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A B S T R A C T

Efficient water remediation relies on robust and capable catalysts to drive the cutting-edge purification tech-
nologies. In this work, Prussian blue analogues (PBA) are engaged as the starting materials to fabricate various
transition metal (TM)@carbon composites for water decontamination. The encapsulated metallic cobalt is un-
veiled to be more favorable to deliver electrons to the adjacent carbons than CoP and Co3O4, due to the low work
function, high conductivity and formation of multiple Co-C bonds for electron tunnelling. Such a hybrid
structure significantly tailors the electron density of the carbon lattice, which is the decisive factor influencing
activating peroxymonosulfate (PMS) to generate highly reactive sulfate radicals for degradation of con-
taminants, meanwhile achieving outstanding long-term stability. Deliberate material design and theoretical
computations unveil the structure-activity regimes of the composite materials in promoted carbocatalysis. This
proof-of-concept study dedicates to elucidating the principles in developing fine-tuned and high-performance
TM@carbon hybrids for advanced catalytic oxidation.

1. Introduction

Advanced oxidation processes (AOPs) are powerful techniques to
exploit highly reactive oxygen species (ROS) such as sulfate (SO4

%−)
and hydroxyl (%OH) radicals for chemical oxidation of micro-
contaminants into harmless mineralized products [1–3]. Transition
metals (TM) and their oxides have been extensively engaged in AOPs to
catalyze diverse peroxides to produce ROS. The polyvalent metals can
easily coordinate a redox process and their tunable electronic states can
be governed by the local metal coordination environments (e.g. struc-
ture, composition, facet and morphology) [4–6]. Furthermore, recent
studies demonstrate that nanostructured carbon materials (such as
graphene, carbon nanotubes, and graphitized nanodiamonds) can ac-
tivate persulfates such as peroxymonosulfate (PMS) and peroxydisulfate
(PDS) to generate ROS for organic oxidation [7–10]. The carbocatalysis
stems from the functional groups, defects/edges and heteroatom do-
pants, which break the chemical inertness of sp2 carbon network and

serve as the active sites in catalytic reactions [11,12]. Surface and/or
structural engineered nanocarbons in a robust framework demonstrate
a superior activity to the metal catalysts, and more importantly, exhibit
great stability and would not induce secondary contamination by toxic
metal-leaching in strong acid/basic conditions.

Moreover, building heterostructures by encapsulating transition
metal nanoparticles (TM-NPs) inside graphitic carbon layers can further
boost the carbocatalysis due to the optimized work function, electron
configuration, and density of state at Fermi level of the exterior carbon
lattice via an electron tunneling effect at the interface of the composites
[13,14]. Such metal@carbon nanohybrids are particularly appealing in
materials community, as the composites bear all the properties of each
compound and can exhibit fascinating new features due to the coupling
effect by metal-carbon interactions. Embedding TM-NPs (Co, Fe, Ni)
into carbon nanotubes (CNT) renders the CNT as a magnetic nanoma-
terial, meanwhile the reactivity can be considerably promoted in PMS
activation for aqueous oxidation attributing to the synergy of
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carbocatalysis and hybrid effect [15–19]. Upon the formation of TM@
carbon composites, the underlying TM-NPs would donate electrons to
the carbon lattice via the intimately interacted metal-carbon interfaces,
which can increase the electron density, reduce the local work function,
and elevate the Fermi level of the external graphene for enhanced
catalysis [14,20]. The number of carbon layers may influence the pe-
netration of metal d electrons, subsequently defining the communica-
tions between the TM core and outermost carbon shells [21,22]. Ad-
ditionally, simultaneous heteroatom doping (B, N, P, and S) into the
carbon lattice can further enhance the interactions of the composites
and tailor the electron and spin densities of surrounding carbon atoms
in chemical reactions [23–25]. Therefore, the TM@carbon-driven AOPs
still depend on carbocatalysis in nature, and the catalytic activity of the
carbon lattice can be collaboratively manipulated by the local chem-
istry of carbon and the encapsulated metal species.

