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The creation of ultrafine alloy nanoparticles (<5 nm) that can maintain surface activity and avoid aggre-
gation for heterogeneous catalysis has received much attention and is extremely challenging. Here, ultra-
fine PtRh alloy nanoparticles imprisoned by the cavities of reduced chiral covalent imine cage
(PtRh@RCC3) are prepared successfully by an organic molecular cage (OMC) confinement strategy, while
the soluble RCC3 can act as a homogenizer to homogenize the heterogeneous PtRh alloy in solution.
Moreover, the X-ray absorption near-edge structure (XANES) results show that the RCC3 can act as an
electron-acceptor to withdraw electrons from Pt, leading to the formation of higher valence Pt atoms,
which is beneficial to improving the catalytic activity for the reduction of 4-nitrophenol. Attributed to
the synergistic effect of Pt/Rh atoms and the unique function of the RCC3, the reaction rate constants
of Pt;Rh;s@RCC3 are 49.6, 8.2, and 5.5 times than those of the Pt;Rh;g bulk, Pt@RCC3 and Rh@RCC3,
respectively. This work provides a feasible strategy to homogenize heterogeneous alloy nanoparticle cat-
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alysts in solution, showing huge potential for advanced catalytic application.
© 2022 Science China Press. Published by Elsevier B.V. and Science China Press. All rights reserved.

1. Introduction

In recent years, various single metal materials have been widely
used in the fields of catalysis [1-4], sensing [5,6], optics [7,8], and
electronics [9,10] due to their unique physical and chemical prop-
erties. In order to promote the catalytic performance of single
metal nanoparticles, alloying strategy for bimetallic nanoparticles
has been regarded as an efficient solution [11-16], which can
easily tune the electronic and geometric structures of bimetallic
nanoparticles for optimal catalysis performance [17-21]. Addition-
ally, the size of bimetallic nanoparticle also plays a key role in
determining their catalytic activity [22-25], as smaller nanoparti-
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cles lead to higher surface-to-volume ratios and more mismatched
atoms on their surfaces, which can create a multitude of defects to
improve catalytic activity. Unfortunately, the high surface energy
of ultrafine bimetallic nanoparticles makes them thermodynami-
cally unstable to generate agglomerations during both synthetic
and catalytic processes. It is an effective strategy to prevent the
agglomeration of alloy nanoparticles by employing various ligands
or surfactants to protect their outer surface [26,27]. However, the
coverage of stabilizer or ligand molecules outside the surface of
alloy nanoparticles will greatly limit the exposure of active sites,
block the contact between reactants and active centers, and result
in decreased catalytic activity. In addition, due to their low price,
large specific surface area, and excellent electrical conductivity,
carbon materials (e.g., carbon nanotube and graphene) are often
used as carriers for dispersing alloy nanoparticles [28,29]. How-
ever, alloy nanoparticles will inevitably agglomerate during long-
term usage due to the weak interfacial interaction between metal
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components and carbon substrates [30]. Therefore, exploring a
facile and effective methodology to achieve long-term stable dis-
persion of alloy nanoparticles is of great significance for improving
their applications in catalysis-related fields.

Organic molecular cages (OMCs) are novel and high-profile
types of microporous materials with three-dimensional crystalline
structures, which are composed of discrete molecules connected
by weak interaction forces [31-35]. Apart from the characteristics
of traditional organic porous materials (e.g., metal-organic frame-
work and covalent-organic framework), OMCs also possess their
own advantages of unique cavity structure, high porosity, inherent
open channel, designable molecular structure, and excellent solu-
bility [36,37], which are beneficial to confining the growth of ultra-
fine alloy nanoparticles with a narrow size distribution, make them
physically isolated from each other, and avoid them from signifi-
cant migration/aggregation. In addition, the high porosity and
interconnected channels of OMC can serve as catalytic module
spaces for reactant molecules to facilitate mass transfer during
the reaction and to provide a powerful platform for various cat-
alytic reactions. Benefiting from the extraordinary solubility of
OMCGs in solvents, the imprisoned alloy nanoparticles can perform
good dispersion in the reaction solvent to enhance their contact
with the reactant molecules and accelerate the dynamic process
of catalysis [38]. In particular, attributing to the designable molec-
ular structure of OMCs, the coordination between functional
groups in the cavity environment and alloy nanoparticles can also
be modulated easily to achieve the optimal catalytic property with
both high activity and selectivity [39]. Therefore, the confinement
strategy by using OMC as porous carrier may be a feasible solution
to prepare ultrafine alloy nanoparticles with high activity and
stability.

