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Effect of Co addition on catalytic activity of
FePCCu amorphous alloy for methylene blue
degradation†

Long Hou,a Qianqian Wang,a Xingdu Fan,a Fang Miao,a Weiming Yangb and
Baolong Shen *ab

The effect of Co addition on the decolorization performance of the FePCCu amorphous alloy for

degrading methylene blue (MB) is investigated. It is found that 100 mg L�1 MB solution can be rapidly

degraded within 9 min via 0.5 g L�1 FeCoPCCu ribbon dosage and 1 mM H2O2 at 298 K at pH = 3. The

amorphous state induced by the Co addition, nano-whisker and micro-crack structures formed during

the decolorization process and local galvanic couples between bonds of metal–metalloid elements

accelerate the electron and mass transfer of FeCoPCCu amorphous ribbons and result in their good

catalytic ability. The catalytic performance of alloys with different Co additions is highly related to their

corrosion resistance. Good environmental applicability and reusability of the alloys are also explored.

The present work reveals that appropriate Co addition has a significant influence on the catalytic activity

of Fe-based amorphous alloys, and this alloy is proposed as a new catalyst for sewage treatment.

Introduction

Synthetic dyes, which are indispensable in the textile industry,
have caused serious environmental problems. Zero-valent iron
(ZVI) has been widely used in decomposing hazardous organics
in wastewater, including synthetic dyes, phenols, etc., due to its
good environmental compatibility, abundant sources and non-
toxic by-products.1–3 In the past several decades, in order to
improve the chemical reactivity of ZVI, some new materials
including nano-ZVI, Pd/Fe bimetallic alloys, and nano-ZVI and
activated carbon composites have been successfully proposed.4–7

Specifically, by ball-milling a rapidly solidified cast iron ribbon,
ZVI powders with a highly efficient degradation ability for ethyl-
orange and direct blue-6 were prepared.8 However, there is an
inevitable fact that ZVI can be easily oxidized, which causes
a dense oxidation product coating on ZVI and greatly impedes
its degradation ability. Therefore, it is urgent to optimize the
degradation performance of ZVI in dye solution from a new
perspective.

Fe-based amorphous alloys, as metastable materials, have a
combination of unique mechanical, magnetic and chemical

properties,9–12 and are considered as promising materials for
industrial applications. In particular, their good catalytic pro-
perties have been highlighted due to the far-from-equilibrium
structures and high-energy states of the amorphous alloys,13

which may support more reactive sites than those of traditional
crystalline ZVI during the degradation process. Therefore,
Fe-based amorphous alloys are expected to have wide applica-
tion prospects as catalysts in wastewater treatment.

Recently, there has been some research about the degrada-
tion of hazardous organics using Fe-based amorphous alloys.
Tang et al. reported that the Fe–B binary amorphous alloy
exhibited a higher degradation efficiency than its crystalline
counterpart and traditional iron powders, and the high reac-
tion activity was closely related to the low activation energy
(25.43 kJ mol�1) of the degradation reaction using the FeB
amorphous alloy.14 Addition of metalloid Si into the FeB
amorphous alloy could form a non-compact oxide layer which
could easily fall off, ensuring the continuous contact of the dye
solution with the ribbon surface.15,16 Moreover, Wang et al.
proposed that the large specific surface area of the ball-milled
FeNbSiB amorphous powder largely improved its degradation
performance.17 Minor Y additions in FeSiB metallic glass
powders lead to the formation of local galvanic cells between
Fe-rich and Fe-poor atomic clusters to accelerate electron
transfer and promote rapid degradation of dyes.18

More recently, our group found that the FePC amorphous
alloy had a higher decolorization efficiency than the FeSiB
amorphous alloy in wastewater remediation due to the structural
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heterogeneity between the strong Fe–C and weak Fe–P bonds,19

which can accelerate the electron transfer from ZVI. With Cu
addition, the FePCCu alloy should have a higher degree of
structural heterogeneity due to the positive enthalpy of mixing
(+13 kJ mol�1) between Fe and Cu,20 and thus, it may have an
excellent degradation ability in wastewater treatment. However,
no investigation has been made on the degradation ability of
FePCCu amorphous alloys to date. Furthermore, ball-milled
CoSiB powder showed several thousand times higher degradation
ability than ZVI,21 while amorphous CoSiB ribbons can only adsorb
dye molecules instead of decomposing them (Zhang et al., 2018).22

The effect of Co on the decolorization process of dye molecules is
controversial and needs further investigation.

