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REVIEW ARTICLE

Monolithic fiber/foam-structured catalysts: beyond 
honeycombs and micro-channels
Guofeng Zhaoa, Jacob A. Moulijnb, Frederik Kapteijnb, Frits M. Dautzenbergc, 
Bin Xud, and Yong Lu a,e

aSchool of Chemistry and Molecular Engineering, East China Normal University, Shanghai, China; 
bChemical Engineering Department, Delft University of Technology, Delft, Netherlands; cSerenix 
Corporation, Fort Collins, USA; dECO Zhuo Xin Energy-Saving Technology (Shanghai) Company Limited, 
Shanghai, China; eInstitute of ECO-Chongming, Shanghai, China

ABSTRACT
Heterogeneous catalysis plays a pivotal role in the current che-
mical and energy vectors production. Notably, to fully utilize the 
intrinsic activity and selectivity of a catalyst, the chemical reac-
tor has to be designed and operated optimally to achieve 
enhanced heat/mass transfer, well-defined contact time of reac-
tants, uniform flow pattern, and high permeability. Structured 
catalysts are a promising strategy to overcome the major draw-
backs encountered in the traditional packed-bed reactor tech-
nology due to the improved hydrodynamics in combination 
with enhanced heat/mass transfer. Newly emerged fiber/foam- 
substrates, with an entirely open 3D network structure, bring 
distinct advantages over the honeycomb and micro-channel 
contacting methods, including free radial diffusion, eddy- 
mixing driven heat/mass transfer, large area-to-volume ratio, 
and high contacting efficiency. However, how to place the 
nanocatalysts onto the fiber/foam-substrates is a challenging 
problem because the commercial washcoating method has 
great limitations such as the nonuniformity and easy exfoliation 
of coatings. This review discusses the newly developed non-dip- 
coating methods for the fiber/foam-structured catalysts and 
their promising applications in the strongly exo-/endo-thermic 
and/or high throughput reaction processes.

KEYWORDS 
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functionalization; 
electrocatalysis; 
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1. Introduction

Heterogeneous catalysis is the heart for reducing CO2 emissions, addressing 
energy challenges, making chemicals production green and sustainable, and 
decreasing environmental burdens, which influence many aspects of our daily 
life profoundly.[1] It is of course a nano-scaled surface/interface intrinsically 
dependent process, but far more than this, it is also essentially constrained by 
the hydrodynamic and heat/mass-transferring behavior in a macro-scaled 
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catalyst bed.[2] These constraints emerging in reaction engineering not only 
greatly reduce the process efficiency but also deteriorate the catalyst activity/ 
selectivity and even stability.

Process intensification (PI), an inviting avenue to the safe, compact, and 
energy-efficient processes, is attracting ever-increasing attentions from both 
catalysis and engineering fields.[3–7] In July 2016, the “European Cluster on 
Catalysis” published the “Science and Technology Roadmap on Catalysis for 
Europe,” in which the synthetic multi-catalyst/multi-reactor (such as the 
micro-reactor and integrated modular catalytic systems in a plug-and-play 
fashion) was pushed forward as a priority to address the catalysis 
complexity.[7] Structured catalysts are considered as one type of design strat-
egy for PI in terms of optimizing the hydrodynamic behavior in catalyst bed, 
enhancing the interphase (gas/solid and gas/liquid/solid) heat/mass transfer in 
the local-scale catalyst body as well as the global heat transfer at reactor scale, 
while maintaining the limited pressure drop within catalyst bed at high 
throughput operation. Therefore, the development and use of structured 
catalysts are taken as one of the priorities for the PI.[2–9] Specifically, the 
structured catalysts consist of ceramic (e.g., Al2O3, cordierite, and SiC) or 
metal (e.g., stainless steel, Ni, Al, and Cu) substrates (pre-shaped in the form of 
a single continuous structure with stable geometry, e.g., honeycomb), and 
catalytic layers adhered to these substrates. Clearly, this manner can achieve 
a “macro-micro-nano” organization of the catalytic materials onto the sub-
strate surfaces through adhesion or chemical bonding between them, for 
instance.[10,11] The current researches and applications of structured catalysts 
are mainly focused on the regular-void-pattern monolithic honeycombs and 
micro-channels, which are catalytically functionalized by the washcoating 
techniques. The honeycomb structured catalysts achieve a high catalytic effi-
ciency and a low pressure drop during high throughput operations and have 
been widely used in catalytic combustion, catalytic purification of automobile 
exhaust, denitration of flue gas, and even the anthraquinone 
hydrogenation.[12] The micro-channel ones have been applied in some pro-
cesses such as the Fischer-Tropsch synthesis[13] and gas-phase “propylene- 
peroxide” epoxidation,[14] aiming to seek a solution for their strong reaction 
heat effect. Comprehensive reviews and books on the honeycomb and micro- 
channel structured catalysts have been published in the last two decades.[2, 8, 9,  

15–22] However, on the one hand, the honeycomb and micro-channel struc-
tured catalysts suffer from radial transfer restriction and channel blocking, and 
on the other hand, the washcoating technique based on the “bottom (fine 
catalyst particles)-up (substrate washcoating)” strategy costs highly and is not 
easy to be implemented.

In the last decades, the irregular-void-pattern monoliths such as fibers and 
foams have continuously appeared and attracted wide attentions.[23–25] 

Besides having high porosity as typically for the regular-void-pattern 
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honeycombs and micro-channels, the fiber/foam substrates not only have 
irregular three-dimensional (3D) network, open structure, and high area-to- 
volume ratio but also exhibit additional advantages in elimination of radial 
diffusion limitation, eddy-mixing intensification of heat/mass-transfer, and 
convenience of large-scale preparation. Moreover, the metal (or SiC) fibers/ 
foams also have high thermal conductivity and unique form factor that can 
provide a great flexibility in the geometric appearance when filling up the 
reactors.[3] These features offer a new technical approach to solve the problems 
for very fast and heat/mass-transfer-restricted reactions and to meet the 
special requirements of the high throughput operations but with a low pres-
sure drop such as for the environmental catalysis.[26–28] Examples of these 
reactions include the methane synthesis from coal/biomass, methanol to 
propylene, dimethyl oxalate hydrogenation to ethylene glycol, VOCs/CH4 
catalytic combustion, O3 decomposition, methane reformation to syngas, 
and gas-phase selective oxidation of alcohols. However, there are significant 
challenges in the catalytic functionalization of such fiber/foam substrates. 
Through the washcoating method, the catalytic layer from several to tens of 
microns can be coated onto substrates but with a limited weight content 
(usually <20%). Especially for the metal fiber/foam substrates, there exist 
some other severe problems: the coefficient differences in thermal expansion 
between the catalytic layer and metal substrates, easily causing the coating 
cracking and spalling; the irregular angular of fiber/foam skeleton, causing the 
stress effect and concomitant coating uniformity.[7,29] Hence, developing 
novel methods to efficiently and cost-effectively impart catalytic function to 
the metal fibers and foams is particularly desirable.

In the last decade, a concept of “in situ catalytic functionalization” was raised, 
and a great progress has been made to establish various non-dip-coating methods. 
The fiber/foam-structured catalysts can be tailored via controlling reactions to 
grow nano-composites onto the fiber/foam substrate surfaces in multilevels from 
nano-, micro-, meso- to macro-scales in one-step. The non-dip-coating methods 
include spray deposition, electrophoretic deposition, galvanic replacement deposi-
tion, wet chemical etching, solvothermal treatment, cross-linking molecules 
assisted self-organization, and direct growth of catalytic compounds. These meth-
ods can overcome the washcoating limitations to a great extent, opening an 
opportunity to extend structured catalysts from the regular-void-pattern honey-
combs and micro-channels to the irregular-void-pattern fibers and foams. 
Moreover, the distinctive integrated “top-down” strategies can be established to 
achieve an effective coupling of “flow and heat/mass transfer in reactor” (top) with 
“catalysis on surface and interface” (down). The contents of this review are as 
follows: brief introduction of features and applications of the regular-void-pattern 
honeycomb and micro-channel catalysts; enhancement of heat/mass transfer; 
non-dip-coating methods for the fiber/foam-substrate functionalization; applica-
tions of the fiber/foam-structured catalysts in typical exo-/endo-thermic and/or 
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high-throughput reaction processes; conclusions and future of the fiber/foam- 
structured catalysts.

2. Regular-void-pattern honeycomb and micro-channel catalysts

It has been widely recognized that a heterogeneous catalyst can efficiently 
work only when its chemical compositions are well organized from “nano” to 
“macro” scales (i.e., from the nanostructure of the catalyst surface/interface up 
to the macro-geometry of the catalyst body).[1–3] Conventional practical cat-
alysts are usually shaped into millimetric granules or pellets, but some frus-
trating problems emerge such as mass/heat transfer limitations and non- 
regular flow pattern; moreover, these millimetric catalysts are chaotically filled 
into fixed-bed reactors, resulting in a high pressure drop when reactants pass 
through the bed.[9] Contrarily, the structured catalysts are qualified to over-
come these problems due to their enhanced heat/mass transfer in combination 
with the improved hydrodynamics and low pressure drop.[2,30] Configuration 
of thin catalytic layers coated onto monolithic substrates is a common type of 
structured catalysts (Figure 1).[2] The substrates are made of ceramic or metal 

Figure 1. Typical configuration of thin catalytic layers coated onto the “backbone” of monoliths 
(taking honeycombs as examples here). (a) Typical honeycombs with different numbers of cells per 
square inch; the numbers below are the geometric surface areas (m2

geometric/m3
reactor). Scanning 

electron microscope (SEM) images of a monolith: before (b) and after (c) coating an α-Al2O3 layer 
(Reprinted with permission from ref.[2] Copyright 2006 by Taylor & Francis Group).
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with channels running through them, while the catalytic layer is washcoated in 
a 10–100 μm thickness onto the channel walls. Clearly, the high void fraction 
of such structured catalysts allows a low pressure drop at high throughput 
operations, while the short gas diffusion distance in the thin catalytic layer 
improves the mass transfer.[10,31]

Over the past several decades, the regular-void-pattern structured cat-
alysts have found many industrial and environmental applications, where 
the pressure drop is greatly smaller by two to three orders of magnitude 
than in the conventional particulate-catalyst-fixed-bed reactors.[2] The first 
practical applications of the regular-void-pattern structured catalysts are 
based on honeycombs for the decolorization of nitric acid tail gas, car 
exhaust emission control, and NOx removal from power station 
emission.[2,32] After these successful applications, the honeycombs (with 
square or triangular channels in parallel of 0.5–4 mm diameter) have 
become the standard substrates for structured catalysts in most environ-
mental applications. The arranged catalysts (Figure 2a) are identified as 

a Gas

Catalyst
particles

Mesh

Gas

Mesh

b c

Figure 2. (A) Schematic illustration of arranged catalysts. (b) Optical photograph of “fan” shaped 
metal foil for the CH4-steam reformer (Reprinted with permission from ref.[33] Copyright 2006 
Elsevier). (c) Schematic illustration of micro-channel catalysts (Reprinted with permission from 
ref.[13] Copyright 2006 Elsevier).
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another common type of the regular-void-pattern catalysts, due to the 
good heat exchange between the reaction zone of arranged catalysts and 
their surroundings. Recently, a distinctive “fan” shaped metal foil 
(Figure 2b) has been manipulated to combine the heat transfer properties, 
reactive surface area, and pressure drop characteristics, which is available 
within the tubular steam reformers.[33] Moreover, the micro-channel cat-
alysts (Figure 2c) are industrially presented for the gas-phase propene 
epoxidation with H2O2 and the Fischer-Tropsch synthesis.[13] Besides 
above commercial applications and pilot-scale demonstrations, these 
structured catalysts also exhibit great potentials and are successfully stu-
died in the following applications at developmental stage[2]: methanation, 
hydrogen cyanide production, alkane to oxygenate, and oxidative 
dehydrogenation.

The regular-void-pattern catalysts have also drawn great attention for 
three-phase reactions. The main advantages are the same as in the above 
two-phase cases: short diffusion distance inside the thin catalytic layer 
and low pressure drop within the catalyst bed, resulting in a high catalyst 
utilization and improved selectivity. Selective hydrogenation, oxidative 
wastewater treatment, and biochemical processes seem to be the first 
areas, in which the structured catalysts will find promising applications. 
One process of H2O2 production using alkyl-anthraquinone has reached 
full scale with several plants in operation (such as EKA AKZO/Nobel).[34] 

Catalytic wet air oxidation (Nippon Shokubai process) has also reached 
the level in large scale.[35] In particular, catalytic distillation is another 
interesting process that offers ample scope for the structured catalyst 
abilities.[36] This process comprises a gas–liquid reaction over the struc-
tured catalysts with counter current gas–liquid flows and removal of 
products, which is very favorable for the kinetically and thermodynami-
cally limited reactions. In addition, the flooding of a reactor is 
a considerable limitation for the counter current catalytic distillation 
processes in conventional fixed-bed reactors, but will not occur to that 
extent in cases using structured catalysts.

However, uniform distribution of the catalytic components on sub-
strates is not easily achievable, and weak adhesion of the catalytic com-
ponents is a problem because leaching occurs for reactions in solvents or 
with great temperature changes.[29] Moreover, the thin catalytic layer leads 
to a low active-component loading, which is not important for the diffu-
sion-limited reactions but a clear disadvantage for the kinetically limited 
ones. Furthermore, the other critical disadvantages of using ceramic sub-
strates are their low heat transfer, poor temperature management in the 
endo-/exo-thermic reactions, and the lack of radial mixing for fast 
reactions.[2,37,38]

6 G. ZHAO ET AL.



3. Irregular-void-pattern fiber/foam-structured catalysts: enhanced heat/ 
mass transfer

3.1. Fiber/foam-structured catalysts

The monolithic fiber/foam substrates have high porosity, irregular 3D net-
work, open structure, and high area/volume ratio; moreover, the metal fibers/ 
foams also have high thermal conductivity and unique form factor.[3] These 
features permit the low pressure drop, high mass/heat transfer, and high radial 
mixing efficiency (Figure 3a).[26–28, 41] The fiber substrates are of large variety, 
and their properties are in dependence of the chosen materials (such as 
ceramic, metal, or glass) and manufacturing process. Two basic kinds of fibers 
are applied: unordered sintered metal fiber-sheets, which are industrially used 
for filter applications, and ordered knitted or woven fiber-meshes. A review of 
the metal-fiber catalysts was given by Matatov-Meytal and Sheintuch,[42] and 
these catalysts applied to several typical reactions at early stage have been 
summarized therein. Foams are 3D-cellular substrates with entirely open 
interconnected networks (Figure 3a). Although they do not have regular 
channels like the honeycombs, they still possess typical features of the struc-
tured catalysts (such as high voidage and improved mass transfer); moreover, 
the open structure of foams leads to a great turbulence (to increase convective 
heat transport[24]), and the continuous skeleton of foams enhances the heat 
conduction. The properties and catalytic applications of foams at early stage 
have been reviewed.[43] 

3.2. Enhanced mass transfer in fiber/foam-structured catalysts

A large number of catalytic processes, especially those displaying very fast 
reaction kinetics, are limited by the mass transfer of reactants in catalyst as well 
as the high pressure drop during high throughput operations. The catalytic 
combustion of volatile organic compounds (VOCs) is an important applica-
tion scenario, because this process must run at a high flow rate (caused by high 
VOCs dilution by air) and is in a diffusional regime. The ceramic monoliths 
(such as the typical honeycomb burners) have been adopted.[2] However, an 
apparent disadvantage of honeycomb burners is the forbidden mass transfer 
among their parallel channels.

As clearly shown in Figure 3, the fiber/foam-structured catalysts have 
irregular 3D network, high void fraction, high area-to-volume ratio, and 
entirely open structure. Specifically, the cylinders in microfibrous mono-
liths are arrayed in the form of different alignments (Figure 3b)[39]; the 
open-cell foams are 3D cellular materials made of interconnected struts 
(Figure 3c), forming a continuous network that encloses the cavities 
(cells).[40] The flow paths through the fiber/foam-structured catalysts are 
tortuous, and the flow is thus segmented ceaselessly by the fiber/foam 
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struts, and the as-segmented flows are mixed ceaselessly, which could 
intensify the heat/mass transfer. Taking the selective catalytic reduction of 
nitrogen oxides with ammonia (NH3-SCR) as an example, the advantages 
of enhanced mass transfer and its promotion effect on reaction rate in the 
reactor filled with a FeCrAl-foam catalyst (30 pores per inch) are clearly 
visible over the reactor filled with particulate catalysts (grain size of 2  
mm).[44] This contributes to a great enhancement of the infinite rate 
constant (A0, pre-exponential factor): 3.3 × 104 s−1 for the FeCrAl-foam 
catalyst vs. 1.2 × 104 s−1 for the particulate catalyst. Moreover, high voidage 
of the fiber/foam-structured catalysts results in a low pressure drop espe-
cially for the high throughput reaction processes.[41] Mass transfer in the 
fiber/foam-structured catalysts is multiply affected, not only by the opera-
tion conditions (pressure and temperature) and fluid properties (composi-
tion, viscosity, etc.) but also by the size/shape of void space and curvature 
of flow paths. However, the researches on these aspects are far less than on 
the honeycomb catalysts, and the mass transfer in the fiber/foam-structured 
catalysts is mainly studied on the “gas–solid” system.

