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ePC amorphous alloys with
self-renewing behaviour for highly efficient
decolorization of methylene blue

Qianqian Wang,ab Mingxiu Chen,ab Pinghua Lin,ab Zhiqiang Cui,ab Chenglin Chu*ab

and Baolong Shen *abc

FePC amorphous ribbons using Fenton-like reactions are proved to show excellent degradation

performance in wastewater treatment for the first time by decolorizing methylene blue (MB). Compared

to the widely investigated FeSiB amorphous ribbons for decolorization, FePC alloys have higher

degradation efficiency and lower reaction activation energy, which comes from the fast mass and

electron transport due to the 3D nanoporous structures formed during the reaction, as well as the

galvanic cells formed between the strong Fe–C and the weak Fe–P bonds. The observed unique “self-

renewing” behaviour of FePC ribbons during cyclic tests explains their extremely long service life. The

FePC amorphous ribbons are applicable in acidic MB solutions, but not in neutral or alkaline solutions.

The highest degradation efficiency is achieved when the initial pH ¼ 3 and the initial H2O2

concentration is 5 mM. The time required for the decomposition of MB drops with the increase of the

ribbon dosage or the decrease of the initial MB concentration. This work not only provides a new highly

efficient and low-cost solution for wastewater remediation, but also extends the application fields of

FePC amorphous alloys.
Introduction

Synthetic dyes are widely used in the textile industry, causing
serious environmental problems in wastewater disposal as they
are not only cancerogenic and teratogenic, but also chemically
stable and difficult to decompose.1–6 Tremendous efforts have
been made during the last several decades to reduce their dele-
terious impacts, including physical adsorption using activated
carbon7 and clays,8 biological degradation using microorgan-
isms,9 as well as chemical degradation using advanced oxidation
processes,10 nanoscale bimetallic particles,11 zero valent metals,12

etc. However, the obvious drawbacks of these methods, such as
low efficiency, high cost and/or short service life, continuously
drive the exploration of advancedmaterials for the degradation of
synthetic dyes in polluted water.13

Recently, amorphous alloys, including Fe-,14–24 Mg-,25–30

Al-,31,32 and Co-33,34 based amorphous thin ribbons, ne powders
and nanoporous structures, have been proved to exhibit rela-
tively satisfactory performance in wastewater remediation for
removing synthetic dyes and other organic pollutants like
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phenol and chemical oxygen demand (COD). Generally, the
thermodynamically unstable state, the high residual stress and
the large amount of unsaturated sites on the surface of amor-
phous alloys are believed to be the reasons for their excellent
decolorization ability.

Among all the amorphous alloys investigated for dye degra-
dation, Fe-based amorphous alloys have attracted the most
attention due to their lowmaterial cost and high decomposition
efficiency. Most of the Fe-based amorphous alloys investigated
for decolorization are Fe–Si–B systems, or Fe–Si–B minorly
alloyed with other elements, as Si and B form a non-compact
layer on the surface of the alloys and benet the electron
transfer.35 Wang et al. proved that ball-milled Fe73Nb3Si7B17

powders exhibit much higher efficiency in degrading direct blue
than their gas-atomized counterparts because of the larger
specic surface area provided by the rough surface topography
from ball-milling.15 When decomposing methylene blue, ball-
milled amorphous Fe78Si9B13/TiO2 powder composites exhibi-
ted 60% and 40% higher degradation efficiency than pure TiO2

powders, and crystalline Fe78Si9B13 alloy/TiO2 powder compos-
ites, respectively.36 Kinetic analysis of the degradation process
of acid orange II using amorphous and partially crystallized
FeMoSiB ribbons revealed that the reaction rate was controlled
by available reaction sites on the surface of the ribbons.37 Minor
addition of Y into FeSiB amorphous powder largely improved its
dye degradation efficiency by introducing heterogeneous
structures consisting of local Fe-rich and Fe-poor atomic
This journal is © The Royal Society of Chemistry 2018
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clusters that form galvanic cells within the alloy.19 Extremely
high degradation efficiency of orange II was achieved using
FeSiBNbCuNi nanocrystalline ribbons due to the galvanic cells
formed between multiple crystalline phases, which accelerate
the rate of electron transfer.20

Other than the widely studied FeSiB system, the FePC
amorphous system is another major category of amorphous
alloys with distinct thermal and mechanical behaviour.
Although the atomic sizes of P and C are similar to those of Si
and B, the glass-forming ability of FePC amorphous alloys is
larger than that of FeSiB amorphous alloys as Fe80P13C7 is the
only successfully synthesized ternary Fe-metalloid-based bulk
glassy alloy,38 which guarantees the FePC system more advan-
tages in large-scale industrial applications. Since the rst
Fe80P13C7 amorphous foil was prepared by Duwez in 1967,39 the
atomic, electronic, magnetic and mechanical properties, as well
as the crystallization behaviour of the FePC amorphous system
have been thoroughly studied.40–43 A bulk Fe80P13C7 glassy alloy
with a diameter of 2.0 mm has been successfully synthesized via
uxing and J-quenching techniques,38 presenting an extraordi-
nary magnetocaloric effect and the largest refrigerant capacity
among all the ternary Fe-based amorphous alloys.44 However,
no investigation has been made on the decolorization perfor-
mance of FePC amorphous alloys.

Fenton/Fenton-like reactions are highly efficient advanced
oxidation processes (AOPs) in wastewater remediation by
producing reactive species with a high redox potential to
decompose stable and harmful industrial organic effluents into
nontoxic and ubiquitous substances.45,46 The process of Fenton-
like degradation of synthetic dyes with Fe-based amorphous
alloys has been revealed to occur in three steps:

Fe0 + H2O2 / Fe2+ + 2OH� (1)

Fe2+ + H2O2 / Fe3+ + cOH + OH� (2)

cOH + organics / products (3)

H2O2 react with the zero-valent iron on the surface of the Fe-
based amorphous alloy to produce Fe2+, which is the necessary
catalyst for the following Fenton reaction. The as-produced
highly reactive hydroxyl cOH in eqn (2) is able to oxidize and
decompose the organic pollutants from waste water, including
synthetic dyes.18,47 Besides, the Fe2+ produced from eqn (1) is
also oxidized by the hydroxyl to Fe3+, as shown in eqn (4):

Fe2+ + cOH / OH� + Fe3+ (4)

