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MOF-based core-shell structures with high surface area, abundant active sites, and broad absorption
bands are viable alternatives to traditional single-component photocatalysts. In this report, we describe
the design and construction of delicate Ag nanowires@NH,-UiO-66 with a core-shell structure for use
as photocatalysts in imine synthesis under light. The optimized composites exhibited 80% imine pro-
duction, which was higher than both MOF and Ag NWs. The significant improvement in photocatalytic
activity under light may be attributed to the plasmonic effect of silver nanowires and their core-shell
structure, which promotes the separation of electron-hole pairs. Moreover, the photocatalytic activity of
the core-shell nanostructure may provide valuable insight into the design and construction of MOF-based
composite photocatalysts for oxidative coupling of amines.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Imines are a class of active intermediates for dyes, biochem-
istry, and pharmaceuticals [1-3]. Synthesizing imines using envi-
ronmentally friendly methods is becoming increasingly important
to meet the demand that drives catalysis research. Since Ohtani
et al. synthesized imines with palladium@TiO, photocatalyst [4],
several decades ago, an increasing number of studies have focused
on photocatalytic oxidative amine coupling [5-7]. It is generally
believed that electrons in the conduction band (CB) of photocat-
alysts react with oxygen molecules and generate active oxygen
species. These active oxygen species are the determining factors for
the oxidate amines and facilitate the coupling of amines [6,8]. Re-
cently, composites that could expand the optical absorption range,
reduce the band gap and promote the separation of photoelectron-
hole pairs have been chosen as excellent photocatalysts to achieve
the oxidation of amines [9-11].

Porous photoactive materials such as metal-organic frameworks
(MOFs), and covalent organic frameworks (COFs) with more active
sites, and a broader absorption band are viewed as potential can-
didates to form composites [12,13]. So far, these composites used
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for oxidative coupling of amines are generally composed of MOFs
and other materials, such as CdS and Ce, that have matching CB
with MOFs, thereby constructing the rapid charge transport chan-
nels and reservoir for the electrons [14,6]. It is evident that these
systems could only absorb a narrow spectrum of UV-visible light
range. In order to maximize solar energy utilization, researchers
have developed metal nanoparticles that uniquely absorb visible
and near infrared wavelengths through confined coherent electron
cloud oscillation in the conduction band referring to localized sur-
face plasmon resonance (LSPR) [15,16]. In addition, some litera-
ture has reported loading metal nanoparticles on MOFs to syn-
thesize amines [17]. However, very few research studies have con-
structed core-shell structures containing MOFs and metal nanopar-
ticles, which differ from loading systems to promote the photocat-
alytic oxidative coupling of amines.

Herein, we fabricated NH,-UiO-66 coating on Ag nanowires
(NWs) with absorption at a more comprehensive UV-visible and
infrared light range. Ag NWs are noted for their mechanical flexi-
bility and high transmittance in the near infrared (NIR) [18]. NH,-
Ui0-66 is a classical MOF that exhibits excellent chemical stabil-
ity, high surface area and efficient light absorption ability [19-21].
More importantly, the zeta-potential of NH,-UiO-66 is contrary to
the Ag NWs in acidic pH range, which help to form the core-shell
structure through electrostatic interaction [22,23]. The composite
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Scheme 1. Synthetic process of Ag NWs@ NH,-UiO-66.

Ag NWSs@NH,-Ui0-66 exhibited significantly enhanced photocat-
alytic activity of coupling imines under mild conditions in the air
atmosphere. The research could offer valuable reference for the de-
sign and construction of MOF-based composite photocatalysts for
oxidative coupling of amines.

In a typical experiment, a one-pot synthesis of ZrCl4, NH,-BDC,
and DMF solution containing pre-synthesized Ag NWs yielded Ag
NWs@NH,-Ui0-66 (A@U). Briefly, the positively charged precursors
of NH,-UiO-66 were anchored on the surface of negatively charged
Ag NWs via electrostatic interaction. Then, the MOF crystal nucleus
was anchored on the Ag NWs and increasingly grown on the Ag
NWs to form a core-shell (Scheme 1). The thickness of the NH,-
Ui0-66 sheath was controlled by the cyclic growth time of precur-
sors on the Ag nanowires surface to achieve the optimal catalytic
performance of the A@U core/sheath nanowires.