Nevertheless, various TM@carbon composites have been fabricated
and extensively applied in heterogeneous reactions, there is still lack of
an in-depth investigation to unveil the protocols that the TMs’ species
and properties govern the interfacial electron migration processes and
consequently regulate the reactivity of sp2 carbons to realize satisfac-
tory catalytic behaviors. To this end, a series of TM@carbon composites
are developed in this work with controlled metal species (in metallic,
oxide and phosphide states) from Fe/Co Prussian blue analogues (PBA).
PBA typically presents a molecular formula of AII[BIII(CN)6] (denoted as
PBA-AB) with an A-C-N-B configuration in a cubic structure, where A is
in a low-spin and low-valence state whereas B possesses a high-spin
density with rich electron vacancies [26]. PBA can be synthesized under
mild conditions and the categories of the two metal sites are flexible. In
this work, the hybrid materials derived from PBA are evaluated for
activating PMS to decompose phenolic contaminants in water. The in-
trinsic reactive species will be identified by selectively radical screening
strategy. Density functional theory (DFT) calculations are performed to
elucidate the synergistic effects of TM@carbon composites toward en-
hanced PMS activation. The outcomes are expected to advance the
knowledge of rationally regulating the carbocatalysis of hybrid mate-
rials by interfacial engineering.

2. Experimental

2.1. Chemicals

The chemicals were obtained from Sigma-Aldrich, Australia, in-
cluding cobalt (II) chloride (CoCl2), ferrous (II) chloride (FeCl2), po-
tassium hexacyanocobaltate (III, K3Co(CN)6), potassium hex-
acyanoferrate (III, K3Fe(CN)6), phenol, potassium peroxymonosulfate
(Oxone®, KHSO5·0.5KHSO4·0.5K2SO4), tert-butanol, methanol, 5,5-di-
methyl-1-pyrroline N-oxide (DMPO), sodium phosphate monobasic
(NaH2PO4), and hydrochloric acid (37 wt.%, ACS reagent).

2.2. Synthesis of Fe/Co Prussian blue analogues (PBA) and derived
carbocatalysts

In a typical synthesis of PBA-CoCo, 250mL of K3Co(CN)6 (30mM)
was dropwise added into 250mL of CoCl2 (30mM) solution maintained

at 35 °C via a peristaltic pump at a flowing rate of 2mL/min. Then a
pink suspension was derived. The solid product was separated by a
centrifuge at 7500 rpm and dried in an oven at 60 °C. PBA-CoFe was
prepared in a similar procedure by replacing K3Co(CN)6 with K3Fe
(CN)6. PBA-FeFe was prepared using K3Fe(CN)6 and FeCl2. To derive
Co@carbon composites, PBA-CoCo was placed in a tubular quartz re-
actor, heated under nitrogen at a ramping rate of 2 °C/min, and held at
500 °C for 2 h and then cooled down naturally to room temperature.
CoP@carbon was synthesized by placing 100mg NaH2PO4 and 100mg
Co@carbon separately in a quartz boat and annealed under nitrogen
atmosphere at a ramping rate of 2 °C/min, and held at 300 °C for 3 h.
Co3O4@carbon was synthesized by annealing Co@carbon in a muffle
furnace at a ramping rate of 5 °C/min and held at 300 °C in static air for
2 h. Likewise, CoFe@carbon, CoFePx@carbon, CoFeOx@carbon, Fe@
carbon, FeP@carbon, FeOx@carbon were prepared using the similar
approach from different PBA precursors.

2.3. Characterizations of carbon materials

The structure of materials was revealed by high-resolution trans-
mission electron microscopy (HRTEM) images acquired on a Titan G2
TEM. X-ray photoelectron spectroscopy (XPS) was employed to detect
the surface chemical compositions of the carbocatalysts under ultrahigh
vacuum conditions in a Kratos AXIS Ultra DLD system. The surface area
and porous structure were analyzed at -196 °C on a TriStar instrument
and calculated by the Brunauer-Emmett-Teller and Barret-Joyner-
Halenda equations. The crystallinity of the carbon materials and hy-
brids was analyzed by X-ray diffraction (XRD) with a Cu Kα X-ray gun
at λ =1.542 Å.

2.4. Catalytic performance evaluation

The experiment was conducted in a batch reactor with the si-
multaneous addition of carbocatalysts, organic pollutant, and PMS. The
system was maintained at 25 °C in a water bath whilst stirring as a
uniform suspension. For the analysis of the concentration of the or-
ganics, the solution mixture was filtered through a 0.45 μm PTFE
membrane to separate the catalyst and methanol was immediately in-
jected into the system to scavenge the remaining radicals. Phenol was
detected on a high-performance liquid chromatography (HPLC,
Thermal Fisher) by an OA column under the UV detector at 270 nm.