In this paper, we report the degradation of synthetic dyes by
Fenton-like reactions using Fe80P13C7 amorphous ribbons for
the rst time, and the degradation processes using Fe78Si9B13

amorphous ribbons are investigated for comparison. Methylene
blue (MB), a common synthetic dye for ink production and
textile coloring, is used as the degradation object in this work.
The extremely long service life of FePC ribbons is revealed by
cyclic tests. The underlying mechanism of the high degradation
efficiency and the “self-renewing” characteristics of FePC
amorphous ribbons in the Fenton-like reaction, as well as the
This journal is © The Royal Society of Chemistry 2018
possible degradation pathways of MB are investigated. The
effects of temperature, initial pH, initial H2O2 concentration,
ribbon dosage, and dye concentration on the degradation effi-
ciency of MB using FePC amorphous ribbons during Fenton-
like reactions are systematically studied. This work not only
provides a new solution for wastewater remediation, but also
extends the possible application areas of FePC amorphous
alloys.
Experimental
Materials and reagents

Alloy ingots with a nominal composition of Fe80P13C7 (at%)
were prepared by induction melting of high-purity Fe
(99.99 wt%), pre-alloyed Fe–P ingots (consisting of 75 at% Fe
and 25 at% P) and Fe–C ingots (consisting of 96 at% Fe and 4
at% C) in an inductionmelting furnace, which was vacuumed to
5 � 10�3 Pa rst and then lled with puried argon (99.999%).
Alloy ingots with a nominal composition of Fe78Si9B13 (at%)
were prepared by arc melting of high-purity Fe (99.99 wt%), Si
(99.99 wt%), and B (99.999 wt%) in an arc melting system,
which was vacuumed to 5 � 10�3 Pa rst and then lled with
puried argon (99.999%). Ribbons with a thickness of �25 mm
and a width of �2 mm were prepared in a single roller melt-
spinning system, which was vacuumed to 5 � 10�3 Pa rst
and then lled with puried argon (99.999%). The ribbons were
obtained when the roller speed was 40 m s�1. The ribbons were
cut into 1 cm long strips for degradation experiments.
Commercially available synthetic dye (methylene blue, AR
grade) was purchased from Xiya Reagent. Sodium hydroxide
(NaOH, AR grade) was purchased from Greagent. Sulphuric acid
(H2SO4, AR grade) was purchased from Chron Chemicals.
Hydrogen peroxide (H2O2, AR grade) was purchased from
Sinopharm Chemical Reagent Co., Ltd.
Characterization

The amorphous structure of the as-quenched ribbons, which
were xed on slides using double-sided adhesive tapes, was
veried by X-ray diffraction (XRD, Bruker D8 Discover) with Cu-
Ka radiation. The surface morphology and elemental informa-
tion of the as-cast and reacted ribbons were observed using
a scanning electron microscope (SEM, FEI Sirion 200) equipped
with an energy dispersive X-ray spectrometer (EDS). Carbon
tapes were used to x the ribbons on the SEM sample holders.
The binding states of elements on the surfaces of the as-cast
and reacted FePC and FeSiB ribbons were evaluated by X-ray
photoelectron spectroscopy (XPS, Thermo ESCALAB 250XI)
with a monochromatic Al Ka X-ray source (hn ¼ 1486.6 eV). The
power was 150 W, and the X-ray spot size was set to be 500 mm.
The pass energy of the XPS analyzer was set at 20 eV. The base
pressure of the analysis chamber was better than 5 � 10�9 Torr.
The concentration of elements in the supernatant aer batch
reactions was measured using an inductively coupled plasma
emission spectrometer (ICP, Spectroblue ICP-OES). The super-
natant was obtained by ltering the extracted solution with
a 0.22 mm membrane.
J. Mater. Chem. A, 2018, 6, 10686–10699 | 10687
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Electrochemical tests

The electrochemical properties were analyzed using an elec-
trochemical measuring instrument (Gamry Interface 1000). The
measurements were conducted in a three-electrode cell using
a platinum counter electrode and an Ag/AgCl reference elec-
trode. The potential-dynamic polarization curves were recorded
at a potential sweep speed of 4 mV s�1 aer the open circuit
potentials were stabilized. Electrochemical impedance spec-
troscopy (EIS) was conducted under static conditions with
scanning frequencies from 100 kHz to 0.01 Hz and amplitude
being 5 mV. The solution used for both the polarization
measurements and EIS tests was 50 mL acid MB solution with
H2O2 (pH ¼ 3, 1 mM H2O2, 100 mg L�1 MB).
Degradation experiments

250 mL MB solution (100 mg L�1 if not noted) was prepared
using deionized (DI) water in a 500 mL beaker. A specic
amount of ribbons (0.5 g L�1 if not noted) and H2O2 (1 mM if
not noted) were added to the solution, which was stirred at
a xed speed during the degradation process. The temperature
(298 K if not noted) of the solution was maintained using
a water bath. The initial pH (pH¼ 3 if not noted) of the solution
was adjusted using 5% H2SO4, as well as 1 M and 0.1 M NaOH.
At selected time intervals, 2.5 mL of the solution was extracted
using a syringe and ltered with a 0.22 mm membrane, and
then scanned using a UV-Vis spectrophotometer (Shimadzu UV-
1280) to obtain the absorbance spectrum of the solution. For
cyclic tests, the ribbons were extracted from the solution aer
each degradation experiment and stir washed with DI water for
20 s before putting them into the next reaction batch.
Results and discussion
Comparison of the degradation efficiency using FePC and
FeSiB amorphous ribbons

Degradation performance at room temperature. The amor-
phous nature of the as-cast Fe80P13C7 and Fe78Si9B13 ribbons is
conrmed by XRD, because only broad diffuse peaks around 45�

are observed (data not shown). According to previous research
carried out by Wang et al., Fe78Si9B13 amorphous ribbons have
the best performance in decomposing rhodamine B at pH ¼ 3,
as Fenton-like reactions favor acidic solutions.18 So we
compared the degradation efficiency of FePC and FeSiB amor-
phous ribbons at pH ¼ 3. Other reaction conditions are set as
follows: T ¼ 298 K, initial H2O2 concentration (CH2O2

) ¼ 1 mM,
ribbon dosage ¼ 0.5 g L�1, initial MB concentration (CMB) ¼
100 mg L�1. A decolorization phenomenon is observed during
Fig. 1 Visible colour change of MB solutions during Fenton-like reactio

10688 | J. Mater. Chem. A, 2018, 6, 10686–10699
the Fenton-like reaction using both FeSiB and FePC ribbons as
shown in Fig. 1(a) and (b). The solution with FeSiB ribbons
turns clear within 14 min, while that with FePC ribbons takes
11 min.

