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A B S T R A C T   

Metallic glasses (MGs) as effective catalysts have been extensively studied due to essentially disordered atomic 
configurations and widely adjustable micro-morphologies. The catalysis performance could be greatly promoted 
by introducing additional crystalline phases in the amorphous matrix due to the synergistic advantages of the 
crystalline and amorphous phases. However, the conventional casting and annealing approaches induced 
amorphous-crystalline (a/c) composites restrict the synergistic and galvanic cells effects because the generated 
crystalline phases are easily coarsened with meager a/c interfaces. Here, the artificial ultra-fine a/c Fe76S-
i8B13Nb3 catalyst with spinodal decomposition morphology and extremely high dense a/c interfaces of 2 × 1016 

m− 2 are achieved from MG film precursor with nanoscale phase separation by controllable surface diffusion 
during deposition and suppressive crystalline coarsening procedures. The designed ultra-fine a/c catalyst exhibits 
admirable cycling degradation property and extraordinary dye degradation efficiency of 300 times than that of 
the commercial Fe powder. Especially, the outstanding catalytic performances of a/c composite are achieved 
without the additional involvement of hydrogen peroxide assistance, which provides an environmental-friendly 
neutral catalytic condition and avoids the corrosive damage during commercial sewage-treatment. This work 
provides a distinct perspective to design and regulate catalytic performances by amorphous precursor with pre- 
existent ultra-fine structures.   

1. Introduction 

Metallic glasses (MGs) with disordered atomic packing arrangement 
and metastable states [1–4] exhibit distinct mechanical, physical and 
chemical behaviors such as high strength, strong corrosion resistance, 
and high surface reactivity [5–10], which are unachievable in their 
crystalline counterparts. Widely adjustable compositions and atomic 
structures of MGs provide fascinating possibilities to further improve 
physical and chemical properties [11–14]. In addition, significant 
number of low-coordination surface atoms and defect sites promise MGs 
as precious and competitive newcomers in catalyst fields. For example, 
NiPdPB, PtCuNiP and IrNiTa MGs exhibit high catalytic activity of 

hydrogen evolution reaction (HER), oxygen reduction reaction (ORR), 
and methanol oxidation reaction (MOR) because of the desirable 
composition, unique morphologies and tunable hierarchical nano-
structures [15–17]. 

MGs catalysts have also been explored for wastewater remediation, 
in particular, for the degradation of azo dye [18]. Among them, low-cost 
Fe-based amorphous alloys with distinctive degradation efficiencies 
exhibit significant potential applications [19]. For example, FeSiBMo 
amorphous ribbon is firstly applied in azo dye wastewater treatment and 
presents a higher degradation efficiency than crystalline ribbon [20]; 
FeSiBNb amorphous powder and FeB amorphous ribbon exhibit 
outstanding degradation performance than crystalline counterpart or Fe 
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power [21,22]. The enhanced catalytic properties of Fe-based amor-
phous alloys are usually attributed to the low activation energy for 
electron transfer, uniform dispersion of active components, and exis-
tence of low coordination atoms [23]. 

Besides, introducing crystal phase from amorphous precursor could 
further enhance the degradation ability, which is plausibly explained 
from the perspective of galvanic cells [24–28]. The synergy between 
grains and amorphous matrix of the amorphous/crystal (a/c) composite 
structure and the mismatch of the corrosion potential of different phases 
would make zero-valent iron (Fe0) to contribute electrons easily and 
then accelerate the reaction rate [24]. Moreover, the a/c composite with 
phase boundary and high kinetic energy results in accessorial accessible 
surface active sites, which could further enhance the charge transfer 
ability during degradation reaction [29–31]. Nevertheless, composite 
structures via heterogeneous nucleation by conventional annealing ap-
proaches suffer from the limited catalytic efficiency on account of the 
insufficient number of micro-cells and rare a/c phase boundaries owing 
to hundreds of nanometers of generated crystals [26–28]. Conventional 
quenching and annealing procedures with narrow regulation conditions 
close the door to sufficiently design microstructure and catalysis per-
formances of MGs [19]. In comparison, amorphous films with diverse 
micro-structures and energy states can be controllably achieved by 
deposition approach via adjustable deposition parameters and surface 
diffusion behaviors [32–35]. 

