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Abstract

Nanomaterials have been extensively employed in various applications over the past several decades, however,

the stability of functional nanoparticle catalysts (NPCs) for effective degradation of organic contaminants remains

a significant challenge. Herein, we present a cost-effective biochar loaded uniformly dispersed ultra-stable Co nano-
particles with an average diameter of 8 nm as a highly efficient peroxymonosulfate (PMS) activation catalyst. The
reactive radicals produced from the catalyst/PMS system are able to degrade several model organic pollutants of envi-
ronmental and public health concerns, including trichlorobiphenyl, bisphenol A and diethyl phthalate, with less pH
limitation and Co?* leaching. Mechanism investigation demonstrates that the CoN plays the key role in the catalyst
stability and PMS activation via acid resistance and electron bridging effects, respectively. Meanwhile, the incor-
poration of nitrogen (N) and sulfur (S) atoms within the substrate is considered to bolster the adhesion strength
between metal nanoparticles and the carbon matrix via strong metal-support interaction. The catalyst was further
applied in practical treatment of water and soil polluted by organic pollutants, exhibiting a satisfactory degradation
efficiency (>90% in 60 min) for environmental applications.

Highlights

+ Homogeneous diffusion attributed to doped N/S atoms via metal-support interaction.

- Superior catalytic capability and strong stability mechanism of coated CoN.

« Extraordinary activity for peroxymonosulfate activation to degrade organic pollutants in natural water and soil.
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Graphical Abstract

1 Introduction
Nanoparticle catalysts (NPCs) are widely applied in envi-
ronmental pollution remediation. A decreased size particle
is able to enhance catalytic performance significantly (Tyo
and Vajda 2015; Roldan Cuenya and Behafarid 2015; Lei
et al. 2010), resulting from the strong quantum size effects,
increased metal atom utilization (Corma et al. 2013), and
the ability to regulate electronic structures and chemical
interactions between metal atoms and substrate materials
(Liu and Corma 2018; Xu et al. 1994). During the synthesis,
metal species tend to aggregate into larger particles due to a
dramatic increase in specific surface energy with a reduced
particle size (Joo et al. 2009; Dai et al. 2018). Additionally,
the desired high activity of the surface structure may be
destroyed in the storage or reaction processes, as unsatu-
rated metal atoms at the surface are susceptible to oxida-
tion or hydration (Li et al. 2020). These inherent behaviors
inevitably lead to the loss of active sites and catalyst deacti-
vation. Thus, there is an urgent need to develop preparation
strategies of NPCs for establishing and maintaining stable
spatial arrangements of a metal in substrates at a nanoscale.
A prevalent strategy for preparing NPCs involves load-
ing metal nanoparticles onto a solid substrate with a high
surface area (Ou et al. 2020; Li et al. 2020; Wang et al.
2022a). Carbon-based materials, particularly nitrogen (N)-
doped graphite, serve as excellent substrates for NPCs due
to their large specific area and the controllable interaction
between the substrate and the metal nanoparticles (Jin
et al. 2021). For instance, Previous study (Han et al. 2020)
encapsulated cobalt (Co) nanoparticles with an average
diameter of 30—50 nm in carbon nanotubes and observed
that the strong interaction between the N-doped substrate
and the Co nanoparticles enhanced catalytic performance.
Similarly, the uniformed encapsulation of Co nanopar-
ticles (~10 nm) in N-doped hollow carbon materials can
develop a Co-pyridinic N moiety, which not only alleviates

aggregation behavior but also modulates the electron
density of Co species, thereby increasing peroxymonosul-
fate (PMS) adsorption and conversion efficiency (Li et al.
2021b). While Co-based catalysts exhibit the highest activ-
ity for PMS activation, there are significant disadvantages,
such as secondary metal contamination owing to Co*"
leaching (Jiang et al. 2022), low PMS utilization rate, poor
structural stability, and difficult separation for reutiliza-
tion. Additionally, hydrogen ions (H") would be released
in the reaction of PMS activation, resulting in a strong
requirement of acid resistance for NPCs.

The coordination environment, facilitated by a suit-
able substrate, significantly influences the dispersibility,
stability, and catalytic performance of NPCs (Hu and Li
2021). Previous study reported that strong chemical/elec-
tronic interactions between platinum (Pt) nanoclusters
(~1 nm) and S atoms in a carbon-based substrate effec-
tively suppressed metal aggregation by hindering metal
atom diffusion and nanoparticle migration during a high-
temperature catalytic reaction (Yin et al. 2021). Therefore,
the substrate should generate adequate coordination spe-
cies and “adhesion strength” sites, such as N, P, O and S-C
bonds, to capture metal nanoparticles to stabilize NPCs.
Rational designs, including NP size and metal-support
interaction (MSI), are crucial for both the catalyst perfor-
mance and the stability of NPCs (van Deelen et al. 2019).

