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ARTICLE INFO ABSTRACT

Keywords: Developing novel high-efficiency and low-cost catalysts for environmental wastewater treatment is of great
Metallic glasses importance for both industrial application and scientific research. Conventional crystalline catalysts face sig-
Ultrasonic treatment nificant challenges, including high production costs, complex synthesis procedures, limited catalytic activity, etc.
]c))(ra(;:gftion Herein, the selected Fe;sCroSij1B11 metallic-glass (MG) powders were mechanically vibrated via ultrasonic
treatment (UT) with controllable energy inputs just within ~1 s for achieving highly effective degradation of azo
dye wastewater. Remarkably, the UT-optimized MG exhibits exceptional catalytic performance for the complete
decolorization of methylene blue (MB) solution in merely 5 minutes, which is a 28-fold acceleration compared to
the untreated MG (140 minutes). The obtained extraordinary reaction rate constant of 0.751 min~! outperforms
currently mainstream Fe-based MG catalysts by 50% (typically < 0.5 min~1). Multi-scale characterizations reveal
that the UT-induced structural ordering fundamentally enhances degradation capability. High-energy X-ray
diffraction, small angle neutron scattering (SANS), and high-resolution transmission electron microscope
(HRTEM) collectively analyze the structural reconstruction during ordering, particularly the precipitation of
nanoscale Fe and Fe,B phases inside the stimulated MGs, which favors the formation of galvanic cells between
the stable nanocrystalline and metastable high-energy amorphous matrix. Simultaneously, the UT reshaping
surface morphology creates abundant channels for mass transport and electron transfer. This work pioneers an
ordering strategy for catalyst design through UT-assisted structural manipulation, which demonstrates syner-
gistic effects between microstructural optimization and morphology reconfiguration engineering. These findings
not only provide experimental validation for the UT-assisted degradation mechanism but also offer a general-
izable strategy for developing next-generation environmental catalysts through precise structural tailoring.

1. Introduction engineering, advanced agriculture, and textile manufacturing, the
relative water pollution issues have increasingly attracted much atten-
With the rapid development of modern industries such as chemical tion [1,2]. In particular, some colorants and azo dyes are widely applied
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in these industries. It is reported that about 20% of azo dye wastewater is
discharged directly into the rivers by the factories [3], which results in
serious and irrevocable water pollution due to its complicated chemical
compositions, high organic concentrations, and very difficult to
decompose [4]. Consequently, substantial endeavors have been con-
ducted for wastewater purification during the past decade, including
physical, chemical, and biological approaches [5-7]. Unfortunately, the
physical pathway only filters or separates some organic chemicals rather
than totally decomposes the azo dyes by changing their intrinsic
chemical characteristics [4,8], which can’t fundamentally realize the
purification of wastewater. Moreover, the traditional chemical or bio-
logical approaches can achieve the degradation of azo dye solution, but
some disadvantages like high cost, low efficiency, and bad stability
seriously restrict their wide applications [9,10]. Advanced oxidation
process (AOP) is a method that generates extremely reactive radicals in
order to destroy organic molecules, particularly resistant chemical
compounds that are found in aqueous environments [11]. It is regarded
as high-performance techniques for wastewater treatment because of
their highly effective, low expensive, environmentally friendly, excel-
lent stability, and extensive adaptability in decontamination [2,12-14].
Generally, AOPs can be categorized into ozone oxidation [15,16], pho-
tocatalysis [17,18], and Fenton/Fenton-like oxidation based on the
different catalytic routes [19]. Recently, many metal catalysts have been
reported for wastewater treatments [20], including natural iron min-
erals (e.g., pyrite (FeSs), magnetite (Fe3O4), and goethite (a-FeOOH)),
Fe-based nanoparticles, and even the metal-organic framework (MOF)
and its derivatives like MIL(Fe)-type MOFs. Moreover, some
transition-metal-based catalysts such as Cu, Co, Mn, Ce, and Cr also
show great catalytic activity [21], primarily due to the fast generation of
hydroxyl radicals (-OH) with a high redox potential of 1.8-2.7 V during
the chemical process. Nevertheless, exploiting low-cost and
high-efficiency catalysts toward azo dye degradation remains a difficult
challenge.

Metallic glasses (MGs), also known as amorphous alloys, have
received much research interest resulting from their superior mechani-
cal, physical, chemical, and biological combability [22-26]. Impor-
tantly, the unique disordered structure and far-from-equilibrium state
endow the excellent catalytic performances of MGs [2]. Unlike their
crystalline counterparts and pure metals, MGs exhibit a higher Gibbs
free energy due to the metastable feature therefore prone to chemical
reactions [27]. Furthermore, MGs normally show strong electron
transfer characteristics because of the atomic dense packing with
abundant non-directional bonding [28,29], which also facilitates their
catalytic properties. Notably, different from the crystalline alloys
restricted by thermodynamics, the compositions of MGs can be more
flexible and tuned to enhance their properties [30]. In addition, het-
erogeneous, highly unsaturated atomic coordination, and isotropic
structural characterizations offer abundant catalytic active sites,
demonstrating huge potential practical catalytic prospects [31].
Consequently, amorphous alloys have been adopted as high-efficiency
catalysts for water splitting (e.g., hydrogen evolution reaction and ox-
ygen evolution reaction), fuel cells, and electrochemical nitrogen fixa-
tion [32,33].

