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A series of nitrogen-doped graphene encapsulated Fe,Co, bimetallic (Fe,Co,@C) nanocages were newly
fabricated via a one-step thermal decomposition of Prussian blue analogue Fe,Co;_,[Co(CN)glge7-nH-O
nanospheres at different temperatures. The as-synthesized Fe,Co,@C nanocages were systematically char-
acterized and applied as effective catalysts to activate peroxymonosulfate (PMS) for the removal of
bisphenol A (BPA). The catalytic activity of FesCo,@C-650 obtained at 650 °C was found to be the highest
and also much higher than that of metallic cobalt, cobalt oxide and cobalt-iron spinels. The nitrogen-
doped graphene shells were demonstrated to be effective in preventing the release of metal ions, thus
resulting in a better stability. Furthermore, the BPA degradation pathway was proposed based on GC-MS
and LC-MS results. The involved radicals were identified through electron paramagnetic resonance and
radical scavenger experiments. Based on the systematic characterization of the catalyst before and after
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DOI: 10.1039/c6cy01479h the catalytic oxidation reaction, the overall mechanism of PMS activation over Fe,Co,@C nanocages was

proposed. Results indicate that Fe,Co,@C nanocages are available to serve as promising materials for envi-
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1. Introduction

In recent years, Fenton and Fenton-like processes have been
widely investigated and regarded as good alternatives for the
treatment of recalcitrant organic pollutants in view of their
high efficiency, simplicity and environmental friendliness.">
The hydroxyl radical ((OH), generated from the Fenton or
Fenton-like process, is highly efficient to degrade nearly all
organic compounds. However, the narrow working pH range
and low H,0, utilization rate remarkably limit the practical
application of "OH-based Fenton systems.>””

Compared to the ‘OH-based Fenton system, the sulfate
radical (SO,”) based Fenton-like system by activation of
peroxymonosulfate (PMS) was reported as one of the promis-
ing alternatives due to its high efficiency at a wide pH range
and low catalyst dosage.®'° Among various transition metal
catalysts, Co was found to be very active for PMS activation to
produce SO, ~."" However, Co is recognized as a toxic pollut-
ant and the leached Co ions in water may induce adverse ef-
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ronmental remediation by activation of PMS.

fects to the environment.'” The combination of Co with a
suitable amount of Fe was reported to be an effective way to
prevent the leaching of Co and to overcome the drawbacks of
Fe.13_15

As an emerging new class of materials, bimetallic zero
valent nanoparticles (BZVNs) have received considerable at-
tention and been widely applied for the catalytic elimination
of various pollutants.'®” However, the long term reactivity
due to the strong aggregation and surface passivation over
time of BZVNs largely impeded their applications.'®° Encap-
sulation of BZVNs into air-stable materials was suggested to
be a promising way for the enhancement of transportation,
suspension, and stability of BZVNs without significantly
sacrificing the activity.”’ > Therefore, fabricating Fe-Co
BZVNs encapsulated in carbon spheres may have great poten-
tial for efficient activation of PMS for pollutant degradation.

Prussian blue analogues (PBAs) have been regarded as
promising precursors or sacrificial templates to construct var-
ious morphology-inherited nanomaterials.>*">” Previously, we
have reported a facile strategy to synthesize porous
Fe,Co;_ O, nanocages by heating Fe,Co;_,[Co(CN)s]o.¢,-7H,O
(Fe,Co;-,-Co PBAs) in air.'>*” In addition, thermal decompo-
sition of PBAs in a N, atmosphere has been reported as a
general strategy to synthesize nanoparticles with nitrogen-
doped carbon shells.>*>* Inspired by this, the thermal de-
composition of Fe,Co,-,-Co PBAs is expected as a facile strat-
egy to synthesize nitrogen-doped graphene encapsulated

This journal is © The Royal Society of Chemistry 2016
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Fe,Co, BZVNs (Fe,Co,@C). However, the heating temperature
is usually considered as the main factor influencing both the
crystallinity and porous structure of the catalysts, which
largely affect the catalytic activity.>® Thus, heating at different
temperatures is necessary to obtain Fe,Co,@C with an opti-
mized nanostructure as well as the highest catalytic activity.