The UV-Vis absorbance spectra of the ltered MB solutions
aer adding FeSiB and FePC amorphous ribbons in the reaction
batches for a series of time intervals are presented in Fig. 2(a)
and (b), respectively. Four absorption peaks are observed for MB
solutions at 247 nm, 291 nm, 618 nm and 653 nm. The peaks at
247 nm and 291 nm are from triazine groups, while the other
two peaks at 618 nm and 653 nm represent auxochrome and
chromophore groups, respectively.21 All of these three peaks
decrease gradually over the whole reaction process, corre-
sponding to the concentration change of the MB solution and
the visualized decolorization phenomenon as shown in Fig. 1.
The normalized concentration of the MB solution is obtained
with the peak values at 653 nm as they represent chromogenic
species, as shown in Fig. 2(c). The concentration of the solu-
tions reacting with both kinds of ribbons stays almost
unchanged during the rst 3 min, and then decline rapidly. The
time required for the generation of cOH groups and the cOH
groups approaching the dye molecules can be the reasons for
the undiminished MB concentration at the beginning. Accord-
ing to the data derived from UV-Vis absorbance spectra, it takes
11 min for FePC ribbons to reduce Ct/C0 to less than 5% by the
Fenton-like reaction, while it takes 14 min for FeSiB ribbons,
which is consistent with the direct visual observation in Fig. 1.
We take Ct/C0 < 5% (when 95% of MB is decomposed) as the
degradation completion target for instrumental uctuation in
this paper. The degradation kinetics aer the rst 3 min are
commonly described by the pseudo-rst-order equation as
given below:

Ct ¼ C0 exp(�kt) (5)

where k is the reaction rate constant (min�1), t is the reaction
time (min), C0 is the initial concentration of MB (mg L�1), and
Ct is the instant concentration of MB (mg L�1) at time t. Then
the degradation reaction rate constant can be derived as
follows:

k ¼ ln

�
C0

Ct

��
t (6)

According to the ln(C0/Ct) vs. t curve shown in Fig. 2(d), the
reaction rate constant of FePC ribbons in this Fenton-like
reaction is 0.56 min�1, which is larger than 0.37 min�1 for
FeSiB ribbons, with the goodness of t R2 being 0.96 and 0.98,
ns using (a) FeSiB and (b) FePC amorphous ribbons.

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 UV-Vis absorbance spectra of MB solutions during the Fenton-like reactions using (a) FeSiB and (b) FePC amorphous ribbons; (c)
normalized concentration change of MB solutions during the degradation process; (d) the ln(Ct/C0) vs. time curves for FePC and FeSiB
amorphous ribbons (T ¼ 298 K, pH ¼ 3, CH2O2

¼ 1 mM, ribbon dosage ¼ 0.5 g L�1, CMB ¼ 100 mg L�1).
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respectively. Based on the above results, it can be concluded
that FePC amorphous ribbons exhibit excellent ability in MB
degradation by the Fenton-like reaction, even better than FeSiB
amorphous ribbons. One may have a query about the practica-
bility of FePC ribbons in wastewater remediation as P may leak
into the solution during the reaction. To dispel this doubt, we
performed ICP analysis of the ltered solution aer degradation
and found out that the P concentration is below the instrument
detection limit of 0.0107 ppm, which is far below the primary
level of the integrated wastewater discharge standard of
People's Republic of China (GB 8978-1996). The degradation
experiments were repeated more than 3 times to assure the
authenticity of the results.

Reaction activation energy. To further compare the degra-
dation efficiency of Fenton-like reactions using FePC and FeSiB
ribbons, the thermal activation energy of MB degradation using
corresponding ribbons is analyzed by carrying out the reactions
at different temperatures, as shown in Fig. 3. The reaction
conditions are set as follows: initial pH ¼ 3, CH2O2

¼ 1 mM,
ribbon dosage 0.5 g L�1, and CMB¼ 100mg L�1. The normalized
concentration change of MB reveal the positive inuence of
temperature on the degradation process, as the decolorization
process takes less time with an increased solution temperature
[Fig. 3(a) and (b)]. Raising the temperature accelerates the
Fenton reaction process, which increases the generation rate of
the cOH group, thus the decolorization efficiency is enhanced.
MB solutions are completely decolorized in solutions with FeSiB
and FePC ribbons within 8 min, 5 min and 3min at 308 K, 318 K
and 328 K, respectively. The required completion time for
This journal is © The Royal Society of Chemistry 2018
degradation processes is similar at higher temperature.
However, difference in the reaction kinetics can still be found
when evaluating the reaction rate constants at different
temperatures for FePC and FeSiB amorphous ribbons. When
the solution temperature increases from 298 K to 308 K, 318 K
and 328 K, the degradation rate constant of FePC ribbons
increases from 0.56 min�1 to 0.58 min�1, 0.90 min�1 and
1.24 min�1, while that of FeSiB ribbons increases from
0.37 min�1 to 0.44 min�1, 0.86 min�1 and 1.24 min�1, respec-
tively [Fig. 3(c)]. It is noticed that the reactivity of the solution
with FeSiB ribbons increases more rapidly than that with FePC
ribbons when the temperature increases, and even reaches the
same performance at 328 K. This may be because the huge
improvement of the generation rate of the cOH group in the
Fenton reaction with increased temperature has eliminated the
difference of the Fe2+ production rate between the two types of
ribbons.

As the reaction rate is highly affected by temperature, we can
derive the thermal activation energy for the degradation of MB
using Fenton-like reactions with FePC and FeSiB ribbons by
using the Arrhenius-type equation:

ln kT ¼ �DE

RT
þ ln A (7)

where kT is the reaction rate constant at different temperatures,
DE is the reaction activation energy, R is the gas constant and A
is a constant. We plotted ln kT vs. �1/RT as shown in Fig. 3(d)
and found that the reaction activation energies of FePC and
FeSiB ribbons are 22.8 kJ mol�1 and 34.8 kJ mol�1, respectively.
J. Mater. Chem. A, 2018, 6, 10686–10699 | 10689
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Fig. 3 Normalized concentration change of MB solutions during the Fenton-like reactions using (a) FeSiB and (b) FePC amorphous ribbons at
different temperatures; (c) derived reaction rate constants k at different reaction temperatures; (d) ln k vs. �1/RT curves for FePC and FeSiB
amorphous ribbons (pH ¼ 3, CH2O2

¼ 1 mM, ribbon dosage ¼ 0.5 g L�1, CMB ¼ 100 mg L�1).

Journal of Materials Chemistry A Paper

Pu
bl

is
he

d 
on

 2
6 

M
ar

ch
 2

01
8.