Two samples of Ag nanowires with 1 and 2 cycle coating layers,
named A@U-1, and A@U-2, respectively, were synthesized to op-
timize catalytic performance. The PXRD patterns of A@U-1, A@U-
2 and NH,-UiO-66 were in good agreement with the simulation,
which indicated the successful construction of the composite struc-
ture (Fig. 1a). It is worth noting that, after removing the Ag NWs
characteristic diffraction peaks, the diffraction peaks in the range
of 6°—9° are exactly in agreement with NH,-UiO-66 (Fig. 1b). The
N, adsorption-desorption isotherms of composites and NH,-UiO-
66 also exhibited typical type-I isotherms (Fig. S1 in Support-
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ing information). To investigate the morphology and particle size
of composites, A@U were characterized by scanning electron mi-
croscopy (SEM) and high-resolution TEM (HRTEM). As shown in
Fig. 1c, the surface of Ag NWs was smooth and uniform thick-
ness of NH,-UiO-66 increased over cyclic time (Fig. 1d, Figs. S2
and S3 in Supporting information). The TEM images suggested that
the thickness of the NH,-UiO-66 coating layer of A@U-1 and A@U-
2 was about 40 and 70 nm, respectively (Fig. 1e and Fig. S2).
The corresponding high-resolution TEM (HRTEM) image (inset in
Fig. 1e) showed the lattice fringes with an interplanar spacing of
1.21 nm, which matched with the (111) crystal plane of NH,-UiO-
66. Moreover, the energy-dispersive X-ray spectroscopy (EDS) el-
emental mapping (Fig. 1f) and DRIFTS (Fig. S4 in Supporting in-
formation) of A@U-1 supported the delicate structure that propor-
tional NH,-UiO-66 well-bound on the Ag nanowires.

The elemental valence states of composites were investigated
by XPS. As shown in Fig. 2a, the survey spectrum suggests that
A@U-1 contains C, O, N, Zr and Ag elements, which agrees with the
EDS mapping. The high-resolution C 1s spectrum can be split into
three peaks, at 284.8, 286.43 and 288.71 eV, which could be at-
tributed to carbon-carbon single bond, carbon-oxgyen single bond,
and carbon-oxgyen double bond group in the NH,-UiO-66 (Fig. 2b).
The O 1s spectrum shows the three peaks at 530.44, 531.84 and
533.35 eV, ascribed to absorbrd lattice oxygens, oxygens of COOH
groups and oxygen vacancies, respectively (Fig. 2c). Two peaks cen-
tered at 399.28 eV (-NH,), and 401.20 eV (-NH3™") can be seen in
the N 1s spectrum (Fig. 2d). There are two peaks in the Zr spec-
trum that can be related to Zr 3ds, (182.68 eV), and Zr 3d;p,
(185.10 eV) (Fig. 2e) [6,24]. Evidently, the spectrum of the Ag 3d
region can be fitted to two peaks for Ag 3d;), (374.22 eV) and Ag
3d5), (368.23 eV) of metallic Ag state (Fig. 2f).

UV-visible analysis was performed (Fig. 3a) to understand the
optical absorption abilities of core-shell structures. Apparently,
NH,-UiO-66 could only absorb a narrow range of UV-visible light,
while A@U-X exhibited wider absorption at the range of 400-
800 nm, paving the way to utilize more optical energy. Meanwhile,
the bandgaps of NH,-UiO-66, and A@U-X (Fig. 3b) were calculated
by tauc plot by using diffused reflectance spectra [17]. Specifically,
the bandgap of NH,-UiO-66, A@U-1, and A@U-2 is 2.83, 2.54 and
2.59 eV, respectively. It is worth noting that the A@U-1 which
has a thinner coating layer exhibited a narrower bandgap than
the thicker one, indicating the consequent catalytic performances
of A@U-1. In order to reveal the core-shell structures abilities of
separating photoelectron-hole pairs, composites were tested by
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Fig. 1. (a) PXRD patterns of A@U-1, A@U-2 and NH,-UiO-66. (b) PXRD patterns of A@U-1, A@U-2 and NH,-UiO-66 in 6°—9°. (c) TEM images of Ag NWs. (d) SEM image and
(e) TEM image of A@U-1 heterogeneous nanostructure. Inset in (e) local magnification of HRTEM images of A@U-1 heterogeneous nanostructure. (f) EDS-Mapping spectra of

