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ABSTRACT. The precise design of charge carriers relay channel and active sites of
semiconductor-based photocatalysts is highly crucial for target selective photoredox synthesis. In this
context, we report an atomic-level catalyst design strategy based on depositing Pt single atoms (SAs)
onto Cu-doped ultrathin cadmium sulfide nanosheets (CdS/Cu/Pt) to enable optimized band
structure, directional charge transfer channel, and favorable catalytic sites for efficient and selective
dehydrocoupling of amines to imines and hydrogen (H,). The Cu dopant acts as a unique electron
bridge to construct a directional Cu-Pt electron transfer channel with the assistance of atomically
dispersed Pt sites, thereby promoting the charge separation and transfer kinetics. The introduction of
Pt SAs not only facilitates the H, generation by decreasing the overpotential of proton reduction, but
also improves the selectivity of imines synthesis because the weak adsorption of imines on Pt SAs
prevents further hydrogenation of imines to secondary amines. This work is anticipated to inspire
further rational design of semiconductor-based photocatalysts with atomic precision for coproduction
of renewable fuels and value-added fine chemicals.
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1. Introduction

As important building blocks in the synthesis of quinolines, cucurbiturils, and oxaziridines,
imines occupy pivotal positions in the commercial manufacture of pharmaceuticals, pesticides, and
organic dyes.!"® The general synthetic protocols of imines depend on the condensation of amines
with aldehydes or ketones, which is accompanied by the release of water. To promote the reaction
equilibrium for imines generation, the elevated temperatures and dehydrating agents (i.e., molecular
sieves) are adopted, which lead to the unsatisfactory selectivity of targeted imines and late stage
product purification.*” In this context, light-driven coupling of primary amines has been regarded as
an alternative to the synthesis of imines because of its high efficiency and convenience in the
formation of reactive intermediates (i.e., carbon-centered radicals), as well as mild conditions and
free emission of pollutants.® In addition, developing photocatalytic amines dehydrocoupling
systems under anaerobic conditions avoids the waste of reduction ability of photoelectrons and
unexpected side reactions caused by the utilization of oxygen as the electron acceptor, which
provides a straightforward, atom-economic and step-efficient approach for simultaneously accessing
C-N coupled imines and green hydrogen (H;) in one photoredox cycle.>!0-13

In terms of constructing efficient and selective dual-functional photoredox systems for the
co-production of imines and H,, cadmium sulfide (CdS) featuring controllable morphology, desirable
visible light response, and suitable band edge positions is deemed as a potential candidate.!41¢
However, the photocatalytic activity and selectivity of bare CdS is inevitably restricted by its
inherent drawbacks of fast recombination of charge carriers and lack of function-oriented active
sites.!”!® In order to leap over these obstacles, heteroatom doping offers a three-in-one integrated
solution to synchronously modulate the light absorption, accelerate the separation and transfer of
charge carriers, and increase the catalytic active sites by introducing the dopant-related energy level
within the mid-gap region of semiconductor catalysts and thus ameliorating their electronic
structure.!®2*> However, the new charge recombination centers are concomitantly introduced by
heteroatom doping, which plays a double-edged sword role in the regulation of charge carrier
separation kinetics.?* Therefore, intelligently integrating heteroatom doping with the additional
electron-trapping sites to construct multi-level charge transfer channels in semiconductor-based
photocatalysts is imperative to further promote their charge carrier separation and transfer kinetics
toward efficient photoredox applications.?>2 Recently, metal single atoms (SAs) cocatalysts with
maximum atom-utilization efficiency, superb electron-withdrawing capability, and unsaturated
coordination sites have captivated considerable attention in facilitating the charge transfer and
regulating the surface reaction of advanced heterogeneous photocatalytic systems.?’->7 In addition,
the open and accessible surface of two-dimensional semiconductor nanosheets (NSs) provides a
multifunctional platform for the sufficient exposure of active sites and collectively precise design of
heteroatom doping and SAs in a controllable way.?3-38-41

Herein, we report the rational synthesis of atomic-level Cu-Pt electron transfer channel by
immobilizing Pt SAs onto heteroatom Cu-doped ultrathin CdS NSs to fabricate ternary CdS/Cu/Pt
composite toward integrated photoredox-catalyzed H, evolution and dehydrocoupling of amines with
high imines selectivity and good substrate tolerance. Such an atomic-level Cu-Pt electron transfer
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channel, composed of Cu dopant as a unique electron bridge and Pt SAs as electron-withdrawing
sites, is elaborately designed to endow the markedly promoted separation and directional transfer of
charge carriers, which therefore contribute to the distinct photoactivity improvement. Because of the
decreased overpotential of proton reduction to H, and the weak adsorption of imines on Pt, the
introduction of Pt SAs as multifunctional reaction centers promotes the C-N coupling kinetics for
selective imines production and accompanying H, evolution. By virtue of the joint detection of
reactive species and intermediates, the underlying addition-elimination mechanism for photocatalytic
BA dehydrocoupling has also been unveiled. This work is expected to open a new avenue for
simultaneously regulating light absorption, directional electron flow, and catalytic active sites of
semiconductor-based catalysts to promote light-driven organic synthesis and accompanying H,
production in a cooperative manner.