 D
ow

nl
oa

de
d 

by
 S

ou
th

ea
st

 U
ni

ve
rs

ity
 -

 J
iu

lo
ng

hu
 C

am
pu

s 
on

 1
1/

7/
20

18
 1

0:
38

:3
0 

A
M

. 
View Article Online
The lower activation energy of FePC ribbons contributes to their
better performance in the Fenton-like reaction.
Mechanism studies of the degradation processes using FePC
and FeSiB amorphous ribbons

Surface morphology. As the degradation process is surface-
mediated, it is crucial to understand the structural change on
the surface of the ribbons during the Fenton-like reaction. SEM
and EDS analyses on the surface of the as-cast and reacted FeSiB
and FePC ribbons are compared in Fig. 4. A typical smooth
surface of amorphous ribbons is observed on the as-cast FeSiB
and FePC ribbons in Fig. 4(a) and (b) respectively. 3D nano-
porous structures present on the reacted FeSiB ribbon,
[Fig. 4(c)], are consistent with the reported morphology for the
reacted FeSiB and FeSiB-based alloys.15,20,48 These structures
have been proposed to have positive effects during the decol-
orization process as they provide channels for mass transfer.
Similar 3D nanoporous structures, with more open pores than
those on the reacted FeSiB ribbon, are found to be spread all
over the reacted FePC ribbon in Fig. 4(d). The relatively higher
density of pores may be the reason for the higher performance
of FePC ribbons in Fenton-like reactions.

The EDS results of the surface of the as-cast and reacted
FeSiB and FePC ribbons are summarized in Table 1. Boron is
too light to be quantitatively analyzed by EDS, and the amount
of carbon is not accurate either, due to sample handling and the
carbon paste for sample xation. So we tracked the amount of
oxygen, as well as the Fe/Si ratio of the FeSiB ribbon and the
10690 | J. Mater. Chem. A, 2018, 6, 10686–10699
Fe/P ratio of the FePC ribbon for elemental analysis. The
amount of oxygen on the surface of both as-cast ribbons is too
small to be detected, but increases to 16.7 at% on the reacted
FeSiB ribbon, and 18.6 at% on the reacted FePC ribbon,
revealing that the oxidation of the ribbons is involved during
the degradation process. The Fe/Si ratio and the Fe/P ratio of as-
casted ribbons are �8.0 and �6.0, respectively, which are close
to the nominal composition of Fe78Si9B13 and Fe80P13C7

ribbons. The amount of iron in both ribbons decreases aer the
degradation experiment, as the Fe/Si ratio drops to �6.8, and
the Fe/P ratio drops to �3.6, respectively. The zero-valent iron
from the ribbon surface react with H2O2 to provide cOH, and
transform into iron oxides or iron hydroxides, which are soluble
in the acidic solution. Thus, similar to the reported FeSiB/FeSiB-
based amorphous alloys, the remaining phosphate and carbon
in FePC ribbons form the 3D nanoporous structures, which is
benecial to the degradation efficiency as they provide channels
for mass transport. Besides, carbon itself possesses large
adsorption ability of organics, which accelerates the MB
approaching FePC ribbons.45

Electronic structure. As shown in eqn (1)–(3), the electronic
structure change of Fe0 and Fe2+ controls the generation speed of
cOH, which has a great impact on the degradation efficiency. To
understand the mechanism of the higher degradation perfor-
mance of FePC ribbons, the electronic structure of the two kinds
of ribbons during the degradation process is compared.

In order to obtain information on the electronic structure of
the surface of FePC ribbons before and aer degradation, XPS
This journal is © The Royal Society of Chemistry 2018
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Fig. 4 SEM micrographs of (a) as-cast FeSiB ribbon, (b) as-cast FePC ribbon, (c) reacted FeSiB ribbon and (d) reacted FePC ribbon.

Table 1 EDS analysis of the as-cast and reacted FePC and FeSiB ribbons (at%)

Fe P C O Si B

As-cast FeSiB ribbon 47.9 — 1.6 — 5.9 44.6
FeSiB ribbon aer 1 cycle 33.5 — 3.9 16.7 4.9 41.0
FeSiB ribbon aer 7 cycles 32.5 — 5.6 17.4 6.5 38.0
As-cast FePC ribbon 65.5 11.0 23.5 — — —
FePC ribbon aer 1 cycle 39.2 11.0 31.2 18.6 — —
FePC ribbon aer 7 cycles (top layer) 12.7 7.1 43.2 37.0 — —
FePC ribbon aer 7 cycles (main part) 31.9 16.0 19.9 32.2 — —
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analysis was performed on the surface of the as-cast and reacted
ribbons over a wide binding range to measure Fe 2p3/2, P 2p, C
1s and O 1s. As shown in Fig. 5(a), the Fe 2p3/2 spectrum is
deconvoluted into 3 peaks, including peaks at 707.0 eV, 710.5 eV
and 711.2 eV. The 707.0 eV peak is assigned to the metallic state
Fe0, while the peaks at 710.5 eV and 711.2 eV are both from the
oxidized Fe2+/Fe3+ ions.49 The area under each peak is related to
its intensity. The relative amount of the investigated elements at
different electronic states can be calculated based on the areas
of the peaks. Not much difference in the Fe0/Fe2+(Fe3+) amount
ratio is observed for the ribbons before and aer the reaction,
while the total amount of iron on the surface of the reacted
ribbon is much lower than that of the as-cast one, conrming
that iron participates in the degradation of MB, which is
consistent with the EDS results in Table 1. The O 1s spectrum
obtained on the surface of the as-cast FePC ribbon consists of 2
peaks at 530.0 eV and 531.6 eV, as shown in Fig. 5(b), which are
assigned to the oxygen bound to iron and the oxygen bound to
phosphate/carbon, respectively.50,51 The O 1s spectrum obtained
from the surface of the reacted ribbon can be deconvoluted into
4 peaks, with the peak at 530.0 eV related to the oxygen bound to
This journal is © The Royal Society of Chemistry 2018
iron, and all other three peaks at 531.6 eV, 532.1 eV and 532.5 eV
assigned to the oxygen bound to phosphate/carbon. Compared
to the as-cast ribbon, the surface of the reacted ribbon contains
more oxygen bound to phosphate/carbon, and less oxygen
bound to iron, which is in agreement with the loss of iron from
the Fe 2p3/2 spectrum.