Fiber/foam structured catalysts Beneficial Properties Research Practices

Process Intensification

• Selective oxidation of alcohols 
• Dimethyl oxalate (DMO)

to ethylene glycol
• Catalytic combustion of 

methane and VOCs

• Methanation of syngas

• Methanol-to-propylene
• Fischer-Tropsch synthesis

• CO coupling to DMO

• Catalytic distillation

• Oxidative dehydrogenation of ethane
• Catalytic oxy-methane reforming

······

• Unique form factors

• High contacting efficiency

• Enhanced mass transfer

• Enhanced heat transfer

• Low pressure drop  

compared to randomly 

packed beds

• Uniform residence time

• Avoiding separation issues  

(e.g., suspension reactors)

• Facilitation of scale-up

• Ease of functionalization

Microfibrous-structured 
Catalyst

Foam-structured
Catalyst

500 nm

AlOOH/
Al-fiber

a

b

Staggered Random

Pore

Cell
Strut

Node

c

Figure 3. (A) Fiber/foam-structured catalysts engineered from nano- to macro-scales: beneficial 
properties and research practices (Reprinted with permission from ref.[3] Copyright 2016 Elsevier). 
(b) Differently arranged fibers (Reprinted with permission from ref.[39] Copyright 2017 Elsevier). (c) 
Schematic illustration of network of foam (Reprinted with permission from ref.[40] Copyright 2019 
Elsevier).
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Several correlations describing the mass transfer in different fiber-based 
catalysts have been published,[45] but so far there is no correlation to well 
predict the mass transfer over a wide range of conditions. Reichelt et al.[39] 

developed a correlation to describe the mass transfer in packed beds of 
spheres, which is derived on the basis of existing theoretical and semi- 
empirical correlations. The resulting correlation is applicable with good 
accuracy for a wide range of Reynolds numbers (Re), Schmidt numbers 
(Sc), and bed void fraction (ɛB). Moreover, this correlation can be applied 
to the fiber-based catalysts but leads to a problem of choosing a proper 
characteristic length. The two potential characteristic lengths are the 
hydraulic diameter (dh; dh = 4ɛB/Sv) and Sauter diameter (ds; ds = 1.5dh(1- 
ɛB)/ɛB).[39] Notably, SV (surface-to-volume ratio) is the proportion of the 
void fraction (ɛB) and hydraulic diameter (dh) and is a determining factor 
in the gas–solid heat/mass transfer. For the fiber substrates, their disor-
dered structure creates a complex path, assuming that the base elements are 
infinitely long cylindrical fibers. The Sv is given as: Sv = 4(1-ɛ)/df (df is fiber 
diameter, equal to dh)[46–48] The results in ref. [42] indicate that ds is 
a proper choice, allowing the calculation of mass transfer in both the 
packed beds and fiber-based catalysts by a single correlation. With ds as 
the characteristic length, a generalized form of the mass transfer correlation 
is obtained to be applicable to the fiber-based catalysts. Notably, this 
correlation can be transferred to dh as characteristic length by applying 
the equation (dh = 4ɛB/Sv). The accuracy and applicability of this correlation 
to both fiber-based and packed beds is not affected by choosing between 
these two options.

For the foam substrates, assessment of gas–solid mass transfer is still 
debated in literature, but evaluable findings could be obtained in several 
aspects. The geometrical models assume that the foams consist of repeating 
unit cells (such as cubic,[49] dodecahedral,[47] and tetrakaidecahedral[48]); and 
the latter polyhedron, also called a Kelvin cell, is deemed to characterize the 
foam geometry best.[50] Moreover, the identification of characteristic length is 
a key issue, because it is an important parameter to be adopted in a series of 
correlations, such as Sherwood numbers. Originally, the equivalent channel 
diameter is assumed to be the pore size,[24] but later, the mean pore diameter is 
defined as the size of internal pore window and strut diameter.[51] For metal 
foams, Giani et al.[25] stated that the average strut diameter (ds,av) is a more 
representative characteristic length when considering the flow path in foam 
structure, and they developed a correlation based on the analogy with con-
vective heat transfer in bundles of tubes. This approach is further refined by 
combining the experimental tests on CO oxidation with the computational 
fluid dynamic simulations (CFD), developing a correlation based on the 
combination of asymptotic contributions with creeping and turbulent flow, 
respectively.[52]
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3.3. Enhanced heat transfer in fiber/foam-structured catalysts

Because of the low thermal conductivity of particulate catalyst bed, the heat 
transfer imposes a size limitation (i.e., a maximum reactor tube diameter of 
<100 mm) on industrially typical multi-tubular packed-bed reactors for highly 
exothermic (e.g., selective oxidation reactions) and endothermic (e.g., CH4 
steam reforming) reactions. For example, the Fischer-Tropsch synthesis has 
a reaction heat of −165 kJ/mol of CH2,[53] leading to an adiabatic temperature 
rise of 1600 °C.[54,55] The calculations showed that the radial heat transfer in 
a gas–solid fixed-bed reactor can be enhanced by one order of magnitude 
when replacing the randomly packed catalyst pellets with the monolithic 
catalysts that have a high thermal conductivity.[56] This enhancement is due 
to the change of dominant heat transfer in the tube from convection to 
conduction,[56] resulting in a reduced risk of runaway, less catalyst deactiva-
tion, better selectivity, and the potential for novel design of an industrial 
reactor with increased throughput and/or enlarged tube diameter.[57]

The metal fiber/foam-structured catalysts are interesting as they have not 
only a high degree of interconnectivity that can promote radial mixing but also 
improved heat transfer that is originated from the continuous metal channels 
or bridges for heat conduction.[58] For instance, the Cu-fiber[59] or Ni-foam[60] 

packed bed offers much greater radial effective thermal conductivity than that 
of the particulate-catalyst bed. The thermal conductivities of catalysts can be 
experimentally determined by measuring the heating curve in a transient test 
(Figure 4a).[61] In this test, the tube was filled with stagnant N2 at ambient 
pressure, and the apparatus was dipped into a water bath of constant tem-
perature. The transient temperature was recorded until it approached the 
water bath temperature. The Euler implicit method and Newton-Raphson 
search algorithms were used to extract the effective thermal conductivity 
from the temperature-time profiles.[58] High heat transfer of the fiber/foam 
catalysts can be demonstrated by taking the improved Nusselt number (a 
critical parameter to characterize the effective heat transfer coefficient for 
catalyst) as an example. Richardson et al. experimentally measured and theo-
retically calculated the Nusselt numbers at 800 °C for a ceramic foam (30 pores 
per inch) and spheres (0.5 mm).[24] The foam has a Nusselt number fourfold 
higher than that of the spheres, with a two- to fivefold increase in the radial 
heat transfer coefficient.

Despite the improved heat transfer of the fiber/foam-structured catalysts, 
no a priori model exists to accurately predict their effective thermal conduc-
tivities. Some theoretical and empirical models have been proposed to predict 
the thermal conductivities of the fibrous materials with stagnant gas or low gas 
flow rate, including series model,[62] parallel model,[62] Dul’new’s model,[63] 

and Mantle’s model.[64] The series and parallel models represent lower and 
upper limits for the conductivity of composite materials, respectively. The 
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Dul’new’s model assumes that the fibers are infinitely long cylinders and the 
model parameters are regressed from unsintered fibrous materials. The effec-
tive thermal conductivity of the sintered fibers cannot be fitted well by the 
Dul’new’s model as the unsintered fiber length of 3 mm is too small to meet 
the assumption of the infinite fiber length. The Mantle’s model derives an 
empirical equation that compensates for the effects of porosity and aspect ratio 
(length/diameter) of the sintered metal fibers, but the connection quality 
between fibers is much more crucial to the thermal conductivity of fibers 
with an aspect ratio of >50. Therefore, a model that considers the connection 
quality between fibers is required and may offer a good correlation between 
the prediction and experimental data. The connection quality in sintered 
microfibers can be represented by the junction factor, and a practical model 

Figure 4. (A) Apparatus for thermal conductivity measurement. (b) Idealized model of the fiber 
junction factor (Reprinted with permission from ref.[61] Copyright 2013 Elsevier).
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(Figure 4b) taking the junction factor of fibers into account is developed to 
predict the effective thermal conductivity of fibers.[62–64]

The struts in foam are believed to be the predominant backbone contribu-
tion to the high thermal conductivity and require an accurate foundation with 
respect to the physical properties and junction factor between struts. For the 
foam materials, theoretical assessment of the gas–solid heat transfer is still 
open to debate in literature, but the junction factor is easily determined by 
measuring the material’s electrical resistance. Appropriate electrical measure-
ments provide a facile method to determine the thermal conductivity of foams 
(as well as fiber monoliths).[61] The efforts to optimize the fiber/foam prepara-
tion procedures can be guided by the junction factor. Especially for the 
sintered microfibers, the effects of the sintering temperature and sintering 
time were studied, showing that the junction factor and effective thermal 
conductivity can be improved by increasing the sintering temperature and 
prolonging the sintering time.

4. Non-dip-coating catalytic functionalization of fiber/foam substrates

Generally, the fiber/foam substrates are not qualified directly as desired 
catalytic supports or catalysts, mainly because their surface areas are too low 
for the catalytic components to be highly dispersed. To process them into 
suitable monolithic catalysts, the effective and efficient catalytic functionaliza-
tion is particularly desirable. Traditionally, a layer of high-surface-area sup-
port, such as Al2O3, must be deposited onto the fiber/foam surface by the 
washcoating technique. Unfortunately, this technique for the fiber/foam sub-
strates suffers from the weak adherence to layers,[65] pore blocking,[46] and 
high cost. In recent years, some non-dip-coating techniques have been devel-
oped for effectively and efficiently imparting catalytic function to the fiber/ 
foam substrates, especially for the metal ones, including spray deposition, 
electrophoretic deposition, galvanic replacement deposition, chemical etching, 
in-situ growth of zeolites, endogenous growth of AlOOH/Al2O3, in-situ 
growth of layered double hydroxides, and cross-linking molecules assisted 
self-organization. Hence, this section is to summarize these novel methods 
reported in the last decade.

4.1. Spray deposition method

Ahlström-Silversand and Odenbrand developed a novel spray deposition 
technique to fabricate a wire mesh catalyst.[66,67] By plasma-spraying an Al2 
O3-polyamide mixture onto a FeCrAl-wire mesh using a plasma spray equip-
ment (Figure 5) followed by burning off the polyamide,[66] a thin Al2O3 layer 
with a well-defined macro-porosity but a low surface area (<1 m2/g) is created. 
By treating the as-obtained material then with an Al2O3-sol, the surface area 
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can be increased by a factor of 50 or more. The Al2O3 layer can be catalytically 
activated with PdPt or V2O5-CuO, for instance, through an impregnation step.

Meille et al. presented a one-step spray coating strategy to adhere to 
a porous γ-Al2O3 layer onto substrates,[68] with a large surface area (about 
200 m2 g−1) and a controlled thickness (1–200 μm) of as-deposited layer. Prior 
to the spray coating, a standard suspension needs to be prepared, and in order 

Figure 6. (A) Optical photograph of FeCrAl-fiber. (b) SEM image of the LaMnO3∙MgO/FeCrAl-fiber 
prepared by spray pyrolysis (Reprinted with permission from ref.[70] Copyright 2004 American 
Chemical Society).
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to obtain a homogeneous Al2O3 layer, the Al2O3 particles must be strongly 
anchored on the thoroughly cleaned substrates. The investigation showed that 
the expected thickness of layer is dependent on the pre-treatment of substrate, 
concentration of Al2O3, and pH of suspension.

Specchia et al.[69,70] reported a spray pyrolysis method to prepare a new 
catalytic FeCrAl-fiber-mat burner for the natural gas combustion in domestic 
applications according to an accurate micro-structural design. The typical 
preparation of such catalyst consists of three optimized steps: (i) optimal pre- 
oxidation of a FeCrAl-fiber-mat at 1200 °C so as to favor the growth of α-Al2 
O3 layer, (ii) deposition via the spray-pyrolysis of a previously developed 
perovskite catalyst (LaMnO3∙2ZrO2 or LaMnO3∙MgO, Figure 6), and (iii) 
calcination at 900 °C for the stabilization and complete crystallization of the 
catalytic phases. Notably, the spray deposition cycle can be repeated several 
times to get a desired catalyst loading.[71] After extensive aging under practical 
operating conditions (repeated on-off cycles and prolonged durations under 
high-temperature radiating conditions), the burner exhibits a limited loss in 
catalytic performance.

4.2. Electrophoretic deposition method

Based on the deposition of particles of colloid suspension on the surface of an 
electrode under an electric field, Vorob’eva and Kustov first applied the 
electrophoretic deposition (EPD) to prepare monolithic-fiber-mesh 
catalysts.[72] The Al2O3-sol was initially prepared by the hydrolysis of alumi-
num isopropoxide. A monolithic-fiber-mesh made of 50 μm stainless steel 
fiber was used for the EPD operation, and in order to improve the adhesion, 
the fiber surface was cleaned by electrochemical method. To deposit Al2O3, the 
pieces of fiber-mesh were placed into the sol solution as a cathode, and a direct 
current was passed (Figure 7a). After drying and calcining, the EPD-coated 
sample could be obtained with an Al2O3 layer tunable from 1 to 15 μm.

This EPD technique was later employed to deposit Al2O3 on wire-mesh 
substrates by Quan et al.,[73–75] and the detailed procedures were described in 
ref. [73]. Typically, the wire-mesh-sheet made of 0.20 mm stainless-steel wire, 
with a size of hole opening approximately 0.95 cm, was etched with 0.1 M HCl 
and subsequently washed with distilled water in order to remove grease. The 
Al2O3 suspension was prepared, and an as-cleaned wire-mesh-sheet was 
placed into the suspension as cathode with a stainless-steel plate as anode 
whose area was larger than the cathode. The experiments were performed at 
room temperature, and a coating with a deposited thickness of about 50 μm 
was obtained within 10 min. The sample was dried and then calcined to 
achieve a well-adhered Al2O3 layer (Figure 7b,c). Nitrate of Ce, La, Cu, Al, 
or Ba was loaded on as-formed Al2O3 layer by the impregnation method 
followed by calcination (Figure 7d),[73] and it was also found that the layer 
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has an excellent vibration-resistant ability. Subsequently, they successfully 
deposited Al2O3 layer onto the wire-mesh-honeycomb (WMH) substrates 
and further prepared a series of WMH-structured catalysts by the same 
methods. Moreover, the WMH substrates could also be coated with metal 
(Al, Ti) powders by the EPD method, and the resulting metal layers were 
subsequently oxidized to be transformed into their oxide layers.[41,76]

4.3. Galvanic replacement deposition method

The galvanic replacement reaction can spontaneously take place between 
the metal ions with higher potentials and the metal substrates with 
lower ones. For example, Au nanoparticles (NPs) can be firmly depos-
ited onto a Ni-microfiber (8 μm diameter) surface by immersing the Ni- 
microfiber into a HAuCl4 aqueous solution, because of the large poten-
tial difference between Ni0/Ni2+ (−0.23 V) and Au0/Au3+ (1.69 V)[77]; the 
Au NPs can also be galvanically deposited onto a Cu-microfiber in the 
same way,[78] owing to the great potential difference between Cu0/Cu+ 
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Figure 7. (A) Apparatus for coating Al2O3 on stainless steel gauze by EPD (Reprinted with 
permission from ref.[72] Copyright 2000 Elsevier). (b,c) SEM micrographs of Al2O3 coating by EPD. 
(d) SEM micrograph of coating impregnated with lanthanum nitrate (Reprinted with permission 
from ref.[73] Copyright 2006 Elsevier).
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(0.19 V) and Au0/Au3+ (1.69 V). Analogously, the galvanic deposition of 
Ag NPs on a Ni-microfiber surface can proceed automatically, of which 
the driving force comes from the large difference in potentials between 
Ni0/Ni2+ (−0.23 V) and Ag0/Ag+ (0.8 V).[79] Moreover, the big potential 
difference between Ni0/Ni2+ (−0.23 V) and Pd0/Pd2+ (0.95 V) allowed us 
to galvanically deposit Pd NPs on a Ni-foam surface to form a Pd/Ni- 
foam catalyst.[80] Based on this approach, a series of fiber/foam- 
structured catalysts were fabricated from nano- to macro-scales in one 
step for the exo-/endothermic and/or high throughput reactions.

Figure 8. (A) Schematic illustration for the top-down fabrication strategy of coupling dip-coating 
with seed-assisted VPT method. (B) Photograph and SEM images of the SS-fiber substrate. (C-E) 
SEM images of the representative HZSM-5/SS-fiber catalyst with 23.0 wt% HZSM-5, showing the 
monolithic and surface structures (Reprinted with permission from ref.[83] Copyright 2018 Elsevier).
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4.4. Chemical etching method

The precious metal NPs (such as Ag, Au, and Pd) can be effectively deposited 
onto some fiber/foam substrates via the galvanic reaction, but the base metals 
with low potentials (such as Ni, Fe, Cu, Co, Mn, and Zn) cannot be deposited 
through this way. Therefore, a chemical etching method was developed to 
functionalize the metal fibers and foams. For example, the monolithic Ni-foam 
tablets (such as 100 pores per inch, 2 mm thickness, equal diameter to reactor 
inner one) were directly immersed into a chemical etching solution (e.g., 1.0  
mM sodium dodecyl sulfate (C12H25OSO3Na), 0.2 M acetic acid (CH3COOH), 
and 0.3 M aluminum nitrate (Al(NO3)3)) at desired temperature for some 
time.[60] The as-etched tablets were washed with distilled water for several 
times, dried overnight, and calcined in air. Finally, a nanocomposite layer of 
NiO-Al2O3 could be generated and deposited onto the Ni-foam firmly and 
homogeneously. By simply adding cerium nitrate (Ce(NO3)3) to the above 
etching solution, a uniform catalytic layer consisting of NiO-CeO2-Al2O3 
nanocomposites of a 3 μm thickness can also be efficiently in situ formed 
onto the Ni-foam surface, by directly immersing a Ni-foam into the etching 
solution followed by calcination.[81] Several binary nanocomposites of Ni- 
MOx (M = Al, Zr, or Y) can be loaded onto the Ni-foam via such one-step 
wet chemical etching method.[82] What to be more noted is that the monolithic 
structure and high heat/mass transfer of Ni-foam were well retained after 
etching, which offers high quality for the strongly exo-/endothermic and/or 
high throughput reactions, such as the methanation of CO and/or CO2, 
catalytic oxy-methane reforming, dry reforming of methane, and catalytic 
combustion.

4.5. Solvothermal method

4.5.1. In-situ growth of ZSM-5 zeolite via hydrothermal synthesis
One microfibrous-structured ZSM-5 catalyst was obtained by direct growth of 
zeolite crystals onto a 3D porous network of 316 L stainless steel microfibers 
(SS-fiber).[10] Typically, the circular chips of SS-fiber substrate were seeded by 
ZSM-5 using the dip-coating method. Then, such seeded chips were placed 
into a Teflon-lined steel autoclave filled with a synthesis gel, followed by 
hydrothermal treatment. As-made ZSM-5/SS-fiber samples were directly cal-
cined in air at 550 °C for 5 h to remove the organic template and then 
converted into their H-form via the ion-exchange and calcination at 550 °C 
for 5 h.

To improve the ZSM-5 synthesis efficiency and reduce the synthesis cost, 
Ding et al. attempted to synthesize ZSM-5/SS-fiber (Figure 8) by the high- 
efficiency vapor-phase transport (VPT) method.[83] Typical VPT proce-
dures for the ZSM-5/SS-fiber preparation were as follows: circular chips 
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of SS-fiber were dipped into a synthesis sol containing silicalite-1 seeds 
(which was prepared according to the reported method[84]) and dried at 
100 °C to evaporate water. By repeating the dip-coating and drying opera-
tions, the content of dry gel coated on the SS-fiber could be accurately 
controlled in the range of 20–25 wt%. Subsequently, the circular chips of 
dry-gel/SS-fiber and ethylenediamine solution were transferred into 
a Teflon-lined stainless-steel autoclave, in which the circular chips were 
physically separated from the solution by a stainless steel mesh. The crystal-
lization was carried out at 180 °C for 120 h. After that, as-obtained pro-
ducts were dried at 100 °C, and then calcined at 550 °C for 5 h in air to 
remove the template.

