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Single-atom Cu supported on CeO, nanorod catalysts (Cu;/CeO,) have been synthesized through the
anchoring of copper by terminal hydroxyl groups on the CeO, surface. The oxygen defect characteristics
of the CeO, nanorods promote electron transfer between Cu and CeO, through a Ce-O-Cu interface,
which realizes flexible electronic regulation of the Cu sites. Single-atom Cu species with an oxidation
state of between +1 and +2 were formed, which was confirmed by X-ray photoelectron spectroscopy,
X-ray fine structure spectroscopy, and electron paramagnetic resonance spectroscopy. Cu;/CeOy
emerged as a catalyst with advanced catalytic performance for elemental sulfur in S-arylation using aryl
iodides, achieving 97.1% iodobenzene conversion and 94.8% selectivity toward diphenyl disulfide. The
substituted iodobenzene with different electronic or steric groups successfully realized S-arylation and
produced the corresponding diaryl disulfides with high selectivity. The fully exposed single-atom Cu with
flexible electronic characteristics successively realized oxidative addition or coordination of multiple
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Introduction

Transition-metal oxides (TMOs) have been widely used as
supports for the preparation of single-atom metal catalysts,
which show unique catalytic properties in heterogeneous
catalysis.”™ Single metal atoms are usually anchored in the
oxygen vacancies®® or metal vacancies®** generated by TMOs,
or other coordination unsaturated sites, such as edges, steps
and terraces.”® Through metal-support interactions (MSI),
not only can a single metal atom is stabilized, but also the
electronic structure of the metal can be adjusted, especially on
reducible TMOs."”** Although the metal utilization of single-
atom catalysts can be maximized compared with nano-
particles, the steric hindrance of the metal center in the above
anchoring types is large because metal atoms are embedded in
the lattice structure. This not only has a great impact on the
simple reaction of small molecule activation, it also hinders the
reaction of multiple complex substrates on a single metal site.
Cerium oxide (CeO,) easily produces oxygen vacancies due to
the coexistence of +3 and +4 valence states, which are used as
support to anchor single metal atoms in automobile exhaust
elimination and industrial catalytic processes.”>*® The
anchoring effect of hydroxyl groups on a CeO, surface to metal
species during the preparation of catalysts is usually ignored

Key Laboratory of Functional, Ministry of Education, College of Chemistry and
Materials Science, Anhui Normal University, Wuhu 241000, China. E-mail:
chenzh07@mail.ahnu.edu.cn

DOLIL:

T Electronic  supplementary  information available.  See

https://doi.org/10.1039/d25c06738b

(ES)

4620 | Chem. Sci, 2023, 14, 4620-4626

substrates, making it possible to obtain diaryl disulfide with high selectivity.

and rarely considered as sites for anchoring single atoms,
although many examples of CeO,-anchored single-atom Cu
have been reported. Although the surface hydroxyl groups of
CeO, will be removed after heat treatment, it is inevitable that it
will come into contact with oxygen and water in the atmo-
spheric environment or in aqueous solutions of metal salts. In
this way, the hydroxyl groups on the surface of CeO, will still
exist and play an important role in the anchoring of metal
species."** MSI still exist in this type of single-atom metal
catalyst after heat treatment and electron transfer can be real-
ized through a metal-O-Ce interface.®*® Compared with
vacancy-anchored single-atom metal species, the anchoring of
surface hydroxyl groups is conducive to the full exposure of
single metal atoms, which is more favorable for application in
the transformation of complex organic molecules, especially the
activation of multiple substrates.

Diaryl disulfide compounds are valuable reagents in organic
synthesis due to their unique S-S bonds, which exhibit high
activity in radical tandem reactions or transition metal cata-
lyzed pathways to synthesis functional sulfur-containing
organic compounds.”** With the special properties of organic
disulfides and the continuous development of their application
in synthetic chemistry and biochemistry,**** the synthesis of
disulfides has also been greatly developed. Using elemental
sulfur as a sulfur source is an advanced alternative to con-
structing C-S bonds in the synthesis of functional materials and
biological compounds, which has the advantages of being
odorless, tasteless, stable, and cheap, and having no need for
pre-functionalization.®** Through the transition metal
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catalyzed S-arylation reaction, the coupling of aryl halides and
elemental sulfur can result in the formation of aryl disulfides or
aryl sulfides.**** However, the preferentially formed disulfide
products continue to react with the substrate aryl iodides to
form diarylsulfides or undergo reductive cracking to form thi-
ophenols, reducing the selectivity of the reaction.***” To develop
heterogeneous catalysts, especially single-atom catalysts with
uniform active sites, it is conducive to realize high selectivity
towards diaryldisulfides.