Heterogeneous catalysts are typically prepared via
pyrolysis of pure mononuclear metal complexes, such
as metal-organic frameworks (MOFs), covalent-organic
frameworks (COFs), and their derivatives (Falcaro et al.
2016; Wang and Astruc 2020). However, the complex
preparation process and the high cost of precursor mate-
rials limit industrial scale applications. Few studies on
NPCs have explored the use of low-cost domestic waste
as precursor materials for loading transitional metal nan-
oparticles. Our previous work demonstrated that coffee
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grounds, a common domestic waste in daily life, contain
abundant N and S species and may serve as a promising
alternative N/S-doped substrate (Cui et al. 2021).

This study aims to demonstrate an environmental-friendly
and cost-effective NPC with a superlative stability and cata-
lytic activity in advanced oxidation processes (AOPs) for
degradation of organic pollutants in soil and water. Poly-
chlorinated biphenyls (PCBs) as a type of persistent organic
pollutant commonly detected in the top soil of industrial
areas were examined, with 2,4,4” -trichlorobiphenyl (PCB28)
as a representative. In this work, 2,4,4’-trichlorobiphenyl
(PCB28), bisphenol A (BPA), and diethyl phthalate (DEP)
were chosen as the model pollutants because of their refrac-
tory (Fang et al. 2017) and different properties (Yang et al.
2022; Guo et al. 2022). The intrinsic characteristics, catalytic
mechanism and practical applications were systematically
investigated and the results would benefit the development
and application of low-cost NPCs for contaminant remedia-
tion in water and soil.

2 Materials and methods

2.1 Chemicals and materials

Cobalt chloride hexahydrate (CoCl,-6H,0), nickle chlo-
ride (NiCl,), and copper chloride (CuCl,) were purchased
from Aladdin Group Chemical Reagent Co., Ltd. (China).
Potassium peroxymonosulfate (99.5%), 2,4,4"-trichloro-
biphenyl (PCB28, 99.5%), bisphenol A (BPA,>97%) and
diethyl phthalate (DEP, 99%) were provided by Alfa Aesar
Co., Inc. (China). 5,5-Dimethy-1-pyrroline-N-oxide
(DMPO) and 2,2,6,6-tetramethyl-4-piperidone hydro-
chloride (TEMP) were purchased from Dojindo Labo-
ratories, Kumamoto (Japan). Inorganic salts, p-phthalic
acid (PTA), 2-hydroxyterephthalic acid, humic acid (HA),
ethanol (EtOH), terbutyl alcohol (TBA) and furfuryl alco-
hol (FFA) were obtained from Sigma-Aldrich. All the
chemicals were used without further purification. Ultra-
pure water from Milli-Q apparatus (Millipore, USA) was
used in the experiments.

2.2 Synthesis of NPCs

Spent coffee grounds (CG, 3 g) were mixed with 40 mL
of aqueous solution containing 4.24 mM Co*" at ambient
temperature (25 °C) and stirred at 200 rpm for 24 h. The
adsorbed CG was separated via centrifugation (5000 rpm,
10 min) and dried in an oven at 80 ‘C overnight. The
resulting solid was pyrolyzed at 600, 700, and 900 C for
4 h at a heating rate of 1 ‘C-min~! in a tube furnace with
high-purity N, atmosphere at a flow rate of 20 mL-min ",
The resulting black powder was named Co-CGBC-600,
Co-CGBC-700, and Co-CGBC-900, respectively. For
comparison, the material obtained by treatment of
CG power under the same conditions in the absence of
Co** was named CGBC. In addition, Ni-CGBC-700 and
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Cu-CGBC-700 were prepared by the same procedure as
Co-CGBC-700, with Co*" replaced by Ni** and Cu**.

2.3 Characterizations

The concentration of dissolved Co®* in the acid treatment
was measured via Inductively Coupled Plasma Optical
Emission Spectrometry (ICP-OES). The obtained NPCs
were characterized by X-ray diffraction (XRD, Rigaku
Ultima IV, Japan), scanning electron microscopy (SEM,
Genimi500, USA), high-resolution transmission electron
microscopy (HR-TEM, jem-2100EJEOL, Japan), TG-IR
analysis (Mettler- Toledo TG2+ Nicolet iS50, Thermo
Fisher Scientific, Japan), X-ray photoelectron spectros-
copy (XPS, Thermo VG ESCALAB 251XI) and X-ray
absorption fine structure spectroscopy (XAES).

