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a b s t r a c t 

Efficient and stable Pt-free electrocatalysts for oxygen reduction reaction (ORR) are indispensable for future 

fuel cells. Herein, we describe a heterostructure of Pd nanocrystals (PdNCs) on N-doped Ag nanowires (NWs) 

synthesized using a direct epitaxial growth strategy with a Pd loading of only 9.5 wt.%. The PdAg bimetallic 

heterostructure showed the highest mass activity among reported PdAg-based ORR electrocatalysts and exhibited 

excellent stability, with only a 1.5 mV decay in the half-wave potential even after 20000 cycles of continuous 

testing. The remarkably enhanced activity and durability can be attributed to the distinct advantages of the 

ultrasmall PdNCs, cocatalysts of N-doped AgNWs, and their heterointerfaces. This work reveals that the epitaxial 

growth of a heterostructure on a stable support is a promising strategy for promoting catalytic performance. 
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. Introduction 

Fuel cells have long been developed as an ideal solution for future ve-

icles [ 1–3 ]; however, their practical performance is severely restricted

y the sluggish reaction kinetics of the cathodic oxygen reduction reac-

ion (ORR) [ 4 , 5 ]. Pt is the most studied electrocatalyst for the ORR, but

t suffers from scarcity, high cost, and unsatisfactory stability, hamper-

ng its large-scale application [ 6 , 7 ]. In recent decades, a series of Pt-free

atalysts, including non-noble metals, heteroatom-doped carbon materi-

ls, and metal nitrides, have been developed. However, their durability

sually does not satisfy the requirements for future applications [ 8–12 ].

d is a viable substitute for Pt because it has 50 times more reserves,

 similar electronic structure, and comparable ORR activities [ 13 , 14 ].

lthough tremendous progress has been made in the development of Pd-

ased ORR catalysts [ 15–19 ], more effort should be devoted to reducing

d usage while improving its catalytic properties. 

The construction of Pd-based bimetallic structures is an effective so-

ution to boost the ORR performance of Pd while increasing its utiliza-

ion, owing to the synergetic effects between the two metallic compo-

ents, which contribute to the optimization of the electronic state of Pd

 20–23 ]. To date, significant advances have been made in the prepara-

ion of Pd-based bimetallic nanocrystals (NCs) with various morpholo-

ies and compositions [ 24–26 ]. In particular, PdAg bimetallic catalysts
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ave received extensive attention for the ORR [ 27–30 ]. Ag is more than

00 times more abundant than Pd and has distinct ORR activity in alka-

ine media [ 31 , 32 ]. Compared to non-noble transition metals, Ag has

igher electrical conductivity and a much more positive equilibrium

lectrode potential; therefore, it could be a promising catalyst support

ith better structural stability [ 33 ]. Nevertheless, considering the harsh

perating conditions of fuel cells, the structural stability of the catalysts

eeds to be further improved [ 34 , 35 ]. Recent reports have revealed that

he electrochemical stability of transition metals can be enhanced by N-

oping, which can fine-tune the electronic state of the metallic compo-

ent, contributing to the transfer of charges from the N atom to the coor-

inated metal atom [ 36 , 37 ]. Support corrosion is a problem for systems

hat disperse NC catalysts directly on carbon-based supports, including

ctivated carbon, carbon nanotubes, and graphitized carbons [ 1 , 38 , 39 ].

n addition, the limited anchoring points between the NC catalysts and

he carbon support, along with their weak interactions, make the cat-

lysts relatively mobile and thus prone to aggregation, resulting in a

eterioration in activity and stability [ 40 ]. 

In this work, we report an advanced Pt-free electrocatalyst prepared

ia the direct epitaxial growth of PdNCs on N-doped Ag nanowires

PdNCs/N-AgNWs). The PdNCs were uniformly dispersed on the N-

oped AgNWs, with a size in the range of 3–5 nm and a Pd loading

f only 9.5 wt.%. In the ORR, the PdNCs/N-AgNWs heterostructure
 . 
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hows remarkably higher activity and durability compared to PdNCs

n AgNWs without N doping (PdNCs/AgNWs) and commercial Pd/C

Com Pd-C) catalysts. Structural characterization and electrochemical

easurements indicate that the synergetic effect between the N-AgNWs

nd PdNCs, along with the epitaxial heterointerfaces, play major roles

n the catalysis enhancement. 