2. Results and Discussion

The CdS/Cu/Pt composites are fabricated via a combinatorial procedure (unless otherwise noted,
the characterizations are mainly focused on CdS/Cu/0.4Pt, because it exhibits the optimal
photoactivity in the subsequent activity tests), as illustrated in Figure 1a. Initially, the Cu-doped
ultrathin CdS nanosheets (CdS/Cu NSs) are prepared by a facile solvothermal method in a mixture of
ethylenediamine and deionized (DI) water using Cu(CH3;COO), H,O as the doping precursor.*>* As
portrayed in the scanning electron microscopy (SEM) and transmission electron microscopy (TEM)
images (Figure Sla-c), CdS/Cu features flake-like morphology without discernible nanoparticles
(NPs), which is the same as that of blank CdS. Atomic force microscopy (AFM) image and related
height profiles in Figure S1d-f confirm that the thickness of CdS/Cu NSs is ca. 3.5 nm. The
high-resolution TEM (HRTEM) image (Figure S1g) displays lattice spacing of 0.34 and 0.36 nm,
indexing to the (002) and (100) crystal facets of CdS.!® The energy-dispersive X-ray spectro- scopy
(EDX) spectrum (Figure S1h) and elemental mapping results (Figure S1i) demonstrate the
coexistence and uniform distribution of Cd, S, and Cu elements in CdS/Cu. Subsequently, Pt
cocatalyst is deposited onto the surface of CdS/Cu NSs to construct CdS/Cu/Pt composites via a
photochemical reduction method.** The actual weight ratios of Cu and Pt have been tested by
inductively coupled plasma optical emission spectrometry (Table S1). As can be seen from Figure
1b, S2a and S2b, no Pt NPs are observed on CdS/Cu/Pt composite, which exhibits well-maintained
lamellar morphology and preserves lattice fringes with d-spacing of 0.34 and 0.36 nm, suggesting
atomically dispersed Pt on CdS/Cu/Pt. The EDX spectrum (Figure S2¢) and elemental mapping
results (Figure S2d) demonstrate the homogeneous dispersion of Pt on CdS/Cu NSs.
Aberration-corrected high-angle annular dark field scanning TEM (HAADF-STEM) has been
implemented to identify the configuration of Pt species on CdS/Cu/Pt. As delineated in Figure 1c,
the individually isolated bright dots marked by white circles unveil the existence of Pt single atoms
(SAs) on CdS/Cu/Pt. In the line profile from the blue line in Figure lc, a maximum peak
corresponding to the individual Pt atom is observed, further confirming the presence of Pt SAs
(Figure S2e).
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Figure 1. (a) The flowchart of the fabrication of CdS/Cu/Pt composite. (b) TEM and (c)
aberration-corrected HAADF-STEM image of CdS/Cu/Pt composite. (d) FT-IR spectra of adsorbed
CO on as-prepared samples after desorption process. (¢) Pt L;-edge XANES and (f) FT-EXAFS
spectra of CdS/Cu/Pt and Pt foil. (g) The WT of k,-weighted EXAFS spectra of CdS/Cu/Pt.

The carbon monoxide (CO) adsorption behavior on as-prepared samples has been inspected by
Fourier-transform infrared (FT-IR) spectroscopy to identify metal SAs.?># As mirrored in Figure
1d, upon purging with argon (Ar) at 25 °C for 10 minutes to remove gaseous and weakly adsorbed
CO, no CO adsorption band appears in the FT-IR spectra of CdS and CdS/Cu. In the FT-IR spectrum
of CdS/Cu/Pt, only a vibration band centered at 2097 cm™! is detected, which is assigned to the linear
adsorption of CO on Pt*" sites, indicating atomically dispersed Pt atoms on CdS/Cu/Pt.*¢ For the
purpose of uncovering the coordination environment of Pt species in CdS/Cu/Pt, X-ray absorption
spectroscopy (XAS) has been performed. As shown in Figure 1le, the Pt L;-edge X-ray absorption
near-edge structure (XANES) spectrum of CdS/Cu/Pt exhibits a different spectrum shape in
comparison with that of Pt foil, ruling out the presence of Pt-Pt bonds in CdS/Cu/Pt.3%#7 The higher
white-line intensity and threshold energy of CdS/Cu/Pt than those of Pt foil reveal the oxidation state
of Pt, which is attributed to the Pt-S coordination mode in CdS/Cu/Pt.2” Quantitative coordination
configuration of Pt in CdS/Cu/Pt has been revealed by Fourier transform extended X-ray absorption
fine structure (FT-EXAFS) curve fitting with reference to Pt foil (Figure 1f, S3a and S3b for
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R-spaces, Figure S3c-e for K-spaces). FT-EXAFS spectrum of CdS/Cu/Pt displays only one
prominent peak assignable to the Pt-S bond at ca. 1.9 A without any Pt-Pt contribution at 2.6 A,
testifying the atomically dispersed Pt in CdS/Cu/Pt.*® As exhibited in Table S2, the Pt-S
coordination number (CN) in CdS/Cu/Pt is 4.2 + 0.3, elucidating that one Pt atom is bonded to four S
atoms to construct a Pt;-S; coordination structure in CdS/Cu/Pt. In order to visually reflect the
coordination information of Pt species in CdS/Cu/Pt, wavelet transform (WT) for k,-weighted
EXAFS spectra have been performed in the resolution of R-space and K-space (Figure 1g and S3f).
The WT contour plot of CdS/Cu/Pt exhibits a maximum intensity at 1.9 A in R-space and 6.9 A~! in
K-space, corresponding to the Pt-S bond in the first coordination shell, further corroborating the sole
presence of Pt SAs in CdS/Cu/Pt.?’

