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C-0 bond scission via photocatalysis is an important step in biomass
depolymerization. Here, we demonstrate the scission of strong ether
C-0O bonds promoted by low-work-function Cd single atoms and
clusters. Their loading on ZnS benefits C—H bond scission, thus
weakening the C-O bond for chemical bond breaking.

Valorisation of natural biomass provides chemicals sustainably.'?
Cleaving the abundant C-O bonds is deemed to be significant to
biomass depolymerization and an essential step in biomass
refineries.> Because of the mild reaction conditions and the
potential of being powered by solar energy,”” photocatalysis has
been demonstrated to be a powerful tool for C-O bond scission,>®
providing monomeric products selectively and beneficial to inhi-
biting recondensation.”® The previous works of our group’ and
Wang'® have individually proved that C-O bonds in B-O-4'
linkages in lignin can be reductively cleaved over semiconductor
sulphides. The key is to weaken the C-O bonds as their reductive
scission requires a very negative potential (generally lower than
—1.6 Vvs. standard hydrogen electrode).""*> Such methods highly
rely on the prior scission of C-H bonds adjacent to the target C-O
bonds. However, previous works reporting C-O bond scission are
limited to cleaving benzylic C-H bonds because of the lower bond
dissociation energy (BDE, ~89 kcal mol *)."* The type of C-O
bond to be cleaved is restricted, adverse to obtaining monomeric
products from lignin depolymerization."*"> Therefore, realizing
selective and efficient scission of C-H bonds is important to the
adjacent C-O bond scission. Low-work-function (LWF) metal
nanoparticles supported on semiconductor sulphides have been
reported to promote methanol C-H bond scission.'® When
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sulphide is in contact with LWF metal nanoparticles, both the
surface charge density and the energy structure of the sulphide
are changed. More specifically, the electron transfer from LWF
metal nanoparticles to the sulphide in the dark enriches the
surface electrons while the immobilization of LWF metal nano-
particles promotes charge separation, thus conducive to acceler-
ating C-H bond scission selectively. Besides preferential C-H
bond scission, reductive C-O bond scission by simultaneously
using photogenerated electrons cannot be overlooked.'”*®
Because C-H bond scission has been successfully realised
over CdS,*® and Zn and Cd are in group IIB, here, we design a
ZnS photo-catalyst supported with LWF Cd to inhibit the
activation of the O-H bond, targeting the C-O bond scission
of diethylene glycol (DEG) that has a similar skeleton structure
to biomass feedstocks (Fig. S1, ESI). We prove that the LWF Cd
donates electrons to the ZnS support, which is deemed to be
beneficial for the activation of the C-H bond rather than the
O-H bond. The LWF Cd functions more brilliantly since the
donated electrons are dispersed around LWF Cd clusters that
act as the oxidation site for C-H bond scission. This electronic
and band structure configuration facilitates DEG C-H bond
scission, resulting in a carbon-centred radical capable of being
reduced via C-O bond scission, thereby affording EG selectively.
DFT calculations verify the hypothesis of electron transfer
from LWF Cd to ZnS supports. The electron transfer was
evaluated by comparing the charge density of Cd and ZnS
before and after contact. The obtained charge density differ-
ence (CDD) thus describes the electron transfer between the Cd
and ZnS components. We considered the cases of Cd single
atoms (Fig. 1a) and nanoclusters consisting of 10 Cd atoms
(Fig. 1b and Fig. S2, ESIT). When either the LWF Cd single atom
or the nanocluster is in contact with ZnS, the charge density of
Cd and ZnS changes. More specifically, in the case of the Cd
single atom, the electrons around Cd show a trend of deficiency
while the electrons around the Zn>" and S~ become enriched.
The electrons donated to ZnS are dispersed mainly around the
S though the electron density around part of the $>~ becomes
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Fig. 1 Charge transfer between low-work-function Cd and ZnS. The
charge density difference of ZnS supported with Cd single atoms (a) and
Cd clusters (b). The yellow and cyan contours around the atoms represent
enriched and deficient electron clouds, respectively, which describes the
charge transfer of the ZnS support after contacting Cd single atoms and
clusters, respectively.

deficient. The total electrons donated to ZnS were calculated to be
0.14 per Cd atom. Similar results are found for the Cd nanoclus-
ter, and the CDD describing the charge transfer of Cd/ZnS implies
that the dominant electrons donated by Cd nanoclusters disperse
around the interface of the Cd nanocluster and ZnS. The total
electrons donated to ZnS are 0.08 per Cd atom. The above results
indicate that Cd donates electrons to the ZnS support, resulting in
a ZnS with enriched electrons conducive to DEG C-H bond
scission.