In this work, the effect of Co addition on the catalytic
performance of degrading MB using FePCCu ribbons via
Fenton-like reactions is investigated in detail. The environmental
applicability and reusability of Fe(Co)PCCu amorphous ribbons
are also discussed.

Experimental
Sample and reagent preparation

Multi-component alloy ingots with nominal compositions of
Fe83.2�xCoxP10C6Cu0.8 (x = 0, 4 and 10 at%, denoted as Co0, Co4

and Co10, respectively) were prepared by induction-melting
mixtures of pure Fe (99.99 wt%), Cu (99.995 wt%), Co (99.99 wt%),
pre-alloyed Fe–P ingots (consisting of 75 wt% Fe and 25 wt% P) and
Fe–C ingots (consisting of 96 wt% Fe and 4 wt% C) in an induction
melting furnace under a purified argon atmosphere (99.999%).
The master alloy ingot was re-melted in a special quartz tube at a
pressure of 5 � 10�3 Pa in a furnace chamber and then sprayed
rapidly onto the surface of a high-speed rotating single roller
with a pressure difference of 0.02 MPa between the furnace
chamber and a special quartz tube (roller speed 40 m s�1) to
form quenched (AQ) ribbons, and the width and thickness
of ribbons were 1 mm and 22 mm, respectively. Commercially
available methylene blue (MB, C16H18ClN3S, AR grade), hydrogen
peroxide (H2O2, AR grade), sulphuric acid (H2SO4, AR grade) and
sodium hydroxide (NaOH, AR grade) were purchased from Xiya
Reagent, Sinopharm Chemical Reagent Co., Ltd, Chron Chemicals
and Greagent, respectively.

Characterization

The microstructure of the ribbons was characterized by X-ray
diffraction (XRD, Bruker D8 Discover) with Cu Ka1 radiation
and transmission electron microscopy (TEM, FEI Tecnai G2 F20).
Thermal parameters were measured by using a differential
scanning calorimeter (DSC, NETZSCH 404 F3) under a flow of
high purity argon at a heating rate of 0.67 K s�1. The samples for
TEM analyses were thinned carefully by a low-angle (101) ion
milling system (Gatan Inc., PIPS-M691) at 5 kV under liquid
nitrogen cooling from both sides of the ribbons. After perfora-
tion, the ribbons were further thinned by a lower-angle (41) ion
milling system at 4 kV under the same condition for B10 min to
obtain an B100 nm thin zone. The surface morphology and

elemental composition of the AQ and reacted ribbons were studied
using a scanning electron microscope (SEM, FEI Sirion 200) using
an energy dispersive spectrometer (EDS).

Chemical tests

For all chemical tests, solutions were prepared using deionized
(DI) water in a 500 mL beaker, and the temperature, pH, MB
concentration (CMB), H2O2 concentration (CH2O2

) and ribbon
dosage of the degradation experiments were set according to
specific experimental requirements. The prepared solution
with ribbons (ribbons were cut into 1 cm long strips) was
stirred continuously at a constant rate using a mechanical
stirrer during the degradation process. The real-time concen-
tration of the MB solution was monitored using a UV-vis
spectrophotometer (Shimadzu UV-1280). The electrochemical
properties including polarization curves and electrochemical
impedance spectroscopy (EIS) were measured using an electro-
chemical measuring instrument (Gamry Interface 1000) in
0.5 mol L�1 NaCl solution at ambient temperature. The tests
were performed using a three-electrode method, i.e. working
electrode (sample), reference electrode (Ag/AgCl electrode),
and opposition electrode (Pt electrode). The samples were
immersed in an electrolyte for 10–60 min, and the open-
circuit potential (EOCP) was considered to be stable when the
variation was within the range of �5 mV. The dynamically
polarized processes were recorded at �250 mV from EOCP at a
voltage scanning rate of 4 mV s�1, and the scanning frequencies
of EIS were from 100 kHz to 0.01 Hz. It is worth noting that as
the ribbons for electrochemical tests were immersed in the
solution without encapsulation, both sides of the ribbons were
considered for current density normalization. The length of the
immersed ribbons was 1 cm. Besides, the side surfaces are much
smaller than the top and bottom surfaces. Thus, the effective
surface area of the electrode was 0.2 cm2.