In this work, FeSiBNb amorphous film with in-situ growth of nano-
scale spinodal decomposition structure is controllably achieved by rapid 
surface diffusion through ion-beam deposition (IBD) method, and the 
bicontinuous a/c dual phase structure with abundant interfaces of 2 ×
1016 m− 2 is constructed by subsequent high-temperature annealing (see 
section S1). The formation of a/c composite structure improves the 
catalytic efficiency and cycling performance of MGs, and also provides a 
new approach for development of catalytic materials via dual 

amorphous phase precursor with pre-existent nanoscale phase 
separation. 

2. Results and discussion 

Fe76Si8B13Nb3 (atomic ratio) amorphous films were fabricated by 
IBD method with a constant deposition rate of 3 nm/min with the 
thickness of 250 nm on flat polymethyl methacrylate (PMMA) sub-
strates. Freestanding film was obtained by immersion into alcohol so-
lution for 10 min (denoted as-deposited film). Fig. 1A displays a typical 
differential scanning calorimetry (DSC) trace with distinct glassy tran-
sition and crystallization signals, which confirm the glassy nature of the 
freestanding as-deposited film. The subsequent crystallized sample was 
achieved by fully annealed at 600 ◦C (above crystallization temperature 
Tx) for 60 min in a high vacuum environment (below 1.0 × 10− 4 Pa) to 
prevent the possible influence of surface oxidation on the degradation 
performance. X-ray diffraction (XRD) profile with a broad hump further 
confirms the amorphous state of the as-deposited film in Fig. 1B. In 
addition, significant Bragg peaks [α-Fe(Si), Fe3Si, Fe2B, FeSi2, B2Nb] of 
the annealed film (A@600 film refers to the film annealed at 600 ◦C) 
indicate the appearance of obvious crystallization phases after fully 
annealing [36,37]. Fig. 1C and D present surface morphologies of 
as-deposited and A@600 films, respectively. Apparently, comparison 
with the smooth surface of the as-deposited film, dense spherical par-
ticles are emerged on the surface of the A@600 film, plausibly inducing 
by the nucleation of α-Fe(Si) and subsequent grain precipitations and 
composition aggregations during the long time annealing (Fig. 1D) [27, 
38]. 

Fig. 2 presents the degradation behaviors of the Fe-based films in the 
Direct Blue 6 dye solution (DB 6). Ultraviolet–visible (UV-vis) spectra of 
extracted reactive solutions at different decolorization time of as- 
deposited and A@600 films are demonstrated in Fig. 2A and B [39]. 

Fig. 1. Thermodynamic, structure and morphologies of Fe-based catalysts. (A) DSC curve of the as-deposited film with obvious glass transition and crystallization 
signals. (B) XRD profiles of as-deposited and A@600 films. Distinct Bragg peaks confirm the crystallized behavior. (C) and (D) SEM morphologies of as-deposited and 
A@600 films. 
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As illustrated, the distinct absorbance peak around λmax = 588 nm arises 
from the light absorption by DB 6 and the decreasing of peak intensity is 
attributed from the redox reaction between Fe and azo, in which Fe 
atoms lose 2 or 3 electrons to form Fe2+ or Fe3+ ions and the -N=N- azo 
bond transforms to -NH2 by getting 4 electrons [39,40]. The absorption 
intensity is proportional to the azo dye concentration and gradually 
decreased with reaction time, indicating the uninterrupted degradation 
of azo dye [20,41]. As can be seen, the absorption peak of as-deposited 
and A@600 films are dramatically decreased during the initial 10 min 
and almost disappeared after 30 min (Fig. 2A and B). In addition, the 
intensity of absorption peak or the concentration of residual azo solution 
for the as-deposited film decays more than half within 6 min; while the 
A@600 film presents much fast reaction rate and exhibits over half 
degradation within 3 min (Fig. 2A and B). To further clarify the 
annealing effect on the degradation, the as-deposited film is annealed 
below the glass transition temperature (Tg) of 300 ◦C (denoted as A@300 
film) and well above the crystallization temperature (Tx) of 900 oC 
(denoted as A@900 film) for 60 min, respectively. The A@300 film still 
preserves amorphous structure as shown in section S2 (Fig. S2), while 
the A@900 film is completely crystallized (Fig. S3). Distinctly, the 
A@300 film and A@900 film present the slower degradation rate than 
as-deposited and A@600 films (Table S1). In comparison, the commer-
cial iron powder catalyst needs to take 11 h to achieve the nearly half 
degradation degree, which is much longer than FeSiBNb films 
(Fig. 2A–C). 

