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a b s t r a c t

Amorphous alloys, with unique atomic structures and metastable nature, are treated as superior candi-

dates for environmental wastewater remediation due to their superior catalytic capabilities. Given the

strong demand for environmental protection, the field of amorphous alloys in wastewater treatment has

great development prospects, and numerous research results have been published in recent years. As

a promising catalyst, it was demonstrated that amorphous alloys could exhibit many excellent proper-

ties in wastewater treatment, such as high catalytic efficiency, easily adjustable parameters and reliable

sustainability. This paper aims to summarize recent research trends regarding amorphous alloys in the

field of catalysis, focusing on the preparation methods, physical performance, catalytic mechanisms and

environmental application. Meanwhile, this review also investigates the challenges encountered and fu-

ture perspectives of amorphous alloys, offering new research opportunities to enlarge their applicability

spectra.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Water pollution has become a serious environmental problem

along with the rapid development of modern industries. With the

improvement of environmental awareness, wastewater treatment

techniques have been vigorously developed [1]. Advanced oxida-

tion processes (AOPs), including photocatalysis [2], ozone [3], Fen-

ton and Fenton-like oxidation [4,5], and electrochemical catalysis

[6], have been extensively studied as promising techniques due to

their superior degradation and mineralization efficiency on pollu-

tants in wastewater. Highly reactive and transitory species are the

primary oxidants employed in AOPs and can be activated by cata-

lysts [7]. For instance, the reported single-atom catalysts and high-

valent metal species in recent years have been applied in the field

of environmental remediation because of their good selectivity [8–

10]. However, zero-valent metal single atoms are extremely unsta-

ble, requiring solid host materials to bear ligating atoms to form

chemical bonds with metal single atoms [11]. While amorphous al-

loys can overcome such problems, because the zero-valent metal

atoms are embedded in the alloy, such as Fe0 in Fe-based amor-

phous alloys.
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Amorphous alloys, also called metallic glasses, with short-range

ordered and long-range disordered atomic structures, have re-

cently attracted increasing attention as advanced functional mate-

rials [12]. As shown in Table 1 [13–21], many unique properties,

such as high strength and elasticity, superior anti-corrosion be-

havior, excellent wear resistance and attractive soft/hard magnetic

performance, compared to crystalline counterparts or pure metals,

have been discovered for amorphous alloys. Moreover, these inves-

tigations could provide new insights into commercial applications

and fundamental studies. The first known successful preparation

of amorphous alloy was gold-silicon alloy, prepared in 1960, which

was observed with highly disordered arrangements of the atoms,

similar to that of the liquid state [22]. After that, amorphous alloys

with the unique atomic packing structure as metastable materials

have been carried out by plenty of researchers and widely used

in space exploration [23,24], resonators, electrical components and

biomedical equipment [25–27].

Recent reports demonstrate that amorphous alloys have both

favorable catalytic capacity and unique selectivity properties and

have become a new promising catalyst for wastewater treatment

[28]. Many research outcomes have exhibited the fast-catalytic

efficiency, excellent sustainability, and high stability of amor-

phous alloys [29]. For instance, concerning water treatment, the

Fe76B12Si9Y3 powder showed 1000 times higher reactivity than

crystalline Fe powder in treating methyl orange [30]. Moreover, the

Fe-B amorphous alloy delivered 1.8 times faster treatment than the

https://doi.org/10.1016/j.cclet.2024.109492
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Table 1

Properties of common amorphous alloys.

Composition Main properties Ref.

Fe-based High mechanical properties, soft ferromagnetic and high amorphous forming ability [13]

Cu-based High Fracture strength and good plasticity [14]

Mg-based High corrosion resistance [15]

Zr-based High anticorrosion ability in strong acids or alkalis [16]

Al-based High wear resistance and corrosion resistance [17]

Ce-based Low glass transition temperature and good thermoplasticity [18]

Co-based Ultra-high permeability, high hardness and excellent corrosion resistance [19]

Nd-based High hard magnetic properties [20]

Ti-based Light weight, low density, high specific strength, large compressive strength, reasonable Young’s modulus

and good corrosion resistance

[21]

crystalline counterpart in treating direct blue 6 [31]. In addition,

the catalyst regeneration and recyclability improvement are also

important to realize practical applications using the metal-based

catalysts [32]. Amorphous alloy ribbons with excellent stability

have potential prospects in the field of practical water treatment.

At present, there already have been some reviews on the process-

ing method, properties, catalytic performance and applications of

amorphous alloys in wastewater treatment [27,29,33]. However, as

more and more attentions and developments have been paid to

amorphous alloys, the study of their catalytic applications has also

increased rapidly. Therefore, it is essential to provide a compre-

hensive summary of recent achievements in water or wastewater

treatment using amorphous alloys as catalysts.

In this paper, the preparation of amorphous alloys, particularly

as catalysts, is initially introduced to demonstrate the variety of

morphology. Then, the developments in the effects of their physi-

cal characteristics, such as atomic components, electronic structure

and atomic configuration, on catalytic performance are described.