X-ray photoelectron spectroscopy (XPS) has been performed to study the surface chemical states
and electron transfer pathway of catalysts. As observed in the high-resolution Cd 3d XPS spectra of
bare CdS (Figure 2a), the peaks at binding energies of 410.7 and 403.9 eV correspond to Cd 3ds,,
and Cd 3ds),, which are associated with Cd?" in CdS.*° The S 2p XPS spectra (Figure 2b) of CdS are
deconvoluted into S 2py;, (161.4 €V) and S 2ps;, (160.5 V), corresponding to the S?~ in CdS.>° It is
worth noting that the binding energies of Cd 3d and S 2p in the CdS/Cu hybrid are positively shifted
in comparison with those in bare CdS, revealing the role of Cd and S as electron donors in CdS/Cu,
as well as the strong interaction between CdS and Cu dopant.’! Compared with the Cd 3d and S 2p
XPS spectra of CdS/Cu, a positive binding energy shift is found in the Cd 3d and S 2p XPS spectra
of CdS/Cu/Pt, indicating the transport of photoexcited electrons from CdS/Cu to Pt SAs.>? As
delineated in Figure 2c, the Cu 2p XPS spectra of CdS/Cu show 2p;/, and 2ps,, doublets at 953.0 and
933.2 eV, which are ascribed to Cu?".>* By contrast, the binding energies of Cu 2p in CdS/Cu/Pt
negatively shift in comparison with those of CdS/Cu, further corroborating the photoelectron transfer
from CdS/Cu to Pt SAs. As depicted in Figure 2d, the Pt 4f spectra of CdS/Cu/Pt exhibit two peaks
at binding energies of 72.0 and 75.5 eV, respectively, originating from Pt 4f;, and 4fs, peaks for
Pt*, which is consistent with XANES results.?’

For the purpose of further investigating the valence state of Cu dopant and vacancy properties of
the catalysts, low-temperature electron paramagnetic resonance (EPR) spectroscopy has been
performed. As shown in Figure 2e, no discernable signal appears in the EPR spectrum of bare CdS,
while CdS/Cu and CdS/Cu/Pt display the characteristic signals with a g value of 2.08, which are
ascribed to Cu?*.>3-3 Furthermore, the EPR spectrum of bare CdS exhibits a typical signal of sulfur
vacancy at g = 2.003. The intensities of EPR peaks assignable to sulfur vacancy over CdS/Cu and
CdS/Cu/Pt are stronger than that over CdS, indicating that the doping of Cu promotes the formation
of sulfur vacancy (Figure S5).2°% Raman spectra have also been conducted to identify the doping
form of Cu in CdS. As shown in Figure 2f, Raman peaks of blank CdS are situated at 298 and 593
cm!, which are the characteristic features of the first- and second-order longitudinal optical (LO)
modes, respectively.*?
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Figure 2. XPS spectra of (a) Cd 3d and (b) S 2p for CdS, CdS/Cu, and CdS/Cu/Pt. XPS spectra of
(c) Cu 2p for CdS/Cu and CdS/Cu/Pt. XPS spectra of (d) Pt 4f for CdS/Cu/Pt. (¢) Low-temperature
EPR spectra and (f) Raman spectra of CdS, CdS/Cu, and CdS/Cu/Pt. (g) FT-EXAFS spectra of
CdS/Cu/Pt and Cu foil. (h) DRS spectra of CdS, CdS/0.35Cu, and CdS/Cu/xPt composites.

