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Engineering Pd-based charge-asymmetrical metal
pair sites to promote *CHO-CHO coupling for
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The photoreduction of CO, to C,+ products is primarily limited by the kinetic challenges of C-C coupling.
Here, we engineer Pd-based charge-asymmetrical metal pair sites to accommodate the energetically
favourable *CHO-CHO coupling pathway, accomplishing the excellent activity and selectivity toward
C,H4. The as-designed Pd-loaded CdS nanospheres (Pd/CdS-Sv) featured Pd—Cd charge-asymmetrical
sites co-manipulated by variable Pd loading and sulfur vacancies. They afford a C,H,4 evolution rate as
high as 14.2 umol g™t h™%, with a selectivity of up to 81.6%, outperforming most reported photocatalysts.
In situ diffuse reflectance infrared Fourier transform spectra distinctly identify the favourable *CHO-
CHO coupling pathway on Pd/CdS-Sv, which benefits from the obviously shortened C-C bond of 1.453
A on the Pd-Cd sites as compared to that in *CO dimerization (3.508 A) according to theoretical
calculations. The introduction of Pd promotes water dissociation and provides sufficient *H to enable
the conversion of *CO to *CHO and more importantly lowers the energy barrier of the *CHO-CHO
coupling on the charge-asymmetrical pair sites from 0.37 eV to —0.29 eV, thereby avoiding the sluggish
*CO-CO dimerization. Gaining new insights into engineering charge-asymmetrical sites to effectively
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Introduction

Excessive emissions of CO, are contributing to the severe
greenhouse effect, and sunlight-driven conversion of CO, into
valuable chemicals has been recognized as a viable approach to
mitigating this crisis.*™ So far, existing catalysts are generally
capable of photoconversion of CO, into C; products such as CO
and CH,; however, it is still tough to obtain C, products through
solar-powered CO, reduction despite the excellent higher
energy density and attractive economic value.>® The C-C
coupling of C; intermediates limits the C, production.”®

To improve the efficiency toward C, products, various strat-
egies have been developed, including optimizing crystal phases
and morphologies, incorporating metal dopants,”** intro-
ducing defects,"” and creating heterostructures. Recently,
constructing charge-asymmetric active sites has emerged as
a strategy of great potential to boost the C-C coupling of C;
intermediates.”'® The different charge distributions of neigh-
boring C; intermediates adsorbed on these charge-asymmetric
active sites help suppress the electrostatic repulsion, which is
beneficial for their self-coupling.’”** For example, Guo and co-
workers® reported a dual-metal photocatalyst InCu/PCN for
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perform C—-C coupling pathways, this work will expedite catalyst exploitation for CO, photoreduction.

efficient ethanol production, which consists of atomically
dispersed copper and indium loaded on polymeric carbon
nitrides. Similarly, Shen and co-workers® designed nano-
composites composed of Au loaded on CeO, nanocrystals to
enhance C,H, formation. However, these ways of performing C-
C coupling still encounter the high energy barrier of the *CO-
CO pathway. Very recently, theoretical investigations have sug-
gested that the pathway involving the hydrogenation of *CO to
*CHO, followed by *CHO-CHO coupling, exhibits a lower
kinetic energy barrier than the *CO-CO dimerization pathway.
Specifically, Asthagiri and co-workers® revealed that the
hydrogenation of *CO to *CHO followed by the dimerization of
*CHO may be the primary mechanism for the generation of
C,H, on the Cu (100) surface at low potentials, rather than the
previously hypothesized direct dimerization of *CO. Therefore,
developing an effective strategy to both construct charge-
asymmetric active sites and enable a favorable shift in the C-C
coupling pathway is crucial for the photoreduction of CO, to
valuable C, fuels.

