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A B S T R A C T   

We report a solid-state synthesis procedure for the facile fabrication of N-doped cobalt ferrite (N-CoFeO). A 
surface ferric coagulation-thermal treatment process was then developed to minimize cobalt leaching by creating 
a γ-Fe2O3-containing nanocage on the surface of the N-CoFeO. A remarkable decrease in the concentration of 
leached Co from 182.2 μg L− 1 to 2.7 μg L− 1 evidenced the promising potential of the cobalt leaching inhibition 
method. Further study confirmed that the minimization of cobalt leaching was achieved via cation vacancies in 
the γ-Fe2O3-containing nanocage. This cation vacancies could bind metal ions and facilitate the generation of 
surface hydroxyl groups, rendering negligible Co leaching during reaction process. Furthermore, the nanocage 
covered N-CoFeO (N-CoFeO@Fex) exhibited superior performance for bisphenol A degradation within a wide pH 
range. Higher dosages of both the catalyst and peroxymonosulfate jointly intensified the degradation perfor-
mance. Both radical and non-radical pathways were involved in the degradation process. It also should be noted 
that HO• exhibited negligible contributions to BPA degradation during the catalytic process. Furthermore, BPA 
degradation pathway was proposed by chromatography-mass analysis assisted with density functional theory 
(DFT) calculation, and the mechanism were proposed comprehensively.   

1. Introduction 

Sulfate radical (SO4
•− )-based advanced oxidation processes (SR- 

AOPs) exhibit better performance for the degradation of non- 
biodegradable organic pollutants due to its higher redox potential 
(2.5–3.1 V), wider effective pH range and comparatively longer half-life 
(t1/2 = 30–40 μs) than the hydroxyl radical (HO•) [1]. Thus, the efficient 
generation of SO4

•− gradually became the primary focus for refractory 
organic pollutant elimination [2]. 

SO4
•− can be generated through persulfate (PS) or peroxymonosulfate 

(PMS) activation [3,4]. Various methods have been trialed to generate 
SO4

•− from PS and PMS, including transition metals [5], ultrasound [6], 
ultraviolet radiation [7], heat [8], base [9], among others. It has been 
widely accepted that activation by transition metal ions (such as Ni, Co, 
Fe, Mn, Zn, etc.) is superior to the other methods because of the con-
venience in its application without external energy inputs [10]. Of the 
various transition metals, cobalt is further considered as the most 

efficient element for the generation of SO4
•− [11]. However, the use of 

cobalt in solutions causes severe secondary pollution due to its toxic 
nature. Therefore, heterogeneous catalytic processes for the activation 
of PS and PMS by cobalt-containing solid catalysts have attracted sig-
nificant attention, such as Co3O4 or cobalt ferrite [12]. However, this 
process is still limited by notable cobalt leaching, which is a micro-
phenomenon that usually occurs on the interface of mass transmission 
between catalysts and solutions. Co leaching seems to be inevitable since 
electron transmission during the catalytic process destroys the charge 
balance and structural stability of the catalyst. The leached cobalt usu-
ally significantly enhances the efficiency of organics degradation 
through a homogeneous catalytic degradation pathway. Therefore, an 
apparent pseudo-performance with very high degradation efficiency 
could be attained by those ‘hybrid heterogeneous and homogeneous 
catalytic processes’, but actually contributed by homogeneous reactions. 
The leached cobalt causes similar secondary pollution, although the 
concentration of the leached cobalt from catalysts is largely lower than 
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that of homogeneous processes [13]. It also has been reported that the 
cobalt leaching decreases the stability of the catalysts, rendering lower 
reusability in consecutive applications [14]. Therefore, the minimiza-
tion of cobalt leaching became the primary challenge in the develop-
ment of environmentally-friendly and frequently reusable 
heterogeneous cobalt-containing catalysts. However, no effective strat-
egy for the controlling of cobalt leaching from cobalt-containing cata-
lysts has been reported up till now. A solution is proposed here viz. 
nitrogen doping in cobalt-containing catalysts. The cobalt (Lewis acid) is 
susceptible to bind with N (Lewis base) to form strong Co-N coordination 
to inhibit cobalt leaching and enhance the catalytic performance [15]. 
On the other hand, it has been reported that γ-Fe2O3 may bind metal ions 
by its excellent cations adsorption capacity [16,17]. Moreover, γ-Fe2O3 
in solution may in reality be a hydrogen oxide which could facilitate the 
formation of surface hydroxyl groups [18]. This might provide another 
feasible solution to minimize the cobalt leaching due to the very low 
solubility product constant (Ksp) of Co(OH)2 (5.92*10− 15) and Co(OH)3 
(1.6*10− 44) [19]. Therefore, the minimization of cobalt leaching from 
catalysts may be realizable based on the solutions as mentioned above. 

Another limitation to be noted is the yield of the catalyst synthesis. It 
has been widely reported that catalysts could be synthesized through 
sol-gel, co-precipitation, and solvent-thermal method, among others 
[20]. However, all these methods exhibit vital flaws for possible large- 
scale applications because of their extraordinary limited yields. There-
fore, the facile synthesis of cobalt-containing catalysts with considerable 
yield is also highly desired. Against this background, solid-state syn-
thesis could be considered as an alternative method. It has been reported 
that nickel-doped ordered mesoporous carbon was successfully synthe-
sized through a solid-state process, which has potential applications as a 
supercapacitor and adsorbent [21]. This solid-state process inspires the 
fabrication of a cobalt ferrite through a similar procedure. 

