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a b s t r a c t

Inactivation of carbon-based transition metal catalysts, which was caused by electron loss, limited their

application in advanced oxidation processes. Therefore, Co and TiO2 double-loaded carbon nanofiber ma-

terial (Co@CNFs-TiO2) was synthesized in this study. Photocatalytic and chemical catalytic systems were

synergized efficiently. Tetracycline was eliminated within 15min. The degradation rate remained above

90% after five cycles, and the 50% promotion proved the high stability of Co@CNFs-TiO2. The main reac-

tive oxygen species in this system were sulfate radicals, whereas Co and TiO2 represented the active sites

of the catalytic reaction. Electrons generated from TiO2 during the photocatalytic process were transferred

to Co, which promoted the Co(III)/Co(II) cycle and maintained Co in a low-valence state, thereby stimu-

lating the generation of sulfate radicals. In this study, the effective regulation of reactive oxygen species

in the reaction system was realized. The results provided a guidance for in situ electron replenishment

and regeneration of carbon-based transition metal catalysts, which will expand the practical application

of advanced oxidation processes.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The degradation of antibiotic contamination was an urgent

problem to be solved in the field of water treatment [1]. Tetracy-

cline (TC), a widely used antibiotic, poses several potential threats

to the environment and human health [2,3]. Due to the wide

pH range and high free radical potential [4], peroxymonosulfate

(PMS) based advanced oxidation processes (AOPs) had practical

applications in antibiotic pollution treatment [5]. Furthermore,

carbon-based transition metal catalysts could efficiently activate

PMS to produce multiple reactive oxygen species (ROS) for pollu-

tant degradation and reduce agglomeration and secondary pollu-

tion [6]. Among various ROS generated in this system, sulfate rad-

icals had a higher redox potential (3.1 eV) and exhibited a better

degradation efficiency with respect to complex organic compounds

[7,8]. However, as the valence states of the transition metals in-
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crease, the production of sulfate radicals decreases [9]. Therefore,

electron supply was necessary to reduce transition metals, ensur-

ing the continuous and stable generation of sulfate radicals [10].

The key to addressing this issue lies in identifying effective in situ

electron sources [11].

As a classic catalytic reaction system, photocatalysis was a typ-

ical electron-supply reaction process. At the core of photocataly-

sis, catalysts (such as TiO2) could produce electrons (e−) and holes

(h+) under the action of light [12]. Holes were highly oxidized and

could react with water molecules or hydroxyl radicals to gener-

ate hydroxyl radicals for the degradation of the target pollutant.

Due to the electrostatic forces, e− and h+ were easily compounded

during the transmission process [13]. Therefore, one of the keys to

improve photocatalytic efficiency was to accelerate electron trans-

mission and provide electron receptors to avoid the formation of a

composite. To solve this problem, researchers had adopted material

doping [14].

Previous studies showed that the photocatalytic system was

limited to electron transfer and e−/h+ separation efficiency.

https://doi.org/10.1016/j.cclet.2024.109885
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Fig. 1. SEM image of CNFs (a), Co@CNFs (b) and Co@CNFs-TiO2 (c). TEM (d) and HRTEM (e) patterns of Co@CNFs-TiO2. EDS elemental mapping of Co@CNFs-TiO2 (f-i), Raman

spectra (j), FTIR spectra (k) and XRD patterns (l) of different samples.

Carbon-supporting transition metal catalysts had problems with

increasing metal valence and catalyst aging [15]. A carbon-

supported transition metal catalysis/photocatalyst synergistic sys-

tem, that is, a combination of the two systems, could be used to

overcome the disadvantages of a single catalytic system [16]. The

photocatalytic process generates e− and h+, which could be used

as a supplementary source of electrons to accelerate the valence

cycle of transition metals; thus, they were in a low-valence state

for efficient catalysis, and catalyst regeneration and continuous ac-

tivation could be realized. As a shallow potential trap for photo-

generated electrons, metal atoms could prolong the recombination

time of e−/h+, accelerate electron transport, facilitate the degrada-

tion of pollutants by h+, and improve photocatalytic efficiency [17].