To quantitatively compare the efficiency of four catalysts, the evo-
lutions of absorption intensities with degradation time are plotted in 
Fig. 2D, together with the commercial Fe powder (inset of Fig. 2D). 
Obviously, all films present remarkably higher degradation efficiency 
than commercial iron powder. Degradation rate constant kobs (min− 1) is 
an effective indicator to evaluate the reaction rate, which can be 
calculated by the first order exponential decay kinetics equation as 

follows [42]: 

It/I0 = exp( − kobst), (1)  

where It is the normalized intensity of the absorption peak with time, I0 
is a fitting constant, t is the reaction time. The values of kobs are derived 
to be 0.1960 ± 0.0439 min− 1, 0.1653 ± 0.0229 min− 1, 0.4525 ±
0.0726 min− 1, 0.1748 ± 0.0054 min− 1 and 0.0016 ± 0.0004 min− 1 for 
as-deposited film, A@300 film, A@600 film, A@900 film and the 
commercial iron powder, respectively. The degradation efficiency of 
A@600 film exhibits ~2.30 times than that of the as-deposited film and 
~300 times faster than that of the commercial iron powder. The 
excellent decolorization performance of the as-deposited film is attrib-
uted to the large number of low-coordination atoms and defects at the 
surface, which serve as active sites to promote the degradation of azo 
dye [23]. The subsequence thermal annealing below Tg assists the 
diffusion of surface low-coordination atoms towards the thermodynamic 
stabilization state and thus reduces the degradation efficiency of A@300 
film [43]. Annealing above Tx will dramatically consume the free vol-
umes and achieve an equilibrium state, which is supposed to depress the 
degradation efficiency. Therefore, the degradation efficiency of fully 
crystalline A@900 film is lower than that of as-deposited film. Whereas 
the A@600 sample with distinct crystal phases exhibits the highest 
degradation efficiency, suggesting a different reaction acceleration 
mechanism in comparison to as-deposited, A@300 and A@900 samples. 

Fig. 3A presents the high-resolution transmission electron micro-
scopy (HRTEM) image of the as-deposited film. Clear heterogeneous 
amorphous phases with average sizes of ~1.4 ± 0.5 nm and ~4.7 ± 1.5 
nm (inset of Fig. 3A) indicate a pre-existing nanoscale phase separation 
during deposition. Corresponding selected area electron diffraction 
(SAED) with obvious split diffraction halo rings further confirms the 
phase separation with two different average local atomic configuration 
environments of the as-deposited film (Fig. 3B). Mass-sensitive scanning 

