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Abstract
With the awakening of environmental awareness, the importance of air quality to human health and the proper functioning 
of social mechanisms is becoming increasingly prominent. The low cost and high efficiency of catalytic technique makes it 
a natural choice for achieving deep air purification. Stainless steel alloys have demonstrated their full potential for applica-
tion in a variety of catalytic fields. The diversity of 3D networks or fibrous structures increases the turbulence within the 
heterogeneous catalysis, balance the temperature distribution in the reaction bed and, in combination with a highly thermally 
conductive skeleton, avoid agglomeration and deactivation of the active components; corrosion resistance and thermal 
stability are adapted to highly endothermic/exothermic or corrosive reaction environments; oxide layers formed by bulk 
transition metals activated by thermal treatment or etching can significantly alter the physico-chemical properties between 
the substrate and active species, further improving the stability of stainless steel catalysts; suitable electronic conductivity 
can be applied to the electrothermal catalysis, which is expected to provide guidance for the reduction of intermittent emis-
sion exhausts and the storage of renewable energy. The current applications of stainless steel as catalyst or support in the 
air purification have covered soot particle capture and combustion, catalytic oxidation of VOCs, SCR, and air sterilization. 
This paper summarizes several preparation methods and presents the relationships between the preparation process and the 
activity, and reviews its application and the current status of research in atmospheric environmental management, proposing 
the advantages and challenges of the stainless steel-based catalysts.
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Introduction

According to the United Nations Environment Programme 
UNEP (2021), by 2020, more than 95% of countries are 
regulating  PM10, ozone, nitrogen oxide (NOx) and sulfur 
dioxide  (SO2), and 90% are regulating  PM2.5. But due to cost 
or technical constraints, few standards are as stringent as the 

WHO Air Quality Guidelines (AQGs 2005) (Health Effects 
Institute 2020). This indicates that air quality control will 
be a hotspot for a long time in the future. However, with the 
deepening of the pollution control process, the space for pol-
lutant reduction is gradually narrowing, and it is becoming 
increasingly difficult to reduce emissions from end-of-pipe 
treatment (Aljerf 2016).

Among the pollution control technologies that have been 
developed, catalysis (including catalytic oxidation and cata-
lytic reduction) is widely used, energy-saving, and free of 
secondary pollution. It has a great potential for emission 
reduction, which makes them an inevitable choice for in-
depth air environmental control worldwide.

The research and development of catalysts are one of 
the cores of catalytic technology. Structured catalysts and 
reactors have gained a lot of attention because they show 
more freedom in design than filled-bed ones, which have the 
drawbacks of high pressure drop, hard separation and inef-
fective recovery (Rogozhnikov et al. 2022). A typical case 
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of this type of catalyst is the monolithic catalyst, which is 
mostly in the form of a honeycomb or layer structure, usu-
ally made of ceramics or metals (Carty & Lednor 1996; Bao 
and Wu 2022). Ceramic Honeycomb (CH) has become one 
of the most important and promising supports due to its low 
thermal expansion and high thermal shock fracture resist-
ance (Hu and Wang 2021). However, it suffers from fragility, 
lack of alkali resistance and poor thermal conductivity (Liu 
et al. 2017); On account of process limitations, the walls of 
CH are usually thick and closed, inhibiting radial mixing of 
the gas stream and leading to poor interphase mass transfer 
rates (Yao et al. 2020); While low thermal conductivity and 
mixing degree of airflow further result in low heat transfer 
rates and uneven temperature distribution in catalytic bed, 
especially in highly exothermic and endothermic reactions, 
where local hot spots are inevitable due to the occurrence 
of laminar phenomena, which gives rise to catalyst agglom-
eration and inactivation (Yao et al. 2022). Secondly, for CH 
catalysts, the introduction of the active component is usu-
ally incorporated into the channel walls during the structure 
forming stage or coated by washing-coat, which generates 
poor exposure of the active sites or accumulation of coating 
at the corners (Yao et al. 2006). Most importantly, for dusty 
gases (e.g., coal-fired boiler tail gas), once the front channels 
of the catalyst are blocked by dust, the entire catalyst will fail 
completely, leading to frequent disassembly and installation 
of the system and high operating and maintenance costs.

In contrast, metallic supports offer significant advan-
tages. First, the metal substrate is more suitable for the harsh 
atmosphere of highly exothermic and endothermic reac-
tions as its better thermal conductivity, lower heat capacity, 
greater resistance to thermal and mechanical shock (Chen 
et al. 2019). Secondly, it also tends to have thinner walls 
and larger free cross-section, resulting in lower pressure 
drop and greater contact area per unit volume for the same 
pore density, thus enabling higher conversion efficiencies 
(Wu et al. 2005; Kucharczyk et al. 2017). Thirdly, metal 
blocks are easy for remoulding and can be adapted to dif-
ferent geometries required in various industrial applications 
(Banus et al. 2014; Godoy et al. 2018), improving the mass 
transfer capability of the catalyst. In addition, when a metal-
based catalyst with suitable resistivity is selected, it can act 
as a resistive element for joule-heating of the reaction system 
(Duran et al. 2011). Therefore, metal supports have received 
increasing attention.

Currently, the commonly used metal supports are Fe (Xue 
et al. 2020), Al (Agueniou et al. 2020; Xia et al. 2020), Ni 
(Agueniou et al. 2020; Bello et al. 2013; Zha et al. 2020; 
Zhao et al. 2020), Cu (Agueniou et al. 2020), Ni–Cr alloys 
(Nady et al. 2021; Zhou et al. 2008), etc. Among these, 
stainless steel (SS) is regarded as a good candidate due 
to its availability, low cost and the presence of numerous 
transition metal elements (Fe, Ni, and Cr, etc.) (Anantharaj 

et al. 2017). It has been well documented that SS has good 
electronic conductivity and corrosion resistance in complex 
catalytic environments (Schafer and Chatenet 2018). Its 
chemical properties and catalytic behaviour can be regu-
lated by surface modification. For example, acid leaching 
increases the surface area (Schafer and Chatenet 2018; Shen 
et al. 2018), surface elements modulating to obtain better 
catalytic activity (Lee et al. 2018). Therefore, in recent years, 
stainless steel monolithic catalysts have been widely used 
in a variety of catalytic fields, such as pollutant abatement 
(Godoy et al. 2018; Sanz et al. 2017; Yang et al. 2006), 
organic synthesis (Chang et al. 2021), clean energy (Huang 
et al. 2021; Liu et al. 2021; Zhu et al. 2019a).

Although a large number of articles have studied or sum-
marized the preparation and related applications of metal-
based monolithic catalysts (Montebelli et al. 2014; Pauletto 
et al. 2020), there are no reports that focus exclusively on 
stainless steel substrates, and the applications covered in the 
above articles are mostly broad, including purification of 
different environmental media, chemical synthesis, electro-
chemical cells and reforming reaction, etc. It is therefore of 
great significance to narrow down the scope of research for 
better understanding the catalytic performance of stainless 
steel and promoting the further purification of the atmos-
pheric environment. In addition, inspired by the element-rich 
property of stainless steel, some novel preparation methods 
(e.g. etching, thermal treatment) have been developed to 
activate its inert surfaces. These methods improve surface 
roughness of SS, exploit its potential catalytic activity and/
or enhance substrate-active component interactions, which 
altering the valence state of surface elements or even the 
active site. Based on this, this paper summarises the advan-
tages and challenges of stainless steel as a catalyst or support 
from the perspective of air pollution control; outlines the 
preparation methods, including the synthesis of coatings and 
the deposition of active phase; and reviews their application 
and research status in different fields, aiming to provide a 
basis for the promotion and development of stainless steel 
in catalysis.

Properties of stainless steel‑based catalysts

Physical properties

When describing the properties of stainless steel, corrosion 
resistance, hardness, strength, toughness, density, magnet-
ism, etc. are the most important index. But in this paper, only 
properties closely related to catalysis are introduced, such 
as resistivity, thermal expansivity, and thermal conductivity 
(see Table 1).

Stability is a critical factor in support selection. The 
working temperature window for the catalytic combustion 
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of air pollutants is generally between 200 ~ 500 ℃, well 
below the temperature limit (~ 800 °C) of stainless steel 
in the air (the ambient atmosphere for most catalytic reac-
tions) (du Preez et al. 2019). On the other hand, good 
acid and alkali resistance are also major reasons for the 
popularity of stainless steel catalysts.

For gas–solid heterogeneous catalytic systems, the 
hazards of localised overheating of the active center have 
been well documented (Badmaev and Sobyanin 2020). 
Sanz et al. (2016) pointed out that the lower the ther-
mal conductivity the more significant the temperature 
difference in the catalytic bed and the more pronounced 
the local hot spot. The excellent thermal conductivity of 
stainless steel has become an important factor in its wide-
spread use as catalyst support. As shown in Fig. 1a, both 
axial and radial temperature gradients within the catalyst 
module are negligible during a strongly endothermic reac-
tion (Zazhigalov et al. 2021). However, in addition to its 
intrinsic thermal conductivity, the actual thermal conduc-
tivity is also related to the pore density of the substrate, 
that is, the number of pores per unit cross-sectional area. 
Visconti et al. (2013) have proved that the higher the pore 
density, the higher the thermal conductivity in the axial 
and radial directions.

In line with transition state theory, any reaction must 
cross an energy barrier before it can be converted to a 
product. Therefore, extra energy is needed to input to the 
system to bring the ambient temperature to the catalyst's 
ignition temperature. The traditional external heating 
model leads to large equipment volume and high operat-
ing costs, and inevitably produces a great heat loss. In 
this situation, making full use of the resistance element 
as catalyst supports for the self-heating of the system has 
emerged. Stainless steel meets the resistance requirements 
for joule-heating and is a cheap alternative to the tradi-
tional FeCrAl wire.

Structural properties

The plasticity of stainless steel enables it to be adapted to 
different processes and thus to be used in different geometri-
cal forms (like wire, foil, plate, tube, foam, honeycomb, wire 
mesh, fibre felt, etc.), as shown in Fig. 2.

Metallic foams (MF) are bulk materials with continuous 
cellular network structure. As shown in Fig. 1b, the unit cell 
structure of MF is usually a polyhedron, its pore density is 
evaluated by the number of pores per linear inch (PPI). PPI 
of typical MF is 5 ~ 40, and the void ratio is 90 ~ 95% (Mon-
tebelli et al. 2014), which has a high surface area to volume 
ratio. Compared with honeycomb, metal foams can obtain a 
wider range of shapes and have shorter diffusion distances. 