Results
Microstructure

Fig. 1(a) shows the XRD patterns of the air side of the AQ Co0,
Co4 and Co10 ribbons. The XRD curve of the Co-free alloy shows
a small crystallization peak at 2y = 451 which is related to the
(110)-reflection of the a-Fe crystalline phase, indicating the
poor amorphous forming ability of the alloy. For alloys with
Co addition, only a diffuse diffraction characteristic without
any detectable sharp peak was observed, suggesting an amorphous
feature. The microstructures of the Co0, Co4 and Co10 samples
were further characterized using TEM with results shown in
Fig. 1(b), (c) and (d), respectively. A small quantity of nanocrystals
can be observed for the Co0 alloy, and the SAED pattern in the
inset of Fig. 1(b) confirms that the crystals are a-Fe. In
contrast, for the Co4 and Co10 alloys, no crystalline phase
appears in their TEM images. The SAED patterns of the
Co-added alloys consist of a single diffraction halo without
sharp diffraction rings, which is well consistent with the XRD
measurements. The XRD and TEM results confirm that Co
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addition can result in a fully amorphous structure in the
FePCCu alloy system.

Thermal stability

Fig. 2 shows the DSC heating curves of the AQ Co0, Co4 and
Co10 ribbons. As Fe-based amorphous alloys with a high Fe
content (479 at%) usually have a weak amorphous-forming
ability, their glass transition phenomenon is difficult to observe
from DSC analyses.23 As a result, the glass transition tempera-
tures (Tg) of the Fe83.2�xCoxP10C6Cu0.8 alloys synthesized in the
current work are not found on the DSC curves. However, it can
be clearly seen that there are two exothermic events of alloys
during heating, indicating that the crystallization of these
alloys is a two-stage process. As reported by our previous work,
the first exothermic peak corresponds to the precipitation of
the a-Fe phase while the second one corresponds to that of the
Fe3P and Fe3C compounds.24 With 4 at% Co addition, the onset

temperature of the first crystallization (Tx1) has almost no
change compared with that for the Co0 alloy, while it increases
slightly with further increase in Co to 10 at%, suggesting the
improvement of thermal stability of the amorphous alloy with
Co addition. Meanwhile, the second crystallization temperature
(Tx2) increases slightly for the Co4 alloy and then decreases with
further increase of Co to 10 at%. Accordingly, the temperature
interval (DTx = Tx2 � Tx1) is first slightly increased to 116 K and
then decreased to 103 K. The large DTx with a minor Co
substitution also indicates the increment of thermal stability
of the residual amorphous phase. Moreover, the melting tem-
perature (Tm) and liquid temperature (Tl) of the alloys all move
to a high temperature level with Co addition, which also
indicates the improvement of thermal stability.

Decolorization performance

To investigate the dye decolorization ability of the synthesized
alloys in this work, Fenton-like reactions using AQ Co0, Co4 and
Co10 ribbons were performed on the MB solution (reaction
conditions: T = 298 K, CMB = 100 mg L�1, CH2O2

= 1 mM, ribbon
dosage = 0.5 g L�1, and pH = 3). Fig. 3(a) shows the color change
of the MB solution at different reaction times during the
degradation process. The solution is almost colourless after
9 min using the Co4 ribbons, while those using the Co0 and
Co10 ribbons need a longer time to achieve the same result.
The UV-vis absorbance spectra of the MB solutions reacting
with the AQ Co0, Co4 and Co10 ribbons for different periods of
time are shown in Fig. 3(b), (c) and (d), respectively. Four
absorption peaks are detected for the MB solutions at
247 nm, 292 nm, 610 nm and 653 nm in the spectra, and the
intensity of all absorption peaks decreases significantly with
the reaction time, suggesting a decrease of CMB. Because the
peak value at 653 nm represents chromogenic species,25 to
understand the degradation process, the time dependences
of the normalized concentration according to the absorption
intensity at 653 nm in Fig. 3(b)–(d) are summarized in Fig. 3(e),
with the results compared with the reactions using FePC and
FeSiB from the literature.19 The Co0 and Co10 ribbons required
15 min to degrade MB to less than 5%. For the Co4 alloy, the
Ct/C0 shows a more rapid descent process within 6 min, and CMB is
reduced to less than 5% within 9 min, which is even better than
that of the FeSiB amorphous ribbon, and similar to that of
the FePC amorphous ribbon. Moreover, it is found that all the
degradation processes of the MB solution using Fenton-like reac-
tions in this work follow the pseudo-first-order kinetic model:26

