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A B S T R A C T   

While transition metals are useful for activating monopersulfate (MPS) to degrade contaminants, bimetallic al
loys exhibit stronger catalytic activities owing to several favorable effects. Therefore, even though Co is an 
efficient metal for MPS activation, CoFe alloys are even more promising heterogeneous catalysts for MPS 
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activation. Immobilization/embedment of CoFe alloy nanoparticles (NPs) onto hetero-atom-doped carbon 
matrices appears as a practical strategy for evenly dispersing CoFe NPs and enhancing catalytic activities via 
interfacial synergies between CoFe and carbon. Herein, N-doped carbon-embedded CoFe alloy (NCCF) is fabri
cated here to exhibit a unique hollow-engineered nanostructure and the composition of CoFe alloy by using Co- 
ZIF as a precursor after the facile etching and Fe doping. The Fe dopant embeds CoFe alloy NPs into the hollow- 
structured N-doped carbon substrate, enabling NCCF to possess the higher mesoscale porosity, active N species as 
well as more superior electrochemical properties than its analogue without Fe dopants, carbon matrix-supported 
cobalt (NCCo). Thus, NCCF exhibits a considerably larger activity than NCCo and the benchmark catalyst, Co3O4 
NP, for MPS activation to degrade an environmental hormone, dihydroxydiphenyl ketone (DHPK). Besides, 
NCCF + MPS shows an even lower activation energy for DHPK degradation than literatures, and retains its high 
efficiency for eliminating DHPK in different water media. DHPK degradation pathway and ecotoxicity assessment 
are unraveled based on the insights from the computational chemistry, demonstrating that DHPK degradation by 
NCCF + MPS did not result in the formation of toxic and highly toxic by-products. These features make NCCF a 
promising heterogeneous catalyst for MPS activation to degrade DHPK.   

1. Introduction 

Advanced oxidation processes (AOPs) are essential techniques for 
wastewater treatments to eliminate emerging contaminants. Tradition
ally, AOPs involve the production of reactive oxygen species (ROS) with 
high oxidation potentials for the decomposition of pollutants. While the 
Fenton’s reaction would generate hydroxyl radicals (•OH) to destroy 
organic contaminants, sulfate radical (SO4

•–)-based AOPs are gaining 
growing interest because SO4

•– possesses a high oxidation power of 
2.5~3.1 V, and SO4

•– can be applied in a wider pH range with higher 
selectivity and longer half-lives [1–3], making SO4

•–-based AOPs ad
vantageous for treating refractory and toxic contaminants. 

For obtaining SO4
•–, various commercial precursors are readily 

available, such as monopersulfate (MPS), which must be activated in 
order to rapidly liberate SO4

•–. Among numerous activation methods 
(such as heat, light irradiation, ultrasound, and catalysts) [4–7], het
erogeneous catalysts are recognized as the most promising method for 
activating MPS, and transition metals (e.g., Co, Fe, Mn, Ni, etc.) are 
promising metals for activating MPS [2,3,8,9]. 

Although Co has been confirmed as the most efficient metal and 
numerous types of Co-bearing materials have been thoroughly devel
oped for activating MPS, recent studies have found that bimetallic ma
terials consisting of Co and another metal exhibit synergistic effects that 
boost catalytic activities [10,11]. Specifically, bimetallic alloys of Co 
and another metal could have even more advantageous properties, such 

as increased catalytic activities due to the abundance of electrons and 
magnetism [12–15], and CoFe alloy appears to be an intriguing bime
tallic catalyst for MPS activation [12,16,17] as Fe is one of the earth’s 
most abundant elements. 

However, direct use of CoFe alloy or other Co-bearing nanoparticles 
(NPs) may result in a number of issues, including NP agglomeration, 
difficult NP recovery, and rapid deactivation [18,19]. Therefore, 
immobilization or embedding CoFe alloy NPs in substrates is a practi
cable strategy. Since carbon materials are highly accessible and stable, 
carbonaceous substrates have been employed for supporting/embed
ding CoFe alloy NPs [20,21]. In addition, carbon substrates can be doped 
with heteroatoms (such as nitrogen) to increase electron transfer and 
catalytic activity by providing more reactive sites [22,23]. Thus, 
developing a hybrid catalyst for embedding CoFe alloy into N-doped 
carbon substrates would be advantageous for MPS activation in order to 
degrade refractory contaminants. 

Despite the fact that most embedding of NPs onto carbon substrates 
can be accomplished through post-modifications, such a post- 
modification approach would inevitably confront problems, such as 
poor NP dispersion, NP aggregation, and low NP loading [24,25]. Uti
lizing templates that contain target components (i.e., metals and or
ganics), followed by thermal treatments would be an even more 
advantageous method for fabricating such a hybrid catalyst. In partic
ular, metal organic frameworks appear to be a compelling template due 
to their coordinated structures and incorporation of metal/organics 

Fig. 1. Preparation scheme for NCCF.  
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[26], and Co-ZIF would be an ideal template because imidazolate’s 
ligand can be converted to N-doped carbon. The addition of Fe to Co-ZIF 
would result in the formation of CoFe alloy after direction 
carbonization. 