Table 1  Physical properties 
of stainless steel related to 
catalysis

Type Resistivity /
(µΩ·cm)

thermal expansivity /
(×  10–6  K−1)

Thermal conductivity /( 
W·m−1·K−1)

Maximum service 
temperature in air /
(℃)

AISI301 70–72 18.0 16.3 -
AISI302 70–72 15–18 16.3 -
AISI304 70–72 18.0 16.3 -
AISI310 70–78 16–18 16.3 -
AISI316 70–78 16–18 16.3 -
AISI321 70–73 18.0 16.3 800
AISI347 70–73 16–18 16.3 800
AISI410 56–72 10–12 18–24 750
AISI420 55 10.3 24.9 -

Fig. 1  (a) Temperature distribution along the stainless steel wire 
mesh honeycomb module in endothermic reaction (furnace T = 750 
℃) (Zazhigalov et  al. 2021). (b) Open-cell foam geometrical char-
acterization (Montebelli et  al. 2014). (c) Different forms of WH: 
Columnar monolith (left) (Montebelli et  al. 2014) and spiral roller 
(right) (Martinez et al. 2009)
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In addition, the zigzag pore shape facilitates reactants mix-
ing and external mass transfer, allowing radial mass and heat 
transfer. In some cases, the interconnect network makes the 
radial heat transfer of metal foam superior to that of metal 
honeycomb. Compared to other forms of metal supports, 
metal foams achieve better adhesion of the catalytic layer.

Metal honeycomb (MH) is made by extruding or rolling 
corrugated plates and flat foils in turn. The general structure 
parameter is CPSI, the number of cells per square inch. In 
general, the pore densities of MH vary from 50 to 600 CPSI 
and the void ratio is usually in the range of 70 ~ 90% (Mon-
tebelli et al. 2014). The closed, parallel channel walls allow 
for a straight, vortex-free fluid path. By contrast, the rolling 
method produces a more flexible geometry, commonly in the 
form of columnar monoliths or spiral rollers (Fig. 1c). How-
ever, the disadvantage of this method is that the continuity of 
the material is sacrificed, resulting in a poor effective radial 
thermal conductivity (even after welding).

Wire Mesh (WM) is a combination of multiple layers of 
mesh. Porsin et al. (2016) pointed out that with the same 
loading of active components, WM catalyst has better flame-
out performance than MH catalyst, this is because the mesh 
structure avoids the formation of laminar flow of gases, thus 
providing higher mass and heat transfer efficiency and elimi-
nating the limitation of external diffusion (e.g. pore diffusion 
and axial diffusion). It is suitable for flue gas purification 
and high space velocity reactions. Its best-known application 
relates to nitric acid production, a process with air velocity 
of up to 600,000  h−1. Additionally, the structure design has 
high flexibility, allowing the size, shape, wire diameter, and 

packing density of the mesh to be varied to control the reac-
tion environment parameters (e.g. pressure drop, mass and 
heat transfer rates, etc.). These advantages allow the crea-
tion of compact and efficient catalytic reactors with heating 
surfaces of varying shapes, but with the problem of cumber-
some assembly.

Wire mesh honeycomb (WMH) is a modification of WM, 
which is rolled by corrugated mesh or stacked alternately 
with flat ones. The channel walls are interconnected to form 
a three-dimensional opening structure. Table 2 shows a com-
parison of the geometric properties of WMH and CH for 
the same pore density (Qu et al. 2013; Shu et al. 2012a). It 
can be found that the WMH catalyst offered higher geomet-
ric surface area (GSA), open frontal area (OFA) and large 
hydraulic diameter (Dh) than the CH catalyst, which could 
help to minimize the pressure drop and increases the inter-
phase mass transfer rate and resistance to dust accumula-
tion, and avoids the accumulation of the active coating at the 
corners (Yao et al. 2006), maximizing the utilization of the 
catalyst per geometric area (Shu et al. 2012b).

For WM and WMH catalysts, the uniform distribution 
of temperature is also associated with the presence of gas 
radial mixing. This conferred a faster thermal (Fig. 3a) and 
reactant response (Fig. 3b) to the catalysts (Qu et al. 2013; 
Sanz et al. 2016). All catalysts heated up within 5 min and 
remained at this temperature for 50 min. It can be seen that 
the WMH catalysts took half the time to achieve activity sta-
bilization compared to the CH catalysts, taking only 10 min, 
and achieved higher product conversions at the same temper-
ature. In the reactant response experiment, when reactants 
were abruptly cut off or supplied, the WMH catalyst reached 
steady-state conversion in a shorter time.

Loosely joined wires or fibers in a geometrically inter-
laced pattern called metal fibre felt (Fibers). The open 
and porous nature of this material provides a high degree 
of gas turbulence and gas–solid contact area, thus pos-
sess higher adsorption properties and catalytic activity 
towards gaseous pollutants. Yin et al. (2019) found that 

Fig. 2  Geometrical structure, preparation, and application of stainless 
steel catalysts

Table 2  Physical properties of WMH and CH catalysts (Qu et  al. 
2013; Shu et al. 2012a)

GSA geometric surface area, OFA open frontal area, Dh hydraulic 
diameter.

Sample WMH CH

Materials Stainless steel Cordierite
Cell shape Sine wave Square
Cell density/(cpsi) 100 100
GSA/(×  103  m2·m−3) 1.62 1.28
OFA/(%) 74.1 64.3
Dh/(×  10−3 m) 2.54 2.03
Pressure drop/(10–2 Pa) 2.58 5.08
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ZIF-67 membrane supported on paper-like stainless steel 
fibers (PSSF) displayed higher adsorption rate constant 
of toluene (0.0672  min−1) than granular ZSM-5 zeolites 
(0.0560  min−1), which is closely related to the higher mass 
transfer efficacy offered by the three-dimensional network 
structure of PSSF. For this reason, metal fibers have been 
extensively investigated in the fields of gas-phase synthesis 
(Pauletto et al. 2021a, 2021b; Qu et al. 2013), contaminant 
purification (Chen et al. 2022b; Zhou et al. 2017).

Although different structures and geometries of stainless 
steel have been developed, mesh and honeycomb are the 
most widely used, taking into account the ease of construc-
tion and shape advantages.

Chemical properties

According to the definition of GB/T20878-2007, the main 
component of stainless steel is Cr (≥ 10.5%). This is the 
main contributor to its rust resistance. Other elements in 
SS also include Mn, Ni, Mo, Cu, Si, Nb, N, etc., to meet the 

requirements of stainless steel structure and performance for 
various applications.

Studies have shown that the presence of transition metal 
elements (Fe, Ni, Mn, Cr, Cu) in stainless steel endows its 
certain catalytic activity, and only requires appropriate treat-
ment to activate the surface (such as calcination, surface 
etching) (Huang et al. 2021; Liu et al. 2021). Duran et al. 
(2011) used AISI 304 roasted at 900 °C in an air flow for 
2 h for the catalytic oxidation of ethyl acetate. The results 
showed that the transformation of ethyl acetate was com-
plete below 400 ℃,  T80 = 370 ℃. Xin et al. (2019) synthe-
sized Carbon nanosprouts (CNS) by using calcined SS as 
the catalyst. The FeO nanoparticles formed by calcination 
were the main catalytic active phase, while the presence of 
Mn also promotes the synthesis of CNS, as shown in Fig. 4. 
Similarly, Baddour et al. (2009) found that SS matrix etched 
by HCl (such as plates, wire meshes and powders) could 
also achieve the gas-phase synthesis of MWCNTS without 
addition of any catalyst. du Preez et al. (2019) prepared a Pt-
loaded stainless steel mesh and found that Ni in SS promoted 
catalytic hydrogen combustion. Chen et al. (2019) performed 

Fig. 3  Thermal response (a) 
and reactant response (b) over 
WMH and CH catalysts (Qu 
et al. 2013)

Fig. 4  TEM image of a nano-
sprout (a) and schematic illus-
tration of carbon nanosprout 
formation process (b) (Xin et al. 
2019)
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a one-step hydrothermal synthesis on AISI304 wire mesh 
to obtain a series of Mn-based monolithic catalysts. The 
results showed that during the hydrothermal and calcination 
process, Cr and Fe in the wire mesh doped into the  MnO2 
matrix, creating oxygen vacancies, increasing lattice stress 
and greatly improving the catalytic performance.

However, given that the inherent catalytic activity of 
stainless steel substrates is not sufficient to meet practical 
demands, it is essential to develop different preparation 
methods to enable the large-scale production and applica-
tion of stainless steel supported catalysts.

Preparation of stainless steel catalyst

The preparation of the structured catalyst is crucial to the 
properties (activity, mechanical properties, etc.) that the 
catalyst will ultimately exhibit. Unlike the possibility of 
direct extrusion of the ceramic catalyst, the metal support 
has to be additionally loaded with catalytic layers. It is 
accepted that the adhesion of inorganic coatings on met-
als is more difficult than on ceramics (Aljerf 2015). This is 
because the smooth, chemically inert surface of the metals, 
its low specific surface area and the large difference in ther-
mal expansivity between it and the oxide coating or active 
phase film, leading to creeping and flaking of the catalytic 
film during subsequent preparation and service. In addition, 
under high temperature conditions, some active components 
may migrate into the substrate by thermal diffusion. At the 
same time, oxygen will also pass through the catalyst coat-
ing to contact the substrate, resulting in the oxidation of the 
metal surface (Wu et al. 2001). This seriously affects the 
lifetime and stability of metal-based monolithic catalysts. 
Therefore, the primary problem of preparing metal-based 
catalysts is to solve the adhesion of the catalytic layer (oxide 
carrier + active phase) (Banus et al. 2010).

A summary of the published literature shows that the 
preparation of metal-based catalysts mostly includes the 
following steps: 1) surface pretreatment; 2) coating of the 
intermediate coating and 3) loading of the active phase. 
Surface pre-treatment of the metal substrate improves the 
surface roughness, promotes the formation of porous oxide 
layers and ensures good adhesion of the intermediate coat-
ing and the active phase. The intermediate coating is pre-
sent to further increase the surface area of the catalyst to 
expose more active sites. The loading of the active phase 
is a key step in acquisition of catalytic activity. Most of the 
time, these three steps are not completely hierarchical and 
independent. In other words, once the oxide film produced 
by the pretreatment has reached a suitable thickness and 
adhesion, the preparation of the intermediate coating can 
be dispensed with and the loading of the active component 
can be carried out directly. Alternatively, the active phase 

can be incorporated into the intermediate coating precursor 
to simplify the preparation process.

In general definitions, coatings refer to secondary sup-
ports and/or active phase films, as shown in Fig. 5a. Mon-
tebelli et al. (Montebelli et al. 2014) classified the coatings 
into three categories according to their functions and pro-
cesses: 1) Morphological supports: regulating the surface 
topography of substrate, and active phases need to be further 
deposited; 2) direct deposition of ready-made catalysts; 3) 
in-situ growth of active phase. This section provides a brief 
overview of surface pre-treatment and catalytic layer coating 
techniques for metal substrates (Fig. 5b).

Pretreatment

Chemical treatment

Chemical treatment is the first step in the pretreatment of 
metal substrates, mostly using organic solvents such as etha-
nol and/or acetone for ultrasonic cleaning, with the aim of 
removing grease and dust that may exist on the surface of 
the substrate. In other studies, strong acid (HCl,  HNO3) or 
base (NaOH) was subsequently used for corrosion treatment 
to increase surface roughness and promote the formation of 
the oxide layer. Suknev et al. (2004) state that HCl treatment 
helps to form a pseudo-layer that facilitates the chemisorp-
tion of small charged particles.