Additionally, the present review shows several benefits of using

amorphous alloys in catalytic degradation processes, including ex-

perimental parameter effects, stability and reusability in environ-

mental applications. Existing catalytic mechanisms, such as oxida-

tive and reductive degradation, are also discussed in detail. The last

section summarizes a few remaining technical challenges, present-

ing future directions in this field.

2. Amorphous alloys

Amorphous alloys are materials whose atomic structure differs

from traditional crystalline alloys [34], which can be determined by

characterization (Note S1 and Fig. S1 in Supporting information).

The atomic arrangement of amorphous alloys shows the character-

istics of short-range order and long-range disorder (Fig. S2a in Sup-

porting information). It implies that the atoms in amorphous alloys

are arranged in space without periodicity and translational sym-

metry. In contrast, the bonding (parameters such as coordination

number, atomic spacing, bond angle and bond length) between the

nearest or next nearest neighbor atoms has certain regularity [35].

In general, the short-range order can be divided into chemical and

geometrical short-range order. The chemical short-range order is

used to describe the chaotic state of the various elements in the

alloy. It is mainly used to measure the degree that the chemical

composition around each atom deviates from the average compo-

sition of the entire alloy. The geometrical short-range order de-

scribes the structure of the alloy from the geometric arrangement,

ignoring the differences in element types and regards each atom

as an abstract geometric point. The atomic bonding mode of amor-

phous alloys is mainly based on metal bonds, which have no direc-

tionality. Therefore, it has some characteristics of metals and alloys

[36,37]. Currently, the technology for preparing these alloys is well-

developed (Note S2 in Supporting information). The amorphous

formation is based on the transition between the metastable liquid

Fig. 1. Schematic illustration of the different degradation mechanisms for B el-

ement facilitated Fe-based amorphous alloy catalysts. Reprinted with permission

[43]. Copyright 2019, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

phase and metastable phase (Fig. S2b in Supporting information).

The preparation methods of amorphous alloys are briefly summa-

rized in Table S1 (Supporting information) and the schematic dia-

grams in Figs. S2c, S3, and S4 (Supporting information).

2.1. Physical characteristics

Only a few specific elements and alloys have been applied as

catalytic materials, although many combinations of elements in

the periodic table could form amorphous structures [38]. Generally,

there are mainly two types of amorphous alloys used as catalysts.

One type is transition metals of Ⅷ group in the periodic table

and metalloid combination, such as Fe-B, Ni-B, Ni-P and Co-Si-B.

Another type is a metal and metal combination, such as Cu-Zr and

Ni-Zr [39]. Easy manipulation of atomic composition is a superior

advantage for amorphous alloys in the catalytic field [40]. Adding

metal elements could not only improve the stability of these struc-

tures but also adjust the electronic structure [41]. Zhang et al. com-

pared the effects of Co, Cr and Ni addition on the Fe-Si-B in the

degradation of acid orange II [42]. They discovered that Co could

reduce the activation energy without losing catalytic efficiency. Si-

multaneously, Cr eradicated the dye degradation ability across a

wide temperature range, and Ni changed the decolorization mech-

anism from dye degradation to dye adsorption. For the addition

of metalloids (Fig. 1), adding B facilitated hybrid structures of Fe-

based amorphous alloys [43]. Moreover, the generation of three

galvanic cells improved degradation efficiency of methyl orange.

2.2. Electronic structure

It is well known that the electronic structure of a catalyst could

play a vital influence on the catalytic performance. Moreover, an

electron could be an efficient catalyst to promote different radi-

cal cascade reactions [44]. Unlike the crystalline catalysts with a

highly ordered atomic structure, the amorphous alloys with a dis-

ordered atomic structure could possess plentiful possibilities to tai-
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Fig. 2. Atomic configuration of Fe3P and amorphous alloy components calculated

by DFT. Reprinted with permission [47]. Copyright 2021, American Chemical Society.

lor their electronic structures in the catalytic application. Hu et al.

found that the Ni40Fe40P20 possesses the metallic Ni-Ni and Fe-Fe

bonds and the Ni-P and Fe-P bonds due to partial Ni or Fe atoms

coordinated with P atoms [45]. The formation of Ni-P and Fe-P

bonds improved the electron transport at a moderate distance, fa-

cilitating the optimization of their electronic structure and thereby

promoting the corresponding catalytic efficiency.

2.3. Atomic configuration

Compared with the well-defined atomic configuration in crys-

talline catalysts, the amorphous alloy catalysts could provide more

active sites in catalytic reactivity. Hu et al. found that the Pd-based

amorphous alloys could possess many active sites with various lo-

cal atomic packing structures [46]. In addition, the atomic config-

uration of these Pd-based alloys could also significantly contribute

to the catalytic performance of the material. Yang et al. prepared

the three-dimensional hierarchical porous architectures introduc-

ing Cu as a reductant into amorphous alloys via laser 3D printing

technique [47]. The materials exhibited exceptional catalytic effi-

ciency in degrading Rhodamine B. Due to the crystallization of the

amorphous phase during the 3D printing process, a certain propor-

tion of nanocrystalline Fe-based metal phosphides was formed in

the catalysts, exhibiting a positive effect on the catalytic activity.