On the other hand, despite the fact that Co-ZIF has polyhedral ge
ometries and typical diameters of a few hundreds of nanometers, the 
derivative metal alloys would be difficult for accesses even after 
carbonization [27,28]. Therefore, we propose a straightforward and 
effective method for creating hollow Co-ZIF structures by carving the 
interior portion of Co-ZIF, formulating a box-like hollow morphology 
with thin layers. After depositing Fe onto such a “nanobox” and then 
carbonizing it, a thin N-doped carbon-embedded CoFe alloy (NCCF) 
would be produced. Such an NCCF consisting of CoFe ally NPs encap
sulated on a well-defined N-doped carbon would be a promising 

activator for MPS to degrade recalcitrant pollutants. Specifically, dihy
droxydiphenyl ketone (DHPK) would be chosen as a representative 
emerging contaminant because DHPK is a widely used UV light stabilizer 
that is frequently applied to cosmetics, plastics, films, adhesives, and 
coatings. However, DHPK has been validated as an endocrine disruptor 
[29]. 

To investigate the catalytic activities of NCCF for removing emergent 
contaminants from polluted water, the degradation of DHPK by MPS 
activated by NCCF would be investigated. Importantly, a N-doped 
carbon-embedded cobalt (NCCo), which is an analogue to NCCF without 
Fe doping, would also be fabricated for direct comparison with NCCF in 
order to investigate the surface structure–property relationship of such 
hybrid materials. The corresponding degradation pathway of DHPK by 
NCCF + MPS would be investigated using both experimental analysis 

Fig. 2. Electronic microscopic images of (a-b) solid Co-ZIF; (c-d) hollow-structured Co-ZIF; and (e-f) N-doped carbon-supported CoFe (NCCF).  
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and computer-assisted research; the ecotoxicity of the possible in
termediates would be also be assessed. 

2. Experimental 

The fabrication of NCCF was implemented as depicted in Fig. 1, and 
the detailed synthesis process, DHPK degradation by MPS, analytical 
procedures, and computational chemistry are provided in the supple
mentary material. 

In order to quantify the degradation kinetics, the pseudo 1st order 
rate law would be utilized to calculate the observed rate constant, k: 

ln(Ct/C0) = − kt (1)  

3. Results and discussion 

3.1. Properties of NCCF 

Morphologies and Compositional analyses 
As NCCF was derived from Co-ZIF, the morphology of Co-ZIF was 

first determined, as depicted in Fig. 2(a), which revealed the typical 
rhombic dodecahedron with distinct faces and well-defined edges. The 
transmission image of Co-ZIF (Fig. 2(b)) demonstrates that the pure Co- 
ZIF was solid. 

Moreover, Fig. 3(a) demonstrates that the XRD pattern of pure Co- 
ZIF corresponds well to the previously reported pattern [28,30,31], 
indicating that Co-ZIF had been synthesized. 

Through post-treatment with tannic acid and doping with Fe2+, 

followed by carbonization, the final product (Fig. 2(e)) retained the 
rhombic dodecahedral morphology; however, the faces of the final 
product were visibly roughened and adorned with numerous fine 
nanoparticles (NPs). Importantly, the original solid structure had been 
transformed into a porous structure with extremely thin outer layers, as 
evidenced through the fracture. The corresponding transmission image 
(Fig. 2(f)) confirmed that the solid texture of pristine Co-ZIF had van
ished and been replaced by a hollow texture, with an outer layer whose 
thickness was approximately 200 ~ 400 nm. 

The hollow structure was caused by tannic acid which possesses 
plentiful single bond OH groups and liberates free proton (H+) to 
decompose the characteristic Co-N bonds [32]. Meanwhile, new N–H 
bonds and coordinated Co-tannic acid complex can be formed [33], 
converting the Co-ZIF coordination framework into a coordination 
network between Co2+ ions and tannic acid [32,33]. Those tannic acid 
and partial Co-tannic acid coordination compounds can easily attach on 
the surface, relieving the collapses of outer parts. Then, the hollow 
structure was then afforded by the continuous etching and re- 
coordination [32,33]. Thus, the XRD pattern of the tannic acid-etched 
Co-ZIF was noticeably changed and characteristic peaks of the pristine 
Co-ZIF were modified as shown in Fig. S1. 

In addition, Fig. 2(e) reveals that the outermost layers of the final 
product were actually assembled by a large number of NPs. Through 
etching, doping, and carbonization, the Co-ZIF was transferred to 
another material, which displayed a distinct pattern from those of Co- 
ZIF (Fig. 3(a)). In particular, a few peaks were identified on 44.9◦ and 
65.2◦, that were attributed to CoFe alloy (JCPDS Card # 65–6829). The 

Fig. 3. (a-b) XRD patterns and (c) EDS of NCCF and NCCo; (d) mapping analysis of NCCF.  
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presence of CoFe alloy (Fig. 3(b)) confirmed that Fe was successfully 
inserted into the final product, and that the pure Co-ZIF had been 
transformed into a hybrid material composed of carbon and, more 
crucially, CoFe alloy. Fig. 3(c) further displays the EDS analysis of NCCF, 
in which only Co, Fe C, and a minor fraction of N were obtained without 
other noticeable elements. Fig. 3(d) depicts the mapping analysis of 
NCCF, which reveals the uniform distribution of carbon, Fe, and Co 
throughout these NCCF, confirming that the etching and Fe doping were 
applied uniformly to Co-ZIF during the fabrication process. 