3. Results and discussion

3.1. Catalyst characterization and performance

As illustrated in Fig. 1, PBA-CoCo is firstly synthesized under mild
conditions (synthesis procedure is detailed in the Supplementary Data),
and is then treated under an inert atmosphere to yield Co@carbon
hybrids. The encapsulated metallic cobalt can be further transferred to
cobalt phosphide (CoP@carbon) and oxide (Co3O4@carbon) by post-
treatment. Apart from cobalt and oxides which are the benchmark
catalysts in PMS activation, CoP has been extensively applied in redox
reactions, rendering it great potential as a persulfate activator.

Fig. 1. Illustration of transformation of PBA-CoCo into TM@carbon hybrids and onion-like carbon spheres (OLCS).
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Fig. 2a–c display the high-resolution transmission electron micro-
scopy HRTEM images of PBA-CoCo, Co@carbon, onion-like carbon
sphere (OLCS, after removal of the metallic core by acid pickling). PBA-
CoCo exhibits a spherical morphology with low crystallinity (Figs. 2a
and S1). In contrast, a hybrid architecture is clearly observed in Fig. S2
for Co@carbon with a metallic Co [111] terminated core and multiple
[002] orientated graphitic shells. The metal core can be completely
removed by thorough acid pickling to form a hollow carbon structure
(OLCS, Figs. 2c and S3). The strong magnetic property of Co@carbon
disappears in OLCS (Fig. 2d). XRD spectra (Figs. S4–S6) confirm that
the post-treatment successfully transforms the zerovalent cobalt into
cobalt phosphide and oxides in the carbon spheres. Nitrogen dopants
(7.8–11.1 at.%) are simultaneously incorporated into the carbon layers
during the graphitization process (Fig. S7 and Table S1). Since Co3O4@
carbon was annealed in air to supply oxygen to yield cobalt oxide, the
combustion process might result in the undetectable content of nitrogen
in the derived hybrids. Compared with the high specific surface area
(SSA) of PBA-CoCo (675.3m2/g, Fig. S8), the SSAs of the hybrid ma-
terials are reduced to 27.7 - 47.5m2/g due to the collapse of porous
PBA structure, whereas OLCS yields a high SSA of 564.0m2/g thanks to
the hollow structure.

3.2. Evaluation of the catalytic performances

The synthesized carbocatalysts are evaluated for PMS activation to
generate reactive ROS for purifying phenol solution. As depicted in
Fig. 3a, three PBAs of FeII/FeIII (PBA-FeFe), CoII/FeIII (PBA-CoFe), and
CoII/CoIII (PBA-CoCo) are compared, which manifest negligible organic
adsorption yet distinguishable catalytic performances. PBA-FeFe and
PBA-CoFe attain 24.0% and 68.0% phenol oxidation accordingly, and
PBA-CoCo achieves 100% phenol removal in 60min. No synergistic
effect is observed for the dual-metal (Co-Fe) based PBA and cobalt-
based PBA is more favorable for PMS activation. This can be attributed
to the exclusive catalytic activity of cobalt in PMS-based AOPs, which

surpasses other transition metals/oxides in sulfate-radical-based AOPs
(SR-AOPs) in both homogenous (Co2+/PMS) and heterogeneous
(Co3O4/PMS) reactions [27,28].

Then, PBAs are transformed to carbon hybrids embedded with dif-
ferent zerovalent metals, phosphates and oxides under thermal pyr-
olysis conditions, and then employed as heterogeneous catalysts in PMS
activation. PBA-FeFe and its derivatives presented poor catalytic per-
formances (Fig. S9). In contrast, the reactivity can be considerately
enhanced in PBA-CoFe (Fig. S10) and PBA-CoCo (Fig. S11) derived
hybrids. Similar to their parent PBAs, the reactivity follows an order of
Fe@carbon < CoFe@carbon < Co@carbon. Since Co@carbon man-
ifests ultrahigh catalytic performance with complete phenol oxidation
in just 5 min, a lower catalyst loading (0.05 g/L) and PMS dosage
(0.5 g/L) and a higher phenol concentration (20 ppm) are applied to
reduce the reaction rate for comparing the reactivities of different hy-
brids. As a result, Co@carbon delivers the highest catalytic activity
among the composites with 100% phenol degradation in 10min
(Fig. 3b), followed by 98.1%, 12.4% and 11.5% organic removals over
CoP@carbon, PBA-CoCo and Co3O4@carbon, respectively. In addition,
Fig. 3c shows that Co@carbon is much more reactive than the hollow
carbons (OLCS) after removing the encased metal NPs and outperforms
the two benchmark SR-AOPs systems of Co2+/PMS and Co3O4/PMS
with 71.8% and 14.8% phenol degradations, respectively. The poor
reactivity of OLCS can be attributed to the low graphitic degree derived
under a mild pyrolysis temperature (500 °C). Therefore, it is concluded
that metal@carbon hybrids deliver much better carbocatalysis than its
sole counterparts attributed to the synergistic effects within the com-
posites, and the metal species can tailor the reactivity of carbon spheres
during the catalytic oxidation.