In order to achieve a hierarchical porous structure in the ZSM-5 layer 
grown on SS-fiber, caramel was introduced into the synthesis system as a pore- 
forming agent.[85] Typically, circular chips of SS-fiber substrate were seeded 
with silicalite-1 (MFI-type)[84] by the dip-coating method. As-seeded chips 
and synthesis sol were sealed into a Teflon-lined stainless-steel autoclave and 
crystallized at 180 °C for 48 h. As-synthesized meso-ZSM-5/SS-fibers were 
rinsed thoroughly with water, dried at 100 °C overnight, and calcined in air at 
550 °C for 5 h.

Furthermore, a monolithic hollow-B-ZSM-5/SS-fiber catalyst was tailored 
through the seed (silicalite-1)-assisted dry-gel VPT method and subsequent 
alkali-leaching treatment.[86] First, the parent silicalite-1@B-ZSM-5/SS-fiber 
catalyst was obtained by direct growth of silicalite-1@B-ZSM-5 on a SS-fiber 
via the seed (silicalite-1)-assisted VPT method (detailed preparation in ref. 
[86]). Subsequently, the silicalite-1 core in the silicalite-1@B-ZSM-5 was 
leached out by alkali treatment in a mild Na2CO3 media at 60 °C for 6 h, 
leading to a great enhancement of mesoporosity development because of the 
abundant hollow structures left behind. After washing with deionized water 
thoroughly, the hollow-B-ZSM-5/SS-fiber was converted into its H-form via 
the ion-exchange and calcination at 550 °C for 5 h.

4.5.2. Endogenous growth of boehmite and/or alumina via steam-only oxidation
The Al2O3 is a widely used support for the heterogeneous catalysts due to its 
large surface area and high hydrothermal stability. Macroscopically engineer-
ing of Al2O3 honeycombs and open-cell foams still remains challenging owing 
to their poor mechanical strength, and the Al2O3 deposition on ceramic and 
metal materials by dip-coating techniques suffers from nonuniformity and 
exfoliation of coatings.[2] Recently, a promising route has been developed to 
achieve endogenous growth of AlOOH nanosheets (ns-AlOOH, which can be 
converted into γ-Al2O3 and/or α-Al2O3) via a steam-only oxidation method 
(based on the reaction: 2Al +4 H2O = 2AlOOH +3 H2) on various Al sub-
strates, such as the microfibers, foams, tubes, and foils.[87,88]
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4.5.3. Hydrothermal growth of layered double hydroxides
The layered double hydroxides (LDHs) are a family of naturally occurring or 
synthetic hydrotalcite-like materials, presenting the [Mg(OH)2] brucite-like 
layered structure. The divalent metal cations (such as Mg2+, Ni2+, Zn2+, Cu2+, 
and Mn2+) can be substituted with trivalent ones (such as Al3+, Fe3+, or Cr3+) 
within their brucite-like layers to give a positively charged layer, and the 
positive charge is balanced by a wide variety of anions (such as CO3

2-, SO4
2-, 

NO3
−, Cl−, or OH−) within their interlayer domain. Therefore, LDHs are 

represented by a common formula [M2+
1-xM3+

x(OH)2](An-)x/n∙mH2O.[89] It 
is expectable to obtain a metal oxide composite by designing a suitable LDHs- 
precursor with needed catalytically active metal cations and subsequently 
calcining in a controlled manner. As-made oxide composites are characteristic 
of large surface area, high thermal stability, and homogeneous distribution, 
thus attracting ever-growing interests in catalysis.[90–92]

In order to process these LDHs-derived oxides into qualified catalysts, 
Zhang et al. first reported a method, by which the LDHs can be fabricated 
on a porous anodic alumina/aluminum (PAO/Al) substrate via an in-situ 
crystallization technique.[93] Typically, the Ni(NO3)2 and NH4NO3 were dis-
solved in deionized water, and the solution pH was adjusted to 6.5 by adding 
1% aqueous ammonia solution; then, the PAO/Al substrates were placed 
vertically in the above solution inside a Teflon-lined stainless steel autoclave, 
which was placed in a water bath at 75 °C for 36 h. After the completion of 
LDHs growth, the samples were taken out of the autoclave, rinsed with 
ethanol, and dried at room temperature, and the NiAl-LDH/PAO/Al product 
was obtained. Subsequently, Wei et al.[94] fabricated a monolithic Cu-Co 
catalyst via the growth of CuCoAl-LDHs onto a monolithic Al substrate 
followed by a calcination-reduction treatment (Figure 9). This catalyst exhibits 
a potential application as a highly effective catalyst for the NH3BH3 decom-
position to produce hydrogen. It was verified that the high dispersion of Cu- 
Co species plays a key role in greatly enhancing the activity of this catalyst.

4.5.4. Endogenous growth via hydrothermal treatment
Some fibers and foams, such as Ni-fiber/-foam and Cu-fiber/-foam, have 
high chemical activity, which can be utilized to endogenously grow the 
catalytic layers (such as Ni- and Cu-containing layers) onto their parent 
fibers/foam surfaces. In a typical synthesis of a Ni-foam-structured Ni- 
based catalyst, the Ni-foam was first cleaned with a HCl aqueous solution 
in an ultrasonic bath for several minutes, thoroughly washed using deio-
nized water and absolute ethanol, and dried at 100 °C for 12 h; the NH4Cl 
and metal nitrates (such as Mn(NO3)2) were dissolved in distilled water 
under stirring; the Ni-foam was immersed into the above solution and was 
hydrothermally treated inside a Teflon-lined stainless steel autoclave at 
required temperature for some time; as-treated Ni-foam was washed several 
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times with ethanol and deionized water, and dried overnight to obtain 
a Ni(OH)2-Mn(OH)2/Ni-foam; finally, as-made sample was calcined in air 
to get Ni(OH)2-Mn(OH)2 converted into NiO-MnOx nanocomposites. 
During the hydrothermal reaction, Ni2+ ions were first dissolved from the 
Ni-foam (Ni +2 H+ = Ni2+ + H2) and then coprecipitated with Mn2+ ions 
(Ni2+ + Mn2+ +4OH− = Ni(OH)2 + Mn(OH)2) to form Ni(OH)2-Mn(OH)2 
onto the Ni-foam.[95] The Ni-foam not only serves as the support but also 
provides Ni2+ ions for the in-situ growth of Ni(OH)2-Mn(OH)2 nanosheets. 
Recently, a synthesis of a monolithic Cu-Zn/Al-foam catalyst was 
reported.[96] The pre-treated Al-foam was immersed in an aqueous solution 
of cupric oxalate and zinc acetate with a solution pH of ca. 7. The system 
was treated at 70 °C for 24 h, and as-obtained sample was calcined in air at 
350 °C for 4 h to obtain the final catalyst.

Figure 9. (A) X-ray powder diffraction (XRD) pattern of the CuCoAl-LDH precursor on an Al 
substrate. SEM images of (b) the CuCoAl-LDH precursor and (c) the monolithic Cu-Co catalyst. 
(d) TEM images of the monolithic Cu-Co catalyst (the inset shows the lattice fringes of metal Cu 
and spinel Co3O4, respectively) (Reprinted with permission from ref.[94] Copyright 2013 Royal 
Society of Chemistry).
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Moreover, a series of Ni-containing layers were endogenously grown onto 
Ni-foam by the solvothermal methods. To grow NiC2O4 nanorods onto the 
Ni-foam,[97] the oxalic acid dihydrate and NH4Cl were dissolved in deionized 
water and then transferred into a Teflon-lined stainless-steel autoclave. The 
Ni-foam was then placed into the autoclave and hydrothermally treated at 100 
°C for 24 h. After cooling to room temperature, the Ni-foam coated with 
a green layer of NiC2O4·2 H2O was rinsed with deionized water for several 
times. Finally, the resulting sample was dried in air at 80 °C to obtain a NiC2O4 
/Ni-foam. For the growth of the nickel terephthalate (Ni-Tp) nanosheets,[98] 

the Ni-foam was immersed into an N,N-dimethylformamide solution of 
terephthalic acid and Ni(NO3)2·6 H2O, and then was transferred into a Teflon- 
lined stainless steel autoclave followed by heating at 150 °C for 24 h. After that, 
the resulting sample was rinsed with deionized water and absolute ethanol for 
several times and then dried overnight at 80 °C to obtain a Ni-Tp/Ni-foam. For 
the growth of the nanosheet-like Ni(OH)2 onto a Ni-foam,[99] the urea and Ni 
(NO3)2·6 H2O were dissolved in an aqueous solution of NH4F, the Ni-foam 
was immersed into the above-obtained solution, followed by heating at 100 °C 
for 12 h. The resulting sample was then rinsed successively with deionized 
water and dried overnight at 80 °C to obtain a Ni(OH)2/Ni-foam.

4.6. Cross-linking molecules assistant self-organization

The core@shell nanostructure with core NPs encapsulated into oxide shells is 
a promising protocol to enhance the catalyst stability.[100,101] The catalytically 
active core NPs are isolated by the outer shell, thus preventing their sintering 
in the reactions at high temperature and/or with strong exothermicity. 
A typical model of the core@shell nanostructure is Pt@SiO2 that was tailored 
via the colloidal synthesis of 14-nm Pt cores followed by the polymerization of 
17-nm-thick SiO2-shell around the Pt cores.[102] This nanostructure exhibited 
a high stability during the ethylene hydrogenation reaction, a typical strongly 
exothermic reaction. Recently, a hierarchical catalyst was designed and pre-
pared in two steps[103]: pre-organization of Pd@CeO2 subunits consisting of 
a 2 nm Pd core and a ceria (CeO2) shell and homogeneous deposition on 
a modified hydrophobic alumina. The Pd cores are still isolated even after 
being subjected to 850 °C calcination and show an excellent stability for the 
CH4 oxidation. Very recently, a new Au@CeO2 catalyst was facilely synthe-
sized using a redox-coprecipitation strategy,[104] where a redox reaction 
between the core and shell precursors permits spontaneous formation of 
a core@shell structure in one step. This catalyst shows a high durability for 
the alkynes semihydrogenation. However, several problems hamper their 
applications in heterogeneous catalysis,[105–107] such as the lack of a strategy 
for bulk production, complicated synthesis, and low mass/heat transfer and 
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high pressure drop of randomly packed catalyst bed for the strongly exo-/ 
endo-thermic and/or high throughput reaction processes.

Based on the cross-linking molecules having multi-functional-groups, Lu et al. 
reported a chemically/economically affordable strategy to organize the core@-
shell-like structure (core NPs encapsulated into oxide mesoporous-matrix) while 
firmly embedding them onto a monolithic fiber in one step.[11] The 3-aminopro-
pyltriethoxysilane (APTES)-assisted organization of a Pd@SiO2/ns-Al2O3/Al-fiber 
catalyst is taken as an example to display this strategy (Figure 10).[11,108] Typically, 
the AlOOH nanosheets were endogenously grown onto a 3D network of 60-μm 
Al-microfiber mat via the steam oxidation method (to see 4.5.2). The palladium 
acetate (Pd(Ac)2) was dissolved into acetone, and the cross-linking agent APTES, 
as well as the as-made AlOOH/Al-fiber substrate was added to this solution. The 
chelation between the -NH2 in APTES and single-metal-ion of Pd2+ occured; 
simultaneously, the silanization reaction occurred between the -Si-O-CH2-CH3 in 
APTES and -OH of AlOOH on the Al-fiber surface to form Al-O-Si bonds. 
Subsequently, some water was added to the system and the rest -Si-O-CH2-CH3 
polymerized in the presence of water to form Si-O-Si bonds.[109] After treating at 
100 °C for 2 h, a cross-linked organic-inorganic hybrid catalyst precursor of Pd2+- 
APTES-AlOOH/Al-fiber with Pd2+ chelated in the network of APTES-AlOOH 
was formed, which was finally transformed into the Pd@SiO2/ns-Al2O3/Al-fiber 
catalyst by calcining at 450–600 °C in air and then reducing at 150–400 °C in H2. 

Figure 10. Schematic representation of one-step “macro-micro-nano” organization for embedding 
the oxide-encapsulated-nanoparticles onto monolithic-substrates with the aid of cross-linking 
molecules (Reprinted with permission from ref.[11] Copyright 2016 Royal Society of Chemistry).
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Notably, the calcination treatment also plays a pivotal role in the organization 
process, because the pyrolysis of remaining alkyl chains in the APTES could 
produce H2 and CH4, which facilitates the formation of mesopores inside the 
SiO2 matrix. Expectably, these monolithic structured core@shell-like catalysts are 
qualified for typical harsh reactions, such as the catalytic combustion of methane 
and volatile organic compounds, because these catalysts uniquely combine both 
the advantages of the high stability of core-shell-like structures and enhanced heat/ 
mass transfer of the monolithic metal substrates.

4.7. Reaction-induced method

Ever-increasing studies have demonstrated that the catalyst structures are 
sensitive to the ambient atmosphere and could even be induced into an 
optimum state in the reaction stream. A typical example of this observation 
is the Rh0.5Pd0.5 NPs capable of undergoing the segregation of metals, driven 
by the oxidizing and reducing environments[110]: in the oxidizing NO and O2 
environments, Rh migrated to the shell and was almost completely oxidized; 

Figure 11. SEM images of (a) Ni-wire, (b-c) 3D-Ni, and (d-i) 3D-NiCo2O4/3D-Ni: (d,g) cross-section 
image. (e) Plain view images. (f-i) High magnification images (Reprinted with permission from ref.[116] 

Copyright 2016 Royal Society of Chemistry).
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while in the reducing CO and H2 environments, RhOx was reduced, with Rh 
atoms migrating to the core and Pd atoms to the shell. Moreover, the homo-
geneous nanoalloy of PdZnx is induced into a heterostructure of PdZny@(x-y) 
ZnO in the methanol reforming process (CH3OH + H2O = 3 H2 + CO2),[111] 

and the Co3O4-nanorod supported single-site Pt catalyst is successfully in situ 
induced into PtnCom/CoO1-x for the water-gas shift reaction (CO + H2O = H2  
+ CO2).[112] Hence, it is wondered whether an optimum structure could be 
induced more directly from the initial precursors, nitrates for instance, by 
reaction itself. Recently, a monolithic catalyst of Ti-microfiber-supported 
binary-oxide composites was engineered from nano- to macro-scales for the 
gas–phase aerobic oxidation of alcohols to aldehydes.[113] The catalyst was 
obtained by placing the transient metal (e.g., Ni, Co, Cu, and/or Mn) nitrates 
onto the fiber surface by the impregnation method, and the as-supported 
nitrates were subsequently transformed into binary-oxide nanocomposites in 
the real reaction stream at 300 °C. More recently, a monolithic Al2O3/Al-fiber 
(the detailed preparation in 4.5.2) structured InNi3C0.5 catalyst was developed 
for the reverse water-gas shift reaction.[114] The Ni and In nitrates were 
supported onto the Al2O3/Al-fiber by the impregnation method, and these 
nitrates were transformed into a NiO-In2O3 binary-oxide composite after 
calcination. Finally, the as-obtained NiO-In2O3/Al2O3/Al-fiber was performed 
in the real reaction stream (CO2 + H2 = CO + H2O) at 500–600 °C to be 
transformed into the InNi3C0.5/Al2O3/Al-fiber catalyst.

4.8. Direct growth of needed catalytic compounds

Some monolithic fiber and foam substrates are made of transition metals, such 
as Ni-fiber/-foam and Cu-fiber/-foam. They not only act as the catalyst sup-
port but also can furnish the catalytic species, such as NiO in a Ni-fiber 
supported Au@NiO composite,[77] Cu+ in a Cu-fiber supported PdAuCu+ 

composite,[115] and Ni NPs in a Ni-foam supported Ni-CeO2-Al2O3 
composite.[81] Clearly, these elements are from the substrates and then are 
evolved into catalytic form either via the controllable treatment or under 
reaction conditions (detailed information in the following sections). More 
interestingly, some compounds can be grown directly on substrates. For 
example, the spinel/perovskite oxides, NiSx, NiPx, and Ni-based alloys can 
be controllably grown onto a Ni-foam/-fiber.

The NiCo2O4 electro-active material was grown onto a 3D-Ni/Ni-wire 
current collector (Figure 11).[116] The 3D-Ni was first prepared by the electro- 
deposition method in the presence of hydrogen bubble templates, which has 
porous dendritic walls with many active sites and short diffusion path length. 
Then, the bimetallic (Ni, Co) hydroxides were co-electrodeposited onto the 
3D-Ni, followed by calcination at 300 °C to yield spinel NiCo2O4. Recently, 
Zhu et al.[117] reported a growth of NiFe2O4-NiO onto a Ni-foam as follows: 
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the Ni-foam initially underwent a hydrothermal treatment to create a porous 
layer of Ni(OH)2 nanosheets on the foam struts; the as-obtained Ni(OH)2/Ni- 
foam was then impregnated with an aqueous solution of iron(III) nitrate and 
calcined in air to produce a NiFe2O4-NiO/Ni-foam catalyst.

A monolithic Ni3S2/Ni-foam electrocatalyst was obtained via growing the 
highly active Ni3S2 nanosheets on a highly conductive Ni-foam 
(Figure 12).[118] The Ni-foam was ultrasonically cleaned with acetone and 
then with an HCl solution and subsequently washed with water and ethanol 
for several times. The cleaned Ni-foam was submerged into a Teflon-lined 

Figure 12. (A,b) Digital images, (c) XRD pattern, and (d-f) top-view SEM images of the Ni3S2/Ni- 
foam. (g) HRTEM image of the Ni3S2/Ni-foam (Reprinted with permission from ref.[118] Copyright 
2015 American Chemical Society).
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stainless steel autoclave that was filled with a thiourea solution and treated at 
150 °C for 5 h. The resulting material was washed with ethanol for several 
times and dried in vacuum at room temperature to obtain final Ni3S2/Ni-foam 
product. Lu et al. fabricated a Ni-foam-structured NixP catalyst for the gas- 
phase dimethyl oxalate hydrogenation to methyl glycolate.[119] In the typical 
synthesis, the NH4Cl and Ni(NO3)2 were dissolved in deionized water, and the 
Ni-foam was cut into circular shape with a diameter of 8.0 mm. Then, the 
solution and Ni-foam chips were transferred into a Teflon-lined stainless steel 
autoclave and kept 100 °C for 3 h. After that, the resulting Ni(OH)2/Ni-foam 
sample was washed with deionized water and dried at 100 °C for 12 h. 
Subsequently, the Ni(OH)2/Ni-foam was placed in a quartz tube, and sodium 
hypophosphite was placed in its front. The phosphorization reaction was 
conducted in N2 atmosphere at 300 °C for 2 h. What to be particularly noted 
is that phosphine, formed by the decomposition of sodium hypophosphite 
during the phosphorization process, is virulent and inflammable, and thus the 
effluent gas must be absorbed by a sodium hypochlorite solution to remove it.

