ce. The ribbons were prepared by melt spinning at 33 m s™" and protected by
0.05 MPa Ar. The melt-spun ribbons were dealloyed in aqueous 5 wt% NaOH at
room temperature. The dealloyed ribbons were calcined for 2 h at 300-700°C. The
SEM analyses indicated that the morphologies were not evaluated due to the addi-
tion of Ce in the precursor alloy. However, the CeO, particles were distributed on
the surface of the Ag ligaments, and a composite with CeO, loaded on the nano-
porous Ag was obtained. The electrochemical tests revealed that the nanoporous
Ag-CeO; catalyst exhibited enhanced activity for the direct oxidation of sodium
borohydride. The Raman analysis indicated that the intensity of the peak in the 2LO
band (CeO,) is stronger than that in F,; and D bands (CeO,) [8]. Therefore, the
superior catalytic activity is attributed to the enhancement of the interfacial inter-
action between Ag and CeO,. This research provided a novel method for preparing
noble metal-oxide nanocomposites with high catalytic performance. The results
also indicated that the structural stability of Ag-CeO, ribbons with a homogeneous
pore/grain structure is improved due to the formation of the Ag-CeO, composite.
This may aid in enhancing the longevity performance.
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4.2 Nanoporous Ag-ZrO,

After the Ag-ZrO, was prepared, nanoporous Ag-ZrO, composite catalysts were
created by chemical dealloying of the melt-spun Al-Ag-Zr precursor alloys [10]. The
composition of the precursor alloys was Algg_xAgy0Zrx (x = 1, 2, 3). The prepara-
tion of alloy ribbons and the dealloying method was the same as in the Ag-CeO,
system. During dealloying, the zirconium (Zr) atoms released from the precursory
alloys are oxidized into ZrO, and are loaded on the inner surface of the nanoporous
Ag. The dealloyed ribbons exhibit an interpenetrating ligament-channel structure
with nanometer-length scales. X-ray photoelectron spectroscopy (XPS) analysis
indicated that the binding energy of the Zr 3d core levels decreases slightly with
increasing calcination temperature because the Zr** in the ZrO, particles is partially
reduced to Zr**, suggesting electron transfer occurring from the ZrO, to the metallic
centers and the formation of oxygen vacancies in the thermal treatment. The elec-
trochemical tests demonstrated that the current density peak increased with calcina-
tion temperature in a certain range, that nanoporous composites with the optimized
ZrO, content exhibited higher catalytic activity, and that the optimized precursor
alloy composition was Al;gAg,yZr,. The oxidation current density increased by
91.3% compared with that of nanoporous Ag. The excellent catalytic activity can
be attributed to the interfacial interaction and electron charge transfer between Ag
and ZrO,. In addition, nanoporous composites with high specific surface areas and
pore volume can enhance their electrocatalytic activities, which can provide more
transport channels and activity sites for conductive ions and reactant molecules.

4.3 Nanoporous Ag-TiO,

Nanoporous Ag-TiO, composites were prepared by dealloying the melt-spun
Al-Ag-Ti ribbons in aqueous NaOH [9] in 2014. The composition of the precursor
alloys was Algg xAgyoTix (X = 0.5, 1, 2, 3). The preparation of alloy ribbons and
the dealloying method was the same as in the Ag-CeO, and Ag-ZrO, systems. The
results revealed that TiO, formed in situ on the Ag ligaments. Ti** and Ag" species
co-existed after the dealloyed samples were calcined at 600°C, which significantly
influenced the catalytic oxidation of sodium borohydride. The electrochemical
results showed that the nanoporous Ag-TiO, composites significantly promoted the
direct oxidation of BH,-superior to pure Ag. The current density of the oxidation
peak for the nanoporous Ag-TiO, electrode prepared from the Al;95Ag0Ti 5 alloy
increased from 10.91 to 18.13 mA cm ™. With increasing the Ti content from 0.5 to
1.0% in the precursor alloys, the current density of the oxidation peak increased to
28.86 mA cm 2. With further increases in the Ti content, however, the current den-
sity of the nanoporous Ag-TiO, electrode obviously decreased, and the position of
the oxidation peak became more positive. The enhanced catalytic activity could be
attributed to the strong interfacial effects between the Ag ligaments and TiO, [9].