Comparing with other AOP catalysts, Fe-based MGs have aroused
considerable attention owing to their excellent characteristics of thermal
stability, widespread commercialization, and low cost of Fe elements
[14,34]. In particular, the B element with metalloid properties that is
identified to be remarkably improved the glass-forming ability (GFA),
and meanwhile, it is investigated that the appropriate B addition dem-
onstrates significant enhancement of catalytic performance in Fe-based
MGs owing to its well-distributed electronic configurations [12]. Pre-
viously reported FegoByo MG presents 1.8 times higher degradation ef-
ficiency compared to its crystalline alloys on decolorization of direct
blue 6 solution, even 89 times higher than the commercial iron powders
[35]. Moreover, B and Si synergistically result in the formation of
non-compact layers on the surface of samples, which accelerates
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electron transfer, and eventually contributing to the excellent catalytic
capability. Some ternary and quaternary Fe-based MGs, like Fe;gSigB14
(10 times higher than crystalline ribbons) [36], Fe;3NbsSizBy7 (200
times higher than commercial iron powders) [34], and Fe;¢B12SigY3
(1000 times higher than commercial iron powders) have shown excel-
lent degradation performance [4]. The ball-milled Fe;3NbsSiyB1; MG
presents higher catalytic activity compared to the original sample,
which is attributed to the enlarged specific surface and more reactive
sites [34]. The Fe;(CrsNizMo3WgSisBs MG matrix composite fabricated
by selective laser melting demonstrates a high reaction rate constant of
0.586 min~! and low activation energy of 46.5 kJ/mol compared to
other catalysts [37]. Nevertheless, these discovered Fe-based MGs
simultaneously meet the limitations of GFA, time consuming, highly
expensive cost, and limited size during fabrication, which restrict their
widespread application, particularly in extreme environments like
ultra-high temperatures and severe corrosive environments. It has been
studied that the appropriate addition of Cr into Fe-based MGs can
effectively improve their GFA [38]. For instance, compared with
F830P12C4B4 (Tg =694 K, ATX =29 K) and Fe77M03P12C4B4 (Tg =702 K,
AT, = 37 K), the Fe;oCry;Mo3P12C4B4 MG showed better thermal sta-
bility with T, of 728 K and AT, of 42 K, which was attributed to the
added Cr resulting in the strong chemical affinities between atomic pairs
and local densely atomic packing [39]. More importantly, the Cr
incorporation also gains the enhancement of corrosion resistance, i.e.,
the corrosion potential increases to -88 mV after merely 7 at. % Cr
addition, which facilitates the widespread applications of these
Cr-alloyed Fe-based MGs [39].

Recent studies have shown that introducing the crystalline phase
into the amorphous matrix can further improve its degradation perfor-
mance [40-43]. The crystallization behaviors have shown many merits
in catalysis like the formation of galvanic cells and controllable crys-
talline structures [44]. For example, it is reported that the nanocrystal
coupled with sub-nanometer clusters can accelerate the hydrogen evo-
lution reaction by offering more hydrogen production sites [45]. How-
ever, the traditional thermal treatment method to control the growth of
nanocrystals always leads to the alteration of the amorphous matrix. It is
revealed that high-frequency ultrasonic treatment (UT) can remarkably
affect the mechanical, thermal, and anti-corrosion properties of MGs by
directly injecting the energy into the amorphous matrix [46-48]. Pre-
viously, our group successfully realized the enhancement of plasticity of
the medium-entropy LassAlasNisCuyoCos MG by the UT-induced struc-
tural ordering [25]. Meanwhile, the micro-forming, welding, fabrica-
tion, and accurate processing of MGs subjected to UT were widely
investigated [49]. Moreover, the external conditions (e.g., stress or
temperature) enable MGs away from their equilibrium state to achieve
the structural transition like relaxation/aging or rejuvenation [50-52].
Nevertheless, how the intrinsic structural order of MGs evolves under
UT, and especially how the structural ordering impacts the degradation
behavior is rarely revealed.

Herein, we reported a novel Fe;¢CrySij1B1; MG catalyst treated by
ultrasonic mechanical vibration with different times as catalysts for
degrading azo dye solution, where the methylene blue (MB) was taken
as example. It is found that the variation of structural order affected by
UT significantly improves the degradation performance with a reaction
efficiency approaching 0.751 min~!, outperforming currently main-
stream Fe-based MG catalysts (normally < 0.5 min~!) by 50%. Based on
the detailed analyses of the surface morphology, structural order,
chemical state, and crystallization behaviors, the degradation mecha-
nism of UT Fey¢CrySi11B11 MG catalysts was systematically investigated,
which potentially provides a new insight into the design of highly effi-
cient catalysts from the perspectives of microstructural optimization and
surface morphology reconfiguration engineering.
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2. Experimental procedures
2.1. Materials preparation

The amorphous powders with a composition of Fe;4CrsSi;1B11 (at.
%) (as-cast) were purchased commercially to serve as pre-fabrication
materials for the degradation experiment. These amorphous powders
were ultrasonically vibrated by BRANSON 2000X ea/ae with a fre-
quency of 20 kHz under the processing times of 0.489, 0.665, 1.029,
1.170, 1.878, and 2.713 s, which correspond to the applied energies of
500, 750, 1000, 1250, 2000, and 3000 J, respectively (conveniently
named as 0 (as-cast), 500, 750, 1000, 1250, 2000, and 3000 J samples).
The trigger force was 50 N, the vibrated amplitude was 44.4 pm, and the
pressure of the working cylinder was 400 kPa.

2.2. Materials characterizations

The amorphous characteristics of original and vibrated samples were
examined by X-ray diffraction (XRD, D8 advance, Bruker) with Cu Ka
radiation (A = 0.15405 nm). The XRD patterns were recorded by
measuring angle ranges of 10-80° with a scanning interval of 0.02°.
Different from the crystalline alloys that their structure can be identified
by lattice parameters, the microstructure of MG is frequently described
by using the following statistical parameters, including structure factor S
(q), reduced pair-distribution function G(r), and pair correlation func-
tion g(r) [53]. In this study, a series of high-energy XRD experiments
were performed, along with a maximum wave vector momentum
transfer of ¢ = 9 A~'. Subsequently, the 2D images were integrated with
the software of Fit2D and Dioptas. S(q) is the Fourier transform of the
pair correlation function g(r), describing how the intensity of scattered
radiation (X-rays/neutrons) varies with the scattering vector q (where q
= 4nsind/A, with 0 being the scattering angle and 1 the wavelength)
[54]. The reduced pair distribution G(r) was obtained via using the
program package PDFgetX3, which is derived from the following
equation [54]:

G(r) =

AN

/ q[S(q) — 1lsin(gr)dg @

The g(r) can be calculated from the experimentally determined G(r),
which is expressed by [55]:
G(r)
4np,r

g(r) = @)

where the pg is the mean atomic number density of the alloy, which can
be approximately obtained by the weighting average density of each
atom in this study.