Thermal treatment

During the preparation and use of catalysts, high-tempera-
ture conditions can cause some components in stainless steel 
to migrate from bulk phase to surface, and these segregated 
metals can interact with the catalytic phase and thus alter the 
catalytic activity. Calcination of stainless steel at high tem-
perature can induce metal migration beforehand, generating 
an oxide layer to avoid further metal segregation in subse-
quent sections. The generated oxide layer can also improve 
the roughness of the metal substrate surface and increase 
the surface area, ensuring good adhesion of the active com-
ponents and uniform distribution of the active metal (Banus 
et al. 2010; Bortolozzi et al. 2010; Chen et al. 2019). In turn, 
the porosity of the oxide layer also allows the transport of 
gaseous oxygen, improving the mass transfer efficiency in 
heterogeneous catalytic systems (Saeki et al. 1998).

The metal oxide coating formed by calcination depends 
on the composition of the metal substrate. Karimi et al. 
(2008) proposed the oxidation layer growth mechanism 
of AISI 304 in the air at 1000 ℃. At the initial stage of 
oxidation, the oxide layer grows outwards and consists of 
 Mn1.5Cr1.5O4 and  Cr2O3. The metal substrate exhibits Cr 
depletion near the interface. In the second step, Fe diffuses 
outwards through the initially formed oxide layer and  Cr2O3 
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is converted mainly to  FeCr2O4. At the same time,  Fe2O3 
was formed at the air/oxide interface. This process results in 
an iron depletion at the rust layer and stainless steel surface, 
where the main element becomes Ni and holes are formed 
at the interface. After a certain period of oxidation, iron no 
longer diffuses outwards through the external oxide layer. 
This is related to the fact that the outer sub-rust layer is no 
longer in contact with the metal substrate.

The selection of calcination parameters also influences 
the oxidation of stainless steel. Saeki et al. (1998) reported 
the effect of atmosphere on the oxidation of AISI 430 at 
1000 ℃. 430 stainless steel contains relatively high manga-
nese content. Under 1000 ℃ and  O2/H2O/N2 atmosphere, 
only an iron-rich corundum-type oxide was formed on the 
surface during the initial 15 s. Afterwards, with increas-
ing oxidation time,  Mn2O3 was reduced or decomposed into 
MnO and formed  MnFe2O4 or  MnCrO4 spinel-type oxides 
by solid-state reaction with  Fe2O3 or  Cr2O3. Of these, the 
phase is rich in Cr at higher oxygen partial pressures and Fe 
at lower oxygen partial pressures. Duran et al. (2011) found 
that the oxidation rate of AISI 304 was faster and the stabil-
ity of the oxide layer was better in an airstream compared to 
a static atmosphere. It was suggested that when the particle 
spacing in the oxide layer is about 2/3 of the catalyst par-
ticle diameter, it was more favorable to physically anchor 
the active component. Bortolozzi et al. (2010) studied the 

influence of calcination temperature and time on the sur-
face chemistry and morphology of the AISI 314 foam. The 
results show that  Cr2O3,  Fe2O3,  Mn1+XCr1-XO4-x,  FeCr2O4 
spinel complex oxides, as well as a small amount of FeO 
and  Fe3O4 are produced under high-temperature calcination. 
The effects of calcination temperature and time on sample 
weight, oxide layer thickness and oxide layer adhesion is 
shown in Table 3. It can be seen that an increase in tem-
perature or time caused an increase in oxidation degree. The 
above phenomena indicate that the relative abundance of 
major elements in the oxide layer of stainless steel substrate 
can be controlled by adjusting parameters such as reaction 
temperature, time and oxidation atmosphere, which could 
promote the in-situ growth of active phase and/or improve 
the chemical affinity between catalyst and metal support 
(Duran et al. 2011). However, it should be noted that the 
high-temperature oxidation process will reduce the thermal 
and electrical properties of the materials (Montebelli et al. 
2014), which does not facilitate the subsequent electrochem-
ical deposition (Li et al. 2017a).

Compared to chemical treatment, heat treatment is 
more effective in improving the adhesion of the active 
phase (Padilha et al. 2006). This is mainly due to the fact 
that the oxide whiskers on the surface of the substrate 
after heat treatment not only increase the surface rough-
ness, but also completely change the interfacial properties 

Fig. 5  Sketch of structured cata-
lyst (a), and main steps involved 
in the preparation of a metallic 
structured catalyst (b)
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between the substrate and the active layer (active layer/
oxide interface instead of active layer/metal interface), 
reducing the mechanical failure of the interface, see 

Fig. 6. In addition, it was shown that the combination of 
chemical treatment and heat treatment led to the forma-
tion of oxide whiskers on the corroded metal surface, thus 

Table 3  Effects of calcination 
temperature and time on sample 
weight, oxide layer thickness 
and adhesion of oxide layer 
(Duran et al. 2011)

* The shedding rate of metal oxide layer under ultrasonic (40 kHz,160 W,60 min) test, which is measured 
by weight loss.

Calcination parameters Wight gain/(%) Thickness/(um) ·Weight 
loss/(%)*

Time/(h) Temperature/(℃)

20 850 1.6  < 1 0.15
900 2.5 1–1.5 0.10
950 5 1–2 0.30
1000 15.9 1.5–3 0.30
1050 22.5 1.5–3 0.30

Temperature/(℃) Time/(h)
900 1 0.58  < 0.2 0.10

2 0.85 0.7 0.10
5 1.41 - 0.15
10 2.09 0.9 0.20
20 2.5 1–1.5 0.1

Fig. 6  Mechanism of the influ-
ence of the metallic substrate 
pretreatments on the washcoat 
adhesion (Pauletto et al. 2020)
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giving the best anti-shedding performance of the active 
substance (Wu et al. 2017).

Anodic oxidation

Anodic oxidation is usually used for Al-containing sub-
strates. The metal is dissolved under direct current (DC) and 
a porous layer of aluminium oxide is produced on its surface, 
thus promoting good dispersion of the active component on 
the support (Anonymous 1982).

Compared to calcination, anodic oxidation results in a 
much rougher and porous surface, while it takes less time 
and energy. Changes in the surface morphology of FeCrAl 
alloys after anodic oxidation and calcination were given by 
Li et al. (2017b). It can be seen that the calcination leads to 
protruded particles on the metal surface, while the anodized 
sample shows channels with diameter of 1 ~ 4 μm, which 
provide additional surface for the deposition of the catalytic 
phase (Fig. 7). Further impregnation of  Al2O3 interlayer and 
MnOx revealed the coating integrity and the loading amount 
of Mn over anodized alloy are the best.

Anodic oxidation can be used either as a pre-treatment 
for another coating method or as a pre-coating prior to the 
loading of the active phase, i.e. impregnation was inflicted 
directly on the resulting porous layer to coating active com-
ponents. The alumina layers obtained can be easily regulated 
by adjusting the anodic parameters, such as: electric poten-
tial, electrolyte (e.g. type and concentration) and tempera-
ture. Ganley et al. (2004) obtained the optimum porosity 

of  Al2O3 under 0.6 mol/L oxalic acid, 18 ℃, and 30 V. The 
subsequent hydrothermal treatment further increases the sur-
face area of the oxide layer to 25  m2/g. Zhang et al. (2012) 
pointed out that the structure of anodic oxide film grown on 
SSWM with different electrolytes (acetic acid, oxalic acid, 
sulfuric acid solution) has a great difference. The textures of 
the SSWM treated by 5% acetic acid present the most pores.

However, along with these advantages, the anodic oxida-
tion method is difficult to achieve mass production of cata-
lysts, which makes its practical application difficult.

Loading of the active phase

In some cases, even if the metal surface has been pretreated 
according to the techniques described above, the stability 
of the catalyst cannot meet actual needs. It can be overcome 
by covering the substrate with an intermediate coating (typi-
cally  Al2O3,  SiO2 or  TiO2). Generally speaking, the pre-coat-
ing and the catalytic layer are coated in much the same way 
and can be achieved by various methods, e.g., impregnation, 
electrodeposition, hydrothermal and so on. Therefore, this 
section introduces both together.

Impregnation

Impregnation is the most versatile and simple method for 
the preparation of catalysts, where the deposition of the 
active phase is achieved by submerging the substrate in a 
solution of the active precursors (Kotter et al. 1983). Of the 

Fig. 7  SEM images of the pristine (a), pretreated alloys (b-c) and the supported manganese oxide catalysts (d-e): FeCrAl-calcination (b, d), 
FeCrAl-anodized (c,e). Surface metal contents of the alloy-based catalysts (f) (Li et al, 2017b)
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various impregnation techniques, sol–gel, dip-coating and 
wash-coating are the three most commonly used preparation 
methods. There are no clear boundaries between these three 
ways and the basic preparation steps can be divided into 
two steps: 1) impregnation of the structural substrate and 2) 
blowing off of the excess fluid (Fig. 8).

The starting point of the sol–gel method is a sol–gel dis-
persion of the coating precursor, which was initially used to 
prepare  Al2O3 coatings and was then gradually extended to 
other coatings such as  ZrO2 (Yu et al. 2017),  SiO2 (Jeong 
et al. 2022),  TiO2 (Khan and Malik 2022),  CeO2 (Kavitha 
et al. 2022). An important factor in the process of sol–gel is 
the sol-gelation time. Depending on the concentration of the 
sol–gel and the characteristic size of support, the ageing time 
varies from a few minutes to several weeks, with the sol–gel 
viscosity being proportional to the ageing time (Alber and 
Cox 1997). However, it is worth noting that, catalysts pre-
pared by the sol–gel have been found to have low catalytic 
activity usually due to the encapsulation of the active phase 
(Pecchi and Reyes 2003).

Dip-coating and wash-coating methods are not limited to 
colloidal dispersions, but can also be powder dispersions. 
But the precursors used in the wash-coating method contain 
a second support, that is, the active phase is first impreg-
nated on an oxide powder with high specific surface area 
(such as γ-Al2O3 and  CeO2) (Govender and Friedrich 2017) 
to improve the distribution of the active component and 
avoid interaction with the surface of the metal substrate. The 
powdered catalyst is then formulated into slurries or sol–gel 
dispersions of suitable viscosity for the impregnation of the 
monolithic supports (Banus et al. 2010; Pauletto et al. 2020). 
To simplify the preparation process, the impregnating slurry 
can be prepared directly with ready-made powder catalysts.