In this study, an N-doped cobalt ferrite (N-CoFeO) catalyst was 
fabricated through a facile solid-state synthesis procedure. A ferric 
surface coagulation-thermal treatment (FSCT2) process for efficient 
minimization of cobalt leaching from the catalysts was then developed 
and evaluated. The catalysts were characterized using various tech-
niques and subsequently, used for the activation of PMS to evaluate its 
catalytic capability by degrading bisphenol A (BPA), a common 
endocrine-disrupting compound, as a representative organic pollutant. 
The pivotal parameters, including the effects of catalyst dosage, PMS 
concentration, and initial pH, as well as the stability and reusability of 
the catalyst, were evaluated. Dominant reactive oxidative species were 
identified by radical scavenging test and electron paramagnetic reso-
nance analysis. Finally, based on the liquid chromatography mass 
spectrometry with ion-trap mass spectrometer and time-of-flight (LCMS- 
IT-TOF) analysis and DFT calculation, the degradation pathways and 
reaction mechanism of BPA were proposed. 

2. Materials and methods 

2.1. Chemicals 

All chemicals were used without further purification. The solutions 
used were prepared using reagent-grade chemicals and deionized water 
(18.2 MΩ cm) from a Milli-Q system (Millipore, German). The chemicals 
and reagents are provided in Text S1. 

2.2. Synthesis of catalyst and characterization 

The catalysts were prepared by solid-state grinding method. Typi-
cally, 1 mmol Fe(acac)3, 1 mmol Co(NO3)3⋅6H2O, 1.67 mmol C8H6O4, 
and 3 mmol 2-methylimidazole were added orderly into a mortar 
without any solvent, and the purple red muddy product could be ob-
tained after fully grinding within 5 min manually. The product was then 
moved to a planetary ball mill for full mixing. The ball mill consisted of 
four grinding jars at a rotation speed of 300 rpm in air for 4 h. After that, 

the product was heated to 400 ◦C by a muffle furnace at a ramp of 5 ◦C 
min− 1 in open air to obtain the N-doped cobalt ferrite (N-CoFeO). 

The N-CoFeO was then treated through the FSCT2 process. Typically, 
a series of ferric chloride solution with different mass concentration of 
0.045 g L− 1, 0.18 g L− 1, 0.72 g L− 1, and 1.8 g L− 1 were prepared by 
dissolving FeCl3⋅6H2O in deionized water, 150 mg N-CoFeO was then 
added into 60 mL each ferric solution and rotated for 2 h, respectively. 
The solution pH was further adjusted by NaOH to 12.0 and incubated for 
2 h. Then, the precipitate was obtained by magnet, washed with distilled 
water for three times and dried at 60 ◦C for 6 h. The dried samples were 
heated at 400 ◦C for 1 h with a temperature ramp of 5 ◦C min− 1 again to 
obtain the N-CoFeO@Fex (x = 0.045, 0.18, 0.72, 1.8 g L− 1). In addition, 
CoFeO was synthesized using the same procedure without the addition 
of 2-methylimidazole and FSCT2 process. The synthesis condition of 
various catalysts is shown in Table S1. In addition, characterization 
methods for the obtained samples are shown in Text S2. 

2.3. Catalytic degradation and analysis method 

BPA degradation experiments were conducted in 150 mL glass ves-
sels under room temperature (25 ± 1 ◦C). Unless otherwise stated, the 
initial solution pH was adjusted to 6.5 with NaOH (0.1 M) or HCl (0.1 
M). Typically, 100 mL of BPA solution (50 μM) and 0.2 g L− 1 catalysts 
were added. Then the catalysts were uniformly dispersed by sonication 
for 30 s. Before the catalytic reaction was initiated, the solution was 
mechanically stirred for 20 min to achieve an adsorption-desorption 
equilibrium, then the reaction was activated by PMS addition. After 
different time interval, 1.0 mL solution samples were withdrawn, 
immediately filtered with 0.22 μm filter and quenched with 0.5 mL 
methanol. The BPA concentration was immediately detected by ultra- 
high-performance liquid chromatography (UHPLC, Thermofisher, Ulti-
mate 3000, USA) with a DAD detector at the wavelength of 278 nm and a 
C18 column. The mobile phase was composed of acetonitrile and water 
(50:50, v:v) with a flow rate of 0.2 mL min− 1. The detection method of 
other typical organic pollutants was listed in Table S2. The dissolved Co 
and Fe ion leaching concentration was analyzed by inductively coupled 
plasma-optical emission spectrometer (ICP-OES, Thermo Fisher, iCAP 
6300, USA). The used catalysts were separated from the aqueous solu-
tion by external magnet, washed by deionized water and dried at 60 ◦C 
prior to the next cycle. In addition, LCMS-IT-TOF (Shimadzu Corpora-
tion, Japan) was used to identity the degradation intermediates (detail 
information was shown in Text S3). All the experiments were conducted 
more than triplicate at the given conditions. 

3. Results and discussion 

3.1. Apparent pseudo-performance 

BPA degradation was achieved via PMS activation using the pristine 
N-CoFeO and CoFeO as catalysts. Fig. S1 exhibited BPA adsorption ef-
ficiency onto catalysts over 60 min, the equilibrium adsorption of BPA 
on N-CoFeO and CoFeO of 15.5% and 17.1%, respectively, were ach-
ieved within 20 min. Complete BPA degradation by N-CoFeO and 
CoFeO, coupled with PMS (Fig. 1a) demonstrated the effective catalytic 
performance of the catalysts. The contribution of homogeneous catalytic 
reactions was evaluated in cobalt leaching solutions obtained by 
dispersing 20 mg each of N-CoFeO and CoFeO in 100 mL distilled water 
for 2 h, respectively. Filtered solutions were then used to activate PMS 
for BPA degradation at the same conditions. Fig. 1b shows over 95% 
degradation of BPA (k = 0.0484 min− 1) within 80 min by the leaching 
solution obtained from CoFeO, demonstrating that BPA degradation by 
CoFeO/PMS was a homogeneous catalysis prevailed process. ICP anal-
ysis further proved that significant Co2+ (0.18 mg L− 1) was released to 
the solution by the catalyst. By contrast, 84.2% degradation of BPA (k =
0.0268 min− 1) by the N-CoFeO leaching solution coupled with PMS was 
lower than that of CoFeO within the same time. This finding 
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demonstrates that nitrogen doping significantly decreases the cobalt 
leaching (0.11 mg L− 1 of cobalt ions existed in solution). Nevertheless, 
the leached cobalt was still considerable. In the current study, FSCT2 