CdS has emerged as a promising photocatalyst due to its
narrow bandgap, high charge separation efficiency and appro-
priate conduction band potential.>* Although extensive efforts
have been devoted to adjusting intermediate adsorption and
promoting photocatalytic CO, reduction on CdS-based photo-
catalysts through electronic modulation, they are typically
limited to C; rather than C, production. It seems that mere
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modulation of the electronic structure is difficult for C, gener-
ation. In this case, sulfur vacancies were introduced into CdS
nanoparticles to induce structural relaxation and electronic
structure modulation, and C,H, could be produced with a low
production rate (0.8 pmol g~ h™") and selectivity (8.2%).* The
symmetric Cd-Cd sites possess the same charge distribution
near the sulfur vacancies, which leads to electrostatic repulsion
and is detrimental to C-C coupling. Meanwhile, *H is not
sufficiently generated for the conversion of *CO to *CHO to
promote the energetically favorable *CHO-CHO coupling. Pd-
based catalysts demonstrate significant potential in photo-
catalytic CO, reduction, as exemplified by the tandem system
consisting of CdAS@PCN-Co and Pd/PCN-Zn, which enables the
efficient synthesis of high-value products such as pinacol and
benzanilide via CO, photoreduction, while the composite pho-
tocatalyst (Cu,Pd,),@PCN-222(Co) achieves the photocatalytic
conversion of CO, to benzophenone with high selectivity.****
Introducing Pd to CdS can create charge-asymmetrical sites and
provide sufficient *H simultaneously as Pd favors water disso-
ciation, making it an ideal way of generating C, products.”**’
Herein, we have synthesized Pd-loaded CdS nanospheres
with sulfur vacancies (x-Pd/CdS-Sv, x denotes the dosage of
K,PdCl,), on which Pd-Cd charge-asymmetrical metal pair sites
have been constructed to accommodate the energetically
favourable *CHO-CHO coupling pathway. The optimal 1.5-Pd/
CdS-Sv exhibited a C,H, evolution rate of about 14.2 umol g’1
h™' with a selectivity as high as 81.6%, surpassing most
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previously reported photocatalysts under similar conditions.
The favourable *CHO-CHO coupling pathway, rather than *CO
dimerization, was clearly identified on the Pd-Cd charge-
asymmetrical metal pair sites by using iz situ diffuse reflectance
infrared Fourier transform spectroscopy. Accordingly, theoret-
ical studies pointed out the obviously shortened C-C bond of
1.453 A for the *CHO-CHO coupling, as compared to that in
*CO dimerization (3.508 A). The introduction of Pd promoted
water dissociation and provided sufficient *H to enable the
conversion of *CO to *CHO, intentionally inducing the C-C
coupling pathway from the kinetically sluggish *CO-CO to the
fast *CHO-CHO pathways with an obviously reduced energy
barrier.

Results and discussion

Structural and morphological characterization

As shown in the XRD pattern (Fig. 1a), CdS-Sv and x-Pd/CdS-Sv
could be easily correlated to cubic CdS (JCPDS no. 65-2887). The
peaks observed at 26 = 26.5°, 43.9°, and 52.0° corresponded to
the (111), (220), and (311) crystal planes of CdS.>* The trans-
mission electron microscopy (TEM) image of 1.5-Pd/CdS-Sv in
Fig. 1b and the scanning electron microscopy (SEM) image of
CdS-Sv in Fig. S1 showed that the CdS nanoparticles are
spherical in shape. In the high-resolution TEM (HRTEM) image
(Fig. 1c), the lattice fringe spacing of 0.33 nm was assigned to
the (111) crystal planes of cubic CdS,** and the lattice fringe
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(a) XRD patterns of CdS, CdS-Sv, 1-Pd/CdS-Sv, 1.5-Pd/CdS-Sv, and 2-Pd/CdS-Sv. (b and c) TEM and HRTEM images of 1.5-Pd/CdS-Sv. (d)