Fig. 2. Catalytic performances of dye degradation catalysts. (A) as-deposited film, (B) A@600 film and (C) pure Fe powders at different time (DB 6 concentration: 40 
mg L− 1, films and powders dosage: 1 g L− 1, temperature: 25 ℃). (D) Normalized absorption intensities around 588 nm as a function of the treatment time for as- 
deposited, A@300, A@600 and A@900 film. The inset shows the comparison degradation behavior with commercial Fe powder. 
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Fig. 3. Microstructure characterization of as- 
deposited and A@600 films. (A) HRTEM image of 
the as-deposited film. The inset shows the size dis-
tribution of two amorphous phases. (B) SAED pat-
terns of the as-deposited film. (C) STEM image of the 
as-deposited film. (D–H) EDS mappings of Nb, Fe and 
Si of as-deposited film, EDS mappings are normalized 
by the maximum pixel intensity, respective. (I) 
HRTEM image of A@600 film. The inset shows the 
size distribution of amorphous phase and crystalline 
phase. Method for marking crystal plane spacing is 
shown in the Summplementary Material of Section 
S3. (J) SAED patterns of A@600 film. (K) STEM 
image of A@600 film. (L-P) EDS mappings of Nb, Fe 
and Si of A@600 film. (Q) HRTEM image of A@600 
film with a/c structure. Dotted yellow lines delineate 
boundaries between the amorphous and crystalline 
phases. (R) The interface densities of Fe78Si9B13 [27], 
(Fe78Si11B11)78.7B21.3 [62], Fe73.5Si13.5B9Cu1Nb3 
[27], (Fe73.5Si13.5B9Nb3Cu1)91.5Ni8.5 [26] and 
Fe80Cu4B14P2 [28] with a/c structures.   
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transmission electron microscopy (STEM) with a high-angle annular 
dark-field (HAADF) detector was utilized to further uncover the struc-
tural signatures. As shown in Fig. 3C, the HAADF-STEM image of the as- 
deposited film exhibits an analogous spinodal decomposition 
morphology with the average sizes of ~1.6 ± 0.4 nm and ~4.2 ± 0.6 
nm, which is consistent with the HRTEM results and undoubtedly in-
dicates the nanoscale spatial heterogeneity in the as-deposited film [44]. 
In addition, TEM image of the cross-section presents uniform distributed 
of spinodal decomposition morphology along the growth direction, 
suggesting a well distributed three-dimensional nanoscale phase sepa-
ration structure in the as-deposited film (Fig. S5). Energy dispersive 
spectroscopy (EDS) mappings with a spatial resolution of 3 Å were 
applied to reveal the detailed elemental distributions. The aggregation 
of Fe is clearly presented in Fig. 3F and Nb is concentrated at the 
interface of two amorphous phases according to the merged elemental 
mapping (Fig. 3H), whereas Si is nearly homogeneous distributed in 
both glassy phases. Accordingly, the HRTEM and HAADF-STEM images 
of the A@600 film also exhibit distinct phase separation with similar 
morphology of as-deposited sample (Fig. 3I and K). Besides, obvious 
nanocrystalline phase is formed with an average size of ~7.7 ± 1.9 nm 
as shown in Fig. 3I and K. Nevertheless, a portion of glassy phase is still 
maintained even after high temperature and long-time annealing (Fig. 3I 
and K), demonstrating the high resistance to crystallization of the dual 
phase glassy film, and thus constructing an a/c composite structure 
(Fig. 3I and K). Remarkably, characteristic width of two phases is 
slightly increased by several nanometers after annealing above the 
corresponding Tx, which is opposite with previous reports and suggests a 
restricted nucleation and subsequent growth mechanism [26–28]. The 
pre-existence of ultra-fine nanoscale spinodal decomposition 
morphology and the depressed crystal growth generate an extreme 
dense of a/c interfaces of 2 × 1016 m− 2 (Fig. 3Q, see section S1 for de-
tails), which is greatly higher than typical nanocrystal interfaces 
induced by conventional annealing method via glassy precursor 
(Fig. 3R). Fig. 3L–P present EDS mappings of the A@600 film. Dark 
regions in Fig. 3L are identified as amorphous phase with the aggrega-
tion of Si and B (Figs. 3O and S6), and white regions are composed by 
Fe-rich nanocrystal phase (Fig. 3N). Furthermore, Nb is still concen-
trated at the interface of the amorphous and nanocrystal phases as 
shown in Fig. 3M and P. It is suggested that the formation of nano-
crystals during heat treatment can be attributed to the exhaustion of Si 
and B, and aggregation of Fe from amorphous precursors through the Nb 
concentrated interfaces via bulk diffusion, which could depress the 
coarsening of nanocrystals at elevated temperature [45–47]. 

Because FeSiBNb presents negative enthalpy of mixing values for all 
atomic pairs (Table S2) [48], the phase separation should be prohibitive 
from the thermodynamics perspective. However, large differences of 
mixing enthalpy between atom pairs are expected to increase the ten-
dency for formation of element segregation, which could result in 
nano-scale phase separation [44]. Fast deposition rate benefits the 
composition aggregation during the sedimentary process, which is 
driven by the kinetic energy of surface deposited atoms [49]. With the 
decrease of deposition rate, sufficient surface diffusion drives the glass 
toward homogeneous structure with thermodynamically favored state 
as shown in Fig. S7. The microstructure evolution observed by TEM 
indicates that the nanoscale phase separation is initially formed by the 
surface diffusion through IBD method, and the followed a/c composite 
structure via annealing introduces abundant a/c phase boundaries. The 
a/c composite structure combines the two advantages of the high con-
ductivity of the crystalline phase (promoting electron transfer) and 
abundant unsaturated coordination sites in amorphous phase and a/c 
phase boundaries (providing plentiful active sites) [31]. In addition, a/c 
phase boundaries can modulate the electron densities of the interfacial 
sites and promote the charge-transfer process [31]. The divergent 
ultra-fine nanoscale composite structure thus has a positive impact on 
catalytic behavior [29]. 