process was developed to create a ferric oxide shell on the surface of N- 
CoFeO to minimize the cobalt leaching. A category of Fe-shelled N- 
CoFeO was synthesized, which is described as N-CoFeO@Fex (where x 
represents the mass concentration of ferric chloride during the FSCT2 

process). It is demonstrated that N-CoFeO@Fex with x = 0.045, 0.18, 
0.72, and 1.8 could remove 24.40%, 23.28%, 22.82% and 20.83% BPA 
within 20 min through adsorption without the addition of PMS (Fig. S1), 
respectively. This finding indicates the higher BPA adsorption capacity 
of N-CoFeO@Fex than CoFeO (17.1%) and N-CoFeO (15.5%). The cat-
alytic degradation performance revealed that PMS alone is incapable of 
BPA degradation, whereby only 3% of BPA was removed (Fig. S2). By 
contrast, significant degradation of BPA occurred with the simultaneous 
presence of N-CoFeO@Fex and PMS, whereby 99.2%, 98.7%, 92.4%, 
and 67.6% BPA was degraded in 2 h at x = 0.045, 0.18, 0.72, and 1.8, 
respectively. These findings demonstrate that the catalytic performance 
of N-CoFeO@Fex decreases with the increase of x. ICP analysis indicated 
leached cobalt concentrations of 6.0, 3.9, 3.3, and 2.7 μg/L at x of 0.045, 
0.18, 0.72, and 1.8, respectively (Fig. 1c). This result demonstrates that 
the FSCT2 process is remarkably effective in minimizing cobalt leaching 
from catalysts compared with the pristine CoFeO (180 μg/L) and N- 
CoFeO (110 μg/L), respectively. Therefore, homogeneous catalysis 
contribution for BPA degradation was carried out using leaching solu-
tions from N-CoFeO@Fe0.18. The results indicated a negligible BPA 
degradation efficiency of <4% (k = 0.0005 min− 1) compared to the 
leaching solution obtained from the pristine CoFeO (>95% BPA was 
degraded within 2 h, k = 0.04836 min− 1). This finding further corrob-
orates the effectiveness of the FSCT2 process in minimizing the cobalt 
leaching. The comparison of cobalt leaching with existing reported 

catalysts were shown in Fig. 1d and Table S3, which exhibits the peaked 
cobalt leaching minimization of this study that only 0.005% (m/m) of 
cobalt was released from catalyst after the treatment of FSCT2 process. 
In addition, the release of metal ions by adding PMS was also investi-
gated. ICP analysis indicated leached cobalt concentration was 17.6 μg/ 
L during reaction process in 2 h. This result indicates that the release of 
metal ion was slightly higher than that in distilled water, which can be 
attributed to increased H+ activity under acidic environment, which 
caused by the PMS addition. Nevertheless, the concentration of cobalt 
leaching was still considerably lower than most reported research. 
Therefore, variations in the physicochemical properties of the catalysts 
before/after the FSCT2 process should be carefully evaluated to eluci-
date the mechanism of cobalt leaching control by the FSCT2 process. 

3.2. Characterization of catalysts 

The morphological structures of the catalysts are illustrated in Fig. 2. 
FESEM image of N-CoFeO demonstrates a sponge-like morphology 
(Fig. 2a-b). FESEM images of N-CoFeO@Fe0.18 (Fig. 2c-d) further 
demonstrate the similar morphology with N-CoFeO, indicating that the 
FSCT2 process does not change the morphology of N-CoFeO. Similar 
morphological structure and surface element distribution of the N- 
CoFeO@Fex at x = 0.045, 0.72, and 1.8 are shown in Figs. S3–S5. XRD 
analysis (Fig. 2e) shows that all the catalysts obtained in this study are 
cobalt ferrite (JCPDS No. 02-1045), indicating that the FSCT2 process 
negligibly affected the phase and crystallinity of the pristine catalysts. 
Fig. S6 shows the phase and crystallinity of the catalysts were stable 
after the catalytic reaction. Fig. S7 shows that the CoFeO and N-CoFeO 
exhibit the same phase, and higher crystallinity was observed after N- 
doping. N2 adsorption-desorption analysis demonstrates that the BET 
surface area of N-CoFeO is 34.92 m2/g. Moreover, BET surface areas of 

Fig. 1. (a) BPA degradation by different catalysts; (b) BPA degradation by homogeneous leaching solution obtained from different catalysts; (c) schematic illustration 
of leaching control effect under different catalysts systems. Reaction conditions: [BPA] = 50 μM, [catalysts] = 0.2 g L− 1, [PMS] = 0.5 mM, pH0 = 6.5, [Temperature] 
= 25 ◦C; (d) Comparison of Co leaching with existing studies, references were shown in Table S3. 
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60.83, 59.73, 59.54, and 73.00 m2/g of N-CoFeO@Fex were obtained at 
x = 0.045, 0.18, 0.72, and 1.8, respectively. Overall, the BET surface 
area of N-CoFeO@Fex is significantly higher than that of N-CoFeO, 
which can be explained by the removal of the ashes produced during the 
thermal treatment process in the FSCT2 process, rendering larger 
exposed porous structure. The obvious hysteresis between the durative 
increase of the adsorption and desorption curves at 0.5–0.7 further 
demonstrates the wide existence of mesopores on the surface of the 
catalysts (Fig. 2f). Pore width distribution further proves its mesoporous 
nature, with pore sizes ranging between 3 and 57 nm (Figs. S8-S9), 
which is responsible for intensifying the BPA adsorption performance. 
The element mapping of N-CoFeO reveals that C, N, O, Fe, and Co are 
uniformly distributed in the catalysts (Fig. 2b), which is similar with that 
of N-CoFeO@Fe0.18. It seems that the Fe-shell could not be directly 
observed by FESEM-EDX mapping, therefore, further characterization 
was conducted to evidence the formation of the Fe-shell. 

