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a b s t r a c t

Herein, a diatomite biomorphic Si-O doped carbon-based catalyst (DB-SiOC) was prepared using natural

mineral diatomite as the silicon source and porous template. The results showed that the metal-free DB-

SiOC catalyst exhibited ultrafast oxidation towards chlorophenol (CP) via peroxymonosulfate (PMS) activa-

tion, which was almost one order of magnitudes than most of carbon-based catalysts. The DB-SiOC/PMS

system also showed the high ability to resist the interference of environmental matrix. The radicals (•OH

and SO4
•–) exhibited a very small contribution to the CP oxidation while the electron transfer processes

(ETP) played the major role in the DB-SiOC/PMS system. The electron shuttles from the electron-donating

CP molecules to the adjacent DB-SiOC/PMS∗ could be efficiently triggered via Si-O bonds as bridges, mak-

ing it possible for ultrafast oxidation of CP. In addition, the hollow-disc shaped DB-SiOC provided the

biomorphic DE structures with abundant pores for enriching the PMS and pollutants, thus further ac-

celerating the oxidation reaction. This work provided a new routine for the fabrication of Si-O doped

carbon-based catalysts with excellent Fenton-like catalytic activity, which would greatly promote their

application prospects in Fenton-like systems.

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

Medica, Chinese Academy of Medical Sciences.

In recent decades, the peroxymonosulfate-based advanced ox-

idation processes (PMS-AOPs) have attracted more and more at-

tention in the degradation of refractory organic pollutants in wa-

ter due to their ability to produce a variety of reactive oxygen

species (ROS) and strong oxidation ability [1–3]. However, PMS

itself exhibits limited efficacy in decomposing refractory organic

pollutants, so it is imperative to explore suitable PMS activation

strategies [4]. The addition of energy sources (such as ultraviolet

irradiation and thermal treatment) or metal ions (including Fe2+,
Co2+, Mn2+, etc.) [5–7] has been found to activate PMS efficiently.

Considering the high cost or potential secondary pollution associ-

ated with these methods, heterogeneous catalytic activation offers

a promising alternative. Nevertheless, conventional heterogeneous

catalysts used for activating PMS, such as transition metal oxides

like CoOx, FeOx, CuFe2O4 [8–11], still encounter challenges related

to metal leaching and limited catalytic stability when applied in

practical scenarios.
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Therefore, metal-free carbonaceous materials, such as graphene

oxide, carbon nanotubes, and nanodiamonds have emerged as po-

tential alternatives with the merits of abundant sources, non-

toxicity and tunable physicochemical and electronic properties

[12–14]. These carbon-based catalysts mainly rely on carbon con-

figuration, oxygen functional groups, and heteroatomic doping as

active sites [12,15,16], while their catalytic activity and stability

still need to be further improved. Previous studies have demon-

strated that doping heteroatoms with relatively weak electronega-

tivity, such as N, B, O, or S, into the carbon skeleton could regulate

the electronic structure, create new active sites, and dramatically

boost the catalytic performance of carbonaceous materials conse-

quently [17–19]. However, despite Si-O bonds exhibit weak elec-

tronegativity similar to N, B, and S elements [20], there are still

few studies related to the activation of PMS via the carbon-based

catalysts incorporated with the Si-O bonds so far.

Diatomite (DE), a common natural clay mineral mainly com-

posed of amorphous silicon dioxide (SiO2), exhibits unique features

such as a three-dimensional porous and hollow structure, abun-

dant silica hydroxyl groups, and low cost [21,22]. These properties

make DE an attractive carrier or hard template for large-scale pro-
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duction of highly hierarchical and freestanding catalysts. For exam-