Since the degradation of azo dye is a surface-controlled mechanism, 
X-ray photoelectron spectroscopy (XPS) is utilized to analyze the 
chemical environment of surface elements (full spectrum shown in 
Fig. S8). Actually, the valence state of surface oxide layers is rather 
complex, but several phenomena could be still revealed. Due to the main 
role of Fe in the degradation process, the chemical state of Fe before and 
after the degradation reaction is mainly analyzed as show below. It can 
be found in Fig. 4 that a mixture of Fe0 (707.0 eV), FeOx (Fe2+, 710.2/ 
713.3, 710.6/714.5 eV), Fe2O3 and FeOOH (Fe3+, 711.3/718.1, 711.9 
eV) co-exists on the surface layer of as-deposited and A@600 films 
before reaction with relative proportions of Fe0, Fe2+ and Fe3+ as 
10.14%, 45.43%, 44.43% and 11.8%, 49.46%, 38.74%, respectively 
[50]. For the films after reaction, the surface layer consists of FeOx 
(Fe2+, 710.5/713.3, 710.6/714.1 eV), and Fe2O3 and FeOOH (Fe3+, 
711.6/719.3, 711.9/719.6 eV) [51–53], relative proportions are shown 
in Table S3. In addition, obvious Fe-O/FeOOH (Fe3+, 711.9 eV) and Si-O 
(Si4+, 102.8 eV) peaks demonstrate that a thin oxidation layer is formed 
on the A@600 film surface on account of the subsequent heat treatment 
of the as-deposited film. The surface oxidation thin layer assists the 
adsorption of azo dye on the surface and acts as a mediator in the 
electron transfer reaction [54]. Besides, the Fe 2p peak of the A@600 

Fig. 4. Surface elemental analysis. (A) XPS fitting curves of Fe 2p for as-deposited film before and after degradation reaction. (B) XPS fitting curves of Fe 2p for 
A@600 film before and after degradation reaction. 
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film exhibits higher binding energy than the as-deposited film, indi-
cating that Fe sites in the A@600 film have stronger electronic in-
teractions with metalloid elements [55,56]. The distinct chemical 
environment and favorable adsorption of dye molecular at the surface 
are reasonable for the improved catalytic performance for dye 
degradation. 

Fig. 5A and B exhibit the normalized degradation rate of as-deposited 
and A@600 films with a series of reactive temperatures. Both catalysts 
exhibit accelerated reaction behaviors at elevated temperatures during 
the first 10 min and unanimously approach zero after 15 min for 
different degradation temperatures. Moreover, the degradation rate of 
A@600 film is much faster than the as-deposited one for all tempera-
tures. Determination of reaction rates (kobs) under different tempera-
tures provides insights on the reaction mechanisms, which can be well 
described by the following Arrhenius equation: 

ln(kobs) = − Ea/RT + ln(A), (2)  

where Ea is the degradation activation energy, R is the gas constant, A is 

a pre-exponential factor. A good linear relationship between ln(kobs) and 
1/T can be obtained for both catalyst films, verifying that the chemical 
degradation reaction is a thermal activation-controlled process 
(Fig. 5C). The activation energy Ea for the as-deposited and A@600 films 
are determined to be 44.12 ± 12.36 kJ mol− 1 and 18.47 ± 4.03 kJ 
mol− 1, respectively. Remarkably, the activation energy of A@600 film 
falls in the mass transport limited process with the activation energy of 
8–21 kJ mol− 1 [57], and the as-deposited film with higher activation 
energy suggests a surface reaction controlled degradation reaction 
process (>29 kJ mol− 1) [58,59]. The mass transport limited mechanism 
demonstrates that the degradation reaction barrier for the A@600 film is 
low, and the rate is controlled by the transportation of reactant in the 
solution. 