The theoretical calculations using density functional theory (DFT)

obtained the atomic configuration of Fe3P and amorphous alloy

components (Fig. 2). It was indicated that amorphous alloy and

metal phosphides were the main active species in the catalysts for

activation of H2O2. Such outstanding synergetic atomic configura-

tions are almost unachievable in crystalline catalysts with a spe-

cific atomic packing structure, further proving the potential appli-

cability of these alloys in catalysis.

2.4. Relaxation

Following the discovery of the unique atomic packing structures

of long-range disorder and short-range order, there have been

many studies on the underlying structural evolution of amorphous

alloys [48]. In general, relaxation phenomena are normally unde-

sirable in structural applications because they result in brittleness.

Recently, Chang et al. found that the fast relaxation in amorphous

alloys could continue the dynamics of high-temperature liquids

[49]. Its carriers could rapidly diffuse, making liquid-like atoms in-

herited from high-temperature liquids. Molecular dynamics simu-

lations revealed that this fast relaxation arose from string-like dif-

fusion of the liquid-like atoms in these alloys. Importantly, the mo-

tions of liquid-like atoms could form string-like structures, sug-

gesting that the fast diffusion of these atoms in amorphous al-

loys is not random but cooperative. These findings could clarify the

mechanism of fast relaxation and reveal deeper insights into the

nature of glasses and the glass transition. However, rare work has

been done on the effect of relaxation in applied catalysis. There-

fore, the effects of the atomic rearrangement during the relaxation

on catalysis of amorphous alloy still require more attention.

3. Environmental applications

3.1. Heavy metal ions

Amorphous alloys have been proven to exhibit excellent re-

moval properties for heavy metals in wastewater. Yan et al.

used Fe78Si9B13 amorphous ribbons to remove copper ions from

wastewater by a spontaneous redox reaction and the displace-

ment reaction of copper ions [50]. The report demonstrated that

Fe78Si9B13 could help the electrons rapidly transfer from iron

atoms in the active atomic layer to copper ions owing to its unique

surface mobility. Abundant galvanic cells are produced due to iron

and copper, which is beneficial to the reaction process. In con-

trast, the surface mobility of the crystalline iron ribbons was much

weaker than the alloys due to the stable thermodynamic state.

Consequently, amorphous alloys showed higher removal efficiency

on heavy metals, lower reaction activation energy and higher cor-

rosion current density than crystalline iron. Liang et al. employed

Fe78Si9B13 amorphous alloys in real industrial contaminated water

treatment by investigating effective separation of arsenic and re-

duction of nitrate [51]. They confirmed Fe-based amorphous alloys

demonstrates attractively high removal rate of arsenic in 30min,

which is ascribed to synergistic effect of reduction/adsorption by

amorphous alloys, precipitation of arsenic sulfide and adsorption

of generated iron sulfide. On the other hand, 20 reused times of

Fe-based amorphous alloys for nitrate reduction suggests remark-

able sustainability.

3.2. Phenolic compounds

For much industrial wastewater, such as the petrochemical in-

dustry, pesticides and insecticides, phenolic compounds pose a

great threat to the aquatic system due to their toxicity and poor

biodegradability [52]. Amorphous alloys have been proposed for

the degradation of phenolic compounds [53]. Wang et al. used

Fe78Si9B13 as heterogeneous Fenton catalysts in the phenol degra-

dation process [54]. More than 99% of phenol was completely re-

moved within 10min for a solution containing 1000mg/L of phe-

nol. They also demonstrated that phenol was degraded by •OH

decomposed by H2O2 on the surface of Fe78Si9B13. The results

suggested that the H2O2 was first adsorbed onto the surface of

Fe78Si9B13 to produce •OH. The •OH reacted with phenol in the

ortho and para positions to form catechol and hydroquinone. Fur-

ther oxidation of the dihydroxybenzenes occurs to produce ben-

zoquinones, and the phenolic ring opens to form lower molecular

weight organic compounds that are ultimately oxidized to CO2 and

H2O.

3.3. Antibiotics

Wan et al. fabricated TiO2 nanowires decorated with a trace

amount of amorphous Fe-Si-B microspheres, forming hybrid films

by the simple painting method [55]. They demonstrated excel-

lent photo degradability of antibiotic contaminants by these hybrid

films. It was found that the films containing 1 wt% Fe-Si-B exhib-

ited great tetracycline degradation at general pH conditions from

2 to 12. The degradation efficiencies of tetracycline reached 98.2%

at pH 2 and 85.5% at pH 12 within 4h. Moreover, the enhanced

reusability was attributed to the corrosion resistance of amorphous

microspheres Fe-Si-B wound around the TiO2 nanowires.

3.4. Oily wastewater

Oily wastewater, usually made up of oil and grease, contains

high chemical oxygen demand (COD) due to the presence of

multiplicate aromatic hydrocarbons and phenolic compounds. Xu
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et al. prepared Fe78Si9B13 amorphous ribbons to treat simulated

petroleum wastewater by a Fenton-like process [56]. The COD and

oil & grease removal rates could reach up to 79.6% and 84.6%. It

is worth mentioning that the amorphous ribbons exhibited good

structural stability, presenting an excellent catalytic performance

for petroleum wastewater treatment.