After introducing Cu into CdS, the Raman peaks of CdS/Cu slightly shift towards the lower
wavenumber, and the peak of CuS situated around 473 nm is not detected, indicating that Cu is
successfully doped into the CdS lattice instead of forming CuS, which is further validated by X-ray
diffraction (XRD) patterns of CdS/Cu composites (Figure S6a).>”->° Compared to CdS/Cu, the shift
of Raman peaks of CdS/Cu/Pt is not found, proving that the surface structure of CdS/Cu is not
changed by the photodeposition of Pt. In addition, XAS has been conducted to determine the
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coordination structure of Cu dopant in CdS/Cu/Pt. The XANES spectra of CdS/Cu/Pt and Cu foil
(Figure S7a) demonstrate the oxidation state of Cu dopant. As displayed in the FT-EXAFS spectra
(Figure 2g, S7b and S7¢), a prominent peak at ca. 1.8 A assigned to the Cu-S bond is detected, while
the typical Cu-Cu contribution is absent, indicating the substitution of Cu for Cd in CdS NSs.?3-3

The ultraviolet—visible (UV—vis) diffuse reflectance spectra (DRS) have been used to measure
the optical absorption information of as-synthesized samples. As displayed in Figure S8a, blank CdS
possesses an intrinsic band gap absorption edge at ca. 520 nm.!” CdS/Cu hybrids exhibit an
absorption tail in the visible region, as well as gradually enhanced light absorption with the increase
of Cu content, implying that the doping of Cu has a significant impact on the visible light absorption
of CdS.?? According to the Tauc plots in Figure S8b, the calculated band gap of CdS/Cu (2.35 eV) is
slightly smaller than that of bare CdS (2.55 e¢V).?2 The conduction band minimums of CdS and
CdS/Cu are respectively estimated according to the Mott-Schottky analysis (Figure S8c¢) and their
band structures are displayed in Figure S8d. Furthermore, with the addition of Pt, the light
absorption of CdS/Cu/Pt composites is slightly enhanced in the visible region(Figure 2h).

Taking benzylamine (BA) as a model substrate, the photocatalytic performance of as-prepared
samples toward BA dehydrocoupling and H, generation has been assayed under visible light (A >
420 nm) illumination and Ar atmosphere (Figure 3a). As shown in Figure 3b and S9a, bare CdS
shows relatively low H, production (373 pmol g™' h™') and BA conversion (6.0 %) with 47.8%
selectivity to N-benzylbenzaldimine (BBAD) and 52.2% selectivity to saturated product
dibenzylamine (DBA). After doping Cu into CdS, the photoactivities of CdS/Cu composites are
elevated and CdS/0.35Cu exhibits the highest BA conversion (33.8%), which is 4.6 times higher than
that of bare CdS. The major liquid product turns into DBA and H; production is reduced, because the
transformation of BBAD to DBA undergoes a hydrogenation process.'?1:62 The subsequent
deposition of Pt onto CdS/Cu not only enhances the BA conversion and H, production, which exhibit
a volcano-type trend, but also adjusts the selectivity of BA dehydrocoupling from DBA to BBAD.!?
The optimal BBAD and H, production rates of 4611 and 4723 pmol g! h™! are achieved over
CdS/Cu/0.4Pt with a BBAD selectivity of above 99%. The molar ratios of H, and BBAD yields are
calculated to be approximately 1.0, signifying a stoichiometric photoredox dehydrogenative coupling
reaction.!'? In contrast, the photoactivities of CdS/Pt composites are evaluated and the optimal BBAD
and H, production rates over CdS/0.4Pt are lower than those of CdS/Cu/Pt composites, elucidating
the considerable contribution of Cu dopant to the boosted photoactivity over CdS/Cu/Pt composites
(Figure S9b). As depicted in Figure 3¢, the yields of BBAD and H, increase with the prolonged
illumination time, giving a BA conversion of up to 94.8% over CdS/Cu/0.4Pt after 2 h of light
illumination. As depicted in Figure 3d, apparent quantum yields (AQYs) of H, over CdS/Cu/0.4Pt
under different monochromatic lights are dependent on the wavelength of incident light and
consistent with the DRS spectrum of CdS/Cu/0.4Pt composite, manifesting that this photoredox
dehydrocoupling reaction is driven by the light excitation of CdS. In comparison with previous
literatures for photocatalytic dehydrocoupling of amines, our present work possesses relatively good
performance, as illustrated in Table S4. Moreover, we performed a gram-scale reaction to evaluate
the scalability of photocatalytic synthesis of BBAD by BA dehydrocoupling and 1.12 g (85.4%
yield) of BBAD has been obtained over CdS/Cu/0.4Pt within 20 h.
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Figure 3. (a) Reaction scheme for cooperative photocatalytic BA dehydrocoupling and H, evolution.
(b) Photocatalytic performance of BA dehydrocoupling integrated with H, evolution over
as-prepared samples under visible light illumination for 2 h. (¢) Time profiles of BBAD and H,
production over CdS/Cu/0.4Pt. (d) DRS spectrum and AQY for H, evolution over CdS/Cu/0.4Pt
under different monochromatic lights. (e) Recycling tests of CdS/Cu/0.4Pt. (f) Photocatalytic
performance of 4-MTP dehydrocoupling integrated with H, evolution over as-prepared samples
under visible light illumination for 0.5 h. (g) Photocatalytic performance of benzyl alcohol oxidation

integrated with H; evolution over as-prepared samples under visible light illumination for 4 h.