2.4 Catalytic degradation

The batch experiments were employed to investigate the
catalytic performance of Co-CGBCs. The degradations
of PCB28, BPA and DEP were evaluated under different
conditions, including varying dose of catalyst, concentra-
tion of PMS, pH, and coexisting ions. The recycle per-
formance of catalysts were investigated under optimal
conditions, collected with an external magnetic field. The
catalytic performance in actual contamination water and
soil was also studied for practical application. The details
are listed in Text S1.

2.5 Mechanism investigation

Electron paramagnetic resonance (EPR, Bruker E580
spectrometer, Germany) was conducted to identify the
main reactive oxygen species (ROSs) generated in the
catalytic process. The details of density functional theory
(DFT) calculations are listed in Text S2.

3 Results and discussion

3.1 Characterizations of Co NPs

The X-ray diffraction (XRD) patterns (Fig. S1a) for pure
CGBC-700 exhibited two broad peaks located at 23.6°
and 43.1°, which were assigned to the amorphous car-
bon peak. By contrast, the sharp peaks located at 42.7°,
44.1°, and 51.3°, corresponded to the characteristic peaks
of CoN and metallic Co, respectively (Fig. S1b). The ele-
mental contents of the prepared materials are listed in
Table S1. The thermal stability and binding phenomena
were revealed by TG-IR analysis (Fig. S2). The mass loss
ratio of biomass was up to 77.7% and the intensities of
C=C, C=0, C=C, and C=N in Co-CGBCs were more
evident than that of CGBCs during the pyrolysis process,
implying that the existence of mental NPs could affect the
chemical properties and structure of carbon substrate.
The Brunner-Emmet-Teller (BET) results and pore size
distribution of Co-CGBC-700 are displayed in Fig. S3
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and Table S2. The micropore area (67.53 m” g!) was far
larger than external surface area (8.81 m? g™'), suggest-
ing that Co-CGBC-700 exhibited an advanced micropore
structure. The SEM was employed to examine the porous
morphology of Co-CGBC-700 (Fig. la).The HR-TEM
images revealed high crystallinity core—shell structure
in Co-CGBC-700, where metallic Co(102)/CoS(102) was
coated by CoN(200) and CoN(111) lattice fringes, with
d-spacing of 0.192, 0.214 and 0.245 nm (Guo et al. 2018),
respectively (Fig. 1b and S4), in accordance with the mag-
netic separation and leaching tests (Fig. S5). Moreover,
HR-TEM elemental line scanning and elemental mapping
analysis showed that the location of S and Co overlapped
significantly (Fig. 1c, d), indicating the strong relationship
between the Co and S. All these results imply that Co/
CoS nanoparticles are covered with CoN and anchored
by strong metal-substrate interaction, enhancing both
acid resistance and aggregation in Co-CGBC-700 (Song
et al. 2019). Co nanoparticle sizes in Co-CGBCs var-
ied with different pyrolysis temperatures. The average
size of nanoparticles in Co-CGBC-700 was 8.5+ 1.4 nm
(Fig. 1e), while they sharply increased to 20-100 nm in
Co-CGBC-900 (Fig. S6). These findings imply that, at
high pyrolysis temperatures, the metal-substrate connec-
tion was disrupted, resulting in uncontrolled aggrega-
tion. The particle size in Co-CGBC-700 remained nearly
constant (8.3 + 1.0 nm) after acid treatment in 1 M H,SO,,
(Fig. S7), with a leaching rate of ~ 2% (Fig. S5).
Surface-sensitive XPS measurements were conducted
to better understand the surface chemical environment
(the C1s,N1s,S2p, and Co 2p core levels of atoms)
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by determining the binding energy and the chemical
state of the material’s surface (Kigozi et al. 2020; Moses
et al. 2023). The full-spectrum scan of XPS and C 1 s XPS
deconvolution are displayed in Fig. S8. The N 1 s and S 2p
deconvolution of Co-CGBC-700 are shown in Fig. 2a, b,
the peaks at 397.7 and 164.7 eV correspond to N-Co and
S-Co bonding energies (Wang et al. 2019), respectively.
A noticeable fitting peak emerged from the N-Co bond
in Co-CGBC-600 and Co-CGBC-700, but the intensity
of this peak significantly weakened in Co-CGBC-900,
suggesting that the Co—N bonding in the Co NPs was
reduced at the highest pyrolysis temperature (Figs. S9
and S10). Based on the study of the N and S XPS spec-
tra, it was proven that Co had a dynamic binding envi-
ronment, with Co—N-C gradually changing into Co-S-C
as the pyrolysis temperature rose. The Co 2p XPS of Co-
CGBC-700 is shown in Fig. S11 and could be deconvo-
luted into eight peaks, while two fitting peaks of Co 2p;,
located at 780.4 €V and 782.0 eV were attributed to Co(II)
and Co-Nx, respectively (Yang et al. 2019). The presence
of Co-Nx is beneficial for the stabilization of Co NPs, as
previously mentioned.