Both of the C 1s spectra from the as-cast and reacted ribbons
consist of 3 peaks at 284.6 eV, 285.3 eV and 288.4 eV, as shown
in Fig. 5(c). The peaks at 284.6 eV and 285.3 eV are from C0,
while the peak at 288.4 eV is from “–C]O–” bonds.52,53 The
amount of carbon that form C0 is about 87% of the total carbon
on the surface of the as-cast FePC ribbon, and decreases to
�70% aer degradation, which means that �17% of C changes
from the zero-valent state to the oxidized state. For P 2p spectra
in Fig. 5(d), the peaks at 129.3 eV and 130.0 eV are assigned to
P0, and the peak at 133.2 eV is assigned to P5+.54 The P0/total P
ratio decreases from 62% for the as-cast ribbon to 29% for the
ribbon aer degradation. In other words,�33% P changes from
the zero-valent state to the oxidized state.

As Zhou et al. revealed that FePC amorphous alloys are
mostly composed of P-centered antiprism-like and C-centered
J. Mater. Chem. A, 2018, 6, 10686–10699 | 10691
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Fig. 5 XPS spectra of (a) Fe 2p3/2, (b) O 1s, (c) C 1s and (d) P 2p in binding energy regions for the FePC amorphous ribbons before and after
degradation.
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prism-like clusters, without metalloid atoms occupying the
nearest-neighbor sites of each other, providing a large amount
of Fe–P and Fe–C bonds,55 we may propose that the loss of C0

and P0 results from the breakage of Fe–C and Fe–P bonds. The
percentage of the Fe–P bond breakage is almost twice that of the
Fe–C bond breakage. This can be explained as the bond
strength of Fe–P is lower than that of Fe–C as the bond length of
Fe–P is longer.40 It is quite possible that the strong Fe–C bonds
and the weak Fe–P bonds in FePC amorphous ribbons form
galvanic cells, leading to the fast dissolution of iron in MB
solution, which explains the advanced degradation perfor-
mance of the Fenton-like reaction using FePC amorphous
ribbons.

The electronic structure of the as-cast and reacted FeSiB
amorphous ribbons is also obtained using XPS for comparison
as shown in Fig. 6. Similar to the iron in FePC ribbons, the
spectrum of Fe 2p3/2 in the as-cast FeSiB ribbon is deconvoluted
into three peaks, with one peak at 706 eV representing the
metallic state Fe0, and other two peaks at 710.0 eV and 710.8 eV
assigned to the oxidized Fe2+/Fe3+ ions, as shown in Fig. 6(a).
The peak of Fe0 completely disappears and the total amount of
Fe drops a lot in the spectrum of the reacted FeSiB ribbon,
conrming the participation of Fe in the Fenton-like reaction.
For O 1s, the spectrum of the as-cast ribbon is deconvoluted
into three peaks, with 29.8 eV from Fe–O bonds, and 530.7 eV
and 531.7 eV from Si–O and B–O bonds [Fig. 6(b)]. Corre-
sponding peaks also appear in the O 1s spectrum of the reacted
FeSiB ribbon, while all the peaks shi to higher binding energy.
10692 | J. Mater. Chem. A, 2018, 6, 10686–10699
Obvious increase in the areas of the peaks representing Si–O
and B–O bonds is observed, together with the decrease of the
area under the Fe–O peak, which is in agreement with the loss
of the total iron from the Fe 2p3/2 spectra.

The spectra of the measured Si 2p from the as-cast and
reacted FeSiB ribbons are presented in Fig. 6(c). For the as-cast
ribbon surface, the Si 2p spectrum is deconvoluted into four
peaks: the peaks located at 98.9 eV and 99.5 eV are assigned to
Si0, and the two peaks located at 101.4 eV and 102.0 eV are
assigned to the oxidized Si4+ ions.49 For the reacted ribbon
surface, the two peaks corresponding to Si0 disappear. Instead,
a weak peak located at 99.3 eV representing Si0, together with
two Si4+ peaks, is observed in the spectrum. The Si0/Sitotal ratios
calculated from the spectra of the as-cast and reacted ribbons
are �30% and �1%, respectively. It is then reasonable to
conclude that �29% of Si atoms transform from the Si0 state to
the Si4+ state. Both of the B 1s spectra from the as-cast and
reacted FeSiB ribbons consist of two peaks located at 187.5 eV
and 191.8 eV corresponding to B0 and B3+ states, respectively.49

The B0/Btotal ratio decreases from�40% for the as-cast ribbon to
�10% for the reacted ribbon. Thus,�30% of B atoms transform
from the B0 state to the oxidized B3+ state, which is very close to
the amount of the oxidized Si atoms. Apparently, no galvanic
cell phenomenon is observed for FeSiB ribbons, which may
explain their relatively low performance in the Fenton-like
reaction.

Furthermore, two characteristics of the electronic structures
of FeSiB alloys may explain their relatively low efficiency in
This journal is © The Royal Society of Chemistry 2018
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Fig. 6 XPS spectra of (a) Fe 2p3/2, (b) O 1s, (c) Si 2p and (d) B 1s in binding energy regions for the FeSiB amorphous ribbons before and after
degradation.

Paper Journal of Materials Chemistry A

Pu
bl

is
he

d 
on

 2
6 

M
ar

ch
 2

01
8.

 D
ow

nl
oa

de
d 

by
 S

ou
th

ea
st

 U
ni

ve
rs

ity
 -

 J
iu

lo
ng

hu
 C

am
pu

s 
on

 1
1/

7/
20

18
 1

0:
38

:3
0 

A
M

. 
View Article Online
Fenton-like reactions.55–58 First of all, calculations of FeSiB
amorphous alloys revealed that the nearest-neighbor sites of
metalloids are not only occupied by Fe atoms, but also by
a small amount of other metalloids, forming solute–solute
contacts that is not in favor of the formation of galvanic cells.55

Secondly, like carbon in FePC, all the boron atoms stay in the
B-centered prism-like clusters in FeSiB. However, different from
the P-centered antiprism-like structures in FePC, a bcc-like
Fe–Si solid-solution forms in FeSiB with Si atom solid-
dissolved in the Fe matrix.56 The Fe–Si solid solution structure
is more stable than metal–metalloid clusters as the primary
crystalline phase of an annealed FeSiB amorphous alloy is
a-Fe(Si), instead of a-Fe crystals for most of the Fe-based
amorphous alloys without Si addition, including the FePC
system.57,58 It is more difficult for the zero valent iron to escape
from the solid solution structure to participate in the degrada-
tion reaction. Thus, the solute–solute contacts and the Fe–Si
solid solution together may explain the relatively poor degrada-
tion performance of Fenton-like solutions with FeSiB ribbons.