EPR spectra of CdS, CdS-Sv, 1-Pd/CdS-Sv, 1.5-Pd/CdS-Sv, and 2-Pd/CdS-Sv. (e—h) EDS elemental mapping images of 1.5-Pd/CdS-Sv. (i) High-
resolution Cd 3d XPS spectra, (j) high-resolution S 2p XPS spectra and (k) high-resolution Pd 3d XPS spectra of 1.5-Pd/CdS-Sv.
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spacing of 0.20 nm was attributed to the (100) plane of Pd.>® The
elemental mapping of 1.5-Pd/CdS-Sv (Fig. 1le-h) showed
a uniform distribution of Pd, Cd, and S elements, demon-
strating the presence of metallic Pd. The XPS survey spectra
(Fig. 1i-k) also confirmed the presence of Cd, S, and Pd in 1.5-
Pd/CdS-Sv,***° agreeing with the elemental mapping results. In
addition, a signal with a g factor of 2.003 was observed for CdS-
Sv in the electron paramagnetic resonance (EPR) spectra, indi-
cating the presence of S vacancies (Fig. 1d).** More importantly,
the enhanced EPR signal of x-Pd/CdS-Sv suggests that the
addition of Pd led to an increase in the concentration of S
vacancies.

Photocatalytic performance for CO, reduction

The performance of the synthesized samples for gas-phase CO,
photoreduction was evaluated under light irradiation with a 300
W xenon lamp. Pristine CdS mainly produced CO at a rate of
16.9 umol g ' h™" with a negligible amount of CH,, as shown in
Fig. 2a. In contrast, the C,H, evolution rate of CdS-Sv slightly
increased to 1.4 umol g * h™" due to the presence of S-vacan-
cies, but the production of CO was still dominant with a high
rate of 18.0 umol ¢~ * h™ . The introduction of Pd brought about
a significant increase in the C,H, yield on CdS-Sv but a decrease
in the COyield. From 1-Pd/CdS-Sv to 2-Pd/CdS-Sv, the C,H, yield
initially increased and then decreased. Among them, 1.5-Pd/
CdS-Sv reached the maximum C,H, evolution rate of 14.2 umol
g~' h™!, which was 158 and 10.1 times higher than that of
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pristine CdS and CdS-Sv, respectively. Accordingly, the selec-
tivity of C,H, was significantly improved from 2.1% (CdS) to
nearly 81.6% (1.5-Pd/CdS-Sv). In addition, the CO, photore-
duction activity of 1.5-Pd/CdS-Sv under UV-visible irradiation
showed a negligible decrease after three cycles of irradiation for
nine hours (Fig. 2b). Notably, the apparent quantum yield (AQY)
for the photocatalytic CO, reduction reaction on 1.5-Pd/CdS-Sv
was determined using different monochromatic lights (Fig. S7).
The highest AQY reached 0.94%, and the AQY values were
proportional to the wavelength-dependent light absorption
capacity, further demonstrating that the CO, reduction process
in this work is dominated by the photocatalytic reaction initi-
ated by light absorption and excitation. The crystal structure
(XRD) and elemental valence (XPS) (Fig. S2a-d) of 1.5-Pd/CdS-Sv
before and after the reaction were almost the same, indicative of
satisfactory photostability. Moreover, compared with most
previously reported photocatalysts under similar conditions,
1.5-Pd/CdS-Sv performed among the best for the photoreduc-
tion of CO, to C,H,, with the top-level yield and selectivity
(Fig. 2c and Table S1). Furthermore, control experiments per-
formed under different conditions (Fig. 2d) ascertained that the
obtained products indeed resulted from the reaction of CO, and
H,0.

Optical and photoelectrochemical properties

To further unravel the influence of Pd incorporated with CdS-Sv

on CO, photoreduction, several optical and
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(a) The photocatalytic CO, reduction performance of CdS, CdS-Sv, 1-Pd/CdS-Sy, 1.5-Pd/CdS-Sv, and 2-Pd/CdS-Sv. (b) Cycle stability test

for nine hours of 1.5-Pd/CdS-Sv. (c) Comparison of selectivity and the product evolution rate of C,H,4 with previously reported photocatalysts. (d)
Photocatalytic CO, reduction performance of 1.5-Pd/CdS-Sv under different conditions.
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(a) UV-vis diffuse reflectance spectrum of CdS, CdS-Sv, 1-Pd/CdS-Sy, 1.5-Pd/CdS-Sv, and 2-Pd/CdS-Sy; inset: the estimated band gap