Among these Ag-based nanocomposites, the Ag-ZrO, nanocomposite catalyst
exhibited the greatest improvement in the catalytic oxidation of sodium boro-
hydride. The optimized precursor alloy composition was Al;gAgyZr,. However,
Ag-CeO, may have the best anti-poisoning ability of CO.

4.4 Nanoporous Pd-TiO,

Nanoporous Pd-TiO, composite catalysts were prepared by chemical dealloy-
ing of melt-spun Al-Pd-Ti precursor alloys [12] in 2014. The precursor alloy was
Algs_4Pd;sTiy (x = 0, 0.3, 0.5, 0.7, 1.0, at%), and the preparation of alloy ribbons
was the same as in the Ag-CeO, and Ag-ZrO, systems. However, calcination was
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not adopted to prevent oxidation of the Pd. The structure analysis revealed that

the nanoporous Pd-TiO, composites exhibited a bicontinuous interpenetrating
ligament-pore structure. The XPS analysis revealed that the Pd 3d spectrum of the
nanoporous Pd-TiO, composites presented a slightly negative shift to lower binding
energy compared to that of nanoporous Pd. The electrochemical measurements
showed that the composites observably enhanced the electrocatalytic performance
toward methanol/ethanol oxidation when the Ti content in the precursor alloys was
0.3-0.7 at%. Among these composites, the nanoporous Pd-TiO, composite deal-
loyed from Algy sPd;sTiy s exhibited the largest catalytic activity, which was triple
and double that of methanol and ethanol oxidation, respectively, compared with
that of nanoporous Pd. This enhancement can be attributed to the synergistic effect
between Pd and TiO,. However, when the Ti content of the precursor alloys is 1 at%,
the catalytic activity will obviously decline. These results imply that an electronic
interaction between Pd and TiO, occurs in the nanoporous Pd-TiO, composites. The
reduction of binding energy decreases the chemisorption ability of the adsorbate
during electrochemical reactions. It will reduce the adsorption of CO-like interme-
diate species and result in superior poisoning tolerance.

4.5 Nanoporous Pd-NiO

Nanoporous Pd-NiO composites were prepared for methanol oxidation in
alkaline media by one-step dealloying from melt-spun Al-Pd-Ni precursor alloys
[11]. The precursor alloy was Algs_,Pd;sNiy (x = 0, 0.1, 0.3, 0.5, 0.7, 1.0 at%). The
preparation of alloy ribbons was the same as in the Pd-TiO, systems. The structure,
morphology, composition, and electrocatalytic activities of the composites were
characterized. The results demonstrated that the composites exhibited a uniform
bicontinuous and interpenetrating three-dimensional nanoporous structure. Pore
channels that were less than 10 nm ran throughout the ribbons. The XPS analysis
revealed that the nanoporous Pd-NiO composites significantly increased compared
to that of nanoporous Pd due to the reduction of the PdO content in the Pd-NiO
composites. The nanoporous Pd-NiO composites possessed better electrocatalytic
performance compared to that of nanoporous Pd, and the composite dealloyed
from Alg4 ;Pd;5Nij 3 showed the highest catalytic activity of the catalytic oxida-
tion of methanol; the mass activity of the mesoporous Pd-NiO composite from
Alg, ;Pdy5Nig 3 was 289.0 mA mg ™", which was approximately 4 times that of nano-
porous Pd. The improvement in the electrocatalytic properties was attributed to the
increased electrochemically active specific surface areas and the synergistic effect
between Pd and NiO. The reduction of the PdO content in the nanoporous Pd-NiO
composites means that there are more active sites (Pd atoms) in the composites
involved in the electrocatalytic process. There is also a synergistic effect between
Pd and NiO. Oxidative states of Ni in the nanoporous Pd-NiO composites serve as
oxophilic sites for the oxygen source required for the surface removal of CO and
promoting methanol oxidation via a surface redox process.