Thickness, homogeneity and adhesion are three main 
design factors affecting the quality of impregnated coatings 
(Falsafein et al. 2018). Coating thickness depends heavily on 
slurry viscosity and the blowing-off process. The uniformity 
of coating is closely related to the stability of the slurry. pH, 
solids content, particle size and viscosity of slurry should be 

carefully controlled. ζ-potential is often used to determine 
the appropriate pH range. To avoid the agglomeration of par-
ticles, the absolute value of ζ should be greater than 20 mV 
(Santos et al. 2020). The settling property of the slurry is 
affected by solids content. The higher the solids content, the 
easier it is to settle, which leads to a large amount of adhe-
sion but less homogeneous coating. The particle size of the 
active phase is negatively correlated with slurry viscosity. 
The higher the viscosity, the thicker the sediment, but the 
more prone to cracking (Meille 2006). In general, a viscos-
ity of 7.5 mPa·s gives a suitable amount of coating without 
affecting the homogeneity of the catalytic layer. The adhe-
sion of coating depends on the composition of the slurry and 
the porosity, packing density and pre-oxidation of the metal 
substrate (Banus et al. 2014; Pauletto et al. 2020). The lower 
the pore density, the more uniform the coating distribution, 
but the lower the loading of active phase, the poor adhesion 
and its surface is prone to larger agglomerates and cracks 
(Santos et al. 2020).

However, the major drawback of the impregnation 
method is that a macroscopic redistribution of the active 
phase precursor may occur during drying or calcination 
of the monolith due to capillary suction (Li et al. 2019). 
It is difficult to control the thickness and homogeneity of 
the coating as its lengthy procedures and numerous control 
parameters (Yang et al. 2006). These factors lead to poor 
coating quality and a high risk of agglomeration or flaking 
of the active phase, which is unfavorable for increasing the 
activity of the catalyst (Banus et al. 2014). What’s more, the 
binder or the acid used in slurry may destroy the structure 
of the ready-made layer phases (Fu et al. 2022). Ma et al. 
(2021) pointed out that the original urchin-like Pt-Al2O3 and 
flower-like Pt-ZnO were not maintained after the honeycomb 
cordierite coating.

Hydrothermal synthesis

The crystallisation of metal salt solutions in high tem-
perature and high pressure environment can generate 

Fig. 8  Impregnation with 
Pregnation (left) and blowing 
procedure (right) (Montebelli 
et al. 2014)

55376



Environmental Science and Pollution Research (2022) 29:55367–55399

1 3

nanocrystals with high crystallinity, uniform particle size 
and good dispersion. Its application in the preparation of 
monolithic catalysts is to place supports in a precursor solu-
tion to grow the coating or active phase directly on the sup-
port through a hydrothermal reaction, as shown in Fig. 9.

Hydrothermal methods are considered to be a typical 
example of in-situ synthesis of catalytic layers on structural 
supports. Compared to the dip-coating, this in-situ synthe-
sis provides better access to the support, achieving higher 
loading and preventing agglomeration and exfoliation of the 
active phase to a certain extent. Our group developed vari-
ous metal foam-based monolithic catalysts and found that, 
compared to other techniques (e.g. impregnation, deposi-
tion–precipitation and citric acid complexation), hydrother-
mal method achieves the highest loading on nickel foam 

(NF) at the same precursor concentration, which reduces 
raw material costs (Fig. 10a) (Ni et al. 2022). Based on the 
redox reaction between  KMnO4 and the metal matrix, Chen 
et al (2019) hydrothermally loaded sodium manganese-type 
 MnO2 on AISI304 WM and obtained good mechanical sta-
bility. The ultrasonic shedding rate of the catalytic layer 
(160 W/40 kHz/1 h) was only 0.08 ± 0.03%.

Catalysts prepared by hydrothermal methods can be regu-
lated by various means. Our research group adopted a sec-
ondary hydrothermal method whereby the Ni-based LDO 
and  MnO2 layer were hydrothermally loaded successively 
on NF (Chen et al. 2022a). During the synthesis process, 
the redox reaction between  MnO4

−and  Ni2+ leads to a LDO 
intermediates on Mn/NF, which endows the catalysts a 
higher specific surface area,  Mn3/Mn4+,  Ni3+/Ni2+ and  Oads/

Fig. 9  Growth of the active phase on the substrate in the hydrothermal method (Cai et al. 2017)

Fig. 10  Loading changes with precursor concentration (a) (Ni et al. 2022); XPS profiles (b–d), specific surface area and mesoporous parameters 
(e), surface chemical compositions (f) and catalytic activity for the samples (g-h) (e: electrothermal catalysis) (Chen et al. 2022a)
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Olatt, thus resulting in a promoted activity, in Fig. 10(b−g). 
Finally, the catalysts were test in the electrothermal and 
thermal catalysis. It is speculated that the superior activ-
ity under direct current Fig. 10(h−i) is closely related to 
the electronic effects. For the electrocatalytic reduction of 
formaldehyde to methanol, a post thermal treatment was pro-
posed to enhance the stability of bimetallic loaded Cu foam 
electrodes. Despite the desired phenomenon were not hap-
pened, high levels of electrochemical activity were obtained 
which might be attributed to the simultaneous oxidation of 
Cu substrate and loaded metals. Yin et al (2019) adopted a 
modified hydrothermal method to grow ZIF-67 membrane 
on paper-like stainless steel fibers (PSSF), in which a surface 
modification and seed-induced growth method are proposed 
(Fig. 11). That is, PSSF is first subjected to a hydrother-
mal reaction in a 3-aminopropyltriethoxysilane (APTES) /
ethanol solution for surface modification. Then the modi-
fied PSSF support is aging in a organic linker (2-methyl-
imidazole, Hmim) /metal precursors mixed solutions for 
generating a seed layer. Finally, a growth process under sol-
vothermal condition was implemented to produce ZIF-67 
membrane on the seeded PSSF support. After these three 
steps, a uniform and dense ZIF-67 membrane is grabbed on 
the PSSF. Here in, the -NH2 groups on APTES-modified 
PSSF acted as a covalent linker to combine with the free 
 Zn2+ centers of the ZIF-8 precursor, increasing the nuclea-
tion sites of heterogeneous nanoscale crystals and the forma-
tion of membranes.

However, extensive research has also exposed the short-
comings of hydrothermal method in terms of uneven loading 
and poor adhesion, which should be highlighted in subse-
quent studies.

Electrochemical

In electrodeposition, pre-deposited colloidal particles or 
metal ions are attracted to a opposite charged electrode 
(usually a coating substrate) under a DC electric field, thus 
coating the catalytic layer (Vorob'eva et al. 2000; Yang et al. 

2003), Fig. 12a. The common electrodeposition methods 
are Electrophoretic Deposition (EPD) and Electrochemi-
cal Deposition (ECD). Both methods are based on the same 
principles, but their application varies from the electrolyte 
solution used.

Electrophoretic deposition, which mostly works on par-
ticles or colloidal suspensions, was originally developed to 
obtain alumina pre-coating and is the preferred technology 
next to impregnation (Yang et al. 2003). Vorob'eva et al. 
(2000) used alumina sols (hydrolyzed from aluminium iso-
propoxide) as a suspension during EPD. After drying and 
calcination, a regular alumina layer with a high specific sur-
face area (450  m2/g) was obtained on stainless steel mesh. 
Yang et al. (2003) prepared suspensions from aluminium 
powder, after which polyacrylic acid and aluminium isopro-
poxide were added to improve the adhesion of the alumin-
ium powder and regulate the electrical conductivity of the 
suspensions, respectively. Finally, an Al layer approximately 
100–120 μm thick was deposited on the stainless steel wire 
mesh, followed by calcination to form a porous  Al2O3 layer. 
At present, EPD has also been applied for the deposition of 
other coatings, e.g. graphene oxide (Yuan et al. 2022),  TiO2 
(Gómez et al. 2021; Yang et al, 2006), and etc. In addition 
to the intermediate pre-coatings, a kind of metal composite 
coatings is also achieved. Zhang et al. (2022b) obtained Ce-
doped  NiMn2O4 spinel coatings on ferritic stainless steels by 
electrophoretic deposition followed by oxidation treatment. 
The dense Ce-doped  NiMn2O4 spinel coating improves the 
oxidation resistance of SS, blocking the diffusion of Cr and 
O atoms during thermal treatment.

Electrochemical deposition, also known as Electroless 
plating (ELP). By reducing positively charged metal ions 
at the cathode, a metal coating is formed on the substrate. 
ECD method is an alternative to realizing metal active phase 
deposition. Cetina-Dorantes et al. (2021) prepared Co-Mn 
spinels on stainless steel with metal nitrate solution as elec-
trolyte. Gómez et al. (2019) electrodeposited NiMo/Ni 3D 
spherical nanocatalyst on 316L SS. The surface of the cata-
lyst was rough and porous, as shown in Fig. 12b. Shen et al. 

Fig. 11  SEM images of the PSSF (a), ZIF-67/PSSF without (b) or with (c) APTES pretreatment, and XRD patterns (d) of the samples: N and W 
for without and with APTES modification (Yin et al. 2019)
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(2018) electrodeposited nickel hydroxide or nickel oxide 
on AISI 304 plate pretreated by electrochemical corrosion 
(acid or alkali). Ling et al. (2013) designed and reported a 
preparation method of ZSM-5-Cu/SS catalyst. That is, the 
stainless steel was first pretreated by anodic oxidation. Then 
Cu was deposited by ECD, and finally, the ZSM-5 molecu-
lar sieve film was covered on the Cu/SS by hydrothermal 
synthesis.

In electrochemical methods, the thickness and morphol-
ogy of the coating depend mainly on the chemistry of the 
electrolyte (such as pH, type and content of additives), elec-
trode spacing, voltage and deposition time, etc. Wunsch et al. 
(2002) studied the influence of different media (glycerol, 
oxalic acid, alumina gel) on the coating. The results show 
that  Al2O3 colloidal suspension in oxalic acid is not adhe-
sive enough, whereas the addition of alumina gel or glycerol 
resulted in an adherent layer of 2–4 μm. Serrano et al. (2018) 
found that the positive or negative surface charge density 
of  TiO2 could be modulated by adding different stabilizers. 
This implies that it can select an anodic or cathodic deposi-
tion according to the application. Zhu et al. (2020) found 
that the effect of the electrodeposition time on NiFe-LDH/
SS electrode is mainly reflected in the change of morphol-
ogy. As shown in Fig. 12c, for samples with a deposition 
time < 120 s, a uniform sheet structure cannot be formed 
in a short time. Conversely, on samples with deposition 
times > 120 s, the pretty compact three-dimensional porous 
structures begins to agglomerate, covering most of the open 
interlaced nanopores and reducing the contact area between 
the solution and the active sites, which is not conducive to 
gas precipitation. In addition, an excess of hydroxide layer 
will reduce the conductivity of the electrode. The superior 

catalytic performance of SSF@NiFe is finally related to the 
hydroxide species and the SSF substrate. That is, the NiFe 
hydroxide improves the wettability and electrolyte perme-
ability of the electrodes, the average oxidation state of Ni 
and metallic Ni improve the catalytic activity and conduc-
tivity of the nanosheets, respectively, Fe changes the local 
environment of the nickel hydroxide, resulting in a more 
stable structure.

Within the variety of coating methods, the electrodeposi-
tion has several advantages, such as shorter deposition time, 
mild conditions, simple and cheap equipment, little restric-
tion of the shape of substrates, which is allow for deposition 
on both inside and outside surface of the cavities, applica-
bility to powders with a wide range of particle sizes (from 
micro- to nanometric).