In order to demonstrate the reusability of catalysts, azo dye degra-
dation cycling test of as-deposited and A@600 films is carried out with 
reaction time of 30 min for each cycling, and the cycling reaction time of 
pure Fe powders is 48 h for comparison (Fig. 6A–C). Fig. 6D shows the 
corresponding reaction rate of three samples. The degradation efficiency 
of as-deposited film gradually decreases in the first three cycles (>80%), 
and only presents ~50% degradation efficiency after fourth cycles 
(Fig. 6A). However, the A@600 film still keeps high degradation capa-
bility after fourth cycles with the degradation efficiency near 100% and 
exhibits perceptible declined degradation efficiency after fifth cycles (~ 
80%) as shown in Fig. 6B. Besides, the A@600 film presents enhanced 
degradation efficiency and reaction rate of the second cycling (Fig. 6B 
and D), which suggests a rejuvenated catalytic performance of A@600 
film [27]. As for pure Fe powders, under the premise of ultrasonic 
cleaning after each reaction (the heavily oxidized Fe powder cannot 
even complete the second repeated test without ultrasound cleaning), 
the reusability can be barely compared with amorphous films under an 
extremely long reaction time (Fig. 6C). 

Because the degradation of azo dyes is a surface-mediated process 
[60], the surface morphologies of the films after reaction are depicted in 
Fig. 7. Flocculent-like substances are clearly adhered on the surface of 
both films (Fig. S9A), which are reacted sediments from DB 6 degra-
dation process and can be easily removed by ultrasonic cleaning. 
Representative network structures are formed at the surface of 
as-deposited and A@600 films (Fig. 7A and C), which is interwoven by 
reaction products at the top layer and exposed a fresh inside iron matrix 
skeleton (Fig. 7B). Combined with elemental mappings in Fig. 7E, it is 
inferred that the light-colored interweave on the top layer is metal 
oxidation produces (the concentration of O is shown in Fig. S10A). The 
degree of degradation can be reflected from the furrowed surface 
morphology after reaction (Fig. S9B), the more electrons the film pro-
vides, the more light-colored reaction products the surface interweaves. 
The unique skeleton structure increases the surface active site and also 
provides a channel for the mass and electron transmission, which is 
conducive to the further degradation [28]. In addition, the formation of 
network structure by microalloying of non-metallic elements Si and B 
hinders the generation of dense metal oxide film at the surface, and thus 
ensures a continuous degradation process [28]. The A@600 film pre-
sents diversified morphologies as shown in Figs. 7C, D and S9C–F. 
Except for the network structure, dark areas with irregularly shape are 
randomly distributed at the surface of film (Figs. 7C, D and S9B–F). 
Combined with elemental mappings in Fig. 7F, it can be clearly observed 
that the heterogeneous regions of each element, especially the Fe 
element, have low content in the dark regions (Fig. S10B and C), indi-
cating that the concentrated electron exchange takes place and exhausts 
Fe as fast reaction sites and thus presents faster degradation rate than 
as-deposited film [24]. 

Compared with as-deposited film and Fe powder, the A@600 film 
exhibits the best reusable performance. Ubiquitous corrosion pits with 
dark contrast coexists with network structures on the surface of the 
A@600 film as shown in Fig. 7C. These corrosion pits are plausibly 
originated from the uneven surface of the A@600 film with aggregation 
of α-Fe(Si) spherical particles, which could consume Fe intensively and 

Fig. 5. The evaluation of degradation behaviors with different reaction tem-
peratures. The normalized UV absorption intensities versus the reaction time at 
different temperatures for (A) as-deposited film and (B) A@600 film (DB 6 
concentration: 40 mg L− 1, films and powders dosage: 0.83 g L− 1, temperature: 
25, 35, 45 and 55 ℃). The dotted curves are exponential fitted to data points. 
(C) The Arrhenius plots of ln1/kobs versus 1000/RT for (A) as-deposited and (B) 
A@600 films. 
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thoroughly during reaction (Figs. 7F and S10C). While other regions 
with less Fe consumption can become the electron reservoir for the 
further reaction, reflected in EDS element distribution mappings of Fe 
and O (Figs. 7E, F and S10 for comparison). Moreover, the network 
architectures can provide paths for the diffusion of dye molecules to 
react with fresh exposed α-Fe (Si) nanocrystals, which leads to higher 
reaction rate in the second cycle of A@600 film (Fig. 6D). After 4th or 
5th cycles, all of Fe-based catalysts exhibit rapidly depression of 
degradation efficiency (Fig. 6), which can be attributed to the severe 

surface oxidation and intrinsic mass loss after multiple reactions 
(Figs. S11 and S12). 