4.9. Comparison on different non-dip-coating methods

Many methods for fabricating the fiber/foam-structured catalysts are pre-
sented in this review. What to be noted is that there is no a universal method 
appropriate for preparing all kinds of catalysts, and the different catalysts 
require different preparation methods. Therefore, a right method is of sig-
nificance to prepare a suitable fiber/foam-structured catalyst. To facilitate the 
selection of an appropriate method, the advantages and disadvantages of these 
methods are summarized in Table 1.

5. Heterogeneous catalysis applications

Prior to reviewing the applications of as-fabricated fiber/foam-structured 
catalysts in heterogeneous catalysis, corresponding preparation methods, 
and catalytic applications of these catalysts are summarized in Table 2 for 
convenience.

5.1. Oxidation

5.1.1. Gas-phase oxidation of alcohols to aldehydes/ketones
The gas-phase oxidation of alcohols using oxygen (or air) in the presence of 
heterogeneous catalyst is a “green” process to produce “clean” aldehydes and 
ketones on an industrial scale. Because of the strong exothermicity of this 
process, the major challenge is to tailor desirable catalysts that are active and 
selective at low temperatures (to avoid fast catalyst deactivation) integrated 
with high thermal conductivity (helpful for rapidly dissipating reaction heat) 

26 G. ZHAO ET AL.



to improve their energy/production efficiency and stability. Some Ag-based 
catalysts such as the electrolytic Ag and supported nano-Ag catalysts have 
been employed for the gas-phase alcohol oxidation in a packed-bed 
reactor.[120–122] The electrolytic Ag has high thermal conductivity, but its 
catalytic activity is very low; the oxides such as Al2O3 and SiO2 supported 

Table 1. Advantages and disadvantages of the catalytic-functionalization methods.
Method Advantage Disadvantage

Spray deposition 
method

In principle, applicable to all kinds of supporting 
materials sprayed onto the surface of fiber/foam 
substrates with high adhesion; 
Easy controlling of loading, porosity, and specific 
surface area of as-sprayed materials; 
Easy preparation and scaling up.

Uneven spraying at micro scale; 
Inapplicable to thick and/or 
multilayered fiber/foam 
substrates; 
Inapplicable to spraying some 
catalytic components.

Electrophoretic 
deposition method

Even deposition of supporting materials onto the 
surface of fiber/foam substrates with high 
adhesion; 
Easy to control loading, porosity, and specific 
surface area of as-deposited materials; 
Easy preparation and scaling up.

Inapplicable to electrophoretically 
depositing some catalytic 
components.

Galvanic replacement 
deposition method

In-situ growth and even deposition of catalytic 
components with high adhesion; 
Easy preparation and scaling up.

Only applicable to depositing 
precious metal NPs (such as Ag, 
Au, and Pd); 
Difficult to control the size and 
shape of catalytic components.

Chemical etching 
method

In-situ growth and even distribution of catalytic 
components with high adhesion; 
Easy to control loading, porosity, and specific 
surface area of catalytic components; 
Easy preparation and scaling up.

Difficult to control the size of 
catalytic components; 
Low utilization of raw materials.

In-situ growth of 
zeolite

In-situ growth and even distribution of zeolites with 
high adhesion; 
Easy preparation and scaling up; 
Easy to control loading of zeolites.

Low utilization of raw materials; 
Inapplicable to in-situ growth 
of other materials.

Endogenous growth of  
AlOOH/Al2O3

In-situ growth and even distribution of AlOOH/Al2O3 

with high adhesion; 
Easy preparation and scaling up; 
Easy to control loading.

Low universality (only applicable 
to Al substrates).

In-situ growth of LDHs In-situ growth and even distribution of LDHs with 
high adhesion; 
Easy preparation and scaling up; 
Easy to control loading.

Low utilization of raw materials.

Endogenous growth 
via hydrothermal 
treatment

In-situ growth and even distribution of catalytic 
components with high adhesion; 
Easy preparation and scaling up; 
Easy to control loading.

Too few types of catalytic 
components in situ grown by 
this method; 
Low utilization of raw materials.

Cross-linking 
molecules assisted 
self-organization

In-situ growth and even distribution of core@shell 
components with high adhesion; 
Easy preparation and scaling up; 
Easy to control loading.

Too few types of cross-linking 
molecules.

Reaction-induced 
method

In-situ growth and even distribution of catalytic 
components with high adhesion; 
Easy preparation and scaling up; 
Easy to control loading.

Difficult to control the size of 
catalytic components; 
Too few types of catalytic 
components in situ grown by 
this method.

Direct growth of 
needed catalytic 
compounds

In-situ growth and even distribution of catalytic 
components with high adhesion; 
Easy preparation and scaling up; 
Easy to control loading.

Too few types of catalytic 
components in situ grown by 
this method.
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Table 2. Preparation methods and applications of the fiber/foam-structured catalysts.
Catalyst Preparation method Application Ref.

Ag/LTA/Cu-grid Seed-assisted hydrothermal synthesis of LTA zeolite, 
and electrolytic deposition of Ag species

Gas-phase benzyl alcohol 
oxidation to benzaldehyde

121

Ag/Ni-microfiber Galvanic replacement deposition method Gas-phase benzyl alcohol 
oxidation to benzaldehyde

79

Au/Cu-microfiber Galvanic replacement deposition method Gas-phase benzyl alcohol 
oxidation to benzaldehyde

78

Au/Ni-microfiber Galvanic replacement deposition method Gas-phase benzyl alcohol 
oxidation to benzaldehyde

126

CoO@Cu2O/Ti- 
microfiber

Reaction-induced method Gas-phase benzyl alcohol 
oxidation to benzaldehyde

113

CoO@Cu2O/Ti- 
microfiber

Reaction-induced method Gas-phase ethanol oxidation 
to acetaldehyde

128

Pt/γ-Al2O3/FeCrAl- 
foam

Washcoating method Preferential oxidation of CO 130

Au-α-Fe2O3/ns-γ-Al2 

O3/Al-fiber
Endogenous growth of Al2O3, hydrothermal growth 

of α-Fe2O3, and deposition-precipitation of Au 
nanoparticles

CO oxidation 129

CuO-CeO2/AlOOH/ 
Al-fiber

Endogenous growth of AlOOH, hydrothermal growth 
of CuO-CeO2

Preferential oxidation of CO 131

Mn2O3-Na2WO4/SiC- 
foam

Washcoating method Oxidative coupling of 
methane

135

CeO2-Na2WO4-Mn2 

O3/SBA-15/Al2O3 

/FeCrAl

Washcoating method Oxidative coupling of 
methane

136

TiO2-Mn2O3-Na2WO4 

/SiC-foam
Washcoating method Oxidative coupling of 

methane
137

TiO2-Mn2O3-Na2WO4 

-foam
Molding method Oxidative coupling of 

methane
138

Cr/SBA-15/Al2O3 

/FeCrAl-foil
Washcoating method Oxidative dehydrogenation of 

ethane
142

Nb2O5-NiO/Ni-foam Endogenous Ni(OH)2 growth via hydrothermal 
treatment followed by Nb modification and 
calcination treatment

Oxidative dehydrogenation of 
ethane

143

InNi3C0.5/Al2O3/Al- 
fiber

Endogenous growth of Al2O3, and supporting of 
InNi3C0.5

Reverse water gas shift 114

Cu-Zn/Al-foam Hydrothermal growth method CO2 hydrogenation to 
methanol

96

Pd-Au/Cu-fiber Galvanic replacement deposition method Dimethyl oxalate 
hydrogenation to ethylene 
glycol

115

InNi3C0.5/Ni-foam Hydrothermal growth of NiC2O4, and subsequent 
carburization to form InNi3C0.5

Dimethyl oxalate 
hydrogenation to ethylene 
glycol

156

Ag-CuOx/Ni-foam Galvanic replacement deposition method Dimethyl oxalate 
hydrogenation to methyl 
glycolate

157

NixP/Ni-foam Direct growth of NixP Dimethyl oxalate 
hydrogenation to methyl 
glycolate

119

FeNi3-FeOx/Ni-foam Direct growth of NiFe2O4-NiO followed by reduction 
treatment

Dimethyl oxalate 
hydrogenation to ethanol

117

Pd/AlOOH/Al-fiber Endogenous growth of AlOOH, and supporting of Pd 
by impregnation method

Semihydrogenation of 
acetylene

167

Ni-Al2O3/FeCrAl-foil Percolation-blowing method Steam methane reforming 171
Ni@SiO2/Al2O3 

/FeCrAl-fiber
Cross-linking molecules assistant self-organization 

method
Dry reforming of methane 176

NiO-MgO-Al2O3 

/FeCrAl-fiber
In-situ hydrothermal growth of LDHs followed by 

calcination treatment
Dry reforming of methane 177

CeO2-NiO-Al2O3 

/FeCrAl-fiber
In-situ hydrothermal growth of LDHs followed by 

CeO2 modification
Catalytic oxy-methane 

reforming
182

Rh/Al2O3/FeCrAl- 
fiber

Washcoating of Al2O3, and incipient wetness 
impregnation with Rh species

Catalytic oxy-methane 
reforming

183

(Continued)
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nano-Ag catalysts possess higher activity, but the weak thermal conductivity of 
used oxides induces hotspots in the catalyst bed, which not only severely 
degrade the catalyst performance but also cause the bed temperature runaway. 
A possible solution is to render novel catalysts that achieve the coupling of 
good low-temperature activity/selectivity and high thermal conductivity. To 
accomplish this goal, an LTA-zeolite/Cu-grid supported nano-Ag catalyst 
(Figure 13) is developed for the gas-phase benzyl alcohol oxidation to 
benzaldehyde.[121] This catalyst delivered a 60% conversion with a 90% selec-
tivity at 320 °C. Notably, the zeolite film thickness is several micrometers, and 
some hotspots unavoidably emerge to some extent. In order to further 
enhance the catalyst heat-transfer and activity, a series of metal-microfiber- 

Table 2. (Continued).
Catalyst Preparation method Application Ref.

Ni/Co3O4/ceramic- 
foam

Washcoating method Glycerol and biomass 
reforming

196

Ni/ceramic-foam Washcoating method Glycerol and biomass 
reforming

197

Ni-Al2O3/Ni-foam Chemical etching method CO2 methanation 60
Ni-CeO2-Al2O3/Ni- 

foam
Chemical etching method CO methanation 81

HZSM-5/SS-fiber In-situ hydrothermal growth of zeolite Methanol to olefins 10
Hollow-B-ZSM-5/SS- 

fiber
In-situ hydrothermal growth of zeolite Methanol to olefins 86

Fe-Mn-K/ns-Al2O3 

/Al-fiber
Endogenous growth of Al2O3, and supporting of Fe- 

Mn-K
Fischer-Tropsch synthesis 223

Pd/Ni-foam Galvanic replacement deposition method Catalytic combustion of 
methane

80

Pd@SiO2/ns-Al2O3 

/Al-fiber
Cross-linking molecules assistant self-organization 

method
Catalytic combustion of 

methane
11

Pd-MgO-Al2O3/Al- 
fiber

In-situ hydrothermal growth of LDHs followed by 
calcination treatment

Catalytic combustion of 
methane

233

Co-MnOx/ns-Al2O3 

/Al-fiber
Endogenous growth of Al2O3, and supporting of Co- 

MnOx
O3 decomposition 234

Pd-Co-MnOx/Al2O3 

/Al-fiber
Endogenous growth of Al2O3, stepwise supporting 

of Co-MnOx and Pd
O3 decomposition 235

NiO-MnOx/Ni-foam Endogenous growth of Ni(OH)2-Mn(OH)x followed 
by calcination treatment

NH3-SCR 95

Pd/Ce0.66Zr0.34O2/ 
TiO2/Al2O3/WMH

Electrophoretic deposition method NH3-SCR 245

TiO2@Fe2O3/Al2O3 

/Al-mesh
Cross-linking molecules assisted self-organization 

method
NH3-SCR 246

Pd@SiO2/ns-Al2O3 

/Al-fiber
Cross-linking molecules assisted self-organization 

method
Catalytic combustion of 

volatile organic compounds
11

Nafion-SiO2/SS-fiber Washcoating method Benzene-HNO3 nitration 249
ZSM-5/SS-fiber In-situ hydrothermal growth of zeolite Esterification of acetic acid 

with ethanol by catalytic 
distillation

250

Ni3S2/Ni-foam Direct growth of Ni3S2 Oxygen evolution reaction 
and hydrogen evolution 
reaction

118

Hollow Cu-fiber Phase-inversion/sintering method Electroreduction of CO2 to CO 257
Hollow-Ag-fiber Phase-inversion/sintering method Electroreduction of CO2 to CO 258
NiCo2O4/3D-Ni/Ni- 

wire
Direct growth of NiCo2O4 Supercapacitors 116

PANi-CNTs/Ni- 
microfiber

Washcoating method Supercapacitors 263
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structured catalysts are developed by the method in 4.3. One early typical 
catalyst is an 8 μm Ni-microfiber-structured nano-Ag catalyst,[79] offering 
a 90–95% benzyl alcohol conversion with a 95–97% benzaldehyde selectivity 
at a relatively low temperature of 300 °C. Thanks to the high heat-transfer of 
Ni-microfiber, the catalyst is free of bulk-coke formation and is stable for at 
least 120 h.

In the last three decades, supported Au NPs catalysts have showed wide 
outstanding catalytic activity in many reactions.[123,124] Several nano-Au cat-
alysts, such as Au/SiO2 and Au-Cu/SiO2,[125] have also been prepared for the 
gas-phase selective oxidation of benzyl alcohol. In consideration of the extra-
ordinary activity of Au NPs and the enhanced heat/mass transfer of metal- 
microfibers, it is possible to develop a novel catalyst by embedding Au NPs 
onto certain metal microfiber surfaces. To check this idea, an Au/Cu- 
microfiber catalyst was prepared by the galvanic deposition method (for 
details to see in 4.3), achieving the coupling of high heat-transfer and low- 
temperature activity for the gas-phase benzyl alcohol oxidation (>92% benzyl 
alcohol conversion and 97% benzaldehyde selectivity at 250 °C).[78] The low- 
temperature activity stems from the “AuCu-Cu2O” nanocomposites with 
synergistic effect between the AuCu-alloy and Cu2O that were in situ formed 
during the reaction. However, its reported lifetime at 250 °C was only 50 h 

Figure 13. SEM images of the (a) bulk electrolytic Ag catalyst, (b) LTA-zeolite/Cu-grid, (c) LTA- 
zeolite film, and (d) Ag/LTA-zeolite/Cu-grid. (e) TEM image of the Ag/LTA-zeolite/Cu-grid 
(Reprinted with permission from ref.[121] Copyright 2005 Elsevier).
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because the Cu microfiber is so slender as to be easily powdered during long- 
term testing. In order to improve the stability, another Au/Ni-microfiber 
catalyst of the same type was subsequently prepared also with the aid of 
galvanic reaction between the HAuCl4 and Ni-microfiber.[126] Via the galvanic 
reaction (3Ni + 2HAuCl4 = 2Au + 3NiCl2 +2HCl), the “Au-NiCl2” composites 
were in situ formed and firmly anchored onto the Ni-microfiber surface; along 
with activation in the reaction stream at 380 °C, the “Au-NiCl2” was then 
transformed into “Au@NiO” nanocomposites.[77] The resulting Au/Ni- 
microfiber catalyst, with high thermal conductivity, is highly active, selective, 
and stable for the mild gas-phase oxidation of alcohols. For example, a high 
benzyl alcohol conversion of 94–96% with >99% benzaldehyde selectivity 
could be stably obtained within 700-h running at 250 °C. The X-ray photo-
electron spectroscopy combined with X-ray absorption near-edge structure 
revealed that a Ni2O3-Au+ hybrid site is formed and is the genesis of the 
outstanding low-temperature activity.[127]

Recently, a series of Ti-microfiber-structured binary-oxide catalysts were 
engineered by the method in 4.7, for the gas-phase aerobic oxidation of benzyl 
alcohol to benzaldehyde.[113] Among them, the CoO@Cu2O/Ti-microfiber 
(with 2.5 wt% CoO and 2.5 wt% Cu2O loadings) was found to be an out-
standing catalyst, delivering a 93.5% benzyl alcohol conversion with a 99.2% 
benzaldehyde selectivity at 230 °C (boiling point of benzyl alcohol of 210 °C). 
The reaction-induced formation of “CoO@Cu2O” ensembles (i.e., larger CoO 
NPs partially covered with smaller Cu2O clusters) was revealed to account for 
the substantially improved low-temperature activity, in nature, due to the 
enhanced Cu2O-CoO interface. Also, the CoO@Cu2O ensembles were suc-
cessfully structured on a SiC-foam via the reaction-induced method for the 
gas-phase ethanol oxidation to acetaldehyde (Figure 14),[128] achieving a 92% 
ethanol conversion with a 96% acetaldehyde selectivity at 260 °C.

5.1.2. CO oxidation
The oxidation of CO to CO2 at low temperature plays a key role in the air 
cleanup, automotive emission control, and H2 cleanup for fuel cells. In parti-
cular, in terms of gas masks and air purifiers, the catalysts with high activity 
and long-term stability at high gas hourly space velocity (GHSV) are needed in 
a wide temperature window under the harsh conditions, containing, for 
instance, high CO and humidity levels.[129] The Au NPs supported on FeOx 
are a promising type of catalysts for the CO oxidation. One challenge for their 
applications in the real world is to tailor a novel monolithic catalyst to meet the 
fundamental criteria (such as high catalyst utilization efficiency and low 
pressure drop) needed for the high throughput processes.