As typical one-dimensional materials, carbon nanofibers (CNFs)

could be used as catalyst carrier to verify this finding because

of their high specific surface area, large aspect ratio, high ther-

mal and chemical stability. Further, electrospinning was known

to be a simple and inexpensive way to generate nanofiber sup-

ported catalysts. Thus cobalt-doped carbon nanofiber-supported

TiO2 (Co@CNFs-TiO2) catalysts were prepared via electrospinning,

carbonization, and the sol-gel method (Appendix S1 in Supporting

information). The catalysts were subsequently characterized using

multiple methods (Appendix S2 in Supporting information). The

synergistic catalytic performance and in situ regeneration effect of

the catalyst were evaluated using TC degradation (Appendix S3 in

Supporting information). The reaction characteristics and catalytic

mechanism of the synergistic system were revealed. In this study,

a new concept was introduced based on which the long-term sta-

bility of AOPs could be achieved, which will effectively extend its

applications.

As depicted in Figs. 1a–c, CNFs, Co@CNFs and Co@CNFs-TiO2

exhibited the characteristic nanofiber structure in scanning elec-

tron microscope (SEM) analyses. After carbonization, Co@CNFs and

Co@CNFs-TiO2 showed a spatially interconnected structure, con-

tributing to increased material stability and providing ample space

for reactions [18]. TEM studies revealed a uniform distribution of

titanium dioxide on the surface of carbon nanofibers (Fig. 1d). The

structure of the catalysts was determined using HRTEM images of

Co@CNFs-TiO2. As shown in Fig. 1e, the lattice structure and crys-

tal morphology showed that the lattice spacings were 0.354 and

0.243nm, respectively, corresponding to the spacings between the

TiO2 (101) and Co3O4 (311) planes. The distributions of C, N, Ti,

and Co were showed in Figs. 1f–i. As shown in Fig. 1g, the uniform

distribution of N inside the CNFs accelerates electron transfer dur-

ing the reaction. The energy dispersive X-ray spectroscopy (EDX)

spectra confirmed the distribution of these elements with concen-

trations of 0.81% and 3.55%, respectively (Fig. S1 in Supporting in-

formation).

Fig. 1j showed the Raman spectra of the materials. Significant G

and D bands were observed in the spectra of CNFs, Co@CNFs, and

Co@CNFs-TiO2. The IG/ID values of them were 0.92, 0.70, and 0.83,

respectively, which means that the amorphous carbon content in

all materials was higher than the crystalline carbon concentration.

Co@CNFs-TiO2 exhibits vibration peaks at 141 cm−1 (Eg), 396 cm−1

(B1g), 515 cm−1 (A1g), and 640 cm−1 (Eg), which correspond to

the Raman activation mode of anatase. These results indicated that

the TiO2 in catalysts was an anatase crystal. Functional groups of

the catalysts were identified based on their FTIR spectra (Fig. 1k).

Note that all spectra had small peaks in the range of 3200–3700

cm−1 and at 1600 cm−1 corresponding to the stretching vibration

of O–H and the bending vibration of C≡C, respectively. The char-

acteristic peak of Co@CNFs-TiO2 at 450–600 cm−1 corresponded to

the tensile vibration of Ti-O-Ti, confirming the formation of TiO2.

X-ray diffraction (XRD) patterns of the materials were shown in
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Fig. 2. UV–vis spectra of CNFs, CNFs-TiO2, Co@CNFs and Co@CNFs-TiO2 (a), and

the plot of transformed Kubelka-Munk function versus the energy of light (b). (c)

Transient photo-current response of Co@CNFs, CNFs-TiO2, Co@CNFs and Co@CNFs-

TiO2. (d) Electrochemical impedance spectroscopy of CNFs, CNFs-TiO2, Co@CNFs and

Co@CNFs-TiO2.

Fig. 1l. The diffraction peaks of Co@CNFs and Co@CNFs-TiO2 at 2θ
were 44.2°, 51.5°, and 75.9°, corresponding to Co (JCPDS No. 89–

7093). Notably, a peak at 36.8° was observed, corresponding to

the Co3O4. However, no notable Co (JCPDS No. 89-7093) was de-

tected in Co@CNFs-TiO2. Therefore, it was speculated that Co was

oxidized during secondary heating. Based on the 2θ reflections of

25.354° (101), 37.895° (004), 48.13° (200), 54.08° (105), 62.8° (204),
and 75.26° (215) in the XRD pattern, TiO2 was confirmed to be an

anatase phase.