4.6 Nanoporous Pd-ZrO,

Composition-controllable three-dimensional mesoporous Pd-ZrO, composites
were synthesized through simple one-step dealloying of melt-spun Al-Pd-Zr
ribbons [18]. The precursor alloy was Algs_,Pd;sZry (x = 0, 0.5, 1, 2, 3 at%). The
preparation of alloy ribbons was the same as in the Pd-TiO, systems. The Zr atoms
in the precursor alloy transformed into approximately 3 nm ZrO, nanoparticles
after dealloying without being calcined. The ZrO, particles embedded in the Pd
ligaments. The XPS analysis revealed that the Pd 3d spectrum of the dealloyed
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Alg3Pd;sZr, sample was negatively shifted to a lower binding energy after the
addition of Zr in comparison with the Pd 3d spectrum of the dealloyed AlgsPd;s.
This finding suggests the existence of electronic interactions between Pd and ZrO,.
The composites exhibited remarkable catalytic activity and stability for methanol
oxidation in an alkaline electrolyte due to the synergistic effect and electronic
interactions between Pd and ZrO, [18]. Among the composites, the Pd-ZrO, sample
dealloyed from the AlgsPd;3Zr, precursor alloy had the highest peak current density,
and the mass activity of the mesoporous Pd-ZrO, composite from AlgsPd;3Zr, was
254.24 mA mg_l, which was approximately 3.6 times that of the pure mesoporous
Pd sample. In one study [18], Zr in the form of ZrO, was embedded in the surface of
the Pd ligaments in mesoporous Pd-ZrO, composites. This arrangement endowed
ZrO, with more convenient and effective absorption toward OH™ species to more
rapidly transform CO-like poisoning species on the surface of the active Pd sites
into carbon dioxide or other dissolvable cleansing products. The synergistic effect
between Pd and ZrO; results in more active Pd atoms being released to the surface
of the samples for the use in additional methanol oxidation processes.

Among these Pd-based nanocomposites, the Pd-NiO nanocomposite catalyst
showed the greatest improvement in the catalytic oxidation of methanol. The
optimized precursor alloy composition was Alg, 7Pd;sNij 3.

5. Nanoporous oxides loaded by noble metals

Nanoporous metal oxides have been widely applied in catalysis due to their
unique porous support structure and large specific surface area, including in carbon
monoxide catalytic oxidation, electrochemical catalytic oxidation of methanol,
supercapacitors, and photocatalytic fields. As an intermediary, noble metals are
irreplaceable in the field of catalysis. They can effectively reduce catalytic activation
energy or promote electron transfer, improving the catalytic performance. Loading
noble metals on oxide substrates can improve the utilization rate of noble metals
and enhance the catalytic performance of oxides. Nanoporous oxides loaded or
modified by noble metals can be prepared by simply dealloying melt-spun alloys
and subsequent calcination in air. Nanoporous oxide materials obtained via simple
and inexpensive preparation methods have homogeneously distributed pores,
structural stability, large specific surface area, and excellent dispersion of sup-
ported noble metals. The large specific surface area provides more active sites for
catalysis, which can effectively improve the catalytic performance of the materials.
The good dispersion of loaded noble metal nanoparticles maximizes the utiliza-
tion of noble metals. Typical oxide-based porous catalytic materials and catalytic
applications are as follows.

5.1 Nanoporous CuO loaded with Au nanoparticles

Ultrafine nanoporous CuO ribbons loaded by Au nanoparticles were prepared
by dealloying melt-spun Al-Cu-Au alloys and calcinating in air [4]. The precursor
ingots were obtained by melting alloys composed of pure Al, Cu, and Au. The rib-
bons were prepared by melt spinning at 33 m s~' and protected by 0.05 MPa Ar. The
as-quenched ribbons were immersed in aqueous 5 wt% NaOH at room temperature.
The dealloyed samples were rinsed with reverse osmosis water and dehydrated alco-
hol. The dealloyed ribbons were calcined in a muffle furnace at 300-900°C for 1 h.