EDX analysis showed a slight decrease in the abundance of Co rich 
phase on the surface of N-CoFeO@Fex (Fig. 1c), possibly indicating the 
successful creation of the Fe-shell on the surface of the catalysts. This 
conclusion was further evidenced by element mapping coupled with 
transmission electron microscope. In Fig. 3a, the surface element map-
ping of Co (red) and Fe (yellow) clearly shows the successful creation of 
the Fe-shell on the surface of the catalysts. Fig. 3b further shows the 

created Fe-shell on the surface of the catalysts, which can be briefly 
described as Fig. 3c. Fig. 3d-e show that catalyst with a cobalt ferrite 
core covered by a layer of porous Fe-shell and numerous exposed active 
sites (marked in Fig. 3d-e), demonstrates that the FSCT2 process did not 
completely cover the surface cobalt sites of N-CoFeO@Fex (Fig. S10), 
which can be briefly described as Fig. 3f. 

3.3. Mechanism of cobalt leaching minimization 

The Fe-nanocage was prepared individually without the addition of 
catalysts to confirm its physicochemical characteristics. XRD analysis 
(Fig. 4d) demonstrates that the Fe-nanocage consisted of α-Fe2O3 
(JCPDS#33-0664) and γ-Fe2O3 (JCPDS#25-1402). The basic structure 
of γ-Fe2O3 is closely related to the inverse spinel Fe3O4 which each unit 
cell contains eight formula units—(Fe3+)8[Fe3+Fe2+]16O32, where () and 
[ ] represent tetrahedral and octahedral coordination, respectively. 
However, γ-Fe2O3 is actually in a cell contents (Fe3+)8[Fe3+]40/3□8/ 

3O32 due to the existence of cation lattice vacancies (where □ represent 
cation vacancies) [18]. The cation vacancies would cause H+ bonded 
with neighbored lattice oxygen (Fig. 4a) to attain the lowest chemical 
potential. Therefore, γ-Fe2O3 in solution may in reality be a hydrogen 
oxide (H1− xFe5+x/3O8) [18], which would facilitate the formation of 
surface hydroxyl groups (Eq. (3)). As known, Co(OH)2 and Co(OH)3 

Fig. 2. Characterization of N-CoFeO and N-CoFeO@Fe0.18: (a)-(b) FESEM image of N-CoFeO; (b-1)-(b-4) EDX element mapping of Co, Fe, N and O obtain from (b); 
(c)-(d) FESEM image of N-CoFeO@Fe0.18; (d-1)-(d-4) EDX element mapping of Co, Fe, N and O obtain from (d); (e) The XRD analysis of the pristine catalysts N- 
CoFeO@Fex (x = 0, 0.045, 0.18, 0.72, 1.8); (f) N2 adsorption/desorption analysis of N-CoFeO@Fex (x = 0, 0.045, 0.18, 0.72, 1.8). 
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have solubility product constants (Ksp) of 5.92*10− 15 and 1.6*10− 44 

[19], respectively, and, thus can be classified as slightly soluble or 
insoluble compounds (Eqs. (1) and (2)). Consequently, the leached co-
balt ions would be easily precipitated by surface hydroxyl groups to 
generate cobalt hydroxyl species. This process may provide a possible 
solution to minimize the cobalt leaching in the formation of cobalt 
precipitates. 

Co(OH)2⇌Co2+ + 2OH− Ksp = [Co2+]⋅[OH− ]
2
= 5.92 × 10− 15 (1)  

Co(OH)3⇌Co3+ + 3OH− Ksp = [Co3+]⋅[OH− ]
3
= 1.6 × 10− 44 (2) 

On the other hand, it has been reported that γ-Fe2O3 may bind metal 
ions by adsorbing cations in the vacancies [16], which may be another 
effective way to inhibit the cobalt leaching. Therefore, we speculate that 
γ-Fe2O3 may inhibit the leached cobalt in the two pathways mentioned 
above. To evidence this hypothesis, a controlled experiment was carried 
out by adding 10 mg nanocage into Co2+ solution (pH = 6.5) for 24 h. 
The results showed that the nanocage could efficiently bind Co ions. The 
Co2+ concentration decreased to 4.5–37 mg L− 1 with the initial Co2+

concentrations range of 26–260 mg L− 1 (Fig. S11), confirmed that 
γ-Fe2O3 nanocage is effective in bind cobalt. Hence, we conclude that 
the leached Co species from catalyst (core) is trapped by the surficial 
γ-Fe2O3 nanocage (shell) in strong interaction, rendering negligible co-
balt leaching during reaction process. EPR analysis was employed to 
confirm the existence of cation vacancies in the nanocage. The results 
(Fig. 4b) demonstrate that the existence of cation vacancies was negli-
gible in the pristine N-CoFeO. After the FSCT2 process, N-CoFeO@Fe0.18 
exhibited considerable cation vacancies, which is responsible for the 
adsorption of cobalt and the formation of abundant surface hydroxyl 
groups. The existence of considerable cation vacancies in the nanocage 