Sirijaruphan et al.[130] reported a FeCrAl-foam-structured Pt/γ-Al2O3 for 
the CO selective oxidation in H2. In comparison with the Pt/γ-Al2O3 counter-
part, the foam-structured catalyst offers interesting possibilities for 
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commercial application due to the low pressure drop, excellent flow charac-
teristics through the foam, and high heat transfer properties. Tao et al.[129] 

prepared an active thin-felt Au-α-Fe2O3/ns-γ-Al2O3/Al-fiber catalyst by 
hydrothermal growth of α-Fe2O3 onto the ns-γ-Al2O3 layer structured on an 
Al-fiber (see 4.5.2 for detailed preparation) and subsequent Au NPs deposition 
via the urea-assisted deposition-precipitation method. The Au-α-Fe2O3/ns-γ- 
Al2O3/Al-fiber catalyst effectively couples low-temperature CO oxidation 
activity as well as improved water vapor tolerance with enhanced catalyst 
accessibility and permeability. The promising catalyst with only 0.14 wt% Au 
and 1.4 wt% α-Fe2O3 is capable of fully or 40% oxidizing CO into CO2 at 25 or 
0 °C for a feed gas of 2 vol% CO and 0.3 vol% water vapor in air at a high linear 
velocity of 0.7 cm s−1, using a GHSV of 25,200 mL gcat

−1 h−1. Moreover, this 
catalyst performed robustly for at least 230 h under the changeable tempera-
ture conditions. Recently, Lu et al.[131] further employed the monolithic Al- 
fiber substrate to fabricate a CuO-CeO2/AlOOH/Al-fiber catalyst for the 
preferential oxidation of CO in H2, which also shows enhanced catalyst 
accessibility and permeability.

5.1.3. Oxidative coupling of methane
The oxidative coupling of methane (OCM) is considered to be a promising 
route to directly convert methane into light olefins in the presence of mole-
cular oxygen. It has been well indicated by many studies that the OCM is 
a sequential process combining heterogeneous-catalysis and homogeneous- 
coupling to achieve the methane-to-olefins transformation.[132] Among the 
numerous catalysts, Mn2O3-Na2WO4/SiO2 is a classic one able to convert 20– 

Figure 14. Reaction-induced self-assembly of CoO@Cu2O nanocomposites onto SiC-foam for the 
gas-phase oxidation of bioethanol to acetaldehyde (Reprinted with permission from ref.[128] 

Copyright 2017 Wiley-VCH).
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30% CH4 with 70–80% C2–3 selectivity at 800–900 °C.[133] Recently, Lu et al.-
[134] reported that the TiO2-doping of this catalyst can substantially lower the 
OCM light-off temperature, achieving ~20% conversion and ~70% selectivity 
at 650 °C; in nature, this is due to the in-situ formation of MnTiO3 that enables 
the Mn2O3 ↔ MnTiO3 redox reaction with CH4/O2 to be triggered at such low 
temperature.

However, the practical application of these catalysts still stalled, because of 
the strong exothermicity of this reaction (2CH4 + O2 = C2H4 +2 H2O, ΔH =  
−165 kJ mol−1) that will cause severe hotspots in packed beds and deteriorate 
C2–3 yields. To address this issue, foam-structured catalysts were developed to 
couple the enhanced heat transfer so as to benefit the temperature control in 
catalyst bed, which is a key feature for scale-up process throughout the 
commercial application. For example, a Mn2O3-Na2WO4/SiC-foam catalyst 
(Figure 15a) is developed for the OCM reaction,[135] achieving 24–25% CH4 
conversion at 850 °C with a lower CO2 selectivity (21% vs. 24% for the Mn2O3- 
Na2WO4/SiO2). A dual-bed reactor was constructed with upper-layer Na2 
WO4-Mn2O3/SiO2 particulate catalyst and under-layer CeO2-Na2WO4-Mn2 
O3/SBA-15/Al2O3/FeCrAl monolithic catalyst as well as a side tube in the 
interspaces of the two layers for supplementing O2 (Figure 15b).[136] This dual- 
bed reactor exhibits a good OCM performance with 33.2% CH4 conversion, 
67.6% C2 selectivity, and 22.4% C2 yield at 800 °C, which are, respectively, 
increased by 6.4%, 4.1%, and 5.5% in comparison with the single-bed reactor 
of particulate Na2WO4-Mn2O3/SiO2, and by 10.7%, 31.9%, and 17.7% com-
pared to the CeO2-Na2WO4-Mn2O3/SBA-15/Al2O3/FeCrAl monolithic 

Figure 15. (A) SEM images of Na2WO4-Mn2O3/SiC-foam (Reprinted with permission from ref.[135] 

Copyright 2008 Elsevier). (b) Schematic diagram of dual-bed reactor (Reprinted with permission 
from ref.[136] Copyright 2012 Elsevier).
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catalyst bed. Recently, Lu et al.[137] reported a SiC-foam-structured TiO2-Mn2 
O3-Na2WO4 catalyst with strong mechanical strength and robustness 
stemmed from the formation of interpenetrating nanorod structure in the 
catalyst layer. At 0.35 MPa, an interesting OCM performance of 18% CH4 
conversion and 72% C2–3 selectivity could be obtained for a feed gas (no 
dilution) with the CH4/O2 molar ratio of 6.5/1, at 800 °C and a GHSV of 
20,000 h−1. In order to improve the catalyst activity, they further tailored a self- 
structured monolithic foam-catalyst by directly molding the TiO2-Mn2O3-Na2 
WO4 components.[138] This self-structured catalyst can increase the number of 
active sites, helpful to lower the OCM reaction light-off temperature. Over the 
preferred catalyst, a CH4 conversion of 25.3% with a C2–3 selectivity of 71.6% 
was achievable at 740 °C, 0.1 MPa, and a GHSV of 6000 h−1 for a feed gas (no 
dilution) with the CH4/O2 molar ratio of 5/1, and held unchanged for at least 
100 h.

5.1.4. Oxidative dehydrogenation of ethane
Owing to one important reason that ethane is abundant in natural gas, and in 
particular, the shale gas revolution in recent years significantly enriches the 
ethane resources, ethane-to-ethylene conversion (in terms of oxidative dehy-
drogenation of ethane (ODE), steam cracking, and catalytic dehydrogenation) 
tantalizes global enthusiasm. The latter two suffer from their thermodynamic 
constraints and high operation temperature (>700 °C), while the ODE is thus 
more competitive, benefitting from its oxidative feature that can cast off the 
thermodynamic limitation and lower the operation temperature (350–550 
°C).[139] Despite the numerous catalytic materials that have been reported, 
such as MoVTeNbO[140] and Nb2O5-NiO,[141] practical use of these materials 
remains a big challenge because their poor heat transfer is detrimental to the 
rapid dissipation of reaction heat from this strongly exothermic process (ΔH  
= −104.2 kJ mol−1). From the viewpoint of heat transfer enhancement, thus, 
structured catalysts are promising for applications in this reaction process.

A FeCrAl-foil structured catalyst of Cr/SBA-15/Al2O3/FeCrAl-foil for the 
ODE with CO2 was developed according to the method in ref.[142] Ethane 
conversion and ethylene selectivity were 66.5% and 99.5% at 750°C, respec-
tively, and could be stabilized for over 1130 h. The Cr6+ species are most likely 
responsible for the high activity. Recently, Lu et al.[143] developed a Ni-foam 
structured Nb2O5-NiO catalyst for the ODE with O2. The Ni-foam was 
hydrothermally treated to grow Ni(OH)2 nanosheets of 20 nm in thickness 
onto its surface (preparation method in 4.5.4) followed by Nb2O5 modification 
to obtain the Nb2O5-NiO/Ni-foam, which achieved a 60% conversion with an 
80% selectivity and was stable for at least 240 h. It was revealed that the 
modification of NiO by Nb2O5 remarkably reduced the nonselective O2

− 

species thereby substantially suppressing the combustion reaction. More 
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notably, the intensified heat transfer of these structured catalysts is of great 
benefit for practical applications.

5.2. Hydrogenation

5.2.1. CO2 hydrogenation to CO and/or methanol
Global warming and ocean acidification problems caused by the CO2 excessive 
emission have triggered extensive research on large-scale CO2 reutilization via 
effective, economical, and sustainable technologies for the CO2 circular 
economy.[144] The CO2 hydrogenation with renewable-energy-generated H2 
to CO, named the reverse water-gas shift (RWGS) reaction, is a techno- 
economically viable candidate, thanks not only to its high efficiency, enabling 
to deal with vast amounts of CO2, but also to the versatility of syngas 
(CO + H2) to produce commodity chemicals and fuels (occupying 40% CO2 
emissions[145] via the mature Fischer-Tropsch and methanol syntheses). 
Nevertheless, the groundbreaking catalyst represents a grand challenge. 
Recently, a monolithic catalyst of InNi3C0.5/Al2O3/Al-fiber (its preparation 
in 4.7) was developed for the RWGS reaction.[114] At 550 °C and a high GHSV 
of 54,000 mL gcat

−1 h−1, this catalyst delivered a stable 50–55% CO2 conversion 
and >95% CO selectivity for a feed gas of H2/CO2/N2 (6/2/1, vol%) throughout 
the entire 140-h testing. In addition, this catalyst also offered a promising 
performance for the CO2 hydrogenation to methanol. For example, at 270 °C, 
4.0 MPa, and a GHSV of 21,600 mL gcat

−1 h−1, a 5% CO2 conversion with an 
89% methanol selectivity can be achieved for a feed gas of H2/CO2/N2 (6/2/1, 
vol%). The InNi3C0.5(111) surface is dominantly exposed and gifted with dual 
active sites (3Ni-In and 3Ni-C), which in synergy efficiently dissociate CO2 
into CO* (on 3Ni-C) and O* (on 3Ni-In). The O* can facilely react with the 
3Ni-C-offered H* to form H2O. Interestingly, the CO* is mainly desorbed at 
and above 400 °C, whereas selectively hydrogenated to CH3OH below 300 °C.

The use of methanol as a fuel and chemical feedstock becomes of great 
importance in the development of a sustainable society if methanol could be 
efficiently obtained from direct hydrogenation of CO2. Great efforts have been 
made in the hydrogenation of CO2 to methanol, and various particulate 
catalysts were reported, such as the Cu-based ones, oxide-based ones, and 
alloy-based ones.[146–151] It should be noted that the methanol selectivity is 
sensitive to the catalyst bed temperature, and a slight fluctuation of bed 
temperature causes great variation in the methanol selectivity. However, the 
exothermicity of CO2-to-methanol reaction easily causes the temperature 
rising in catalyst bed, which is harmful to the methanol selectivity. 
Undoubtedly, structured catalysts are promising to address this issue. For 
example, a monolithic foam structured Cu-Zn/Al-foam catalyst was prepared 
(Figure 16a-d; preparation based on the method in 4.5.4, and detailed infor-
mation in ref. [96]) and investigated in a micro-reactor for the CO2-to- 
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methanol reaction.[96] Such catalyst was loaded in a flange-type micro-reactor 
(Figure 16e-g) in the form of packed bed to intensify this process. A high 
copper time yield of methanol, 7.81 g gCu

−1 h−1, was obtained at 250 °C, 3 MPa, 
and a GHSV of 20,000 mL gcat

−1 h−1 due to the high heat/mass transfer within 
the micro-reactor. Such catalyst combines promising catalytic performance of 
the Cu-Zn components with enhanced heat transfer and high permeability of 
the Al-foam.

5.2.2. Dimethyl oxalate hydrogenation
Dimethyl oxalate hydrogenation to ethylene glycol. Ethylene glycol (EG) is an 
important commodity chemical, and its production is mainly dependent on 
the petroleum-based ethylene. In principle, the EG can be synthesized from 
syngas derived from non-oil resources such as coal, through the Pd-catalyzed 

Figure 16. (A) Photograph of the macroscopic sample: (a-1) Al-foam, (a-2) catalyst after hydro-
thermal treatment, and (a-3) catalyst of Cu-Zn/Al-foam after calcination. (b-d) SEM images in 
different magnifications, showing the 3D porous structure and surface morphology of monolithic 
catalyst. (e) Outside view and (f) exploded view of micro-reactor. (g) Screen shots of catalyst in 
chamber (Reprinted with permission from ref.[96] Copyright 2017 Elsevier).
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coupling of CO with methyl nitrite to dimethyl oxalate (DMO) and subse-
quent Cu-catalyzed gas-phase hydrogenation of DMO to EG. Whereas the 
commercialization of this process (called CTEG) is on the way now, the 
challenge is still severe. Regarding the DMO-to-EG reaction, the Cu/SiO2 
catalyst is active but highly selective only in a very narrow temperature 
window,[152,153] while its durability is not well qualified because of the easy 
sintering of copper. So, to get Cu/SiO2 running smoothly, rapidly dissipating 
the reaction heat is critically required but difficult, because this is also 
a strongly exothermic reaction (ΔH = −58.73 kJ mol−1) and the catalyst is 
poorly thermal conductive. Therefore, the tubular reactor has to be employed. 
In this context, it is still calling for a new catalytic solution (such as the 
structured catalysts) to substantially increase the process efficiency.

A monolithic catalyst of Cu-microfiber structured Pd-Au NPs was newly 
developed for this process.[115] This catalyst was fabricated from nano- to 
macro-scales in one step by dipping Cu-microfibers into a HAuCl4-Pd(Ac)2 
aqueous solution, and the Au-Pd NPs were galvanically co-deposited on the 
Cu-microfiber surface (to see the galvanic deposition method in 4.3). The as- 
prepared Pd-Au/Cu-fiber catalyst demonstrated high activity, selectivity, and 
stability, being capable of converting 97–99% DMO into EG at 90–93% 
selectivity with a single-run lifetime for at least 200 h at 270 °C. A ternary Pd- 
Au-Cu+ nanocomposite was proposed, in which the Cu+ acts for activating 
methoxy and carbonyl groups in the DMO, and the Au stabilizes Cu+ to 
prevent its deep reduction to Cu0, while the Au-Pd alloy synergistically 
promotes H2 activation as a result of strong Au-Pd electronic interaction.

However, the optimal reaction temperature of 270 °C for this Pd-Au/Cu- 
fiber catalyst is much higher than the common 180–200 °C for other reported 
Cu-based catalysts,[152,153] and moreover, there are still other inherent pro-
blems with the Cu-based catalysts: the inevitable Cu sintering, difficult control 
in steady surface Cu0/Cu+ ratio, and, in particular, the narrow high-EG- 
selectivity temperature window. Hence, to develop and use a novel Cu-free 
catalyst with high performance and excellent heat transfer is particularly 
desirable to implement the DMO-to-EG process. Very recently, an interme-
tallic InNi3C0.5 was discovered and structured on a monolithic Ni-foam sub-
strate (Figure 17).[154] This catalyst has high heat/mass transfer and favors EG 
formation with a high turnover frequency of 780 h−1 but is kinetically unfa-
vorable for over-hydrogenation of EG to ethanol. A full DMO conversion with 
a 96% EG selectivity can be obtained stably for at least 2500 h under the 
industrial-relevant conditions. Another advantage of such catalyst is its 
much wider temperature window (200–250 °C) with high EG selectivity 
(>90%) than that (190–210 °C at >88%) seen with Cu/SiO2. Moreover, this 
catalyst can be extended to a broad scope of carbonyl compounds hydrogena-
tion with high yields of corresponding alcohols. The InNi3C0.5/Ni-foam cat-
alyst well combines the high InNi3C0.5 catalytic performance with the Ni-foam 
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-derived high mass/heat transfer, low pressure drop, and desired mechanical 
robustness.

Dimethyl oxalate hydrogenation to methyl glycolate. The hydrogenation of 
DMO to ethylene glycol is a sequential reaction, and the intermediate is 
methyl glycolate (MG). Recently, selective hydrogenation of the DMO to 
MG is attracting growing interest because the MG can be used to synthesize 
PGA (polyglycolic acid, a new-generation biodegradable and thermoplastic 
polymer).[155,156] A hydroxyapatite-supported Cu catalyst was reported to 
yield a 70% MG[156]; until now, the highest MG yield of 90% was achievable 
over an Ag/SiO2 catalyst.[157] Despite these promising results, the implemen-
tation of this process faces similar challenge as that for the DMO-to-EG 
process. From the prospective of process intensification, Chen et al.[155] 

Figure 17. Catalyst preparation strategy and structural features of the InNi3C0.5/Ni-foam catalyst. 
(A) Schematic illustration for the in-situ InNi3C0.5 growth onto the Ni-foam substrate. SEM images 
(B-D) and optical photograph (insert B) of the InNi3C0.5/Ni-foam catalyst. (E) XRD patterns of (a) Ni- 
foam, (b) NiC2O4·2H2O/Ni-foam, (c) In2O3-NiO/Ni-foam, (d) InNi3C0.5/Ni-foam. HRTEM images (F,G) 
and HAADF-STEM images (H) of the InNi3C0.5/Ni-foam catalyst (Reprinted with permission from 
ref.[154] Copyright 2021 Elsevier).
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developed a foam-structured catalyst of Ag-CuOx/Ni-foam by the sequential 
galvanic-deposition of Ag and Cu onto a Ni-foam. The preferred catalyst was 
capable of converting >96% DMO into the MG with >96% selectivity and was 
stable for at least 200 h at 210 °C and a DMO weight hourly space velocity 
(WHSVDMO) of 0.25 h−1 for a feed of 13 wt% DMO dissolved in methanol. 
The Ag species shows the ability to tune the Cu+/Cu0 proportion to an 
appropriate scale of optimal potency for the DMO-to-MG. Nevertheless, the 
industrial running of this process strongly requires full DMO conversion in 
consideration of the high economy for the product purification. Aiming to 
raise the DMO conversion, Lu et al.[119] recently reported a highly active/ 
selective and durable Ni-foam-structured NixP catalyst for the DMO hydro-
genation to MG, which was capable of converting >99.9% DMO into the MG 
with 95–96% selectivity and was stable for at least 1000 h without any sign of 
deactivation, at 230 °C and 2.5 MPa with a WHSVDMO of 0.44 gDMO gcat

−1 h−1.
Dimethyl oxalate hydrogenation to ethanol. As a key bulk chemical both in 

industry and in our daily life, ethanol (EtOH) has been extensively used as 
a clean fuel additive, solvent, disinfectant, and industrial intermediate. At 
present, the primary methods for EtOH production are based on the ethylene 
hydration and agricultural feedstock fermentation. However, the ethylene 
hydration is limited by the soaring demand for ethylene, and the fermentation 
of agricultural feedstock may exacerbate the food crisis and is constrained by 
the expensive biological processes. In this context, synthesis of EtOH from 
syngas via the DMO hydrogenation emerges as a promising alternative route, 
because the syngas can be versatilely produced from natural gas, coal, inedible 
biomass, and even organic wastes. Thus, development of qualified catalysts is 
the heart for this route.