We then prepared the Cd/ZnS material with the Cd in the
form of single atoms and nanoclusters. This Cd/ZnS material
was prepared by photo-irradiating a mixture containing fresh
metallic Cd colloid and ZnS powder. The Cd content was
determined to be 1.0 wt% by inductively coupled plasma
atomic emission spectroscopy (ICP-AES). The morphology and
structure of Cd/ZnS were characterized by scanning transmis-
sion electron microscopy (STEM) and X-ray diffraction (XRD).
In the high-resolution TEM (HRTEM), the lattice fringes with
distances of 0.255 and 0.265 nm are attributed to the (020) and
(200) crystal planes of zinc blende, respectively (Fig. S3a,
ESI).%° Besides, the lattice fringes with distances of 0.292
and 0.319 nm are attributed to the (101) and (002) crystal
planes of wurtzite, respectively (Fig. S3b, ESIT).”® Therefore,
the synthesized ZnS is a mixed crystal phase containing zinc
blende and wurtzite. Energy-dispersive X-ray spectroscopy
(EDS) maps of the synthesized Cd/ZnS show the uniform
distribution of S, Zn and Cd elements (Fig. S4, ESIt). The
spherical aberration-corrected high-angle annular dark-field scan-
ning transmission electron microscope (ac-HADDF-STEM) image
of the Cd/ZnS shows uniformly dispersed bright spots on the ZnS
surface, indicating the presence of Cd single atoms (Fig. 2a). We
also found Cd nanoclusters on ZnS according to the line scan
across the sample (Fig. 2b), since along this line, the relative
abundance of S, Zn and Cd varies with Cd enriched in the cross-
section of 7.5-17 nm (Fig. 2c). In accordance with this, the
UV-visible diffuse reflectance spectrum (UV-vis DRS) shows an
absorption peak near the edge for the Cd/ZnS sample (Fig. 2d),
which might be derived from the localized surface plasma reso-
nance of Cd.*' The presence of Cd nanoclusters was further
confirmed by X-ray diffraction (XRD). The series of peaks at
20 degrees of 28.5°, 47.5° and 56.3° are indexed accordingly to
zinc blende and wurtzite phases (Fig. 2¢).>* Besides these, diffrac-
tion peaks at 32.0° 34.0° and 38.3° emerge for Cd/ZnS (Fig. 2e),
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Fig. 2 Representative STEM, STEM-EDS elemental maps, UV-vis absorp-
tion spectroscopy, XRD and X-ray photoelectron spectroscopy patterns of
ZnS and Cd/ZnS. STEM images of Cd/ZnS, showing the presence of Cd
single atoms (a) and nanoclusters (b). (c) STEM-EDS elemental maps of
S, Zn, and Cd along the white line in (c and d) Cd nanoparticles on the
surface of ZnS enhance the light absorption ability of ZnS. (e) XRD patterns
of Cd/ZnS in contrast to ZnS. (f) The Cd 3d binding energy of Cd/ZnS
corresponds to the CdP.

which can be well indexed to hexagonal cadmium with the space
group of P63/mmc, confirming the presence of Cd nanoclusters on
ZnS. The Cd single atoms and clusters are in metallic states
(Fig. 2f) according to the results of X-ray photoelectron spectro-
scopy (XPS).>***

