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Coordination unsaturation of vanadium nitride
quantum dots boosts low-temperature aerobic
oxidation of thiophenic sulfides¥
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Aerobic oxidative desulfurization (AODS) promises a sustainable alternative technology for diesel
desulfurization, which necessitates the efficient aerobic oxidation of thiophenic sulfides under mild
conditions to minimize energy input, yet being longstandingly plagued by the grand challenge in low-
temperature activation of triplet oxygen. Here we synthesize vanadium nitride quantum dots on
graphene to controllably create coordination-unsaturated edge/corner V sites for boosting the AODS
reaction. The catalyst activates the reaction at 70 °C, and is two orders of magnitude more active than
the best V-based catalysts. We demonstrate through computational studies that the low-coordinated
edge/corner V sites can effectively activate oxygen and adsorb sulfides to lower the activation barrier,
dramatically enhancing the activity. The catalyst achieves deep AODS of real diesel at 80 °C with
negligible attenuation in successive reuses, which highlights its attractive industrial potential. These
findings provide scientific and practical insights to develop high-performance catalysts for a sustainable

rsc.li/chemical-science AODS process.

Introduction

In spite of the prosperity of renewable energies, diesel is still an
indispensable high-energy-density fuel in the fields of long-
range transportation and mechanical engineering, with a pre-
dicted daily consumption exceeding 30 million barrels in the
next decade." Nowadays, hydrodesulfurization is adopted in the
refinery industry to eliminate the environmental hazards
caused by combusting sulfur-containing diesels. However,
traditional hydrodesulfurization suffers from poor conversion
ability towards refractory sulfur compounds, such as dibenzo-
thiophene (DBT) and its derivatives, requiring harsh reaction
conditions (>350 °C, >6 MPa) to complete the sulfur removal,
which results in ultra-high cost for energy consumption and
equipment input. Aerobic oxidative desulfurization (AODS) is
a promising alternative to HDS with excellent capability for
removing refractory sulfides (Fig. S1t).>* To avoid explosion
risks and high energy consumption, AODS catalysts need to be
active under low temperatures and atmospheric pressure.
However, the ground state oxygen (O,) is in the triplet state,
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which is chemically inert to most organic substances, thus
putting forward a grand challenge for low-temperature reaction
of 0,.*°

Vanadium (V), molybdenum (Mo) and tungsten (W)-based
metal oxides and polyoxometalates,*** platinum (Pt) and
copper (Cu)-based supported metal catalysts,'"*'® metal-free
catalysts,'®"” etc. have been proposed to be active in the AODS
reaction. Among them, V-based oxide catalysts are potentially
promising candidates because of their preferable activity and
excellent stability, which drive the reaction at around 110 °C.***°
Since the activation of O, requires unsaturated V sites with
strong adsorption and electron transfer capabilities, extensive
efforts have been devoted to tuning the structure and surface
properties of V oxides.>* However, the enhancement of activity
at low temperatures is still a grand challenge owing to the
difficulty in modulating the electronic structure of V sites,
which hinders V oxides from achieving energy efficiency at the
industrial level.

Here we report the fabrication of vanadium nitride quantum
dots (VN QDs) on a graphene sheet, controllably creating
coordination-unsaturated edge/corner V sites for the low-
temperature AODS reaction. We show that the catalyst is two
orders of magnitude more active than the best V-based catalysts
reported so far, and catalyzes the reaction at 70 °C. By
combining kinetic analyses, advanced characterization and
first-principles calculations, we assess how the size effect
determines the catalytic activity and thereby identify that the
coordination unsaturated edge/corner V species of VN QDs are
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the most reactive to boost low-temperature activity. With
atmospheric air under normal pressure as the oxygen source, we
realize the complete aerobic conversion of all sulfides in diesel
at an unprecedented low temperature of 80 °C, achieving ultra-
deep desulfurization of diesel with extremely low energy
consumption, suggesting the application potential of the cata-
lyst for AODS at the industrial level.