The formation mechanism of the nanoporous Au-CuO composites is as follows:
after the Al-Cu-Au alloys are immersed in NaOH solutions, Al is preferentially
etched, and the released Cu atoms in the dealloyed layer are rearranged to form a
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nanoporous structure. The Cu and Au atoms are released simultaneously because
the Au atoms are mainly dissolved in the fcc Al. A Cu (Au) solid solution forms due
to the existence of unlimited solid solution between Au and Cu according to the
Cu-Au binary phase diagram. After the samples are calcined in air, Cu ligaments
are oxidized to CuO, and the phase segregation occurs because the Au cannot be
dissolved by CuO. During calcination, Au atoms diffuse to the surface of the CuO
layers and form Au clusters. With the absorbed O atoms diffusing to the inner Cu
and Cu,0, the Au atoms dissolved in the Cu solution diffuse to the Au clusters and
form Au particles, leading to a slight growth of Au particles. As a result, a portion of
Au particles emboss from the surface of CuO ligaments, where the as-generated Au
nanoparticles are partially embedded in CuO ligaments. Due to the unique porous
structure, Au nanoparticles are immobilized on the surface of the ligaments, and
the aggregation of particles can be effectively prevented.

The experimental [4] results indicate that the composites have large surface
areas and high activity and stability. The CO conversion as a function of reaction
temperature for the dealloyed Al;97Cu,0Aug 3 ribbons calcined at different tempera-
tures indicated that the CO conversion rate can reach 100.0% at 180°C for samples
treated with the optimized process. The X-ray photoelectron spectroscopy (XPS)
results indicate that the superior performance at low temperature is ascribed to the
presence of Au*' species and the interfacial interaction between Au nanoparticles
and CuO ligaments. The binding energy of Cu 2p in the catalyst prepared from
Al;97Cu,Aug 3 alloy shifts lower due to an interaction between Au and CuOs.
Notably, Au'lis present on the surface of the CuO, which acts as an active site for
CO oxidation and can lead to more activated CO than Au’. The catalytic measure-
ment showed that the valence of Au changes whereas the valence of Cu does not
change, indicating that the Au state is vital to maintaining a high CO conversion rate
and long-term stability. It is probable that Au and Au*’ sites located at the interface
enhance the absorption of CO and O and that the presence of Cu** would result in
high mobility and reactivity of surface lattice oxygen to participate in the reaction,
which are favorable to the catalytic reaction of CO oxidation.

5.2 CeO, nanorod framework loaded with Au

CeO; nanorod frameworks (NFs) with the porous structure loaded with Au
were prepared by dealloying melt-spun Algy;Ce;oAuy 3 ribbons and calcination [14].
The preparation of alloy ribbons was the same as that in the Au-CuO system. The
as-quenched ribbons were immersed in aqueous 20 wt% NaOH at a room tempera-
ture for 2 h and treated at 80°C for 10 h. The dealloyed ribbons were pretreated at
200-800°C for 2 h in pure O,. After the dealloyed sample was calcined at 400°C
in O,, the XPS results demonstrated that the Au peaks slightly shifted lower due
to the interaction of gold with oxygen vacancies. This phenomenon indicates that
Au species interacted with the CeO, nanorods via charge transfer between Au and
CeO,. The Au®*/Au° ratio of calcined Au-CeO, (0.39) was much higher than that
of the dealloyed sample (0.21). Therefore, Au® and Au® species coexisted in the
calcined Au-CeO, due to strong interactions, which can effectively enhance the
catalytic activity. The Au-CeO, nanorod catalyst calcined at 400°C exhibited much
higher catalytic activity for CO oxidation than the dealloyed sample or pure CeO,
nanorods [14]. Moreover, its complete reaction temperature was as low as 91°C. The
designed Au-CeO, catalyst possessed extreme sintering resistance and exhibited
high performance due to the enhanced interaction between the Au clusters/NPs and
CeO; nanorods during calcination. The CeO, nanorod framework structure can be
retained, and some Au nanoparticles supported on the nanorod CeO, surfaces did
not evolve after catalytic testing.