was further revealed. Therefore, it can be confirmed that the γ-Fe2O3 in 
the nanocage supplied the cation vacancies on the surface of N- 
CoFeO@Fe0.18. TG-DSC analysis was further used to confirm the cation 
vacancies in the nanocage (Fig. 4c). The sharp decrease in weight at 
temperatures below 135 ◦C could be ascribed to the evaporation of 
absorbed water. From 135 ◦C to 900 ◦C, the residual weight of the 
nanocage continuously decreased at a very low rate. This observation 
could be attributed to the emission of the lattice oxygen neighbored with 
Fe vacancies, which would cause a phase transition of the nanocage. It 
should be noted that DSC analysis also exhibited an endothermic peak 
positioned at 810 ◦C, indicating the occurrence of a phase transition. 
XRD analysis was further used to evidence the phase transition of 
calcined nanocage at 950 ◦C, whereby the phase of the α/γ-Fe2O3 
nanocage transformed to α-Fe2O3 (JCPDS#02-0919) after calcination at 
950 ◦C (Fig. 4d). A summary of the phase transition of the nanocage 
before and after calcination at 950 ◦C is presented in Table S4. The 
positive effect of the cation vacancies in the nanocage was further 
confirmed by using N-CoFeO@α-Fe2O3 (calcined N-CoFeO@Fe0.18 at 
950 ◦C) and its cobalt leaching solution for PMS activation under same 
conditions. The results indicated 82.6% degradation efficiency of BPA 
by N-CoFeO@α-Fe2O3, and 50% of BPA was degraded by the leaching 
solution obtained from N-CoFeO@α-Fe2O3 (Fig. S12). This result 
demonstrated that cobalt leaching re-occurred when α/γ-Fe2O3 nano-
cage on the surface of N-CoFeO@Fe0.18 was transformed into α-Fe2O3, 
indicating decreased cobalt adsorption sites and surface hydroxyl gen-
eration performance. EPR analysis evidenced that the cation vacancies 
in N-CoFeO@α-Fe2O3 are significantly lower than that of N- 
CoFeO@Fe0.18 (Fig. 4b). An explanation for this difference is that the 
calcination at 950 ◦C decreased the abundance of cation vacancies in the 
nanocage on the surface of catalysts, and consequently, decreased the 
surface hydroxyl generation performance and cobalt adsorption 

Fig. 3. (a) TEM-EDX element overlap mapping of Co and Fe of N-CoFeO@Fe0.18; (b) TEM-EDX element overlap mapping of Co, Fe and O of N-CoFeO@Fe0.18, which 
indicates the formation of Fe-shell on the surface of the catalysts; (c) schematic of prepared N-CoFeO@Fe0.18 and Fe-nanocage; (d)-(e) TEM-EDX element overlap 
mapping of Co, Fe and O of N-CoFeO@Fe0.18, which indicates cobalt reactive sites on the surface of N-CoFeO@Fe0.18; (f) schematic of cobalt reactive sites on the 
surface of catalyst. 
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capacity by vacancies, rendering re-occurred cobalt leaching. 
Moreover, it also should be mentioned that nearly 6% of BPA was 

removed by the leaching solution from N-CoFeO@Fe0.18, which was 
notably lower than that of CoFeO@Fe0.18. This finding demonstrated 
that N doping could also decrease the metal leaching by the stronger 
binding of Co and N than that of Co-Co [22]. 

γ − Fe2O3 ̅̅→
H2O H1− xFe5+x/3O8 ̅̅→

H2O Fe5+x/3O7+x − (OH)1− x (3)  

3.4. Effect of various reaction conditions 

The effect of catalytic conditions was discussed in detail, which is 
shown in SI. Generally, the degradation efficiency appeared to increase 
with the increase of catalysts dosage (Fig. S13). The BPA degradation 
efficiency also exhibited a dependence on PMS concentration (Fig. S14). 
The degradation efficiency increased from 61% to 99% with increase 
PMS dosage from 0.1 mM to 0.5 mM, and further increases in PMS 
concentration exhibited a negligible increase in degradation efficiency. 
Moreover, the effect of initial solution pH (pH0) on BPA degradation was 
examined and negligible changes in removal efficiency were observed in 
a wide range from 4.0 to 9.0 (Fig. S15), which is different with many 
existing studies [23,24]. Based on the considerable cation vacancies on 
the surface of the catalysts, we conclude that the catalyst is capable of 
being an effective H+ activity inhibitor due to the abundant surface 
hydroxyl groups generated by the cation vacancies (Eq. (3)). This 
conclusion can be evidenced by the XPS analysis, whereby the amount of 
surface hydroxyl (OH− ) significantly increased after reaction (Fig. S16). 
Furthermore, a sample experiment was conducted to evaluate its H+

activity inhibition performance. Briefly, 10 mg N-CoFeO, N- 
CoFeO@Fe0.18, and γ-Fe2O3 containing nanocage were added in 100 mL 

water with initial pH of 6.5, respectively, and the solution pH immedi-
ately changed to 6.45 (N-CoFeO), 6.52 (N-CoFeO@Fe0.18), and 6.59 
(nanocage). Then, 100 μL of HCl solution (0.05 mol/L) was added in 
each solution. After equilibrium, the solution pH changed to 5.2 (N- 
CoFeO), 6.15 (N-CoFeO@Fe0.18), and 6.82 (γ-Fe2O3 containing nano-
cage), indicating that H+ was effectively inhibited or consumed. 
Therefore, although the activity of H+ is comparatively high in an acidic 
solution to quench SO4

•− and HO• (Eqs. S5-S6), the H+ activity would also 
be inhibited by the abundant surface hydroxyl groups and cation va-
cancies, which explains the stable catalytic performance. On the other 
hand, the protonation of surface hydroxyl groups would enhance the 
PMS adsorption through electrostatic interaction, which may be another 
explanation for the negligible pH effect at the catalytic stage at pH0 of 
4.0–9.0. In addition, Fig. S17 illustrates the decrease of equilibrium pH 
to 3.5, 3.7, 3.9 with the pH0 of 4.0, 6.5 and 9.0, further proving the H+

inhibition capability of the nanocage-covered catalysts. However, 
further increase of pH0 (11.5) demonstrated a significant negative in-
fluence on BPA degradation, which can be attributed to the deproto-
nation of the catalysts surface under strong basic condition, rendering a 
negatively charged surface. The PMS could not be effectively adsorbed 
due to electrostatic repulsion, further weakening the interaction be-
tween PMS and the catalysts. Moreover, the comparison with other 
literature of BPA degradation by PMS activation was shown in Table S5. 