Small angle neutron scattering (SANS) experiments were conducted
at small angle neutron diffractometer at China Spallation Neutron
Source (CSNS). The incident neutron wavelength of 3 - 8.6 A was
determined by the double-disc bandwidth chopper, collimating to the
sample through a pair of apertures. The sample aperture size and
sample-to-detector distance were configured as 8 mm and 5 m, respec-
tively, and the scattering information was collected approximately for
50 minutes for each sample during the experiment, including the empty
sample holder (double-layer quartz glass) and the sample cell. Besides,
utilizing two-dimensional >He tube array detector to cover a Q range
from 0.004 to 1.2 A~. After normalization, transmission correction, and
standard sample calibration, the scattering data were set to the absolute
unit for further analysis. The scanning electron microscope (SEM,
Hitachi Regulus 8100, Japan) equipped with an energy dispersive X-ray
spectrometer (EDS) was utilized to observe surface morphology and
elemental distribution of samples. The Brunauer-Emmett-Teller (BET)
surface area measurements of the MG powders before and after UT were
performed by using N; adsorption method with a surface analyzer
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(Micromeritics ASAP 2460) under the testing temperature of 77.3 K. The
detailed microstructure of samples was analyzed by using a high-
resolution transmission electron microscope (HRTEM, Talos F200X)
with an accelerating voltage of 200 kV. Specifically, to quantitatively
estimate the structural order of the sample. We have selected a random
region with the size of 20 x 20 nm? from the HRTEM image, and then
divided it into 100 cell units with a size of 2 nm x 2 nm to close to the
smallest size of the observed crystal order [56]. Subsequently, the
short-range order of each cell by employing two-dimensional autocor-
relation functions (2D ACFs). Based on the concept that the ordered cell
normally exhibits crystal-like properties, such as a significant lattice
fringe or symmetry [57,58]. The areal fraction of the short-range order
of the sample can be approximately determined. The chemical states of
samples were measured via X-ray photoelectron spectroscopy (XPS,
Thermo Scientific ESCALAB 250Xi, America). The degradation products
of MB solution treated with Fe;¢CrsSi11B11 MG powders were performed
by Fourier-transform infrared (FTIR) (Thermo Scientific Nicolet iS10)
measurements in the wavelength range of 400 - 4000 cm ™}, and the
empty chamber was adopted as a baseline before performing the FTIR
measurement.

2.3. Dye degradation measurements

Utilizing deionized water to prepare a 250 mL MB solution with a
concentration of 100 mg/L in a 500 mL beaker, HyO, was added to
adjust the concentration to 5 mM, then 0.1 M H,SO4 and 0.1 M NaOH
solutions were used to realize the adjustment of pH values of the solu-
tion. The beaker with dye solution was subsequently placed in a ther-
mostatic water bath, and the temperature of the solution was stably
maintained at a room temperature of 298 K under a heat controller.
Afterwards, the original and treated (500, 750, 1000, 1250, 2000, and
3000 J) Fey6CrySii1B1; samples were added as catalysts for degrading
the MB solution. To avoid the influence on degradation performances
due to the aggregation of samples, the solution was mechanically stirred
by using a stirrer with a fixed speed of 450 r/min during degradation.
Finally, 3 mL aqueous solutions were taken out by using a syringe and
filtered through a membrane with a diameter of 0.22 pm at selected time
intervals, and then injected into a transparent cuvette to measure their
absorbance spectrum with the wavelength range of 200-800 nm by using
an ultraviolet-visible (UV-vis) spectrophotometer (Shimadzu UV-1280).

3. Results and discussions
3.1. UT processing and structure reconstruction of samples

Fig. 1(a, b) and the corresponding insets show the surface
morphology of the 0 and 1250 J samples, respectively. It is found that
the surface morphology of the original sample is smooth and clean
without any significant defects such as pores and cracks, as shown in
Fig. 1(a). In addition, the EDS measurement (see the summarization in
Table S1) indicates O elements appear on the particle surface due to the
formation of thick oxide layers that originate from the preparation and
long-time reserving, which might obstacle the contact between the azo
dye solution and MG catalyst. In contrast, the particle surface mor-
phologies of powders become rougher after UT at a processing time of
1.170 s. Besides, some irregular morphologies like ellipsoidal and
dumbbell-like shapes appear in the 1250 J sample, along with some
small pillars, protrusions, and microcracks emerging on the particle
surface, as illustrated in Fig. 1(b). The average particle distribution sizes
of 0 and 1250 J samples are shown in Fig. 1(c) and (d), respectively. It is
found that the particle size significantly increases after UT, which is
mainly ascribed to the jointing of the isolated particles induced by the
UT-assisted welding process [59]. Although the O elements are also
detected on the particle surface, these protrusions and microcracks
probably facilitate the enlargement of reaction-contacted areas during
degradation and overcome the negative impact of oxide layers.
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Fig. 1. (a, b) SEM images of the surface morphology for 0 (a) and 1250 J (b) samples under different scanning bars. (c, d) Statistics of particle size distribution for the
0 (c) and 1250 (d) J samples. (e) Water contact angles of the selected 0, 750, and 1250 J Fe;sCr2Si11B11 MGs. (f) Schematic illustration of the ultrasonic treatment
equipment (left panel). Illustrations of the reconfiguration of surface morphology of the sample under UT (medium panel), and the representative SEM images (right

panel) of the 1250 J sample are depicted for clear demonstration.

Subsequently, to further validate the variation of surface morphologies,
the images of a water droplet on the aggregated Fe;5Cr2Sii1B11 powders
are demonstrated in Fig. 1(e). The corresponding water contact angles
are determined to be 11°, 14°, and 139°, respectively, at UT processing
times of 0, 0.665, and 1.170 s. It is suggested that the aggregated
powders exhibit a typical transition from intrinsic hydrophilicity to
hydrophobicity owing to the UT-enhanced surface roughness along with
multiscale defects as indicated by Fig. 1(b) and Fig. S1. Fig. 1(f) vividly

(a) 3000 J

’ \ 2000 J
1250 J

1000 J

S(q)

(b)