For the sake of assessing the stability of CdS/Cu/Pt composite, reusability tests have been
implemented. As can be seen in Figure 3e, no obvious photoactivity loss is observed after 5 cycles
of 10 h, manifesting the favorable photocatalytic stability of CdS/Cu/Pt. Furthermore, the
morphology, crystallographic structure, and chemical valence of CdS/Cu/Pt show negligible change
after reusability tests, further evidencing its good stability for photoredox-catalyzed BA
dehydrocoupling (Figure S10a-c and S11a-e).
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The general applicability of CdS/Cu/Pt composite for dehydrocoupling of amines integrated with
H; evolution has also been examined by using a variety of primary amines with different substituent
groups and heteroatom-containing amines as substrates. As shown in Table 1, entries 1-6, the
primary amines with electron-donating groups (e.g., methyl group, methoxy group, and dimethoxy
group) or electron-withdrawing groups (e.g., —F and —Cl) on the aryl ring are converted into the
corresponding imines with high yield and selectivity. This system is also compatible with
heterocyclic primary amines with O and S moieties to deliver the corresponding products, although
the reaction time needs to be extended (Table 1, entries 7 and 8). Based on above analysis,
CdS/Cu/Pt composite possesses good substrate tolerance for the dual-functional photoredox-system
for amines conversion and H, production. Furthermore, photocatalytic thiols conversion coupled
with H, evolution and benzyl alcohol oxidation paired with H, production reactions have been
adopted as probe reactions to verify the generality of atomic-level Cu-Pt electron transfer channel
strategy for improving the performance of photoredox reactions.®* As shown in Figure 3f, upon
visible light irradiation for 0.5 h, CdS/Cu composites present enhanced photoactivities for concurrent
production of bis(4-methoxyphenyl) disulfide (4-MPD) and H, from the dehydrocoupling of
4-methoxythiophenol (4-MTP) in comparison with that of bare CdS. The conversion of 4-MTP over
optimal CdS/0.35Cu composite improves from 2.2% to 26.0%. After the immobilization of Pt SAs,
CdS/Cu/Pt composites exhibit higher photocatalytic performance than CdS/Cu composites, and the
conversion of 4-MTP over optimal CdS/Cu/0.4Pt achieves 96.2% along with the H, production rate
of 30.3 mmol g!' h™'. As shown in Figure 3g, the introduction of Cu dopants and Pt SAs
synergistically promotes the activity of photocatalytic benzyl alcohol oxidation coupled with H,
evolution, which is in conformity to above trend of 4-MTP dehydrocoupling activity. In summary,
these results suggest the promising scope of using atomic-level Cu-Pt electron transfer channel
strategy to improve the photoredox-catalyzed performance of various organic synthesis reactions.

Table 1. Substrate scope of photocatalytic amines dehydrocoupling and H, evolution using
CdS/Cu/0.4Pt.[]

Yield of H, Time
(umol) (h)

N
©:\ /D 42.8 44.2 2

Me Me

o
Me
NH, N/
Jo JO R ON 49.7 49.1 >
MeO MeO' OMe
MeO MeO
NH,
3 /©i\ /@f\w\@ 49.1 47.8 2
MeO OMe
MeO OMe
MeO MeO OMe
PO Tl 48.9 414 2
MeO MeO OMe

Entry  Amine substrate Yield of liquid product (umol)
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5 F /Q/\ - F/©A”/\©\F 49.7 435 2
NH, NF

6 ) /O/\ ] /©/\ /\Q\O 472 477 2

7 @/\Nw @/\N/\@ 43.1 46.7 6

8 Q/\Nm C\ﬂ/\”/\@ 42.6 45.0 6

[a] Reaction conditions: 5 mg of CdS/Cu/0.4Pt, 0.1 mmol of primary amines, 5 mL of acetonitrile,
Ar atmosphere, visible light (A > 420 nm).