On the other hand, an analog of NCCF was also synthesized without 
Fe2+ doping. Even without Fe2+ doping, the etching and carbonization 
treatment effectively converted Co-ZIF to a hollow-structured material, 
as shown in Fig. S2(a-b). Fig. 3(a) also illustrates the XRD pattern of 
NCCo, which was distinct from that of Co-ZIF, with a series of prominent 
peaks at 36.7◦, 44.2◦, 51.6◦, and 75.6◦. In particular, the signal at 36.7◦

could be attributed to CoO (JCPDS Card # 43–1004) due to the partial 
oxidation of Co0, whereas 44.2◦, 51.6◦, and 75.6◦ were ascribed to Co0 

(JCPDS Card # 15–0806), resulting in the formation of N-doped carbon 

Fig. 4. (a) N2 sorption isotherms, (b) pore size distributions, (c) saturation magnetization of NCCF and NCCo.  

Fig. 5. (a) Comparison of degradation of DHPK and (b) corresponding rate constants of DHPK degradation; (c) comparison of MPS consumption and (d) rate 
constants of MPS consumption (Catalyst = 200 mg/L, MPS = 200 mg/L,T = 30 ◦C). 
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embedded Co (NCCo). 
Textural properties 
As NCCF exhibited a unique hollow structure with the embedment of 

NPs onto carbon substrates, its textural property was then further 
analyzed in Fig. 4(a), and the sorption curve could be classified as a type 
IV adsorption accompanied by a noticeable hysteresis, suggesting that 
NCCF was porous, especially mesoporous. The large hysteresis loop also 
suggested that the porous structures in NCCF was more complex possibly 
because differently-sized NPs of CoFe alloy were embedded into the 
carbon matrix, creating more pores. The presence of mesopores is 
confirmed by its pore distribution (Fig. 4(b)), which ranges from 2 to 75 
nm. The relatively high N2 sorption also enabled NCCF to show a high 
surface area as 68 m2/g and its pore volume was determined as 0.055 
cc/g. 

The sorption curve of NCCo was measured in Fig. 4(a). A relatively 
low N2 sorption was achieved and the corresponding hysteresis loop was 
much smaller. Therefore, the surface area of NCCo was relatively lower 
as 26 m2/g, and its pore volume was merely 0.045 cc/g, which was much 
lower than that of NCCF. 

Since NCCF consisted of CoFe alloy, it has magnetic characteristics 
and hence it might be intriguing to explore the magnetic features of the 
NCCF. In Fig. 4(c), NCCF displayed a significant magnetization, and its 
saturation magnetization reached 82.5 emu/g, which was significantly 
higher than that of NCCo as 64.3 emu/g. The embedment of CoFe alloy 
allowed NCCF to manifest powerful magnetization, rendering it a ma
terial that can be readily recovered. 

3.2. Degradation of DHPK by NCCF + MPS system 

In Fig. 5(a), the elimination of DHPK by MPS activated by NCCF was 
evaluated. Due to the possibility that DHPK could be eliminated via 
adsorption, the adsorption of DHPK onto NCCF was investigated. In 
Fig. 5(a), the concentration of DHPK hardly changed in the presence of 
NCCF, indicating that DHPK could not be removed via adsorption. Using 
MPS alone, DHPK was only marginally eliminated in 30 min, demon
strating that MPS without activation was incapable of destroying DHPK 
effectively. However, when NCCF and MPS were combined, DHPK 
concentration decreased rapidly and was completely eliminated in 30 

Fig. 6. (a-d). XPS analyses of NCCF; fractions of N species in (e) NCCF and (f) NCCo.  
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min, indicating that NCCF could activate MPS to remove DHPK from 
water. Comparatively, Co3O4 NP (Fig. S3) and NCCo were also used to 
decompose MPS for the elimination of DHPK in Fig. 5(a). In 30 min, 
Co3O4 NP + MPS enabled Ct/C0 to reach 0.63 (i.e., 37% of DHPK was 
removed), whereas NCCo + MPS resulted in Ct/C0 = 0.29. These cobaltic 
catalysts could decompose MPS to degrade DHPK; however, the DHPK 
degradation efficiencies of Co3O4 NP and NCCo were noticeably lower 
than those of NCCF. 