We choose the conversion of DEG, a model substrate of
biomass, as the model reaction to shed light on the mechan-
isms of C-O bond breakage in biomass macromolecules. The
photocatalytic DEG conversion was conducted to evaluate
the promotional effects of Cd single atoms and nanoclusters
on the activity of ZnS for C-O bond scission. DEG could be
converted in mainly three pathways, including the initial scis-
sion of C,—H, Cg-H and O-H bonds (Fig. 3a). The factors that
influence the enthalpy, polarity, or steric configuration of the
alcohols and photocatalyst should influence the selectivity of
the initial DGE bond scission.>>” The target reaction pathway
is the initial C,-H bond scission, which generates carbon-
centred radicals allowing for ether C-O bond scission under a
mechanism analogous to the spin-centre-shift mechanism,®
thus affording EG and acetaldehyde (AA). The initial Cg-H bond
scission also generates a carbon-centred radical allowing for
hydroxyl C-O bond scission, forming 2-(vinyloxy)ethan-1-ol
(VEO) as the side product. The initial O-H bond scission
is an unwanted reaction pathway, which finally affords 1,
4-dioxan-2-ol (DOO) as the side product. Photocatalytic DEG
conversion over ZnS produces EG, AA and DOO with productiv-
ities of 1.22, 0.34 and 1.41 mmol g ' in 10 h (Fig. 3b),
respectively. The formation of EG and DOO confirms the
scission of C,~H and O-H bonds, respectively. The selectivity
of EG and DOO is 47 and 53%, respectively, illustrating that
O-H bond scission is prevalent over the ZnS photocatalyst. By
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Fig. 3 Reaction results of photocatalytic cleavage of DEG to EG. (a)
Reaction scheme of the photocatalytic DEG conversion over the Cd/ZnS
photocatalyst. Time profiles recorded for the products from photocatalytic
DEG conversion over ZnS (b) and Cd/ZnS (c). (d) Time profiles of EG
selectivity. (e) Products of radical capturing experiments in photocatalytic
DEG conversion analysed by LC-HRTOF-MS; 0.15 mmol of 1,
1-diphenylethylene was used as the radical capturing reagent. Standard
conditions: 10 mg of ZnS or Cd/ZnS, 0.10 mL of DEG, 1.4 mL of MeCN, 5 W
LEDs (365 + 5 nm), 5 vol% CO/Ar, 2 h. A 5 vol% CO/Ar atmosphere was
chosen to protect the metallic Cd from being oxidized.

comparison, reaction over Cd/ZnS generates EG, AA and DOO
with productivities of 5.43, 2.25, and 1.20 mmol g’l, respec-
tively (Fig. 3c). The productivity of EG is substantially higher
than that over ZnS, implying that the Cd promotes C,-H bond
scission. Besides the above three products, the photocatalytic
DEG conversion over Cd/ZnS produces VEO with a productivity
of 1.09 mmol g~ " in 10 h, suggesting that Cs—H bond scission
also occurs. Since the C,-H is adjacent to the active hydroxyl
group, its scission is expected to be more facile than that for the
Cp-H adjacent to the ether C-O bond.”® The formation of
VEO also implies that Cd/ZnS has a higher activity than
ZnS. Ethanol, probably derived from the AA reduction by
photogenerated electrons, is formed with a productivity of
1.50 mmol g . For the reaction over Cd/ZnS, the selectivity
of EG increases from 47 to 70% (Fig. 3d), substantially higher
than that over ZnS, implying that Cd is beneficial for C,-H
bond scission. The selectivity of C-H bond scission (84%) for
the reaction over DEG is also higher than that of O-H bond
scission (16%, Fig. S5, ESIt), confirming a C-H bond breaking
event promoted by LWF Cd single atoms and nanoclusters.
The stability of the Cd/ZnS photocatalyst was evaluated by
catalyst recycling experiments (Fig. S6, ESIT). The spent Cd/ZnS
photocatalyst deactivates in each run, especially for the activity
of C-H bond scission. This result may be rationalized by the
inevitable oxidation of metallic Cd during the recycling of the
Cd/ZnS photocatalyst, and thus the promotional effects of Cd
disappear. Photocatalytic cleavage of a B-O-4 lignin model
compound (PP-ol) over Cd/ZnS was evaluated to illustrate that
the found promotional effects of Cd can be expanded to
biomass feedstocks (Fig. S7, ESIT). Compared with the reaction
over ZnS, Cd/ZnS shows both higher conversion (82%) of PP-ol
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and selectivity for C-O bond scission (99%) for an irradiation
time of 6 h, confirming the promotional effects of the metallic
Cd in C-O bond scission initiated by C-H bond scission.