It is reasonable to believe that the differences of degradation rate and 
reutilization property between as-deposited and A@600 films are 
related to their discrepancy phase structures [24–28]. Fig. 7G presents a 
schematic illustration of degradation process. Additional free volumes in 
as-deposited film could be acted as “active site” and permit high reaction 
activity [21], and intrinsic hyperfine bicontinuous phase separation 
structure could form plentiful galvanic microcells via the potential 

Fig. 6. Cycling degradation performance of dye degradation catalysts. (A-C) The cycling degradation performance of as-deposited film, A@600 film and pure Fe 
powders, respectively (DB 6 concentration: 40 mg L− 1, films and powders dosage: 0.83 g L− 1, temperature: 25 ℃). (D) The degradation rate kobs at different cycling 
tests for as-deposited film, A@600 film and commercial Fe powder. 

Fig. 7. Surface morphology of Fe76Si8B13Nb3 films after reaction. (A,B) as-deposited film. (C,D) A@600 film. (E) and (F) Elemental mappings of Fe, Si, Nb and O for 
as-deposited and A@600 films, respectively. The EDS mapping of each element is normalized by maximum pixel intensity to reveal the relative spatial distribution of 
each element. (G) Schematic of catalytic degradation process for as-deposited and A@600 films. The orange regions represent the amorphous phase (the two 
amorphous phases are not distinguished in top panel) and the blue regions represent the crystalline phases (bottom panel). There are potential differences between 
nanocrystalline and amorphous phases, as well as α-Fe(Si) phase (surrounded by red dotted line) and other intermetallics (surrounded by blue dotted line). 
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differences of two phases in the degradation process of azo aqueous 
solution, thus exhibiting outstanding degradation rate than commercial 
Fe powder. The annealed A@300 film with less free volumes results a 
depressed degradation property, and complete crystallized A@900 film 
exhausts all free volumes and generates the worst degradation efficiency 
(Table S1). However, the annealed A@600 film presents the highest 
degradation performance, suggesting a different stimulative catalytic 
mechanism. In comparison with as-deposited and A@900 films, the 
A@600 film has an ultra-fine a/c composite structure after annealing, 
which could further strengthen the galvanic microcell effect on account 
of the distinct compositions between amorphous and crystal phases. In 
addition, the crystal counterpart with low electrical resistivity facilitates 
the transportation of electrons. Furthermore, a/c phase boundaries with 
high dense of vacancies could act as “active site” and also modulate the 
electronic structure of the interfacial sites during catalytic process [31]. 
In consequence, the A@600 film presents the remarkable catalytic 
performance with the low activation energy. 

To further compare the degradation behaviors, the relationship be-
tween the degradation rate kobs and the ratio of dye concentration to 
catalyst mass concentration C0/D0 [initial dye concentration C0 (g L− 1), 
catalyst dosage D0 (g L− 1)] for the Fe-based amorphous alloys and 
crystalline zero valent iron (ZVI) is well plotted in Fig. 8, more details 
are listed in Table S4. Obviously, the A@600 film with nanoscale ultra- 
fine a/c composite structure presents both high reaction rate and low 
consumption of catalyst dosage marked in Fig. 8. 