Additionally, the reusability of the N-CoFeO@Fe0.18 was also eval-
uated (Fig. S18). BPA degradation efficiencies of >99%, 97%, and 90% 
were obtained within three cycles, respectively. This observation may be 
caused by the adsorbed organic intermediates on the surface of the 
catalysts due to the large specific surface area, which covered active 
catalytic sites on the surface of the catalysts to decrease the chance of 
interaction between PMS and active catalytic sites [25]. Therefore, the 

Fig. 4. Characterization of Fe nanocage: (a) structure schematic diagram of the ferric vacancies in Fe nanocage; (b) EPR analysis of ferric vacancies in different 
catalysts; (c) thermogravimetric analysis of Fe nanocage; (d) XRD pattern of Fe nanocage before and after 950 ◦C calcination. 
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spent catalysts were calcinated at 400 ◦C for 1 h to remove the adsorbed 
organic intermediates covering the surface of the catalysts. As expected, 
the spent catalysts could be fully regenerated after re-calcination of the 
spent catalysts, and more than 99% of BPA degradation efficiency could 
be attained. In addition, the XRD analysis in Fig. S19 showed that the 
phase and crystallinity were stable after re-calcination. This observation 
indicated that the burning of the adsorbed organic intermediates re- 
exposed active catalytic sites on the surface of catalysts. Overall, the 
N-CoFeO@Fe0.18 fabricated in this study exhibits remarkable reusability 
and stability. In addition, the degradation performance of N- 
CoFeO@Fe0.18/PMS system for typical organic pollutants, including 
phenol, sulfamethoxazole (SMX), acetaminophen (AAP), methyl orange 
(MO) and methyl blue (MB), were also evaluated under similar condi-
tion. As shown in Fig. S20, desirable removal efficiency of different 
organics was achieved in 2 h. All the results clearly indicated that the N- 
CoFeO@Fe0.18/PMS system was an efficient catalytic degradation 
system. 

3.5. Identification of oxidative species 

Scavenging experiment by methanol (MA) and tertiary butanol 
(TBA) were conducted to confirm the species of active radicals during 
the catalytic process in the N-CoFeO@Fex/PMS system. MA served as a 
scavenger for both SO4

•− (k = 1.6–7.7 × 107 M− 1 s− 1) and •OH (k =
1.2–2.8 × 109 M− 1 s− 1), whereas TBA was used as a scavenger for 
quenching ∙OH only (k = 3.8–7.6 × 108 M− 1 s− 1) [26]. As illustrated in 
Fig. 5a, compared with the >99% BPA degradation efficiency in the 
absence of scavengers, BPA degradation efficiency decreased to 98% and 
82% when 100 mM TBA and MA existed in solution, respectively. In 

addition, when 1 M of either TBA or MA existed in solution, the BPA 
degradation efficiency decreased to 96% and 67%, respectively. This 
finding provides evidence to further proved that SO4

•− is the major 
reactive oxidation species in the current system. This result corroborates 
previous finding reported in the literature [27,28]. Nevertheless, the 
BPA degradation was not completely inhibited when an excessive con-
centration of MA (1 M) was added into the reaction solution (MA:PMS =
2000:1). Therefore, the existence of other reactive species in the current 
reaction system should be noted. Consequently, furfuryl alcohol (FFA), a 
more sensitive scavenger, was employed to verify the variation of BPA 
degradation efficiency during the reaction process. As expected, the BPA 
degradation efficiency sharply decreased to about 13% when 100 mM 
FFA existed in solution. It has been reported that singlet oxygen (1O2), a 
selective oxidizing species, is usually produced in PMS activation sys-
tems through N-doped catalysts, and self-decomposition of PMS, among 
others [29]. Therefore, 1O2 also may be involved in the BPA degradation 
process. In the current system, nitrogen was successfully doped in the 
catalysts, which might be responsible for the generation of 1O2. 

EPR analysis was conducted to further evidence the reactive oxida-
tion species involved. Fig. 5b illustrates the EPR spectra of the reaction 
system by using DMPO as a spin-trapping agent in the PMS activation 
process. Distinct characteristic peaks of SO4

•− and •OH could not be 
detected when DMPO was added to the PMS solution without the 
addition of the catalysts. This result demonstrates that PMS alone could 
not effectively generate free radicals. However, in the N-CoFeO@Fex/ 
PMS system, a series of signals could be observed, which can be ascribed 
to DMPO-SO4

•− and DMPO-•OH adducts. This observation demonstrated 
that both SO4

•− and •OH were radicals generated during the PMS acti-
vation by N-CoFeO@Fex, which corroborates the results of the 

Fig. 5. The quenching experiment and EPR analysis: (a) effect of different radical quenchers on BPA degradation in N-CoFeO@Fe0.18/PMS system. Reaction con-
ditions: [BPA] = 50 μM, [catalysts] = 0.2 g L− 1, [PMS] = 0.5 mM, pH0 = 6.5, [Temperature] = 25 ◦C; (b) EPR spectra obtained by using DMPO as spin-trapping 
agent; (c) EPR spectra obtained by using BMPO as spin-trapping agent; (d) EPR spectra obtained by using TEMP as spin-trapping agent. 
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scavenging experiments. In addition, EPR analysis conducted by using 
BMPO as a spin-trapping agent indicated a series of typical seven-line 
spectra (Fig. 5c). The resulting spectra can be ascribed to 5-tert-Butox-
ycarbonyl-methyl -2-oxo-pyrroline-1-oxyl (BMPOX), which was deemed 
as the reaction product of over-oxidized BMPO by SO4

•− [30]. Therefore, 
SO4

•− is the major radical generated in the current system. 
Furthermore, TEMP was employed as the spin-trapping agent to 

confirm the existence of 1O2 in the reaction process [31]. As shown in 
Fig. 5d, a set of triplet signals can be observed, evincing the generation 
and existence of 1O2 during the catalytic oxidation process. In addition, 
fairly weak signals of 1O2 could also be observed in the presence of PMS 
without the addition of catalysts. This phenomenon can be attributed to 
the PMS self-decomposition process. Previous studies reported that PMS 
could slowly decompose to generate singlet oxygen according to Eq. (10) 
[32]. In addition, the weak intensity of TEMP-1O2 observed after 60 min 
reaction time indicates that the 1O2 was consumed over the reaction 
process. Therefore, both radical (SO4

•− , •OH) and non-radical (1O2) 
pathways were involved in BPA degradation during the catalytic pro-
cess. Moreover, the EPR experiment were conducted in methanol solu-
tion by using DMPO as the spin-trapping agent. As shown in Fig S21, a 
sextet characteristic signal of the DMPO-•O2

– adduct is observed, indi-
cating the generation of •O2

– during the reaction process, which may 
facilitate the formation of singlet oxygen and hydroxyl species (Eq (9)). 

