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Surface vacancies in 1I-VI semiconductors have been confirmed as
active sites for photocatalytic CO, reduction. Here we take quantum-
confined CdS nanorod as a model photocatalyst to correlate anion
vacancies with photocatalytic CO, reduction performance. In terms of
electronic structure change, CdS nanorods with more surface S
vacancies give enhanced CO generation rates, which were confirmed
by deliberately introducing S vacancies via a post-treatment.

Production of solar fuels or valuable chemicals from CO,
reduction driven by solar energy remains one of the most
promising pathways to relieve the energy crisis and environ-
mental disruption.”” Semiconductor nanocrystals containing
II-VI elements have emerged as ideal candidates in the field of
CO,, photoreduction,'*** because of their large extinction coef-
ficient, high probability of exciton generation and easy modifi-
cation of surface properties.">*® Although most of the reported
systems involve external active sites,””™ such as metal
complexes®** and surface ligands,* surface vacancies of II-VI
nanocrystals were also found to work as active sites.”>** For
example, zinc vacancies in ZnS QDs were effective binding sites
for CO, photoreduction.*® Anion vacancies on CdSe/CdS QDs
could achieve highly efficient and selective CO evolution via
photocatalytic CO, reduction.>” Moreover, S vacancies formed in
situ on CdS nanoparticles contributed to electrocatalytic CO,
reduction.”® These results prompted us to understand the
inherent correlation of surface anion vacancies and catalytic
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performance of CO, photoreduction by semiconductors
nanocrystals.

In this contribution, we chose quantum-confined CdS
nanorod as a model photocatalyst to explore the anion vacancy-
activity relationship toward photocatalytic CO, reduction. First,
a structural model of hexagonal CdS without or with surface S
vacancies was built for density functional theory (DFT) calcu-
lations,” see details in the ESIL.T Owing to the deficiency of S
atoms, the four adjacent Cd atoms deviated from their original
positions and demonstrated a small shift toward S vacancies
with distinct lattice constriction as compared with pristine CdS
(Fig. 1a and b). Electron density calculations (Fig. 1c and d)
revealed that the electron redistribution around S vacancies
occurred by removing a neutral S atom from the CdS supercell.
The two unbound electrons became active and produced
a localized electron trapping center because of positively
charged S vacancies. As shown in Fig. 1e and f, a linear CO,
molecule bent on a S vacancy site after geometric optimization

Fig. 1 Optimized bulk lattice structure of 2 x 2 x 2 supercell hexag-
onal CdS without (a) and with S vacancies (b). Charge-density differ-
ence maps around the S site at the (001) cross section without (c) and
with S vacancies (d). Electron density distribution around the adsorbed
CO; site at the hexagonal CdS(001) facet (e) without and (f) with S
vacancies. Cd, S, C and O atoms are represented by pink, yellow, gray
and red balls, respectively. The S vacancy is indicated by a white
dashed circle. The color level in (c) and (d) goes from a reduction (blue)
to a gain in density (red) and the units are e A=2,
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while remaining in the linear configuration on the perfect
Cds(001) facet. The adsorption energy changed from —0.078 eV
on the perfect facet to —0.815 eV on the S-vacancy facet.
Meanwhile, the C=0 bond was elongated from 1.17 Ato 1.268 A
and the O-C-O angle reduced from 180° to 122.37°, indicating
that the CO, molecule was highly activated on S vacancies.®* In
contrast, the geometric structure of the CO, molecule almost
remained unchanged on the perfect CdS surface. The S vacan-
cies changed the local electronic structure and promoted CO,
adsorption and activation.

Under the guidance of theoretical studies, we prepared
quantum-confined CdS nanorods with different numbers of S-
vacancies to work as photocatalysts towards CO, reduction
under visible light. To our delight, with more surface S vacan-
cies, the rate of CO generation was significantly enhanced,
indicating the positive correlation between CO evolution and
the amount of surface S vacancies. Furthermore, the deliberate
introduction of S vacancies on CdS nanorods via a post-
treatment procedure of exchanging Cd** with Ag* ions could
also improve the rate of CO evolution by about ~3-fold, further
suggesting that the more surface S vacancies on CdS the higher
the activity for CO, photoreduction.