Ct = C0 exp(�kt) (1)

where k is the reaction rate constant, t is the reaction time, C0 is
the initial concentration of MB, and Ct is the instant concen-
tration of MB at time t. Thus, k can be expressed as follows:

k ¼ ln
C0

Ct

�
t (2)

According to eqn (2), Fig. 3(f) shows the change of ln(C0/Ct)
with reaction time. The k of the Co4 ribbon is 0.470 min�1,
which is larger than 0.340, 0.230, 0.330 and 0.085 min�1

Fig. 1 (a) XRD patterns of the AQ Co0, Co4 and Co10 ribbons. TEM images
of the Fe83.2�xCoxP10C6Cu0.8 alloys: (b) Co0, (c) Co4, (d) Co10. The insets
are corresponding SAED patterns.

Fig. 2 DSC curves of the AQ Co0, Co4 and Co10 ribbons at a heating rate
of 0.67 K s�1.
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for the Co0, Co10, Fe78Si9B13 and Fe73.5Si13.5B9Cu1Nb3
27

ribbons, respectively, and slightly higher than 0.430 min�1

for the Fe80P13C7 ribbons. The details can be seen in Table 1.
This is consistent with the visualized decolorization phenom-
enon in Fig. 3(a), suggesting a fast degradation process in
the MB solution using the Co4 ribbons. It is worth noting
that after degradation, some by-products in the reaction

solution were observed. To identify these, FTIR and Raman
analyses of the by-product powders were carried out. The
details of the experimental processes are shown in the
supplementary file, and the results are shown in Fig. S1
and S2 (ESI†). All these results clearly indicate the decomposi-
tion of MB and oxidation of zero-valent iron during the
Fenton-like reaction.

Fig. 3 (a) Color changes of the MB solution at different times during the degradation process using the AQ Co0, Co4 and Co10 ribbons. The UV-vis
absorbance spectra of the MB solutions during the Fenton-like reactions using ribbons: (b) Co0, (c) Co4 and (d) Co10; (e) the Ct/C0 change of the MB
solutions with the reaction time and (f) the change of ln(C0/Ct) with the reaction time for different ribbons.

Table 1 Degradation characterizations of the Fe83.2�xCoxP10C6Cu0.8, Fe78Si9B13, Fe80P13C7 and Fe73.5Si13.5B9Cu1Nb3 amorphous alloys

Alloys pH Solution concentration (mg L�1) Ribbon dosage (g L�1) Degradation rate constant k (min�1) Reaction type

Fe83.2P10C6Cu0.8 3 100 0.5 0.340 Fenton-like
Fe79.2Co4P10C6Cu0.8 3 100 0.5 0.470 Fenton-like
Fe73.2Co10P10C6Cu0.8 3 100 0.5 0.230 Fenton-like
Fe78Si9B13

19 3 100 0.5 0.330 Fenton-like
Fe80P13C7

19 3 100 0.5 0.430 Fenton-like
Fe73.5Si13.5B9Cu1Nb3

27 2.8 238 0.5 0.085 Fenton-like
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Surface morphology

Since the degradation process is a surface-mediated catalytic reac-
tion and different surfaces may cause different degradabilities,28

the surface morphology of the FePCCu ribbon with different Co
contents before and after the decolorization reaction were analyzed
using SEM as shown in Fig. 4. For the three kinds of AQ ribbons
before the reaction, typically smooth surfaces without apparent
defects were observed as shown in Fig. 4 (a, Co0), (c, Co4) and
(e, Co10), respectively, and the results of EDS in Table 2 reveal

the normal compositions of all the alloys. A large number of
corrosive pits are formed with sizes of about 2–4 mm on the
surface of the reacted Co0 ribbon (Fig. 4(b)), indicating that
corrosion occurred during the degradation process. To further
confirm the extent of corrosion, an enlarged pit center is
evaluated using EDS with results in the inset of Fig. 4(b). As
the content of carbon cannot be accurately measured with EDS,
the composition analysis via EDS was carried out without
measuring the carbon content in this work. A higher content