A@U-1.
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Fig. 2. (a) Survey spectrum and high-resolution (b) C 1s, (c) O 1s, (d) N 1s, (e) Zr 3d, and (f) Ag 3d spectra.
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Fig. 3. (a) UV-vis DRS spectra of NH,-Ui0-66, A@U-1and A@U-2. (b) Tauc/Davis-
Mott plots of NH,-Ui0-66, A@U-1 and A@U-2. (c) Transient photocurrent response
of NH,-Ui0-66, A@U-1 and A@U-2. (d) Electrochemical impedance spectra curves
of NH,-Ui0-66, A@U-1 and A@U-2.

photoelectrochemical measurements. As depicted in Fig. 3c, both
A@U composites exhibited significantly enhanced photocurrent re-
sponse abilities, which were higher than the NH,-UiO-66. More
importantly, the A@U-1 with thinner thickness exhibited the high-
est photocurrent response, indicating that the A@U-1 had the best
ability to separate photoelectron-hole pairs. The electrochemical
impedance spectroscopy (EIS) (Fig. 3d) also supported a similar
conclusion, A@U-1 had the smallest radium, confirming its charge
transfer resistance was lower than that of A@U-2.

To preliminarily evaluate the catalytic activity of A@U for the
oxidative coupling of amines to imines, benzylamine was chosen
as a substrate. When NH,-UiO-66, Ag NWs, A@U-1 and A@U-2
were used as catalysts, the yields of imines were 50%, 14%, 80% and
62%, respectively (Table 1). As expected, due to its core-shell struc-
ture, A@U displayed better imine yields than the original single-
component MOF. In addition, A@U-1 exhibited better catalytic ac-
tivity under the light. Blank experiments in the absence of either
light or catalyst showed only slight conversion of the substrates,
confirming that the photocatalytic process drove the conversion of
amines. The low benzylamine yield in N, indicated that oxygen

Table 1
Photocatalytic oxidative coupling reaction of benzylamine.?

. S
©/\NHW Photocatalyst, Air ©/\N /\©
—

Entry Catalyst Quenching agent® Air® Lightd Yield (%)
1 NH,-UiO-66 - + + 50

2 Ag NWs - + + 14

3 A@U-1 - + + 80

4 A@U-2 - + + 62

5 A@U-1 - — - —

6 — - + + 6

7 A@U-1 - N, + 7

8 A@U-1 BQ + + 14

9 A@U-1 KI + + 22

10 A@U-1 K;S,0g + + 8

2 Reaction conditions: amine (0.1 mmol), photocatalyst (15 mg), CH;CN (3 mL),

300 W Xe lamp and 10 h.

b (+ or —) with or without a quenching agent.

¢ (+ or —) with or without air.

4 (4 or —) with or without light. Yield was determined by 'H NMR spectroscopic
analysis.

was required to be involved in the photocatalytic oxidative cou-
pling of amines. To demonstrate that the reaction was truly pro-
cessed in a heterogeneous manner, the catalyst was filtered out
during the reaction, and the results revealed that keeping the re-
action under identical conditions for another 2 h did not lead to
any conversion of benzylamine (Fig. S5 in Supporting information).
In order to evaluate the cyclic stability of the catalyst for the ben-
zylamine coupling reaction, A@U-1 was selected to investigate the
stability of the catalyst after recovery (Fig. S6 in Supporting in-
formation). The PXRD patterns and FT-IR spectra of A@U-1 after
three reaction cycles are well matched with those of the material
before the reaction, which proves that A@U-1 has good photocat-
alytic benzylamine coupling cycle stability (Fig. S7 in Supporting
information).

The semiconducting properties of NH,-UiO-66 were measured
using Mott-Schottky measurements (Fig. S8 in Supporting informa-
tion) with three different frequencies. NH,-UiO-66 displayed an n-
type semiconductor, and its conduction band minimum (CBM) is
—0.62 V vs. NHE, it is theoretically suitable for electrons trans-
fered to O, to produce related reactive oxygen species (ROS,
E(05/057) = —0.33 V vs. NHE) [25]. Considering the bandgap of
NH,-Ui0-66 from tauc plot (2.83 V), the calculated valence band
maximum (VBM) is +2.21 V vs. NHE. In comparison with the
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Fig. 4. (a) ESR spectra of A@U-1 containing DMPO. (b) Possible mechanism of the photocatalytic reaction.