Deposition–precipitation

With the help of precipitates (usually an alkali solution, e.g. 
ammonia solution or urea), the metal salts in the solution 
will precipitate on the metal substrate to form a uniform 
active phase layer. Koo et al. (2016) prepared Ni/MgAl2O4/
FeCrAl by wash-coating and deposition–precipitation (DP), 
and the results showed that wash-coating gave a thick coat-
ing layer (21 μm), which block the channels as well as cause 
a cracked surface. On the contrary, the monolith catalyst 
prepared by DP method exhibited a much thicker (1.1 μm) 
and homogeneous coating without blockage, thus achieving 
more active sites and long-term stability (Fig. 13).

There are various preparation parameters for the DP 
method such as aging temperature and time, types of pre-
cursors and precipitant, and solution pH. Koo et al. (2017) 

Fig. 12  Scheme of Electrochemical method (a) (Sun et  al. 2021); 
SEM image of NiMo-electrodeposited catalyst measured at different 
magnifications (b) (Gómez et al., 2019), and Effect of electrodeposi-

tion time on surface morphology of NiFe-LDH/SSF (c): 30  s (left), 
120 s (middle), and 600 s (right) (Zhu et al. 2020)
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studies the effect of pH and found that it is closely associ-
ated with the dispersion, size, and shape of the metal phase. 
ICP–MS was confirmed that catalysts prepared at pH 10 
showed the lowest loading of Ru (0.045 wt.%). This is 
because the precipitation process is not completed within the 
precursor solution. SEM images showed that the smallest Ru 
particles were highly dispersed on the surface of monolith 
prepared at pH 7. Conversely, the agglomeration of large Ru 
particles was observed in case of pH 6 and pH 8, as shown 
in Fig. 14.

Although many metal monolithic catalysts with good 
activity have been synthesized by DP, the coating adheres 
weakly too. In addition, to ensure accurate deposition of the 
active phase on the support, two points must be noted: 1) 
to ensure a homogeneous solution and to avoid precipita-
tion of metal salts in the body solution; 2) The nucleation 

rate on the surface of the support must be higher than that 
in solution.

Chemical vapor deposition

Conventional catalyst preparation methods often require dry-
ing, calcination and reduction steps, which lead to sinter-
ing of the structure and thus reduce the active surface area. 
Chemical Vapor Deposition (CVD) is a simple and effec-
tive method, which eliminates all of these steps by in-situ 
growth of catalytic coating in an atmosphere full of active 
phase precursors. Qi et al. (2017) used the CVD method to 
deposit a stable K layer on calcined FeCrAl wire mesh. The 
results showed that the good adhesion of the K layer can be 
attributed to the formation of K–O-Al species. Researchers 
(Zhou et al. 2017, 2020) found that the CuO microcrystals 

Fig. 13  Photos and SEM images of monolith catalysts coated by (a) wash-coating and (b) DP method (Koo et al, 2016)

Fig. 14  SEM images of Ru-coated FeCrAlloy catalysts prepared by DP method with different solution pHs (Koo et al., 2017)
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prepared by CVD were smaller in size and more evenly dis-
tributed than those prepared by impregnation. In addition, 
the dendrite growth effect also caused an increase in the spe-
cific surface area of the support, which promoted the cata-
lytic oxidation of acetone. Kouotou et al. (2016) used Pulsed 
Spray Chemical Vapor Deposition (PSE-CVD) to deposit a 
homogeneous layer of  Co3O4 film on the stainless steel grid.

Atomic Layer Deposition (ALD) is an improved form of 
CVD. Unlike the hybrid mode of CVD, this process alter-
nates the catalyst precursor with an inert gas feed, resulting 
in a more homogeneous film.

Ion implantation

Ion implantation is a kind of low-temperature method; 
its principle is to introduce metal ions with an energy of 
20–40 keV in an electrically conductive support (Fig. 8a) 
(Honcharov et al. 2016). It solves the problem of loading 
difficulties with conventional deposition methods on nonpo-
rous supports (glass, metal, ceramic) (Sanzhak et al. 2018).

Ion implantation procedure does not introduce any crys-
talline phases of metals or its compounds, but a metallic 
amorphous state, which indicated by the absence of a reflex 
of implanted metal and its compounds in SAXS (Fig. 15b) 
(Honcharov et al. 2016) and XRD (Fig. 15c) (Sanzhak et al. 
2018). XPS shows that the amorphous layer is existed as 
oxides, nitrides, and oxynitrides, while thermal treatment 
leads to oxidation of oxynitrides to oxides, and nitrides to 
the oxynitrides, respectively (Sanzhak et al. 2018).

Other advantages of ion implantation include absence of a 
mechanical and temperature deformation of the sample (the 
heating of the sample < 100 ℃) (Nikolaieva et al. 2021); a 
significant change in the surface roughness (Fig. 15d) to fur-
ther deposit an impregnated coating; superior joule-heating 
performance (Fig. 15e) to be applied in the electrothermal 
catalysis (Honcharov et al. 2016) and clean conditions for 
the process. However, to date, this method has not been prac-
tically used in catalyst preparation. Therefore, the studies 
of the application of ionic implantation in supported metal-
based catalyst synthesis are very emergency.

Fig. 15  Scheme of ion implantation (a); XRD (b), SAXS (C), AFM (d) and Joule-heating performance (e) of the implanted samples (Honcharov 
et al. 2016; Sanzhak et al. 2018)
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Spraying

Spraying deposits a solution containing active phase precur-
sors on the substrate. When the catalyst is deactivated during 
subsequent applications, it does not need to be replaced but 
only repainted, thus offering the advantage of simplicity and 
low maintenance costs.

Compared with other methods, the spraying method 
has significant advantages. For example, Wu et al. (2001) 
compared plasma spraying and dip-coating methods using 
FeCrAl metal mesh as the substrate and  Al2O3 as the target 
coating. It was revealed that the adhesion of coating obtained 
by the spraying method was stronger with the same coat-
ing thickness. Ahlström-Silversand and Odenbrand (1997) 
coated a porous alumina powder layer on the stainless steel 
mesh substrate by plasma spraying. A catalyst (Pd/Pt or 
 V2O5/CuO) coating was then prepared by impregnation, 
proving that the spraying could be easily combined with 
impregnation. In order to reduce the cost of plasma spraying, 
Li et al. (2018) prepared a stable Pt nanoparticle suspension 
(shelf life up to 30 d), after which well-dispersed Pt nano-
catalysts were obtained on the surface of FeCrAl fibres by 

simple spraying (Fig. 16). The pore size and porosity of the 
sprayed coatings depends strongly on the particle size and 
the deposition rate. In a study of Garcia-Lobato et al. (2019), 
 TiO2 coatings were sprayed on 316L SS. It was found that a 
small particle size in sol solution and lower deposition rate 
promote the formation of a flat and more compact coating. 
Whereas, a rough and porous structure obtained on a high 
deposition rate.

Etching

In consideration of the large number of alloying elements 
in SS, Etching/Corrosion of SS to achieve surface acti-
vation is a simple and effective preparation scheme. In 
etching, the substrate is placed in an alkaline or oxidant 
solution without the addition of a pre-deposited metal salt, 
Fig. 17. After a period of hydrothermal treatment (Huang 
et al. 2021), a catalytic layer can be obtained on the stain-
less steel.

However, different from other methods, the cata-
lytic layer obtained by etching has a single composition, 
mostly iron or nickel hydroxides, but the morphology and 

Fig. 16  Suspension spraying for 
preparing Pt/FeCrAl fiber cata-
lyst (a); TEM images of Pt NPs 
in dispersion liquid and cor-
responding size histograms(b), 
and SEM images 0.1Pt/FeCrAl 
fiber (c) (Li et al. 2018)
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composition of the products can be regulated by modulat-
ing the types and concentrations of agents or etching time. 
Huang et al. (2021) used KOH solution for the hydrother-
mal etching of SS. The results show that  Fe2+ and  Ni2+ are 
firstly precipitated and then oxidized into  Fe3+ and  Ni3+. 
At first, due to the low concentration of  Ni3+, NiOOH 
nucleates and gradually grows to nanosheets. Later, as 
the reaction time increases and the concentration of  Fe3+ 
approaches the critical concentration,  Fe3+ starts to react 
with  Ni2+ to form  NiFe2O4 nanoparticles, forming NiOOH/
NiFe2O4 heterostructures. Therefore, by adjusting the reac-
tion temperature, time and  OH− concentration, the leaching 
rates of Fe and Ni ions can be easily controlled, resulting 
in different catalytic layers. In their study, pure NiOOH 
nanosheets were obtained at 6 M and 150 ℃, pure  NiFe2O4 
nanocrystals were obtained at 12 M and 200 ℃, while good 
3D  NiFe2O4/NiOOH heterostructures were obtained at 
6 M and 160 ℃, see Fig. 17b. Chen et al. (2022c) choose 
 (NH4)2S2O8 as a strong oxidant to form a Ni–Fe oxyhydrox-
ide pagoda-shaped nanocone on SS, which mainly exists as 
 Fe2O3, FeOOH and NiOOH.

Others

Other preparation methods were also studied. Wu et al. 
(2005) developed a powder-embedded aluminization 
technique to improve the adhesion of  Al2O3 coatings on 
FeCrAl. Porsin et al. (2016) developed a solution crystal-
lization method to obtain alumina coating with good adhe-
sion on stainless steel wire mesh, which can be carried out 

at lower temperatures and concentrations. Marbán et al. 
reported for the first time an ammonia evaporation-induced 
method for preparing stainless steel wire meshes loaded with 
Co(OH)2/Co3O4. Further doping of K (2014, 2012) and Cu 
(2010) through impregnation can then be used for catalytic 
reactions.

Hypothesis and limitations of the develop method

Although many methods have been developed for the 
preparation of metal-based catalysts, the appropriate tech-
nology should be selected according to the actual situa-
tion. Figure 18 provides advice on the choice of coating 
techniques. Spraying and EPD are mostly suitable for flat 
or corrugated surfaces; whereas dip-coating and CVD are 
more widely applicable and can provide a homogeneous 
coating even for complex 3D structures such as honey-
combs or foams. In contrast, the wash-coating cannot be 
applied to wire meshes with wire diameters less than 50 μm 
(Vorob'eva et al. 2000).