Fig. 4 SEM images of the AQ ribbons before the reaction: (a) Co0, (c) Co4, and (e) Co10. SEM images of the AQ ribbons after the reaction: (b) Co0, (d) Co4,
and (f) Co10. The inset of (b) is the enlarged image and corresponds to the EDS analysis of the pitting area; the insets of (d) are the enlarged images; and
the inset of (f) is the enlarged image and corresponds to the EDS mapping.
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of O (20.1 at%) and a lower content of Fe (51.1 at%) in
the corrosive pit compared with the unreacted ribbon region
(O: 3.1 at%, Fe: 57.3 at%) suggest the formation of oxides at the
corrosion pit area. P and Cu element contents are almost
unchanged (shown in Table 2). This result implies that the
existence of a-Fe nanocrystals for the Co0 ribbon seems to
provide a good dependence point for the occurrence of corro-
sion. The main reacted region of the Co4 ribbons as shown in
Fig. 4(d) exhibits the well-developed micro-crack structure,
and the details are shown in the inset of Fig. 4(d). Region II
is the enlarged image of region I, clearly showing that
the dense nano-whisker oxidation products are separated by
micro-cracks. Such a nano-whisker and micro-crack structure
promotes penetration of the MB solution into the ribbon below
the oxide layer and thus guarantees a sustained and rapid
degradation process, which is similar to the catalytic process
of the 3D hierarchical MnO2 microspheres having porous
structures with a high specific surface area and large pore
volume.29 This is a possible reason why the Co4 alloy represents
a high degradation rate compared with that of the Co0 alloy.
With excessive additions of Co, the selective corrosion area can
be seen with a high oxygen content (22.6 at%) detected around
it, suggesting the formation of the oxidized layer. Except for
this, no obvious change on the surface of the reacted Co10

ribbon was found (in Fig. 4(f) and inset), indicating a good
corrosion resistance for the Co10 ribbons.

Corrosion resistance

As mentioned above, the degradation ability of amorphous
ribbons is believed to be determined by the electron transfer
rate, which is related to their corrosion resistance. Thus, the
corrosion resistances of Fe(Co)PCCu alloys were investigated as
shown in Fig. 5. Potentiodynamic polarization curves of the AQ
Fe83.2�xCoxP10C6Cu0.8 ribbons in 0.5 M NaCl solutions are
shown in Fig. 5(a). The corrosion current density (Icorr) of
the Co0 ribbon is 7.851 � 10�10 A cm�2, which is lower than
2.398 � 10�9 and 3.684 � 10�9 A cm�2 for the Co4 and Co10

ribbons, whereas the values of corrosion potential (Ecorr) of the
Co10 ribbon shift to a more positive potential, i.e. showing a
higher Ecorr of �0.54 V compared with �0.59 and �0.57 V for
the Co0 and Co4 alloys, respectively. It is well known that the
lower corrosion current density and higher corrosion potential
imply the better corrosion resistance of the alloys.30,31 Evalua-
tions of the corrosion resistance from Icorr and Ecorr seem to

contradict each other. Thus, EIS was measured for the FePCCu
alloys with different Co contents as shown in Fig. 5(b). Each of
the Nyquist plots consists of only a single capacitance loop,
suggesting that there is only one time constant for the corro-
sion process, which is controlled by an electrode/solution
double layer. The equivalent circuit in the inset of Fig. 5(b) is
used to fit the EIS data of the synthesized amorphous alloys. R1

and Rp are the solution resistance and polarization resistance,
respectively; CPE is the constant phase element of the double
layer capacitance.32 The figure clearly shows that the Co10 alloy
depicts a much larger radius of the capacitance loop, suggest-
ing a larger Rp (1108 O cm2) than those of the other alloys
(600 O cm2 for Co0 and 677 O cm2 for Co4), indicating a much

Table 2 EDS analysis of the AQ and reacted Fe(Co)PCCu ribbons (at%)

Fe Co P C O Cu

Fe83.2P10C6Cu0.8 (AQ) 52.6 — 6.5 40.4 — 0.6
Fe83.2P10C6Cu0.8 (after 1 cycle – corrosive pits) 51.1 — 11.3 16.5 20.1 1.1
Fe83.2P10C6Cu0.8 (after 1 cycle – unreacted ribbon region) 57.3 — 10.8 27.9 3.1 0.9
Fe79.2Co4P10C6Cu0.8 (AQ) 48.7 2.8 6.3 41.8 — 0.4
Fe79.2Co4P10C6Cu0.8 (after 1 cycle) 29.4 3.8 11.5 25.3 28.9 1.1
Fe79.2Co4P10C6Cu0.8 (after 12 cycle – red cross) 50.3 6.5 5.8 29.3 7.0 1.1
Fe79.2Co4P10C6Cu0.8 (after 12 cycle – yellow cross) 35.2 5.3 15.5 16.0 26.6 1.4
Fe73.2Co10P10C6Cu0.8 (AQ) 47.2 7.0 6.5 38.8 — 0.5
Fe73.2Co10P10C6Cu0.8 (after 1 cycle – selective corrosion area) 39.3 5.5 7.2 24.3 22.6 1.1

Fig. 5 Electrochemical properties of the AQ Co0, Co4 and Co10 ribbons in
0.5 M NaCl solutions at room temperature: (a) polarization curves and
(b) Nyquist plots, and the inset corresponds to the equivalent circuit.
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better corrosion resistance. Thus, combining the results of the
polarization curve and impedance spectroscopy, the Co10 alloy
possesses a better corrosion resistance than that of the Co0 and
Co4 alloys, which matches the SEM image in Fig. 4(f).