Here, single-atom Cu anchored on CeO, nanorods is devel-
oped through the anchoring and dispersing of copper ions by
terminal hydroxyl groups on the CeO, surface. The hydroxyl-rich
environment on the surface of CeO, effectively hinders the
aggregation or sintering of Cu atoms, and also realizes charge
transfer through Cu-O-Ce units. The grafted single-atom Cu
sites have a special valence state of between +1 and +2, and are
more fully exposed to substrate molecules than embedded
metal sites. Therefore, the coordination of S,>~ and the oxida-
tive addition of Ph-I can be realized at a single Cu atom, and
then diphenyl disulfide can be produced efficiently through
reductive elimination. Under the optimized reaction condi-
tions, 97.1% of iodobenzene conversion and 94.8% selectivity
toward diphenyl disulfide could be achieved using Cu,/CeO, as
catalyst. Therefore, optimizing the exposure space of single-
atom metal sites with flexible regulation of the electronics by
the support will be conducive to multicomponent reactions to
produce complex organic molecules.

Results and discussion
Synthesis and characterization of Cu,/CeO, nanorods

CeO, nanorods containing defects were prepared via a reported
method with a few modifications®® and used as the support to
fabricate the single-atom Cu catalyst (Fig. S1t). The Cu;/CeO,
catalyst was obtained by wet impregnation using copper(i)
chloride dihydrate (CuCl,-2H,0) as the copper source and
a subsequent reducing treatment. Inductively coupled plasma
optical emission spectrometry (ICP-OES) revealed a Cu loading of
0.69 weight percent (wt%) in the single-atom Cu catalyst. The
Cu,/CeO, sample was characterized by transmission electron
microscopy (TEM) and scanning electron microscopy (SEM). The
overall morphology was nanorods, as shown in Fig. 1a and S2,f
no nanoparticles were observed in the CeO, nanorods, and the
defects of the nanorods can also be clearly observed. The energy-
dispersive X-ray (EDX) elemental mapping shows that Cu and Ce
are uniformly distributed on the Cu;/CeO, sample (Fig. 1b).
Aberration corrected high-angle annular dark-field scanning
transmission electron microscopy (AC HAADF-STEM) was unable
to show the atomic dispersion of the Cu as the Ce atom is heavier
than the Cu atom (Fig. 1c). The fast Fourier transform (FFT)
results show that the included angle between each diffraction
spot is 60°, which corresponds to a face-centered cubic (fcc) CeO,
crystal (see the inset in Fig. 1c). The diffraction spot should
correspond to the {220} crystal plane, which indicates that the
[110] crystal plane is clearly exposed. The X-ray diffraction (XRD)
pattern of Cu,/CeO, is the same as that of the CeO, nanorods,
without peaks attributed to copper and copper oxide
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Fig. 1 (a) Representative TEM image of the Cu;/CeO, nanorods; (b)
energy-dispersive X-ray spectroscopy for elemental mapping of the
Cu,/CeOy nanorods; (c) representative HAADF-STEM image of a Cu,/
CeO, nanorod; (d) XRD patterns of the Cu;/CeO, and CeO, nanorods.

nanoparticles, suggesting that no changes to the crystal structure
and no aggregation of Cu species occurred in the final catalysts
(Fig. 1d). The Cu/CeO, samples with higher loading (1 wt% and
2 wt%) also showed no obvious Cu nanoparticles (Fig. S3 and
S471), nor did the characteristic peaks involving Cu elements and
oxides appear in the XRD data (Fig. S57).