The reusability of heterogeneous catalysts in AOPs is of critical
significance in practical applications. Previous studies have indicated
that the stability of graphene-based materials is typically unsatisfactory
[29,30]. This is due to the vulnerable edges and surface functionalities
in oxidative environment and coverage of active sites by reaction

Fig. 2. HRTEM images of (a) PBA-CoCo, (b) Co@carbon, (c) OLCS (after acid washing), and magnetization behavior (d).
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intermediates via hydrogen bonds and/or strong π – π interactions.
Fig. 3d indicates that the Co@carbon exhibits outstanding stability,
maintaining 100% phenol oxidation in four successive cycles. The ex-
ceptional reusability of the composites is supposed to be attributed to
several aspects. Firstly, the closed fullerene shells provide a robust
carbon framework with a low level of structural defects, which helps
resist the ROS oxidation from the boundaries and vacancies to preserve
the reductive nature of the carbon lattice. Secondly, the spherical and
intact carbon sphere of Co@carbon maximizes the exposure of surface
active sites (nitrogen dopants and activated sp2 carbons) compared with
the severely stacked graphene layers, which not only provides facile
access of catalytic centers to the reactants (PMS) but also facilitates the
desorption and diffusion of the intermediates. Herein, surface accu-
mulation of reaction intermediates and their coverage of reactive sites
can be effectively alleviated. Thirdly, the formation of core/shell con-
figuration secures the superb reactivity of TM@carbon in carbocatalytic
oxidation. The incorporated cobalt NPs can excite electrons to the ad-
jacent carbon surface, which enriches and compensates the charge
population of fullerene surface for continuous PMS activation and re-
sisting against carbon oxidation. The electron-rich and reductive carbon
sphere is the key in the redox process during PMS activation, which will
be elaborated in the following mechanistic discussions. Fourthly, the
carbon shells provide a confinement environment to protect cobalt NPs
from corrosion by reacting with oxygen, moisture and acid environment
(pH ≈ 3.2 at [PMS] =0.5 g/L) to maintain the metallic property of Co
NPs. Recent DFT calculations witnessed that metal-carbon/nitrogen
bonds will be formed at the interfaces between metal terminations and
carbon surface [21,23]. These chemical bindings may also prevent the
cobalt leaching during the reaction. In addition, the magnetic metal
core makes the Co@carbon be easily removed from the reaction solu-
tion in the presence of an external magnet (Fig. S12).

3.3. Mechanistic investigation

In order to probe the reactive species during PMS activation over
the developed carbocatalysts, the competitive radical quenching test is

performed by employing different radical scavengers to determine the
roles of radicals in phenol oxidation. Methanol (MeOH) with an α-H
atom on the carbon center connected to −OH is capable of rapidly
quenching both SO4

%−(kMeOH-SO4
%
− = 1.6–7.7× 107) and %OH

(kMeOH-
%
OH = 1.2–2.8×109) with high rate constants [31]. In contrast,

tert-butanol (TBA) without α-H is prone to react with %OH (kTBA-%OH =
3.8–7.6× 108) rather than SO4

%− (kTBA-SO4%− = 4.0–9.1× 105) [32].
Thus, the contributions of the two radicals in phenol oxidation can be
elucidated by comparing the changes of the reaction rates upon the
addition of the different radical quenching agents. Fig. 4 presents that
the presence of TBA (200 times mole ratio of PMS) merely affects the
reaction rate compared to the control group (without MeOH or TBA),
and that 100% phenol removal can still be realized in 10min. However,
the scenario for MeOH is different and the addition of MeOH

Fig. 3. (a) Adsorptive and catalytic phenol re-
movals by different PBA catalysts. ([PMS]
=1.0 g/L, [catalyst] =0.1 g/L, [phenol]
=10 ppm) Reactivity comparison of Co@
carbon with (b) PBA-CoCo and other hybrids,
(c) sole carbon OLCS (after removal of metallic
core in Co@carbon) and benchmark Co2+/PMS
and Co3O4/PMS systems, (d) stability. ([PMS]
=0.5 g/L, [catalyst] =0.05 g/L, [phenol]
=20 ppm).