To understand the bonding behavior between the atoms in

Co@CNFs-TiO2, the X-ray photoelectron spectroscopy (XPS) spec-

tra of Co, C, O, and Ti were analyzed. The Co 2p spectrum of

Co@CNFs-TiO2 (Fig. S2a in Supporting information) showed peaks

at 780.5 and 795.8 eV, corresponding to Co 2p3/2 and Co 2p1/2

states, whereas the two oscillating satellite centers were located

at 785.7 and 803.4 eV, respectively. These were characteristics of

Co3O4. The C 1s spectrum (Fig. S2b in Supporting information)

showed peaks at 284.4, 285.6, and 288.3 eV, corresponding to sp2-

C (C=C), sp3-C, and C=O, respectively. Fig. S2c (Supporting infor-

mation) revealed that the two main peaks of O 1s were located

at 529.6 and 531.5 eV, respectively, corresponding to lattice oxy-

gen in Co oxide and surface oxygen in TiO2. The Ti 2p spectrum

had two peaks at 458.4 and 464.1 eV (Fig. S2d in Supporting in-

formation), which correspond to the binding energy of Ti 2p1/2

and Ti 2p3/2, respectively. The combination with the O 1s spectrum

showed that a certain amount of TiO2 was supported on the sur-

face of Co@CNFs-TiO2.

The photochemical properties of the different supported cata-

lysts were compared. Fig. 2a showed the UV–vis absorption spec-

trum of the sample. Compared with CNFs, the light absorption

boundary of the materials after Co and TiO2 loading showed a

redshift, which could improve the utilization rate of the sample

with respect to light. It was beneficial for improving the photo-

catalytic efficiency. The band gaps of CNFs, Co@CNFs, CNFs-TiO2

and Co@CNFs-TiO2 catalytic materials were 1.84, 0.90, 1.59 and

0.78 eV, respectively (Fig. 2b). The photocurrent responses of CNFs,

Co@CNFs, CNFs-TiO2, and Co@CNFs-TiO2 were obtained in light

irradiation for five on-off cycles (Fig. 2c). Co@CNFs-TiO2 exhib-

ited a higher photocurrent intensity, indicating faster photoex-

cited e− transfer and less recombination of e−/h+. The electro-

Fig. 3. Degradation of multiple materials in dark (a) and light (b) systems. Cyclic

degradation in dark (c) and light (d) systems. TC, 67 μmol/L; PMS, 1mmol/L; cata-

lyst, 0.2 g/L.

chemical impedance spectroscopy (EIS) Nyquist plots in the dark

were showed in Fig. 2d. Co-doping increased the electron transfer

and the separation efficiency of photogenerated electron-holes in-

creased after the TiO2 loading, which reduced the resistance of the

material. The results showed that Co@CNFs-TiO2 exhibits an op-

timal photocurrent response and that e− could be generated and

transferred efficiently, which enhances the catalytic activity.

TC was used as the target pollutant and the catalytic perfor-

mance in different reaction systems. Figs. 3a and b showed that

Co@CNFs-TiO2 exhibits a negligible performance, achieving a 5.1%

removal of TC from the aqueous solution in 60min, indicating that

the surface adsorption was poor. However, it could be speculated

that the 16% decrease of TC concentration in light was due to

the formation of photogenerated electrons and holes in the sys-

tem. PMS could degrade TC in both dark and light environments.

Because UV light could activate PMS, light irradiation increased

the degradation rate of TC by 13%. For the same reason, Co@CNFs

achieve a 6% higher degradation efficiency in the light system than

in the dark environment and the doping of Co improves the degra-

dation of pollutants to 98% in 60min [9]. The degradation curve

of Co@CNFs-TiO2-activated PMS in a dark environment showed a

similar trend to that of Co@CNFs. The small difference might be

attributed to the exposure of more Co active sites during sec-

ondary heating. The degradation rate reached 100% in 15min for

the Co@CNFs-TiO2 activation of the PMS system under light condi-

tions, which was 56% higher than that of Co@CNFs. Further, the re-

action rate constant exhibited consistent regularity with degrada-

tion (Table S1 in Supporting information). The intermediates could

be fully mineralized in 120min (Fig. S3 in Supporting information).