(d)

depicts the particle deformation during the UT process. The left panel
exhibits schematics of a typical UT device, including a transducer,
booster, and sonotrode, in which the transducer can convert
high-frequency ultrasonic signals into mechanical vibrations, and then
the booster amplifies the amplitude of the vibration, finally the sono-
trode can enlarge the vibrated amplitude and concentrate the vibration
energy on the contact surface to achieve the processing of samples [47].
The right panel of Fig. 1(f) illustrates the UT-induced deformation
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Fig. 2. (a) S (q), (b) G (), and (c) g(r) curves of 0, 500, 750, 1000, 1250, 2000, and 3000 J Fe,¢Cr,Si;1B11 samples under UT at different energies. (d) The obtained
value of repulsion steepness (1) of the sample under UT by fitting the left flank of g(r) curves.
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process, which can be categorized into three parts: (1) the single crack
appears on the surface of particles when the sample is subjected to UT,
subsequently this crack propagates to multi-cracks with increasing
processing time, and finally transforms to several crack groups on the
surface. (2) Part of spherical particles are reshaped into ellipsoids due to
UT, and then these ellipsoids are gradually distorted into ellipsoid-like
shapes due to the continuous vibration. (3) The separated particles are
welded together under UT. Due to the UT-assistant welding process,
these joint spheres gradually transform into a dumbbell-like shape. This
is consistent with the previously reported works that UT can be used as
the high-efficiency approach to join MGs or amorphous composited
materials [48]. Moreover, the BET specific surface areas of the sample
before and after UT are conducted by using the N, adsorption-desorption
method, as illustrated in Fig. S2. It is found that the Ny adsorption of the
1250 J MG is much stronger than the original sample, and the corre-
sponding specific surface area is calculated to be 2.016 m?/g, which is
9.25 times higher than the 0 J MG (0.218 m?/g). Accordingly, the spe-
cific surface area of MGs remarkably expands after UT. These results
imply the UT-optimized 1250 J MG catalyst possesses a large specific
surface area, which can provide more active sites and facilitate the
interaction between catalyst and MB solution during degradation.

The amorphous nature of as-cast (0 J) Fe;¢CraSii;1B1; samples was
checked before UT, as depicted in Fig. S3. Some crystallized phases like
Fe and FeyB appeared in the XRD patterns due to the long-time UT
process. To obtain more detailed structural signatures, a series of high-
energy XRD measurements were conducted, see Fig. 2 (a-d). Fig. 2(a)
gives the S(q) curves of all samples. As compared with the 0 J sample
0.37 10\’1), the first peaks of S(q) for 500, 750, and 1000 J samples (in
the range of 0.32-0.34 A™1) become slightly narrow, which might be
ascribed to the annihilation of inherited clusters from melts during the
UT-induced ordering process as illuminated in Fig. 2(a). The curves of
Fourier-transformed reduced G(r) for the sample under UT at various
times are demonstrated in Fig. 2(b), which provide the structural in-
formation in real space based on the probability distribution of inter-
atomic pair correlations [60]. It is clear that G(r) curves of 0, 500, 750,
and 1000 J samples show damping of oscillations similar to metallic
melts, indicating their dominantly disordered configurations. Subse-
quently, the G(r) curves of 1250, 2000, and 3000J samples demonstrate
strong damping of oscillations with increasing UT times even at a
long-distance region. These notable variations suggest that the atomic
structure of samples gradually becomes ordered under UT.

The obtained g(r) curves of the sample under UT at different times
are illustrated in Fig. 2(c). The first peak of g(r) for 0, 500, 750, and 1000
J samples barely changes, exhibiting typical liquid behaviors [61]. With
further increasing UT time, some peaks representing the medium-range
order of above 10 A appear, indicating more short-to-medium range
ordered configurations. It is reported that the potential of mean force
between two atoms is associated with the radial distribution function
[62]: V(r)/kpgT = -Ing(r) ~ -In(r - a)’l, where kg is the Boltzmann con-
stant, o refers to the mutual separation between two ions that the
interaction energy is practically infinite, the power exponent 1 is the
interatomic repulsion parameter. If the separation is very limited, V(r)
reduces to the short-range part of the ion-ion repulsion. Therefore, the 1
represents the steepness of the effective repulsion, i.e., the larger the 4,
the stronger the repulsion between atoms [63], which can be obtained
by fitting the left flank of g(r) using above equation. Accordingly, the g(r)
curves together with their corresponding linear fitting are demonstrated
in Fig. 2(d), where the obtained 4 are plotted in Fig. 2(d). It is observed
that the 1 increases to 218.35 (1000 J) as the UT time approaches 1.029
s, and then sharply drops to 147.24-166.07, when the UT time contin-
uously increases from 1.170 to 2.713 s (e.g., 41250 = 166.07, A2000 =
147.24, A3000 = 157.15). The pronounced steep repulsion as demon-
strated in the 1000 J sample normally corresponds to a loose atomic
packing, i.e., a positive excess volume [64], indicating the structural
rejuvenation under UT as found in our previous work as well [65,66],
which leads to the fast motion of atoms and thereby the UT-assistant
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ordering accompanies with newly constructed clusters. Meanwhile,
the second neighboring peaks shift to a smaller position with increasing
UT time (see the dotted line arrow), confirming that the samples after
the long-term UT (1250, 2000, and 3000 J) exhibit denser packing
induced by ordering.

HRTEM is further employed to monitor the evolution of micro-
structure under UT. Fig. 3(a), (b), and (c) illustrate the TEM images of 0,
1000, and 1250 J samples, respectively. Their corresponding selected
area electron diffraction (SAED) patterns are demonstrated in Fig. 3(d),
(e), and (f), respectively. It is found that the SAED of the 0 J sample
exhibits a significant halo, further confirming its amorphous nature. In
contrast, as the UT time increases to 1.029 s, minor bright spots appear
in the SEAD pattern of 1000 J sample, suggesting the enhancement of
structural order although the whole system is still in an amorphous state.
Notably, significant crystalline phases precipitate within the amorphous
matrix, and diffraction rings with spots corresponding to the (110),
(200), and (211) planes of Fe and Fe,B phases clearly emerge. Fig. 3(g)
shows the HRTEM image of the 1250 J sample, some remarkable lattice
fringes appeared, as indicated by red (A) and blue (B) squares. The
corresponding lattice spaces are determined to be 2.024 and 1.426 A,
which represent to the lattice planes of (110) and (200), respectively.
The result indicates that the UT induces remarkable crystallization be-
haviors of samples, which is consistent with the XRD results.