Quantum-confined CdS nanorods with different amounts of S
vacancies were synthesized via a modified hot injection method
at high temperature,®***" see synthetic details in the ESL.{ The
obtained CdS nanorods with varied amounts of S vacancies were
denoted as CS-1, CS-2, CS-3 and CS-4, respectively. Transmission
electron microscopy (TEM) confirmed that the obtained CdS
samples were in the shape of nanorods (Fig. 2a-d), in which the
four CdS samples exhibited a similar size distribution with
a length of ~20 nm and a width of ~4 nm. An enlarged
aberration-corrected scanning transmission electron microscopy
(STEM) image showed a lattice fringe of 3.29 A, which was
ascribed to the (002) facet of hexagonal CdS (Fig. S1, ESIt). The
corresponding elemental mapping of a single CdS nanorod
showed the coexistence of Cd and S elements (Fig. 2e), which was

Fig. 2 TEM images of (a) CS-1, (b) CS-2, (c) CS-3 and (d) CS-4 CdS
samples. (e) STEM image of CdS nanorods and the corresponding
elemental mapping, respectively.
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further verified by full X-ray photoelectron spectroscopy (XPS)
analysis (Fig. S2, ESIT). Moreover, the narrow and sharp peaks of
the prepared samples in X-ray diffraction (XRD) patterns perfectly
matched the standard pattern of hexagonal CdS (PDF No. 41-
1049),** indicating the successful formation of CdS nanorods
with identical shapes and crystalline structures (Fig. 3a).

The four CdS samples were then characterized in solution.
As shown in Fig. 3b, the first absorption peak was centered at
~440 nm in ultraviolet-visible (UV-vis) absorption spectra,
because of the quantum confinement effects of CdS nanorods
in the radial direction. A similar first absorption peak location
suggested that these samples of the four CdS nanorods, either
in width or length, were well maintained. Subsequently, elec-
tron paramagnetic resonance (EPR) was carried out. The
observed signal centred at g = 2.0016 (Fig. S3, ESI}) resulted
from anion S vacancies, in line with the fact that anion vacan-
cies in II-VI semiconductors gave rise to EPR signals near g =
2.%27%% In addition, the line at g = 2.0016 with slight asymmetry
was attributed to S vacancies located at the surface of nanorods
because surface defects with an anisotropic Zeeman interaction
were actually anisotropic.*® In CdS nanorods, the formation of S
vacancies on the surface resulted in excess Cd sites associated
with electron traps,***® thus leading to the formation of posi-
tively charged trap states with paramagnetism.

Given the distinct electron binding energies of inner and
surface atoms, XPS analysis, a powerful technique to provide
the composition information of nanomaterials, was utilized to
reveal the surface stoichiometry of CdS nanorods. Taking the
ratio of their respective integrated XPS signals,*>*° we calculated
the percentages of surface Cd and S atoms on CdS nanorods, see
details in the ESI (Fig. S4 and Table S1, ESIt). The ratios of
surface atoms to whole atoms for Cd and S in CdS nanorods
were determined from integrated XPS data. As summarized in
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Fig. 3 (a) XRD patterns of CS-1, CS-2, CS-3 and CS-4 CdS nanorods.
(b) UV-vis absorption spectra and (c) steady-state PL spectra (excita-
tion: 400 nm) of CdS nanorods for CS-1, CS-2, CS-3 and CS-4 in n-
hexane at room temperature.
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Table1, the ratios of surface Cd to S atoms for various CdS
samples were determined to be 3.24, 3.40, 3.70 and 3.88 from
CS-1 to CS-4. Obviously, the surface Cd/S ratios of all samples
were greater than 1, indicating surface Cd-rich properties.””
Thus, the existing defects in CdS were electron traps-anion S
vacancies,” and the increased Cd/S ratio from CS-1 to CS-4
suggested the enhanced amounts of S vacancies.