Several points should also be noted during preparation: 
The interaction between the pretreatment and the active 
phase coating method should be carefully examined. Li 
et al. (2017a) electrodeposited Pd species on anodized and 
calcined FeCrAl-alloy, respectively. Despite the smaller 
particle size and better dispersion of Pd particles obtained 
on FeCrAl-anode, Pd/FeCrAl-cal exhibited better catalytic, 
Fig. 19(a−c). They attribute this paradoxical phenomenon 
to the different growth mechanisms of palladium on these 
substrates. On flat surface of FeCrAl-anodic, palladium 

Fig. 17  The preparation process, SEM and XRD of alkali etched  NiFe2O4/NiOOH/SS (Huang et al. 2021) (a) and oxidant etched NiFe-Alloy 
(Chen et al., 2022c) (b)
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particles is lay on the substrate (Fig. 19d), whereas on oxide 
covered surfaces of FeCrAl-cal, Pd particles preferentially 
grow from the metal gap between adjacent oxides. The 
close contact of the metal oxide with the palladium particles 
can alter the oxidation state of the palladium and favor the 
formation of partial palladium oxide; The strong Pd-metal 
oxide interactions produce sufficient oxygen species and give 
a better explanation towards the higher catalytic activity of 
Pd/FeCrAl-cal. Moreover, although it is recognized that 
metal oxide precoating benefits higher specific loading 
(loading of active phase per unit geometric surface area) 

of ceramic supports, the need for a pre-coating for metal 
substrates should be determined on a case-by-case basis. 
Barbero et al. 2008 further coated MnCu catalysts on FeCrAl 
alloys precoated with an alumina layer and found that the 
alumina layer reduced the loading of the active phase and 
catalytic activity. Not coincidentally, a similar phenomenon 
was observed by Santos et al. (Santos et al. 2020). The reason 
for this may be that the alumina coating covers the whiskers 
formed by high temperature calcination, thus reducing the 
surface roughness and decreasing the amount of active 
components attached.

Fig. 18  Advice on methods cho-
sen based on scenarios

Fig. 19  SEM images and particle size distributions of Pd/FeCrAl-cal (a) and Pd/FeCrAl-anod (b); Electrothermal catalysis of ethylene on 
FeCrAl-based Pd catalysts (c); Illustration of electroplated palladium particles on FeCrAl-anod (top) and FeCrAl-cal (bottom) (Li et al, 2017a)
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Application of stainless steel catalyst 
in gaseous pollutant control

Diesel exhaust soot control

With its high torque, high efficiency and long life, diesel 
engines play a vital role in the socio-economic development 
and transportation industry (Hoang 2021). However, the car-
cinogenic exhaust gases they produce deeply troubled the 
diesel industry. Amongst these soot particles are a complex 
mixture of carbon black, metal ash, hydrocarbons, water and 
sulfur compounds. Due to their small size, they can penetrate 
deep into the human lungs and pose a cancer risk (Geng 
et al. 2022). As a result, increasingly stringent legislation 
has been established to regulate soot emissions.

Despite significant advances in engine design, fuel pre-
treatment, combustion process modification, fuel injection 
strategies and fuel formulation, post-processing equipment 
is still indispensable (Peng et al. 2023; Yu et al. 2021a). 
Catalytic Diesel Particulate Filter (CDPF) has the great-
est potential among all treatment methods. The filter can 
collect soot particles and performs soot combustion on the 
wall coated with a catalytic layer (Mei et al. 2021; Lin et al. 
2018). Stainless steel has been extensively investigated as its 
thermal expansivity is similar to that of engine components, 
allowing the catalyst to be installed closer to the engine and 
facilitating rapid ignition of the automotive catalyst to meet 
more stringent emission control regulations.

A variety of active components effective for soot com-
bustion have been applied to the development of stainless 

steel CDPF, such as Ce, Mn. Chen et al. (2019) obtained 
 MnO2/SS catalyst through redox reaction between  KMnO4 
and AISI 304 and explored the influence of calcination 
temperature, Fig. 20a. It was found that α-MnO2 was the 
dominant active phase on samples calcined at temperatures 
below 600 °C, while  MnCrO3 promoted the adhesion of 
the active phase as an intermediate layer. However, when 
temperature continued to increase to 700 °C,  MnCrO3 
became the dominant active phase. Meanwhile, higher 
valence Mn species are generated and more  Cr6+ and  Fe3+ 
doped in the active layer, which favoured the activation 
of  O2 to  O2

2− or  O2
− and the generation of oxygen vacan-

cies. Moreover, MSS700 with the largest amount of  K+ 
dopants and surface oxygen enables quickly chemisorp-
tion of  O2, thus accelerating surface oxygen mobility and 
forming oxygen vacancies. The soot oxidation mechanism 
of  MnO2/SS at different roasting temperatures is shown in 
Fig. 20(b−c). For MSS550, the substitution of Mn ions by 
Cr and Fe dopants enhances the transfer of lattice oxygen 
to its surface and the formation of reactive oxygen spe-
cies (O*). Finally, the gaseous  O2 replenishes the depleted 
active oxygen following the following pathway.  O2 →  Oads 
(adsorbed oxygen) →  Os (surface oxygen) →  Olatt (lattice 
oxygen). On the (201) face of  MnCrO3 of MSS700, the 
abundant surface oxygen species can oxidise soot, result-
ing in the formation of surface oxygen vacancies. More 
 Cr6+ and  Fe3+ dopants would then generate a large number 
of oxygen vacancies that could be occupied by gaseous  O2 
via the following pathway:  O2 →  Oads →  Os. Bruneel et al. 
(2012) deposited Cu/Mo/Ce catalytic layer on sintered 
FeCrAl-alloy short fibre multi-layer filter constructed by 

Fig. 20  Effect of calcination temperature on  MnO2/SS (a), and mechanism illustration of soot combustion over MSS700 (201) facet (b), 
MSS550 (310) facet (c) (Chen et al. 2019)
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Bekaert N.V. Company, which reduced the soot burning 
temperature by at least 75 ℃, while avoiding the corrosion 
of substrate and ensuring good adhesion.

Alkali metal elements can promote soot combustion by 
wetting soot particles, regulating soot electron distribu-
tion or activating oxygen (Chen et al. 2019). In particu-
lar, K-containing catalysts have soot combustion activity 
comparable to that of precious metal catalysts. Consider-
ing that K corrodes ceramic supports and reduces their 
mechanical properties, especially in the case of thermal 
shock (Qi et al. 2017), mechanically stable stainless steel 
carriers are an important breakthrough for obtaining ther-
mally stable and high-efficiency catalysts. Banús et al. pre-
pared Co-Ba-K/ZrO2/SS catalysts with good mechanical 
and thermal stability by wash-coating method, which are 
based on AISI 304 wire mesh (2014) and AISI 314 foam 
(2010), respectively. The results showed that both catalysts 
exhibited excellent soot oxidation activity. The activation 
energy of the AISI 314 foam catalyst was 92 kJ/mol, which 
was equivalent to that of Co-Ba-K/ZrO2 powder catalyst 
(82 kJ/mol). Qi et al. (2017) deposited K in-situ on the 
commercial FeCrAl wire meshes by CVD. The deposited 
K interacted strongly with the calcined  Al2O3 layer, form-
ing a stable K–O-Al species. The performance of the cata-
lyst was comparable to that of commercial CDPF, with 
soot ignition occurring at 350 ℃ and remaining stable for 
5 cycles. However, K-containing catalysts are suscepti-
ble to pyrolysis during the reaction, especially for  K2CO3 
and  KNO3 (Wang et al. 2018). A effective approach to 
balance the stability and activity in K-based catalyst is 
incorporating  K+ in silicate glass (Zokoe et al. 2019). Su 
and McGinn (2014) developed a glass catalyst based on 
SS substrate(K2O-CaO-SiO2/SS). As shown in Fig. 21, as 
the reaction progressed, sublimated  K+-containing vapor 
accumulates on the glass surface through ion exchange, 
resulting in the formation of KOH and  K2CO3, which 
reduces the soot oxidation temperature and provides long-
term stability of the oxidation cycle.

Considering the complex exhaust composition of diesel 
engines (Singh et al. 2022), the requirements for purifiers 
have been extended to the simultaneous removal of multi-
component pollutants. Ce based catalysts have proven to be 
effective for soot purification due to their excellent oxygen 
storage capacity, and precious metals are a good choice for 
low-temperature degradation of VOCs. Godoy et al. (2018) 
prepared a Pt/CeO2 catalyst on AISI 304 metal mesh cyl-
inders. The results showed that the catalyst exhibited good 
catalytic activity for the simultaneous removal of VOCs (tol-
uene, n-hexane, ethyl acetate) and soot, where the removal 
of VOCs occurred at 200–350 ℃, and the combustion of 
soot occurred at 300–500 ℃. The Co-Ba-K/ZrO2/AISI 314 
foam catalyst prepared by Banús et al. (2010) could achieve 
simultaneous removal of soot and NOx.

However, despite great efforts to reduce the temperature 
of soot oxidation, such as optimizing the catalyst composi-
tion and improving the catalyst-soot contact efficiency, the 
ignition temperature of soot  (T10, temperature at which the 
conversion efficiency reaches 10%), remains > 200 ℃ (Mei 
et al. 2021).

VOCs emission control

Worldwide, the accelerated pace of urbanization and indus-
trialization has led to a dramatic increase in emissions of 
volatile organic compounds (VOCs) (Mo et al. 2020). In 
addition to their inherent toxicity, teratogenicity and carci-
nogenicity, VOCs are also the main culprits for the forma-
tion of secondary pollutants, such as tropospheric ozone, 
peroxyacetyl nitrate and secondary organic aerosols (He 
et al. 2019). Given the environmental impact and toxicity of 
VOCs and the increasingly stringent regulations, it is impor-
tant to design effective methods to reduce VOCs emissions.

Catalytic combustion is a convenient, energy-saving and 
effective method (Zhao et al. 2019). By selecting the right 
catalyst, it can catalyze the deep decomposition of VOCs 
into  CO2 and  H2O at lower temperatures (200 − 500 ℃). 
Stainless steel is inexpensive and widely available, and its 
rich elemental composition makes it a potential catalyst sup-
port for VOC oxidation.

A major application limitation of metal-based monolithic 
catalysts is the difficulty in obtaining high loading amounts 
of active components. Therefore, noble metals are a good 
choice to ensure satisfactory activities, as shown in Table 4. 
Yang et al. obtained Ti/TiO2 (2006) and Al/Al2O3 (2004a, 
2004b) porous coatings on WMH by EPD, and then achieved 
Pt/TiO2/Ti or Pt-TiO2/Al/Al2O3 coated WMH catalysts by 

Fig. 21  Schematic diagram of the surface of a catalytic K–Ca–Si–O 
glass (Su and McGinn 2014)
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impregnation respectively. When applied to the catalytic 
combustion of VOCs, it was found that the WMH catalysts 
were consistently much more active than the CH catalysts, 
which is due to the significant external mass transfer rate 
difference between CH and WMH. Chen Min's group (Chen 
et al. 2008; Li et al. 2003; Ma et al. 2008; Zhang et al. 2012, 
2010) prepared a series of Pt- and Pd- based SSWM cata-
lysts for the removal of VOCs (such as toluene, acetone and 
ethyl acetate), and achieved satisfactory catalytic activity. 
Later, in order to further improve the catalytic activity and 
reduce the loading of noble metals, they doped transition 
metals in the catalysts, such as Pd-Mn /SSWM (Song et al. 
2009) and Ce-Pt–Pd/SSWM (Chen et al. 2009). The activ-
ity of the catalysts was found to be related to the excellent 
oxygen storage and release properties of the transition metals 
and the strong synergistic effect with Pd.