Results and discussion
Synthesis and structural characterization of VN-QDs/rGO

VN QDs/rGO was synthesized via a two-step procedure. Firstly,
a homogeneous precursor aqueous solution containing
NH,VO; and graphene oxide (GO) nanosheets was freeze-dried
to form a sponge. Subsequently, VN QDs/rGO was obtained by
annealing the precursor at 800 °C under an NH3/Ar (4:6)
atmosphere. For comparison, VN nanoparticles and V,Os
nanowires supported on graphene were also synthesized
(denoted as VN NPs/rGO and V,05/GO, respectively, Fig. S2 and
S31). The loading amount of V in VN QDs/rGO is determined to
be 2.85 wt% via inductively coupled plasma optical emission
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spectrometry (ICP-OES, Table S17). As demonstrated by trans-
mission electron microscopy (TEM), the as-prepared material
maintains the 2D structure of the original GO sheets (Fig. 1a).
VN QDs are found to uniformly disperse on the graphene sheet
without aggregation (Fig. 1b), whose cross-section size is quite
uniform, ranging from 2 to 3 nm (Fig. 1c). The high-angle
annular dark-field scanning transmission electron microscopy
(HAADF-STEM) image reveals that the VN QDs have a regular
hexagonal structure with the (110) crystal plane on the surface
(Fig. 1d). The thickness of the VN QDs is about 0.5-0.6 nm
(Fig. 1e and f), equivalent to 4-5 atomic layers. STEM elemental
mapping confirms that the QDs are composed of homoge-
neously dispersed V, N and O elements (Fig. 1g). The existence
of the O element indicates the strong interaction between the
VN QDs and oxygen. On the other hand, when V,05/GO was
treated by ammonization at 800 °C, VN QDs were also gradually
formed (Fig. S4t), revealing a spontaneous dispersion
phenomenon. The spontaneous dispersion should proceed
with diminishing free enthalpy, indicating strong interactions
between VN and N-doped graphene.

15

f —_
=2
—3
’E‘1.0—
£
=
R
(]
H k=
0.5
0.0 T T T T T T
0 5 10 15 20 25 30 35 40

Height (nm)

Fig.1 Characterization of the morphology, structure and elemental composition of VN QDs/rGO. (a and b) TEM and (c) HRTEM images of VN
QDs/rGO. (d) High-resolution HAADF-STEM image taken from a single VN QD. (e) Atomic force microscopy (AFM) image and (f) corresponding
height profiles of VN QDs/rGO. (g) EDS elemental mapping of V, N, O and C in VN QDs/rGO.
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Fig.2 Characterization of the phase, electronic and coordinate structure of VN QDs/rGO. (a) XRD patterns, (b) V K-edge XANES spectra, (c) high-
resolution XPS curves at the V 2p level and (d) ESR spectra of the indicated samples, and (e) FT-EXAFS curves of the samples.

The X-ray powder diffraction (XRD) pattern of VN NPs/rGO
(Fig. 2a) displays typical diffraction peaks of the VN phase
(JCPDS-35-0768), while that of VN QDs/rGO shows only weak
diffractions of the (220) and (311) crystal planes owing to the
nano-size of VN QDs. X-ray absorption near-edge structure
(XANES) measurements of the catalysts and various references,
including V foil, bulk VN, VO, and V,0s5 were carried out to
reveal the chemical state of V in VN QDs/rGO (Fig. 2b and S57).
Based on the correlation between the V valence states and the
positions of the K-edge in the XANES spectra, we show that the
average valence state of V was 3.82 in VN QDs/rGO. The high-
resolution X-ray photoelectron spectroscopy (XPS) V 2p curves
demonstrate the mixed valence state of V(ur) and V(1v) within the
VN-based materials (Fig. 2c and S67). The proportion of V(i)
increases in the order of VN QDs/rGO > VN NPs/rGO > bulk VN
(Table S21t), consistent with the electron spin resonance (ESR)
spectra (Fig. 2d), which indicates that V(iv) mainly comes from
the surface VN, O, species. The extended X-ray absorption fine
structure analysis (EXAFS) was adopted to identify the coordi-
nate structure of V in the catalysts (Fig. 2e and S71). The peaks at
2.1 and 2.8 A are assigned to the scattering of V-N and V-V
coordination in VN QDs, referring to the peaks in bulk VN. The
peak at 1.5 A is associated with the V-O bonds, attributed to the
surface-adsorbed oxygen as well as the exchange of the surface
lattice N with O.”* XPS studies of N 1s and O 1s levels further
confirm the presence of lattice oxygen and adsorbed oxygen on
the surface of VN QDs (Fig. S8 and S97).

Catalytic performance

In the AODS tests, DBT, the richest refractory sulfur-compound
in diesel fuel, was selected as a model thiophenic sulfide.

© 2022 The Author(s). Published by the Royal Society of Chemistry

Among all the investigated V-based catalysts, VN-QDs/rGO
possesses the lowest V content, but shows the best catalytic
performance by completing the reaction in 4 h at 100 °C
(Fig. 3a). Neat rGO shows negligible catalytic performance,
which demonstrates that the V species is the only active site
under the current reaction conditions. When the reaction
temperature was decreased to 70 °C, VN QDs/rGO was still
robust (Fig. 3b), while the performances of VN NPs/rGO and
V,05/rGO were almost completely attenuated, demonstrating
that VN QDs/rGO possesses a much higher intrinsic activity.