Synchrotron-based XAFS was employed to further
investigate the atomic and electronic structure behav-
ior of Co-CGBCs. As displayed in Fig. 2c, the N K-edge
near edge X-ray absorption fine structure (NEXAFS)
spectrum of Co-CGBC-700 exhibits sharp peaks cor-
responding to transitions from 1 s to m* orbitals and a
broad peak corresponding to o* resonance. The sharp
1t* peaks could be split into four distinct peaks at 397.0,
398.4, 399.7 and 401.5 eV, assigned to N-Co, pyridine N,

56 7 8 9 1011 12

Size (nm)

Fig. 1 a SEM image of Co-CGBC-700, b the interlayer spacing of Co(707) or CoS(702) and CoN(200), ¢ S/Co atomic fraction determined by HR-TEM
elemental line scanning analysis, d elemental mapping of Co-CGBC-700, Co (light blue), N (green), and S (yellow), e size distributions of Co NPs

in carbon matrix
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cyanic N and graphite N, respectively. This result proves
once again that Co—N bonding is present at the surface of
Co NPs. In the S K-edge NEXAFS spectrum (Fig. 2g), the
doublet peaks located at 2470-2475 eV could be decon-
voluted into two peaks at 2471.1 and 2473.3 eV, which are
the same positions as the characteristic peaks in the ref-
erence spectra of CoS and cysteine, confirming the pres-
ence of C-S-Co coordination and suggesting that S atoms
play a key role in the anchoring of Co NPs.

The chemical species of Co of Co-CGBCs were estab-
lished by Co K-edge XAFS. The normalized spectra of
Co-CGBC-700 and Co foil, CoO and CoS references are
shown in Fig. 2d. The absorption edge of Co-CGBC-700
was located between that of Co foil and CoS, indicat-
ing that the main species in the Co-CGBC-700 may be a
mixture of metallic Co and CoS at the nanoscale. Notably,
the spectra of Co-CBGC-700, Co foil and CoS share sev-
eral isobestic points (black circles in Fig. 2d), confirming
that Co-CGBC-700 was a mixture of metallic Co and CoS
(Wu et al. 2019). The wavelet-translated (WT) extended
X-ray absorption fine structure (EXAFS) spectra of Co-
CGBC-700 and the references were obtained with high
resolution in both the k and R spaces (Fig. 2e and S12).
The main WT peak at~7.5 A~! could be attributed to
Co-Co coordination, according to the WT pattern of Co
foil. There were two minor peaks at~6.0 and~4.7 A7l,
which could be identified as Co-S and Co-N coordina-
tion, respectively, based on the WT patterns of CoS and
CoO. The fitting of the Fourier-transformed EXAFS spec-
tra for the Co-CGBCs and the references are displayed in
Fig. 2f, S13 and S14, and the local structural parameters

are listed in Table S3. There were three separate peaks in
Co-CGBC-700, which arose from Co—N, Co-S and Co—Co
coordination. The coordination numbers of Co to N, S and
Co were 0.5, 1.6 and 8.6, respectively, which suggests that
Co NPs were consisted of 71% metallic Co, 26% CoS and
trace CoN, on the basis of the coordination numbers of
Co-Co bonds in Co foil and Co-S in CoS. The N, S and Co
XAFS further confirmed the core—shell structure of CoON@
Co/CoS, consistent with the HR-TEM and XPS results.