In the present work, a series of Fe,Co,@C nanocages were
newly synthesized via a one-step thermal decomposition of
Fe,Co;-,-Co PBA nanospheres in a nitrogen atmosphere at
different temperatures. The morphology, crystalline structure
and textural properties of the prepared Fe,Co,@C nanocages
were thoroughly characterized by various techniques. For the
first time, a series of Fe,Co,@C nanocages were developed as
Fenton-like catalysts to activate PMS for bisphenol A (BPA) re-
moval. The concentrations of the leached metal ions during
the reaction were detected and the catalytic stability was
tested. SO, was confirmed as the dominant radical involved
and the BPA degradation pathway was further studied. More-
over, the overall mechanism of PMS activation over
Fe,Co,@C nanocages was systematically investigated and
proposed.

2. Experiments
2.1. Chemicals

Potassium hexacyanocobaltate(u) (98%) and cobaltosic oxide
(98.5%) were purchased from Beijing J&K Co., Ltd, China.
PMS (KHSOs-0.5KHSO,-0.5K,S0,) was purchased from Alfa
Aesar. Cobalt (99.9%, 30 nm), iron powder (100 mesh), iron
oxide(m,m) (99.5%, ~20 nm), BPA, and 5,5-dimethyl-1-
pyrroline-N-oxide (DMPO) were purchased from Aladdin Co.,
China. Sodium sulfite, ferrous chloride, cobaltous chloride,
poly(vinylpyrrolidone) (PVP), potassium iodide, sodium hydro-
gen carbonate, ¢-butanol (TBA) and methyl alcohol were pur-
chased from Tianjin Kermel Chemical Reagent Co., Ltd,
China. All chemical reagents were used without further
purification.

2.2. Sample preparation

Fe,Co,-,-Co PBA nanospheres were prepared in a similar man-
ner to our previous report."> Typically, desired amounts of
FeCl,-4H,0 and CoCl,-6H,0 (a total of 9 mM) were dissolved
in 40 mL of deionized water with PVP (1.2 g) under vigorous
stirring. Then 40 mL of K;[Co(CN)] aqueous solution (5 mM)
was added into the premixed solution slowly. The obtained
colloidal solution was stirred for another 30 min and then
aged for 20 h. The resulting precipitates were centrifuged and
washed at least three times with a mixture of deionized water
and ethanol, followed by drying in an oven at 333 K for 20 h.
To obtain the Fe;Co,@C-T nanocages, Fe, 5C0, 5-Co PBA nano-
spheres were heated at different temperatures (500, 650 and
800 °C) and kept for 1 h in N,. Fe,Cog@C-500 nanocages were
obtained by heating Fe, ;Co,,-Co PBA nanospheres at 500 °C
and keeping them for 1 h in N,.
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2.3. Characterization

The crystallographic structures of the samples were studied
by powder X-ray diffraction (XRD) in a 26 range from 10° to
90° on a PANalytical X'Pert-Pro X-ray diffractometer equipped
with a Cu Ka (4 = 0.15406 nm) radiation source. The textural
and morphological information was obtained by field-
emission scanning electron microscopy (FESEM, JSM 7800F)
and high-resolution transmission electron microscopy (HR-
TEM, JEM-2100). The element compositions were measured
by energy dispersive X-ray spectroscopy (EDS) measurements.
The Fourier transform infrared spectra (FT-IR) were recorded
on a Bruker spectrometer equipped with a MCT detector at a
resolution of 4 cm™. The specific surface areas were mea-
sured on a Micromeritics ASAP 2010 instrument by the
Brunauer-Emmett-Teller (BET) N, adsorption-desorption
method. Thermo-gravimetric and differential scanning calo-
rimetry (TG-DSC) analyses were conducted on a Setaram
Setsys 16/18 thermo-analyzer in N, or air flow and a heating
rate of 10 K min~". The Co K-edge X-ray absorption fine struc-
ture (XAFS) spectra were taken at Beijing Synchrotron Irradia-
tion Facility (BSRF) with a stored electron energy of 2.2 GeV.
The Co K-edge spectra were processed following the conven-
tional procedure using the IFEFFIT package. The X-ray photo-
electron spectra (XPS) fitted by XPSPEAK41 software with
Shirley-type background were recorded on an ESCALAB 250
X-ray photoelectron spectroscope equipped with a mono-
chromated Al Ko source. The room temperature ° Fe
Mossbauer spectra were obtained using a Topologic 500A
spectrometer and a proportional counter with *’Co (Rh) as a
y-ray radioactive source. The electron paramagnetic reso-
nance (EPR) spectra were collected using a Bruker EPR 1200
spectrometer with a center field at 3320 G and a sweep width
of 100 G at room temperature. The detailed procedures of the
Mossbauer and EPR measurements were similar to our previ-
ous work.>®