Compared with the X-ray absorption near edge structure
spectra (XANES) of the Cu,0 and CuO standard samples, the
valence state of Cu in Cu,/CeO, should be between +1 and
+2.%>*° Moreover, we found that the pre-edge absorption peak
reflecting the 1s-4p transitions did not appear in the data of the
Cu,/CeO, sample, while Cu,0 and CuO were located at
8982.6 eV and 8986.1 eV, respectively. This result shows that the
local geometric structure of Cu in Cu,/CeO, is completely
different from the linear O-Cu-O coordination of Cu,O or the
square coordination of oxygen atoms in CuO.*"** The Fourier-
transform extended-edge X-ray absorption fine structure (FT
EXAFS) analysis shows that the Cu K-edge spectrum of the Cu,/
CeO, sample is different from those of Cu foil, Cu,0 and CuO,
in which the Cu species are coordinated to O atoms and present
atomic dispersion (Fig. 2b). The XANES absorption edge energy
of the Cu/CeO, catalyst with 1 wt% and 2 wt% loading is slightly
higher than that of the Cu,/CeO, catalyst (Fig. S6at), and the
overall coordinative structure is still based on Cu-O bonds
(Fig. S6bt). We determined the dispersion of Cu in the three
catalysts through N,O titration, among which the dispersion of
the single-atom Cu was close to 100% (Table S1%). The disper-
sion of the Cu/CeO, catalyst with 1 wt% and 2 wt% decreases
gradually, which proves that there were unexposed Cu sites. The
EXAFS fitting results show that Cu is more inclined to coordi-
nate with two O atoms, and that the associated bond length is

Chem. Sci., 2023, 14, 4620-4626 | 4621
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(a) XANES spectra at the Cu K-edge of Cu;/CeO, with CuO, Cu,0, and Cu foil; (b) FT EXAFS spectra of Cu;/CeO, with CuO, Cu,O, and Cu

foil; (c) the fitting curve of Cu;/CeO, and the experimental data, the inset shows the fitted structure; high-resolution spectra of (d) Ce 3d and (e) O
1sin the Cu;/CeO, and CeO, samples; (f) EPR spectra of the CeO,, CuCl,/CeO, and Cu,/CeO, samples; (g—j) WT-EXAFS curves of the Cu;/CeO,,

Cu,0, CuO and Cu foil samples.

1.8 A (Fig. 2c and S7, Table S27). Since the length of the Ce-O
bond is generally >2.3 A, the Cu atom cannot be in any vacancy
of CeO, according to the Cu-O bond length from the EXAFS
results. Therefore, the most likely structural model is single-
atom Cu anchored by the oxygen atom of the hydroxyl group
on the CeO, surface, which is illustrated in the inset of Fig. 2c.
We also attempted to place Cu atoms in the Ce vacancy or
oxygen vacancy of CeO,, which did not lead to ideal fitting
results through comparison between the experimental Cu K-
edge XANES spectra of Cu,/CeO, and the theoretical spectra
of four different structures (Fig. S8t). The wavelet transform
(WT) contour plot of Cu,/CeO, contains just one obvious
intensity of Cu-O near 6.5 A" (Fig. 2d), while the intensity of
Cu-Cu of Cu foil appears at 8.0 A™* (Fig. 2e). The Cu-O coor-
dination of the second shell in the Cu,O and the Cu-Cu coor-
dination of the second shell in CuO do not appear in Cu,/CeO,
(Fig. 2f and g), which also proves the uniqueness of the Cu-O
coordination structure in Cu,/CeO,.

X-ray photoelectron spectroscopy (XPS) data show that there
is no obvious difference in the Ce 3d spectra between Cu,/CeO,