Herein, a facile OMC confinement strategy is presented to syn-
thesize ultrafine PtRh alloy nanoparticles imprisoned by the cavi-
ties of reduced chiral covalent imine cage (PtRh@RCC3). Through
this soluble RCC3 encapsulation strategy, the heterogeneous cata-
lyst of PtRh alloy nanoparticles can achieve homogenization in
solution. Benefiting from the ultrafine particle size and high dis-
persibility of PtRh alloy nanoparticles in solution, as well as the
synergistic enhancement between Pt and Rh metal, the optimized
PtRh@RCC3 catalyst exhibits an enhanced activity for the reduction
reaction of 4-nitrophenol as compared to those of insoluble Pt;Rhg
bulk and the corresponding single-metal-based nanocomposite
catalysts. X-ray absorption near-edge structure (XANES) is carried
out to investigate the reasons for the enhanced catalytic perfor-
mance of PtRh@RCC3, which demonstrates both the alloying strat-
egy and the electron-withdrawing effect of RCC3 can
simultaneously lead to a higher oxidation state of the Pt atom for
the strong coupling and reduction of 4-nitrophenol to 4-
aminophenol.

2. Experimental
2.1. Chemicals

1,3,5-Triformylbenzene (97%), (R,R)-1,2-diaminocyclohexane
(98%), sodium borohydride (NaBH,4, 98%), chloroplatinic acid (H,-
PtClg, 99.95%) were purchased from Shanghai Titan Technology
Co., Ltd. Trifluoroacetic acid (99.5%) and 4-nitropenol (99%) were
purchased from Shanghai Macklin Biochemical Co., Ltd. Rhodium
chloride hydrate (RhCl3-3H,0, 98%) was purchased from Bide Phar-
matech Ltd. Anhydrous magnesium sulfate (MgSO,4, 99.9%) was
purchased from Shanghai Wendong Industry and Trade Co., Ltd.
Methanol (CH30H, AR), ethanol (CH3CH,OH, 99.5%), chloroform
(CHCl3, AR), and dichloromethane (CH,Cl,, AR) were purchased
from China National Pharmaceutical Group Corp.
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2.2. Synthesis of CC3

The synthesis of chiral covalent imine cage (CC3) was carried
out according to a previous method [40]. First, 0.25 g of 1,3,5-
triformylbenzene was added to 5 mL of CH,Cl, at room tempera-
ture. Second, 5 pL of trifluoroacetic acid was added to the above
solution as a catalyst. Third, a CH,Cl, solution (5 mL) containing
0.25 g of (R,R)-1,2-diaminocyclohexane was added to the above
solution. No stirring was required throughout. Finally, cover the
container of the mixed solution and let it stand for one week.
The crystals were grown on the vessel walls, separated by filtra-
tion, washed with CH3CH,OH/CH,Cl, (95:5, v:v) solution, and dried
overnight at 70 °C under vacuum.

2.3. Synthesis of RCC3

Reduced chiral covalent imine cage (RCC3) was prepared
according to a previous method [41]. The 926 mg of CC3 was first
dissolved in a CH30H/CHCl3; mixture (1:1, v:v, 50 mL) to form a
clear solution. Next, 1.0 g of NaBH, was added to the above solu-
tion and stirred for 12 h at room temperature. After adding 2 mL
of deionized water, the solution was stirred for another 12 h. Then,
the solvent was removed under vacuum. The obtained white solid
was first extracted with CHCl; (2 x 50 mL) and then the CHCl;
organic phase was washed by water (2 x 100 mL). The CHCls
organic phase was removed under vacuum after drying with anhy-
drous MgS0,4. RCC3 was purified by a reversible reaction with ace-
tone [41]. The 400 mg of crude RCC3 was dissolved in 40 mL of
acetone. After standing for 30 min, crystals began to appear on
the wall of the flask, which were collected by filtration after
24 h. The obtained crystals were then dissolved in 40 mL of a CHs-
OH/CHCl3 mixture (1:1, v:v) with continuous stirring. The 0.4 mL of
deionized water was added to the above solution and stirred for
48 h. Pure RCC3 was obtained after removal of the solvent.