The steady-state photoluminescence (PL) spectroscopic
analysis (Fig. 3c) displayed two emissions including a narrow
band at ~457 nm and a broad band at ~630 nm, which were
radiative recombinations of photogenerated electrons and
holes at the band edge and the trap sites, respectively.**** To
scrutinize the broad emission, the intensity of the narrow bands
in the spectra was normalized. The significant enhancement of
the trap-state emission at ~630 nm from CS-1 to CS-4 indicated
the increased amounts of surface trap states in these samples.*
Apparently, this trend was well consistent with the surface Cd/S
ratio variation from CS-1 to CS-4, implying that the emission
peak at ~630 nm was radiative recombination of electron-hole
at S vacancies. In addition, the corresponding PL lifetimes of
the four samples decreased from 4.9 ns to 2.6 ns (Fig. S5 and
Table S2, ESIf), suggesting the promoted -electron-hole
recombination at surface S vacancies.

Then, photocatalytic CO, reduction experiments were
carried out under ambient conditions, see details in the ESL}
The initial photocatalytic experiments were performed with
triethylamine (TEA) as a sacrificial reagent under visible light (2
= 450 nm). Excitingly, CdS nanorods could produce CO gas as
the sole carbon-containing product under visible light as no
other reduction products were observed. Moreover, the CO
generation rate was gradually improved from ~295 mmol g~ " to
~513 mmol g~ with increased S vacancies from CS-1 to CS-4
under long-time irradiation (Fig. 4a). Meanwhile, negligible
change was observed in the selectivity of CO, calculated
according to the equation 7 = [nco/(nco + ny,)] x 100%, with
variation in S vacancy amounts (Fig. 4b). Obviously, rich surface
S vacancies showed vital influence on CO, reduction, which
coincided with our DFT prediction. In order to further validate
the origin of generated CO, an isotopic experiment using **CO,
as the reactant was performed, and the obtained gaseous
products were analyzed by gas chromatography-mass spec-
trometry (GC-MS). A signal at m/z = 29 was observed (Fig. S6,
ESIf), which could be assigned to the photogenerated *CO.
This result directly confirmed the photoreduction of CO, to CO.

The valence-band (VB) XPS analysis (Fig. S7, ESIt) was
utilized to determine the VB potentials of CdS, which were

Table 1 Element ratios of Cd and S and band-energy levels in CdS
samples

Surface Cd Surface S Surface Cd/S VB vs. CB vs.
Samples (%) (%) ratio NHE (V) NHE (V)
CS-1 41.24 37.94 3.24 1.49 —1.21
CS-2 47.59 26.84 3.40 1.53 —1.21
CS-3 47.36 39.07 3.70 1.61 —1.13
CS-4 43.14 34.61 3.88 1.61 —1.13
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Fig. 4 (a) Profile of photocatalytic CO, reduction activity and (b) the
corresponding CO selectivities for CS-1, CS-2, CS-3 and CS-4. (c) The
rate of photocatalytic CO, reduction, and (d) the corresponding
selectivity of CO using original CdS (denoted as pristine), a physical
mixture of CdS and AgNOs (denoted as pristine + AgNO3), and CdS
after Ag substitution (denoted as Cdg 95Ago1S) as the photocatalysts.
Error bars represent mean + s.d. of at least three independent
experiments.

+1.49, +1.53, +1.61 and +1.61 V versus the normal hydrogen
electrode (NHE) for CS-1, CS-2, CS-3 and CS-4 (Table 1),
respectively. The band gaps of the four samples were calculated
in the range of ~2.70 eV to ~2.74 eV by using the Tauc plot
(Fig. S8, ESIt). Thus, the conduction band (CB) positions were
calculated to be —1.21V, —1.21V, —1.13 Vand —1.13 Vvs. NHE
for CS-1, CS-2, CS-3 and CS-4, respectively. Accordingly, the
driving force for CO, reduction was almost identical with the
varied amounts of S vacancies, thus excluding the influence of
band-position change on CO, reduction.