Co and TiO2 had an electron transfer effect that promotes the acti-

vation of PMS, thus improving the degradation rate and efficiency

of pollutants. In addition, there was a positive correlation between

the degradation rate and light intensity, indicating the significant

enhancing effect on the reaction process (Fig. S4 in Supporting in-

formation).

The stability of the catalyst was verified via five cycles

of Co@CNFs-TiO2 activation PMS system under light conditions.

Figs. 3c and d showed that the degradation effect of the catalyst

was slightly weakened after five degradation cycles, but the ef-

ficiency of the fifth degradation reached 90%, which proved that

Co@CNFs-TiO2 had a good stability. However, Co@CNFs-TiO2 could
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Fig. 4. Optimized structure models and calculated electrostatic potentials of CNFs (a), Co@CNFs (b), and Co@CNFs-TiO2 (c). The working functions of CNFs (d), Co@CNFs (e),

and Co@CNFs-TiO2 (f). (g) Differential charge density image of Co@CNFs-TiO2. The built GOS system (h) and current flowing (i) from PMS/pollutant cell to the Na2SO4.

only maintain 40% efficiency after five cycles in the dark, indicating

that electron transportation effectively promoted the in situ regen-

eration of the catalyst, leading to a sustained and stable catalytic

effect.

To understand the degradation mechanism, quenching experi-

ments were performed to determine the ROS levels in the solu-

tion (Figs. S5a and b in Supporting information). The addition of

certain concentrations of tert–butanol (TBA) and p-benzoquinone

(p-BQ) inhibited the degradation of TC and the degradation rates

decreased to 97.6% and 93.9%, respectively, indicating that the re-

action system contained small amounts of •OH and •O2
− and the

effect was relatively weak. After the addition of ammonium ox-

alate (AO), methanol (MeOH), and AgNO3, the TC degradation rates

decreased to 72.8%, 69.5%, and 69.1%, respectively. It was shown

that h+, SO4
•−, and e− played key roles in the degradation pro-

cess. After the addition of Furfuryl alcohol (FFA), the degradation

rate decreased to 19.0%. The mutual transformation of Co ions and

TiO2 promoted the formation of SO4
•− and e−/h+, respectively [19].

SO4
•− was the main ROS in the degradation process (Table S2 in

Supporting information). To further verify the presence of active

substances in the system, DMPO and TEMP were used as capture

agents for EPR analyses. Figs. S5c and d (Supporting information)

showed weak DMPO-•OH and DMPO-SO4
•− signals in the PMS sys-

tem [18], whereas the signal intensities significantly increased in

the Co@CNFs-TiO2-activated PMS system. Co@CNFs-TiO2 effectively

promoted the formation of SO4
•− and •OH, which suggests the suc-

cessful adjustment of the Co valence. The 1:1:1 TEMP-1O2 signal

was also detected and exhibited greater strength in catalytic sys-

tems, confirming the contribution of the catalyst.

To clarify the valence changes of Co, high-resolution XPS spec-

tra of Co 2p before and after the reaction were compared and an-

alyzed (Fig. S6 and Table S3 in Supporting information). The Co

2p3/2 peak shifted from 780.4 eV to 780.8 eV and the Co 2p1/2 peak

shifted from 795.8 eV to 796.4 eV, indicating that the chemical va-

lence state of Co changed. A comparison of the peak areas of the

different valence Co fitting peaks before and after the reaction fur-

ther confirms this result. Before the reaction, the proportions of

the split-fitting peak areas of Co(II) and Co(III) were 55.43% (octa-

hedral sites: 22.50%, tetrahedral sites: 32.93%) and 44.57%, respec-

tively. After the reaction in light, the proportion of the split-fitting

peak area of Co(II) significantly increased to 62.36% (octahedral

sites: 43.86%, tetrahedral sites: 18.50%). Monometallic Co catalysts

usually showed a trend of transition from Co(II) to Co(III), that is,

the proportion of Co(II) would be reduced. As a result of that, the

proportion of Co(II) decreased to 51.09% after the reaction in the

dark. The results showed that a cycle occurred between Co(II) and

Co(III) in Co@CNFs-TiO2, resulting in the continuous production of

active free radicals [20,21].