Based on the surface morphology and the electronic struc-
ture analyses, the densely distributed nanoporous structures,
together with the galvanic cells formed between Fe–P and Fe–C
bonds, contribute to the excellent performance of FePC amor-
phous ribbons in Fenton-like reactions.
Comparison of the stability and reusability of FePC and FeSiB
amorphous ribbons

Long service life. The reusability of amorphous ribbons is of
great importance when evaluating their potential for wastewater
This journal is © The Royal Society of Chemistry 2018
remediation. FeSiB amorphous ribbons are reported to be
applicable for 4 cycles when participating in Fenton-like reac-
tions, and 10 cycles when activating peroxymonosulfate in the
degradation of naphthol green B.21,59 Fenton-like reactions
using FeSiB amorphous ribbons that we synthesized in this
study are capable of decomposing 95% of MB within 17 min for
8 cycles, but with a small dri during cycle 4, as shown in
Fig. 7(a) and (c). However in the 9th cycle, it takes more than
20 min for the solution to nish degradation.

Surprisingly, Fenton-like reactions with FePC ribbons
synthesized in this work are capable of degrading 95% of MB
within 14 min for 19 cycles [Fig. 7(b) and (d)]. One may notice
that the degradation processes of the 2nd and 3rd cycles for
FePC ribbons nish within 8 min, even faster than that for the
1st cycle when the ribbon is freshly prepared. This may be
because it takes more time to consume the thin oxide layer on
the ribbon during the rst test, while the 2nd and 3rd run enjoy
truly “fresh” surfaces of FePC amorphous ribbons. Aer three
degradation cycles, the amount of available zero valent iron on
the ribbon surface decreases, so the required degradation time
from the 4th to the 8th cycles increases to 14 min. The degra-
dation processes are extended to 17 min for the 9th and 10th
cycles, as a large amount of iron has been consumed by then.
However, the degradation ability of FePC ribbons using Fenton-
like reactions recovers to t95% ¼ 14 min from cycle 11 to 19. The
mechanism of this unusual recovery will be discussed with
surface morphology analysis later.

Corrosion property. The corrosion process usually occurs at
the heterogeneous sites of crystalline materials, including
second phases, grain boundaries, dislocations, etc. However,
J. Mater. Chem. A, 2018, 6, 10686–10699 | 10693
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Fig. 7 (a) Normalized concentration change of MB solutions during the Fenton-like reactions using FeSiB ribbons from the 1st to the 12th
degradation cycles; (b) normalized concentration change of MB solutions during the Fenton-like reactions using FePC ribbons from the 1st to the
23rd degradation cycles; (c) the time required for 95% completion of the degradation process vs. reaction cycles for FeSiB ribbons; (d) time
required for 95% completion of the degradation process vs. reaction cycles for FePC ribbons (T¼ 298 K, pH¼ 3, CH2O2

¼ 1 mM, ribbon dosage¼
0.5 g L�1, CMB ¼ 100 mg L�1).

Journal of Materials Chemistry A Paper

Pu
bl

is
he

d 
on

 2
6 

M
ar

ch
 2

01
8.

 D
ow

nl
oa

de
d 

by
 S

ou
th

ea
st

 U
ni

ve
rs

ity
 -

 J
iu

lo
ng

hu
 C

am
pu

s 
on

 1
1/

7/
20

18
 1

0:
38

:3
0 

A
M

. 
View Article Online
amorphous alloys formed by rapid quenching are composed of
a single phase of homogenous solid solution without any
physical or chemical heterogeneity. Thus, amorphous alloys are
superior in corrosion resistance compared to their crystalline
counterparts.60 The service life of amorphous ribbons for
degradation application is believed to be related to their
corrosion resistance, as the oxidized layer may impede the
electron transfer from Fe0 to the solution.21 Thus, the corrosion
properties of the as-cast FePC and FeSiB amorphous ribbons are
compared.

Polarization curves and electrochemical impedance spec-
troscopy (EIS) results of the FePC and FeSiB amorphous ribbons
in MB solution (pH¼ 3, 1 mMH2O2, 100 mg L�1 MB) are shown
in Fig. 8. The passive potential of the FePC ribbon is �0.48 V,
which is higher than �0.63 V for the FeSiB ribbon [Fig. 8(a)].
Besides, the passive current density of the FePC ribbon is 1.26�
10�6 A cm�2, which is lower than 4.5 � 10�6 A cm�2 for the
FeSiB ribbon. The above data from polarization curves reveal
the better corrosion performance for the FePC amorphous
ribbon in acidic MB solution with H2O2.

The Nyquist plots derived from EIS analysis are shown in
Fig. 8(b). The plots of both the FePC and FeSiB amorphous
ribbons exhibit one time constant, while the FePC amorphous
ribbon shows a larger capacitance loop than the FeSiB amor-
phous ribbon. An equivalent circuit model tting the Nyquist
plots is also presented in Fig. 8(b), with a constant phase
10694 | J. Mater. Chem. A, 2018, 6, 10686–10699
element (CPE) replacing an ideal capacitor to compensate for
the surface inhomogeneity. R1 and R2 are the resistances of the
solution, and the polarization resistance of ribbons, respec-
tively. According to the tted results, the polarization resistance
of FePC and FeSiB ribbons are 260 U cm2 and 210 U cm2,
respectively, implying the better corrosion resistance for the
FePC sample in acidic MB solution with H2O2, which is
consistent with the results from the polarization curves.

The better corrosion resistance of FePC amorphous ribbons
than FeSiB amorphous ribbons can be expected as Dan et al.
pointed out that P addition could improve the corrosion resis-
tance of Fe-based amorphous alloys due to the low-soluble iron
phosphate compounds formed on the surface.61

The good corrosion resistance of FePC ribbons seems to
conict with their long service life. However, the corrosion
property is only one of the inuential factors of the reusability of
FePC ribbons, and it may not be the decisive one. Microstruc-
ture analysis will be performed to reveal the mechanism of the
excellent performance of FePC ribbons for the 19 reaction
cycles, as shown below.