The pseudo 1st order equation was then used to quantitatively 
compare the performance of these catalysts for DHPK degradation, and 
the rate constants for DHPK degradation are summarized in Fig. 5(b). 
The rate constant (k) for NCCF + MPS would be 0.113 min− 1, which 

was greater than the rate constants for Co3O4 NP + MPS (0.030 min− 1) 
and NCCo + MPS (0.064 min− 1), indicating that NCCF was superior to 
Co3O4 NP and NCCo. 

Given that NCCF degraded DHPK much more rapidly than other 
catalysts, it would be intriguing to investigate MPS consumption by 
NCCF in comparison to other catalysts. In Fig. 5(c), the variation of MPS 
concentration during DHPK degradation was analyzed. In 30 min, 75% 
of MPS was degraded by NCCF during DHPK degradation, resulting in a 
precipitous decrease in MPS concentration. In contrast, MPS consump
tion during DHPK degradation by NCCo appeared significantly lower 
(~52%) and more sluggish. The rate constants of MPS consumption by 
these catalysts are displayed in Fig. 5(d), and the k using NCCF was 
determined to be 0.064 min− 1, while the rate constant by NCCo would 
be much smaller at 0.034 min− 1 and that by Co3O4 NP was 0.014 min− 1, 
validating that the MPS consumption by NCCF appeared to be signifi
cantly more effective and faster than NCCo and Co3O4 NP, thereby 
allowing for the faster DHPK degradation. 

Since activation of MPS involves surface reactions between MPS and 
catalysts, the surface chemistry of catalysts would play a crucial role in 
MPS activation [34]. As NCCF exhibited significantly greater catalytic 
activity for MPS activation, it would be prudent to compare the surface 
chemistry of these catalysts. As shown in Fig. 6, X-ray photoelectron 
spectroscopy (XPS) analyses of NCCF and NCCo were performed here. 
Specifically, the C1s curve of NCCF (Fig. 4(a)) would be resolved into 
multiple bands at 284.0, 286.6 and 288.5 eV, that correspond to the 
C–C, C–N, and C––O groups [35]. Additionally, the Co2p band of NCCF 
would be obtained and separated into distinct bands (Fig. 6(b)). Spe
cifically, the band at 778.6 eV corresponds to Co0, while the bands at 

Fig. 7. (a). Full-survey Raman spectra of NCCF and NCCo; (b-c), regional Raman spectra of NCCF and NCCo; and (d) fractions of G and D bands in NCCF and NCCo.  

Fig. 8. Electrochemical properties of NCCF and NCCo: (a) CV curves, (b) LSV curves,(c) EIS Nyquist plots.  

Fig. 9. DFT calculation: adsorption of MPS to (a) CoFe@(110), and (b) 
Co@(111). 
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780.4 and 796.3 eV correspond to Co2+ species [36]. 
The band at 705.8 eV corresponds to Fe0 in CoFe alloy [37]; 710.2, 

713.4, and 723.3 eV could be Fe2+ and Fe3+ species, as CoFe NPs may be 
oxidized upon contact with oxygen. In addition, Fig. 6(d) reveals N1s in 
NCCF as multiple bands at 398.3, 399.4, 400.5 and 402.5 eV, corre
sponding to the pyridinic N, pyrrolic N, quaternary N, and N–O group 
[38]. 

Fig. S4 depicts the XPS analysis of NCCo for comparative purposes. 
Analysis of the C1s band revealed a series of bands corresponding to 
C–C, C–N, and C––O [35]. In addition, the band at 778.5 eV was 
related to Co0, but the bands at 780.2 and 796.3 eV corresponded to 
Co2+ [36]. The N1s band had numerous bands at 398.3, 399.4, 400.5 
and 402.5 eV, corresponding to pyridinic N, pyrrolic N, quaternary N, 
and the N–O group, respectively [38]. 

According to previous findings, dual or multiple metallic composi
tions would provide additional reactive sites for mediating MPS acti
vation [39], hence boosting catalytic activity. While both NCCF and 
NCCo contained Co species, NCCF was additionally composed of Fe0, 
Fe2+ and Fe3+, that would serve as extra reactive sites for activating MPS 
[39,40]. 

Moreover, NCCF displayed a distinct pattern for nitrogenous species, 
with pyridinic N, pyrrolic N, and quaternary N contributing 60.9%, 
29.2%, and 9.9%, respectively, while NCCo was composed of pyridinic 
N, pyrrolic N, and quaternary N as 58.2%, 27.7%, and 14.1%, respec
tively. Since both pyridinic N and pyrrolic N have been proven as active 
sites for MPS activation [41], the total quantity of pyridinic N and 
pyrrolic N in NCCF (i.e., 90.1%) was much higher than in NCCo (85.9 
%). It was hypothesized that the very high pyridinic and pyrrolic N 

Fig. 10. Effects of various factors on DHPK degradation by NCCF + MPS: (a) temperature, (b,c) pH and corresponding rate constants, (d,e) water matrices; and (f) 
recyclability. 
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fractions in NCCF would enable NCCF to have many more active sites 
than NCCo, making NCCF possess stronger activities for activating MPS 
in DHPK decomposition. 