previously reported systems (Table S1 in Supporting information),
the delicate core-shell composite facilitates the coupling of amines
under air, which is indicative that these core-shell systems pos-
sess a higher catalytic superiority over other silver nanocompos-
ites. NH,-UiO-66 shells in A@U can (1) stabilize and disperse silver
nanowires; (2) increase the number of active sites; (3) accumu-
lation of photoelectrons and transfer them to the active site. The
outstanding catalytic ability could be summarized as follows: (1)
Plasmon sensitization of plasmonic metal and semiconductor com-
posite nanostructures has been considered as a functioning mecha-
nism in photocatalysis [26]. When under resonant excitation of the
LSPR of the Ag NWs, the electron from Ag NWs is transferred to
NH,-UiO-66 by plasmon quanta decay into an electron-hole pair
[27]. As a result, wide-band gap NH,-UiO-66 gain additional elec-
trons and exhibit better photocatalytic activity. (2) The excellent
photothermal behavior of composites could also convert optical ra-
diation to thermal energy thus accelerating the catalytic reaction.
(3) The porous characteristic of NH,-UiO-66 makes sure it can ef-
ficiently absorb O, to promote the reaction. (4) The surface of the
composite promotes the separation of electron-hole pairs. Under
illumination, Ag NWs with LSPR effect will generate a significantly
enhanced local electromagnetic field in the near-field region near
the surface. The NH,-UiO-66 located near the Ag NWs is affected
by the strong electric field, and its intensity is several orders of
magnitude larger than that of the far-field incident. Since the gen-
eration rate of electron/hole pairs is proportional to the locally ex-
cited light, the concentration of electron/hole pairs produced in
this region of the NH,-UiO-66 is greatly increased [28]. (5) The
A@U-1 with thinner shell thickness shows better catalytic activ-
ity since the intensity of the near-field from LSPR decays with the
distance from the surface of the Ag NWs, a thinner MOF layer will
be under the influence of a stronger electric field on average, lead-
ing to superior catalytic activity. When the shell thickness becomes
thicker, the Plasmon-Enhanced photocatalytic oxidative coupling of
amines becomes weaker (Fig. S9 in Supporting information).

In order to explore the active species in the reaction, a series
of quenchers were added to the reaction system (Table 1). These
include p-benzoquinone (quenches superoxide radicals); potassium
persulfate (quenches electrons) and potassium iodide (to quench
holes). After adding three quenchants, the yield of imines de-
creased to a certain extent, indicating that superoxide radicals,
photogenerated electrons and holes were involved in the reaction
process. To identify the reactive oxygen species of the photocat-
alytic reaction, A@U-1 with better catalytic activity was detected
with DMPO (Fig. 4a). In the dark background, there was no observ-
able signal, while there was a typical sextet signal, which could
be identified as a superoxide radical (‘O,~), observed under the
light. In addition, H,0, and benzaldehyde were detected by NMR
and GC-MS analysis (Fig. S10 in Supporting information). Above all,
we propose a possible mechanism to synthesize amines with core-
shell composites A@U-X (Fig. 4b). Step 1: Ag NWs is excited to
yield plasmon quanta, which could be converted into electron-hole

pairs of NH,-UiO-66 via the composite’s surface. Step 2: Electron-
hole pairs are further separated on the surface, electrons activate
0, to '0,~, meanwhile holes react with benzylamine generating
carbocationic radicals. Step 3: A pair of ‘0O,~ and carbocationic rad-
icals react with each other and generate PHCH=NH intermediate
and benzaldehyde. Step 4: PHCH=NH intermediate and benzalde-
hyde nucleophilic attacks another benzylamine forming the imine.

In conclusion, we constructed delicate Ag nanowires@NH,-UiO-
66 core-shell nanostructures as photocatalysts to oxidize amines
and facilitate the coupling of amines. The A@U-1 composite fur-
ther successfully synthesizes amines under air with a higher yield
compared to both constituent parts. Moreover, the result reveals
that in semiconductor-metal composite systems, the metal compo-
nent with LSPR may take the lead during the photocatalytic ox-
idative coupling of amines. This work proposes a noble core-shell
construction strategy that could offer valuable reference for the de-
sign and construction of MOF-based composite photocatalysts for
oxidative coupling of amines.
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