“Self-renewing” behaviour. Surface morphology is crucial
not only for the degradation efficiency, but also for the reus-
ability of the amorphous ribbons. To explain the extremely long
service life of FePC amorphous ribbons in Fenton-like reac-
tions, the surface morphology changes of FePC ribbons during
cyclic tests are thoroughly analyzed (Fig. 9).
This journal is © The Royal Society of Chemistry 2018
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Fig. 8 Electrochemical behaviour of FePC and FeSiB amorphous ribbons in MB solutions (T ¼ 298 K, pH ¼ 3, CH2O2
¼ 1 mM), (a) polarization

curves; (b) Nyquist plots derived from EIS measurements.
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A thin layer falling off from the ribbon surface is captured
by SEM from the side view of FePC ribbons that have partici-
pated in the degradation processes for 7 cycles [Fig. 9(a)].
Close observation of the falling off layer is shown in the red
square. The top view of the falling-off layer and the main part
of the ribbon show a cotton-like structure and a 3D nano-
porous structure, as shown in the blue and yellow ellipses,
respectively. The EDS results of these two types of structures
reveal that the atomic percentage of iron in the falling-off layer
Fig. 9 SEMmicrographs of FePC amorphous ribbons, (a) side view after 7
square, and top view of the “falling-off” layer and the main part presente
ribbon after 23 reaction cycles, with the “falling-off” layer highlighted b
presented in the blue and yellow ellipses respectively.

This journal is © The Royal Society of Chemistry 2018
is only 12.7%, which is much less than 31.9% for the main
part, as listed in Table 1. Based on these results, it is reason-
able to propose that the rst 7 cycles may have consumed most
of the iron on the top layer of the FePC ribbon and the rela-
tively loose cotton-like structure forms on the surface of the
ribbon. Then the top layer falls off gradually and the “fresh”
FePC surface underneath gets a chance to participate in the
Fenton-like reaction. This may explain the hump around
cycles 9 and 10 in Fig. 7(d).
reaction cycles, with the enlarged “falling-off” layer highlighted by a red
d in the blue and yellow ellipses respectively; (b) top view of the FePC
y a red square, and the enlarged “falling-off” layer and the main part

J. Mater. Chem. A, 2018, 6, 10686–10699 | 10695
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Aer 19 cycles, the degradation ability of the ribbons
decreases rapidly due to the visible mass loss of the ribbons.
Cyclic tests are dropped aer 23 rounds since it is difficult to
collect the ribbons by then due to the shattering of the samples.
The surface morphology of FePC ribbons aer 23 experimental
cycles is investigated using SEM, as shown in Fig. 9(b). Loose
akes distribute on the cracked but relatively compact main
part, with a titling ake highlighted by a red square. The
difference between the thermal expansions of the original FePC
ribbons and the reacted layer causes the cracks on the main
part. Enlarged micrographs of the akes and the main part are
presented in the blue and yellow ellipses, showing similar loose
cotton-like and 3D nanoporous structures as the falling-off layer
and the main part of the ribbon aer 7 reaction cycles, con-
rming the continual “self-renewing” behaviour of FePC
ribbons during Fenton-like reactions. This “self-renewing”
behaviour drives the exfoliation of the formed oxidized layer,
which assures the long service life of FePC ribbons although
they present high corrosion resistance under the previous
electrochemical tests.

For comparison, the surface morphology of the FeSiB ribbon
aer 7 reaction cycles is also analyzed using SEM. The side view
of the ribbon reveals that the surface is relatively compact, as
shown in Fig. 10(a). The top view of the ribbon in Fig. 10(b)
presents several cracks on the surface, which is the typical
morphology of the oxidized passivation layer during corrosion as
the thermal expansion coefficients of the oxides and the original
alloy are different. The enlarged area, as shown in the yellow
square, reveals that there is a small amount of nanoporous
structures near the cracks. No “falling off” layer is observed
within any analyzed eld. The EDS results of the surface of the
FeSiB ribbon aer 7 reaction cycles are listed in Table 1. The Fe/
Si ratio decreases to �5.0 aer 7 reaction cycles, which is
reasonable as the metallic iron continuously participates in the
Fenton-like reaction. The comparison of the surface morphology
between FePC and FeSiB ribbons during multiple reaction cycles
reveals that the “self-renewing” behaviour is only observed for
FePC amorphous ribbons, which may be the main reason for
their extremely long service life during Fenton-like reactions.

From the electronic structure perspective, the nearest
neighbor sites of the metalloids in FePC amorphous alloys are
only occupied by iron, while FeSiB amorphous alloys contain
not only metal–metalloid bonds, but also a large amount of
Fig. 10 SEM micrographs of the FeSiB amorphous ribbons after 7 reacti

10696 | J. Mater. Chem. A, 2018, 6, 10686–10699
metalloid–metalloid bonds. As a result, aer the dissolution of
iron atoms, the bonding between the oxidized layer and the
original alloy in the FePC ribbon is not as strong as in the FeSiB
ribbon. This may explain why the “self-renewing” behaviour
only appears in the FePC alloy, not in the FeSiB alloy.

Apparently, both the “self-renewing behaviour” arising from
the exfoliation of the oxidized layers, and the corrosion prop-
erties, inuence the service life of FePC amorphous alloys, while
the former is the determining factor in this case. Thus, the
better reusability of FePC amorphous ribbons with higher
corrosion resistance can be elucidated.
Evaluation of the degradation performance of FePC ribbons
under different reaction conditions

Effect of pH. The working pH range of the Fenton-like
reaction using FePC ribbons for the MB degradation has been
evaluated, while keeping other reaction conditions constant:
T ¼ 298 K, CH2O2

¼ 1 mM, ribbon dosage ¼ 0.5 g L�1 and CMB ¼
100 mg L�1. As shown in Fig. 11(a), the highest reaction rate for
FePC ribbons is achieved at pH ¼ 3, same as reported for FeSiB
ribbons. Surprisingly, the decolorization process nishes aer
20 min at pH¼ 2, which is slower than that at pH¼ 3. This may
be because when the concentration of H+ is too high in the
solution, the iron from the ribbon will be dissolved to generate
hydrogen as shown below:

H+ + Fe / Fe2+ + H2[ (8)

This hydrogen evolution reaction produces a large amount of
Fe2+, which may consume a certain amount of cOH (as eqn (4)
shows) and lower the oxidation capability of the solution.

When pH > 3, the degradation efficiency of the solution
decreases with the increasing pH, as enough H+ in the solution
is essential for Fenton-like reactions. When the pH increases to
4 and 5, it takes 30 min and 180 min for the ribbons to complete
the degradation process, respectively. In neutral (pH ¼ 7) and
alkaline (pH ¼ 9) solutions, the decomposition of MB is rarely
observed within 180 min.

Effect of H2O2 concentration. The H2O2 concentration
controls the cOH generation rate for the Fenton and Fenton-like
reactions. The effect of the H2O2 concentration on the decol-
orization process of MB using FePC amorphous ribbons is
on cycles, (a) side view; (b) top view.