With the view of shedding light on the effect of introducing Cu dopant and Pt SAs on the
enhanced photocatalytic performance, (photo)electrochemical tests and photoluminescence (PL)
experiments have been performed to investigate the charge carrier dynamics. The transient
photocurrent responses of samples have been tested under intermittent visible light irradiation
(Figure 4a). Compared with bare CdS, CdS/Cu possesses increased photocurrent density, revealing
the higher separation efficiency of photogenerated charge carriers. When Pt SAs are loaded on
CdS/Cu, the photocurrent density of CdS/Cu/Pt further enhances, which is attributed to the role of Pt
as an electron trap, as well as the combined synergy between Cu dopant and Pt SAs.'$% As
illustrated in Figure 4b, electrochemical impedance spectroscopy (EIS) plot of CdS/Cu/Pt possesses
a smaller arc at high frequency than CdS/Cu and bare CdS, revealing that more efficient electron
transport and lower charge transfer resistance between CdS/Cu/Pt and electrolyte are acquired than
those over CdS/Cu and bare CdS.!7-%* Mott-Schottky analysis has been used to provide quantitative
insights into the charge carrier densities (Np) of CdS, CdS/Cu, and CdS/Cu/Pt, which are calculated
to be 3.30 x 10'5, 3.64 x 103, and 3.94 x 10'5 cm™3, respectively, manifesting the enhanced charge
transfer over CdS/Cu/Pt in comparison with CdS/Cu and CdS (Figure S12a).05% As evidenced by
linear-sweep voltammograms (LSV) in Figure 4c¢, the doping of Cu and incorporation of Pt SAs
result in decreased overpotential of proton reduction over CdS/Cu/Pt as compared to CdS/Cu and
CdS 1749

Furthermore, PL and time-resolved PL (TRPL) spectra, which are widely used to explore the fate
of photoinduced electrons and holes have been performed to validate above deduction. The PL
spectra measured under 405 nm monochromatic light excitation are depicted in Figure 4d. In
comparison with CdS, the PL intensity of CdS/Cu diminishes, while the PL signal of CdS/Cu/Pt is
almost quenched, revealing that the recombination of photoexcited charge carriers in CdS/Cu/Pt is
remarkably suppressed compared to those of CdS and CdS/Cu.®’® The TRPL spectra and fitting
results (Figure S12b and Table S5) also identify that the introduction of Cu dopant and Pt SAs
facilitates the electron transfer in CdS/Cu/Pt composite.?>-%°
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Figure 4. (a) Transient photocurrent responses, (b) EIS Nyquist plots, (¢) LSV curves, and (d) PL
spectra (Aex = 405 nm) of CdS, CdS/Cu and CdS/Cu/Pt. (e) In situ low-temperature EPR spectra of
CdS/Cu and CdS/Cu/Pt under dark or light illumination. (f) Schematic diagram of Cu-Pt electron
transfer channel in CdS/Cu/Pt.

To obtain direct insight into the charge transfer pathway in CdS/Cu/Pt, in situ low-temperature
EPR spectra have been collected. As displayed in Figure 4e, upon 10 minutes of light irradiation, the
intensity of characteristic signal assigned to Cu?' over CdS/Cu decreases, which is due to the
reduction of Cu?' to EPR-silent Cu'/Cu’ by trapping photoelectrons from CdS.>*%5 As for
CdS/Cu/Pt, the decrease of signal intensity is weaker than that of CdS/Cu, which is attributed to the
electron transfer from Cu’/Cu® to Pt SAs, implying that Cu dopant serves as a unique electron bridge
to construct a directional Cu-Pt electron transfer channel with the assistance of Pt SAs (Figure
4£).>370 As depicted in Figure S13a-c, the Cu?" signals over CdS/Cu and CdS/Cu/Pt gradually
disappear as the light illumination time extends to 30 minutes. After exposing CdS/Cu and
CdS/Cu/Pt to oxygen atmosphere in the dark, the characteristic signal of Cu?" reappears, unveiling
the recovery of diamagnetic Cu*/Cu® back to paramagnetic Cu?*.>>

With the purpose of investigating the variations of reactants and products in photocatalytic BA
dehydrocoupling over obtained samples, in situ FT-IR spectroscopy has been carried out. As
displayed in the in situ FT-IR spectra of CdS/Cu/Pt (Figure 5a), the peaks at 3297 and 3378 cm™!
with decreased intensity correspond to the stretching vibration of N-H bond in BA, unveiling the
consumption of BA under visible light illumination.!> The peaks at 1453 and 1496 cm™! are in
agreement with the stretching vibration of C=C bonds in benzene ring.® With the extension of
illumination time, another peak with ever-increasing intensity is detected at 1644 cm™!, which is
assigned to the C=N bond in BBAD, uncovering the gradual formation of BBAD.®!3 Notably, in the
FT-IR spectra of bare CdS and CdS/Cu (Figure S14a and b), the intensity of peaks at 1644 cm™! first
increases and then decreases, disclosing that BBAD first forms and then converts to DBA under
visible light illumination. Since DBA is produced through the hydrogenation process of BBAD, and
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Figure 5. (a) In situ FT-IR spectra of photocatalytic BA dehydrocoupling over CdS/Cu/Pt. (b) TPD
analysis of BBAD adsorption on CdS, CdS/Cu, and CdS/Cu/Pt. (c) Control experiments with
different conditions catalyzed by CdS/Cu/Pt. (d) DMPO spin-trapping EPR spectra over CdS,
CdS/Cu, and CdS/Cu/Pt in BA solution with or without visible light illumination.