2.4. Catalytic activity measurements

BPA degradation tests were carried out in a 200 mL reactor
containing 20 mg L' BPA at pH = 6.0 in a dark box. The reac-
tion temperature was maintained at 25 °C using a water bath.
In a typical test, 5 mg of catalyst was added into a 50 mL BPA
solution and stirred for 30 min to establish the adsorption-
desorption equilibrium. The reaction was initiated by adding
certain amounts of PMS aqueous solution. At predetermined
time intervals, 1 mL samples were withdrawn and immedi-
ately quenched with 0.5 mL of methanol. To determine the
reaction rate of the leached Fe/Co ions, the catalyst was sepa-
rated immediately at different time intervals, and BPA was
continuously degraded by the residual solution for another
15 min. For recycle tests of catalysts, the catalyst was recycled
using a magnet and washed thoroughly with deionized water
three times after each run.

The concentration of BPA was analyzed using high perfor-
mance liquid chromatography (HPLC, Agilent, 1260-Infinity)
at a detection wavelength of 230 nm with a methanol/water
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mixture (70:30, v/v) as the mobile phase. The total organic
carbon (TOC) values were analyzed by a total organic carbon
analyzer (TOC-VCPH/CPN, Shimadzu, Japan). The details of
the BPA degradation intermediates identified by GC-MS
(Varian 450GC-320 MS) and LC-MS can be found in our previ-
ous work.”> The concentrations of leached cobalt and iron
were detected by inductively coupled plasma atomic emission
spectroscopy (ICP-OES). The PMS concentration was deter-
mined using an iodometric method.*** Briefly, 200 pL of
sample was withdrawn and immediately mixed with 1.8 mL
of KI stock solution (0.166 g of KI + 0.04 g of NaHCO;)/100
mL. After reaction for 5 min, the mixture was analyzed by a
UV-vis spectrophotometer at 4 = 352 nm. The calibration
curve of PMS concentration is shown in Fig. S1.}

3. Results and discussion

3.1. Characterization of Fe,Co,@C nanocages

Fig. 1 shows the XRD patterns of Fe,Cog@C-500, Fe;Co,@C-
500, Fe;Co,@C-650, and Fe;Co,@C-800. As can be seen, all of
the four samples showed a main phase of Fe;Co, (JCPDS No.
50-0795).%° In the patterns of the latter three samples, besides
the peaks of Fe;Co,, two peaks at 44.2° and 51.5° were ob-
served, which suggests the existence of Co with a cubic crys-
talline structure (JCPDS No. 89-7093).° The other two weak
peaks at 41.6° and 47.3° in the pattern of sample Fe,Coz@C-
500 were possibly due to the existence of Co with a hexagonal
crystalline structure (JCPDS No. 01-1278) with increasing con-
tent of Co. In addition, the increase of the peak intensities
indicates the better crystallinity and larger crystal size of the
four samples when the heating temperature increases.>®

Fig. 2 displays the SEM images of Fe,Co,@C, which reveal
the typical morphology of the four samples to be nanocages.
As can be seen, the Fe,Co, nanocrystals (white points) were
all well dispersed on the nanocages and the crystal size be-
came larger with increasing the heating temperature from
500 °C to 800 °C,*” which was consistent with the XRD analy-
sis results calculated by the Debye-Scherrer equation (Table
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Fig. 1 XRD patterns of Fe,Co,@C nanocages.
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Fig. 2 SEM images of Fe,Co,@C nanocages (A) FezCo,@C-500, (B)
FezCo,@C-650, (C) FesCo,@C-800, and (D) Fe,Cog@C-500.