ple, Dong et al. constructed two-dimensional CoNi3O4 nanoribbons

with atomic layer-thickness on the abundant DE template [23]. The

Cu nanoparticles were also anchored onto the DE to fabricate a

freestanding three-dimensional catalyst [24]. Basically, the current

literatures predominantly focus on utilizing DE as a carrier to sup-

port transition metal oxides or metal nanoparticles for efficient

PMS activation [23,25], while neglecting the potential of exploit-

ing DE as the template for fabricating carbon-based catalysts and

subsequently achieving efficient PMS activation. The physicochemi-

cal properties of carbon-based catalysts derived from DE are highly

dependant on the structural and compositional characteristics of

DE [26,27]. On the one hand, carbon-based catalysts utilizing the

three-dimensional hollow structure of DE could effectively address

the issue of active site coverage resulting from layer-by-layer accu-

mulation during synthesis. On the other hand, incorporating Si-O

bonds into carbon-based catalysts can regulate its electronic struc-

ture and create new active sites, thereby significantly improving

catalytic performance. Taking these aspects into account, it is of

great significance to synthesize biomorphic carbonaceous materi-

als assisted by DE templates for efficient activation of PMS.

In this work, a porous diatomite biomorphic Si-O doped carbon-

based catalyst (DB-SiOC) was synthesized by dopamine-self poly-

merization using DE as sacrificial template (Fig. 1). The natural

DE had a disc-shaped structure with the distribution of permeable

pores between 200nm and 400nm (Fig. S1 in Supporting informa-

tion). The dopamine monomers could polymerize on the surface

of disc-shaped DE and form a disc-shaped poly-dopamine shell

(DE@PDA). Thereafter, the Si-O bonds could be embedded in the

carbon framework of DE@PDA via the pyrolysis at 800 °C to form

the DE@DB-SiOC, and the DE core was removed by HF etching to

obtain the DB-SiOC catalyst.

Scanning electron microscopy (SEM) and transmission electron

microscopy (TEM) images unveiled that the DB-SiOC catalyst in-

herited the similar disc-shaped morphology (∼20μm) and porous

structure (200–400nm) as compared with that of DE (Figs. 2a and

b). The energy dispersive spectrometer (EDS) showed that Si, O,

N, and C atoms were uniformly distributed in the pore structure of

DB-SiOC catalyst. In addition, the Si content in the DB-SiOC catalyst

was 1.49wt% detected by inductively coupled plasma optical emis-

sion spectroscopy (ICP-OES), which indicated that almost all the

DE core have been successfully etched (Fig. S2 in Supporting in-

formation). In comparison, the nitrogen doped carbon (NC) derived

from the same procedure except the addition of DE showed unique

solid-sphere structures with a diameter of approximately 100nm,

which was quite different from that of the DB-SiOC (Fig. S3 in

Supporting information). The BET specific surface area of DB-SiOC

was up to 400.74 m2/g (Table S1 in Supporting information), and

it was almost 40–70 times higher than those of DE and DE@DB-

SiOC although with the same pore structures; this indicated that

the DB-SiOC was almost composed of residual hollow-disc car-

bon after HF etching of sacrificial DE. As exhibited in the Fourier

Transform Infrared (FT-IR) spectra (Fig. 2c), the Si-O-Si asymmet-

ric stretching vibration peaks of DE at 793 and 1113 cm−1 were

hardly discernible in DB-SiOC [24,28], demonstrating the compo-

sitional difference between DE and DB-SiOC. Raman spectrum of

DB-SiOC showed two distinct peaks at 1595 cm−1 (G-band) and

1352 cm−1 (D-band), which was similar to the NC and DE@DB-

SiOC (Fig. S4 in Supporting information), further confirming the

existence of a highly graphitized and defective carbon skeleton in

DB-SiOC [29,30].

The compositions and chemical states of DB-SiOC can be fur-

ther identified by the X-ray photoelectron spectroscopy (XPS). As

shown in Fig. 3a, the Si composition in the DE was almost two

orders of magnitude higher than that in DB-SiOC. The major peak

(103.1 eV) in the XPS Si 2p of DE can be attributed to the Si-O bond

(Fig. 3a), which corresponded well with the O1s of DE (Fig. S5 in

Supporting information) [31]. In contrast, this peak in DB-SiOC was

significantly weakened as compared with that of DE, and a new

peak at 102.1 eV can be observed in the Si 2p XPS spectrum of DB-

SiOC, which was assigned to the Si-O-C bond [20,31]. The C com-

position in the DB-SiOC was extremely high (85.34 at%), as shown

in Fig. 3b. In addition, the XPS C1s can be deconvoluted into four

fractions related to C–C, C–N, C=O, and O–C=O [32,33]. The DB-

SiOC catalyst also showed a very small N composition (Fig. 3c),

with graphitic N and pyridinic N as main N components doped in

the carbon skeleton.