2.4. Synthesis of PtRh@RCC3 catalyst

Typically, 100 mg of purified RCC3 powder was stirred and dis-
solved in a mixed solution of CH,Cl,/CH30H (2:1, v:v, 18 mL). Sub-
sequently, different volume of H,PtClg/CHsOH solution
(3 mg mL™!) and RhCl5-3H,0/CH30H solution (3 mg mL™!) were
added to the above solution, and stirred for 3 h to form a homoge-
neous solution. The molar ratios of H,PtClg and RhCl3-3H,0 is
designed to be 1:9, 1:16, and 1:25, respectively, and the total metal
amount is controlled to be 10 mg. Then, CH30H solutions (2 mL)
containing 77, 79, and 81 mg of NaBHy, respectively, were immedi-
ately added to the above mixed solutions, under ice bath condi-
tions and stirred for 3 h. After that, the products were removed
from the solvent under vacuum, washed with deionized water
for several times, and dried under vacuum at 70 °C overnight to
obtain Pt;Rhg@RCC3, Pt;Rh;s@RCC3, and Pt;Rh,s@RCC3 catalysts.

2.5. Synthesis of Pt@RCC3 and Rh@RCC3 catalysts

Pt@RCC3 was synthesized using only H,PtClg. The total Pt
amount is controlled to be 10 mg, and the NaBH, amount was
changed to 46 mg. Other synthetic procedures were the same as
that of the PtRh@RCC3. The synthesis of Rh@RCC3 uses only RhCl5-
3H,0. The total Rh amount is controlled to be 10 mg, and the
NaBH, amount was changed to 83 mg. Other synthetic procedures
were the same as that of the PtRh@RCC3.

2.6. Synthesis of Pt bulk, Rh bulk, and various PtRh bulk catalysts

Pt bulk was prepared via the same steps as Pt@RCC3 without
adding RCC3 powder. Rh bulk was prepared via the same steps
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as Rh@RCC3 without adding RCC3 powder. PtRh bulk samples
including Pt;Rhg bulk, Pt;Rh;g bulk, and Pt;Rh,s bulk were pre-
pared via the same steps as PtRh@RCC3 without adding RCC3
powder.

2.7. Procedure for the reduction of 4-nitrophenol

The catalytic activities of various prepared catalysts were tested
under liquid-phase ambient conditions by using the hydrogenation
reduction of 4-nitrophenol as the verification reaction (NaBH, is
used as the reducing agent). First, 2.5 mg of NaBH, and 4 mL of a
4-nitrophenol (0.1 mmol L™!) in CH,Cl,/CH;0H mixture solution
(2:1, v:v) was mixed in a cell. Then, 0.2 mg of catalyst was added
to the above solution. After introducing the catalyst, the bright yel-
low solution gradually faded as the reaction proceeded. Ultravio-
let-visible (UV-vis) spectra were recorded at short intervals to
monitor the progress of the reaction. The absorption spectra of
the solution were measured in the range of 250-500 nm. The rate
constant k for the reduction of 4-nitrophenol can be determined by
measuring the absorbance at wavelength / = 400 nm as a function
of reaction time.

2.8. Characterization

X-ray diffraction (XRD) patterns were measured using an X'Pert
Pro X-ray diffractometer equipped with Cu Ko radiation
(4 =0.1542 nm) at a current of 40 mA and voltage of 40 kV. The
'H and '3C nuclear magnetic resonance (NMR) were measured by
a Bruker AVANCE III HD 600 MHz instrument. The Fourier trans-
form infrared (FTIR) spectra were measured with a Nicolet Impact
410 Fourier transform infrared spectrometer. Thermogravimetric
analysis (TGA) was carried out by a TG 209 F1 Libra thermal ana-
lyzer at a heating rate of 20 °C min~! in the temperature range
of 35-800 °C under air. The N, adsorption/desorption isotherms
were collected at liquid nitrogen temperature (77 K) using a
QUADRASORB SI automated surface area and pore size analyzer
(Quantachrome Corporation). The specific surface area was calcu-
lated from the adsorption data according to the Brunauer-
Emmett-Teller (BET) method. The X-ray photoelectron spec-
troscopy (XPS) was analyzed on a Karatos Axis ULTRA X-ray photo-
electron spectrometer instrument. The morphologies of samples
were examined by using field-emission scanning electron micro-
scopy (SEM, JEOL JSM-7001F) and transmission electron micro-
scopy (TEM, TALOS F200S). UV-vis spectroscopy was recorded by
a UV-vis spectrophotometer (Lambda-35). The X-ray absorption
spectra (XAS) of Pt L; edge were conducted at BL14W1 beamline
of Shanghai Synchrotron Radiation Facility (SSRF). The acquired
extended X-ray absorption fine structure spectra (EXAFS) data
was processed according to the standard procedures using the
ATHENA module of Demeter software packages. Subsequently,
the y(k) data was Fourier transformed to real (R) space using a
Hanning windows (dk = 1.0 A™!) to separate the EXAFS contribu-
tions from different coordination shells. To obtain the quantitative
structural parameters around central atoms, least-squares curve
parameter fitting was performed using the ARTEMIS module of
Demeter software packages.