In addition to XPS investigations, Raman spectroscopy was used to 
study the chemical distinctions between NCCF and NCCo by deciphering 
their structural fingerprints. Fig. 7(a) depicts the Raman spectra of 
NCCF and NCCo, both exhibit comparable patterns with peaks at 190, 
470, and 680 cm− 1, which are ascribed to the F2g, Eg, and A1g vibration 
modes in Co metal species [42]. While these data demonstrate that both 
NCCF and NCCo were composed of Co, the magnified images of these 

bands indicate distinct variances. For example, the band center of NCCo 
was 194 cm− 1, but the band center of NCCF’s F2g band changed to 186 
cm− 1. Similar band shifts were seen in the case of A1g. As the A1g band of 
NCCo was centered at 677 cm− 1, and the center of the band in NCCF had 
shifted from 677 to 671 cm− 1. Since A1g and F2g might be attributed to 
the coordination of Co species, these changes implied that the NCCF 
included defected sites or oxygen vacancies [43]. This property may 
allow NCCF to expose more catalytically active surfaces [43], that 
enhance the catalytic activities of MPS activation. 

On the other hand, MPS activation would also entail 

Fig. 11. (a-b) effects of scavengers on DHPK degradation; (c) the formation of SO4
.- and.OH radicals; (d) FFA consumption; EPR analyses: (e) DMPO, (f) DMPO in 

methanol, (g) TEMP. 
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reduction–oxidation processes in MPS and activators; as a result, elec
trochemistry of catalysts would also play a vital role in MPS activation 
[34]. As NCCF demonstrated much higher DHPK degradation activity 
than NCCo, it was instructive to investigate electrochemical differences 
between NCCF and NCCo. Fig. 8(a) depicts the cyclic voltammetry (CV) 
curves of NCCF and NCCo. In this potential window, NCCo presented a 
comparatively modest CV curve with less pronounced redox peaks, 
while NCCF displayed a noticeably bigger CV curve with pronounced 
redox peaks. NCCF displayed a significantly high specific capacitance of 
21.6F/g compared to that of NCCo as 3.4F/g, indicating that NCCF had 
much better redox characteristics and would result in quicker interfacial 
processes [44]. 

In addition, the linear sweep voltammogram (LSV) curves of NCCF 
would be determined in Fig. 8(b). At 1000 μA, NCCF required a begin
ning potential of 0.72 V, whereas NCCo required a slightly higher 
starting potential of 0.94 V, indicating that the electrical transport in 
NCCF seemed to be more efficient than in NCCo. In addition, the charge 
transfers in both catalysts were studied using their respective Nyquist 
plots (Fig. 8(c)). Compared to NCCo, NCCF exhibited a much narrower 
semi-circle in the high-frequency region, suggesting that NCCF had a 
higher degree of charge transfer and a lower resistance [45]. These 
findings revealed that NCCF with improved porosity characteristics and 
more active surfaces would exhibit more favorable electrochemical be
haviors, resulting in a much greater catalytic activity for MPS activation 
to destroy DHPK. 

In addition, the distinction between NCCF and NCCo was uncovered 
by investigating the interactions of MPS with the active sites of NCCF 
and NCCo. The essential reactions (i.e. adsorption) between MPS and 
CoFe alloy in NCCF and Co in NCCo, respectively, were then investigated 
by computer-assisted investigation based on the Density Function The
ory. Specifically, the geometrically-optimized (110) dominant plane of 
CoFe alloy in NCCF would be exhibited as a surface plane of CoFe, while 
the geometrically-optimized (111) dominant plane of Co in NCCo 
would be adopted as the surface of Co, as depicted in Fig. 9(b). The 
adsorption energy of MPS to the catalyst surface was quantified using 
the following equation (2): 

Adsorptionenergy
(
Eadsorption

)
= EMPS@catalyst − EMPS − Ecatalyst (2) 

The corresponding Eadsorption of MPS to CoFe alloy at the (110) plane 
would be calculated as − 1.7 eV, whereas Eadsorption of MPS to Co alloy at 
the (111) plane was − 1.2 eV. As the both cases of Eadsorption were 
negative, MPS was validated to favorably adsorbed to these metallic 
surfaces. However, the more negative Eadsorption in the case of CoFe alloy 
suggested that the adsorption of MPS onto NCCF might be more 

favorable than that to NCCo. Such a difference might be also a factor for 
making NCCF exhibit the higher catalytic activity of MPS activation than 
NCCo. 

3.3. Other factors on degradation of DHPK by NCCF + MPS system 

Since NCCF + MPS was capable of removing DHPK from water, it 
was necessary to explore additional parameters, such as temperature 
and pH, that influence DHPK decomposition. Fig. 10(a) depicts DHPK 
eradication by NCCF + MPS at 30 to 50 ◦C. At 40 ◦C, the rate constant for 
DHPK elimination increased from 0.113 min− 1 to 0.181 min− 1, allowing 
for substantially quicker removal. As the temperature increased to 50 ◦C, 
the rate of DHPK degradation increased to 0.270 min− 1, suggesting the 
beneficial impact of higher temperatures on DHPK elimination, pre
sumably due to the enhanced mass transfer at higher temperatures. 
Moreover, the k values at different temperatures were modeled via the 
following law: 

lnk = lnA −
Ea

RT
(3) 

The corresponding activation energy (Ea) was found to be 35.4 kJ/ 
mol, which was more than several activation energy (Ea) values of 
degradation of UV stabilizers by sulfate-radical-based AOPs (Table S1), 
indicating that NCCF would be an advantageous activator for MPS to 
remove DHPK. 