. Experimental 

.1. Preparation of AgNWs and N-doped AgNWs 

AgNWs were obtained using a modified polyol approach. First,

50.0 mg of polyvinyl pyrrolidone (PVP, MW = 40000) was added to

5.0 mL of glycerol and continuously stirred at 85 °C for 12 h. Next,

00.0 mg of silver nitrate was dissolved in 1.5 mL of ethylene glycol

nd then transferred into the above solution. After stirring for 15 min,

5 μL of NaCl solution, with a concentration of 100 mg mL− 1 , was

lowly added to the mixture. The resulting viscous solution was heated

o 180 °C for 4 h under stirring. After cooling to room temperature

25 ± 5 °C), the product was transferred to excess ammonium hydroxide

nd stirred for 30 min, followed by washing several times with deionized

ater and ethanol. Finally, 20.0 mg of collected AgNWs and 400.0 mg of

rea were added to 30.0 mL of ethanol and stirred for 30 min. Then, the

ixture was transferred into a high-pressure reactor and heated at 180

C for 2 h. After cooling to room temperature, the product was washed

wice with deionized water and twice with ethanol in sequence. The

ollected gray precipitate was denoted as N-AgNWs. 

.2. Preparation of PdNCs/AgNWs and PdNCs/N-AgNWs 

10.0 mg of N-AgNWs (or AgNWs) was dispersed into 15.0 mL of

eionized water and stirred for 10 min while being heated at 50 °C. Next,

.0 mg of ammonium tetrachloride palladium was dissolved into 1.0 mL

f deionized water, and this solution was injected into the mixture. After

tirring for 15 min, the precipitate was collected and washed thrice with

eionized water. The resulting product was named PdNCs/N-AgNWs (or

dNCs/AgNWs). 

.3. Electrochemical measurements 

5.0 mg of the prepared PdNCs/N-AgNWs and 20.0 mg of Vulcan XC-

2 carbon were dispersed in a mixture of ethanol (18.3 mL), deionized

ater (6.0 mL), and Nafion solution (0.7 mL, 0.5 wt.%) under ultrason-

cation for 40 min. Then, 10.0 μL of the catalyst ink was dropped onto

 rotating disk electrode (diameter: 5.0 mm), which served as the work-

ng electrode. A graphite rod and a Hg/HgO electrode (containing 1.0 M

aOH solution) were used as the counter and reference electrodes, re-

pectively. The Pd loading on the working electrode was 0.97 μg cm− 2 
Pd .

ll electrochemical experiments were performed on an electrochemical

orkstation (CHI760E) using a typical three-electrode testing system.

yclic voltammetry (CV) profiles were measured in a nitrogen-saturated

.1 M KOH solution at a scan rate of 50 mV s− 1 . Polarization profiles

ere measured in an oxygen-saturated 0.1 M KOH solution at a rotation

ate of 1600 rpm and a scan rate of 5 mV s− 1 . All electrochemical tests

ere performed at room temperature. 

. Results and discussion 

.1. Morphology and nanostructure of PdNCs/N-AgNWs 

Figs. 1 (a)–(c) show representative scanning electron microscopy

SEM) images of the AgNWs, N-AgNWs, and PdNCs/N-AgNWs, respec-

ively. The AgNWs have a length exceeding 500 nm and a diameter of

0 ± 2 nm. The lengths and diameters of the N-AgNWs were similar to

hose of the AgNWs ( Fig. 1 (b)), suggesting that the N-doping treatment

as mild. Both the AgNWs and N-AgNWs exhibited smooth surfaces.
72
fter the direct epitaxial growth of PdNCs on N-AgNWs, the diameter

f product increased to 53 ± 2 nm ( Fig. 1 (c)). Figs. 1 (d)–(g) show trans-

ission electron microscopy (TEM) images of the PdNCs/N-AgNWs at

ifferent magnifications. The PdNCs were uniformly distributed on the

-AgNWs (or AgNWs), and the crystal sizes were approximately in the

ange of 3–5 nm ( Figs. 1 (d)(e) and S1). This finding demonstrates the

egligible effect of the N dopant in the AgNWs on the crystal size and

ispersity of the PdNCs. The distinct lattice fringes in Fig. 1 (f) demon-

trate the high crystallinity of the obtained N-AgNWs, with an adjacent

attice spacing of 0.233 nm corresponding to the Ag(111) facets [ 41 ].

he continuous lattice fringes from the N-AgNWs to the PdNCs suggest

hat the PdNCs grew epitaxially on the N-AgNWs ( Fig. 1 (g)). For the

d NC in Fig. 1 (g), the adjacent lattice spacing of 0.225 nm can be as-

igned to the Pd(111) facets [ 42 ], which is close to the value of the

g(111) facets, with only a 3.4% difference in lattice mismatch. The di-

ect epitaxial growth of PdNCs on N-AgNWs likely arises from the more

ositive redox potential of PdCl4 
2− /Pd0 (0.591 V vs. RHE) relative to

g+ /Ag0 (0.490 V vs. RHE), leading to the galvanic displacement reac-

ion between Ag and PdCl4 
2− [ 43 ]. A small lattice mismatch between

d and Ag is believed to be indispensable for direct epitaxial growth

 44–46 ]. The two clear and symmetrical diffraction spots in the inset

f Fig. 1 (g) demonstrate the high crystallinity of the PdNC, which is

onsistent with the TEM analysis in Fig. 1 (f). The heterointerface in the

dNCs/N-AgNWs helps limit mobility, aggregation, and Ostwald ripen-

ng through the confinement effect, thus ensuring high structural stabil-

ty [ 47 , 48 ]. 