3.2 Mechanism investigation of homogeneous
distribution

Density functional theory calculations were carried
out to explore the possible mechanisms of homogene-
ous distribution and to elucidate the critical role of the
interfacial N and S-C bonds in metal nanocluster sinter-
ing during the high-temperature pyrolysis process (DFT
calculation in Text S2). Based on the geometric structural
details identified in the HR-TEM images (Fig. 1b and S4),
the small Co cluster (Cos) in the shape of truncated octa-
hedron with exposed Col01 planes were proposed for
the surfaces of N-doped, S-doped and N/S co-doped gra-
phene models for the first examination with DFT (Fig. 3a,
b and c¢). A defect-free graphene layer was also included
for comparison (Fig. 3d). The Coq clusters were anchored
on biochar surface defects through Co-S or Co—N bonds,
with average bond lengths of 2.24 and 2.09 A, respec-
tively, while the closest distance between Co clusters and
perfect graphene was 3.73 A, which is similar to the coor-
dination environment of Co-CGBC-700 based on the
HRTEM, XPS and XAFS analyses.
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Fig.3 DFT simulation of the Co36 nanocluster desorbed from a
S-doped graphene, b N, S-doped graphene, ¢ N-doped graphene, and d
pristine graphene, e diagram of particle migration and coalescence
(PMC) sintering path during the pyrolysis process, f energy required

for Co nanocluster to be desorbed from the different substrates

For the simulation, we calculated the particle migration
and coalescence (PMC) sintering path during the high-
temperature pyrolysis process (Fig. 3e). The PMC sinter-
ing mechanism involves the mobility of whole particles on
the substrate with Brownian motion collisions (Hansen
et al. 2013). Thus, the migration trends of a Cog parti-
cle could be inferred according to the adhesion strength
of the metal-graphene. As shown in Fig. 3f, DFT calcula-
tions showed a much higher energy barrier for the Coyq
nanocluster desorption from N-doped graphene (0.55 eV)
than those on N/S co-doped graphene, S-doped graphene
and the defect-free graphene surface (0.12, 0.02, and
0.01 eV, respectively). This indicates that the PMC pro-
cess can be significantly suppressed for Co nanoclusters
on N-doped or N, S-co-doped substrates. With increased
distances, the free energy of Co nanoclusters for diffusion
increased as well, and the values of free energy followed
the order of Cog4-graphene N (2.19 eV)>Cog4-graphene
NS (0.86 eV) > Coss-graphene S (0.60 eV) > Coge-graphene
(0.27 eV). This suggests that the stronger bonding of
Co-N contributes to a higher energy penalty for the small
Co clusters moving away from adsorption sites to form
larger aggregates by hindering the PMC path (Dai et al.
2018), which may be the main mechanism of the homoge-
neous distribution of NPs on the carbon substrate surface.

3.3 Superlative catalytic activities towards AOPs

In the batch experiments, PCB28 was barely degraded by
PMS, CGBC-700 substrate and Co-CGBC-700. Approxi-
mately 70% of PCB28 decomposed within 10 min after
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PMS injection at pH 6.5 in the presence of Co-CGBC-700
(Fig. 4a), indicating that Co-CGBC-700 exhibits superla-
tive catalytic performance in PMS activation. The con-
sumption of PMS was quantitatively probed using KI
(Fig. S15), and more than 75% of PMS was consumed
in the initial 5 min, confirming the superlative catalytic
activities of Co-CGBC-700. In a homogeneous system
with the equivalent amount of Co*" (14.5 mg-L™! based
on Table S1), 53.2% PCB28 was removed, indicating that
the incorporation of N-coordinated NPCs resulted in
higher activities.

The catalytic performances of Co-CGBCs obtained
at different annealing temperatures were also com-
pared, and the time-course data were fitted by a
pseudo-first-order kinetic model for the initial 30 min
of reaction. The rate constant (k,,,) values followed the
order of Co-CGBC-900 (0.0461 min~!)> Co-CGBC-700
(0.0403 min~!)>Co-CGBC-600 (0.0261 min~") (Fig. 4b)
and the final removal rate of PCB28 at 83.4% was
achieved by Co-CGBC-700/PMS system. More impor-
tantly, the dissolution concentrations of Co** for Co-
CGBC-600, -700 and -900 after the reaction were 0.05,
0.07 and 2.15 mg L™, respectively. The inferior catalytic
performance of Co-CGBC-600 during the PCB28 deg-
radation process may be attributed to the low graphiti-
zation degree of the carbon skeleton, as most PCB28
molecules cannot be adsorbed and concentrated on pyr-
rolic N moieties in an amorphous carbon matrix (Fig.
$16). This would severely hinder the mass transfer course
and extend the migration distance of the ROSs produced
from PMS activation, thus reducing the Fenton-like cata-
lytic performance (Xiong et al. 2022). In comparison,
Co-CGBC-700 exhibited a more ordered graphitic struc-
ture adjacent to the NPCs site (Fig. S4), which not only
promoted the catalytic performance but also produced
a beneficial effect to the stability of the NPCs (Gao et al.
2021; Li et al. 2018).