The involvement of photogenerated holes and electrons in
the photocatalytic DEG cleavage was studied by control experi-
ments using sacrificial reagents (Fig. S8, ESIt).>° The addition
of ferrocene and AgNO; as the sacrificial reagents for holes and
electrons®® dramatically decreases the productivities of all the
products. This result agrees with a photocatalytic process
requiring the co-participation of photogenerated holes and
electrons. We then verify the reaction pathway of DEG C-O
bond scission by radical capturing experiments, which were
conducted by adding 1,1-diphenylethylene (DPE) to the reaction
system. The products were analysed by liquid chromatography-
high-resolution time-of-flight mass spectrometry (LC-HRTOF-MS).
The signals of the chromatogram in Fig. 3e were recorded by a
diode array detector. For the cases of ZnS and Cd/ZnS, the major
found peaks with retention times around 15.8 and 18.7 min
show m/z of 285.1494 and 181.1007. These two peaks, attributed
to (M + H)" ions, suggest substances with molecule weights of 284
and 180, respectively. The latter is attributed to unreacted DPE
while the former is related to the addition products of the radical
derived from DEG C-H or O-H bond scission. After the radical
addition to DPE, dehydrogenation of the addition products
generates the substance with m/z of 284 (Fig. 3e).”! We can also
observe the addition products without dehydrogenation (m/z of
286) with a retention time of 15.3 min. Formation of the radical
addition products implies that the C-O bond scission occurs via
prior C-H bond scission (Fig. S9, ESIt). Besides, the larger peaks
of the radical addition products imply that the improved activity
of Cd/ZnS is derived from the higher activity for C-H bond
scission.

We also found that Cd performs more brilliantly except for
donating electrons to promote C-H bond scission. This critical
role of Cd was further investigated by the density of states
(DOS), describing the electron transfer upon light irradiation,
using a ZnS (100) p (3 x 3 x 3) surface model and a Cd cluster
consisting of 10 Cd atoms. The valence band maximum (VBM)
of ZnS is constituted by S 3p and Zn 3d orbitals, with dominant
contribution from Zn 3d. The conduction band minimum
(CBM) is the hybrid of Zn 4s, Zn 3p, and Zn 3d orbitals
(Fig. 4a), in agreement with the literature.>” In comparison,
the VBM of Cd/ZnS is constituted by S 3p, Zn 3d, and Cd 4d
orbitals, with dominant contributions from Cd 4d (Fig. 4b).
Although the Cd/ZnS CBM shows minor contributions from Cd
4d, the CBM components of Cd/ZnS and ZnS are similar. The
VBM and CBM components of ZnS and ZnS supported by a
single Cd atom are similar (Fig. S10a, ESIt). The above DOS
results indicate that Cd clusters can substantially vary the band
structure of ZnS.

The distribution of the VBM and CBM is displaced by
plotting their contours in ZnS and Cd/ZnS lattices, which also
dictates the transfer of photogenerated holes and electrons,
respectively. For ZnS, the CBM distributes majorly in the
bulk of the ZnS lattice while the VBM disperses almost evenly
(Fig. S10b, ESIt). In comparison, the VBM and CBM of Cd/ZnS

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 DOS and contours of the band structure near the CBM and VBM.
The DOS of ZnS (a) and Cd/ZnS (b). (c) The band structure near the CBM
and VBM calculated for Cd/ZnS (ZnS supported with Cd clusters). The
contours in yellow and cyan around the atoms represent two different
electron spin states.

distribute differently (Fig. 4c). Although the contours depicting
the distribution of the CBM are similar to that of ZnS, the VBM
of Cd/ZnS almost concentrates around the Cd clusters and the
interface of the Cd clusters and ZnS support. This configuration
of VBM and CBM is beneficial for charge separation, with
photogenerated hole migration to the surface, thereby benefi-
cial for C-H bond oxidative cleavage for C-O bond scission.

In summary, we designed a ZnS photocatalyst supported
with LWF Cd single atoms and nanoclusters. The LWF metallic
Cd donates 0.08 electrons per Cd atom to the ZnS support, with
electrons enriched around the interfacial S>~. The electron-
enriched ZnS support thus favours preferential scission of C-H
bonds. Combining the preferential C-H bond scission and an
analogous spin-center-shift mechanism, the C-O bond of the
resulting carbon-centred radical was reduced by photo-generated
electrons. Therefore, photocatalytic cleavage of DEG over Cd/ZnS
shows improved activity and selectivity towards C-H bond scission.
The mechanism study indicates that the DOS of Cd/ZnS shows
better configuration than ZnS for charge separation and C-H bond
scission, thanks to the localization of the VBM around the Cd
clusters and the interface of the Cd clusters and ZnS support. This
work provides a route for strong C-O bond scission, inspiring new
strategies to depolymerize natural biomass.
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