3.5. Dyeing wastewater

Numerous reports indicated the degradation of dyeing wastew-

ater or simulated solution using amorphous alloys. The destruction

of the chromophore could be considered the main reason for de-

colorizing dyes [57]. In general, two oxidation processes are con-

sidered functional for dyes degradation by amorphous alloys. On

the one hand, direct oxidation of dye molecules by electron trans-

fer reaction. Conversely, indirect oxidation generates reactive rad-

icals by activating peroxides [58]. The decomposition of dyes in

forming aromatic intermediates is further oxidized to ring opening

products and final products of inorganic substances.

3.6. Coking wastewater

Coking wastewater from steel-making industries generally con-

tains phenols, ammonia, cyanides, thiocyanate, polycyclic aromatic

compounds, and other contaminants. Its complex composition and

high concentration result in heavy chroma and high COD [59].

Qin et al. applied two types of coking wastewater before anaero-

bic treatment and after aerobic treatment to examine the catalytic

performance of Fe78Si8B14 in a Fenton-like system [60]. Results

showed that Fe78Si8B14 amorphous alloys exhibited a superior cat-

alytic capability and the COD removal efficiency of coking wastew-

ater before anaerobic treatment. After the aerobic treatment, 71%

within 30 min and 89% within 60 min were achieved under the

optimal condition, respectively.

3.7. Other organic wastewater

The chemical bonds of the organic compounds in complex and

high concentrations are usually difficult to break, which leads to

the ineffectiveness of traditional oxidation materials. Yang et al. in-

vestigated the treatment of high-concentration organic wastewater

using Fe78Si9B13 amorphous alloys in the Fenton-like system [61].

The high-concentration organics in wastewater mainly consisted

of methylbenzene and methanol, with COD being 43,639mg/L.

Results showed that the ultimate removal by amorphous alloys

was as high as 85%. It has also been proved that the Fe78Si9B13

played an excellent catalytic activity in the oxidative degradation

of organic compounds. Its microstructure transformation during

the corrosion process promoted the degradation efficiency of the

wastewater treatment process. In fact, industrial wastewater is a

coexistence system with many kinds of pollutants. The effect of

the interwoven system on the degradation performance needs to

be thoroughly considered. Li et al. found that the degradation of

carbamazepine in their system was not or little affected by the wa-

ter matrices [62], including organic matter, various inorganic an-

ions (Cl−, SO4
2−, NO3

−) and cations (Na+, K+, Ca2+, Mg2+) (Fig.

S5 in Supporting information). H2PO4
− was found to suppress the

reaction significantly because it prevented the formation of active

species.

4. Catalytic degradation processes using amorphous alloys

4.1. Processes and mechanisms

Several types of wastewater with high organic concentrations

have been successfully degraded using amorphous alloy catalysts.

Recently, amorphous alloys containing transitional metals were re-

ported as advanced reductive agents owing to efficient chemical

reactivity and strong surface stability [31,63]. The reductive chemi-

cal reactivity could be strongly based on the electron transfer abil-

ity of the catalysts. Due to the disordered atomic packing structure,

it would be easier to activate amorphous alloys with weak atomic

bonding than to activate their crystalline counterparts. This could

provide better electron mobility in the solution to further enhance

the organic pollutants’ ability to gain electrons [64]. The degra-

dation of pollutants using amorphous alloys also could be com-

bined with AOPs. The catalytic efficiency could be highly depen-

dent on several operational parameters based on the specific pro-

cesses [65]. In addition, to investigate degradation efficiency, the

pseudo-first-order kinetic model is often employed (Eq. 1). Table 2

[12,41,42,64,66-79] summarizes the kinetic rate (kobs) of wastewa-

ter degradation by various compositions of amorphous alloys.

ln C0/Ct = kobs·t (1)

where C0 and Ct are wastewater concentrations at the initial time

and time t, respectively.

4.1.1. Combined with Fenton-like process

Amorphous alloys were first used to degrade dye wastewater in

2010. It was found that the Fe-Mo-Si-B achieved a 4 times faster

degradation rate than the corresponding crystalline alloy in treat-

ing direct blue 2B [73]. Zuo et al. used Fe80Si10B10 and Fe83Si5B8P4
ribbons to degrade methyl blue and rhodamine B by Fenton-like

oxidation and found that the color removal reached nearly 100%

within 11min for both the dyes [80]. Wang et al. revealed that

Fe83Si5B8P4 enhanced the efficiency of phenol and rhodamine B

degradation in combination with H2O2 [54]. Zhao et al. degraded

acid orange II using Cu47.5Zr46Al6.5 amorphous ribbons [81]. The

catalytic mechanism they proposed can be illustrated in Fig. S6

(Supporting information), which followed two pathways: corrosion

reaction and catalytic degradation process. The interaction between

H+ and Cl− will invade and attack the surface of the ribbons be-

cause of the pitting reaction, bringing about the copper nanopar-

ticles to be exposed naturally in solution. The exposed copper

nanoparticles and the produced Cu2O with strong reducing ability

can directly reduce the dye molecules in the solution. In addition,

they can both destroy O2 molecules to develop •OH under acidic

conditions and oxidize azo dye molecules. Moreover, a mere hand-

ful of Al elements also have a certain contribution in the catalytic

degradation experiments. The first part can be interpreted as the

direct reduction of zero-valent Al. Secondly, new reduced hydro-

gen [H] can act on the reduction of azo bonds under the action of

surface catalysis.