The stability and reusability of Co-CGBC-700 were
assessed through a minimum of three consecutive tri-
als under similar conditions. The catalyst was separated
using an external magnetic field and rinsed with N-hex-
ane and deionized water in each trial. As shown in Fig. 4c,
Co-CGBC-700 maintained exceptional degradation per-
formance in three cycles, with a degradation efficiency
of approximately 80%. The Co*" leaching concentration
remained below 0.07 mg L™! in solution after each reac-
tion, significantly lower than the acceptable limit of 1 mg
L™! as defined by the Chinese National Standard (GB
25467-2010). Considering the overall performance and
leaching concentration of Co*", Co-CGBC-700 can be
considered to be the most promising catalyst.

To evaluate the practical applicability of Co-CGBC-700
under environmental conditions, we investigated the
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Fig. 4 a Kinetics of PCB28 degradation by PMS alone, CGBC-700, Co-CGBC-700, and equivalent Co’™, b catalytic activity for Co-CGBC-x (x stands
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pH=6.5, [PTA]=2 Mm

catalytic performance at varying pH levels, catalyst doses,
PMS concentrations, and the presence of coexisting ani-
ons (Bao et al. 2022). As displayed in Fig. 4d and Text S3,
the degradation rates of PCB28 at pH levels of 3, 6 and
9 were 78%, 84%, and 89% within 120 min, respectively.
Notably, the optimal catalytic performance was achieved
under weak acid conditions. The influence of varying Co-
CGBC-700 dosages on PCB28 degradation is depicted in
Fig. 4e and S17a. The PCB28 removal efficiency increased
from 55.2% to 84% as the catalyst dosage rose from 0.5 to

1.0 g L™}, which was anticipated to be due to the increased
availability of active sites. However, the removal rate
decreased to 63.4% when the dosage increased to 1.5 g
L™, potentially attributed to the rapid consumption of
PMS and the self-quenching reaction among radicals
(Chen et al. 2019). The PCB28 degradation rate was also
investigated at different PMS dosages (Fig. 4e and S17b),
revealing an increase from 36.5% to 84% as PMS concen-
tration increased from 0.5 to 2.0 mM, indicating that PMS
dosage was the key rate limiting factor.
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In the presence of naturally occurring anions, such as
CI” and HCO,™, the degradation rates dropped to less
than 40% at a high concentration (10 and 20 mM) but
were less affected at a lower anion concentration of 5 mM
(Fig. S17c and d), indicating the wide applicability of the
method. CI™ could scavenge ROSs and form halogen spe-
cies (CI', Cl,’~ and CIOH'™), which were incapable to
degrade PCB28, suggesting the significant inhibition of
CI” on PCB28 degradation in Co-CGBC-700/PMS sys-
tem. Comparing with CI7, the addition of HCO,~ did
not change the PCB28 degradation rate significantly.
The low concentration of HCO;™ may directly complex
with Co sites to form unreactive cobalt-bicarbonate com-
plexes but PMS could be activated by the rest of Co sites
(Duan et al. 2018). The impact of natural organic matter
(NOM) was examined using humic acid (HA) as a rep-
resentative compound (Duan et al. 2018). With the pres-
ence of 2 and 10 mg L' HA, the PCB28 degradation
rates were maintained at 80% (Fig. 4f and Text S4), signi-
fying a negligible inhibitory effect of NOM.

In addition, two other organic pollutants (DEP and
BPA) were used to investigate the wide applicability of Co-
CGBC-700. Both pollutants were completely degraded
within 30 min (Fig. 4g). The k,,, of BPA was significantly
larger than that of DEP, suggesting that the primary degra-
dation mechanisms for these contaminants were different.
BPA, possessing an electron-donating group (-OH), would
be governed by a non-free radical degradation pathway,
such as electron transfer, high-valence metals and single
oxygen ('O,), while DEP, containing an electron-withdraw-
ing group (-COO-, -CH,), would primarily undergo a radi-
cal oxidation process (Yang et al. 2022; Guo et al. 2022).
Consequently, Co-CGBC-700 exhibited an excellent cata-
lytic performance in PMS activation to degrade various
organic pollutants. In comparison, we also summarized
the current and relevant literatures (Table S4) to show the
excellent catalytic performance of Co-CGBC-700.

3.4 Catalytic mechanism investigation
The activation process of PMS generally encompasses
radical or non-radical oxidation pathways (Zhang et al.
2021). Both DEP and PCB28 have an electron-donating
group (-COO-, -CH,, CI7), suggesting that they may
primarily undergo a similar degradation pathway (radi-
cal oxidation process). Therefore, free radical trapping
and quenching experiments were conducted to confirm
the assumptions. ROSs in the Fenton-like catalysis were
verified by electron paramagnetic resonance (EPR) with
5,5-dimethyl-1-pyrroline (DMPO) and 2,2,6,6-tetra-
methylpiperidine (TEMP) as the spin-trapping reagents
(Wang et al. 2022b; Wu et al. 2021).