values for CdS, CdS-Sv, and 1.5-Pd/CdS-Sv are approximately 2.36 eV, 2.31 eV, and 1.84 eV, respectively. (b) Chopped photocurrents for CdS,
CdS-Sv, and 1.5-Pd/CdS-Sv. (c) Band structure alignments with respect to the redox potentials at pH = 7 of CdS, CdS-Sv and 1.5-Pd/CdS-Sv. (d)
Transient photocurrent density, (e) electrochemical impedance and (f) steady-state PL spectrum of CdS, CdS-Sv, 1-Pd/CdS-Sv, 1.5-Pd/CdS-Sy,

and 2-Pd/CdS-Sv.

photoelectrochemical measurements were performed. As
shown in Fig. 3a, the absorption edges of CdS and CdS-Sv were
almost unchanged. However, for x-Pd/CdS-Sv, the absorption
edge extended significantly toward 500-800 nm after the
introduction of Pd. The absorption intensity was enhanced with
the increase of Pd content. According to the density functional
theoretical (DFT) calculations (Fig. S6), the band gap of the
photocatalysts is narrowed after introducing S-vacancies and Pd
atoms, and a distinctly empty mid-gap state is detected below
the conduction band, which corresponds to the extended
absorption of 500-800 nm. For 1.5-Pd/CdS-Sv, the band gap was
shortened from 2.31 to 1.84 eV compared to CdS-Sv according to
the Tauc plots (Fig. 3a inset) after Pd incorporation. The flat
band potentials, determined from the potential at which the
photocurrent changes sign (as shown in Fig. 3b), were measured
to be —0.56 V, —0.79 V, and —0.87 V vs. RHE, respectively. Given
the n-type semiconducting nature of CdS and the established
equivalence between chopped photocurrent and flat band
positions under minimal band bending conditions, these
potentials approximate its conduction band minimum (CBM)
energies. Thus, the CBM positions were established at —0.56 eV,
—0.79 eV, and —0.87 eV vs. RHE for CdS, CdS-Sv, and 1.5-Pd/
CdS-Sv. These energetically downshifted CBMs align with the
predicted band structure modulations at pH 7 in Fig. 3c.
Meanwhile, the transient photocurrent response was low on
CdS and CdS-Sv. In sharp contrast, it significantly increased on
x-Pd/CdS-Sv (Fig. 3d), indicating that introducing Pd clusters
greatly enhanced the photo-electron density under light illu-
mination. Benefiting from this, the x-Pd/CdS-Sv system pre-
sented a much lower electrochemical impedance (Fig. 3e).
Compared to that of CdS-Sv, the lower PL emission intensity of

22032 | Chem. Sci., 2025, 16, 22029-22036

x-Pd/CdS-Sv (Fig. 3f) further suggested that the carrier recom-
bination rate has been effectively prohibited. In short, the above
results demonstrate that introducing Pd is beneficial to the
photocatalytic properties of CdS-Sv.

CO, reduction mechanism

In situ Fourier transform infrared spectroscopy (FTIR)
measurements were utilized to analyze the reaction intermedi-
ates during CO, conversion on CdS-Sv and 1.5-Pd/CdS-Sv. As
shown in Fig. 4a and b, the bands near 1310, 1370, 1480, and
1508 cm ™! confirmed the presence of CO;%7*»3 which was the
common intermediate for the adsorption of CO,. Meanwhile,
the characteristic peak near 1650 cm ' on CdS-Sv could be
attributed to *COOH,***** a key intermediate in the reduction of
CO, to hydrocarbons. The peak intensities at 1260, 1236, and
1108 cm™ " were respectively ascribed to the *v(C-OH) and *CH
groups. Compared to 1.5-Pd/CdS-Sv, CdS-Sv delivered the
stronger peak intensities of *CO (1960 and 2060 cm ') and CO
gas (2150 cm '), reflecting the fact that CdS-Sv mainly produces
CO.* The negative signal peak around 1660 cm™ " was ascribed
to the bending vibration of H-O-H in H,O0, indicative of water
dissociation during the reaction.*® It was significantly height-
ened on 1.5-Pd/CdS-Sv compared to CdS-Sv, demonstrating that
the incorporation of Pd substantially facilitated water dissoci-
ation and thereby supplied *H, which are necessary for the
subsequent hydrogenation of *CO.** As noted on 1.5-Pd/CdS-Sv,
the distinct peaks at 1050 and 1740 cm ™" belonged to the *CHO
groups,*”*® which indicated the process of *CO protonation.
More importantly, the band at 1357 ecm ™" corresponded to the
stretching mode of the hydrogenated dibasic intermediate
*CHOCHO. This finding strongly supported the hypothesis that