S1t). The average size of the Fe,Cog@C-500 nanocages, due
to the smaller particle size of Fe, 3C0,,-Co PBA nanospheres,
appeared to be much smaller, which further suggests the sig-
nificant influence of the iron doping amount on the final
morphology. The TEM image of Fe;Co,@C-650 further con-
firmed the porous structure of the nanocages (Fig. 3A). The
HR-TEM images of single nanocrystals (Fig. 3B-D) clearly
show that the Fe;Co, nanocrystals were completely coated
with the graphene shells (5-20 layers) with an interlayer dis-
tance of 0.34 nm.>* The Fe;Co, nanocrystal exhibits a
d-spacing of 0.20 nm (Fig. 3B), corresponding to the (110)
plane of the Fe;Co, alloy. The chemical composition of
Fe,Co,@C analyzed by EDS (Table S1f) indicates that all of

Fig. 3 TEM image (A) and HR-TEM images (B, C, D) of FezCo;@C-650
nanocages.

This journal is © The Royal Society of Chemistry 2016
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the samples contain N, whose content was also changeable
under the different heating temperatures. In addition, the
EDS mapping (Fig. S2t) confirmed the homogeneous distri-
bution of Fe and Co species in the Fe,Co,@C nanocages. The
high resolution XPS spectrum of N 1s on the Fe;Co,@C-650
surface was deconvoluted into four individual peaks, which
could be assigned to pyridinic N (398.5 eV), pyrrolic N (399.8,
400.6 eV), and quaternary N (401.5 eV), respectively (Fig.
$31).2* All these results suggest that the nitrogen-doped
graphene encapsulated Fe,Co, BZVNs could be successfully
synthesized through the one-step thermal decomposition of
Fe;Co,,-Co PBA nanospheres.

>’Fe Mossbauer spectroscopy was applied to determine
the coordination environment and oxidation state of Fe ions
in the samples (Fig. 4). The spectra were fitted with two sex-
tets, corresponding to the Fe;Co, alloy in different chemical
environments and/or with different crystallite sizes.>® The
blue doublet in the spectra of Fe;Co,@C-500 and Fe,Cos@C-
500 could be assigned to Fe™ in Fe,O;. The corresponding
Mossbauer parameters are shown in Table S2.f As can be
seen, only Fe;Co,@C-650 and Fe;Co,@C-800 contain the pure
phase of Fe metal. The other two samples obtained by
heating Fe,Co,-,-Co PBAs at 500 °C contain more than 20%
Fe,0;, suggesting that the heating temperature largely affects
the oxidation state of iron ions in the samples. Co K-edge
XAFS was employed to confirm the coordination environment
and chemical state of the Co ions in the Fe,Co,@C nano-
cages. In Fig. 5A, the similar pre-edge peak position suggests
that the Co ions in Fe,Co,@C were present mainly in the
form of Co°. The Fourier transforms of the Co K-edge EXAFS
spectra are shown in Fig. 5B. The position of the peaks at

Percent Transmission (%)

Fe,Co @C-500
10 8 6 4 2 0 2 4 6 8 10
Velocity (mm/s)
Fig. 4 Room temperature *’Fe Mdossbauer spectra of Fe,Co,@C
nanocages. The spectra were fitted with two sextets, corresponding to
two kinds of metallic irons in the FesCo; alloy with different chemical
environments and/or different crystallite sizes. The blue doublet in the
spectra of FezCo;@C-500 and Fe,Cog@C-500 could be assigned to
Fe* in Fe,Os.
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Fig. 5 Normalized XANES of Co K-edge (A) and Fourier transforms of
the Co K-edge EXAFS (B) of Fe,Co,@C nanocages; N, adsorption-de-
sorption isotherms (C) and TG-DSC curve (D) of FesCo,@C-650.

around 0.21 and 0.48 nm could be correlated with the length
of the Co-Fe/Co bond.*>"* The slight decrease of the Co-Co/
Fe bond length at around 0.48 nm is most probably due to
the increase of the Co-Fe bond content in the samples with
increasing Fe content and heating temperature, which is con-
sistent with the XRD results.