11
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The formation process of the Au-CeO, nanorod catalyst can be deduced as:
during the formation of the porous CeO, framework, the Au atoms may mix
with the nanorods. After the nanorods are calcined in O,, CeOy is oxidized to
CeO, NF, whereas the Au atoms diffuse to the surface of the nanorods and form
NPs/clusters or nanoparticles, which are in situ supported and immobilized
on the surface of the CeO, nanorods. The dispersion of Au NPs or clusters on
CeO, NF could create many nanoscale contact interfaces and prevent NP/cluster
sintering and migration of active Au species during calcination and catalytic
reaction. This result was significantly different from those of other preparation
methods, in which the NP aggregation typically leads to unexpected activity
loss due to the collapse of the nanostructure during the annealing and catalytic
processes.

5.3 Nanoporous Pt-TiO, nanocomposites

Nanoporous TiO, and Pt-TiO, composites were prepared by dealloying melt-
spun Al-Si-Ti and Al-Si-Ti-Pt alloys, respectively [16]. The preparation of alloy
ribbons was the same as in the Au-CuO system. The as-quenched ribbons were
dealloyed in aqueous 10 wt% NaOH at 80°C. After the samples were dried in air,
the ribbons were immersed in aqueous 3 wt% HCI at an ambient temperature for
7 h. The samples were then calcined at 400°C for 2 h. The mechanism of forma-
tion of the structure is as follows: Al and Si are etched away in the NaOH solution,
and Ti and Pt are retained. During dissolution, the remaining Ti and Pt move
freely along the interface between the alloy and the dissolution medium. The Ti
reacts with NaOH to form insoluble Na-titanate (Ti + NaOH — Na-titanate). The
Pt-Na-titanate reorganizes into a three-dimensional network exhibiting an open
porosity. After acid treatment, there is no significant evolution in the microstruc-
ture morphology in the H-titanate (pt-Na-titanate + H* — Pt-H-titanate + Na*).
Nanoporous Pt-TiO, can be obtained through the calcination of Pt-H-titanate.
Measurement of the structural parameters indicated that the nanoporous Pt-TiO,
nanocomposites exhibit large specific surface areas, small pore diameters, and
large pore volumes.

The performance measurements revealed that nanoporous TiO, showed
favorable photocatalytic performance in the degradation of methyl orange (MO).
Using Pt-TiO, nanocomposites, approximately 98% of the MO solution degraded
in 50 minutes. The significant enhancement of the photocatalytic performance
of Pt-TiO, was a result of the large specific surface area of approximately
98.06 m” g~" and synergistic effect between TiO, and metallic Pt, which reduced
the band gap of TiO, and expanded the absorption range. With a high work func-
tion, Pt enhances the Schottky barrier effect; the Schottky barrier formation
at the interfaces of Pt-TiO, composites reduced the rate of electron-hole (e-h")
pair recombination, which contributed to the improvement of the photocatalytic
performance.

Noble metal-modified nanoporous oxides prepared by the dealloying method
and their supported noble metals have the following advantages: (1) unique
stable structure, which results in stability of the catalyst, (2) refined and
homogeneous distribution of nanopores provides a larger specific surface area
for the catalyst, exposing more active sites and effectively promoting catalytic
performance, (3) loaded noble metals avoid agglomeration and evenly disperse
on oxide surfaces or ligaments, which improves the availability of noble metals
and enhances catalytic performance, and (4) the tight interaction between the
supported noble metal and the oxide enhances the synergy between the noble
metal and the oxide.
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6. Conclusions

By the reasonable design of precursors and adoption of dealloying process, the
nanoporous oxides, such as CuO, NiO, TiO,, Co;04, and CeO,, noble-metal-based
nanoporous composites, such as Ag ligaments loaded with CeO,, TiO,, ZrO,, or NiO,
and Pd ligaments loaded with TiO, or ZrO, could be obtained. Adding the noble into
the melt-spun AI-M (M = Ce, Cu, and Ti) ribbons and dealloying in NaOH or KOH
solutions, oxide-based nanoporous composites, such as Auloaded on CuO and CeO,
or Ptloaded on TiO,, have been achieved. The catalytic performances of the noble-
based nanoporous composites, including the catalytic oxidation of methanol and
ethanol, could be improved obviously comparing with single nanoporous nobles.
The catalytic oxidation activities of CO for the oxide-based nanoporous composites
have also been increased much. The rare earth elements could play an important
role in the nanoporous materials. Sometimes, they could be the key metals for the
nanoporous composites with high properties.
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