Althoucgh noble metal-based SS catalysts have achieved 
promising catalytic activity, transition metals with low 
prices and wide sources have always been a hot topic within 
the VOCs purification, as shown in Table 5. Mn and Co 
with various valence states have been considered as ideal 
substitutes for noble metal catalysts because of their excel-
lent physicochemical and easy synthesis. The composition 
and flexible structure of SS is of great significance to the 
oxidation of VOCs. Duran et al. (2011) loaded MnOx on 

austenitic SS (AISI 304), which was subsequently used for 
the combustion catalysis of ethyl acetate. The results showed 
that Fe- and Mn-rich SS promoted the adhesion of the active 
components through chemical affinity, and the solid solu-
tion reaction between  Mn2O3 and  Fe2O3 led to a significant 
improvement of the catalyst performance compared to the 
pure oxide. Li et al. (2021) prepared  Co3O4 on MWH by a 
one-step hydrothermal reaction and used it for the catalytic 
oxidation of formaldehyde. Compared with  Co3O4 powder 
 (T100 = 160 ℃),  Co3O4@SSM exhibited better catalytic 
activity  (T100 = 130 ℃) and stability, which was attributed 
to the higher specific surface area,  Co3+/Co2+,  Olatt/Oads, and 
the difference in morphology, as shown in Fig. 22. The SSM 
substrate makes  Co3O4 grow vertically in the form of porous 
needle-like nanoribbons, which reduces agglomeration and 
overlap, promotes the exposure of more adsorption and 
active sites. Moreover, the fully exposed pore structure is 
conducive to the diffusion of HCHO on the catalyst surface. 
Luo et al. (2019) synthesized a new MnOx/PSSF-embedded 
activated carbon catalyst (Mn-GAC/PSSF) for catalytic oxi-
dation of methyl ethyl ketone (MEK) by a papermaking pro-
cess and impregnation method. The results showed that the 
activity of Mn-GAC /PSSF was better than that of Mn-GAC 
due to the excellent mass transfer and contact efficiency of 
PSSF, which favored the complete oxidation of MEK. Topka 

Table 4  Application of noble metal-based SS catalyst in VOCs emission control

*Gaseous hourly space velocity, GHSV.

Catalyst Contaminant Concentration/(ppm) Atmosphere GHSV/(h−1) T98/(℃) Ref

1.0%Pt/Ti/  TiO2/SS Ethyl acetate 1000 Air 2000 280* Yang et al. (2006)
0.1% Pd-0.05%Pt/SS Toluene 1000–1600 Air 10 000 180 Zhang et al. (2012)

Acetone 1700–2500 240
1.0%Pt-TiO2/Al/Al2O3/WMH Ethyl acetate 1000 Air 2000 290 Yang et al. (2004a)
1.0%Pt-TiO2/Al/Al2O3/ WMH Methanol 1000 Air 2000 130 Yang et al. (2004b)

Benzene 180
Toluene 190
Ethanol 260
n-hexane 280
Ethyl acetate 310

0.1%Pt-0.02%Pd/SS Acetone 1700–2500 Air 10 000 160 Zhang et al. (2010)
0.1%Pt-0.5%Pd /SS Toluene 1000–1600 Air 10,000 220 Ma et al. (2008)

Acetone 1700–2500 260
Ethyl acetate 1100–1700 280

0.01% Pt -0.02%Pd/SS Toluene 700 ~ 900 Air 6000 210 Li et al. (2003)
0.01% Pt -0.02%Pd/SS Toluene 1000–1600 Air 10,000 210 Chen et al. (2008)
0.1%Pd-6%Mn/SS Toluene 1000–1600 Air 10,000 260 Song et al. (2009)

Acetone 1700–2500 220
Ethyl acetate 1100–1700 320

0.75%Ce-0.1%Pt-0.5%Pd/SS Toluene 1000–1600 Air 10,000 160 Chen et al. (2009)
Acetone 1700–2500 220
Ethyl acetate 1100–1700 250
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et al. (2022) deposited structured Co-Mn mixed oxides on 
stainless steel mesh by hydrothermal synthesis. The mesh 
structure of support made it possible to deposit thin layers 
of active phase and significantly inhibited the influence of 
internal diffusion. In the oxidation of ethanol, the activity of 

this catalyst is 48 ~ 114 times higher than that of a commer-
cial granular Co-Mn-Al catalyst. Yan et al (2022) prepared 
 Co3O4 derived from ZIF-67 membranes over PSSF for iso-
propanol combustion, and compared the effect of calcination 
temperature on catalytic activity. It is observed that when the 

Table 5  Application of transition metal-based SS catalyst in VOCs emission control

*Weight hourly space velocity, ml·gcat
−1·h.−1

Catalyst Contaminant Concentration /
(ppm)

Atmosphere GHSV /(h−1) Flow rate /
(mL·min−1)

T90 /(℃) Ref

MnOx/SS Ethyl acetate 1000 Air 3,000 300 380 Duran et al.(2011)
FeCe-WO3/WM Propylene + butene 2500 + 2500 10%  O2 +  N2 40,000 - 300 Porsin et al. (2016)
MnOx-FeCrAl Ethyl acetate 1000 - 3000 - 192 Santos et al. (2020)
Co3O4@SSM Formaldehyde 400 Air 100 120 Li et al. (2021)
V2O5/TiO2
/Al2O3/WMH

1,2—dichloroben-
zene

500 Air 2000 240 Yang et al.(2003)

10%Cu-LTA/PSSF Acetone 1500 Air 300 Zhou et al. (2017)
Co3O4@SSGM Propylene 10,000 5%  O2 + Ar 45,000* 15 380 Kouotou et al.(2016)

n-butene 400
Mn-GAC/PSSF MEK 2000 Air - 200 280 Luo et al. (2019)
Co-Mn@SS Ethanol 770 Air 20,000* 244 Topka et al. (2022)
Co3O4/SSM Ethanol 760 ± 10 Air 21,000 ± 1000* 250 Dvorakova et al. 

(2019)
Co3O4/PSSF Isopropanol 1000 Air 15,000 281 Yan et al. (2022)
Cr/ZSM-5/ PSSF trichloroethylene 125 Air 19,863 495 Zhang et al. (2020)

Fig. 22  SEM images of powder 
(a, b) and CSSM-supported (c, 
d)  Co3O4 (Li et al. 2021)

55388



Environmental Science and Pollution Research (2022) 29:55367–55399

1 3

temperature increased from 350 ℃ to 450 ℃, the crystals on 
the surface of PSSF shrank, the surface area and pore vol-
ume reduced significantly. Finally, samples calcined at 400 
℃ with the most uniform particle size and highest content 
of surface  Co3+ and  Oads show a greater catalytic perfor-
mance. Zhang et al. (2020) demonstrated that the oxidation 
of trichloroethylene on Cr/ZSM-5/PSSF composites fits the 
Mars-van Krevelen kinetic model and relies on the interac-
tion of the oxygen-rich center with the TCE molecules. The 
activation energy of the surface oxidation was 64.57 kJ/mol 
and that of surface reduction was 122.25 kJ/mol.

For gas–solid heterogeneous catalytic systems, the key 
lies in the adsorption of target gas molecules on the active 
sites and mass migration on the catalyst surface. Inspired 
by alveoli, Anwer et al. (2021) inoculated ZnO nanorods on 
stainless steel grids and further loaded flower-like  NiMoO4 
and modified  C3N4 to prepare the "cavitation" catalyst, as 
shown in Fig. 23a. The catalyst was used for catalytic oxida-
tion of toluene and it was found that toluene molecules were 
preferentially stored in the cavity due to the concentration 
gradient and the affinity of zinc oxide for toluene molecules. 
When the adsorption reached saturation, VOC molecules 
in the cavitation were slowly released and migrated to the 
 NiMoO4 and  C3N4 active sites, where they are degraded. 
This alveolar structure overcomes the poor intermolecu-
lar interactions at low concentrations and the coverage of 
catalytic active sites at high concentrations of conventional 

catalysts. In this way, ZNC@SSM can adapt to different con-
centration conditions and play stable catalytic oxidation, as 
shown in Fig. 23b.

DeNOx

NOx emissions from automobile exhaust and stationary 
sources such as oil/coal-fired power plants, garbage incin-
erators and chemical plants are the main cause of acid rain, 
photochemical smog and ozone layer depletion (Chen et al. 
2021). Increasingly stringent emission requirements have led 
to the development of many control technologies.

Selective catalytic reduction (SCR) of ammonia is the 
dominant technology for denitrification in tail gas (Zhang 
et al. 2022a). Commercial SCR catalysts are  V2O5-WO3/
TiO2 and/or  V2O5-MoO3/TiO2 supported on ceramic honey-
comb supports. However, some drawbacks of these catalysts 
have been identified in practical application. 1)  V2O5 has 
a limited temperature window (300 ~ 400 ℃) (Chen et al. 
2021; Yu et al. 2021b) and is listed in China's hazardous 
waste list, its treatment and disposal procedures are cumber-
some and costly; 2) Typical NOx-containing exhaust gases 
are often accompanied by  SO2,  H2O and soot.  V2O5 also 
shows high catalytic activity for the conversion of  SO2 to 
 SO3 (Yao et al. 2006). The ammonium sulfate (Shu et al. 
2012a) and metal sulfate species (Shu et al. 2014) formed 
will be deposited on the surfaces of pipes and heat transfer 

Fig. 23  (a) Schematic diagram of “alveoli” catalyst, Inset: SEM 
image of ZNC@SSM (top) and (bottom) Toluene adsorption on cata-
lyst surface, yellow pellets for VOC, blue for “cavitation” skeleton. 

(b) Toluene removal by photodegradation and adsorption at different 
input concentrations, in which both ZNC@SSM and ZN@SSM are 
“alveoli” catalysts (Anwer et al. 2021)

55389



Environmental Science and Pollution Research (2022) 29:55367–55399 

1 3

equipment, causing corrosion, blockage and heat loss, and 
leading to coverage and inactivation of active sites. Dust 
(Shu et  al. 2014) can clog the channel structure of the 
ceramic honeycomb, leading to a significant decrease in the 
effective utilization rate of catalyst.

Therefore, it is of great significance to seek alternative 
metal elements and cs.  Fe2O3 has been shown to be effective 
for SCR reaction. Shu et al. (2012b) prepared Fe modified 
Ce/TiO2 catalyst and found that the addition of Fe signifi-
cantly improved the low-temperature SCR activity,  N2 selec-
tivity and resistance to sulphur poisoning of the catalysts, 

Fig. 24a. Therefore, Fe-rich stainless steel is a promising 
SCR catalyst or support. Table 6 is a summary of stainless 
steel based catalysts used in SCR applications.