3. Results and discussion
3.1. Synthesis and characterization of PtRh@RCC3

Fig. 1a demonstrates that alloy catalysts prepared by traditional
strategy tend to agglomerate in solution, which can greatly hinder
the exposure of active sites. To overcome this issue, a soluble
organic molecular cage (OMC) confinement strategy is proposed
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to homogenize the alloy nanoclusters in solution, as shown in
Fig. 1b. The amine cage RCC3 that has good solubility in organic
solvents was chosen as the stabilizer and homogenizer for the
highly dispersed PtRh nanoparticles. The synthetic route of the
RCC3 is shown in Fig. S1 (online). Firstly, a high-purity organic
crystal of chiral covalent imine cages (CC3) (structural details are
shown in Fig. S2 online) was obtained by the imine cyclization
reaction of 1,3,5-triformylbenzene and (RR)-1,2-
diaminocycloheaxane by catalytic assistance of trifluoroacetic acid
[40]. The CC3 with unsaturated double bonds were then reduced
by reducing agent NaBH,4 to obtain highly stable RCC3. The 'H
and '3C NMR analysis of the RCC3 suggests their structural integ-
rity and successful preparation in high purity (Fig. S3 online)
[41,42]. Subsequently, the PtRh alloy nanoparticles were encapsu-
lated in the cavity of the RCC3 by immersing the RCC3 in the Pt**/
Rh3*-containing CH,Cl,/CH3;OH solution, during which an in-situ
reduction process occurred with the assistance of NaBH4 as a
reducing agent (Fig. 1b). After the reduction reaction, the solvent
was removed from the mixed solution under vacuum and washed
with deionized water to obtain PtRh@RCC3 powder. The
PtRh@RCC3 with Pt**/Rh3* molar ratios of 1/9, 1/16, and 1/25 were
prepared and denoted as Pt;Rhg@RCC3, Pt;Rh;s@RCC3, and Pt;-
Rh,5@RCC3, respectively. Another two control samples of Pt@RCC3
and Rh@RCC3 were also prepared with addition of only Pt*"or Rh®*
ions, respectively.

As XRD patterns of various samples shown in Fig. 1c and Fig. S4
(online), the samples of metal nanoparticles encapsulated by RCC3
(Pt@RCC3, Rh@RCC3, and PtRh@RCC3) present the sharp crystalline
diffraction peaks (10°-25°) as the same as RCC3, indicating that
RCC3 retains its intact structure after encapsulating metal or alloy
nanoparticles. Moreover, no characteristic diffraction peaks of Pt
metal, Rh metal, and PtRh alloys can be observed in Pt@RCC3,
Rh@RCC3, and PtRh@RCC3 nanocomposites, respectively, which
is mainly due to the confinement effect of RCC3 resulting in the
formation of homogeneous ultrafine alloy or metal nanoparticles.
Fig. 1d and Fig. S5 (online) present the FTIR spectra of Pt@RCC3,
Rh@RCC3, and various PtRh@RCC3 nanocomposites without obvi-
ous differences, which indicates that the covalent bond of RCC3
remains complete after encapsulating metals species in RCC3. To
be noted, a slight red shift of the stretching vibration peak of -C-
N- in RCC3 can be observed from 1116.3 to 1119.0 cm™! after
the encapsulation of metal/alloy nanoparticle, which is mainly
attributed to the formation of metal-N bonds [43]. The metal con-
tents of various PtRh@RCC3 samples, as well as contrast samples of
Pt@RCC3 and Rh@RCC3, were confirmed by TGA to be approxi-
mately 6.3 wt% (Fig. 1e and Fig. S6 online), indicating the similar
metal loadings in these samples. Besides, the BET specific surface
areas of RCC3, Pt;Rh;@RCC3, Pt@RCC3, Rh@RCC3, and Pt;Rh;g
bulk were investigated by nitrogen adsorption-desorption iso-
therms, as shown in Fig. S7 (online). The Pt;Rh;¢@RCC3, Pt@RCC3,
and Rh@RCC3 samples exhibit similar specific surface areas of
190.65, 178.81, and 183.29 m? g~ !, respectively, which are lower
than that of RCC3 cage (457.31 m? g~ '), but much higher than that
of Pt;Rhyg bulk (41.38 m? g~ 1).