Catalytic performance of DB-SiOC/PMS system by compared

with other catalytic systems was shown in Fig. 4a. The degrada-

tion efficiencies of p-chlorophenol (CP) were ∼25% within 20min

in the PMS alone, NC/PMS, DE/PMS, and DE@DB-SiOC/PMS sys-

tems (Fig. 4a). In contrast, CP can be completely oxidized within

5min in the DB-SiOC/PMS system with degradation rate (kobs) of

0.945 min−1, indicating that the DB-SiOC with Si-O doping could

effectively promote PMS activation for pollutants oxidation. Spher-

ical SiO2 instead of DE was used as the template for the fab-

Fig. 1. Fabricating scheme of DB-SiOC.

Fig. 2. (a) SEM image of DB-SiOC. (b) TEM images and EDS images of corresponding pore structure. (c) FT-IR spectra of different catalysts.
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Fig. 3. (a) XPS Si 2p of DE and DB-SiOC. (b) XPS C1s, and (c) N1s of DB-SiOC.

Fig. 4. (a) The kobs values of CP oxidation by different catalysts. (b) Effects of dif-

ferent anions and pH on the degradation of CP. Comparison of kobs values of as-

prepared DB-SiOC with (c) single-atom catalysts, mM: mmol/L and (d) carbon-based

catalysts reported in the literatures.

rication of universal Si-O doping catalyst. The Si-O doping cat-

alyst derived from spherical SiO2 exhibited the specific carbon-

based XRD pattern, which was similar to that of DB-SiOC cata-

lyst (Fig. S6 in Supporting information). The 100% degradation of

CP by the Si-O doping catalyst (SiO2) can also be achieved within

10min with kobs of 0.508 min−1 (Fig. S7 in Supporting informa-

tion). This result showed the universality of excellent oxidation ca-

pacity of Si-O doping catalysts. The superior oxidation performance

of DB-SiOC than that of Si-O doping catalyst (SiO2) might be due to

the biomorphic DE structure with abundant pores (200–400nm) in

DB-SiOC, which would promote the interaction of pollutants with

active sites and accelerate the oxidation process [34].

The catalytic activity of DB-SiOC in versatile environmental ma-

trixes (e.g., Cl–, SO4
2–, NO3

–, H2PO4
–) and a broad of pH conditions

(3.0–9.0) was performed in Fig. 4b, Figs. S8 and S9 (Supporting in-

formation). The oxidation of CP by the DB-SiOC/PMS system almost

kept constant with the co-existences of various anions, which indi-

cated that its high ability to resist the interference of environmen-

tal matrixes. In addition, the degradation of CP was only marginally

restrained as the pH was raised to 9.0; this might be due to that

the surface of DB-SiOC was negatively charged at alkaline condi-

tion, which resulted in inhibitory effect on the adsorption of PMS

and subsequent oxidation of CP due to the electrostatic repulsion.

This can be confirmed by the point of zero charge (pHpzc) of the

DB-SiOC (Fig. S9b in Supporting information). In addition, the ox-

idation of CP could be comparable to the single-atom catalysts

(Fig. 4c and Table S2 in Supporting information), and far exceeded

the catalytic performances of most reported carbon-based catalysts

(Fig. 4d and Table S3 in Supporting information).

The oxidation of CP in terms of DB-SiOC and PMS dosages

(Figs. 5a and b) indicated that there was a positive correlation be-

tween the kobs values and PMS dosages (>0.1mmol/L) or DB-SiOC

dosages (>0.04 g/L). In fact, more than 75% of CP could be oxidized

by adding only 0.1mmol/L of PMS (Fig. 5c), and the kobs of CP ox-

idation by DB-SiOC could reach up to even 1.5–2.4 min−1 at PMS

dosage of 1.0mmol/L or DB-SiOC dosage of 0.14 g/L. This further

confirmed the distinguished catalytic activity of DB-SiOC.

The generated ROS as well as the catalytic mechanisms of DB-

SiOC with Si-O doping were investigated via a series of quench-

ing experiments and electron paramagnetic resonance (EPR) instru-

ment. The addition of EtOH and TBA showed little effect on the

oxidation of CP (Fig. 6a and Fig. S10 in Supporting information).