4.1.2. Combined with ultrasonic vibration process

As a kind of physical field, the ultrasonic treatment approach

could have satisfactory catalytic oxidation characteristics in the

chemical reaction process, which can produce •OH to induce and

promote a chain reaction of free radicals and ultimately achieve

the purpose of degradation and treatment of organic wastewa-

ter [82]. Lv et al. found that ultrasonic vibration could achieve an

effective approach that could dramatically improve the degrada-

tion of methylene blue using industrial Fe78Si9B13 amorphous pow-

ders [83]. Fig. S7 (Supporting information) illustrates the pathway

of the degradation process. Metallic iron from Fe78Si9B13 amor-

phous powders reacts with H2O2 in the acidic methylene blue so-

lution and generates the strong oxidizing •OH. Then, methylene

blue molecules undergo redox reaction and are decomposed into

small molecules including H2O and CO2 by cleavage of interlinkage.

The work indicates that the micro-channels on the surface of or in-

side Fe78Si9B13 particles could offer a shortcut for fast mass trans-

fer and supply plenty of reactive sites with low density and high

4
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Table 2

The kobs of several amorphous alloys in wastewater degradation.

Composition Morphology Organic pollutants kobs (min−1) Ref.

Fe82B18 Ribbon Direct blue 6 0.113 [66]

Fe84B16 Ribbon Direct blue 6 0.110

Fe78Si9B13 Ribbon Methylene blue 0.356 [64]

Fe78Si9B13 Ribbon Malachite green 0.519

Fe78Si9B13 Ribbon Methylene blue 0.381 [67]

Fe78Si9B13 Ribbon Methylene blue 0.640 [68]

Fe78Si9B13 Ribbon Brilliant red 3B-A 0.668 [69]

Fe78Si9B13 Ribbon Rhodamine B 0.725 [70]

Fe78Si9B13 Powder Acid orange II 0.02

Fe78Si8B14 Ribbon Acid orange II 0.443 [71]

Fe80P13C7 Ribbon Methylene blue 0.56 [72]

Fe68Si8B14Co10 Ribbon Acid orange II 0.317 [42]

(Fe0.99Mo0.01)78Si9B13 Ribbon Direct blue 2B 0.136 [73]

(Fe0.99Mo0.01)78Si9B13 Ribbon Acid orange II 0.282 [74]

Fe77.2Mo0.8Si9B13 Ribbon Acid orange II 0.282 [75]

Fe76Si9B10P5 Powder Direct blue 0.241 [76]

Fe76Si9B10P5 Powder Methyl orange 0.151

Fe83Si2B11P3C1 Ribbon Rhodamine B 0.36 [41]

Fe73.5Si13.5B9Cu1Nb3 Ribbon Methyl orange 0.152 [67]

Fe73.5Si13.5B9Cu1Nb3 Ribbon Methylene blue 0.201

Fe73.5Si13.5B9Cu1Nb3 Ribbon Malachite green 0.199 [12]

Fe73.5Si13.5B9Cu1Nb3 Ribbon Brilliant red 3B-A 0.184 [69]

Fe73.5Si13.5B9Cu1Nb3 Ribbon Eosin Y 0.876 [77]

Fe73.5Si13.5B9Nb3Cu1Ni8.5 Ribbon Acid orange II 0.16 [78]

(Fe73.5Si13.5B9Nb3Cu1)91.5Ni8.5 Powder Acid orange II 4.5

Fe81Cu1Si2B10P6 Ribbon Methylene blue 0.58 [79]

energy due to the structural regeneration after ultrasonic vibration.

In addition, amorphous structures also undergo a severe plastic de-

formation during ultrasonic vibration, which results in the large

residual stress inside each particle. All of these factors contribute

to the highly effective reaction of metallic iron with H2O2 that oc-

curs on the surface of the loose-packed high-energy powders.

4.1.3. Combined with electricity process

A strong electron transfer process could mainly characterize an

electrochemical degradation. Qin et al. compared Fe78Si9B13 rib-

bons with dimensionally stable anode and metal-like boron-doped

diamond electrodes in azo dye degradation and found that the

Fe78Si9B13 was superior in saving degradation time and energy

consumption and improving degradation efficiency [84]. Deng et al.