This journal is © The Royal Society of Chemistry 2018
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Fig. 11 Effects of (a) pH, (b) H2O2 concentration, (c) ribbon dosage, and (d) dye concentration on the normalized concentration change of MB
solutions during Fenton-like reactions using FePC amorphous ribbons.
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investigated, as shown in Fig. 11(b). Various loads of H2O2,
including 0 mM, 0.5 mM, 1 mM, 5 mM, 10 mM, 30 mM, 50 mM
and 100 mM are added to MB solution, while other parameters
are kept constant: T ¼ 298 K, pH ¼ 3, ribbon dosage ¼ 0.5 g L�1

and CMB ¼ 100 mg L�1. It is proved that H2O2 is necessary for
MB degradation at this reaction condition as no decolorization
is observed even aer 35 min without adding H2O2. With the
concentration of H2O2 increasing from 0.5 mM to 5 mM, the
time required for complete degradation decreases from 14 min
to 8min. It also takes 8min for the solution with 10mMH2O2 to
nish decolorization. Then the degradation efficiency drops
rapidly with further increasing of initial H2O2 loads. When the
initial concentration of H2O2 is 30 mM, 95% MB is decolorized
within 17 min, and no degradation of MB occurs within 30 min
when the concentration of H2O2 reaches 50 mM and 100 mM.

These results prove that appropriate addition of H2O2 may
accelerate the degradation process efficiently as presented in
eqn (1)–(3). However, excessive H2O2 is not conducive to the
degradation process due to the well-known hydroxyl radical
scavenging effect:45

H2O2 + cOH / H2O + HO2c (9)

The oxidation potential of the produced radicals HO2c is
much smaller than that of the hydroxyl radicals, making the
oxidation of MB slower.

Effect of ribbon dosage. The effect of the FePC ribbon dosage
on the MB degradation performance is investigated by adding
different amounts of FePC ribbons into the reaction batches,
This journal is © The Royal Society of Chemistry 2018
while keeping other reaction conditions constant: T¼ 298 K, pH
¼ 3, CH2O2

¼ 1 mM and CMB ¼ 100 mg L�1, as shown in
Fig. 11(c). Without assistance from the FePC amorphous
ribbon, no decomposition of MB is observed within an hour,
implying the low degradation ability of H2O2 itself. When the
amount of ribbons increases from 0.05 g L�1 to 0.3 g L�1,
0.5 g L�1, 1.0 g L�1 and 3 g L�1, the time required for 95% MB
degradation drops from 44 min to 14 min, 11 min, 8 min and
5 min, continuously. Apparently, a larger dosage of amorphous
ribbons leads to better degradation efficiency, due to the larger
amount of available reaction sites.

Effect of dye concentration. The degradation efficiency at
varied MB concentrations is presented in Fig. 11(d), while
keeping other reaction conditions constant: T ¼ 298 K, pH ¼ 3,
CH2O2

¼ 1 mM and ribbon dosage ¼ 0.5 g L�1. A continuous
decrease of the degradation efficiency with the increasing MB
concentration is observed. It takes 5 min, 8 min and 11 min for
the Fenton-like reaction to degrade 10 mg L�1, 50 mg L�1 and
100 mg L�1 MB solutions, respectively. When the initial MB
concentration is 200 mg L�1, Ct/C0 decreases quickly to about
20% within 29 min, and then stays almost unchanged before
60 min. The decolorization of 200 mg L�1 MB is nished within
2 hours nally (data not shown). The fast degradation process in
the rst 29 min may have consumed most of the cOH groups.
Aer that, Fe0 from FePC ribbons acts as the reducing agent by
losing 2 or 3 electrons to form Fe2+ or Fe3+, while the large MB
molecules get electrons and become smaller molecules.15 This
redox reaction is much slower than the Fenton-like reaction,
explaining the low degradation efficiency aer 29 min.
J. Mater. Chem. A, 2018, 6, 10686–10699 | 10697
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Fig. 12 Schematic diagrams of the pathway of MB degradation in Fenton-like reactions using FePC amorphous ribbons.
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Only slight decolorization is visualized aer 50 min when the
MB concentration is 300 mg L�1. When the MB concentration
reaches 500 mg L�1, no decomposition of MB occurs within
60 min. When the concentration of MB in the solution is too
high (more than 300 mg L�1), the large MBmolecules may cover
the surface of FePC ribbons and impede H2O2 to react with Fe0

to generate the powerful oxidizing cOH groups. The FePC
ribbon itself then starts to degrade MB as discussed before, but
with a much lower efficiency. Thus the degradation perfor-
mance of the solution decreases sharply when the initial MB
concentration is high.
Pathway of the degradation process

Based on the thorough analyses of the elemental information,
surface morphology and electronic structure of FePC ribbons
during MB degradation, as well as the cyclic tests, the pathway
of this Fenton-like reaction can be drawn, as shown in Fig. 12.
Aer adding FePC amorphous ribbons in the acidic MB solution
with H2O2, the metallic iron, mostly from Fe–P clusters, react
with H2O2 and generate the strong oxidizing cOH groups near
the surface of the ribbons. The concentration difference and the
mechanical stirring force drive the cOH groups to spread into
the solution to approach the MB molecules. Large MB mole-
cules are then oxidized and decomposed into small molecules,
including carbon dioxide, water, nitrate radicals and sulfate
radicals. The continuous oxidation of iron from the FePC
ribbon leaves the surface as 3D nanoporous structures, which
then transform into cotton-like structures with increasing
working time. The cotton-like structure mainly contains P, C
and O elements, as well as a small amount of Fe element.
Mechanical stirring drives the loose cotton-like layers to fall off
from the ribbons gradually, whichmakes the underlying “fresh”
FePC surface exposed to MB solution and prevents the drop of
the degradation ability of FePC ribbons. This “self-renewing”
characteristic extends the service life of FePC ribbons up to 19
cycles.
10698 | J. Mater. Chem. A, 2018, 6, 10686–10699
Conclusions

In this work, we successfully found the higher dye degradation
efficiency of FePC amorphous ribbons in Fenton-like reactions,
compared to FeSiB amorphous ribbons. The galvanic cells formed
due to the different strengths of Fe–P bonds and Fe–C bonds are
believed to be the reason for the low reaction activation energy and
the high degradation ability of FePC ribbons. Cyclic tests reveal
that the extremely long service life of FePC ribbons comes from
their “self-renewing” behaviour, as the used layers continually fall
off from the main ribbons. The adaptability of this FePC amor-
phous ribbon which participated in the Fenton-like reaction is
evaluated at varied pH values, H2O2 concentration, ribbon dosage
and dye concentration. The pathway of the reaction is sketched
based on these thorough analyses. This work not only provides an
efficient and low-cost solution for synthetic dye degradation, but
also expands the application areas of FePC amorphous alloys.
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