4622 | Chem. Sci, 2023, 14, 4620-4626

and CeO,, with obvious characteristic peaks of Ce*" located at
885.1 eV and 903.4 eV (Fig. 2h).** We analyzed the O 1s spectra
of CeO, and found that CeO, is prone to adsorbing water (H,O,
located at 533.3 eV) from the environment and formed a large
number of surface hydroxyl groups (-OH, located at 532.0 eV),
although the samples were all characterized after heat treat-
ment (Fig. 2i).** We also obtained consistent information from
the infrared spectra, in which the characteristic peak located at
~3320 cm™ " revealed the existence of abundant surface ~-OH
groups on the CeO, support (Fig. S97). The obtained Cu,/CeO,
sample showed an obvious signal in its XPS data for surface O
species (Ogurf, located at 530.9 eV), and the lattice O (Opaqr,
located at 529.1 eV) peak basically unchanged.* In the Cu 2p
region, the binding energy position of Cu 2p*? belonging to the
+1 oxidation state of Cu can be clearly observed, located at
932.5 eV (Fig. S107).* There is a weak shake-up satellite peak
near 940.0 eV, indicating the existence of a Cu** state.*”* No
significant peaks were observed for Cl 2p, indicating that there
is no Cl present in Cu;/CeO, (Fig. S111). Through electron
paramagnetic resonance (EPR) spectroscopy, as shown in Fig.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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2j, the data show a Cu”* signal (g value = 2.03) for the Cu,/CeO,,
nanorods, but this was less than for the unreduced CuCl,/CeO,
sample. There is no hyperfine splitting assigned to isolated
Cu**, which proves the specific nature of single-atom Cu species
in the Cu,/CeO, sample. Signals A and B can be attributed to
Ce*" species, which show that Ce®" is the most likely oxidation
state in the CeO, support.” The loading of CuCl, reduces the
signal intensity of Ce®", indicating that there is electron transfer
from Ce®" to Cu®* species. This electron transfer occurs via
a Cu-O-Ce interface, which proves the occurrence of MSI. After
reduction treatment, an increase in Ce*" components was
observed in Cu,/CeO,, which is due to the electron transfer from
Cu to the CeO, support. The Raman spectra of both CeO, and
Cu,/CeO, exhibit an obvious strong peak at ~457 em™ ", which
can be attributed to the F,, fluorite structure of CeO,
(Fig. S12).* The unchanged position of this peak indicates that
the introduction of Cu species does not change the overall
crystal structure of the CeO, support. The weak broad peak at
~608 cm ™" attributed to the defect induced (D) mode indicates
that there is little difference in the oxygen vacancy concentra-
tion between the two samples.*® The weak peak of the Cu
sample at ~262 cm ™" can be attributed to the vibration of Cu-O
bond.**

Catalytic performance of the Cu,/CeO, nanorods in the $-
arylation reaction of iodobenzene

Iodobenzene and elemental sulfur were used as the initial
exploration substrates for the S-arylation reaction (Fig. 3 and
Table S3t). Several solvents were selected to test the catalytic
performance of Cu;/CeO, on a dithiolation reaction at 100 °C
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Fig. 3 (a) The reaction equation of the S-arylation using iodobenzene;
(b) Cui/CeOy catalyzed S-arylation using iodobenzene at different
temperatures; (c) time-course plot of the conversion and different
products at 110 °C; (d) catalyst comparison for the S-arylation reaction
using iodobenzene at 110 °C for 10 h; (e) the recycling performance of
Cu,/CeOy.
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for 12 h (Table S37). The amount of H,O in optimized solvent
DMF had a great influence on the catalytic performance, which
significantly improved the selectivity for diphenyl disulfide (2a).
This may be due to the fact that H,O promotes the reaction
between elemental S and alkali to produce S,>7, but too much
H,O also led to a decline in catalytic activity (Table S3t). No
obvious base-controlled selectivity was observed for the Cu,/
CeO, catalyzed S-arylation reaction,* and 97.4% selectivity
towards 2a was attained with 82.6% conversion when NaOH was
used as a strong base (Table S4t). When the reaction tempera-
ture was reduced, the conversion decreased significantly with
a slight decrease in selectivity (Table S5, entries 1 and 2). When
the temperature rose to 110 °C, the conversion significantly
increased to 97.7%, and the selectivity only slightly reduced
(Table S5, entry 4). Further increasing the reaction tempera-
ture led to a significant decrease in selectivity (Table S5,} entries
5 and 6). When the reaction time was prolonged to 14 h at 110 °©
C, the target product 2a decomposed to produce phenyl-
thiophenol (4a) and reduced the selectivity to 87.1% (Table S5,
entry 7). If the reaction time was shortened to 10 h, Cu,/CeO,
achieved 97.1% conversion and 94.8% selectivity (Table S5,T
entry 9). Cu/CeO, samples synthesized with higher loading
prepared and then reduced by H,/Ar at 150 °C without washing
with ultrapure water also showed poor catalytic activity (Table
S5,1 entries 18-21). The pure CeO, nanorods showed no cata-
lytic activity, where the catalyst was obtained through
a synthesis method and then reduced by H,/Ar at 150 °C. The Cu
NPs showed only 34.2% transformation and 75.9% selectivity
for 2a. Therefore, CeO, promotes the smooth S-arylation reac-
tion by constructing single-atom Cu of a unique coordination
environment with O atoms and charge characteristics. The Cu,/
CeO, catalyst was stable in the S-arylation reaction, and the
recycled catalyst retained its activity for at least four cycles
(Fig. 3d, Table S67). The ICP-OES analysis revealed a Cu loading
of 0.638 wt% in the recycled Cu,/CeO,, which shows no differ-
ence compared to the original catalyst in the XRD patterns
(Fig. S13t1). Hot filtration experiments showed that almost no
conversion of iodobenzene to diphenyldisulfide products was
detected in the absence of the Cu catalyst, and <0.01 ppm of the
Cu species was leached (Fig. S141). These results prove that the
catalysis of the S-arylation reaction by Cu,/CeO, is heteroge-
neous in essence, and also show that the MSI through the Cu-
O-Ce interface endow the single-atom Cu with superior activity,
selectivity and stability.