To access the catalytic mechanism, we adopted in situ elec-
tron spin resonance (ESR) characterization with dimethylpyr-
idine N-oxide (DMPO) for spin trapping (Fig. 3c). In two blank
tests without the catalyst or O,, no ESR signal was detected.
When O, was introduced into the reaction system containing
VN-QDs/rGO, an obvious radical signal with six-fold peaks
appeared, even at room temperature (25 °C). The signal is
assigned to DMPO-O, " species (g = 2.0059, Ay = 13.794 and Apy
= 10.221), indicating that O, was the reactive species in this
reaction.*® The ESR signal intensities follow the order of VN
QDs/rGO > VN-NPs/rGO, consistent with the order of their
catalytic performances. Radical scavenging experiments were
then performed to investigate the involvement of radical species
with tert-butyl alcohol (TBA) and p-benzoquinone (PBQ) as the
scavengers for OH and O, radicals, respectively.** As summa-
rized in Fig. 3d, the catalytic effect of VN QDs/rGO shows almost
no change with the addition of TBA, while it significantly
deteriorates with the addition of PBQ, demonstrating that O,
is the active species in this reaction.

The catalytic performance of VN QDs/rGO in the AODS of
DBT was further evaluated at different temperatures. As

Chem. Sci., 2022, 13, 14063-14069 | 14065
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Fig. 3 Evaluation of the catalytic performance of VN QDs/rGO in the AODS reactions. (a and b) Conversion of DBT over the indicated catalysts.
Reaction conditions: Mcata = 2 Mg, Vo = 30 mL, F =40 mL min~L. The reaction temperatures were 100 and 70 °C for (a) and (b), respectively.
(c) ESR curves of the in situ DMPO trapping tests. (d) Reaction efficiency of DBT with the addition of TBA and PBQ. Reaction conditions: T =100 °
C, Mcatal = 2 Mg, Vo = 30 mL, F,, = 40 mL min~. (e) Comparison of mass specific activity with those of the state-of-the-art heterogeneous
catalysts reported in the literature. (1) CoMo nanosheet;? (2) atomic-layered V,0s;° (3) Co—Ni—Mo—-0O nanotube;** (4) MoO,/MC-600;% (5)
3DOM WO,;?* (6) boron nitride nanosheet;?® (7) Ce—Mo-0;%¢ (8) Pt/h-BN;?” (9) Co—Mo-0;?® (10) boron carbide nanosheet;?® (11) V,O5/BNNS.*°

(f) Reactivity of different thiophenic sulfides. Reaction conditions: meata = 2 mg, T = 100 °C, Vg = 30 mL, F,, = 40 mL min

illustrated in Fig. S10,7 VN QDs/rGO is active at a low temper-
ature of 70 °C owing to its excellent capacity for O, activation.
Compared with the well-known heterogeneous catalysts re-
ported in the literature (Fig. 3e), VN QDs/rGO possesses a higher
mass specific activity. The TOF value was determined to be
hundreds of times higher than those of the well-known vana-
dium oxides and V-based polyoxometalates (Table S3t). Based
on the conversion curves at different temperatures, reaction
kinetics was investigated with a pseudo-first-order kinetic
model, and the apparent activation energy (E,) was calculated to
be 72.9 k] mol " based on the Arrhenius equation (Fig. S117).

To verify the versatility of the catalyst, two other typical thi-
ophenic compounds, benzothiophene (BT) and 4,6-dime-
thyldibenzothiophene (4,6-DMDBT) were adopted in the AODS
tests. The reactivity of the three sulfur-compounds followed the
sequence of BT < DBT < 4,6-DMDBT (Fig. 3f and S12%), consis-
tent with the order of their valence electron densities of S atoms.
The result suggests that the oxidation of thiophene derivatives
on VN QDs/rGO conforms to the mechanism of electrophilic
addition.**

First-principles calculations

VN QDs and plane basal models for four-atom-thick VN on
a single-atom graphene sheet were built to gain atomic-level
insights into the underlying mechanism. We show that stronger
interactions and electron transfer are established between the