As shown in Fig. S18a, with the presence of Co-
CGBC-700, no discernible free radical signals such as
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DMPO-+OH and DMPO-SO,~ were observed. While
the characteristic of seven-line signals with oy =7.2G and
ay" =4.1G were identified as 5,5-dimethyl-2-pyrrolidone-
N-oxyl (DMPOX) (Li et al. 2021a), generated via direct
oxidation of DMPO by 'O, (Li et al. 2015). Furthermore,
intense characteristic triplet signals of 'O, were observed
in the Co-CGBC-700/PMS system when trapped by
TEMP (Fig. S18b), clearly demonstrating that 'O, is
an active species in the Fenton-like reaction (Yao et al.
2022). Moreover, the yield of «OH was quantitatively
monitored using PTA as the molecular probe (Fig. 4h),
with the accumulated concentration of «OH reaching
65.56 M throughout 120 min reaction (Kilic et al. 2019).
Consequently, +OH could be involved in the PCB28 deg-
radation process, despite the absence of DMPO-+OH in
EPR analysis. The lack of DMPO-+OH and DMPO-SO,"~
generation may be attributed to the difficulty in trapping
the surface-bound radicals by DMPO (Zhang et al. 2022).

Various radical quenching experiments were further
conducted utilizing radical scavengers. Ethanol (EtOH)
was employed to scavenge both +OH (K, o;=1.9x10° M
S and SO,” (Kgp,,” =1.6x107 M! S). Tert-butyl alco-
hol (TBA) was used as a typical quench agent for «OH
(K,o=6.0x10° M! S!) (Wang et al. 2022c). As shown
in Fig. S19a, the degradation efficiency of PCB28 dra-
matically decreased when 2 and 10 mM of EtOH were
introduced into the Co-CGBC-700/PMS/PCB28 sys-
tem, resulting in the removal of only 38.8% and 25.8% of
PCB28, respectively, during 120 min reaction. However,
the PCB28 degradation rate remained as high as 56.7%
during the initial 10 min in the aqueous solution contain-
ing 2 mM TBA (Fig. 4i and S19b). Moreover, even with
a TBA dosage of 10 mM, the removal rate was as high
as 38%, outperforming that of EtOH as a radical scav-
enger. This indicated that the radical pathway involving
SO, and +OH was significant, with SO,’ contributing
predominantly to PCB28 degradation.

Furthermore, when 10 mM of furfuryl alcohol (FFA)
(Fig. S19c¢), a unique scavenger for singlet oxygen, was
introduced into the catalytic reaction, the degradation
efficiency of PCB28 was significantly reduced. This dem-
onstrates that the non-radical pathway involving 'O,
was also crucial in the process of PCB28 degradation. As
shown in Fig. S19d, 20 mM of Nal extremely inhibited
the catalytic performance of Co-CGBC-700/PMS system
for PCB28 degradation, further confirming that SO,’”,
+OH and 'O, were mainly generated via PMS activation
on the catalyst surface, since I” is also the strong quench
agent for surface-bound free radicals (Wang et al. 2022c).
As the impact of EtOH and TBA addition on BPA deg-
radation was negligible (Fig. 4i, S19e and f), 'O, is the
dominant ROS for BPA removal. Based on the above
quenching experiments, both radical and non-radical
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pathways played important roles in the degradation pro-
cess of organic pollutants, where SO,”~ and «OH and
'0, were dominant active species generated in the Co-
CGBC-700/PMS system (Zhang et al. 2021). Thus, the
degradation pathway of PCB28 was displayed in Text
S5 and Fig. $20 and the generation of 'O, in this system
facilitated phenolic compounds and reduced the toxicity
of chlorinated organic formation.