Fig. 5C shows the N, adsorption-desorption isotherms of
the Fe;Co,@C-650 nanocages. The specific surface area of
Fe;Co,@C-650 was calculated to be 103 m> g™*, which was
much larger than that of the recently reported Co@C cata-
lysts.”* The TG-DSC profile of Fe;Co,@C-650 is shown in Fig.
5D. The increase of the weight at the first stage (179-304 °C)
was due to the oxidation of Fe/Co to oxides. The following
weight loss (over 304 °C) could be ascribed to the combustion
of graphene layers. It was interesting to see that the weight
remained unchanged until the temperature reached 179 °C,
suggesting the good stability of the Fe;Co,@C-650 nanocages.

3.2. Catalytic performance and stability of Fe,Co,@C
nanocages

The catalytic performance of the Fe,Co,@C nanocages was
evaluated by activation of PMS for removal of BPA. As shown
in Fig. 6A, only PMS could not induce significant BPA degra-
dation. A control test using only Fe;Co,@C-650 nanocages
shows that less than 3% of BPA was adsorbed in 30 min,
suggesting its negligible adsorption capacity. The simulta-
neous presence of Fe,Co,@C nanocages and PMS led to a sig-
nificant enhancement of the BPA removal efficiency, which
was much higher than that of commercial metallic iron and
Co030,4. At 30 min, the BPA removal efficiencies of Fe,Cog@C-
500, Fe;Co,@C-500, Fe;Co,@C-650, and Fe;Co,@C-800 were
93%, 84%, 98%, and 87%, respectively. The comparison be-
tween the removal efficiencies of Fe,Cog@C-500 and
Fe;Co,@C-500 suggests that a higher Co content would be
beneficial for the catalytic performance, because Co is usually
considered to be more active than Fe for PMS activation.'*"

Catal. Sci. Technol., 2016, 6, 7486-7494 | 7489
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Fig. 6 (A) Removal efficiency of BPA in different reaction systems
within 30 min; (B) the rate constant of FezCo;@C-650 compared with
that of metallic cobalt (the same content as Co in FezCo;@C-650), iron
powder, Co,03 and Feg gCo,,04. Reaction conditions: [BPA] = 20 mg
L%, [PMS] = 0.2 g L! (if needed), catalyst = 0.1 g L%, T = 298 K, initial
solution pH = 6.0.

The BPA removal efficiency of Fe;Co,@C-650 nanocages was
found to be the highest one when compared with the others,
indicating the less oxidation of the catalyst surface, which is
consistent with the Mossbauer results. The lower catalytic
performance of Fe;Co,@C-800 is most probably due to its
larger crystal size, which could be also evidenced from the
XRD characterization.

The BPA removal kinetics could be fitted well to first-order
kinetics and the results are shown in Fig. 6B. The apparent
rate constant (k) of Fe;Co,@C-650 (0.132 min™') was much
higher than that of the Fe,3C0,,0; nanocages (0.049 min™")
reported in our previous work,'” suggesting the better PMS
activation efficiency of the BZVNs than the bimetal oxides.
The catalytic activity of Fe;Co,@C-650 was also higher than
that of metallic cobalt (the same Co content as Fe;Co,@C-
650), which is most probably because of the synergistic effect
between Fe and Co.'* In addition, about 35% of BPA was
mineralized in 30 min (Fig. 7A), suggesting that BPA was not
only decomposed to small organic compounds, but even min-
eralized to inorganic carbon forms. The time courses of PMS
remaining during the reaction are shown in Fig. S4.f As can
be seen, the PMS remaining in the solution after reaction
was less than 20%, further suggesting the excellent catalytic
performance of Fe;Co,@C nanocages for PMS activation.