14066 | Chem. Sci, 2022, 13, 14063-14069

-1

interface of VN and graphene when N is introduced into the
graphene framework (Fig. S13t). The electron density of V sites
also increases accordingly, which will raise the donor state of V
sites and improve the electron donating capability of V. O,
adsorption behaviour on VN QDs was then investigated to
identify the active sites (Fig. 4a), showing that O, molecules
tended to be side-on adsorbed on V sites (Fig. S147), accom-
panied by charge transfer. The investigated surface, edge and
corner sites in the VN QD model all exhibit strong adsorption
capacities for O, with the adsorption energies of 1.32, 1.59 and
1.88 eV, respectively (Fig. 4b). By contrast, the surface sites of
the plane basal models show much lower adsorption energies
toward O,, indicating that bulk VN particles are not good at O,
activation, consistent with the ESR results. Furthermore, the O-
O bond length is stretched to 1.311, 1.325 and 1.344 A on the
surface, edge and corner sites, respectively (Table S47).
Compared with that of O, radicals (1.32 A®), the abundant
edge and corner sites of VN QDs appear to better promote the
activation and dissociation of O, and reason the subsequent
reduction of the minimum conversion temperature. Since the
O, activation performance of a surface depends on its electron
donating capacity, work functions (WFs) were calculated, and
the WF of the VN QD was found to be distinctly lower than that
of the plane basal models, which implies its stronger electron
donating capability (Fig. S15t).**

The partial density of states (PDOS) results (Fig. 4c) suggest
that electrons are transferred from the V atoms to the O, — ZW;

© 2022 The Author(s). Published by the Royal Society of Chemistry
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orbital. A strong hybridization among V 3d, O,-27 and O,-2c
orbitals demonstrates that the chemically inert triplet oxygen
was transferred to reactive V-0, species.** On the other hand,
strong adsorption of DBT is realized by the coordination
unsaturated edge and corner V sites via the electron electronic
coupling of the = orbital of the aromatic ring and the d orbital
of the V site, which stretches the C-S bond from 1.745 to 1.767 A
and improves its reaction activity. As a comparison, the
adsorption of DBT on the surface site is not permitted due to the
lower adsorption energy. The above observations show that the
low-coordinated edge/corner V sites, which effectively play a role
in both O, activation and sulfide adsorption, are the active
centers of the AODS reaction with excellent low-temperature
catalytic performance. Meanwhile, due to the nano-size of VN
QDs, the electronic structure of the edge/corner sites is more
readily regulated through the interaction with the carrier, which
further enhances the catalytic performance.

Practical performance evaluation

Orienting to the practical performance evaluation, the AODS
experiment was conducted on a real diesel at 80 °C, whose sulfur
content is 577.6 & 3.4 ppm. The original sulfides in the diesel are

© 2022 The Author(s). Published by the Royal Society of Chemistry

made up of BT, DBT and their derivatives (Fig. S16 and Table
S5t). The evolution of sulfur species during the AODS between
0 and 60 min was determined using a gas chromatograph
equipped with a flame photometric detector (GC-FPD, Fig. 5a). As
the reaction proceeds, the initial peaks are shifted to a longer
retention time, assigned to the conversion of thiophenes into
sulfones. Nearly all the thiophenes were completely converted at
60 min, confirming the outstanding catalytic activity of VN QDs/
rGO. The generated sulfones with strong polarity were then
extracted using methanol as a recoverable extractant, which
reduced the sulfur content of the diesel to 7.7 £+ 0.9 ppm (Table
S671), meeting the most stringent standard in force for trans-
portation fuels. Furthermore, repeated experiments were also
conducted with C,BT to evaluate the desulfurization effect. The
conversion of C,BT showed only a slight decrease in six consec-
utive repeated runs (Fig. 5b and S17t), mainly caused by the
mechanical loss of catalysts. Following the repeated experiments,
the recycled catalyst was analyzed by XPS (Fig. 5¢). No peak shift
was observed, demonstrating the stability of VN QDs/rGO in the
AODS of real diesel. Based on such a catalyst with both excellent
activity and stability, we demonstrate that the deep desulfuriza-
tion of diesel could be realized through the AODS process with
ultra-high cost efficiency.

Chem. Sci., 2022, 13, 14063-14069 | 14067
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the fresh and recycled catalysts.

Conclusions

In summary, we have proposed a facile method to uniformly
anchor VN QDs onto N-doped graphene, controllably creating
coordination-unsaturated V sites for the low-temperature AODS
of diesel fuel. We show that VN QDs/rGO is two orders of
magnitude more active than the reported V-based catalysts in
the AODS of DBT, and activates the reaction at 70 °C. By
combining systematic characterization and computational
studies, we identified that the autogenetic low-coordinated V
species accompanied by anion vacancies at the edges and
corners of VN QDs have excellent capacity in the activation of
both O, and sulfides. Meanwhile, VN QDs acquire enhanced
electron donor ability for O, activation from the interaction with
the N-doped graphene carrier, which endows our catalysts with
outstanding low-temperature catalytic performance. Stepping
further toward the industrial level, VN QDs/rGO achieves full
conversion of almost all the sulfides in a real diesel at a low
temperature of 80 °C with high durability and extremely low
theoretical energy consumption. Further extraction using
a solvent enables the desulfurized diesel to meet the strictest
fuel standard in force (<10 ppm).
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