Applicability and reusability of FeCoPCCu amorphous ribbon

As Co4 amorphous ribbons have the best catalytic performance,
to investigate their environmental applicability, the Fenton-like
reactions using AQ Co4 ribbons were carried out at least twice
under different reaction conditions, including pH, CH2O2

, ribbon
dosage and CMB, to ensure credible results. The results with
deviation bars are shown in Fig. 6. To investigate the effect of pH
on the catalytic efficiency, other reaction parameters were kept
as constants: T = 298 K, CMB = 100 mg L�1, CH2O2

= 1 mM, and
ribbon dosage = 0.5 g L�1. According to Fig. 6(a), MB is only
effectively degraded in strong acidic solutions (pH = 2 and 3).

The degradation process finishes within 12 and 9 min at pH = 2
and 3, respectively. When pH = 5, 95% MB is degraded after
3 hours. When pH = 7 and 9, no decolorization phenomenon is
observed within 3 hours. Here, it is worth noting that the
degradation rate of the MB solution during Fenton-like reactions
at pH 2 is slightly lower than that at pH 3 due to the promoted
hydrogen evolution reaction with excessive H+ in the solution.17

As a result, the Co4 ribbon exhibits the best degradation ability
in the MB solution at pH 3.

The initial concentration of H2O2 has a large impact on the
reaction efficiency for Fenton-like reactions.15 The effect of
CH2O2

was studied by maintaining the rest of the parameters
unchanged (T = 298 K, CMB = 100 mg L�1, ribbon dosage =
0.5 g L�1 and pH = 3). Without H2O2, the CMB barely changes
(Fig. 6(b)). It is well known that ZVI can directly react with
organic molecules through the redox reaction, but there is

Fig. 6 Effects of (a) pH, (b) H2O2 concentration, (c) ribbon dosage, and (d) dye concentration on MB degradation using the AQ Co4 ribbons,
(e) concentration change of the MB solution using the Co4 amorphous ribbons from the 1st to 13th degradation cycles. (f) Time required for degrading
95% MB for each reaction cycle.
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almost no degradation observed in our work for at least
38 minutes. This indicates that the reaction rate of ZVI directly
degrading organic molecules is much lower than that through
Fenton-like reactions. It is observed that appropriate addition
of H2O2 from 0.5 to 1.0, 5.0 and 10 mM can cause a rapid
decrease in the reaction rate for the MB solution within the first
6 min, indicating that the reaction rate is sensitive to the H2O2

concentration. Further increasing H2O2 to 100 mM obviously
hinders the reaction. When CH2O2

is too high, it can react with
the �OH through the following equation:33

H2O2 + �OH - H2O + HO2
�. (3)

As the strong oxidizing radicals �OH are consumed by H2O2

instead of organic molecules, the MB decomposition rate is
decreased. So, the solution containing optimal CH2O2

is 0.5 to
10 mM at current reaction conditions.

The effect of the Co4 ribbon dosage during the MB degrada-
tion process was investigated by maintaining the other para-
meters unchanged (T = 298 K, CMB = 100 mg L�1, CH2O2

= 1 mM,
and pH = 3), as shown in Fig. 6(c). Without the Co4 amorphous
ribbon in the MB solution, no decomposition of MB is found
within 21 minutes, suggesting that H2O2 itself has little influence
on the decrease of CMB in 21 min with current reaction settings.
As the amount of ribbons increases from 0.3 to 1.0 g L�1, the
reaction rate increases linearly. When using 1.0 g L�1 ribbons, the
solution turns colourless after 6 min. A higher dosage of amor-
phous ribbons provides more active sites during the degradation
process, which ensures the effective contact between the MB
solution and amorphous ribbons and thus results in an obvious
acceleration of the degradation process.