3.6. Possible catalytic mechanism 

The surface chemical compositions and the valence states of the 
prepared catalysts were studied with X-ray photoelectron spectroscopy 
to obtain a better insight into the possible catalytic mechanism. The XPS 
survey (Fig. S22) confirmed the existence of Co, Fe, O, and N atoms as 
the main component of the catalyst. Fig. S23a shows the high-resolution 
XPS spectra of the Co 2p on the surface of N-CoFeO@Fe0.18 before and 
after the catalytic process. Several peaks with binding energy positioned 
at 779.7 eV, 780.5 eV, and 782.3 eV with relative contribution to the 
overall Co intensity of 32.0%, 41.4% and 17.3%, respectively, could be 
assigned to Co(II) in B-site, Co(II) in A-site and Co(III) in B-site, 
respectively [33]. The relative intensities of these peaks after the 
oxidation reaction changed to 17.5%, 41.7% and 34.5%, respectively. 
Moreover, the content of Co(III) in B-site increased with the content 
decrease of Co(II) in B-site after the catalytic reaction. This finding 
indicated that the catalytic reaction occurred on the catalyst surface and 
B-site Co(II) was the active catalytic sites to initiate the reaction. Cobalt 
sites on the surface of the catalysts would act as Lewis acid site, which 
could easily coordinate with hydroxyl groups and form abundant surface 
hydroxyl (–––Co-OH+) on the surface of the catalysts [34]. These surface 
hydroxyl groups might be further protonated under acidic pH condi-
tions, rendering a more positively charged surface (–––Co-OH2

+/Fe-OH2
+). 

Therefore, BPA, BPA2− , and PMS could be readily adsorbed on the 
surface of the catalysts through electrostatic interaction once PMS was 
added into the reaction solution. The chemical structure of PMS is HO- 
OSO3, and thus, the metal hydroxyl sites would further react with HSO5

− , 
rendering the opening of the O–O bond. SO4

•− and –––CoO+ would be, 
therefore, generated after accepting the electrons provided by the 
oxidation of –––Co2+ to –––Co3+ (Eqs. (4) and (5)). 

CoOH+ +HSO−
5 →CoO+ + SO⋅−

4 +H2O (4)  

≡ CoO+ + 2H+→ ≡ CoIII +H2O (5) 

On the other hand, the high-resolution Fe 2p3/2 XPS spectra is 
deconvoluted into three contents, which corresponds to Oct Fe2+ (709.5 
eV), Oct Fe3+ 2p3/2 (710.6 eV), and Tet Fe2+ 2p1/2 (712.3 eV), respec-
tively. The formation of ferric surface hydroxyl (–––Fe-OH+) and their 
protonated species (Fe-OH2

+) generated by the ferric vacancies in the 
Fe2O3 nanocage could adsorb BPA, BPA2− , and PMS in the same process 
with Co species, facilitating the pollutant degradation. More impor-
tantly, the leached Co would be precipitated by these hydroxyl groups to 

minimize Co leaching significantly. It has been shown that HO• was 
produced by the reaction between SO4

•− and H2O/OH– (Eqs. S7-S8), 
which could also degrade pollutants efficiently. However, the contri-
bution of HO• is negligible, according to the results obtained from the 
scavenging experiment, indicating that HO• could not be well generated 
in the current system. As discussed, the catalysts exhibited effective BPA 
adsorption capacity, evidenced by the adsorption experiment. There-
fore, SO4

•− may be instantly quenched by the surface adsorbed BPA once 
it was generated, and only a few SO4

•− reacted with surface adsorbed 
H2O/OH– to generate HO•, which may be responsible for the low 
contribution of HO• to BPA degradation. 

In addition, a peak centered at 781.9 eV could be observed in the 
high-resolution Co 2p XPS spectra, which can be ascribed to Co-Nx co-
ordinates [35]. To further prove and investigate the presence of nitrogen 
species in the N-CoFeO@Fe0.18 sample, the N 1s spectrum was analyzed. 
As shown in Fig. S23c, the high-resolution N 1s spectra of the N- 
CoFeO@Fe0.18 were mainly deconvoluted into five different peaks with 
binding energies of 398.9, 400.5, 401.5 and 403.5 eV, corresponding to 
pyridinic N, pyrrolic N, graphitic N, and oxidized N, respectively 
[36,37]. The remaining peak at 399.5 eV is assigned to Co-Nx [38]. This 
result substantiates that of the corresponding peak detected in the Co 2p 
spectrum due to Co-Nx coordination. In addition, with regard to the N 1s 
spectra of N-CoFeO@Fe0.18, the variation trend of the Co-Nx content 
during the reaction process is consistent with the Co 2p spectra. These 
results confirmed the presence of Co-Nx species. Furthermore, it is not 
possible to observe a peak of Fe-Nx around 398.9 eV because there is 
only a small difference between the binding energy of pyridinic-N and 
Fe-Nx [39,40]. After reaction, the content of pyridinic-N increased while 
that of metal-nitrogen decreased. Thus, the N-doped spinel structure 
would induce a non-radical process for BPA degradation, which not only 
facilitates the self-decomposition of PMS through a non-radical process 
but also could greatly increase the active sites to enhance the catalytic 
performance further [41]. Fig. S23d shows the high-resolution XPS 
spectra of O 1s on the surface of N-CoFeO@Fe0.18 before and after the 
catalytic oxidation process. The two peaks with binding energies located 
at 529.9 eV and 531.7 eV can be assigned to the lattice oxide oxygen 
(Olatt) and adsorbed oxygen or surface hydroxyl species (Oads) [42]. 
After reaction, the decrease of Olatt might be ascribed to its oxidation to 
O2 caused by the reduction of Co(III) to Co(II) [43]. In contrast, the 
increase of Oads on the catalyst surface may be due to the formation of 
Co-OH and Fe-OH, which supports the discussion about the ferric 
vacancies. 