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Room temperature in situ diffuse reflectance infrared Fourier transform spectra of (a) CdS-Sv and (b) 1.5-Pd/CdS-Sv systems for the
detection of intermediates during CO, photoreduction. (c) High-resolution Cd 3d XPS spectra, (d) high-resolution S 2p XPS spectra and (e) high-

resolution Pd 3d XPS spectra of CdS, CdS-Sv, 1-Pd/CdS-Sv, 1.5-Pd/CdS-

Sv, and 2-Pd/CdS-Sv. (f) CO-TPD of CdS-Sv and 1.5-Pd/CdS-Sv. (g) The

binding energy diagram of *H and *CHO for different catalyst models. (h) Product evolution rates of C,H4 under H,O or D,O conditions of 1.5-

Pd/CdS-Sv.

the system proceeded the C-C coupling via *CHO-CHO rather
than *CO-CO. It is noteworthy that the *CHOCHO intermediate
generally turns into C,H, in the following hydrogenation
process. Conformably, 1.5-Pd/CdS-Sv clearly showed the band at
1688 cm ' attributed to the *C,H, moiety,* providing solid
evidence for the photoreduction of CO, to C,H,. Based on the in
situ FTIR analysis, Fig. S3 depicts the possible reaction path-
ways for the reduction of CO, to CO and C,H, in the 1.5-Pd/CdS-
Sv system.

XPS was conducted to further analyze the role of S vacancies
and Pd (Fig. 4c-e). The binding energy of Cd 3d in CdS-Sv was
shifted negatively by 0.1 eV in comparison with that of CdS,
demonstrating that Cd atoms gather electrons due to the
presence of S vacancies. Meanwhile, the binding energy of Pd 3d
shifted to a lower value with the increase of Pd content. These
results suggest that the Pd and Cd atoms at the microinterface
may have gathered more electrons, inducing the formation of
Pd-Cd charge-asymmetrical metal pair sites. To further deter-
mine the actual active sites of 1.5-Pd/CdS-Sv during CO,
photoreduction, CO temperature-programmed desorption

© 2025 The Author(s). Published by the Royal Society of Chemistry

(TPD) was performed for the CdS-Sv and 1.5-Pd/CdS-Sv systems.
As shown in Fig. 4f and Tables S2 and S3, the desorption at 350-
385 °C on CdS-Sv and 1.5-Pd/CdS-Sv was due to the CO
desorption from CdS, and that at 578.5 °C on 1.5-Pd/CdS-Sv was
ascribed to the desorption from Pd.** These results suggest that
both CdS and Pd act as adsorption sites for CO. In addition, the
lowest binding energies of *H and *CHO on 1.5-Pd/CdS-Sv
imply that the anchoring effect of Pd facilitated the conversion
of *CO to *CHO through the protonation process (Fig. 4g),
which was consistent with the in situ FTIR results. In addition,
we also performed controlled experiments of CO, photoreduc-
tion with D,O replacing H,O in the 1.5-Pd/CdS-Sv system
(Fig. 4h). It should be noted that the rate of C,H, evolution on
1.5-Pd/CdS-Sv was greatly reduced owing to the sluggish trans-
fer of D, which confirmed that Pd may be an additional site for
hydrolysis dissociation, thus providing more *H. This promoted
the hydrogenation of the *CO intermediate to form *CHO and
*C,H,4. Contact angle tests also showed that the introduction of
Pd greatly increased the hydrophilicity of 1.5-Pd/CdS-Sv (Fig.
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(a) The charge density distribution of the *CHOCHO intermediate in 1.5-Pd/CdS-Sv (charge depletion and accumulation are labeled in