3.2. Morphology and components analysis

Fig. 2a shows the field emission scanning electron microscopy
(FESEM) image of Pt;Rh;g@RCC3. The Pt;Rh;s@RCC3 exhibits a
spherical morphology with a size of about 500 nm. TEM image of
Pt;Rh;s@RCC3 shows that PtRh alloy nanoparticles are uniformly
dispersed inside the RCC3 matrix with a size of about 2.5 nm
(Fig. 2b, c). The high-resolution TEM image shows the interplanar
spacing of PtRh alloy nanoparticles is about 0.223 nm (insert of
Fig. 2b), which is between the interplanar spacings of Pt and Rh
monometals [44], indicating the successful formation of PtRh alloy
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Fig. 1. Preparation and characteristics of PtRh@RCC3. (a) Schematic illustrations of traditional strategy for synthesizing heterogeneous PtRh bulk, and (b) OMC confinement
strategy for preparing homogenous PtRh@RCC3 catalysts. (c) XRD patterns, (d) FTIR spectra, and (e) TGA profiles of RCC3 and PtRh@RCC3 with different Pt/Rh ratios.

nanoparticles in PtRh@RCC3. High-angle annular dark-field scan-
ning TEM (HAADF-STEM) image of the Pt;Rh;s@RCC3 nanocom-
posite and corresponding energy-dispersive X-ray spectroscopy
(EDS) elemental mappings confirm the homogeneous distributions
and good alloying property of PtRh nanoparticles within the skele-
ton of RCC3 (Fig. 2d). The peaks of Pt and Rh also appear in the cor-
responding energy spectrum (Fig. 2e).

In addition, the chemical compositions of PtRh@RCC3 nanocom-
posites were further studied by XPS technique. In the full XPS spec-
tra of Pt;Rh;g@RCC3 (Fig. S8 online), almost no Pt and Rh
characteristic peaks can be observed, which is mainly due to the
low content of PtRh nanoparticles. High-resolution N 1s spectra
of RCC3 and PtRh@RCC3 nanocomposites show pyridinic-N and
pyrrolic-N species at 398.7 and 400.1 eV, respectively (Fig. 2f)
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[45-47]. For the high-resolution Pt 4f spectra (Fig. 2g), the binding
energies of Pt 4f in PtRh@RCC3 nanocomposites show shifts toward
higher values relative to Pt@RCC3 [48]. In contrast, the binding
energies of Rh 3d in PtRh@RCC3 nanocomposites show shifts
toward lower values relative to Rh@RCC3 (Fig. 2h). These results
indicate the presence of some alloying interactions between Pt
and Rh, as well as electron transfer from Pt to Rh that is beneficial
for substantially improving the catalytic efficiency [48].

3.3. Catalytic tests for the reduction of 4-nitrophenol to 4-aminophenol
To evaluate the catalytic enhancement of the prepared

PtRh@RCC3 catalyst in the liquid phase reaction, the reduction of
4-nitrophenol to 4-aminophenol by NaBH, is used as the test reac-
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Fig. 2. Morphology and composition characterizations of PtRh@RCC3 samples. (a) SEM image and (b) TEM image of Pt;Rh;s@RCC3. (c) Particle size distribution histogram of
PtRh alloys in Pt;Rh;s@RCC3. (d) HAADF-STEM of Pt;Rh;s@RCC3 and the corresponding EDS elemental mapping of C, N, Pt, and Rh. (e) EDS spectrum of Pt;Rh;s@RCC3. (f)
High-resolution N 1s spectrum of RCC3 and various PtRh@RCC3 nanocomposites. (g) High-resolution Pt 4f XPS spectrum of Pt@RCC3 and various PtRh@RCC3 nanocomposites.
(h) High-resolution Rh 3d XPS spectrum of Rh@RCC3 and various PtRh@RCC3 nanocomposites.