The Cu,/CeO, catalyst performed well in S-arylation with
a wide substrate scope of aryl iodides under the optimized
conditions. As summarized in Scheme 1, the S-arylation of
iodobenzene with electron-donating groups led to higher yields
being obtained. p-Methyl iodobenzene achieved complete
conversion of iodobenzene and almost 100% selectivity of 4,4
dimethyl-diphenyl disulfide (2b). The tolerance of electron-
donating groups such as -Me, -OMe, -Et, -'Pr and -'Bu at
different substitution positions enabled the synthesis of struc-
turally diverse diaryl disulfide products (2¢-2i) in moderate to
good conversions and selectivity. While iodobenzene with
electron-withdrawing groups underwent the S-arylation reac-
tion like -F, —Cl, -Br, -CF; and —OCF; at para-position or meta-

Chem. Sci., 2023, 14, 4620-4626 | 4623
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2u, 75%

2q, R = 4-Ph, 75%

Scheme 1 Substrate scope of iodoarylene. Reaction conditions: 1 (0.5
mmol), Sg (0.75 mmol), Cu;/CeO, (20 mg), NaOH (2.0 mmol), DMF (2
mL) and H,O (67 pL), Ar, 110 °C, 10 h, isolated yield. *Na,COs was used
as the base.

position, the yields of corresponding diaryl disulfide generally
decreased slightly (2j-2p). Several aryl iodides multi-substituted
at different positions underwent the S-arylation reaction
smoothly to deliver the corresponding product in up to 86%
yield (2r-2t). Even 2,4,6-trimethyliodosbenzene with steric
hindrance can produce the corresponding disulfide product in
73.8% yield (2u). These results indicate that most of the
substituted aryl iodides with various electronic and steric effects
can be used to realize the S-arylation reaction with high effi-
ciency and produce the corresponding diaryl disulfide products.

Control experiments and mechanism of the Cu,/CeO,
catalyzed S-arylation reaction of iodobenzene

Control experiments were performed to gain insight into the
mechanism of the Cu;/CeO, catalyzed S-arylation. When
2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO) or butylated
hydroxytoluene (BHT) were added to the standard conditions as
radical trapping reagents, almost no change in conversion and
selectivity was observed, providing evidence that the Cu,/CeO,
catalyzed S-arylation reaction is not a radical process (Scheme
2a and b). No products were detected when the base was
removed from the standard conditions, which shows that base
plays an important role in the S-arylation process (Scheme 2c).
We also used Na,S or Na,S, to replace elemental sulfur to react
under standard conditions, and almost no desired product was
observed using Na,S (Scheme 2d) but 78% conversion was
observed using Na,S, (Scheme 2e). NaOH reacts with elemental
sulfur to form sodium thiosulfate (Na,S,), and the addition of
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Scheme 2 Control experiments for the S-arylation reaction of iodo-
benzene with the free radical trapping reagents (@) TEMPO and (b)
BHT. (c) Control experiments for the S-arylation reaction of iodo-
benzene without NaOH. (d) Control experiments for the S-arylation
reaction of Na,S without Sg. (€) Control experiments for the S-arylation
reaction of Na,S, without Sg.