Cu-based catalysts are beneficial to the hydrogenation reactions,!'3-¢1:62 the adsorption of BBAD on
the as-prepared samples is presumed to be an important parameter affecting the product selectivity of
photocatalytic BA dehydrocoupling system. To corroborate this hypothesis, the interaction of BBAD
with as-prepared samples has been investigated by the temperature programmed desorption (TPD)
characterization (Figure 5b). Compared with the desorption peak of BBAD at 161 °C for CdS, the
single peak of BBAD desorption for CdS/Cu is detected at 178 °C, disclosing that the doping of Cu
enhances the interaction between BBAD and CdS/Cu, which is conducive to the conversion of
BBAD to DBA through the hydrogenation reaction. As for CdS/Cu/Pt, the desorption peak of BBAD
at reduced temperature (145 °C) demonstrates the relatively weak adsorption of BBAD on
CdS/Cu/Pt. The introduction of Pt SAs decreases the overpotential of proton reduction and
adsorption of BBAD over CdS/Cu/Pt, thus contributing to its high selectivity of BBAD.!?

To gain more insights into the photocatalytic mechanism for cooperative H, evolution and BA
dehydrocoupling, a series of control experiments have been conducted to detect the reactive species.
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As shown in Figure 5¢, no BBAD or H; are detected without light or photocatalyst, revealing that
the dehydrocoupling of BA is a photo-driven process.'® The addition of carbon tetrachloride (CCly)

O/\/\Q & O/\Nm
@A/\@ o ) W@ @/\

Figure 6. Proposed photocatalytic mechanism over CdS/Cu/Pt.

as an electron scavenger or triethanolamine (TEOA) as a hole scavenger respectively restrains the
generation of H, or BBAD, demonstrating the synchronous utilization of electrons and holes for H,
formation and BA dehydrocoupling.*> When 5,5-dimethyl-1-pyrroline N-oxide (DMPO) is added
into this photoredox-catalyzed system to trap radicals, the decreased yield of H, and BBAD suggests
the crucial role of free radicals in this reaction.®® To delve deep into the role of Pt SAs in BA
dehydrocoupling reaction, we have executed a control experiment with the addition of thiocyanate
ion (SCN"), which is widely used to poison Pt cocatalysts.”! After adding SCN™ into the reaction
system, the production of H, is severely restrained, while the production of BBAD is almost
unchanged, demonstrating the dominant contribution of Pt SAs as catalytic sites for H, production in
BA dehydrocoupling reaction.?> This is consistent with the LSV tests, in which the decoration of Pt
SAs obviously reduces the overpotential of H, evolution.

The EPR technique using DMPO as a trapping agent has been implemented to obtain more
information on active radical intermediates produced in this reaction (Figure 5d). In the dark,
spin-adduct signals cannot be discovered. After 5 minutes of light illumination, six characteristic
peaks indexed to the DMPO-Ph(*CH)NH, adducts are observed, the nitrogen hyperfine splitting (o)
and hydrogen hyperfine splitting (ay) of which are respectively calculated to be 16.03 and 22.36 G.!3
The intensity of EPR peaks of CdS/Cu/Pt is higher than those of CdS/Cu and bare CdS, which is in
line with their photoactivity trend, elucidating that the doping of Cu and deposition of Pt
synergistically promote the deprotonation of BA to Ph(*CH)NH, radicals, thus accelerating the
production of BBAD and H,. In addition, as displayed in Figure S15 and S16a-c, the mass spectrum
and UV-vis absorption spectra respectively demonstrate the generation of Ph(CH)NH intermediate
and NHj; during the photocatalytic BA dehydrocoupling reaction over CdS/Cu/Pt.

In light of the aforementioned analyses, a potential mechanism for photo-driven dehydrocoupling
of BA integrated with H, generation over CdS/Cu/Pt is proposed (Figure 6). After CdS is excited by
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visible light, the electrons in the conduction band of CdS are trapped by Cu?" dopant, which is
simultaneously reduced to Cu*/Cu®. Then, Pt SAs act as the electron sink to extract electrons from
Cu'/Cu® via the directional Cu-Pt charge transfer channel, while Cu*/Cu? is re-oxidized to Cu** for
continuous capture of electrons from CdS. The electrons accumulated on Pt SAs are used for
reducing the protons released from BA oxidation to H,. Meanwhile, the holes stored in the valence
band of CdS oxidize the a-C—H bond of BA adsorbed on CdS/Cu/Pt to release proton and generate a
Ph(eCH)NH, radical intermediate, which is subsequently deprotonated to generate a highly active
Ph(CH)NH intermediate. According to the addition-elimination mechanism, the Ph(CH)NH
intermediate is coupled with another BA molecule to synthesize N-benzyl-1-phenylmethanediamine,
which is converted to C—N coupled BBAD along with the release of NH;. Because of the weak
adsorption of BBAD on Pt SAs, the above synthesized BBAD does not undergo the undesirable
hydrogenation reaction to form DBA, resulting in the high selectivity of BBAD over CdS/Cu/Pt.