Fig. 4. Radical quenching tests with addition of TBA or MeOH into the Co@
carbon/PMS system. [PMS] =0.5 g/L, [catalyst] =0.05 g/L, [phenol]
=20 ppm, [temperature]= 25 °C.
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dramatically slows down the phenol oxidation with only 41% phenol
oxidation. The profound influence of MeOH and insignificant impact of
TBA indicate that sulfate radicals are the dominant reactive species
accounting for the catalytic degradation in Co@carbon/PMS system. A
similar mechanism is also discovered in the PBA-CoCo/PMS system
(Fig. S13).

To gain further mechanistic insights into the catalytic processes,
theoretical computations are performed to mimic PMS adsorption over
different graphene and metal@graphene hybrid models. Since a het-
erogeneous PMS activation process typically involves several steps in-
cluding PMS adsorption, electron migration from the catalyst to PMS,
and cleavage of peroxide OeO bond to generate free radicals. Three key
factors of OeO bond length (lO-O), adsorption energy (Eads), and
number of electron transfer (Q) are calculated. For the single slabs, N-
doping into the graphene (NG) can impressively enhance the PMS ad-
sorption with a greater electron transfer and prolonged OeO bond than
G (Table 1 and Fig. S14). N dopants can cause a dipole moment at the
local domain, giving rise to positively charged carbon atoms adjacent to
the negatively charged nitrogen atom because of their differences in
electronegativities (Fig. S15) [33]. The activated carbon atoms are
much favorable for binding with the oxygen atoms for promoted PMS
activation. Then, graphene clusters (G and NG) are coupled with metal
slabs to mimic the metal@carbon hybrids in this work as shown in
Figs. 5 and S16, respectively. It is discovered that Co@G significantly
enhances the adsorption (Eads = −2.45 eV) compared with single G
(−1.26 eV), suggesting that the formation of heterostructure can en-
hance the interactions between carbon and PMS, leading to preferable
cleavage of O-O bond (1.48 Å vs 1.41 Å of G) and more charge transfer
(0.96 e vs 0.55 e of G) to evolve free radicals. However, bearing CoP and
Co3O4 slabs beneath the graphene attains limited promotion in lO-O, Eads
and Q. Similar scenarios are also observed for the metal@NG models.
Generally, the synergistic effects in nanohybrids follow the sequence of
Co > CoP > Co3O4, which is in good agreement with their catalytic
performances in the experiment. Therefore, constructing zerovalent
metal under graphitic layers may be the most promising model to
realize a high-performance hybrid catalyst for advanced oxidation.
Notably, the carbon outer sphere in the hybrids not only mediates the
electron transfer from metal to PMS but also activates the persulfate as
a catalyst to promote the PMS adsorption and cleavage of peroxide
OeO bond. Thus, the TM@carbon-driven AOPs still depend on the
manipulated carbocatalysis in nature.

Nevertheless, Co@G and Co@NG present similar catalytic reactiv-
ities in PMS activation, and the N-doping can promote the catalytic
performances of CoP@NG and Co3O4@NG hybrids in comparison to
CoP@G and Co3O4@G (Table 1). More importantly, Co@NG exhibits
weaker adsorption (-2.36 eV) compared with NG (-3.36 eV). In previous
studies, it is discovered that N-doping into graphene and carbon na-
notubes would induce a nonradical pathway where persulfates will be
activated and confined on the carbon surface and oxidize the con-
taminants directly via an electron-mediation regime through the con-
ductive carbon [34–37]. Distinctly, radical quenching tests imply that

Co@carbon/PMS is a sulfate radical based system. Therefore, the en-
capsulated metal nanoparticles tailor the carbon surface toward mod-
erate PMS adsorption with great electron migration, which benefits to
releasing the cleaved PMS into bulk solution as free radicals and en-
abling the hybrid-driven oxidation in a radical manner.