In Fig. 10(b), the effect of pH on DHPK removal by NCCF + MPS 
would be analyzed. At pH = 7, the neutral state, DHPK could be elimi
nated rapidly, however at pH = 5, the acidic condition, the rate of DHPK 
degradation slowed to 0.085 min− 1. Once the starting environment 
became more acidic, with a pH of 3, DHPK degradation further slowed 
with a k of 0.052 min− 1. The comparatively high concentration of H+ in 
an acidic environment may interact with SO4

•- as well as •OH to 
“consume” these radicals through the following equations: [46]:  

H+ + SO4
•- + e- → HSO4

-                                                                 (4)  

H+ + •OH + e- → H2O                                                                    (5) 

Therefore, fewer radicals would be present in an acidic environment 
for DHPK degradation, resulting in a less efficient DHPK degradation. In 
addition, MPS itself would be more sluggish in acidic conditions [47], 
making MPS activation more difficult and subsequently resulting in less 
effective DHPK decomposition. 

As the initial pH was 9, an alkaline state, DHPK degradation was 
significantly slowed, with a rate constant of k = 0.074 min− 1. When the 

Fig. 12. A mechanistic illustration for DHPK degradation by NCCF-activated MPS.  
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pH was increased to 11, the rate of DHPK degradation reduced to k =
0.021 min− 1. The data also indicate that the alkaline condition appeared 
slightly unfavorable for DHPK degradation by NCCF + MPS, possibly 
because the NCCF surface may become more negatively charged in a 
basic environment, resulting in a stronger repulsion between DHPK, 
NCCF, and SO5

2− and limiting radical production [48]. In addition, given 
that the pKa of MPS is 9.4, the extremely basic state would intensify the 
electrostatic repulsion, hence limiting the interaction between MPS and 
NCCF [47]. 

Moreover, it would be interesting to further investigate DHPK 
decomposition by NCCF + MPS in different water conditions. In addition 
to DI water, tap water and seawater containing DHPK were used as 
testing media in Fig. 10(d). Notably, the commencement of DHPK 
degradation with a rate constant of k = 0.110 min− 1 was still very 
efficient when tap water was employed. Since tap water includes several 
chemicals, such as ions and particulates, the overall effectiveness of 
DHPK degradation was still satisfactory, as DHPK was completely 
removed after 30 min. Despite the slightly lowered k value of 0.106 
min− 1, DHPK might still be removed by NCCF + MPS in seawater 
because seawater contains a large quantity of contaminants, mainly ions 

and minerals. 
It was probable that Cl- is present in seawater and tap water, which 

contributes to their less effective degradation because Cl- may react with 
SO4

•- to produce chloride radicals (i.e., Cl•, Cl2•-) [49], which have less 
oxidation power than SO4

•-; hence, the DHPK elimination efficiency fell. 
NCCF + MPS remained an efficient and practical approach for degrading 
DHPK in both potable and marine media. 

3.4. Recyclability of NCCF for DHPK elimination 

As NCCF activated MPS to effectively DHPK, the potential of NCCF to 
remove MPS across several cycles was investigated. Fig. 10(f) illustrates 
that NCCF was able to degrade DHPK throughout 5 continuous cycles 
without substantial decreases. This information indicates that the spent 
NCCF remained stable and advantageous for activating MPS in DHPK 
degradation. In Fig. S5, the XRD pattern of spent NCCF was compared to 
that of pure NCCF, suggesting that NCCF was a stable and robust het
erogeneous catalyst. 

Fig. 13. DFT calculation for DHPK: (a) the optimized molecule structure, (b) HOMO; (c) LUMO, (d) electrostatic potential (ESP); (e) a summary of Fukui indices; 
major sites of Fukui index for (f) electrophilic attack (f-), and (g) radical attack (f0). 
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3.5. Degradation mechanism by NCCF + MPS 

Then, a series of probe agents would be studied to better understand 
the ROS types implicated in DHPK degradation. Tert-butanol (TBA) 
would be utilized as a probe agent for •OH, whereas methanol can be 
employed to detect SO4

•- and •OH. When TBA was added, DHPK degra
dation progressed significantly more slowly, and the rate constant 
reduced from 0.113 to 0.065 min− 1, indicating that •OH is present and 
contributes to DHPK degradation (Fig. 11(a)). When methanol was 
added, the DHPK degradation seemed to be severely impeded, as its k 
was only 0.011 min− 1, indicating that SO4

•- and •OH would coexist 
during DHPK degradation. In addition, another probe agent, benzoqui
none (BQ), was used to assess the presence of superoxide (O2

•-). Fig. 11 
(b) demonstrates that the addition of BQ slowed DHPK degradation to a 
rate of k = 0.042 min− 1, showing that O2

•- may also be produced during 
DHPK degradation. In addition, another probe agent, NaN3, was used to 
investigate the presence of the non-radical species, singlet oxygen (1O2), 
and the addition of NaN3 slowed down the rate of DHPK degradation 
with a k = 0.029 min− 1, indicating that 1O2 may have been produced 
from NCCF + MPS during DHPK degradation, implicating the non- 
radical decomposition pathway. 