yellow and purple, respectively). (b) The C-C atomic distances of the *CHOCHO intermediate and the Gibbs free energy diagrams of *CHO
coupling to the *CHOCHO intermediate on CdS, CdS-Sv and 1.5-Pd/CdS-Sv systems. The “*" represents adsorption on the substrate. (c) The

reaction mechanism for photocatalytic conversion of CO, to C,H,.

S4a-d), which seems to explain the enhanced water dissociation
for 1.5-Pd/CdS-Sv.

Based on the above analysis, we also performed charge
density difference calculations of the adsorbed *CHOCHO
intermediates. As shown in Fig. 5a, electrons flowed from Pd
and Cd atoms to the *CHOCHO intermediates around the S
vacancy, which was a prerequisite for C-C coupling. This result
indicated that the Pd and Cd atoms in 1.5-Pd/CdS-Sv acted as
dual active sites to adsorb *CHO intermediates thanks to the
asymmetric charge distribution. In other words, after the
construction of the S vacancies and anchoring by Pd, the Cd-Cd
site changes to the Cd-Pd pair site, which realizes the tight
adsorption of *CHO intermediates and helps facilitate the C-C
coupling step. In order to further investigate how 1.5-Pd/CdS-Sv
promotes the C-C coupling of the dual *CHO intermediates, we
further investigated the C-C atomic distances of the different
species (*CO and *CHO) coupled on the three samples on the
basis of the in situ FTIR spectra. As shown in Fig. S5, the C-C
atomic distances of *COCO intermediates after *CO coupling
were 2.419 A, 3.629 A, and 3.508 A on the three models of CdS,
CdS-Sv and 1.5-Pd/CdS-Sv, respectively, which were not in

22034 | Chem. Sci, 2025, 16, 22029-22036

accordance with the theoretical distance of 1.330 A in the C,H,
molecule. Compared with *CO dimerization, the C-C atomic
distances of *CHOCHO intermediates became 1.665 A, 1.540 A,
and 1.453 A, respectively, after *CHO coupling (Fig. 5b). Most
importantly, the Gibbs free energies of *CHO coupled to
*CHOCHO were 0.37 eV, 0.14 eV, and —0.29 eV, respectively.
The C-C coupling process could occur spontaneously only on
Pd-Cd pair sites, which explained why CO, was more readily
and selectively reduced to C,H, on 1.5-Pd/CdS-Sv. These results
also suggest that C-C coupling may be more favorable in the
photoreduction of CO, to C,H, via *CHO-CHO than *CO-CO
coupling, which matches the results of in situ FTIR spectros-
copy. The possible catalytic mechanism is shown in Fig. 5c.

Conclusions

In summary, we have designed and constructed Pd-based
charge-asymmetrical metal pair sites that effectively perform
*CHO-CHO coupling for the highly selective photoreduction of
CO, to C,H,. With 1.5-Pd/CdS-Sv as a prototype, XPS spectros-
copy and charge-density difference calculations confirmed that

© 2025 The Author(s). Published by the Royal Society of Chemistry
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electrons accumulate on Cd and Pd atoms to form Pd-Cd
charge-asymmetrical metal pair sites, which were conducive to
C-C coupling. Moreover, Pd promoted water dissociation to
provide sufficient *H, promoting the conversion of *CO to
*CHO and thus greatly facilitating *CHO-*CHO coupling with
the obviously lowered energy barrier from 0.37 to —0.29 eV. As
a result, the C,H, evolution rate of 1.5-Pd/CdS-Sv was about 14.2
umol g~ " h™" with a selectivity of up to 81.6%, superior to most
of the previously reported photocatalysts used under similar
conditions. The work provides new perspectives to achieve
highly selective CO, photoreduction to C, products by engi-
neering charge-asymmetrical metal pair sites.
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