3.2. Degradation performances, chemical state, and surface morphologies
of UT MGs

3.2.1. Degradation performance

A series of degradation experiments of MB solution were conducted
to investigate how the UT-induced ordered structure influences the
degradation behavior, see details in Fig. S4. Fig. 4(a) and (b) present the
typical two-dimensional UV-vis spectra of MB solution treated by 0 and
optimal 1250 J FeyCr2Si11B11 MGs at room temperature, respectively,
in which the maximum absorbance peak of 653 nm is attributed to the n-
n* transition of the chromophore bond [67], the intensity of which
represents the concentration of solution. It is found that the character-
istic peak intensity of MB solution by using as-cast MGs slowly decreases
with treatment time and the whole degradation process exceeds 140
minutes, as depicted in Fig. 4(a). In contrast, a significant decolorization
behavior occurred during the Fenton-like reaction treated with the 1250
J sample, along with the degradation consuming time of only 5 minutes
which is about 28 times shorter than that of the as-cast sample, see Fig. 4
(b) and the corresponding inset. The digital images of complete decol-
orization of MB solution during the degradation process are shown in
Fig. S5. To compare the degradation capability of Fe;¢CrsSij1B11 MGs
after UT at different times, the C/Cy as a function of time in MB solution
treated by 0, 500, 750, 1000, 1250, 2000, and 3000 J samples is illus-
trated in Fig. 4(c), where C; and Cy denote to the instant and initial
concentration. It is observed that the 0 J sample exhibits extremely
limited degradation capability with the C;/Cy barely changed within 30
minutes, while the sample presents notable degradation performance
after UT. As the UT time increases from 0 to 1.170 s, the degradation
capability of the sample gradually increases, reaching the highest value,
and then slightly decreases with further ascending UT time. Further-
more, it is noted that the concentration of MB solution for both 0, 500,
750, and 1000 J samples barely changes during the initial period, which
is primarily ascribed to the time required for the generation of -OH and
the -OH groups approaching organic chromophore molecules [14]. The
Fenton-like reaction obeys the pseudo-first-order decay kinetic model,
and its degradation kinetics can be disclosed by fitting the degradation
efficiency with reaction time via the following equation [68]:

C: = Coexp(—kt) @)

where k is the reaction rate constant, and t represents the degradation
time. Fig. 4(d) plots the In(Cy/Cp) as a function of t for MB solution
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Fig. 3. (a-c) HRTEM images of 0 (a), 1000 (b), and 1250 J (c) Fe;¢Cr,Si11B11 MGs. (d-f) The SAED patterns of 0 (d), 1000 (e), and 1250 J (f) Fe;cCrsSi;1B1; samples,
respectively. (g) The HRTEM image of the 1250 J sample, along with selected areas with significant lattice fringes, which are marked by green and blue squares (A

and B).

treated by 0, 500, 750, 1000, 1250, 2000, and 3000 J samples, where the
corresponding reaction rate constant k can be derived by linear fitting of
the experimental data. It is found that the 0 J sample exhibits k with an
extremely low value of 0.001 min~! that approaches zero. In contrast,
the k is significantly improved after UT, especially for the 1250 J sample
with the highest k of 0.751 min~! among these studied samples (750
times of the as-cast one), then gradually decreases with further
increasing time, ultimately determining to be 0.520 min~! at the UT
time of 2.713 s.

In order to demonstrate the reusability of the UT-optimized 1250 J
MG catalyst, the corresponding MB solution degradation cycling test is
performed, as shown in Fig. 4(e). It is found that the degradation time
gradually increases with ascending reusability of the sample. The MG
catalyst realizes the complete decolorization of MB solution within 10
minutes at 11™ run, which is only 5 minutes slower than the 1% run.
With further increasing the number of cycles, the degradation time
significantly increases, and the sample consumes 30 minutes to achieve
absolute degradation, which is much better than many reported Fe-Si-B
series MG catalysts, such as Fey35Sij35BoCuiNbs, FeygSij1BoPa,
Fe7gSigB13, Fe76Siz ¢BosPsCr.g9 [69-72]. Nevertheless, because of diffi-
culty and complexity in recycling of MG powders, the cycling testing for
the 1250 J FeyCrySi;1B1; MG only conducts 21 times. Moreover, we
have also successfully performed additional dye degradation treated
with 1250 J MG powders, including Orange II, Rhodamine B, and the
mixtures of these dyes, as demonstrated in Fig. S6, which illustrates their
universally applicable catalytic capability.

Additionally, to demonstrate the excellent catalytic performance of

our as-prepared catalyst, we have compared the k value between the UT-
optimized 1250 J Fe;¢CrsSi11B11 MG and other reported Fe-based MG
catalysts, see the summarization in Fig. 5 and Table S2 [14,28,35,36,69,
71,73-93], the outstanding k value indicating its extraordinary degra-
dation capability. Obviously, the UT accelerates the degradation reac-
tion process and effectively enhances the degradation efficiency of MGs.
To give a deep understanding of the UT-assisted degradation mechanism
of MGs, we further investigated their surface morphology, electronic
structure, microstructure, potential energy changes, etc.

3.2.2. Chemical state and electrochemistry analysis
It is generally accepted that the Fenton-like degradation process with
Fe-based MGs has been revealed by following steps [14]:

Fe + Hy0 — Fe?* 4 20H™ @
Fe’! 4+ Hy0, — Fe*™ + -OH + OH~ ©)
OH + organics — products (6)

As can be seen that the HyO,, reacts with the Fe® on the surface of the
Fe76CrySi;1B11 MG for generating Fe?*, which facilitates the accelera-
tion of the following Fenton-like chemical reaction [14]. To deeply
understand the degradation mechanism of Fe;¢CrsSij1B1; MGs before
and after UT, their corresponding XPS spectra are detected, see details in
Fig. S7. Fig. 6(a) shows the Fe 2p XPS spectrum of the as-cast MG sample
before and after degradation, it is found that the spectrum is deconvo-
luted into three peaks, corresponding to 707.77, 710.89, and 712.43 eV,
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Fig. 4. (a, b) The UV-vis spectra of the MB solution treated with the 0 (a) and the optimal 1250 J (b) samples, the inset in (b) demonstrates the enlarged spectrum in
the wavelength range of 400-800 nm. (c) C/Cy as a function of degradation time for 0, 500, 750, 1000, 1250, 2000, and 3000 J samples. (d) The linear fitting of In
(Co/Cy) versus degradation time for Fe,4Cr,Sij1B1;1 samples. (e) C/Cy as a function of time for the Fe;¢Cr2Si;1B1; MG catalyst during degradation under each
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Fig. 5. The summarization of k for the 1250 J Fe;¢Cr,Si11B11 MG and previously reported Fe-based MGs [14,28,35,36,69,71,73-93].