7490 | Catal. Sci. Technol., 2016, 6, 7486-7494
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To quantify the contribution of the homogeneous reaction
to the BPA removal efficiency, the leached Fe/Co ions and the
k of the homogeneous reaction catalyzed by the leached Fe/
Co ions at different reaction times were measured (Fig. 7B).
As can be seen, the concentration of the leached Fe was neg-
ligible when compared with that of the leached Co, which
kept increasing to about 3.30 mg L™ at 30 min. This result
further suggests that Co is most probably the main active
site. The k of the homogeneous reaction catalyzed by the
leached Fe/Co ions was shown to increase along with their
concentration. However, the k of the total reaction catalyzed
by Fe;Co,@C-650 (0.132 min™') was more than two times
higher than that of the homogeneous reaction, suggesting
the dominant role of the heterogeneous reaction.

Fig. 7C shows the effect of PMS concentration on the BPA
removal efficiency. As can be seen, the BPA removal efficiency
increased with the PMS concentration increasing from 0.1 to
0.2 g L', however, it decreased with the PMS concentration
further increasing to 0.25 g L™". The optimum PMS concen-
tration could be explained by the competitive reactions which
may adversely affect the generation of reactive species (SO,
+80,7 — $,05°7, HO" + SO, — HSO;).**™*

Finally, the operational stability of Fe;Co,@C-650 was ex-
plored and compared with commercial metallic cobalt. As
shown in Fig. 7D, although the BPA removal efficiency keeps
decreasing after each run due to the continuous loss of the
active component, the operational stability of Fe;Co,@C-650
appears to be much better than that of the metallic cobalt as
well as the recently reported Fe’/Fe;C@CS and Fe’@CS cata-
lysts.>**> In addition, the final leached Co ion concentration
(3.30 mg L™) of Fe;Co,@C-650 is much lower than that of
the metallic cobalt (8.73 mg L™). All these results suggest
that the nitrogen-doped graphene shells were effective to pre-
vent the release of the metal ions, thus resulting in a better
stability.

3.3. Possible degradation pathway of BPA

The formed intermediates during BPA degradation were ana-
lyzed by GC-MS and LC-MS (Fig. S5-S77). From the identified
m/z determined by GC-MS and LC-MS, as well as compared
with the results of previous studies,*®*° nine compounds
(Products A-T) were identified as the main intermediates as
listed in Table S3.f Among them, phenol (m/z = 94) and
4-isopropenylphenol (m/z = 134) were formed through the
cleavage between one of the benzenes and the attack of radi-
cals on the middle carbon atom (Route II in Fig. 8).**® How-
ever, unlike our previous work, more intermediates (Products
C-I) through Route I were detected. As shown in Fig. 8, BPA-
O-catechol (m/z = 244) was formed through the hydroxylation
of the aromatic ring of BPA. Further oxidation of BPA-O-cate-
chol could easily lead to the formation of Products D-F (m/z
= 242, 290, and 276).*” The products at m/z = 232, 234, 250
and 222 were formed through the sequential decarboxylation
of Product F (m/z = 276).*® The product at m/z = 460, with a
high molecular weight, could result from secondary reactions

This journal is © The Royal Society of Chemistry 2016
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Fig. 8 Proposed BPA degradation pathway by activation of PMS on
FezCo,@C-650 nanocages.
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between the products of m/z = 234 and m/z = 234."° Based on
all of these experimental results and the previous
studies,’®™® the BPA degradation pathway by activation of
PMS on Fe;Co,@C-650 nanocages was proposed as shown in
Fig. 8.

3.4. Reactive intermediates during PMS activation over
Fe,Co,@C nanocages

To investigate the activation and oxidation mechanism, the
involved radical intermediates produced in activation of PMS
were probed by radical scavenger experiments. As shown in
Fig. 9A, when TBA, a commonly used radical scavenger for
"OH,”® was added to the reaction solution, only about 16%
decrease of the reaction rate was observed. However, when
methanol, an effective radical scavenger for both SO, and
"OH,** was added to the reaction solution, more than 80%
decrease of the reaction rate was observed. The production of
‘'OH could be ascribed to the strong hydrolysis process of
HSO;".>" In addition, the more remarkable reaction rate de-
crease caused by methanol indicates that SO, is most proba-
bly the dominant reactive intermediate during the activation
of PMS by Fe;Co,@C-650 nanocages.