The X-ray diffraction (XRD) pattern of the PdNCs/N-AgNWs was

ecorded to obtain additional structural information ( Fig. 2 (a)). For

omparison, XRD patterns of the AgNWs, N-AgNWs, and PdNCs/AgNWs

ere also recorded. The strong diffraction peaks at 37.85°, 44.14°,

4.25°, 77.22°, and 81.40° correspond to the Ag (111), Ag (200), Ag

220), Ag (311), and Ag (222) planes, respectively [ 49 ]. The Ag (200)

lanes of the N-AgNWs shifted by 0.3° to more positive positions com-

ared to those of the AgNWs, indicating a lattice contraction upon N-

oping [ 50 ]. This result suggests the successful doping of N into Ag crys-

als [ 51 ]. The diffraction peaks of PdNCs/AgNWs and PdNCs/N-AgNWs

ere located between those of AgNWs (or N-AgNWs) and Pd crystals

JCPDS: 46–1043), demonstrating the formation of a PdAg bimetallic

tructure. In comparison with AgNWs, the X-ray photoelectron spec-

roscopy (XPS) spectrum of the Ag 3d peaks of N-AgNWs shows an obvi-

us positive shift ( Fig. 2 (b)), confirming the doping of N into the Ag crys-

al. This shift occurs because of electrons transfer from Ag to N, driven

y the high electronegativity of N [ 36 , 52 ]. This result indicates the sig-

ificant role of N dopant modifying the electronic state of Ag. Fig. 2 (c)

hows the XPS spectrum of N 1s for PdNCs/N-AgNWs, revealing the

resence of two types of N-based species on their surfaces. The promi-

ent N 1s peak at 398.6 eV corresponds to N-Ag bonding, suggesting

 strong interaction between Ag and the dopant N. The peaks at 400.5

nd 404.0 eV are related to amino N and oxynitride, respectively [ 53 ].

or PdNCs/AgNWs and PdNCs/N-AgNWs, the Ag 3d peaks were nega-

ively shifted compared to the Ag 3d peaks of AgNWs (or N-AgNWs).

pecifically, the Ag 3d peaks of PdNCs/N-AgNWs exhibit a 0.3 eV

hift to more negative positions compared to those of PdNCs/AgNWs

 Fig. 2 (d)). In contrast, the Pd 3d peaks of both heterostructures were

ositively shifted compared to the Pd 3d peaks of Com Pd-C. Impor-

antly, the Pd 3d peaks of PdNCs/N-AgNWs show 0.2 eV positive shift

ompared to those of PdNC/AgNWs ( Fig. 2 (e)). These results revealed

hat the epitaxial growth of PdNCs on AgNWs (or N-AgNWs) signifi-

antly alters the electronic states of Pd and Ag, with electrons trans-

erred from Pd to Ag through the heterointerfaces. The electronic state

f Pd in PdNC/N-AgNWs was optimized by N doping. The atomic ra-

io of Pd/Ag, determined by inductively coupled plasma-optical emis-

ion spectrometry, is 9.6/90.4, indicating a Pd loading of only 9.5 wt.%

n PdNCs/N-AgNWs. The direct epitaxial growth of PdNCs on N-

gNWs via a galvanic displacement reaction is schematically shown in

ig. 2 (f). 
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Fig. 1. SEM images of (a) AgNWs, (b) N-AgNWs, and (c) PdNCs/N-AgNWs. (d)–(g) TEM images of PdNCs/N-AgNWs. The inset in (g) is the fast Fourier transform 

pattern from the region marked with a brown border, confirming the crystalline structure. 
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.2. Electrochemical studies of PdNCs/N-AgNWs in the ORR 

To understand the electrochemical behavior of PdNCs/N-AgNWs/C

owards the ORR, a polarization curve was recorded ( Fig. 3 (a)). The po-

arization curves of PdNCs/AgNWs/C and Com Pd-C were measured for

omparison. For the ORR, the half-wave potential serves as an indicator

o assess the catalytic activity of an electrode, and can be determined

y the potential at half of the diffusion-limited current density [ 54 , 55 ].