The generation of SO4
•- and •OH at different intervals would be 

calculated using “semi-quantitative” research utilizing specialized probe 
agents [50,51] to study the occurrence of such ROS in further detail. As 
shown in Fig. 11(c), the production of para-benzoquinone (p-BQ) and 
para-hydroxybenzoic acid (p-HPA) verified the presence of SO4

•- and 
•OH, showing that the concentrations of SO4

•- and •OH rose with time. 
However, it seemed that the amount of SO4

•- was larger than that of •OH, 
which was consistent to the aforementioned result using the probe 
agents. 

In addition, the production of 1O2 could be determined by linking it 
to the furfuryl alcohol (FFA) consumed during the reaction with 1O2 

[52]. Fig. 11(d) depicts the FFA consumption at various reaction periods 
for MPS alone and NCCF + MPS. One can observe that MPS without 
NCCF would result in marginal production of 1O2. However, NCCF +
MPS would accelerate the consumption of FFA, corroborating that NCCF 
would lead to the decomposition of MPS and initiate the generation of 
1O2 for the non-radical destruction of DHPK. 

Using 5,5-Dimethyl-1-pyrroline N-oxide (DMPO) and 2,2,6,6-tetra
methylpiperidine (TEMP) as spin-trapping agents, electron para
magnetic resonance (EPR) would then be used to detect the actual 
species of ROS produced by NCCF + MPS during DHPK breakdown. No 
clear trend was found when DMPO was injected in the absence of NCCF, 
as shown in Fig. 11(e). As DMPO, MPS, and NCCF were present 
concurrently, however, a different pattern was found and ascribed to 
DMPO-SO4 and DMPO-OH, as shown in Fig. 11(e). This establishes that 
SO4

•- and •OH might be formed by MPS + NCCF, hence contributing to 
DHPK degradation. In addition, the same experiment was conducted in 
methanol to see whether superoxide (Fig. 11(f)), O2

•-, would be created 
from NCCF + MPS, and a significant signal was obtained and accurately 
attributed to DMPO-O2, confirming the presence of O2

•-. 
In contrast, when the trapping agent TEMP was used, essentially no 

detectable signal was seen for TEMP and MPS. Once TEMP, MPS, and 
NCCF were administered together, however, a unique triplet pattern was 
detected and attributed to TEMP-1O2 (Fig. 11(g)), proving that 1O2 
existed and contributed to DHPK degradation through the non-radical 
route. These investigations further confirmed that DHPK degradation 
by NCCF + MPS entailed a number of ROS (SO4

•-, •OH, O2
•-, 1O2) as 

illustrated in Fig. 12. 

3.6. Degradation pathway of DHPK by NCCF and MPS 

Since NCCF may effectively activate MPS to degrade DHPK, it was 
necessary to further examine the DHPK elimination pathway. Recently, 

Fig. 14. A proposed degradation process of DHPK based on the detected intermediates.  
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with advance of computational power, quantum chemistry computation 
approaches (QCC) has been reported for reaction pathways, kinetics and 
regioselectivity [53]. Therefore, to explore the DHPK degradation pro
cess by ROS, the molecular susceptibility of DHPK was analyzed using 
computational chemistry and the Density Functional Theory (DFT). As 
demonstrated in Fig. 13(a), the molecular structure of DHPK was 
geometrically optimized. Consequently, Fig. 13(c) and (d) depict 
DHPK’s highest occupied molecular orbital (HOMO) and lowest unoc
cupied molecular orbital (LUMO). According to the literature [53], in
teractions between molecular structures and radicals can be also 
forecasted to further understand degradation mechanisms. In general, 
HOMO regions would be susceptible to electrophilic assaults, and both 
SO4

•- and •OH are thought to be electrophilic, as is 1O2, which is a highly 
electrophilic molecule. Consequently, the HOMO at the benzene ring of 

DHPK seemed susceptible to electrophilic assaults from these ROS. 
Fig. 13(b) depicts the electrostatic potential-mapped isosurface of 
DHPK, indicating that the electron-rich area (the blue-colored zones) of 
DHPK would be susceptible to electrophilic processes. 