tion. The change of the absorption peak intensity of 4-nitrophenol
was monitored by UV-vis spectroscopy. The absorption peak of 4-
nitrophenol solution shows a red shift from 317 to 400 nm after
the addition of freshly prepared NaBH, solution (Fig. S9 online),
which is due to the appearance of 4-nitrophenol ions induced by
NaBH,4 in an alkaline environment [49]. Moreover, even after 1 h
of holding, the 4-nitrophenol/NaBH, solution showed a negligible
decrease in the intensity of the absorption peak at 400 nm, indicat-
ing that it hardly undergoes reduction in the absence of any cata-
lyst (Fig. S10 online). Fig. 3a shows that the color of the 4-
nitrophenol solution changed from colorless to bright yellow after
the addition of NaBH,4, and the color gradually weakened from
bright yellow to colorless after the addition of the catalyst, sug-
gesting the occurrence of the reduction reaction of 4-nitrophenol.
As the reaction progressed, the absorbance of reactant
4-nitrophenol at 400 nm decreased, while the absorbance of pro-
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duct 4-aminophenol at 300 nm increased. As shown in Fig. 3b
and Figs. S12-S14 (online), Pt;Rh;g@RCC3 catalysts exhibit the
fastest reduction rate of 4-nitrophenol and can completely convert
4-nitrophenol within 6 min, while Pt;Rhg@RCC3 and Pt;Rh,s;@-
RCC3 catalysts require 12 and 10 min, respectively. The kinetics
of the reduction of 4-nitrophenol can be described by the following
linear equation: —kt = In(A/Ao), where A, and A refer to the absor-
bance values at the interval and initial stages, respectively [50,51].
The rate constant (k) of Pt;Rh;g@RCC3 is 0.843 min~!, which is
higher than those of Pt;Rhg@RCC3 (0.374 min ') and Pt;Rh,5@-
RCC3 (0.442 min~'). To evaluate the improvement effect of alloy-
ing strategy on the catalytic reduction activity of 4-nitrophenol,
Pt@RCC3 and Rh@RCC3 nanocomposites were also employed as
catalysts for the reduction of 4-nitrophenol. When compared
with the PtRh@RCC3 catalysts, the complete conversion of
4-nitrophenol to 4-aminophenol by Pt@RCC3 and Rh@RCC3
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Fig. 3. Performance of the catalytic reduction of 4-nitrophenol to 4-aminophenol.

(a) Color change during the reduction of 4-nitrophenol. (b) Comparative catalytic

conversion of 4-nitrophenol over Pt@RCC3, Rh@RCC3, various PtRh@RCC3 catalysts. (c) Plots of In(A¢/Ap) of Pt@RCC3, Rh@RCC3, various PtRh@RCC3 catalysts for the
absorbance of 4-nitrophenol at 400 nm versus reaction time. (d) Comparative catalytic conversion of 4-nitrophenol over RCC3, Pt bulk, Rh bulk and various PtRh bulk
catalysts. (e) Plots of In(A¢/Ao) of RCC3, Pt bulk, Rh bulk and various PtRh bulk catalysts for the absorbance of 4-nitrophenol at 400 nm versus reaction time. (f) Comparison of

rate constants (k) of Pt;Rh;¢@RCC3, Pt@RCC3, Rh@RCC3 and Pt;Rh;¢ bulk catalysts.

require much longer time of 36 and 24 min, with corresponding k
values of 0.103 and 0.153 min~!, respectively (Fig. 3b, ¢ and
Figs. S15, S16 online). These results demonstrate that the forma-
tion of alloy nanoparticles with strong bimetallic interaction is
favorable to improve the catalytic efficiency due to their synergis-
tic effect. Furthermore, insoluble Pt bulk, Rh bulk and various PtRh
bulks (Pt;Rhyg, Pt;Rhg, and Pt;Rh,5 bulks) were also prepared with-
out the addition of RCC3 cages and used as the catalysts for the
reduction of 4-nitrophenol to investigate the importance of the
confinement and homogenization effects of RCC3 cage. The insol-
uble Pt, Rh, Pt;Rhg, Pt;Rh;, and Pt;Rh,5 bulks can only convert a
small part of 4-nitrophenol (<40%) even if the reaction time is
extended to 30 min, and their corresponding k values are all below
0.015 min~!, respectively (Fig. 3d, e and Figs. S17-S21 online). In
addition, the catalytic reduction reaction of 4-nitrophenol by
RCC3 was also tested, and the results show that it has basically
no catalytic ability (Fig. S22 online), which indicates that it only
acts as a support in the catalytic process. As compared with the
Pt bulk, Rh bulk, and various PtRh bulk catalysts, all of the soluble
Pt@RCC3, Rh@RCC3, and various PtRh@RCC3 homogeneous cata-
lysts exhibit significantly increased k values for the reduction of
4-nitrophenol (Fig. S23 online), demonstrating that the homoge-
nization of metal species by RCC3 can significantly improve the
catalytic performance. Among the various prepared catalysts, the
soluble Pt;Rh;s@RCC3 homogeneous catalyst shows the best cat-
alytic performance towards the reduction of 4-nitrophenol, and
its k value is 49.6, 8.2, and 5.5 times than those of Pt;Rh;¢ bulk,
Pt@RCC3, and Rh@RCC3, respectively (Fig. 3f). In addition, the sur-
face area normalized k value (k/S) of the Pt;Rh;s@RCC3 catalyst
was 10.8, 7.7, and 5.3 times those of the Pt;Rh;g bulk, Pt@RCC3,
and Rh@RCC3 (Fig. S24 online), indicating that the appropriate
alloying between Pt and Rh atoms and the homogenization of the
RCC3 cages on the PtRh alloy nanoparticles can greatly contribute
to the catalytic performance. Furthermore, compared with various