The EPR spectra using 5,5-dimethyl-1-pyrroline N-oxide (DMPO) as

trapping agent exhibited the existence ofradical signals in the DB-

SiOC/PMS system (Fig. 6b). This result indicated that some radicals

(•OH and SO4
•–) were generated and participated in the CP degra-

dation, but was overwhelmed by specific nonradical pathway [35],

which need to be further identified. It was reported that singlet

oxygen (1O2) generated via PMS activation was an essential ROS

for pollutant oxidation [36–39]. The 1O2 signals were hardly dis-

cernible in the DB-SiOC/PMS system by using 2,2,6,6-teramethyl-4-

piperidinol (TEMP) as trapping agent (Fig. 6b), which further veri-

fied that the contribution of 1O2 on CP degradation was negligible.

To shed light on the electron-transfer process (ETP) regime in

the DB-SiOC/PMS system, the galvanic oxidation system (GOS) was

established by placing CP and PMS in two separate cells and con-

necting them with a salt bridge for evaluating electron transfer

with the exclusion of other mechanisms (Fig. S11 in Supporting

information). The DB-SiOC catalyst was coated on two graphite

plate electrodes (20mm×20mm×3mm) [40], and the current

and degradation of CP were monitored in the GOS system (Fig. 6c).

An extremely high instantaneous current (167.9 μA) was detected

when PMS was added to the DB-SiOC based GOS system, which

was ∼3 times higher than those (55.5–66.9 μA) of other catalysts

coated electrodes. Meanwhile, the degradation of CP via electron

transfer in DB-SiOC based GOS system was also significantly higher

than other GOS systems, suggesting that stronger ETP oxidation

can be induced by the DB-SiOC/PMS system for the degradation of

CP (Fig. S12 in Supporting information). This was also confirmed

by the i-t curves in these catalytic systems, which showed the

stronger current changes as the PMS and CP were added in the

DB-SiOC/PMS system (Fig. S13 in Supporting information). The al-

ternative of the adding orders of CP and PMS also showed signif-

icantly different current changes (Fig. 6d). The current of DB-SiOC

decreased dramatically with the addition of PMS, which may be

due to the role of electron redistribution derived from the gener-
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Fig. 5. (a) Catalytic activity of DB-SiOC at different (a) PMS dosages and (b) catalyst dosages (CP: 10mg/L; PMS: 0.5mmol/L; catalytic dosage: 0.1 g/L; pH 6.8). (c) Correlation

between kobs values and catalyst/PMS dosages.

Fig. 6. (a) Different radical scavengers on the degradation of CP. (b) EPR spectra of

the ROS generated in DB-SiOC/PMS system. (c) Current in GOS coating with differ-

ent catalysts. (d) The i-t curves via changing the adding orders of PMS and pollu-

tants using DB-SiOC as the working electrode.

Fig. 7. Scheme of ETP oxidation towards the degradation of CP in the DB-SiOC/PMS

system.

ated DB-SiOC/PMS∗ complex [41]. Conversely, no electron transfer

occurred between the pollutant and DB-SiOC catalyst when CP was

first injected into the DB-SiOC/PMS system.

In summary, this study provides a new strategy for the fab-

rication of high-efficiency carbon-based catalysts for PMS activa-

tion. The metal-free DB-SiOC catalyst exhibited exceptional Fenton-

like catalytic activity and catalytic stability, and its catalytic ox-

idation activity was nearly one order of magnitude higher than

those of various conventional carbon-based catalysts, even com-

parable to those of most single-atom catalysts. The radicals (•OH

and SO4
•–) exhibited a very small contribution to the CP oxidation

while the ETP pathway played the major role in the DB-SiOC/PMS

system. The efficient electron transfer from the electron-donating

CP molecules to the adjacent DB-SiOC/PMS∗ could be efficiently

triggered, making it possible for ultrafast oxidation of CP (Fig. 7).

In addition, the hollow-disc shaped DB-SiOC provided the biomor-

phic DE structures with abundant pores for enriching the PMS and

pollutants, thus further accelerating the oxidation reaction.
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