Herein, the catalytic activity of the carbon lattice may be de-
termined by the embedded metal species. Both the experimental and
theoretical studies indicate that the catalytic activities of the hybrids in
PMS activation follow the order of Co > CoP > Co3O4, in coupling
with both G and NG. It is reasonable to speculate that the metal ter-
minations may regulate the electronic states of the interacted carbon
sphere, which subsequently govern the catalytic behavior of carbons in
redox reactions. The DFT calculations unveil that Co termination
manifests the greatest adhesion energy when its coupling with G
(−3.96 eV) compared with CoP (−1.68 eV) and Co3O4 (−1.84 eV),
suggesting the stronger interactions between the two compounds (G
and metal slab). Such a synergistic effect can be further enhanced upon
coupling with N-doped carbon cluster (−5.10 eV). Additionally, sig-
nificant electron migration is experienced from cobalt surface to G
(0.88 e) and NG (0.78 e), which can enrich the electron population of
the carbon lattice to facilitate charge transportation to PMS. In contrast,
CoP and Co3O4 cannot contribute electrons. Thus, the electron migra-
tion capacity of the metal slabs to carbon layers can lie in several as-
pects. Firstly, cobalt possesses a much lower work function (4.41 eV,
Fig. S17) in contrast with CoP (5.06 eV, Fig. S18) and Co3O4 (5.33 eV,
Fig. S19). The work function represents the energy barrier to excite an
electron to the vacuum level and escape from the solid surface [38].
Therefore, cobalt surface is more favorable to deliver electrons to
carbon. Secondly, the electrochemical analysis in Fig. S20 indicates that
the conductivity of the three pure metal slabs follows an order of
Co > CoP > Co3O4, which is also in line with their catalytic activities
in the redox reactions (Fig. S21). The good conductivity of the en-
capsulated metals can facilitate the electron migration from the metal
slabs to carbon. Thirdly, strong Co-C bonds are witnessed between Co
[111] grain boundary and G/NG clusters (Figs. 5 and S16), whereas no
such bonds are formed over CoP and Co3O4 terminations. These cova-
lent bonds may serve as high-speed tunnels to facilitate charge migra-
tion to carbon via inner-sphere electron transfer, which is more effec-
tive than the weak van der Waals interactions between CoP/Co3O4 and
G/NG. Therefore, the gaps in work function and electron transfer ca-
pacities of the metal terminations to carbon may be the keys to reg-
ulating the electron configuration of the outer carbon shell in TM@
carbon hybrids. N-doping can further tune the electron culture (density,
distribution and conductivity) and elevate the density of states at Fermi
level of graphene for promoted carbocatalysis [25]. Therefore, the in-
tegration of metal encapsulation and heteroatom doping synergistically
determine the chemical potentials of the carbon surface in hybrids for
effectively catalyzing PMS activation. Similar rules should be applicable
to other transition metal-based hybrids (e.g. Fe, Mn, Co). It should be
noted that the graphene defects, curvature and thickness can induce
local strains, tune the carbon electronic structure as well as govern the
charge penetration between carbon and metal slabs, which deserve
further investigations especially from the theoretical perspective
[14,22,39,40].

4. Conclusions

In summary, magnetic TM@carbon composites can be fabricated
from Prussian blue precursors with the embedded metal species and
fine-tuned by facile post-treatment. The hybrid materials are employed
for activating PMS to evolve highly reactive sulfate radicals for phenol
decontamination. The Co@carbon demonstrates the best catalytic re-
activity and superb stability in phenol degradation and stands out
among the diverse PBAs and hybrid materials, thanks to robust N-doped
carbon framework and encapsulated metallic cobalt particles. Both
experimental and theoretical investigations indicate that the intrinsic

Table 1
Summary of the theoretical calculation results of the coupling effects in the
hybrids and the catalytic performances for PMS activation.

Configuration lO-O (Å) Eads (eV) Q(e)
G to PMS

Eadh (eV) Q(e)
slab to G

Free PMS 1.35 – – – –
G 1.41 −1.26 0.55 – –
Co@G 1.48 −2.45 0.96 −3.96 0.88
CoP@G 1.43 −1.27 0.56 −1.68 −0.03
Co3O4@G 1.39 −0.81 0.44 −1.84 −0.17
NG 1.47 −3.36 0.96 – –
Co@NG 1.47 −2.36 0.95 −5.10 0.78
CoP@NG 1.44 −1.99 0.70 −2.79 −0.62
Co3O4@NG 1.42 −1.71 0.62 −2.98 −0.76
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catalytic activity of the hybrid catalysts in PMS activation is determined
by the electronic states of the carbon lattice, which can be rationally
regulated by the metal crystals. The study provides novel composite
materials for green oxidation and envisages the mechanistic insights
into synergistic effects of TM@carbon hybrids in controlling the che-
mical flexibility of carbocatalysis.
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