EPR/DMPO experiments were carried out to further con-
firm the identity of the involved reactive intermediates. As
shown in Fig. 9B, characteristic signals for both DMPO-"OH
adducts (with ay = ay = 14.9 G) and DMPO-SO," adduct

Catal. Sci. Technol., 2016, 6, 7486-7494 | 7491
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Fig. 9 (A) Comparison of the reaction rate with and without radical

scavengers; (B) time-dependent EPR spectra for the activation of PMS
by FesCo,@C-650 nanocages; reaction conditions: [BPA] = 20 mg L%,
[PMS] = 0.2 g L%, catalyst = 0.1 g L%, [scavenger] = 0.2 M (if needed), T
= 298 K, initial solution pH = 6.0.

(with ax = 13.2 G and ay = 9.6 G) were observed at the differ-
ent reaction times, revealing that both SO,” and "OH were
generated during the activation of PMS by Fe,Co,@C nano-
cages.”®”® The stronger intensity of the signal for the
DMPO-'OH adduct was probably due to the instability of the
DMPO-SO,~ adduct, which was reported to be easily
decomposed to DMPO-"OH over time.*"** Fig. S8t shows the
time-dependent relationship between the BPA removal effi-
ciency and the relative peak intensities of DMPO-"OH/
DMPO-SO,". The DMPO-SO,” adduct reached the highest
peak intensity at about 10 min, when saturated HSO5; was
adsorbed on the catalyst surface. Then the gradually decreas-
ing DMPO-SO," intensity indicates the continuous consump-
tion of the SO, radicals for BPA removal. However, the evo-
lution of the DMPO-'OH intensity remained at a relatively
higher value and exhibited almost no change during the first
15 min. Then the large decrease of the DMPO-'OH intensity
could also be ascribed to the continuous consumption of the
SO, radicals. All these results further confirm SO, as the
dominant radical involved during PMS activation over
Fe,Co,@C nanocages.

3.5. Mechanism of PMS activation over Fe,Co,@C nanocages

To understand the mechanism of PMS activation over
Fe,Co,@C nanocages, it is important to clarify the structural
changes of the catalyst and the redox cycling of the Fe and
Co species during the whole reaction process. To this end, a

7492 | Catal Sci. Technol., 2016, 6, 7486-7494
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number of techniques were applied for the characterization
of the catalyst after the reaction process.

The XRD patterns of Fe;Co,@C-650 before and after a 4-cy-
cle run are shown in Fig. S9.f As seen, besides the diffraction
peaks of Fe;Co, no other impurity peaks were detected. More
important, the morphology of Fe;Co,@C-650 nanocages was
found to remain unchanged even after the 4-cycle run (Fig.
S10A and Bf), and there were no new absorbance bands
detected by FT-IR after reaction (Fig. S11%), further
suggesting the good stability of the Fe;Co,@C-650 nanocages.
The HR-TEM images of Fe;Co,@C-650 after the 4-cycle run
are shown in Fig. S10C and D;t interestingly, the lattice spac-
ing of 0.21 nm was found to correspond well to the (400)
plane of y-Fe,03 (JCPDS No. 04-0755), suggesting that the oxi-
dation of Fe occurred most probably during the PMS activa-
tion over the Fe,Co,@C nanocages.

The XPS spectra of Fe;Co,@C-650 nanocages before and
after the 4-cycle run of the catalytic oxidation process were in-
troduced to further explore the activation mechanism of
PMS. Fig. 10A-C show the high resolution XPS spectra of Fe
2ps3s2 on the Fe;Co,@C-650 surface before and after the reac-
tion. The three peaks with binding energies located at 707.4,
710.4 and 712.5 eV, with relative contributions to the overall
Fe intensity of 17%, 31% and 52%, could be assigned to Fe’,
B-site, and A-site Fe'" in y-Fe,0;, respectively.”>® However,
after the catalytic oxidation reaction, the relative contribu-
tions of these three peaks change to 10%, 50%, and 40%, re-
spectively. This result further confirms the oxidation of Fe® to
Fe'" during the PMS activation over the Fe,Co,@C nanocages.
Fig. 10B-D show the high resolution XPS spectra of Co 2p;/,
on the Fe;Co,@C-650 surface before and after the reaction.
The two peaks with binding energies positioned at 778.6 and
780.4 eV, with relative contents of 41% and 59%, could be
assigned to Co° and Co", respectively.”” After the reaction,