used the Cu55Zr45 amorphous ribbons as an electrode to degrade

acid orange II dyes and reached 95.6% within 40min for degrada-

tion [85]. The degradation can be divided into the following three

ways such as direct electron transfer on the surface of the rib-

bons, the effect of nano-copper on ribbons surface, and the action

of active chlorine (Fig. S8 in Supporting information). The primary

way of degrading dye molecules is to produce strongly oxidizing

activated radicals by copper nanoparticles and oxidized copper at

the ribbon surface under acidic conditions. The process is when

Cu0/Cu+ loses electrons and converts to Cu+/Cu2+, and it can re-

act with O2 and H2O to generate •OH and •O2
− under acidic con-

ditions. The report demonstrated that the outstanding properties

were derived from the unique atomic structure of amorphous al-

loys and the application of electrochemical technologies. The as-

developed method combining amorphous alloys with electrochem-

ical technology could significantly affect the applicability of this

material. In addition, amorphous alloys could also be combined

with electro-Fenton process. Compared to the traditional Fenton

processes, the electro-Fenton process could present the advantages

of reducing H2O2 and power consumption, electrode mass loss and

electrolysis time [86]. During the electro-Fenton treatment of rho-

damine B using Fe83Si5B8P4, the in-situ production of H2O2 by 2e–

reduction of dissolved oxygen at the cathode produced hydroxyl

radicals with Fe2+ improved the degradation efficiency [80]. More-

over, the Fe2+ was regenerated by electroreduction of Fe3+ on the

surface of the cathode, deserving or even avoiding the production

of iron sludge [87]. These results suggest that amorphous alloys

combined with electricity process could effectively improve the

degradation performance in nearly actual wastewater.

4.1.4. Combined with light process

Amorphous alloys were proven to be very effective catalysts

in the photodegradation process for wastewater treatment [12,68].

Jia et al. reported that Fe-based amorphous alloys exhibited the

as-contained advanced catalytic capability when degrading methyl

blue and methyl orange in a photo-Fenton oxidation [67]. The pro-

duction rate of •OH was 5–10 times faster than other Fe-based cat-

alysts. The as-employed UV–vis light energy during the dye degra-

dation significantly enhanced the activation of the electrons on 4s2

orbital of the amorphous Fe atoms. In addition, the light energy

was also advantageous to Fe3+ to convert back to Fe2+ when pro-

viding more catalyst dosage. The inclusion of Si and B atoms in the

amorphous alloys enhances the surface stability thereby improv-

ing the reusability [66]. Zuo et al. successfully synthesized a series

of Fe-B-C-Ti amorphous ribbons to degrade methylene blue under

light irradiation [88]. The Fe-B-C-Ti could be activated under visi-

ble light, contributing significantly to methylene blue degradation

from acidic to neutral pH values. Complete degradation of methy-

lene blue was achieved within 60min at pH 5 under simulated

solar irradiation (Fig. S9 in Supporting information). They also in-

vestigated comparing methylene blue degradation with and with-

out adding H2O2. It was found that the appropriate addition of

H2O2 can effectively improve the photocatalytic degradation rate.

At the same time, the Fe75B10C10Ti5 ribbons were able to degrade

the methylene blue by 100% within 6min at pH 3, even without

adding H2O2. Therefore, the Fe75B10C10Ti5 ribbons were effective in

pollutant degradation without any addition of oxidant in the acidic

environment, which is an excellent property of this amorphous al-

loy catalyst.

4.1.5. Mechanism

According to the above processes of wastewater treatment us-

ing amorphous alloys, it is accepted that the oxidative degradation

5
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Fig. 3. The generation of radicals from H2O2, PS and PMS by amorphous alloys.

Reprinted with permission [89]. Copyright 2017, Elsevier B.V.

of pollutants in wastewater is mostly achieved by activating per-

oxides or persulfate using amorphous alloys to produce reactive

radicals, such as •OH and SO4
•–. Numerous publications dealt with

the reactive species generated by amorphous alloys and their roles

in wastewater degradation. Recent reports have demonstrated that

amorphous alloys could have an excellent ability to activate per-

oxides. Liang et al. manufactured Fe78Si9B13 amorphous alloy rib-

bons and compared their activation behavior on three peroxides,

namely H2O2, PS and PMS [89]. The results showed that Fe78Si9B13

amorphous alloys had an exceptionally high capability for activat-

ing these peroxides to produce •OH and/or SO4
•– (Fig. 3). The re-

active radicals of H2O2 were demonstrated as •OH, while the PS

and PMS activation mainly generated SO4
•–. As shown in Eq. 2, the

transitional metals and the generated metal ions could act as elec-

tron donors to activate the peroxides using amorphous alloys. Eqs.

3–5 present that during the H2O2 activation, the •OH as the main

oxidative agent, is finally produced to degrade organics. The as-

proposed reactions of PS and PMS by amorphous alloys suggested

that both •OH and SO4
•– could be generated from PS (Eqs. 6 and

7) and PMS (Eqs. 8–11). The order of predominant radical gener-

ation rate by Fe78Si9B13 activation under UV–vis irradiation was

PS > H2O2 > PMS.

Fe0 +hv→ Fe2+ +2e− (2)

Fe0 +H2O2 → Fe2+ +2OH− (3)

Fe2+ +H2O2 → Fe3+ +OH− + •OH (4)

•OH+organics→products (5)

Fe0 +2S2O8
2− → Fe2+ +2SO4

•– +2SO4
2− (6)

Fe2+ + S2O8
2− → Fe3+ + SO4

•– + SO4
2− (7)

Fe0 +2HSO5
− → Fe2+ +2SO4

•– +2OH− (8)

Fe2+ +HSO5
− → Fe3+ + SO4

•– +OH− (9)

SO4
•– +H2O ↔ •OH+H+ + SO4

2− (10)

•OH/SO4
•– +organics→products (11)

Fig. 4. SEM micrographs of Fe78Si9B13 amorphous alloys of (a) initial use; (b) 5th

use; (c) 10th use; (d) 20th use; (e) 30th use. Reprinted with permission [68]. Copy-

right 2016, The Author(s).