recently reported metal nanoparticle/support catalysts, our Pt;-
Rh;¢@RCC3 catalyst shows better 4-nitrophenol reduction perfor-
mance than most catalysts (Table S1 online), indicating that the
soluble molecular cage RCC3 is an ideal carrier for the preparation
of efficient 4-nitrophenol reduction catalysts.

To further demonstrate the stabilizing effect of RCC3 on PtRh
alloy nanoparticles, we collected and characterized the as-
obtained Pt;Rh;s@RCC3 catalyst after 4-nitrophenol reduction
catalysis. Fig. S25 (online) shows the XRD pattern of Pt;Rh;g@RCC3
after catalysis, some sharp crystalline diffraction peaks between
10°-25° correspond well with the RCC3, indicating that RCC3
retains its intact structure after catalysis. In addition, no character-
istic diffraction peaks were observed for PtRh alloys, further sug-
gesting that no significant nanoparticle agglomeration occurred
during the 4-nitrophenol reduction process. TEM images of Pt;-
Rh;¢@RCC3 after catalysis show that PtRh alloy nanoparticles are
still homogeneously dispersed inside the RCC3 matrix without
agglomeration (Fig. S26a, b online). High-resolution TEM images
show that the planar spacing of PtRh alloy nanoparticles remains
at 0.223 nm (inset of Fig. S26b online). HAADF-STEM image of Pt;-
Rh;¢@RCC3 after catalysis and its corresponding EDS elemental
mappings demonstrate that the PtRh nanoparticles in the RCC3
skeleton still exhibit good alloying properties (Fig. S26¢ online).
All the above results indicate that the Pt;Rh;s@RCC3 catalyst has
excellent structural stability.

3.4. X-ray absorption spectra to examine the interaction between RCC3
and PtRh nanoparticles

To further explore the electronic coupling effect of RCC3 and
PtRh alloy nanoparticles and elucidate its effect on the catalytic
performance of 4-nitrophenol reduction, XANES measurements
were performed on Pt foil, Pt;Rh;g bulk, and Pt;Rh;g@RCC3. The
white line intensity of the Pt L3-edge normalized XANES is a qual-
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Fig. 4. XAS characterizations of the Pt;Rh;g bulk and Pt;Rh;s@RCC3. (a, b) The normalized XANES spectra at the Pt L3 edge of Pt foil, Pt;Rh;¢ bulk, and Pt;Rh;s@RCC3. (c) FT-
XANES spectra at the Pt L edge of Pt foil, Pt;Rh;g bulk, and Pt;Rh;s@RCC3. WT-EXAFS for (d) Pt foil, (e) Pt;Rh;¢ bulk, and (f) Pt;Rh;s@RCC3.

itative indicator of the d-band vacancy [52,53]. The Pt Ls-edge
white line intensity of PtRh alloy is higher than that of Pt foil
(Fig. 4a, b), indicating that the former has more Pt d-band vacan-
cies and therefore produces more positively charged Pt centers.
In addition, the Pt L;-edge white line intensity of Pt;Rh;g@RCC3
is also higher than that of the Pt;Rh;g bulk, indicating that RCC3
can act as an electron acceptor to extract electrons from Pt atoms
to form higher valence Pt atoms. The EXAFS were used to further
determine the coordination environment of Pt atoms in the
Pt;Rh;g@RCC3 catalyst. The EXAFS fitting curves at R-space and
k-space are consistent with the experiment spectra of Pt foil, Pt;-
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Rhyg bulk, and Pt;Rh;s@RCC3, respectively (Figs. S27, S28 online).
The Fourier transforms of the EXAFS (FT-EXAFS) of Pt foil, Pt;Rhyg
bulk, and Pt;Rh;s@RCC3 are displayed in Fig. 4c. Due to the low
content of Pt atoms in the Pt;Rh;g bulk and Pt;Rh;g@RCC3 cata-
lysts, their peak heights around 2.6 A are significantly lower than
those of the Pt foil. Besides, the contributions of Pt-Rh and Pt-Pt
bonds in the Pt;Rh;g bulk lead to distinct split peaks between at
2.1 and 2.6 A [54]. In particular, a main broad peak at around
1.6 A, which is far from the Pt-Pt and Pt-Rh bonds, can be clearly
observed in the Pt;Rh;g@RCC3 catalyst. This is mainly attributed to
the coordination between the N elements of the RCC3 and the Pt
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Fig. 5. Schematic illustration of the 4-nitrophenol catalytic reduction on the
PtRh@RCC3 catalyst.