The Cu-based heterogeneous catalysts are frequently used for this reaction 
owing to their high activity.[158,159] For example, the traditional Cu/SiO2

[153] 

prepared by the ammonia evaporation method offers an 83% EtOH yield at 
280 °C, and the Cu/ZrO2/Al2O3

[158] provides a 97% EtOH yield at 270 °C. 
Despite these industrially promising EtOH yields, there are still many catalytic 
and technical problems to be solved. The hardest one is that the reaction 
temperature for obtaining high EtOH selectivity is usually above 270 °C, much 
higher than the Hüttig temperature of Cu nanoparticles of 134 °C, making the 
nano-Cu prone to be sintered.[160] In addition, the DMO hydrogenation to 
EtOH is strongly exothermic (ΔH = −145.93 kJ mol−1), and the common 
supports (e.g., SiO2, ZrO2, and Al2O3) have poor thermal conductivity, nor-
mally generating hotspots in the catalyst bed and thus accelerating Cu sinter-
ing. Therefore, it is particularly desirable to render a novel catalyst toward the 
efficient DMO-to-EtOH process.

Zhu et al.[117] demonstrated a highly qualified monolithic FeNi3-FeOx/Ni- 
foam catalyst (Figure 18) for the DMO-to-EtOH process. This catalyst was 
effectively and efficiently tailored by reducing the NiFe2O4-NiO/Ni-foam 
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precursor (its preparation in 4.8) and achieved a unique combination of high 
catalytic performance with high thermal conductivity. The preferred FeNi3- 
FeOx/Ni-foam was capable of fully converting DMO with a 98% ethanol 
selectivity at 230 °C and 2.5 MPa using a DMO weight hourly space velocity 
of 0.44 h−1 and a H2/DMO molar ratio of 90, and particularly, was stable for at 
least 700 h without any sign of deactivation. It was indicated that the DMO-to- 
EtOH reaction, catalyzed by this catalyst, mainly follows this pathway: the 
DMO hydrogenation to MG followed by the MG to EG and the EG to EtOH. 
Moreover, the FeNi3-FeOx/Ni-foam catalyst has plentiful interface between 
FeNi3 nanoalloy and FeOx fragments (acting as acid sites), achieving the 
synergistic catalysis to activate ester groups in the DMO as well as the as- 
formed hydroxyl groups, thereby leading to a marked improvement of its 
hydrogenation to EtOH.

5.2.3. Semihydrogenation of acetylene
The semihydrogenation of acetylene is essential in the purification of ethylene, 
as the acetylene is an undesired by-product in the ethylene production from 
thermal cracking of naphtha. Pd-based catalysts are the most effective for this 
reaction,[161] but suffer from high cost. In addition, this reaction is strongly 
exothermic (ΔH = −174 kJmol−1), and the traditional particulate catalysts are 

Figure 18. Optical photograph of the FeNi3-FeOx/Ni-foam catalyst and schematic illustration for 
the formation of FeNi3-FeOx, and the conversion and selectivity against time on stream for the 
DMO-to-EtOH reaction (WHSVDMO of 0.44 h−1, n(H2)/n(DMO) of 90, 2.5 MPa, 230 °C) (Reprinted 
with permission from ref.[117] Copyright 2020 Elsevier).
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weak in the removal of reaction heat, which is harmful to the selectivity and 
stability of catalysts. Hence, it is still calling for a novel catalyst system toward 
the efficient semihydrogenation of acetylene.

For the semihydrogenation of acetylene under the front-end configuration, 
it is extremely desirable to avoid ethylene hydrogenation because of the high 
H2 concentration in the feed gas. The modifications with Cu and Zn prove to 
be effective in improving the selectivity of Pd-based catalysts.[162,163] Hence, 
Lu et al.[164] employed brass fibers (80 μm diameter) composed of Cu and Zn 
to tailor a microfibrous-structured Pd-based catalyst, aiming to combine the 
high catalytic performance of Pd with the enhanced heat/mass transfer of brass 
fibers. The Pd/brass-fiber catalysts were prepared by placing Pd, via incipient 
impregnation method, onto the pre-calcined brass fibers with an endogen-
ously grown ZnO-CuOx layer. Over the preferred catalyst with brass-fiber pre- 
calcined in air at 500 °C and Pd/brass-fiber reduced in H2 at 250 °C, an 
ethylene selectivity of >90% was achieved at nearly full consumption of acet-
ylene under the front-end conditions.

In contrast, the acetylene semihydrogenation under the back-end config-
uration requires a catalyst with high activity due to the low H2 concentration. 
Wang et al.[165] reported a monolithic Pd/AlOOH/Al-fiber catalyst for acet-
ylene semihydrogenation, which was obtained by dispersing Pd nanoparticles 
onto an AlOOH/Al-fiber support (the preparation method in 4.5.2) by the 
impregnation method. The preferred catalyst using the AlOOH/Al-fiber after 
pre-annealing at 100 °C, with a pretty low Pd loading of only 0.05 wt%, 
achieved a high specific activity with a turnover frequency of 0.0167 s−1 

(measured at 40 °C), being two times as high as that (0.0083 s−1) for the 
catalyst obtained using the AlOOH/Al-fiber after pre-annealing at 600 °C 
(Figure 19). In addition, this catalyst offered >99% acetylene conversion at 
70 °C. The low annealing temperature for the AlOOH/Al-fiber enables the 
catalyst with a hydroxyl-rich surface that offers crucial Pd-hydroxyl interac-
tions, which not only promote the adsorption of acetylene on Pd but also 
suppress the carbonaceous deposition and thus improve the catalyst stability 
by a large extent.

5.3. Reforming

5.3.1. Methane
Steam methane reforming (SMR). The CH4 reforming has been gaining ever- 
increasing interests in syngas generation for the subsequent production of 
chemicals and fuels. The SMR is the most common reforming to produce H2 
and is highly endothermic (CH4 + H2O = CO +3 H2, ΔH = 205 kJ mol−1). The 
multi-tubular reactors operate from 700 to 850 °C, 5 to 15 bar, with H2O/ 
carbon ratio from 1/2 to 1/6. The industrial catalyst consists of Ni supported 
on cylindrical hollow pellets of 1–3 cm diameter.[166] The high capital costs, 
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related to the large reactor volume and energy recovery units, discourage 
applying this technology to the small decentralized production facilities.

The FeCrAl is characterized by the high thermal conductivity and high- 
oxidation resistance at high temperature. These advantages are appealing and 
might retrofit current catalyst technology. The Ni/MgAl2O4, a well-known 
SMR catalyst, was successfully glued onto a FeCrAl-monolith (manufactured 
by rolling flat and corrugated FeCrAl strips into the shape of a cylinder) using 
the “Korea Institute of Energy Research” coating method (Figure 20a).[167] The 
Ni/MgAl2O4 layer of 1 µm thickness uniformly sprawled on the FeCrAl sur-
face (Figure 20b), which increases the availability of active sites in this thin 
layer thereby leading to a higher activity and stability compared to the pellet 
counterparts. The Ni/MgAl2O4 could also be glued on the FeCrAl-foam by the 
percolation-blowing method,[168] enabling the SMR to reach thermodynamic 
equilibrium at above 450 °C even with a high GHSV of 130,000 mL gcat

−1 h−1. 
The Ni-Al2O3 glued on a micro-channel FeCrAl-foil was reported to be more 
active and stable compared to the particulate Ni/MgO or Ni/CeO2/Al2O3.[169] 

Calcining the Ni-Al hydrotalcite-like compounds electro-deposited on 
a FeCrAl-foam produced a thin and strongly adherent film of NiAlOx com-
posite oxide on the foam struts. Compared to the commercial particulate Ni- 
based catalysts under industrial conditions, such FeCrAl-foam-structured 

Figure 19. Schematic preparation of Pd/AlOOH/Al-fiber and turnover frequencies of catalysts 
respectively annealed at 600 °C (0.0083 s−1, left) and 100 °C (0.0167 s−1, right) (Reprinted with 
permission from ref.[165] Copyright 2019 American Chemical Society).
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catalyst delivered a higher methane conversion because of the enhanced heat- 
transfer ability.[170] 

Dry reforming of methane (DRM). The DMR involves CH4 reacting with 
CO2 to form CO and H2. The high carbon concentration in feed gas favors 
coke formation, and its formation rate is increased with the reaction pressure 
of particularly above 10 bar.[171] Moreover, the cold spots originated from the 
strong endothermicity of this reaction (ΔH = 247 kJ mol−1) reduce the CH4 
/CO2 conversion and promote the coke formation.[172,173] Considering that 
a metal support with high thermal conductivity is helpful to minimize the 
thermal gradient in the catalyst bed, a thin-felt Ni@SiO2/Al2O3/FeCrAl-fiber 
catalyst was fabricated by using a FeCrAl-fiber substrate via the APTES- 
assisted organization strategy (based on the method in 4.6, Figure 21).[174] 

Such catalyst was active, selective, and stable for this reaction, due to the 
synergistic coupling of the enhanced resistances to Ni-sintering and coke 
formation arising from the core-shell-like nanostructure with the high heat- 
transfer stemmed from FeCrAl-fiber substrate. Almost no carbon was depos-
ited even after 500-h testing at 800 °C and a GHSV of 5000 mL gcat

−1 h−1.

Figure 20. (A) Photos of top and lateral views, and (b) SEM images of monolithic catalyst 
(Reprinted with permission from ref.[167] Copyright 2016 Elsevier).
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Clearly, organization of different building blocks of tunable structures and 
functions into the monolithic architectures based on the controllable chemical 
reactions represents a promising strategy to develop novel catalyst systems. 
Then, the same authors structured the LDHs-derived NiO-MgO-Al2O3 nano-
composites onto a FeCrAl-fiber substrate.[175] Differently but interestingly, the 
NiMgAl-LDHs were controllably grown onto a FeCrAl-fiber through the γ- 
Al2O3/water interface-assisted method.[175] By combining the homogeneous 
distribution of LDHs-derived NiO-MgO-Al2O3 and the enhanced heat trans-
fer, this catalyst delivered satisfying performance with the enhanced sintering/ 
coke resistances in the DRM reaction. At 800°C and a GHSV of 5000 mL gcat

−1 

h−1, the CH4/CO2 conversion is maintained almost constant at 91%/89% 
within the initial 90 h and then moved in a smooth downturn (to 80/85%) 
within another 180 h.

Catalytic oxy-methane reforming (COMR). Profiting from the high produc-
tion efficiency, and especially the suitable H2/CO ratio (2/1) for the down-
stream processes (e.g., the Fischer-Tropsch and methanol syntheses), the 
COMR has been attracting more and more attention as a compact and energy- 
efficient process.[176] Notably, this is a high-throughput reaction, being able to 
proceed at a very short contact time of milliseconds.[177] Whereas this is a mild 
exothermic reaction, the high-temperature “hot-spots” formation is inevitable 
at the top of catalyst bed because syngas is formed through COMR via the CH4 
combustion and subsequent CH4 reforming with CO2 and H2O.[177] In this 

Figure 21. A monolithic Ni@SiO2/Al2O3/FeCrAl-fiber catalyst was fabricated by the APTES-assistant 
organization followed by a calcination treatment, displaying an as-expected performance for the 
DRM reaction (Reprinted with permission from ref.[174] Copyright 2017 Royal Society of Chemistry).
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context, it is worthwhile to try to use the metal and SiC fiber/foam substrates 
to fabricate catalysts with the synergistic coupling of high heat transfer and 
high permeability for application in this high-throughput COMR reaction 
process.[178] A monolithic catalyst of Ni-CeAlO3-Al2O3/FeCrAl-fiber was fab-
ricated by thermally decomposing NiAl-LDHs/FeCrAl-fiber (NiAl-LDHs 
growth based on the method in 4.5.3, and detailed information in ref. [179]) 
to a NiO-Al2O3/FeCrAl-fiber, followed by CeO2-modification and H2- 
reduction.[179] The preferred catalyst, with 5 wt% Al2O3, 5 wt% Ni, and 2 wt% 
CeO2, exhibited high activity, high selectivity, and particularly prolonged 
stability. At a GHSV of 100,000 mL gcat

−1 h−1 and 700 °C, the CH4 conversion 
and H2/CO selectivity could be stably maintained at 86% and 96/92% for a feed 
gas with CH4/O2 molar ratio of 2/1 within the 350-h test, due to the enhanced 
Ni-sintering and carbon resistance. Furthermore, a catalytic module 
(Figure 22) of Rh/Al2O3/FeCrAl-fiber has both radial and axial intermixing 
to increase the heat/mass transfer. This configuration is less expensive and 
more accessible in the market. The coating of Al2O3 enables a high dispersion 
of catalytic species, such as Rh. The composite architecture ensures the main-
tenance of high Rh dispersion despite operating above 900 °C for 20 h on 
stream with four start-up/shut-down cycles.[180] Clearly from these assays, the 
fiber/foam-structured catalysts are expectable as the new-generation catalysts 
to stimulate their commercial exploration for the COMR reaction.

5.3.2. Glycerol and biomass
In recent years, biodiesel as an alternative to the nonrenewable resource has been 
developed rapidly.[181] Glycerol is produced as a major by-product in the biodiesel 

Figure 22. Overview and cross sections of the Rh/Al2O3/FeCrAl-fiber catalyst (Reprinted with 
permission from ref.[180] Copyright 2019 Elsevier).
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production but it has been thrown out as a waste, so the effective technique for 
glycerol reforming is attracting more and more attention. And till now, many 
research institutes have made great efforts on the steam reforming of 
glycerol.[182,183] Recently, the glycerol reforming on charcoal has been studied in 
a fixed-bed reactor.[184] The results indicated that the charcoal not only had a high 
activity for this process but could also decrease the cost of syngas production. The 
syngas yield, glycerol conversion, and H2/CO ratio could reach 1.37 m3 kg−1, 
76.8%, and 3.04, respectively, for a feed with the steam/carbon molar ratio of 4 at 
800 °C and a weight hourly space velocity of 2 h−1. It is indicated that the coke from 
glycerol polymerization might be in an amorphous state, which is the main cause 
for the reduction of surface area and average pore size of charcoal. A Ni-foam- 
structured catalyst was developed for the glycerol-steam reforming,[185] achieving 
a higher glycerol conversion than those over the Al2O3 and SBA-15 supported 
catalysts. This Ni-foam catalyst shows a more homogeneous thermal distribution 
over its surface as it has higher thermal conductivity than the oxides-supported 
catalysts.

Biomass is a carbon neutral resource, which can be used to produce renewable 
energy, fuels, and high-value materials. Biomass pyrolysis oil (bio-oil) can be 
produced from thermal-chemical decomposition of the biomass in the absence 
of oxygen at around 500 °C. Converting bio-oil into syngas is attracting substantial 
attention,[186] and the catalytic steam bio-oil reforming to produce hydrogen has 
been explored extensively.[187–190] Development of an efficient catalyst is one of the 
key challenges for this process. The Ni-based catalysts are considered as the most 
popular candidates because of their high catalytic activity in relation to the hydro-
gen production and cost. For example, Czernik[191] studied Ni catalyst for the 
steam reforming of bio-oil in a fluidized-bed and a high yield of hydrogen (12.9 g 
H2/100 g bio-oil) was obtained. The catalyst support plays a significant role in 
developing nano-Ni-based catalysts. The ceramic-foam has been employed to 
structure a Ni/CeO2 catalyst for hydrogen production from the steam biogas 
reforming.[192]

The ceramic-foam was also used to structure a Ni/Co3O4 catalyst for hydrogen 
production from the catalytic steam reforming of methane, ethanol, and fermenta-
tion products.[193] Compared to the particulate catalyst, the ceramic-foam- 
structured catalyst achieves not only a higher conversion of raw material but also 
a higher H2 selectivity. Recently, the catalytic reforming of bio-oil was carried out 
using a nano-Ni/ceramic-foam catalyst in a fixed-bed reactor,[194] yielding H2 with 
a capacity of 44.4–89.2 gH2 kgbio-oil

−1 at 500–800 °C.

5.4. Syngas conversion

5.4.1. CO and/or CO2 methanation
The production of substitute natural gas (SNG) via CO and/or CO2 methana-
tion is a promising way toward effective and clean usage of coal and 
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biomass.[195,196] The CO and/or CO2 methanations are strongly exothermic 
(CO +3 H2 = CH4 + H2O, ΔH = −206 kJ mol−1; CO2 +4 H2 = CH4 +2 H2O, ΔH  
= −165 kJ mol−1) and require high throughput operation. Hence, the qualified 
catalysts should achieve synergistic coupling of high activity/selectivity and 
good durability with high mass/heat transfer (for effective temperature man-
agement) and high permeability (to reduce pressure drop). In pioneered Ru 
catalysts both in pellet and in honeycomb form,[197] the latter demonstrated 
a much lower pressure drop and also a much higher selectivity, by taking 
advantage of high voidage and short diffusion length for the reactant and 
product molecules. However, the low heat transfer of honeycomb support is 
insufficient to rapidly dissipate the reaction heat released in the catalyst bed, 
and moreover, their parallel and unconnected channels prohibit mass mixing 
in radial direction.

Given the high voidage, continuously interconnected open pores, and high 
thermal conductivity of the monolithic metal foams, a novel Ni-foam- 
structured catalyst of Ni-Al2O3/Ni-foam was tailored for the CO2 methanation 
reaction.[60] A uniform NiO-Al2O3 nanocomposite catalytic layer (ca. 3 μm 
thickness) was formed onto the Ni-foam surface by using the wet chemical 
etching method (in 4.4). The resulting parent NiO-Al2O3/Ni-foam catalyst was 
reduced in a H2 flow to form the Ni-Al2O3/Ni-foam, which was capable of 
converting ~90% CO2 into CH4 with ~99.9% selectivity for a feed gas of H2 
/CO2 (4/1) at 320 °C, 0.1 MPa, and a GHSV of 5000 h−1. In particular, this 
catalyst was stable throughout the entire 1200 h with 10.2 mL catalyst usage.

Subsequently, a same kind of Ni-foam-structured catalyst of Ni-CeO2-Al2 
O3/Ni-foam to be used in the CO methanation was tailored also by the 
chemical etching method.[81] The as-obtained NiO-CeO2-Al2O3/Ni-foam 
(Figure 23) was reduced in H2 to form the Ni-CeO2-Al2O3/Ni-foam catalyst, 
which achieved a high CO conversion of >99.9% with a 94% CH4 selectivity. In 
particular, this catalyst stably ran throughout the entire 1500-h testing. The 
experiments and computational fluid dynamics calculations consistently 
showed a dramatic reduction of the “hot-spot” temperature in catalyst bed 
due to its enhanced heat transfer stemmed from the Ni-foam.