Fig. 5. Comparison of degradation capability versus reusability for various amor-

phous and crystalline catalysts. Reprinted with permission [41]. Copyright 2019,

Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

4.2. Stability and reusability

Surface stability and catalytic reusability of amorphous alloys

have always been important topics in practical applications. It was

reported that Co65Mo15B20 exhibited excellent reusability in the

treatment of blue 6. The degradation efficiency achieved 97% af-

ter 20 times of use due to the synergistic coordination of Co and

Mo bimetals and the self-exfoliation effect of the corrosion prod-

ucts [90]. Similar results, such as 35 times of Fe83Si2B11P3C1 [41] in

degradation of rhodamine B, 20 times and 19 times reusability of

Fe81Cu1Si2B10P6 [79] and Fe80P13C7 [72] in methylene blue degra-

dation, were also achieved. Jia et al. developed Fe78Si9B13 alloys

that could be reused up to 30 times while maintaining an accept-

able methylene blue degradation rate [68]. This was attributed to

the production of SiO2 layer to protect the buried Fe (Fig. 4).

The comparable results of degradation capability versus

reusability for various ion states, as well as for amorphous and

crystalline Fe-based catalysts, are summarized in Fig. 5. The ion-
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Table 3

Catalytic advantages compared to the crystalline counterparts.

Amorphous alloys vs. commercial iron powder Organic pollutants Degradation efficiency Ref.

Fe80B20 Direct blue 6 89 times higher [66]

Fe76B12Si9Y3 Methyl orange 1000 times higher [30]

Fe73Nb3Si7B17 Azo dye 200 times higher [31]

Mg73Zn21.5Ca5.5 Direct blue 6 1000 times higher [63]

Amorphous alloys vs. crystallized ribbon Organic pollutants Degradation efficiency Ref.

Fe80B20 Direct blue 6 1.8 times higher [90]

Fe78Si8B14 Acid orange II 10 times higher [71]

Fe78Si9B13 Malachite green 3.5 times higher [64]

Fe73.5Si13.5B9Nb3Cu1Ni8.5 Orange II Higher reactivity [78]

Fe77.2Mo0.8Si9B13 Acid orange II ≈3 times higher [75]

Table 4

Comparison of Ea between amorphous alloys and ordinary crystalline catalysts in wastewater treatment.

Composition (amorphous alloys) Organic pollutants Ea (kJ/mol) Ref.

FexB100-x (x=80, 82, 84) Direct blue 6 25.43 [66]

FeBC Acid orange 7 6.24 [92]

FePC Acid orange 7 16.59

Fe78Si9B13 Acid orange II 27.4

Fe78Si9B13 Rhodamine B 27.9 [70]

Fe78Si9B13 Naphthol green B 20.91 [93]

Fe78Si9B13 Malachite green 43.39

Fe78Si9B13 Methyl orange 17.63

Fe68Si8B14Co10 Acid orange II 18.4 [42]

Fe72Si2B20Nb6 Direct blue 15 34.6

(Fe0.99Mo0.01)78Si9B13 Acid orange II 28.4 [74]

Fe76B12Si9Y3 Methyl orange 22.6 [30]

Fe76Si9B10P5 Methyl orange 19.5 [76]

Fe76Si9B10P5 Direct blue 6 26.8

Fe83Si2B11P3C1 Rhodamine B 29.3 [41]

Fe73.5Si13.5B9Cu1Nb3 Eosin Y 22.2 [77]

Fe73.5Si13.5B9Cu1Nb3 Methylene blue 49.67 [93]

Fe73.5Si13.5B9Cu1Nb3 Naphthol green B 52.36

Fe73.5Si13.5B9Nb3Cu1Ni8.5 Methyl orange 9.8 [78]

Mg73Zn21.5Ca5.5 Direct blue 6 51 [63]

Composition (crystalline catalysts) Organic pollutants Ea (kJ/mol) Ref.

Co3O4 Phenol 66.2 [94]

Co/SiO2 Phenol 61.7–75.1 [95]

Co/ZSM-5 Phenol 69.7 [96]

Co/SBA-15 Phenol 67.4–81.4 [97]

Fe2O3-ZSM-5 m-Cresol 81.3 [98]

state Fe-based catalysts with restricted reusability and the pro-

duced Fe sludge secondary pollution have become an impediment

to their rapid development. Comparatively, the zero-valence irons

and Fe-based oxides with the superiorities of low cost, high effi-

ciency, and large surface area. However, the stability and efficiency

of these crystalline catalysts is constrained due to the limitations

of their structural defects. The reported reusability of crystalline

Fe-based Fenton catalysts is within 10 times. Compared with the

ion-state and crystalline alternatives, the recent Fe-based amor-

phous alloy catalysts present higher essential treating ability and

more enhanced stability when degrading organic pollutants. Jia et

al. reported the Fe83Si2B11P3C1 amorphous ribbon belongs to the

greatest performance group, with both ultrahigh essential treating

ability and a reusability of 35 times without efficiency decay [41].