Porsin et al. (2016) prepared FeCeW catalysts supported 
on SSWM and obtained excellent SCR catalytic activity. Shu 
et al. compared the SCR reactivity of  V2O5-WO3/TiO2 on 
different supports (WMH and CH), Fig. 24b. It was found 
that the activity of the WMH catalyst was significantly 
higher than that of CH catalyst at a lower temperature (≤ 125 
℃), which might be due to the promotion effect of stainless 
steel substrate (Cr25Al5) on the conversion of NOx. While 

Fig. 24  (a) The influence of Fe on the catalytic activity、N2 selectivity and sulfur-poisoning resistance of the catalyst. (Shu et al. 2012b) (b) The 
SCR activity of WMH and CH catalysts (Shu et al. 2012a)

Table 6  Stainless steel SCR catalyst

Catalyst NO /(ppm) NH3 /(ppm) Atmosphere GHSV /(h−1) T95 /(℃) Ref

V2O5-WO3/TiO2/Al2O3/WMH 1000 1000 3%  O2 +  N2 10,000 225 Shu et al. (2012a)
V2O5-WO3/TiO2/Al2O3/WMH 500 500 21%O2 +  N2 5000 250 Yao et al. (2006)
FeCe-WO3/WM 750 800 0.005%NO2 + 10%O2 +  N2 40,000 400 Porsin et al. (2016)
Ce-Fe/TiO2/Al2O3/WMH 1000 1000 3%  O2 +  N2 30,000 175 Shu et al. (2012b)
Ce-Fe/TiO2/Al2O3/WMH 1000 1000 0.1%SO2 + 3%O2 +  N2 10,000 250 Shu et al. (2014)
V2O5-WO3/TiO2/Al2O3/WMH 900 1000 3%  O2 +  N2 2000 200 Sun et al. (2010)
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in the temperature range of 150 ~ 225 ℃, the difference in 
activity between WMH and CH catalyst increased with the 
increase of temperature. This is because the amplified effect 
of mass transfer rate on catalytic activity at higher tempera-
tures. In addition, WMH catalysts have a wider temperature 
window (250–425 ℃) and less  N2O yield.

Under lean combustion conditions, a large amount of 
incompletely burned hydrocarbons are still present in engine 
exhausts. Hydrocarbon selective catalytic reduction (HC-
SCR), which directly uses these hydrocarbons as reducing 
agents, is expected to achieve the simultaneous removal of 
VOCs and NOx from motor vehicle exhaust and is a prom-
ising emission control method (Gholami et al. 2020). Sun 
et al. (2008b) investigated the ability of Pd/Ce0.66Zr0.34O2/
TiO2/Al2O3/SSWMH catalysts for the selective catalytic 
reduction of NOx from propylene under lean combustion 
conditions and compared it with pellet and CH catalysts. 
The honeycomb catalyst was found to exhibit the best low-
temperature catalytic activity, with NOx conversion up to 
74.0% at 140 °C, and it can stabilize rapidly in a short time 
after the temperature increased.

N2O degradation

N2O is an important ozone-depleting agent and greenhouse 
gas. Its global warming potential is 300 times higher than 
that of  CO2. The main anthropogenic sources of  N2O are 
adipic acid and nitric acid industries, combustion of fos-
sil fuels and biomass, fertilizer plants and denitrification 
processes (SCR and three-way catalytic converter).  N2O is 
highly stable in the atmosphere and can exist in a free state 
for 120 years. As a result, its degradation requires high tem-
perature and energy (Akça et al. 2021). Great efforts have 
been made to reduce anthropogenic  N2O emissions, among 

which catalytic decomposition technology does not require 
any reducing reactants to achieve the conversion of  N2O to 
 N2 in the presence of a catalyst (Kim et al. 2019; Klegova 
et al. 2019).

In light of the advantages of high gas turbulence and high 
thermal conductivity, stainless steel wire monolithic support 
has been widely used in  N2O decomposition. Klyushina et al. 
(2015) and del Rio and Marban (2012) prepared K-Co3O4/
SS catalyst by electrodeposition and ammonia evaporation-
induced method respectively and performed  N2O catalytic 
decomposition tests in the laboratory. According to  H2-TPR, 
they concluded that the redox cycle between  Co2+ and  Co3+ 
is a key step for  N2O degradation, and it is the interaction 
between K and  Co3O4, making the number of active sites 
and temperature required for the unwanted reduction of  Co2+ 
to metallic Co much higher. The comparision among the K/
Co3O4 supported on SS or  TiO2 pellets and granular ones 
have shown that these novel SS-structured catalysts have the 
highest specific activity, kinetic constant, which is due to its 
highest  H2 consumptions per mol of cobalt and lowest inter-
nal diffusion resistance. In other words, SS substrate make 
full use of the active components disposed in the catalyst. Ho 
et al. (2020) synthesized a Rh/Mg/Al hydrotalcite-derived 
film on the surface of FeCrAl foam and compared its  N2O 
degradation performance with the pelletized counterpart, 
Fig. 25. It was found that both catalysts exhibited compara-
ble de-N2O performance, but lower activation energy was 
obtained for the structured catalyst.

Selective oxidation of NH3 (SCO)

In the ammonia industry, increasing attention has been paid 
to the treatment of ammonia in waste gas. Selective catalytic 
oxidation (SCO) of ammonia is a promising technology for 

Fig. 25  Schematic diagram of 
catalytic decomposition of  N2O 
by Rh/Mg/Al-FeCrAl foam (Ho 
et al. 2020)
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the conversion of  NH3 to harmless  N2 and  H2O (Wang et al. 
2022a, 2022b). Qu et al. (2013) prepared a series of metal 
wire honeycomb catalysts loaded with Ag and Cu, and found 
that the presence of Ag obtained a higher  NH3 conversion 
rate, while Cu is conducive to promoting  N2 selectivity.

Future applications

Sterilization

At the end of 2019, the outbreak of COVID-19 caused a 
huge shock to human society and economic development. 
Airborne droplets are reported to be the main transmission 
route for respiratory diseases (Wang et al. 2021). Therefore, 
air bacteriostasis is an important guarantee for human safety 
and health in the current environment.

Membrane filtration enables the interception of solid pol-
lutants in the air and has the advantages of high efficiency, 
energy-saving and ease of large-scale application. It is a 
mainstream air purification technology. To obtain a filter 
film with appropriate pore size, Zhong and Xiong. (2021) 
prepared a composite coating film on stainless steel mesh 
by combining spraying with gas-induced phase separation 
technique. The porous membrane was composed of the 
polystyrene-butadiene block copolymer and  TiO2 nanopar-
ticles, which has good permeability and reduced air pressure 
(< 100 Pa). The filtration efficiency of E. coli in the air is as 
high as 99.7%. Meanwhile,  TiO2 nanoparticles in the coat-
ing film showed a photocatalytic sterilization efficiency of 
99.6%, proving the application prospect of this system in air 
purification, as shown in Fig. 26.

Electrothermal catalysis

In order to overcome the disadvantages of large size, high 
energy consumption, and slow preheating of catalytic system 
in the traditional heating mode, a self-heating mode of the 
catalyst was developed based on the Joule-heating effect of 
electrothermal elements (Pauletto et al. 2020). It converts 
the input electrical energy into heat energy by using the 
resistance loss inside the material, so as to achieve effective 

heating of the catalytic bed. This electrothermal catalytic 
mode combines the heater and catalyst bed into one, allow-
ing flexible control of system temperature by adjusting the 
input electrical power, resulting in reduced equipment size, 
improved energy efficiency, and rapid reaction ignition.

As a conductor, stainless steel has appropriate resist-
ance to suit this pattern well, which made it widely used in 
the degradation of gas pollutants and methane reforming 
reaction. Li et al. prepared FeCrAl electrothermal catalysts 
loaded with Pd (2017a) and MnOx (2017b) for the cata-
lytic oxidation of CO, toluene and ethylene, respectively. As 
shown in Fig. 27. It is obvious that electrothermal catalysis 
gives higher catalytic activity. Rieks et al. (2015) prepared 
 LaNi0.95Ru0.05O3/FeCrAl catalyst for dry reforming of meth-
ane. Labrecque and Lavoie (2011) used steel wool as catalyst 
support and electric heating element to conduct methane dry 
reforming. The current was found to have a strong effect on 
the conversion of both methane and carbon dioxide. Zhou 
et al. (Guo et al. 2011a, 2011b; Zhou et al. 2008) developed 
a novel plate electrothermal catalyst using commercial sheet 
aluminium cladding alloy Al/Fe–Cr-Ni alloy/Al. Zhu et al. 
(2019b) reported a new FeCrAl electrothermal monolithic 
catalyst loaded with Pt and Pd, which verified the rapid ther-
mal response capability and stability of the electrothermal 
mode. This will hopefully enable the storage of renewable 
energy (solar, wind) and reduce frequent start-up costs of 
intermittent reactions.

Conclusions

The potential and competitiveness of stainless steel as cata-
lyst or support in gaseous pollution control reflect in the 
following aspects:

1) Good plasticity is conducive to the flexible manufac-
turing of reactors and nesting of emission reduction mod-
ules. 2) The low clogging network structure and pressure 
drop adapt to high-velocity and dust-laden applications, it 
will improve the effective utilization rate of the reactor. 3) 
The radial mixing of airflow improves the mass and heat 
transfer rate, and together with the high thermal conductivity 

Fig. 26  Schematic of UV-
assisted air purification system 
(a), and inactivation effect 
on the blocked E. coli for the 
coating films with(left) or 
without(right) UV light (b) 
(Zhong and Xiong 2021)
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of the skeleton contributes to the uniform distribution of 
temperature in the catalytic bed, which reduces the gen-
eration of local hot spots and avoids the agglomeration and 
deactivation of active components. 4) The transition metal 
in it endows a certain catalytic activity, and the possible 
interaction with the active layer is expected to improve the 
mechanical property and activity of catalysts. 5) The appli-
cation prospect of electrothermal catalysis will minimize 
the reactor volume and catalyst mass, and the rapid ther-
mal response-ability is suitable for intermittent reaction 
processes (such as catalytic purification of cooking fume 
and pharmaceutical exhaust gas) and storage of renewable 
energy (such as wind and solar energy, etc.). It is antici-
pated that all of the above benefits of SS-based catalysts will 
not only contribute to the deep or broad management of the 
atmosphere, but will also facilitate the transition of human 
society to clean energy, thereby achieving goal of sustain-
able development.

However, like other metal-based monolithic catalysts, 
stainless steel based catalysts still have many problems 
to be solved in the preparation and production. At pre-
sent, oxide coating on stainless steel substrate is the main 
method to improve the surface roughness and the adhesion 
of active layers. Most of the reported catalysts opted for 
the ‘C + I/D’ method, that is, coating an oxide layer on 
stainless steel by wash-coating, electrophoretic deposi-
tion, or sol–gel, and followed by loading the active metal 

by impregnation/dip-coating. This directly leads to a long 
cycle, cumbersome steps and high cost. Therefore, in this 
context, the improvement or development of new prep-
aration technology is still a key for the application and 
popularization of stainless steel or other metal matrices 
in catalysis. In addition, further exploration of activating/
amplifying its potential catalytic activity will also be a 
major research focus to maximize the application potential 
of stainless steel in the catalytic industry.
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