5.4.2. Methanol to olefins
Light olefins are extensively utilized as crucial petrochemical feedstocks in the 
modern chemical industry, which are mainly produced by the steam cracking 
of naphtha or as the by-products of oil refining processes. The methanol to 
olefins (MTO) process has been attracting great attention for light olefin 
production as an alternative route from non-oil sources, such as biomass, 
natural gas, and coal.[198] At present, an industrial implementation of this 
process has been achieved in ethylene production on the SAPO-34 zeolite in 
a fluidized-bed reactor. Moreover, the fast-growing global demand of propy-
lene is spurring worldwide impetus on the exploration of methanol to 
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propylene (MTP). Lurgi’s MTP process has been industrially demonstrated by 
using a ZSM-5 particulate catalyst in a packed bed,[198] and then extensive 
studies have still been conducted to further improve the propylene selectivity 
and stability of this catalyst. Most efforts have been focused on the ZSM-5 
modification such as acidity tuning, size and/or morphology controllable 
synthesis, and hierarchical design of pore structure.[199,200] Despite these 
advances, the practical use of ZSM-5 as catalysts in the fixed-bed reactor is 
still facing some challenges, as the micro-granules or extruded pellets of a few 
millimeters are required in the real world rather than the as-made powders. In 
turn, some frustrating problems emerge including the mass and heat transfer 
limitations, high pressure drop, non-regular flow pattern, and adverse effects 
of the binders used, always reducing the intrinsic catalyst selectivity and 
activity.

Owing to the improved hydrodynamics in combination with the enhanced 
heat/mass transfer of structured catalysts,[8,201] structuring zeolites onto 
monolithic substrates (such as the fibers and foams) is becoming a source of 
inspiration. However, only a few studies have reported the synthesis of ZSM-5 
on SiC-foam for the MTP process.[202,203] The simulation calculations also 
showed that the micro-structured design of ZSM-5 could promote C2–4 olefin 
selectivity up to 71% with a high propylene selectivity up to 49%.[204] In the last 
several years, Lu et al.[10,85,86] improved the catalyst selectivity and stability for 
the MTP process, just via a strategy of microfibrous-structured design rather 
than the pore-tuning and chemical-modification of HZSM-5. In 2014, they 
first presented a 3D stainless steel microfibers (SS-fiber, 20-μm in diameter) 

Figure 23. Monolithic Ni-CeO2-Al2O3/Ni-foam catalyst developed by modified wet chemical etch-
ing of Ni-foam followed by calcination in air, providing unique combination of high activity/ 
selectivity, excellent stability, and enhanced heat transfer (Reprinted with permission from ref.[81] 

Copyright 2015 Wiley and Sons).
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structured catalyst of HZSM-5/SS-fiber, which could be obtainable on 
a macroscopic scale by direct growth of ZSM-5 shell onto an SS-fiber (growth 
method in 4.5.1).[10] This approach effectively combines the high heat/mass 
transfer, large void volume, hierarchical porous structure from micro- to 
macro-sizes, binder-free in-situ hydrothermal synthesis, and good rigidity/ 
robustness. Thanks to this beneficial combination, such microfibrous struc-
tured design exhibited a remarkable improvement of C2–4 olefins (especially to 
propylene) selectivity and life-time for the MTP process compared with the 
particulate zeolite. Using a feed of 30 vol% methanol in N2 and at 480 °C, 
a high propylene selectivity of ~46% could be obtainable with a total C2–4 
olefin selectivity of ~70%, much higher than that (~37%, with C2–4 olefin 
selectivity of ~64%) for the particulate catalyst; the life-time is at least for 
210 h, almost threefold longer than that of 60 h for the particulate one. In 
nature, this unprecedented improvement originates from the propagation of 
olefin methylation-cracking cycle over the aromatic-based cycle in the metha-
nol-to-hydrocarbon catalysis.

Moreover, the kinetic and modeling studies also displayed higher internal- 
diffusion efficiency and narrower distribution of residence time of reactants in 
the zeolite shell, not only promoting the propylene formation but also improv-
ing the utilization efficiency of HZSM-5.[31] It is widely accepted that hier-
archical tailoring is a promising strategy to improve ZSM-5 lifetime due to the 
shortened internal-diffusion path length.[199] To accomplish this goal, various 
methods have been studied to create intra-crystalline mesopores like desilica-
tion and dual-templating.[205–208] More recently, Lu et al.[86] developed 
a hollow-B-ZSM-5/SS-fiber catalyst (Figure 24; preparation method in 4.5.1). 
The core@shell nanocomposite of silicalite-1@B-ZSM-5 was first in situ struc-
tured onto a thin felt of 20 μm SS-fiber by the seed-assisted dry gel vapor- 
phase transport method. Then, the hollow structure was created through alkali 
leaching of the silicalite-1 cores. The as-obtained catalyst showed a remarkable 
stability improvement in the MTP reaction (lifetime of 109 h for this catalyst 
vs. 40 h for the catalyst in ref. [10] at a high WHSV of 10 h−1) because of the 
nano-hollow-structure enhanced diffusion.[86,209] Boron incorporation is 
essential for preventing the framework dealumination during the alkali leach-
ing. These findings will initiate the attempts to develop microfibrous- 
structured catalysts, and further inspire research activities concerning in- 
depth understanding of the promotion effect stemming from the zeolite- 
modifications in combination with the fibrous-structured design.

5.4.3. Fischer-tropsch synthesis
The Fischer-Tropsch synthesis (FTS) process is strongly exothermic (ΔH =  
−165 kJ mol−1 of CH2).[53,54] The earnest endeavors to enhance heat-transfer 
efficiency inside the reactor have been made in terms of developing fluidized- 
bed reactors,[210] slurry reactors,[211] metal-monolith catalysts,[212] and 
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corrugated packings with open/close cross flow structures.[213] Despite some 
successful applications of these methods, they still carry some disadvantages. 
The catalyst density in a fluidized-bed reactor and slurry reactor is relatively 
low.[214] Monoliths need washcoating to load catalytic species,[215] unsuitable 
for the pre-manufactured catalysts. Corrugated packing, compatible with both 
washcoating and pre-manufactured catalyst particles, has been proven to have 
a poor conductive contribution to heat transfer,[216] so that a gas or liquid 
recycle is usually applied to improve the convective component to achieve an 
enhanced intra-bed heat transfer. Based on the high heat-transfer of metal- 
fibers, Tatarchuk et al.[58,61,217,218] prepared a series of microfibrous entrapped 
particulate catalysts (MFEPC; preparation information in corresponding 
references) to maintain a stable reaction temperature for the FTS process. 
The porous structure of MFEPC can entrap any pre-manufactured catalyst 
particles. Typically, the Cu-microfibers entrapped particulate catalyst of 
Fe/Al2O3©Cu-fiber (Figure 25) demonstrated an excellent intra-bed heat 
transfer for the FTS thermal management.[218] The FTS was carried out in 
a large tubular reactor (34.0 mm inner diameter) packed with the Fe/Al2O3 
©Cu-fiber, showing a radial temperature gradient of <5 °C and similar reac-
tivity/selectivity as those obtained in a small FTS reactor (9.5 mm). In contrast, 
the particulate Fe/Al2O3 bed (34.0 mm), with the same catalyst loading density 

Figure 24. Thin-felt hollow-B-ZSM-5/SS-fiber catalyst was tailored through alkaline leaching of 
silicalite-1, showing dramatic MTP stability improvement due to the enhanced diffusion with 
stabilized framework aluminum (Reprinted with permission from ref.[86] Copyright 2017 Royal 
Society of Chemistry).
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and under identical conditions, reached a radial temperature gradient around 
54 °C. The apparent reaction rate constant and productivity of the Fe/Al2O3 
©Cu-fiber at a 27.7% CO conversion were 167 mmol(H2+CO) gcat

−1 h−1 and 
0.30 gC5+ gcat

−1 h−1, respectively, which are comparable to the most active 
unsupported Fe-based catalyst. It was also found that the Fe/Al2O3©Cu-fiber 
required negligible amount of time to reach its steady state compared with the 
particulate Fe/Al2O3 bed. These advantages show that the MFEPC approach is 
a promising alternative to the particulate-packing bed for exothermic reac-
tions such as FTS.

Besides the MTP process for light olefins production (to see 8.2), the 
Fischer-Tropsch process (named as FTO) is another alternative production 
from syngas, but in a direct manner. To date, various catalytic components 
(such as Fe, Co, or Ru at bulk- or nano-scales), supports (ranging from oxides 
and molecular sieves to carbonaceous materials, such as Al2O3, MgO, SiO2, or 
carbon nanotubes), and promoters (Ag, Mn, or K) have been widely studied to 
optimize the FTO performance.[219] Despite some promising results, further 
industrial applications still remain particularly challenging, because, on the 
one hand, the extruded pellets or microgranules are required in the real world 
rather than as-made powders, and on the other hand, the FTO process is 
strongly exothermic. Therefore, it is desirable to render a catalyst with good 
heat conductivity for rapidly dissipating the reaction heat from the catalyst 
bed. Recently, a microfibrous structured FTO catalyst of Fe-Mn-K/ns-Al2O3 
/Al-fiber was reported.[220] Firstly, the ns-Al2O3/Al-fiber support was pre-
pared according to the method in 4.5.2,[87,88] and the active components of 
Fe and Mn as well as additive K were then placed onto the surface of ns-Al2O3 
/Al-fiber by the incipient wetness impregnation method. By combining the 

Figure 25. (A) Picture and (b) SEM image of Cu-fiber. (c) Picture and (d) SEM image of Fe/Al2O3 

©Cu-fiber (Reprinted with permission from ref.[218] Copyright 2019 Elsevier).
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enhanced heat/mass transfer, large void volume, and entirely open network 
structure, this catalyst delivered a high iron time yield of 206.9 μmolCO gFe

−1 

s−1 at a 90% CO conversion with a 40% selectivity to C2-C4 olefins at 350 °C, 
4.0 MPa, and a GHSV of 10,000 mL gcat

−1 h−1. Very recently, another micro-
fibrous structured catalyst of Fe-Mn-K/ns-Al2O3/Al-fiber of the same type was 
fabricated via the surface impregnation combustion method.[221] The catalyst 
prepared under the air atmosphere delivered a very high iron time yield of 
202.3 μmolCO gFe

−1 s−1 with an 89.6% CO conversion and a 42.1% selectivity to 
C2–4 olefins at 350 °C, 4.0 MPa, and a GHSV of 10,000 mL gcat

−1 h−1. The 
hydrocarbon distribution over this catalyst remained constant throughout the 
entire 225-h testing, with a CH4 selectivity of ~16%, lower olefins of ~38%, and 
C5

+ hydrocarbon of ~35%.

5.5. Environmental protection

5.5.1. Catalytic combustion of methane
Catalytic combustion of methane under O2-lean condition. The catalytic CH4 
combustion is an important reaction for coal-bed gas upgrading (under O2- 
lean condition), environment protection, and energy production (under CH4- 
lean condition). Obviously, the strong exothermicity (ΔH298 = −802.7 kJ 
mol−1) and high throughput operation for these processes require the catalyst 
to be highly active/selective/stable, thermally conductive, and highly perme-
able. To this end, the honeycomb monoliths of short channel length and high 
channel density have been catalytically functionalized with high surface area 
coatings.[222] The buildup of boundary layer between gas flow and coating 
surface could be avoided, thus greatly enhancing the internal diffusion of 
reactant within coatings, but such kind of catalysts still face the lack of radial 
mixing of reactants and relatively low heat transfer.[37,223,224] Fortunately, Ni- 
foam (typically 100 pores per inch) has beneficial features to fabricate the 
structured catalysts, such as the high void fraction, excellent thermal conduc-
tivity, and enhanced mechanical strength; more interestingly, a novel Pd/Ni- 
foam catalyst for the deoxygenation of coal-bed gas can be facilely prepared by 
the method in 4.3.[80] This catalyst integrated the high catalytic performance 
with as-expected high heat/mass transfer and low pressure drop, thus offering 
a good stability for at least 500 h with >95% O2 conversion and 100% CO2 
selectivity at 320–350 °C.

Catalytic combustion of low-concentration methane. The monolithic 
Pd@SiO2/ns-Al2O3/Al-fiber catalyst prepared by the method in 4.6 was 
applied in the catalytic combustion of methane under the methane-lean 
condition,[11] and delivered a high activity owing to the high dispersion of 
Pd NPs (2–3 nm). The CH4 conversion was gradually increased to 10% at 275 
°C, 50% at 325 °C, 90% at 365 °C, and 100% at 400 °C, using a high GHSV of 
72,000 mL gcat

−1 h−1 for a feed gas of 1.0 vol% CH4 in air. The other advantage 

52 G. ZHAO ET AL.



of this catalyst is the high permeability from its entirely open network struc-
ture with a high void volume. Therefore, this fiber-structured catalyst, with 
complete CH4 conversion at 445 °C, generated a very low pressure drop of 
only 4000 Pa m−1 even at a high GHSV of 100,000 mL gcat

−1 h−1. Moreover, 
this catalyst assured the activity maintenance throughout a 1000-h test, and 
the Pd-encapsulation into SiO2 matrix plays a pivotal role in preventing Pd 
NPs from sintering.

Recently, Zhao et al.[225] developed a thin-sheet microfiber-structured Pd-MgO- 
Al2O3/Al-fiber catalyst for this reaction. Notably, the feed gas contains 3–15 vol% 
water vapor, as the exhaust gas from compressed natural gas vehicles has a large 
amount of water vapor of 3–15% as well as a low CH4 concentration of ca. 0.1–1 vol 
%.[226] The ideal catalysts for the CH4 combustion should be able to couple the high 
activity/stability and high resistance to water-vapor poisoning with the high 
permeability for a low pressure drop. A high-performance Pd-MgO-Al2O3/Al- 
fiber catalyst was tailored by hydrothermally growing the Mg-Al mixed-oxide 
precursors (e.g., layered double hydroxides (LDHs) plus MgCO3; growth method 
based on the method in 4.5.3, and details in ref. [225]) on the Al-fiber surface 
followed by placing 0.5 wt% Pd on the as-obtained substrate by the wet impreg-
nation method. The MgO in Pd-MgO-Al2O3 composites enhances the catalyst 
basicity and electron density of metallic Pd, thus weakening the support of 
electrophilicity and stabilizing PdO against the formation of inactive Pd4+ species. 
This catalyst could stably run for a feed gas of 1 vol% methane and 3–15 vol% water 
vapor in air.

5.5.2. O3 decomposition
The O3 layer in upper atmosphere prevents the short-wavelength ultraviolet 
light from reaching the Earth surface, but the indoor O3 of higher than 0.1 
ppm can cause severe health problems, such as dizziness, headache, and 
fatigue, along with various other symptoms. Therefore, the research on O3 
decomposition are important from the point of view of public health and 
indoor environmental protection. The honeycomb-structured catalysts are 
usually implemented to achieve such goal,[2] but the dip-coating technology 
for the honeycomb catalysts always suffer from high cost of their production. 
Lu et al.[227] tailored a highly efficient structured catalyst of Co-MnOx/ns-Al2 
O3/Al-fiber (Figure 26) with the unique form factor and high permeability for 
the catalytic O3 decomposition. The Co and Mn species were placed onto the 
ns-γ-Al2O3/Al-fiber chips (whose preparation is in 4.5.2) by the incipient 
wetness co-impregnation method, being able to achieve full O3 conversion at 
25 °C for a feed gas containing 1000 ppm O3 at a high GHSV of 48,000 mL 
gcat

−1 h−1; a full O3 conversion was retained in the absence of moisture until 
the end of testing after 720 min; in case with a relative humidity of 50%, the O3 
conversion declined from the initial 88% to a flat of ~66% within 90 min. In 
order to improve the catalyst moisture resistance, the above catalyst was 
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modified by Pd to get a Pd-Co-MnOx/Al2O3/Al-fiber.[228] The preferred 
catalyst remained full O3 conversion for at least 4 h at 25°C for a feed gas 
with 1500 ppm O3 even at a high relative humidity of 70% and a GHSV of 
48,000 mL gcat

−1 h−1; the full O3 conversion quickly moved to a flat of ~96% 
during the 4-h testing at 90% relative humidity, whereas it was retrievable 
immediately after switching into the dry feed gas. The remarkable improve-
ment in activity, stability, and moisture resistance by the Pd-modification is 
due to the greatly improved and stabilized oxygen vacancies and markedly 
weakened H2O adsorption on the catalyst surface.

5.5.3. NOx removal
The nitrogen oxides (NOx) emitted from combustion of coal and oil can cause 
great environmental pollution, including acid rain, photochemical smog, and 
greenhouse effect.[229,230] At present, the selective catalytic reduction of NO by 
ammonia (NH3-SCR) has been recognized as the most effective and econom-
ical method for the removal of NOx from the mobile and stationary 

Figure 26. Geometry, morphology and structure features of the representative Co-MnOx/ns-Al2O3 

/Al-fiber catalyst from nano- to macro-scale: (a) optical photograph, (b-d) SEM and (e) TEM images 
(Reprinted with permission from ref.[227] Copyright 2015 Wiley and Sons).
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sources.[231,232] For decades, V2O5-MoO3/TiO2 and V2O5-WO3/TiO2 were 
used in many countries as the industrially adopted NH3-SCR catalysts,[233] 

but suffered from high operation temperature and low N2 selectivity as well as 
V toxicity to the environment and human health. Recently, many studies have 
been conducted on the Mn-based catalysts,[234–236] and the NiO-MnOx acted 
as a promising candidate.[236] For practical applications, active components 
were usually immobilized on the surface or adsorbed to the channel walls of 
ceramic monoliths or parallel passage reactors by the wash-coating, dip- 
coating, impregnation, or extrusion technique.[237] However, their actual 
operations face the problems of random distribution of active components, 
low interphase mass transfer, and blockage of channels. The fiber/foam- 
structured ones are attractive alternatives.

The Ni-foam can be taken as a new prospective support due to its high 
porosity, high mass/heat transfer, and high mechanical strength. By integrat-
ing the highly active NiO-MnOx nanocomposites with the Ni-foam support, 
Zhang et al.[95] tailored a Ni-foam-structured NiO-MnOx catalyst by a simple 
hydrothermal treatment and calcination process (partially described in 4.5.4 
and totally illustrated in Figure 27). Such catalyst gave high catalytic activity, 
good stability, and a wide temperature window of >80% NO conversion 
ranged from 245 to 360 °C; a maximum NO conversion of 91% was obtained 
at 270°C, while the NO conversion was maintained at ca. 90% for at least 16 h 
without any sign of deactivation.