atoms of PtRh nanoparticles, which induces the formation of a Pt-N
shell layer on the surface of the PtRh nanoparticles. The wavelet
transform of c(k) (WT)-EXAFS is an intuitive way to demonstrate
the properties of adjacent Pt atoms (Fig. 4d-f). The Pt foil shows
a distinct scattering path signals at [ y(k), x(R)] of [9.1, 2.52], which
are associated with the Pt-Pt path (Fig. 4d). The intensity of the Pt-
Pt path signal in the Pt;Rh;g bulk attenuates, while the signal of the
scattering path located at [7.6, 2.11] enhances that is caused by the
Pt-Rh path (Fig. 4e). Moreover, Pt;Rh;s@RCC3 catalyst displays a
scattering path signal at [4.2, 1.60] corresponding to the Pt-N
paths, further proving the formation of a Pt-N shell within Pt;-

Fig. 5 briefly describes the scheme of the 4-nitrophenol catalytic
reduction on the PtRh@RCC3. The prominent 4-nitrophenol reduc-
tion performance on the Pt;Rh;g@RCC3 catalyst can be explained
as follows: (1) proper alloying between Pt and Rh atoms can easily
tune the electronic and geometric structures of bimetallic nanopar-
ticles, thus achieving optimal catalytic performance; (2) the RCC3
with high porosity and interconnected channels can act as struc-
tural stabilizers to constrain the growth of ultrafine PtRh alloy
nanoparticles, isolate them from each other physically, and avoid
their apparent aggregation, thereby greatly facilitating mass trans-
fer during the reaction; (3) the extraordinary solubility of RCC3 in
the solvent makes it a homogenizer for the heterogeneous PtRh
alloy catalysts, which endows the PtRh alloy with good dispersibil-
ity in the reaction solution, enhances their contact with the reac-
tant molecules, and thus accelerates the dynamic process of
catalysis; (4) due to the abundant polar functional groups, RCC3
can act as an electron-acceptor to extracts electrons from Pt in
PtRh alloy nanoparticles for the formation of higher-valence Pt
atoms, thereby enhancing its intrinsic catalytic activity
significantly.

4. Conclusion

In summary, an efficient impregnation method is proposed to
encapsulate PtRh alloy nanoparticles in the cavity of soluble
RCC3 to obtain PtRh@RCC3 catalysts. The in-situ formed PtRh
bimetallic alloy nanoparticles in the cavity of RCC3 show outstand-
ing dispersion in the reaction solution and good alloying properties
with an average particle size of 2.5 nm. By taking the reduction of
4-nitrophenol as an example, the catalytic performance of
PtRh@RCC3 has been investigated in detail, where the optimized
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Pt;Rh;s@RCC3 exhibits the highest activity. Its reaction rate con-
stant is 49.6, 8.2, and 5.5 times those of insoluble heterogeneous
PtRh alloy and the single-metal counterparts (Pt@RCC3 and
Rh@RCC3), respectively. These results strongly suggest that the
synergistic effect of bimetals, as well as the homogenization and
confinement effects of RCC3, can greatly enhance the catalytic
activity of PtRh@RCC3 catalyst. The Pt L;-edge electronic structures
of PtRh@RCC3 and PtRh bulk are further analyzed by XANES, and
the results show that the Pt element in the PtRh@RCC3 has the
highest degree of oxidation, which is beneficial to modulating
and improving the effectiveness for the catalytic reduction of 4-
nitrophenol. Homogenizing alloy nanoparticles in solution with
soluble molecular cages as homogenizers and electron acceptors
provide a new perspective for the development of advanced
nanometal-based catalysts for various catalytic fields including
electrocatalysis, photocatalysis, and thermocatalysis.
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