Density functional theory (DFT) calculations further elucidated

the construction of the catalysts. Optimized structural models of

CNFs, Co@CNFs, and Co@CNFs-TiO2 were displayed in Figs. 4a–

c. The distribution of the electrostatic potential (ESP) on the van

der Waals surface was used to predict the reaction sites. Fig. 4a

showed a CNFs network in which the negative potential was uni-

formly distributed over the C atom. However, positive potentials

appeared when Co and TiO2 were loaded (Figs. 4b and c). The

working functions were further estimated to be 4.202, 3.998, and

3.978 eV (Figs. 4d–f), respectively, confirming the presence of a

built-in electric field [21,22]. The facilitation of electron trans-

port by N-doping was also confirmed in the same way (Fig. S7

in Supporting information). Furthermore, the calculated differen-

tial charge density image showed that the electron accumulation

region appears on the surface of Co, whereas the electron deple-

tion region occurs on the C side (Fig. 4g), which was in accordance

with the binding-energy shifts observed in the XPS spectra [23].

Galvanic oxidation system (GOS) was used to determine the

electron transfer between light/TiO2 and varied Co/PMS because

electrons could transfer from TiO2 to Co along the electron chan-

nel if the electron-transfer process occurs in catalytic systems (Fig.

4h). PMS/TC and Na2SO4 were added to two independent cells con-

nected by an agar salt bridge and an ampere meter. The graphite

electrodes in the cells were loaded with Co@CNFs and TiO2. No

significant current generation was observed in the dark environ-

ment after the system stabilized, indicating that electron transfer

4
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did not occur. In contrast, in the light environment, GOS coating

with TiO2 showed a high instantaneous current of 12 μA. These

results confirmed that light/TiO2 could trigger electron transfer to

Co (Fig. 4i). Furthermore, more TC was oxidized in GOS under light

irradiation, indicating that the electron-transfer process could lead

to the efficient activation of PMS by Co@CNFs-TiO2 for TC degra-

dation (Fig. S8 in Supporting information). These results suggested

that electrons tend to transfer from TiO2 to Co through the car-

bon support. Therefore, it could be speculated that photogenerated

electrons and holes generated by TiO2 promote the mutual con-

version to Co(II), thereby improving the ability of Co@CNFs-TiO2 to

activate PMS.

Based on the discussion above, the main catalytic degradation

substrates in the Co@CNFs-TiO2 reaction system include free radi-

cal and non-free radical pathways (Fig. S9 in Supporting informa-

tion). The Co(III)/Co(II) cycle played an important role in free rad-

ical pathways. In general, the Co(II) site exposed on the surface of

Co3O4 could effectively activate PMS by attacking the O–O bond

of PMS to produce SO4
•−. The presence of an internal electric field

from TiO2 to Co3O4 and the conductivity of CNFs could promote

electron transfer and accelerate the regeneration of Co(II) [24], thus

realizing the continuous generation of SO4
•− and other free radi-

cals. Simultaneously, generated sulfate radicals reacted with HSO5
−

to produce 1O2. In addition, for the non-free radical pathway, sin-

glet oxygen could also be generated by SO5
•− [25]. The TC in the

reaction system was eventually oxidized by SO4
•− and other ROS.

In this study, a Co@CNFs-TiO2 catalyst was successfully synthe-

sized by electrospinning, carbonization, and the sol-gel method.

Complete TC degradation was achieved in Co@CNFs-TiO2 activated

PMS system in 15min with an excellent repetitive capacity. The

main reactive species were identified to be SO4
•−. Further analy-

ses proved that the electrons generated in the TiO2 photocataly-

sis process were transferred to Co, thus reducing the valence state

of Co and realizing catalyst regeneration in situ. Co(II) continu-

ously and efficiently activates PMS to produce SO4
•− to achieve ef-

ficient degradation. N-doping and Co-doping accelerated the elec-

tron transport. In this study, efficient catalytic materials were syn-

thesized and guidance was provided for the in situ regeneration of

transition metal catalysts in PS-AOPs, effectively expanding practi-

cal application prospects.
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