3. Conclusion 

In summary, the A@600 Fe76Si8B13Nb3 film with ultra-fine dual 
phases presents about 300 times dye degradation efficiency than that of 
commercial Fe powder catalyst. The high degradation efficiency of 
A@600 film can be attributed to the synergistic effect of nanocrystals 
and amorphous matrix, which promotes the formation of galvanic cells, 
accelerates electron transport by low electrical resistivity and improves 
intrinsically enhanced activity sites from abundant phase boundaries. 
The generated low activation energy demonstrates a mass transport 
limited degradation mechanism. Furthermore, enduring cycle perfor-
mance of the A@600 film with H2O2 free and maintenance free degra-
dation environment benefits the commercial applications for 

wastewater disposal. This work demonstrates the potential of metallic 
glasses with adjustable structure for catalytic applications, and more 
importantly, provides a new approach to design and develop ultra-fine 
a/c composite catalytic material via nanoscale phase separation 
precursor. 

4. Materials and methods 

4.1. Materials preparation 

Fe76Si8B13Nb3 amorphous films were fabricated by ion beam assisted 
deposition (IBAD) on a flat polymethyl methacrylate (PMMA) plate. The 
base pressure before deposition was better than 4.0 × 10− 4 Pa, and the 
deposition environmental pressure was maintained at 2.6 × 10− 2 Pa by 
high purity argon supplement. The ion beam with energy of 750 eV 
bombards the target, and the sputtered atoms are deposited on the 
substrate with a thickness of 250 nm. The film was immersed in alcohol 
for 10 min to peel from the PMMA substrate (alcohol reduces the van der 
Waals force between the film and the substrate) [61]. As-deposited films 
were annealed at 300, 600 and 900 ◦C for 1 h in a high vacuum tube 
furnace with the base pressure better than 1.0 × 10− 4 Pa. As-deposited 
(fully amorphous), A@300 (amorphous), A@600 (amorphous-nanoc-
rystalline composite), and A@900 (fully crystalline) Fe73Si7B17Nb3 films 
were treated with ultrasonic for 5 min in alcohol with a fragmentary size 
of ~50 μm. The final transmission electron microscopy specimens were 
prepared by ion milling (Gatan, PIPS II 695) with 3 kV and finally pol-
ished with low-voltage (0.5 kV) with a liquid-nitrogen-cooled stage. 

4.2. Catalytic properties 

The azo dye (Direct Blue 6, C32H20N6Na4O14S4) was purchased from 
Sinopharm Chemical Reagent Co. Ltd. Direct Blue 6 powder was dis-
solved in deionized water with the concentration of 40 mg L− 1. The film 
fragments of 30 mg were added into 30 mL solution for each time. Zero- 
valent Fe (Fe0) powder with 300 mesh was used for comparation. The 
dye solution with film fragments were conducted in a thermostatic water 
bath to obtain the constant temperatures (i.e., 25, 35, 45, and 55 ◦C). 
The absorption spectra of reacted solution were characterized by a dual- 
beam ultraviolet visible spectrophotometer (TU-1901) in the 

Fig. 8. Comparison of dye degradation performance (Fenton-like reactions are not included). Degradation rate versus dosage ratio for different metallic glasses and 
crystalline ZVI catalysts. The asterisk represents nanocrystalline material and our catalyst is marked by red pentagram. More details are summarized in Table S4 of 
section S7. 
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wavelength range of 400–800 nm. For cycling experiments, Fe powders 
were washed by ultrasonic in alcohol for 3 min. 

4.3. Characterization 

The structures of as-deposited, A@300, A@600 and A@900 films 
were examined by X-ray diffractometry (XRD) with Cu-Kα radiation 
(Bruker D8 Advance). The high-resolution transmission electron mi-
croscopy (HRTEM) images, selected area electron diffraction (SAED) 
patterns and energy-dispersive X-ray spectroscopy (EDS) mappings of 
sample were characterized by a JEM-2100F TEM (JEOL, 200 kV) 
equipped with double spherical aberration (Cs) correctors for both the 
probe-forming and image-forming lenses. The EELS elemental mapping 
was simultaneously recorded with the Gatan GIF Quantum system on 
STEM mode by a transmission electron microscope (JEOL ARM 200F) 
equipped with a cold emission gun and an aberration corrector for the 
probe-forming lens system. The surface morphologies were investigated 
by scanning electron microscopy (SEM, SU5000, 15 kV). The surface 
elemental analysis was determined by X-ray photoelectron spectroscopy 
(XPS) using a ThermoFisher Scientific spectrometer (ESCALAB 250X) 
with an Al Kα radiation source. 
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