3. Conclusion

To sum up, we report the efficient and selective cooperative photoredox of H, production and
dehydrogenative C—N coupling of amines into imines with good substrate tolerance over CdS/Cu/Pt
composite. Mechanistic studies reveal that Cu dopant acts as a unique electron bridge to fabricate a
directional Cu-Pt electron transfer channel at atomic-level by capturing electrons from CdS NSs and
then releasing them to Pt SAs, during which the doped Cu?" undergoes the reduction to Cu*/Cu® and
recovery to Cu?’, thereby accelerating the transfer kinetics of photoinduced charge carriers. Pt SAs
play a dual role in increasing the H, evolution and improving the selectivity of imines by taking
advantages of decreased overpotential of proton reduction and weak adsorption of imines on Pt.
Furthermore, a thorough investigation of active species and intermediates in the photocatalytic
process reveals the underlying addition-elimination mechanism for BA dehydrocoupling. This
research is expected to pave the way for the elaborate design of highly-active atomic photocatalysts
for the selective synthesis of high-value chemical feedstocks coupled with H, generation.

4. Experimental Section

Synthesis of CdS NSs. CdS NSs were synthesized through a modified solvothermal method.*? Firstly,
I mmol Cd(CH3COO),-2H,0 and 3 mmol SC(NH,), were evenly dispersed in a mixture of 28 mL
ethylenediamine and 1.5 mL DI water by stirring for 30 minutes. Secondly, the transparent mixed
solution was transferred to a 50 mL Teflon-line autoclave and heated at 100 °C for 8 h. Lastly, the
resulting slurry was centrifuged, rinsed with DI water 4 times and dried in a vacuum oven at 60 °C.

Synthesis of CdS/xCu NSs. The fabrication of CdS/Cu NSs was implemented as above solvothermal
method, except for adding the calculated amount of Cu(CH;COO),-H,0.#* The obtained CdS/xCu
NSs with different weight ratios of Cu dopant (0.2%, 0.35%, and 0.7%) were labeled as CdS/0.2Cu,
CdS/0.35Cu, and CdS/0.7Cu, respectively.

Synthesis of CdS/Cu/xPt composites. The facile photodeposition method was employed to prepare
CdS/Cu/Pt composites.* Typically, 40 mg of CdS/0.35Cu NSs powder and a calculated amount of
H,PtCls were dispersed in 40 mL of mixed solution (v (CH3;CH,OH)/v (H,O) = 1:4) to form a
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homogeneous yellow suspension. After bubbling in nitrogen (N;) atmosphere (flow rate = 40 mL
min~!) for 20 minutes, the suspension was illuminated by a 300 W Xe arc lamp (A > 420 nm,
PLS-SXE 300D, Beijing Perfectlight Co., Ltd.) for 1 h under N, atmosphere. Then, the sediment was
collected by filtration, washed with DI water, and finally dried in a vacuum oven at 60 °C. The
prepared CdS/Cu/xPt composites with different weight ratios of Pt (0.2%, 0.4%, and 0.7%) were
labeled as CdS/Cu/0.2Pt, CdS/Cu/0.4Pt, and CdS/Cu/0.7Pt, respectively.

Photocatalytic tests. The photoactivity tests for the cooperative BA conversion and H, evolution
were conducted in a double-walled quartz reactor equipped with a condensate water circulation
system, which was used to keep the photocatalytic reaction at 25 °C. Typically, 5 mg photocatalyst
and 0.1 mmol BA were dispersed into 5 mL acetonitrile via ultrasonication for 5 minutes. After that,
the suspension was purged with Ar gas (flow rate = 40 mL min™") for 20 minutes and illuminated by
a 300 W Xe arc lamp (A > 420 nm, PLS-SXE 300D, Beijing Perfectlight Co., Ltd.) for 2 h. The light
power density of the Xe arc lamp was tested as 400 mW c¢m 2 by a photoradiometer (PL-MW2000,
Beijing Perfectlight Co., Ltd.). After irradiation, the suspension was filtered by an organic needle
filter with a pore size of 0.22 um to obtain a clarified reaction solution, which was analyzed by a gas
chromatograph-mass spectrometer (Shimadzu GC-MS QP 2020, Q-Exactive, see Figure S17 for
corresponding Mass spectra). The yield of H, was analyzed by a gas chromatograph (Shimadzu
GC-2014C, 13X column, Ar carrier) equipped with a thermal conductivity detector (TCD).
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