In order to further confirm the above results, anion S
vacancies were deliberately introduced on CdS nanorods via
a post-treatment method.*>** AgNO; was here chosen as a Ag"
precursor to realize the cation-exchange reaction under
ambient conditions,* see details in the ESL.f TEM images
indicated the unchanged morphology of CdS nanorods after
exchanging 0.05% Cd>" with Ag* ions, denoted as Cdy.95Ag0.1S
(Fig. S9, ESIT). The first absorption peak indicated similar band
gaps (Fig. S10, ESIf). However, the emission intensity at
~630 nm dramatically enhanced (Fig. S11, ESIT), suggesting the
increase of trap states in the form of anion S vacancies. These
results matched well with those of a previous report,* in which
chemically induced Ag" ions could achieve electronic tuning of
CdS nanorods. Subsequently, photocatalytic CO, reduction
experiments were carried out with pristine CdS and Cd, 95Ag0.1S
nanorods under identical conditions. As shown in Fig. 4c, the
CO generation rate was improved from ~7.9 mmol g ' h™" to
~22.5 mmol g~* h™' after Ag" ion exchange, almost a 3-fold
enhancement. Meanwhile, the selectivity of CO increased from
~75% to ~84% (Fig. 4d), indicating an effective pathway to
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control CO, reduction activity and selectivity. DFT simulations
also showed that CO, adsorption occurred at the trap states but
not on Ag or Cd sites on the surface, indicating that CO, acti-
vation and reduction still proceeded at the anion vacancies in
Cdy.05Ag0.1S nanorods (Table S3 and Fig. S12%). In contrast,
a physical mixture of CdS nanorods and AgNO; (denoted as
pristine + AgNOj3) exhibited a similar CO generation rate to
pristine CdS, further confirming that the improved CO gener-
ation was a result of increased anion traps, but not Ag species.

Because of the sluggish thermodynamic and kinetic nature
of the linear CO, molecule, its activation is considered as a key
step for further conversion. The anion S vacancies play two
crucial roles in this process: one is as active sites for CO,
adsorption and activation (vide ante DFT calculation results).
The other is as effective electron trap states, which give rise to
energy states energetically localized within the nanorods'
energy gap and capture charge carriers from delocalized elec-
tronic states. The trap states reduce the mobility and the
diffusion length of charge carriers, as illustrated in Fig. 5. In
addition, the presence of trap states decreases interfacial charge
transfer resistance, which is demonstrated by the smaller arc
radius of the electrochemical impedance spectroscopy (EIS)
Nyquist plot of vacancy-rich CdS nanorods (Fig. S13, ESIf).*®
With visible light irradiation, photogenerated electrons at the
CB of CdS are captured by trap states, and reduce adsorbed CO,
molecules at S vacancies on the CdS surface to generate COOH*
intermediates through a proton-coupled electron transfer
process. Subsequently, the COOH* intermediate is reduced by
photoelectrons to generate OH* and CO* intermediates.
Finally, OH* combines with a proton to produce H,O and CO*
detaches from the surface to evolve the product of CO.>**¢

In summary, we have demonstrated that rich anion S
vacancies on quantum-confined CdS nanorods can effectively
enhance photocatalytic CO, reduction activity. CdS nanorods
with more S vacancies show enhanced CO, photoreduction
activity. Combined with electronic tuning via the cation-
exchange reaction of Ag" substituting Cd>" ions, the improved
activity is a result of the promoted CO, adsorption and activa-
tion, the facilitated interfacial charge transfer, and reduced
mobility and diffusion length of charge carriers in the presence
of high density of surface S vacancies. Understanding the
influence of surface S vacancies on CdS photocatalytic CO,

Solar light

Fig. 5 Schematic illustration of CdS nanorods with S vacancies for
photocatalytic CO, to CO conversion.
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reduction activity would provide new insights for tuning CO,
photoreduction performance under mild conditions.
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