which are assigned to states of Feo, Fe2+, and Fe®" ions, respectively.
Notably, Fe® almost disappears after degradation (see Table $3), indi-
cating that Fe® was oxidized during the degradation process. Meanwhile,
the total amount of Fe on the sample after degradation (15.52%) is lower
than the fresh sample (16.16%), as listed in Table S4, suggesting that the
Fe participates in the degradation of MB solution, which coincides with
the EDS analysis that the content of Fe shows a significant reduction
during the degradation process. Besides, to investigate the variation of
the Fe chemical state for the sample after UT, Fig. 6(b) demonstrates the
Fe 2p spectrum of the 1250 J sample. Similar to the observation from the
surface of the original sample, Fe 2p spectra of the 1250 J MG that are
deconvoluted into three peaks at 707.07, 710.01, and 711.49 eV, which
are ascribed to the metallic states of Fe’, Fe?", and Fe®*, respectively.
Interestingly, it is found that the intensified Fe® state appears in the
Fey6CrySi;1B11 MG after UT at a processing time of 1.170 s compared to
the untreated sample. The increment of content of Fe? facilitates the
generation of Fe?* during the Fenton-like process, see formula 4.
Moreover, it is noteworthy that the Fe?™ 2p position of the 1250 J

sample shifts to a lower value of 710.01 eV compared with the original
MG (710.89 eV), suggesting that the occurrence of strong electron
transfer inside MG samples after UT [44]. The rest of the elemental XPS
spectra and corresponding discussions are demonstrated in Figs. S8 and
S9.

In addition, the catalytic degradation behaviors of materials are
closely associated with their electron transfer [28]. As such, Fig. 6(c)
demonstrates potentiodynamic polarization curves of 0, 1000, and 1250
J samples in an open circuit potential after stabilization. It is found that
the negative corrosion potentials of 0, 1000, and 1250 samples are
determined to be -0.33, -0.22, and -0.04 Vgcg, respectively. The lowest
potential of the 0 J sample indicates its stronger corrosion trends and
poor surface stability. In contrast, the 1250 J sample shows a higher
potential, suggesting its better corrosion resistance compared with
others. Furthermore, the electrochemical impedance spectroscopy (EIS)
spectrum for these studied samples in the frequency ranges of 0.01-1000
kHz is depicted in Fig. 6(d). The inset shows the simplified equivalent
circuit for the EIS data fitting, the corresponding fitted results are listed
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Fig. 6. (a, b) XPS spectra of Fe 2p of 0 (a) and 1250 J (b) samples before and after degradation. (c, d) The polarization curves (c) and (d) EIS measurements of 0,
1000, and 1250 J samples, the inset shows the general fitted circuit. Powder particle surface morphology of the 0 J (e-g) and 1250 J (i-k) samples after degradation
under different scanning bars, the corresponding elemental mappings are exhibited in (h) and (1), respectively.

in Table S5. It can be seen that all samples exhibit a smaller semicircle
with the passivated film impedance. Intriguingly, the 1250 J sample
demonstrates a smaller secondary semicircle compared with the original
sample, indicating a low electron transfer impedance that a rapid elec-
tron transfer occurs in the 1250 J sample, which facilitates the accel-
eration of the Fenton-like reaction, ultimately contributing to the better
degradation performance.

3.2.3. Surface morphology after degradation

The degradation performance of MGs is strongly associated with
their surface morphology due to the fact that the catalytic reaction is a
surface-mediated process [94]. Because of UT, the separate particle
experiences different deformations, like the appearance of cracks,
ellipsoid-, and dumbbell-like shapes, as shown in Fig. 1(f) and Fig. S1.
Fig. 6(e-1) illustrates the surface morphologies and elemental distribu-
tion of the selected 0 and 1250 J samples after degradation. The surface
elemental mapping of the 0 J sample after degradation is detected by
EDS, as illustrated in Fig. 6(h). Each element is uniformly distributed on
the particle surface, the O element content of the 0 J sample is deter-
mined to be 36.6% due to the large amount of oxide layers formed on the
surface, and the content of Fe is also consumed because of the
Fenton-like reaction, as summarized in Table S1. Comparing with the
original powder, the particle surface of the 1000 and 1250 J samples
exhibits flocculent-like fragments, as shown in Fig. S10 and Figs. 6(i-k),
respectively. Such flocculent-like morphologies not only enlarge the
contact area between catalysts and MB solution, thereby accelerating
the degradation process [14], but also effectively improve corrosion
resistance, as shown in Fig. 6(c). Moreover, as shown in Fig. 6(1), the
element mapping and statistics revealed an 11.9% reduction in Fe
content and a 14.2% increment in O content for 1250 J after the reaction
due to the gradual consumption of Fe to produce ¢OH, which in turn
facilitates the dye degradation process. Notably, there are no significant
Fe metal aggregations in the MG catalyst after degradation as revealed
by the SEM images. Moreover, EDS mapping demonstrates that all ele-
ments, particularly metallic Fe and Cr, remain uniformly distributed
across the particle surface. This homogeneous dispersion suggests that
no noticeable metal leaching phenomenon occurred during degradation.
Meanwhile, it is observed that the hydroxylated intermediates like ¢OH
may exist in the MB solution after degradation due to the O-H stretching
vibration peaks at ~3410 cm ™ in the FTIR spectrum, which suggests the
appearance of radical active species during degradation, as illustrated in
Fig. S11.

3.3. Evolution of structural order

To accurately characterize the internal microstructure of MG sam-
ples and track its evolution during the UT-induced ordering processing,
SANS measurements as advanced nanostructured characterization
technology are employed, which are frequently used to detect the
structural heterogeneity of chemical composition, density, and magne-
tism from 1~100 nm in the material. Besides, SANS also can reveal
nanoscale structural evolution [95,96]. As a typically non-destructive
method, SANS provides statistically representative data from a large
volume, making it highly efficient for the characterization of bulk
sample. Herein, we further adopt a series of SANS measurements to
acquire more detailed structural information of samples before and after
UT. Fig. 7(a), (b), and (c) demonstrate 2D SANS patterns of 0, 1000, and
1250 J MGs (the data of other samples are shown in Fig. S12), respec-
tively. The SANS intensity of MGs significantly increases within the Q
range of + 0.005 nm ™!, meanwhile the 1250 J sample exhibits stronger
SANS intensity compared with the original sample, indicating the
intensified structural inhomogeneity of samples after UT. Fig. 7(d) gives
experimental SANS profiles collected at 50 mins in the Q range of
0.0045-0.1 A™! for 0, 500, 750, 1250, and 2000 J Fe7Cr,Si;1B11 MGs. It
is worth noting that the SANS intensity gradually increases with
ascending UT time from O to 1.170 s, and decreases slightly with further
increasing time to 1.878 s. Normally, the crystallized samples show
higher SANS intensities than their corresponding amorphous counter-
parts, as seen in the previously reported Pd4; 25Nis1 25P17.5 MG [97]. In
our study, the UT-induced structural transition from a fully amorphous
state to a more ordered state, involved some significant nanocrystal
precipitation within the amorphous matrix. This transition, evidenced
by XRD and HRTEM analyses above, leading to the enhanced SANS in-
tensity, as illustrated in Fig. 7(e), particularly noticeable for 1250 and
2000 J MGs within the range of 0.02-0.05 A~1. To explore the size
evolution of crystalline precipitates of the sample during the UT process,
SANS profiles are fitted with a model of the lognormal size distribution
of spherical particles and a flat background, which is expressed by [98]:

f(r) =(1/oRvV2r) x exp {— (IR — INRpneq)? /202 |, where f(r) is the size

distribution function, Rpneq and o represent the median radius and
polydispersity of the crystalline precipitates, respectively, and the cor-
responding specific value can be obtained based on the fitted results. The
temporal evolution of the Ry,eq for the sample under different UT times is
illustrated in Fig. 7(f), it is viewed that the Rpeq increases from 47.60 to
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70.56 A with ascending UT time, indicating the fast growth of these
precipitates during UT. Fig. 7(g) exhibits the size distribution of the
crystalline precipitates from SANS data fitting. With UT time increases
from 0 to 0.065 s, the sample demonstrates a visible scattered size dis-
tribution with the characteristic size decreases from 2.9 to 2.5 nm. As the
further increase of UT times, the particle characteristic size increases to
5.7 nm. These results, in consistent with high-energy XRD measure-
ments, indicate that the newly generated configurations resulting from
UT have a different scattering density compared with the as-cast MG,
which leads to the significantly structural heterogeneity of the sample
during the UT process [99]. Furthermore, the FWHM of size distribution
curves of the sample under UT at different times is shown in Fig. 7(h). It
can be seen that the FWHM value increases from 5.38 to 6.74 nm with
increasing UT times, suggesting the cluster inherited from the liquid
structure distributes more extensively within the amorphous matrix.
Our previous investigation on Fe-Si-B MG, such as Fe;gSigB13 [100], has
exhibited excellent degradation performances after UT, even without Cr.
The Fe;6CraSi11B11 MG, however, exhibits slightly smaller crystalline
precipitate sizes and a much broader size distribution under UT as
compared to Fe-Si-B MGs, especially at shorter durations, indicating
higher structural stability, as depicted in Fig. S13.

To further investigate the evolution of structural order, detailed
HRTEM analyses about atomic configurations are performed. Previ-
ously, it is reported that the structural evolution of Zr-based MGs can be
revealed by analyzing their local atomic order that derives from the
Fourier patterns based on the measured HRTEM images [57]. To
quantitatively analyze the ordered structure of MGs before and after UT,
the HRTEM images of 0, 1000, and 1250 J samples with scanning bars of
10 nm are measured, as shown in Fig. 7(i), (j), (k), respectively. The 2D
ACF images of 0 and 1250 J samples are depicted in Fig. 7(1), (m), and
(n), respectively, in which the ordered unit cell is highlighted by a
yellow square. Therefore, the areal fraction of short-range order for 0,
1000, and 1250 J samples are determined to be 9%, 13%, and 21%,
respectively. Obviously, the long-time UT results in a more ordered
structure of MGs, coinciding with the aforementioned results.

3.4. UT-assistant degradation mechanism

In fact, the catalytic capability of MGs is fundamentally governed by
their external morphology and internal atomic configurations. During

the UT process, a collection of significant morphological characteristics
appeared on amorphous powders. On the one hand, cold welding be-
tween particles induced by UT, analogous to observations in the previ-
ously reported ZrssCugpAl;oNis MGs and amorphous SiO, glasses [48,
101], transforms isolated spherical particle into high-surface-area el-
lipsoids and dumbbells, accompanied by a 52.8% increase in average
particle size, as illustrated in Fig. 1 (d). Meanwhile, these stress-induced
surface cracking normally generates abundant percolation channels (see
Fig. S1), which expose fresh amorphous phase with mass active sites
under rapid mechanical stirring [102,103], and temporarily reverting
the particle surface to a hydrophilic state that enhances solution-catalyst
contact, eventually promoting the mass transport during degradation
[100]. These morphological modulations collectively contribute to the
28-fold degradation efficiency in degradation efficiency for the 1250 J
MG as compared to the 0 J MG, see Fig. 4(b).

It is accepted that MGs are thermodynamic instability with intrinsic
structural heterogeneity [52], abundant inner flow units are regarded to
be key for the high degradation ability [104]. Fig. 8 shows the schematic
diagram of the degradation mechanism based on the evolution of defects
and energy states during the ordering process induced by UT. From the
potential energy landscape (PEL) perspective, the glassy system pos-
sesses a high Gibbs free energy and typically resides at a high energy
position on the PEL diagram [50], thereby, the internal atomic rear-
rangement only needs to overcome a small energy barrier (AE;), as
shown in the top panel of Fig. 8. Because of the rapid cooling process,
some clusters that inherit from liquid state were frozen due to the strong
structural and dynamical heterogeneity in metalloid/non-metallic-
containing systems [29], and meanwhile widely distributed within the
amorphous matrix, as illustrated in the bottom panel of Fig. 8. With
increasing UT time, these pre-existing clusters initiate annihilation and
rearrangement as a result of the high-energy injection. Meanwhile, a
high interatomic repulsion indicates a loose atomic packing state as the
UT time increases to 1.029 s, see Fig. 2(d). From the SANS measurement
in Fig. 7, the particle size distribution becomes broader (5.75 nm)
compared to the as-cast MG (5.38 nm), accompanied by smaller char-
acteristic crystalline particle sizes. It is attributed to the generation of
some reconstructed clusters extensively distributed in the amorphous
matrix, which leads to the MG sample exhibiting a high-energy excita-
tion state. In this case, the atomic rearrangement only needs to over-
come a smaller energy barrier (AE;), which will contribute to the rapid
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Fig. 8. Schematic diagram of UT-induced degradation mechanism from the defect and energy perspectives during the ordering process.

acceleration of degradation capability, like the previously reported
Fe-based MG with a high-energy rejuvenation state [100].