Fig. 6(d) shows the degradation efficiency dependence of
CMB with the other reaction parameters unchanged (T = 298 K,
CH2O2

= 1 mM, ribbon dosage = 0.5 g L�1 and pH = 3). Obviously,
it takes a longer time for degradations to finish with the
increase of CMB. When CMB are 10, 50 and 100 mg L�1, the
degradation processes finish within 6, 6 and 9 min, respectively.
While the CMB is 200 mg L�1, only 59% of MB is decomposed
after 24 min. This is because once the CMB reaches a certain large
amount, the large organic molecules may adhere to the surface
of the amorphous ribbons, preventing the adequate contact
between H2O2 and the surface of the ribbons, resulting in the
low degradation efficiency.

Reusability of the Co4 amorphous ribbons were measured
via cyclic degradation tests (T = 298 K, CMB = 100 mg L�1,
CH2O2

= 1 mM, ribbon dosage = 0.5 g L�1 and pH = 3). The
normalized concentration changes during the degradation
process for each reaction cycle are presented in Fig. 6(e), and
the time required to degrade 95% of the dye solution for all the
cycles is summarized in Fig. 6(f). The Co4 amorphous ribbon
shows good reusability as the MB can be completely decom-
posed within 15 min even after 13 reaction cycles. The reaction
rates in the first 6 cycles are the same, with each cycle finishing
in 9 min. From the seventh to thirteenth cycles, the degradation
completion time varies between 12 and 15 min. The ribbons
still show a high catalytic ability when the cyclic tests were

dropped after 13 experiments, indicating excellent reusability
of the Co4 amorphous ribbons which is obviously better than
that of the Fe78Si9B13 ribbons,19 and this result is closely related
to the surface morphologies of the reacted ribbons, which will
be discussed below.

Discussion
Effect of Co addition on catalytic ability

Good degradation performance is closely related to the micro-
structure of alloys.16,34 According to the TEM images of AQ Co0

and Co4 in Fig. 1(b) and (c), respectively, the randomly oriented
a-Fe nanocrystals embedded in the amorphous matrix for the
Co0 alloy, while the Co4 alloy shows the fully amorphous
structure. It is well known that the amorphous structure is in
a non-equilibrium state and energetically higher than the
corresponding crystalline state.21 In other words, amorphous
alloys are chemically more active than their crystalline counter-
parts.35 Therefore, ZVI in the FeCoPCCu amorphous ribbons
can react more adequately with H2O2 in the MB solution to
produce strong oxidative radicals (�OH), which decomposes the
organic dye molecules faster and finally shows a higher catalytic
ability due to the improvement of the amorphous-forming ability
by Co addition according to XRD and DSC. On the other hand,
although Co does not directly supply electrons to participate in
redox reactions due to the thermodynamics difference between
Co2+/Co and Fe2+/Fe,20 Co contributes to the improvement of the
decolorization ability of the FeCoPCCu alloys in another way.
Previous research suggests that there is a chemical short-range
order existing in the atomic structure of a melting state for
an amorphous precursor, which can be characterized as the
solute-centered atomic cluster in transition metal-metalloid
amorphous alloys.36,37 Like the P-centered antiprism-like and
C-centered prism-like clusters in FePC amorphous alloys,38

the addition of the Co element may also lead to special
P/C-centered atomic clusters. As the heats of mixing of Fe–P,
Fe–C, Co–P and Co–C bonds are negative, being �39.5, �50,
�35.5 and �42 kJ mol�1, respectively,20 the micro-alloying
provides a large number of Fe–P, Fe–C, Co–P and Co–C bonds.
This enables the formation of more local galvanic couples,
which accelerate the transfer of electrons in ZVI and further
improve the catalytic performance of the alloy. This result is
similar to previous works.18,19,21 Besides, the nano-whisker and
micro-crack structures formed during degradation using the
Co4 amorphous ribbons have been proved to be characteristic
for an efficient catalyst in Fenton-like reactions.33

As a result, appropriate addition of Co is effective in promoting
the catalytic decolorization of FePCCu alloys.

For the Co10 alloy, the relatively weak degradation ability is
closely related to the stable oxidized film formed on the surface
of the ribbons as illustrated by the surface morphology and
corrosion behavior analyses. The formation of oxidized layer on
the ribbon can effectively separate the inner metal atoms from
the MB solution, becoming the main barrier in the electron
transfer between ZVI and the dye solution.39 Meanwhile, the
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total number of Fe atoms in the alloys will be reduced due to
the excessive Co substitution. According to the Fenton-like
reactions,33 ZVI is an essential participant during the Fenton-
like reactions; thus, the decreased number of Fe atoms also
hinders the degradation process. As a result, the Co10 amorphous
ribbons show a low catalytic performance in the Fenton-like
reactions in this work.