A Pd/Ce0.66Zr0.34O2/TiO2/Al2O3/WMH (WMH: wire-mesh-honeycomb) 
was prepared by the electrophoretic deposition method (described in 
4.2).[238] This WMH structured catalyst exhibited a higher NOx conversion 
at lower temperatures and could establish the steady state more quickly than 
the ceramic monolithic catalyst, for applications in the unsteady-state cases. 
This catalyst also exhibited a characteristic of fast light-off. In addition, the 
WMH-structured V2O5-WO3-TiO2 catalyst was also prepared for the NH3- 
SCR.[74,75] The mass transfer of such WMH-type catalysts was investigated, 
and the results revealed that they had not only a high catalyst utilization 
relative to the geometric surface area and catalyst weight but also a low 
pressure drop. Moreover, the resistances to H2O, SO2, and dust were investi-
gated for the WMH catalyst. The results showed that above 95% NOx conver-
sion could be kept in a broad temperature window (250–425 °C) and nearly 
92% NOx conversion was achieved during a durability test in the presence of 
H2O and SO2. Furthermore, little dust of 2.9 g m−2 was deposited on catalyst 
during a 40-h dust exposure, which is the guarantee of good maintenance of 
nearly 90% NOx conversion. By comparison, the dust amount deposited on the 
ceramic honeycomb catalyst with the same cell density reached up to 6.7  
g m−2, thus leading to a large reduction of the NOx conversion to 58%. The 
high dust resistance of WMH catalyst might be attributed to its entirely open 
3D porous structure.
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It is an intractable issue to improve the low-temperature SO2-tolerant NH3- 
SCR performance because as-deposited sulfates are difficult to be decomposed 
below 300 °C. Han et al.[239] tailored a low-temperature self-prevention struc-
tured catalyst of TiO2@Fe2O3/Al2O3/Al-mesh against the sulfate deposition. 
This catalyst was prepared via a one-pot self-assembly method using the 
titanate cross-linking molecule (titanium bis(triethanolamine)- 
diisopropoxide; preparation based on the method in 4.6 and details in 

Figure 27. (A) Schematic representation of the synthesis route to NiO-MnOx/Ni-foam catalyst. (b-d) 
SEM images and (e) XRD pattern of the NiO-MnOx/Ni-foam catalyst (Reprinted with permission 
from ref.[95] Copyright 2014 Royal Society of Chemistry).
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ref.[239]), delivering a superior SO2 tolerance at 260 °C and a broad window of 
220–420 °C with the NO conversion above 90%. The mesoporous TiO2-shell 
effectively restrained the deposition of FeSO4 and NH4HSO4 because of the 
weakened SO2 adsorption and promoted NH4HSO4 decomposition on the 
mesoporous-TiO2.

5.5.4. Catalytic combustion of volatile organic compounds
Some mesh-structured catalysts were prepared by the spray deposition 
method (described in 4.1) and used to burn away different pollutants in 
the flue gases from fuel combustion, e.g., CO, propylene, terpenes, and 
tar.[66,67] In most cases relevant to the particulate catalysts, the combus-
tion is severely limited by the limited external mass transfer. However, 
the combustion performing with this FeCrAl-wire mesh catalyst revealed 
that its performance in the mass-transfer controlled domain was 
superior.[66] Moreover, a numerical model was also developed to com-
pare the performance of wire-mesh, monolith, and pellet catalysts,[67] 

together with a model describing the resistance to internal/external 
mass/heat transfer and the effects of axial dispersion. The results 
revealed that such wire-mesh catalysts take advantage of high mass/ 
heat transfer, moderate pressure drop, insignificant effects of pore diffu-
sion and axial dispersion, good thermal and mechanical strength, geo-
metric flexibility, excellent thermal response, and simplicity in the 
catalyst recovery.

The above-mentioned Pd@SiO2/ns-Al2O3/Al-fiber for the CH4 combustion 
in 5.5.1 was also promising for the catalytic abatement of volatile organic 
compounds, including hydrocarbons, alcohols, aldehydes, and esters.[11] 

Under conditions of 1000 ppm of single organic compound in air and 
GHSV of 72,000 mL gcat

−1 h−1, T90 was 267 °C for toluene, 200 °C for 
propylene, 200 °C for ethane, 138 °C for methyl formate, 100 °C for formal-
dehyde, and 60 °C for methanol. The wire-mesh-honeycomb (WMH) catalysts 
exhibit better flow distribution and higher interphase mass transfer than the 
ceramic honeycomb ones. The Al2O3-coated WMH (coated method in 4.2) 
was deposited with Pt/TiO2 for the ethyl acetate oxidation.[76] The mass- 
transfer coefficient in the WMH module was found to be quite different 
from that in the ceramic honeycomb one. After deposition of V2O5-TiO2 by 
the impregnation method onto the WMH surface, the resulting catalyst was 
applied for the catalytic oxidation of 1,2-dichlorobenzene,[240] showing better 
catalytic performance than the ceramic honeycomb catalyst due to the reduced 
mass-transfer resistance by the existence of holes in the mesh sheet. The 
kinetic study showed that the better performance of WMH catalysts is due 
to an improved external mass-transfer because of the existence of additional 
flow across the channel walls of the wire mesh.
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5.6. Others

5.6.1. Liquid-liquid mixing reaction
The sintered-locked microfibrous structures were also used as micro-agitators 
toward the process intensification of liquid–liquid mixing reactions, such as 
the benzene nitration that suffers from strong heat/mass transfer and high risk 
of explosion, because of the benefits from their 3D open network for micro- 
scale segmentation and rapid mixing of fluids. Based on the thin-felt packing 
consisting of 20-μm SS-fiber, Li et al.[241] designed a micro-reactor with the 
unique integration of micro-mixing, reaction, and heat exchange (Figure 28) 
and investigated the fast and highly exothermic liquid–liquid two-phase mix-
ing benzene-HNO3 nitration reaction. This reaction can be facilitated in 
a short time with a benzene conversion of 91.7% and a nitrobenzene selectivity 
of 99.4%. For the purpose of eliminating the use of H2SO4 as catalyst in this 
reaction, Yang et al.[242] developed a microfibrous-structured Nafion-SiO2/SS- 
fiber catalyst with a voidage of 60%–75%, by engineering the Nafion solid acid 
particles onto a thin-felt SS-fiber packing. Its catalytic performance for the H2 
SO4-free benzene nitration was tested on a micro-reactor (Figure 28), achiev-
ing a 44.7% benzene conversion with a nitrobenzene selectivity of 99.9% at 75 
°C. The catalytic efficiency of per unit acid site of the Nafion-SiO2/SS-fiber 
packing is nearly 600 times higher than that of H2SO4 (used in the traditional 
batch stirred reactor) at comparable benzene conversion.

5.6.2. Catalytic distillation
The esterification of acetic acid with ethanol to ethyl acetate (EA) is a typical 
equilibrium reaction with limited EA formation. The catalytic distillation (CD) 
integrates catalysis and distillation to separate EA from the reaction system timely, 
making a positive shift of equilibrium. Lai et al.[243] investigated the EA production 
by the CD method using particulate Amberlyst 35 (acidic ion exchange resin) at 
a pilot-plant scale, and high-purity EA of higher than 99% selectivity could be 
obtainable with an acetic acid impurity of less than 100 ppm. Despite this inter-
esting result, some challenges still exist regarding this catalyst, such as the high 
pressure drop and limited heat/mass transfer.[244] To solve these problems, some 
monolithic metal-structures (such as MULTIPAK®,[245] KATAPAK®-SP,[246] and 
SCPI[247]) have been adopted to arrange the particulate catalyst in arrays of these 
structures (namely to fabricate the arranged catalyst packings). However, these 
arranged catalyst packings are complex and costly exercised with no guarantee of 
catalyst durability due to the inherent usage of particulate catalysts even though in 
the arranged form.

Deng et al.[248] reported the acetic acid-ethanol esterification by the CD 
method using a microfibrous-structured ZSM-5/SS-fiber CD packing, which 
was prepared by directly growing ZSM-5 onto the θ-ring-like analogues of SS- 
fiber (preparation method in 4.5.1; Figure 29). High total (95.9%) and actual 
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(90.9%) yields of EA with an 89.8% purity were achievable, while the high CD 
efficiency was well preserved after 30 consecutive batch runs for at least 240 h. 
This packing achieved a unique combination of good stability, adequate 
Bronsted acid sites, and high mass/heat transfer.

5.6.3. Electrocatalysis
The electrocatalysis is a hot topic in the current international academic 
frontier. It has a broad prospect in many reactions, such as splitting water to 
produce hydrogen and catalyzing CO2-H2O to synthesize CO and oxygen- 
containing hydrocarbons. From the perspective of application, the self- 
supporting and efficient-diffusion electrode catalysts are very important for 
electrocatalysis. The fine construction of self-supporting electrode catalysts 
based on the metal fiber/foam matrix has been reported continuously.

For example, the hydrogen production via water-splitting is a sustainable 
way in catalysis and renewable energy. Noble metals are still the best catalysts 
for the two half-reactions in the water-splitting (oxygen evolution (OER) 
reaction and hydrogen evolution (HER) reaction), but suffer from high cost 
and low natural abundance. Some non-noble metal catalysts have been inves-
tigated, but the catalytic efficiency of many of them (e.g., MoS2) is greatly 
limited by the low electrical conductivity.[249] A monolithic Ni3S2/Ni-foam 
electrocatalyst (Figure 12) is fabricated via in situ growth of the highly active 
Ni3S2 nanosheets on the highly conductive metal Ni-foam (preparation details 
in 4.8).[118] This catalyst can serve as a highly active, binder-free, bifunctional 

Figure 28. Micro-reactor structure and reaction flow chart (PTFE: polytetrafluoroethylene; T1-T9: 
temperature measurement points) (Reprinted with permission from ref.[242] Copyright 2007 Elsevier).
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electrocatalyst for both the HER and OER. The Ni3S2/Ni-foam delivered 100% 
Faradaic yield toward both the HER and OER and showed a remarkable 
catalytic stability for at least 200 h, in nature, due to the combination of high 
catalytic performance of the Ni3S2-nanosheet arrays with high electrical con-
ductivity of the Ni-foam.

Although the electrocatalytic reduction of CO2 is a prospective strategy to 
address both carbon emission abatement and sustainable energy development, 
the efficient CO2 conversion remains a big challenge in the aqueous CO2 
electroreduction because of the low solubility and intrinsic inertness of CO2. 
Chen et al.[250] reported a hollow Cu-fiber of gas-diffusion electrode catalyst 
for the CO2 reduction to formate. The considerable faradaic efficiency (80%) 
at a high current density (210 mA cm−2) could be achievable over this elec-
trode catalyst, with its formate yield (2677 μmol h−1 cm−2) about 30 times that 

Figure 29. (A) Schematic illustration of the preparation of microfibrous-structured ZSM-5/SS-fiber 
catalyst packings. (b) CD apparatus with optical photograph of θ-ring analogues of ZSM-5/SS-fiber 
(TC1, TC2: thermocouples for monitoring the temperatures at column top and in flask, respectively; 
TC3: thermocouple for controlling reboiler duty). (c) Macroscopic photograph of the ZSM-5/SS- 
fiber (50) catalyst (Reprinted with permission from ref.[248] Copyright 2016 Royal Society of 
Chemistry).
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of the Cu-foil. The CO2 molecules are forced to penetrate through porous wall 
of the hollow Cu-fiber electrode, resulting in CO2 effective activation and 
compulsive interaction with the active sites, which synergistically facilitates the 
formate formation. Moreover, Chen et al.[251] successfully constructed a high- 
performance hollow-silver-fiber electrode catalyst (Figure 30) through com-
bining the phase transformation with the electrochemical in-situ activation. At 
25 °C, 0.1 MPa, and a high GHSV of ≥30000 mL gcat

−1 h−1, a single-running 
CO2 conversion of ≥50% was obtained with ≥90% Faraday efficiency of CO 
and a current density of 1200 mA cm−2, showing a great application potential.

5.6.4. Supercapacitors
The supercapacitors structured on carbon cloth, metal sheets, papers, and plastic 
substrates are widely employed as the portable and wearable energy-storage 
devices.[252] In order to further increase their compatibility but with decreased 
size, the fiber and cable supercapacitors were considered as a promising strategy. 
Recently, Wang et al.[253] tailored a coaxial fiber supercapacitor based on the NiCo2 
O4 nanosheets, giving a volumetric capacitance of 10.3 F cm−3 at 0.08 mA. In 
addition, a supercapacitor integrating the planar ZnCo2O4 nano-arrays and car-
bon-fiber offers a capacitance of 0.6 F g−1 at 1 A g−1.[254]

Despite these interesting results, further studies still need to be carried out 
to improve their performance for the practical applications. For example, most 
supercapacitors are based on metal wire current collectors, which have smooth 
surface, low surface area, and low porosity, thus causing large contact resis-
tance between the current collector substrate and active materials. Hence, the 
internal resistance should be reduced for faster charge transport, and the active 

Figure 30. Schematic diagram of high-efficiency electroreduction of CO2 with micro/nano structure 
hollow fiber silver electrode (Reprinted with permission from ref.[251] Copyright 2022 Springer Nature).
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surface area should be increased to permit easy access for electrolyte ions. 
A NiCo2O4 electroactive material was grown onto a 3D-Ni/Ni-wire current 
collector by the method described in 4.8.[116] As-prepared NiCo2O4/3D-Ni 
/Ni-wire exhibited an outstanding volumetric capacitance of 29.7 F cm−3 with 
a good rate capability of 97.5% at 20 mA.

The carbon nanotubes (CNTs) and carbon aerogel (CAG) are promising 
nano-carbon-based materials but encounter molding problems when used in 
batteries and supercapacitors. The use of traditional polymer adhesives will 
not only sacrifice the specific surface area and destroy the structural charac-
teristics of carbon materials but also lead to a high resistance of charge 
conduction and ion transfer. Therefore, the cross-scale preparation of binder- 
free nano-carbon materials has attracted great attention. Based on the large 
voidage, open network, and unique shape factor of the thin-sheet Ni- 
microfiber substrate, Jiang et al.[255] successfully prepared a CNTs/Ni- 
microfiber composite (8.0 cm in diameter) by growing CNTs on the fiber 
surface via the chemical vapor deposition method. The overall structure was 
intact, and the CNTs were evenly distributed with CNTs loading as high as 60  
wt%. The charge transfer and ion transfer resistances of such composites were 
very small, and the specific capacitance measured in a 5 M KOH aqueous 
solution electrolyte could reach 47 F g−1. Furthermore, Li et al.[256] used the 
above-obtained CNTs/Ni-microfiber composite as the substrate to prepare 
a self-supporting electrode material of PANi-CNTs/Ni-microfiber by the 

Figure 31. Schematic diagram of self-supporting three-dimensional CNT-PANi/Ni-microfiber elec-
trode material, with metal fiber network as collector, CNTs as conductor-nanowire, PANi as 
chemical energy storage active material, and spanning macro-micro-nano scales (Reprinted with 
permission from ref.[256] Copyright 2012 Royal Society of Chemistry).
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polyaniline (PANi) coating method. In this electrode, Ni-microfiber acts as the 
current collector, with CNTs as the conductor-nanowire and PANi as the 
chemical energy storage active material, with spanning macro-, meso-, and 
nano-scales (Figure 31). This electrode exhibited promising electrochemical 
properties, chemical capacitance energy storage performance, and good 
charge-discharge cycle stability. In nature, the electronic interactions gener-
ated by the π-π stacking interactions between the PANi and CNTs not only 
promote the electrochemical activity of PANi but may also have a stabilizing 
effect on the PANi, thus improving the charge-discharge cycle stability. The 
above results demonstrate that the fabricated devices possess excellent poten-
tials for flexible, portable, and wearable applications in energy-storage devices.

6. Conclusions and future outlook

The exploration of heterogeneous catalysis based on the structured catalysts 
has experienced a rich history for decades of years, and clearly, their progress 
to date has proven the superiority to the particulate catalysts that are randomly 
packed in reactor. This review is only a snapshot of the current states of non- 
dip-coating fabrication of the fiber/foam catalysts for energy and environ-
mental catalysis, and the production of fine chemicals. However, there is still 
enough room for further improvement in multi-aspects.

The first is to render more advanced methods to effectively and effi-
ciently structure the nanocomposites onto the fiber/foam substrates. Some 
strategies such as the galvanic deposition and chemical etching have been 
applied but are still junior because the size, shape, and distribution of 
building blocks are hard to be controlled. Hence, more advanced methods 
based on the modern nanosynthesis techniques should be exigently devel-
oped to resolve these problems. Secondly, it is urgent to structure the 
nanocomposites with adequate resistance to sintering and coke for the 
ultrahigh-temperature reactions such as the catalytic oxy-methane reform-
ing (700–800 °C) and steam methane reforming (800–1000 °C). To 
achieve this goal, the substrates (such as SiC-foam and SiC-fiber) should 
be modified to be endowed with the high-temperature stability and coke- 
resistance properties. Therefore, new methods need to be found to cata-
lytically functionalize these supports via in-situ growth of the catalytic 
components. Next, the fiber/foam catalysts will find the place in other 
applications such as catalytic distillation for the cyclohexyl acetate pro-
duction from cyclohexene and acetic acid over the structured solid-acid 
catalysts. Moreover, the knowledge of flow and transport phenomena as 
detailed as possible is needed to model the three-phase structured reac-
tors, and their design and modeling for the three-phase processes should 
be intensively conducted. Fifth, other functional materials (such as metal- 
organic framework, ionic liquid, grapheme, and biocompatible materials) 
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are also welcome to be structured onto the monoliths to construct more 
advanced structured catalysts or biomaterials. Sixth, shape design and 
other features prediction of the desirable structured catalysts should be 
developed on the basis of computational calculations. However, it is 
unfortunate that there are no correlations between the key parameters 
(such as pressure drop and heat/mass transfer) and the different struc-
tures for catalyst design, and there should be a more intense focus on 
description of the hydrodynamics and transport properties. Last but not 
least, great challenges still exist in the applications of the fiber/foam- 
structured catalysts in industrial scale. The methods summarized in 
Table 1 possess substantial potential to prepare the fiber/foam catalysts 
on a large scale, but the actual experiments of their scale-up preparation 
are still lacking. In addition, there are also few studies of the fiber/foam 
catalysts involving applications at industrial scale, such as process and 
reactor design, stability test, deactivation mechanism, and regeneration. 
Moreover, the mass and heat transfer behavior in the amplified process 
also needs to be studied urgently. In one word, the issues involving their 
industrial-scale applications are in urgent need of study. Anyhow, a close 
collaboration among chemistry, materials, engineering, mathematics, and 
computer science is highly urgent in order to develop more advanced 
structured catalysts and materials, which might lead to improved or new- 
advantageous structures attractive for heterogeneous catalysis and other 
new fields like biomedicine.
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