The atomic configuration transitions from a disordered to a more
ordered state with further increasing UT time, as confirmed by the
decreased first peak width, remarkable Bragg peaks (Fig. 1(g)) and Fe/
FeoB precipitation (Fig. 3(g)), forming a typical crystalline/amorphous
composite. Besides, the notable improvements of SANS intensity, par-
ticle size distribution, and characteristic crystalline precipitates for the
1250 J sample indicate the distinct structural inhomogeneity. Some
inherited clusters have been annihilated, while numerous newly formed
large crystalline phases with a low-energy stable state (e.g., Fe and Fe,B)
have emerged. Consequently, the sample resides in a low position on the
PEL diagram, like the state of nanocrystals induced by structural
relaxation [105]. Simultaneously, such crystalline/amorphous com-
posite structure may be beneficial for anti-corrosion, as depicted in
Fig. 6(c). Interestingly, despite the increment of energy barrier (AE3)
due to the ordering processing, the degradation reactivity is not
diminished, in fact, there is a significant improvement of the degrada-
tion ability with k of 0.751 min~"! in the 1250 J sample, which is 1.22
times higher than the 1000 J sample. The galvanic cell effect is recog-
nized as an effective mechanism to enhance the rate of electron donation
during the catalytic degradation process, which can be formed between
the crystalline phase and the amorphous matrix due to their electro-
chemical potential difference [13]. Previously, the thermal treatment
was employed to achieve the galvanic cell effect of MGs, such as
Fe75P15C10 and FE73_5Si13.5B9CU1Nb3 MGs [44,104]. Generally, the Fe
phase demonstrates lower electrochemical potential compared to other
intermetallics, which facilitates the formation of nanoscale galvanic
cells between Fe nanocrystals and other phases [13]. Nevertheless, the
atomic rearrangement and free volume annihilation due to the thermal
motion during the annealing process, accompanied by the gradual
elimination of the residual stress, in turn are detrimental to the catalytic
capability of MGs [104]. In our study, the galvanic cell effect is realized
and amplified due to the potential difference of the coexisted

10

nanocrystals and amorphous phases in the 1250 J sample after pro-
longed UT, in which the stable crystalline phase as anode exhibits low
electrical resistivity and facilitates the transportation of electrons [106],
while the metastable amorphous phase still exhibits a UT-induced
high-energy state acts as excellent cathode for electron donation.
Moreover, the direct energy injection by UT can retain residual stress
while avoiding free volume annihilation common in annealing [107,
108], giving rise to the generation of more active sites. Therefore, the
UT-induced ordered state in MGs endows an exceptional degradation
capability as compared with traditional postprocessing methods [44,
106,108].

In fact, it has been reported that introducing crystalline phases into
amorphous matrix can significantly improve properties of amorphous
materials in some cases. For example, the FegyCusB14P2 amorphous
alloy with few nanocrystals illustrates high catalytic performance for
wastewater purification, which is much better than fully amorphous and
crystalline counterparts [42]. In addition, Meena and co-workers re-
ported an active NioP@FePOyHy electrocatalyst that exhibits abundant
interfaces between amorphous phosphorus-doped metal-oxide and
crystalline metal phosphide, which provides rich electroactive sites and
accelerates electron transfer, eventually contributing to a high current
density (j) =1 A cm 2 at alow overpotential () = 360 mV in 1 M KOH
with long-term durability of 12 days [109]. Sulaiman et al. also found
that the active NiMoO/NF electrocatalyst with unique amorphou-
s/crystalline structure can achieve the lowest overpotential of 115 mV at
100 mA cm ™2 for the alkaline hydrogen evolution reaction [110].
Particularly, crystalline phase incorporation even effectively enhances
the mechanical and magnetic properties of MGs. Liu et al. reported the
FegsCog5NipsAlsTa;SigB1g high-entropy MG with extraordinary soft
magnetics and robust mechanics due to nanocrystal precipitations by
annealing [111]. Evidently, appropriate incorporation of crystalline
phases plays a crucial role in determining the mechanics, magnetism,
and catalysis of amorphous materials, although their underlying mech-
anisms are dissimilar and some even still blur. Our work might provide a
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novel UT-assisted nanocrystalline strategy for manipulating the micro-
structure and properties of amorphous materials. This approach not only
offers new insights into the hybrid amorphous-crystalline material
design but also opens avenues for developing advanced functional ma-
terials with tailored performance for applications in catalysis, energy
conversion, and structural engineering.

4. Conclusion

In conclusion, this work demonstrates a breakthrough in degradation
performances of MGs through UT-modulated structural order and sur-
face welding, achieving an excellent degradation efficiency with an
outperforming k of 0.751 min~?!, which surpasses conventional Fenton-
like Fe-based MG catalysts by 50%. Our innovative strategy of precisely
controlling UT unveils a novel activation mechanism.

MGs exhibit a rejuvenated high-energy excitation state at shorter UT
processing times via liquid-like clusters reconstruction, as evidenced by
the high interatomic repulsion and a wide particle size distribution,
which reduces the energy barrier that the atomic rearrangement needs
to overcome, thereby accelerating the azo dye degradation. With the UT
time is prolonged, the amorphous configurations transform into a more
pronounced ordered state compared to the as-cast state, characterized
by the increased ordered fraction of 2D-ACFs by 2.3 fold and the char-
acteristic particle size increases by 1.38 fold, which suggests more or-
dered clusters are formed due to UT, such as the growth of crystallized
particles (i.e., Fe and FeyB phases). This process facilitates the formation
of micro-galvanic cells between the metastable high-energy amorphous
matrix and stable crystalline phases. Combined with the abundant active
site channels due to the reconfiguration of surface morphology, these
synergistic effects collectively enable exceptional degradation
capability.

This work pioneers an advanced ultrasonic strategy for boosting the
catalytic efficiency of MGs by precisely manipulating their structural
order, offering transformative inspiration for designing next-generation
catalysts for potential applications, including electrocatalysis, photo-
catalysis, energy storage, environmental remediation, biomedical engi-
neering, etc., even establishing a fundamental theoretical framework for
tailoring properties of amorphous materials through external fields.
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