H,0 in the solvent promotes the process. For single-atom Cu,
the oxidative addition of iodobenzene must occur to form a Cu-
I bond firstly before it reacts with Na,S, to release Nal.

The copper halide catalysts involve the coordination of two
Cu sites to S,> firstly, and this cyclic intermediate structure is
then conducive to the subsequent rupturing of S-S bonds.****
The catalyst comparison results in Fig. 3d show that Cu-Cl
coordination obviously produces more diphenyl sulfide than
Cu-O coordination. Even if the S-arylation reaction is carried
out without Ar protection, Cu,/CeO, still produces more
diphenyldisulfide, while CuCl, mainly produces diphe-
nylsulfide (Table 1). The coordination mode of single-atom Cu
with S,>” is different from that of copper halide, and it is
difficult to form two single-atom Cu coordinated with S,*".

Based on the control experiment and previous studies, the
mechanism of dithiolation for aryl iodides was predicted
(Scheme 3). It is clear that the elemental sulfur reacts with
NaOH to generate Na,S,,****> which then reacts with the inter-
mediate Ph-Cu™-1 (I) formed via the oxidative addition of Ph-I

Table 1 Comparision of Cu;/CeO, and CuCl, in the S-arylation
reaction without Ar protection

| Cat., NaOH 8. Q s SH
el enaglegslel
DMF + H,0
la 110°C, 12 h 2a 3a 4a
Sel. (%)
Con. (%)
Entry Cat of 1a 2a 3a 4a
1 Cu,/CeOy 83.3 88.1 5.3 6.6
2 CuCl, 61.5 38.4 59.7 1.9

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 3 The mechanism of the S-arylation reaction of iodobenzene
with the Cu;/CeO, catalyst.

on single-atom Cu'.>>** We speculate that the formed interme-
diate II forms a feedback bond structure, making the valence
state of Cu in the intermediate II return to the +1 oxidation
state. The Cu' in intermediate II may continue to coordinate
with Ph-I to provide the m-complex IIL.>*>¢

Evidence of the n°-coordination mode of 7-complex III can
also be deduced from the substituent effect of the substrate
scope, in which electro-donating substituents exhibit better
reactivity than electron-withdrawing substituents. Next, intra-
molecular nucleophilic substitution occurs at the aromatic ring
to give the intermediate IV, and diphenyl disulfide is finally
formed via reductive elimination. Based on the complexity of
this Ullmann-type reaction and the uncertainty of the mecha-
nism,* we can only speculate its possible mechanism according
to existing comparative experiments. However, the change in
the oxidation state of single-atom Cu caused by the redox
cycle will not result in leaching of the metal species for the MSI
between CeO, and Cu, which highlights the advantages of the
single-atom Cu catalyst in the transformation of complex
organic molecules. Anchoring outside the CeO, surface fully
exposes the space of single-atom Cu sites, which is conducive to
the coordination and reaction of multiple substrates.

Conclusions

In summary, partially positively charged single atom Cu coor-
dinated with two oxygen atoms was obtained via hydroxyl
anchoring on the surface of CeO,. This Cu,/CeO, catalyst real-
izes electron transfer through a Cu-O-Ce interface, and fully
exposes the space of single-atom Cu. In the S-arylation reaction,
the coordination and addition of multiple substrate molecules
can be realized, and thus shows superior activity and specific
selectivity for disulfides. Iodobenzene with substituents that
exhibit different electronic properties and steric hindrance can
realize the S-arylation reaction smoothly. Therefore, the oxide
support with redox functionality is similar to organic ligands
with flexible electronic regulation and more optimized spatial
configuration, which makes anchored single-atom metal cata-
lysts show promising application value in heterogeneous
catalysis.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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