To track the evolution of the atomic structure of Co dur-
ing the catalytic process, we collected in situ XAFS spec-
tra of Co-CGBC-700 in the presence of PMS. As depicted
in Fig. 5a, the absorption edge was slightly shifted to a
higher energy position compared with the pristine sam-
ple, indicating a decrease in the electron density of Co
atoms. Moreover, the local environment evolution of Co
was investigated by in situ EXAFS spectra (Fig. 5b, ¢ and
S21). The coordination numbers and the bond lengths
remained almost the same during the AOPs, suggesting
the overall structures also remained unchanged (Table
S3). This would be the main reason, at the atomic level,
for the excellent stability and cycling performance of the
material. The ex-situ S K-edge NEXAFS of Co-CGBC-700
after the reaction further confirmed the stability of the
NPCs (Fig. S22), and the increase in the peak at 2483 eV
was attributed to the adsorption of SO,*~

DFT calculations were further carried out to elucidate
the role of the interfacial Co—N bonds in the binding of
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PMS. Two preferential surfaces (001) and (111) with N
or Co terminals were selected to compare the activa-
tion of HSO;~ on various cubic CoN surfaces. Figure 5d
shows DFT optimized adsorption geometries of reac-
tant HSO;~ and the corresponding products (OH™ and
SO, ™ radicals) on these surfaces. The reactant HSO;~
was preferentially attached to three surface Co atoms in a
tridentate conformation for Co-terminated surfaces, with
average O-Co distances of 2.46 and 2.16 A in CoN(001)-
Co and CoN(111)-Co, respectively (Table S5). The N-ter-
minated surfaces showed weak adsorption of HSO;~ with
O-N distances larger than 3.41 and 3.21 A, for CoN(001)-
N and CoN(111)-N, respectively. The stronger adsorption
of PMS on Co-terminated surfaces caused larger elonga-
tion of the PMS O-O bond to 1.47 ~1.49 A, thus favoring
its bond cleavage. However, only the CoN(Z11)-Co sur-
face showed an exothermic reaction energy of -2.27 eV,
suggesting that it would be the most reactive surface that
catalyzes the decomposition of HSO;™.

The calculated values of AE and the O-O bond dem-
onstrated that the exposed CoN(Z11)-Co facet had a bet-
ter capacity to activate HSO;~ molecules. Moreover, the
lengths of the O-Co bond and the HO-surface onto the
CoN(111)-Co facet were 1.91 A and 1.79 A, which were
shorter than those of other exposed facets, indicating
that the most activated HSO;~ molecules were tightly
confined to form surface-reactive ROSs rather than being
released into bulk solution. Together, due to the strong
electronegativity and bridging effects of N atoms on the
outer CoN surface of Co-NPCs anchored on biochar,
electrons could be preferentially transferred from N and
the substrate to the Co center, inducing highly efficient
activation of PMS, which was consistent with the experi-
mental results.

PCB28 degradation in natural water and soil (Text
S1; Tables S6 and S7) was investigated. As presented in
Fig. 6a, the degradation rates of PCB28 in natural water
increased from 48.4% to 63.9% as the contaminant’s con-
centration decreased from 2 to 1 mg L™}, demonstrating
the broad applicability of the Co-CGBC-700/PMS system
for water remediation. The soil remediation in Fig. 6b
shows that over 90% of PCB28 decomposed within
30 min in Co-CGBC-700/PMS system, while only ~ 25%
of PCB28 can be eliminated by PMS alone. The leaching
amount of Co ions was only 0.06 mg-L™!, demonstrat-
ing that the as-prepared Co NPCs exhibited an excellent
activity and ultra-stability for Fenton-like catalytic reac-
tions to degrade a wide range of organic pollutants in
natural environmental remediation (Fig. 6¢).

Other 3d transitional mono-metal and bimetal NPCs
were also prepared using the same strategy, including Ni,
Cu and CoNi (Figs. S23 and S28; Tables S8 and S9). All
of them exhibited the strong resistance against acid and
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aggregation, contributed from the core—shell structure
and metal-support interaction. These findings show the
feasibility of this cost-effective approach for developing
3d transition metal NPs with a radius of less than 10 nm
and the potential applications in the environmental
remediation, which will be reported in future work.

4 Conclusion

This work has demonstrated a general and efficient strat-
egy to fabricate cost-effective 3d transition metal NPCs via
the pyrolysis of spent coffee grounds soaked in metal ions.
The as-prepared Co NPCs (Co-CGBC-700) exhibited an
excellent activity and reusability for Fenton-like catalytic
reactions to degrade a wide range of organic pollutants in
environmental remediation. The resistance to acid and the
decrease in binding energy of PMS are attributed to the
coated CoN on the surface of metallic Co NPs. Moreover,
the S-doped atoms enhanced the metal-support interaction
and the adhesion strength at the metal-support interface,
which eventually stabilized the NPs against aggregation
by donating electrons to the active centers. These find-
ings show the feasibility of this cost-effective approach for
developing 3d transition metal NPs with a radius of less
than 10 nm and the potential industrial applications in the
environment remediation of organic pollution.
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