4.3. Comparison of catalytic properties between the amorphous alloy

catalysts and crystalline catalysts

Compared to alloy-based catalysts with a partially crystalline

phase, one of the most important properties of amorphous alloys

is that the chemical activity could be significantly improved [91].

As it is easier to activate the electrons around the randomly disor-

dered atoms with a weak atomic bonding structure, the high elec-

tron mobility in the catalysts will greatly promote the efficiency

of wastewater treatment. Table 3 [30,31,63,64,66,71,75,78,90] sum-

marizes the current development of different wastewater using

amorphous alloys as catalysts and the advantages compared to the

crystalline counterparts or other forms of catalysts, demonstrating

the superiorities of using amorphous alloy catalysts in practical ap-

plications.

It is worth mentioning that examining the reaction activation

energy (Ea) of these alloys in different reaction temperatures could

provide important insights into explaining catalytic performance in

wastewater treatment. Eq. 12 is the Arrhenius equation employed

to demonstrate the Ea for wastewater treatment using amorphous

alloys.

lnk=–Ea/RT+ lnA (12)

where k is the kinetic rate at different reaction temperatures (T), Ea
is the activation energy, R is the gas constant, and A is a constant.

The calculated Ea value could show a significant effect on

revealing the potential advantages of amorphous alloy catalysts.

Fig. 6 and Table 4 [30,41,42,63,66,70,74,76-78,92-98] summarize

the as-calculated Ea values of using amorphous alloys with various

atomic components compared to the ordinary crystalline catalysts.
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Fig. 6. Comparable results of Ea between the amorphous alloy catalysts and crys-

talline catalysts. Reprinted with permission [33]. Copyright 2019, Elsevier Ltd.

One of the most important advantages of amorphous alloys is that

they present a lower Ea value during wastewater treatment than

other catalysts. It was found that the calculated Ea value of using

amorphous alloys as catalysts presents a much low value, normally

less than 60kJ/mol, presenting a much lower value than the ther-

mal reactions using ordinary crystalline catalysts (60–250kJ/mol)

[99]. The low value of Ea indicates that less energy is required to

pass the reaction barrier, thus making the electrons easier to acti-

vate in regard to wastewater treatment.

5. Summary and perspective

The present review has summarized the recent trends in cat-

alytic applications of amorphous alloys as catalysts in wastewa-

ter treatment. Amorphous alloys could exhibit several enhance-

ments in oxidative or reductive processes for removing organic

pollutants from industrial wastewater. This could be assigned to

the unique intrinsic characteristics in contrast with the crystalline

catalysts, such as the disordered atomic structure, various compo-

sitions, unique electronic structure and atomic configuration. As

such, amorphous alloys have tremendous potential in wastewater

treatment applications.

The development of novel amorphous alloys with favorable cat-

alytic activity and stability could be an emerging issue. First, the

fine-tuning of electronic structure in amorphous alloys could make

the atoms randomly coordinate with each other in short range,

providing more unsaturated active sites in catalysis. However, a

challenge for optimizing further amorphous alloy catalysts is how

to improve the electron transfer ability. Second, elemental distri-

bution on amorphous alloys surface could be significant indicator

of material stability and reusability. Including specific elements to

improve amorphous alloy surface stability was achievable. There-

fore, the element introduction and composition regulation of amor-

phous alloys are important for equilibrium activity and stability.

Moreover, the crystallization behavior of amorphous alloys for the

wastewater treatment is recently also attractive to investigate their

catalytic application. Some methods, such as electrochemical etch-

ing, can construct amorphous-nanocrystalline structures and main-

tain the catalytic activity.

Currently, as a new type of environmental remediation catalyst,

the interaction mechanism between amorphous alloys and pollu-

tants is still not clear. It is important to verify the catalytic mech-

anism of amorphous alloys in different systems and in different

pollutant reaction processes. In addition, the application of amor-

phous alloys in practical water treatment is an important proposi-

tion. Due to the special characteristics of amorphous alloys, such as

low cost, high surface stability, simple operation process and easy

modification of atomic composition, it is reasonable to believe that

amorphous alloy catalysts are expected to be valuable in practical

application in the future. However, to promote the development

of amorphous alloy catalysts, several technical restrictions ranging

from the composition’s design to reaction optimization of amor-

phous alloys also need to be overcome.

(1) Reducing the cost and enhancing the reaction efficiency

by optimizing the process parameters and improving the catalyst

composition with/or surface modification. Moreover, it should fo-

cus on establishing the relationship between microstructure and

catalytic parameters to reveal the mechanism of performance of

these alloys.

(2) Establishing the theoretical relationship between the elec-

tronic structure and catalytic performance to improve the electron

transport in the moderate distance and provide the possibility for

improving the catalytic performance by regulating the electronic

structure.

(3) Establishing the relationship between the corrosion failure

mechanism and surface atomic structure for improving the sus-

tainability of amorphous alloy catalysts, searching for the new

atomic composition of amorphous alloys and constructing a suit-

able atomic structure for catalytic applications.

(4) The difficulty of composition design of amorphous alloys

comes from the uncertainty of amorphous structure. Therefore,

adopting the machine learning algorithm to predict the structure

and catalytic properties of amorphous alloys and to realize the

preparation of amorphous alloys with excellent catalytic proper-

ties.
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