Fe2p,  before reaction Co 2 p,, before reaction
(B)
Co(!
COIIl
=
B
&
£
- Fe2p, , after reaction Co 2 p,, after reaction
-
=
_
© AN
i
FeII e
_dto B-sKe
A-site X Co’
""""""""" V‘ U v
718 716 714 712 710 708 706 784 782 780 778 776

Binding Energy (eV)

Fig. 10 High resolution XPS spectra of Fe 2ps,» (A-C) and Co 2ps,>
(B-D) of Fe3Co,@C-650 nanocages before and after reaction.

This journal is © The Royal Society of Chemistry 2016
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the relative contents of Co® and Co™ change to 16% and

84%, respectively. The decrease of the Co° content on the
Fe;Co,@C-650 surface indicates the oxidation of Co°® to Co™
during the PMS activation process.

Therefore, the overall mechanism of PMS activation over
Fe,Co,@C nanocages was proposed as shown in Fig. 11.
Firstly, Fe,Co,@C nanocages could release Co’’/Fe*" ions at
certain conditions and activate PMS to generate SO,  radicals
through eqn (1)-(3).””*® Meanwhile, Co°/Fe’ in Fe,Co,@C
could activate PMS to produce SO,  radicals through eqn (4)
with itself being oxidized to =Co"/Fe".>"*° Secondly, the
generated =Co"/Fe" could be quickly oxidized further by
PMS witFurthermore, both =Co0°/Fe® and PMS could reduce
=Co"/Fe"" to =Co"/Fe'" and thus make the reaction proceed
cyclically until PMS is completely consumed.**>">°

=Co°/Fe® — Co*"/Fe*" + 2¢” (1)
Co?*'/Fe** + HSO5 — Co*'/Fe*" + SO, + OH~ (2)
Co*'/Fe** + HSO5~ — Co*'/Fe*" + SO + H' (3)

=Co"/Fe’ + 2HSO;~ — =Co"/Fe" + 250, + 20H"  (4)

=Co"/Fe'" + HSO;~ — =Co™/Fe™ + SO, + OH~ (5)
=Co""/Fe"" + HSO;~ — =Co"/Fe" + SO;™ + H" (6)
=Co"/Fe’ + 2 =Co"'/Fe"" — 3 =Co"/Fe" 7)
SO, + BPA — CO, + intermediates (8)

4. Conclusions

In summary, a series of Fe,Co,@C nanocages were success-
fully fabricated by simple thermal decomposition of Fe,Co,-,-
Co PBA nanospheres at 500, 650, and 800 °C. The heating
temperature was found to largely affect the final crystallinity,
porous structure, and even the oxidation state of Fe,Co,@C.

This journal is © The Royal Society of Chemistry 2016
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Fe;Co,@C-650 obtained at 650 °C shows the highest catalytic
activity for BPA removal by PMS activation, due to the less ox-
idation of the catalyst surface. The nitrogen-doped graphene
shells were demonstrated to play a significant role in enhanc-
ing the stability of the Fe;Co, catalyst, as well as in
preventing the release of the metal ions which thus results in
a better recycling performance. Through radical scavenger
and EPR/DMPO experiments, SO, radicals were proved to
play a dominant role in the activation of PMS for BPA re-
moval. The BPA degradation pathway, mainly through hy-
droxylation, oxidative skeletal rearrangement, and decarboxyl-
ation, was proposed. Moreover, based on the systematic
characterization of Fe;Co,@C-650 before and after the reac-
tion, the mechanism for PMS activation on the catalyst sur-
face as well as in the bulk solution was proposed. These find-
ings may pave the way towards the development of high-
performance and long cycling BZVNs for catalytic elimination
of various pollutants.
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