Reusability

To understand the reason for excellent reusability of the Co4

ribbons, surface morphologies and elemental compositions of
the reacted Co4 ribbons after the 12th cycle were analyzed, as
shown in Fig. 7. Nano-whisker and micro-crack structures are
observed all over the ribbon surface (Fig. 7(a)), providing
continuous electron transfer channels from the surface of the
reacted ribbon during the cyclic tests. The enlarged image of
Fig. 7(a) is shown in Fig. 7(b), which reveals details of the
reaction process. A lamellar product layer shedding from the
ribbon surface is clearly found. To analyze the elemental
difference between the underlying matrix and product layer,
EDS was performed on the representative regions (red cross
and yellow cross) with results shown in Fig. 7(c) and (d)
respectively. The changes of element contents, including Fe,
Co, P, C and Cu elements, are clearly observed. Because there
is not much content change in the Co and Cu elements
(see Table 2), only the Fe, P and O contents are given here on
the EDS maps. As the elemental contents of Fe and P approximate
the nominal composition of the Co4 alloy (Fig. 7(c)), the red cross

region is a ‘‘fresh’’ Co4 ribbon surface underneath. In contrast,
the O content in the product layer is much higher than that
in the matrix, indicating the formation of an oxide layer. The
Fe content reduces obviously after the reaction as Fe is involved
in Fenton-like reactions. The increase of P in the product
layer may be related to the produced iron phosphates on the
surface during the degradation. The reacted top layer (nano-
whiskers) continuously falls off, which allows the underneath
‘‘fresh’’ surface to provide Fe0 for the Fenton-like reactions.
This explains the excellent reusability of the Co4 amorphous
ribbons.

Reaction process using FeCoPCCu ribbons

Based on the above analyses, the degradation process of the
Co4 amorphous ribbons in the MB solution can be summar-
ized. ZVI on the surface of ribbon is an indispensable source for
Fenton-like reactions, which reacts with H2O2 to produce a
large number of strongly oxidative �OH groups. The produced
�OH can fully contact with dye molecules in the solution with
mechanical stirring, resulting in the cleavage of dye bonds.
Thus, the large MB molecules are decomposed into small
molecules including CO2, H2O, NO3�, SO4

2�, etc.19 With minor
Co addition, the well-developed nano-whisker and micro-crack
structures can be formed, allowing the MB solution to pene-
trate further into the ribbon below the oxide layer. Meanwhile,
the local galvanic couple structures formed between the Fe–C,
Co–C, Fe–P and Co–P bonds in the FeCoPCCu amorphous
ribbon accelerate the electron transfer from ZVI to the solution.

Fig. 7 (a) SEM micrographs of the reacted Co4 amorphous ribbon after 12 degradation cycles in the MB solution; (b) enlarged image of (a); (c) and (d)
EDS analysis corresponding to the underlying matrix (red cross) and product layer (yellow cross) in (b), respectively.
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Thus, the Co4 amorphous ribbon shows a high catalytic ability
during the degradation process.

Conclusion

In summary, the effects of Co addition on the decolorization
performance of FePCCu ribbons were explored in this paper. It
was found that Co addition can result in a fully amorphous
structure of alloys, which is beneficial to the degradation of the
MB solution. Different Co contents have different degradation
abilities in the MB solution. The crystalline structure of a
Co-free alloy leads to a relatively low catalytic performance.
The alloy with 4 at% Co addition exhibits the highest catalytic
degradation ability, which is closely related to the unique
amorphous structure, nano-whisker and micro-crack structures
formed during the decolorization process and local galvanic
couples between strong Fe–C, Co–C, Fe–P and Co–P bonds.
With excessive Co addition (10 at%), the oxidized layer formed
on the reacted surface of ribbons reduces their degradation ability
in the MB solution, which is confirmed by the good corrosion
resistance of the alloy. Moreover, the Fe79.2Co4P10C6Cu0.8 ribbon
exhibits good reusability due to the continuous shedding of the
nano-whisker oxidation layer. Our work reveals the highly efficient
catalytic ability of a novel FeCoPCCu alloy in Fenton-like
reactions, and this alloy is proposed as a new catalyst for sewage
treatment.
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