Finally, it is reported that the generated SO5
•− via the reaction of 

–––CoIII/–––FeIII with PMS could be further transformed into O2 [44] (Eq. 
(6)). On the one hand, the N-CoFeO@Fe0.18-activated PMS could pro-
duce O2 (Eq. (7)). These formed O2 accepted electrons and generated O2

•−

(Eq. (8)), which could further react with •OH to generate 1O2, as shown 
in Eq. (9) [45]. Alternatively, the generated SO5

•− could react with H2O 
to form 1O2 (Eq. (10)). The catalyst could also improve the self- 
decomposition of PMS to produce more 1O2, in any case (Eq. (11)). 
That said, the generation of 1O2 could be ascribed to several pathways, 
rendering higher catalytic degradation. 

2SO⋅−
5 →2SO⋅−

4 +O2 (6)  

2HSO−
5 ̅̅→

N− CoFeO 2HSO−
4 +O2 (7)  

O2 + e− →O⋅−
2 (8)  

⋅OH +O⋅−
2 →1O2 +OH− (9)  

2SO⋅−
5 +H2O→1.51 O2 + 2HSO−

4 (10)  

SO2−
5 +HSO−

5 →SO2−
4 +HSO−

4 + 1 O2 (11)  

SO⋅−
4 + 1O2 + ⋅OH + BPA→Intermediates+CO2 +H2O (12) 
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3.7. Degradation pathway and DFT calculation 

The DFT analysis was employed to further discuss attacking mech-
anism. The HOMO orbital of BPA demonstrates that the carbon site in 
the symmetric aromatic ring and the joint site is tended to be attacked 
due to the fully occupied electron wave function (serve as electron 
donor). The natural population analysis (NPA) and the Fukui index (f0), 
usually used for evaluation of the radical attack tendency on C atom of 
organic molecule [46], was calculated (Fig. 6c). As shown, the degree of 
blue color represents different level of f0, and it demonstrates that the C1 
and C13 in BPA molecule with high values are the main reactive sites by 
radical attack. In addition, the Fukui index (f− ), indicates electrophilic 

attack, is also listed in Fig. 6c. C site with higher f− value indicates its 
tendency to be attacked by electrophilic reaction. Therefore, C1 (f− =

0.21291) and C13 (f− = 0.21291) (marked by purple bright ring) might 
be easily to lose electron and be electrophilically attacked. Moreover, 
C11 and C20 were also vulnerable to be attacked based on the Fukui 
index (both f− and f0) analysis. 

The intermediates of BPA are identified by LCMS-IT-TOF during the 
degradation process (Fig. S24 and Table S6), and the proposed BPA 
degradation pathway is illustrated in Fig. 6d. Several intermediates were 
detected in the system, including dihydroxylated BPA, 4-isopropylphe-
nol, benzoic acid, etc. Therefore, the degradation pathway of BPA can 
be proposed as shown in Fig. 6d. Firstly, the singlet oxygen and radicals 

Fig. 6. (a) HOMO orbital of BPA; (b) optimized geometry of BPA molecule; (c) degradation pathway of BPA in the N-CoFeO@Fe0.18/PMS activation system.  
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attacked the aromatic ring, and the degradation was initiated by 
β-scission of isopropyl between two phenyl groups in BPA, which could 
form phenol and iso-propenylphenol radicals [47]. The reaction prod-
ucts were further oxidized to benzoic acid (mw = 122) and 4,4′-dihy-
droxybiphenyl (mw = 186). On the other hand, the reactive sites (the 
purple bright rings marked in Fig. 6b) were destroyed by electrophilic 
attack, therefore, HO• would be added onto the aromatic ring of BPA, 
which caused the formation of dihydroxylated BPA (mw = 259). Sub-
sequently, the dihydroxylated BPA was attacked to form P5 and P6. 
These intermediates were further oxidized to obtain products P10-P12. 
Then, a number of aromatic intermediates were formed through the 
breakage of carbon-carbon bonds, aromatic ring cleavage, hydroxyl-
ation, dehydration, and so on [48]. These by-products further trans-
formed into ring-opened intermediates (P13-P15) in presence of reactive 
oxygen species. At last, part of those intermediates was mineralized into 
mineral acids, CO2 and H2O due to the strong oxidizing capacity of the 
reaction system. This conclusion was further proved by TOC removal 
(Fig. S25) that N-CoFeO@Fe0.18/PMS system attained 49% of TOC 
removal efficiency in 2 h, confirmed that BPA was not only degraded to 
organic intermediates but even mineralized to inorganic carbon forms. 

4. Conclusions 

An N-doped cobalt ferrite (N-CoFeO@Fex) catalyst was synthesized 
through a facile solid-state method. FSCT2 process was developed to 
create a γ-Fe2O3 containing nanocage with cations vacancies, which 
could bind metal ions and facilitate the generation of surface hydroxyl 
groups, rendering the exceptional Co leaching minimization. Moreover, 
superior catalytic performance was demonstrated via complete degra-
dation of BPA within 60 min at 0.5 g L− 1, 0.5 mM and initial pH of 6.5. 
Pathways involving SO4

•− , 1O2 and HO• were demonstrated to drive the 
BPA degradation process. The possible reaction mechanisms between 
PMS and N-CoFeO@Fe0.18 and degradation pathways were proposed. 
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