The Fukui indices of DHPK were then calculated and presented in 
Fig. 13(e) in order to differentiate the possible region of DHPK for 
acquiring attacks. Specifically, f –, f 0, and f + indicate the electrophilic, 
radical, and nucleophilic attacks, respectively. Due to the fact that 1O2 is 
a highly reactive electrophilic molecule, DHPK sites with relatively high 
and positive f – values are more susceptible to electrophilic assaults. In 
particular, 1O, 6C, 12C, 14C, and 16C exhibit rather high f – values, 
indicating that these sites are susceptible to electrophilic attacks (as seen 
in Fig. 13(f)). However, since 1O would be saturated, 12C, 14C, and 16C 
were other potential locations for first strikes. Moreover, sites with high 

Fig. 15. Eco-toxicity evaluation of DHPK degradation by the ECOSAR: (a) acute toxicities; (b) chronic toxicities.  
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f 0 values are more sensitive to radical attacks; similarly, 6C and 15C 
may be more susceptible to radical attacks during DHPK degradation by 
NCCF + MPS (as seen in Fig. 13(g)). 

To evaluate the decomposition route of DHPK by NCCF + MPS, the 
mass spectrometry of DHPK degradation products (Fig. S6 and Table S2) 
was studied and integrated with the above-mentioned theoretical in
formation to suggest the degradation process shown in Fig. 14. Initially, 
the benzene ring of DHPK, where the HOMO resides, would be subjected 
to a ring-opening attack to form an intermediate, P1, which would 
subsequently be degraded to yield P2. In response to the continual ring- 
opening reaction, P2 would disintegrate further to produce P3. 

On the other hand, DHPK may be first degraded by splitting it into 
two pieces by the routes (ii) and (iii), yielding the byproducts P4 and P5. 
Next, P4 would undergo the ring-opening reaction to generate P6, which 
is then constantly degraded to generate P7 and P8 in succession. Alter
nately, P5 would be degraded by a second ring-opening assault to pro
duce P9, which is then progressively dissolved into P10, P11, and P12. 

3.7. Eco-toxicity evaluation of DHPK degradation intermediates 

Based on the decomposition process of DHPK by NCCF + MPS, it was 
also crucial to evaluate the eco-toxicity of intermediates generated from 
DHPK elimination particularly for aquatic ecology. Herein, the Ecolog
ical Structure Activity Relationships (ECOSAR) Predictive Model is then 
adopted here to examine variations in toxicity of degradation in
termediates from DHPK based on acute toxicity (LC50fish/daphnia & 
EC50green algae) and chronic toxicity (ChVfish/daphnia/green algae) as shown 
in Fig. 15 (a) and (b), respectively. Based on the Globally Harmonized 
System of Classification and Labelling of Chemicals (Table S3), the data 
of LC50 of these intermediates from the ECOSAR could be then cate
gorized into the four levels of toxicity (i.e., very toxic, toxic, harmful and 
non-harmful). Fig. 15(a) and (b) display values of these intermediates 
as well as their categories. Initially, the toxicity of pristine DHPK was 
relatively high (i.e., very low dosage of LC50 or EC50). As DHPK was 
decomposed, the toxicities of the initial intermediates (P1 and P2) 
seemed to decrease gradually for fish, daphnia as well as algae, and then 
toxicities were significantly reduced after the degradation in P3 ~ P12. 
The similar trends can be also observed in the case of chronic toxicities 
in Fig. 15(b) as the initial chronic toxicities (Log ChV) was extremely 
low as a result of high toxicities; however, after the degradation process, 
the values of Log ChV increased significantly for fish, daphnia as well as 
algae, indicating that the degradation process would substantially lower 
the toxicities and transfer the toxic DHPK into less-toxic (even non- 
harmful) by-products. 

4. Conclusion 

NCCF was proposed and facilely constructed to demonstrate a unique 
hollow-engineered nanostructure and the composition of CoFe alloy by 
employing Co-ZIF as a precursor after the easy etching and Fe doping 
procedures in order to build a promising heterogeneous catalyst to 
activate MPS. The Fe dopant encapsulated CoFe alloy NPs inside a 
hollow-structured N-doped carbon matrix, allowing NCCF to exhibit 
increased meso-porosity, active N species, and improved electrochemical 
characteristics compared to NCCo, its analogue without Fe dopants. 
NCCF showed a much higher magnetization of 82.5 emu/g, and much 
more activity (with a k = 0.113 min− 1) than NCCo (with a k = 0.064 
min− 1) and the standard catalyst, Co3O4 NP, for the activation of MPS to 
degrade DHPK. In addition, NCCF + MPS demonstrated an even lower 
activation energy (Ea) of 35.4 kJ/mol for DHPK degradation compared 
to the literature and maintained its excellent efficacy in removing DHPK 
in various water environments. NCCF also maintained its composition 
and activity across the consecutive five cycles of degradation. The 
mechanism of DHPK degradation has been detailedly studied, and both 
radical and non-radical pathways have been uncovered. In agreement 
with the ecotoxicity evaluation, the degradation of DHPK by NCCF +

MPS did not result in the generation of hazardous or severely toxic 
metabolites (with LC50 > 100 mg/L). This renders NCCF a suitable 
heterogeneous catalyst for MPS activation to degrade DHPK and other 
emerging contaminants. 
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