n general, a positive half-wave potential indicates a high activity in

he ORR. PdNCs/AgNWs/C exhibited a half-wave potential of 0.842 V,

hich was 14 mV more positive than that of Com Pd-C (0.828 V). For

dNCs/N-AgNWs/C, the half-wave potential was as high as 0.854 V,

hich is 13 mV higher than that of PdNC/AgNWs/C. These results

emonstrate the significant catalytic activity of PdNCs/N-AgNWs/C in

he ORR. Both the N dopant and the heterointerface between PdNCs

n the N-AgNWs contribute to enhancing ORR activity. To gain fur-

her insights into the effects of the N dopant and AgNWs on PdNCs/N-

gNWs/C, the polarization curves of AgNWs/C and N-AgNWs/C were

lso recorded. The half-wave potential of AgNW/C was 0.700 V, and

he half-wave potential of N-AgNW/C shifted to 0.718 V (Fig. S2). This

esult demonstrates that N-AgNWs can serve not only as a support for

dNCs but also as a cocatalyst for the ORR. The Tafel slopes of PdNCs/N-

gNWs/C, PdNCs/AgNWs/C, and Com Pd-C are 76.7, 78.3, and 81.1 mV

ec− 1 , respectively. The small Tafel slope of PdNCs/N-AgNWs/C implies

ast reaction kinetics ( Fig. 3 (b)) [ 56 ]. Interestingly, PdNCs/N-AgNWs/C

xhibits a mass activity of 1.68 A mg− 1 Pd , which is 12.0- and 1.7-fold

igher than those of Com Pd-C (0.14 A mg− 1 Pd ) and PdNCs/AgNWs/C

0.98 A mg− 1 ) ( Fig. 3 (c)). Moreover, PdNCs/N-AgNWs/C shows a spe-
Pd 

73
ific activity of 1.62 mA cm− 2 
Pd , significantly higher than the values for

om Pd-C (0.26 mA cm− 2 
Pd ) and PdNCs/AgNWs/C (0.96 mA cm− 2 

Pd ).

o the best of our knowledge, PdNCs/N-AgNWs/C shows the most posi-

ive half-wave potential and the highest mass activity in the ORR among

eported PdAg bimetallic catalysts. A comparison of half-wave poten-

ial and mass activity between PdNCs/N-AgNWs/C and representative

dAg bimetallic catalysts is summarized in Table S1. For PdNCs/N-

gNWs/C, the current density increased with increasing rotation rate

ue to the shortened diffusion layer length and accelerated transport

f dissolved oxygen [ 57 ]. Fundamentally, the electron transfer number

 n ) per oxygen molecule can be calculated from the slopes of Koutecky–

evich plots. The fitting lines with high linearity and approximate par-

llelism suggest a similar value of n for PdNCs/N-AgNWs/C in the ORR

 Fig. 3 (d)). The calculated n value is 3.85, demonstrating the predomi-

ant four-electron transfer pathway in the ORR. Furthermore, the rotat-

ng ring-disk electrode test in Fig. S3 revealed that the ORR process on

dNCs/N-AgNWs/C primarily proceeds through the four-electron path-

ay, with a low yield of HO2 
− . 

In addition to catalytic activity, stability is another key factor deter-

ining the potential of a catalyst for practical applications. An accel-

rated stability test using continuous CV was conducted to verify the

urability of PdNCs/N-AgNWs/C in the ORR, with PdNCs/AgNWs/C

nd Com Pd-C as control samples. For PdNCs/N-AgNWs/C, only a slight

.5 mV drop in the half-wave potential was observed after 20000 cy-

les of testing ( Fig. 4 (a)). In contrast, the drop for PdNCs/AgNWs/C

ncreased to 8 mV ( Fig. 4 (b)), indicating a higher degree of degrada-

ion compared to PdNCs/N-AgNWs/C. Moreover, Com Pd-C exhibited a

ubstantial half-wave potential decay of 15 mV (Fig. S4). The minimal
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Fig. 2. (a) XRD pattern showing diffraction peaks of AgNWs, N-AgNWs, PdNCs/AgNWs, and PdNCs/N-AgNWs. (b) XPS spectra of Ag 3d for AgNWs and N-AgNWs. 

(c) XPS spectrum of N 1s for PdNCs/N-AgNWs. XPS spectra of (d) Ag 3d and (e) Pd 3d for PdNCs/AgNWs and PdNCs/N-AgNWs. (f) Schematic representation of the 

epitaxial growth process of PdNCs on N-AgNWs. 
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[  
egradation observed in PdNCs/N-AgNWs/C demonstrates its excellent

tability in the ORR. The excellent stability of PdNCs/N-AgNWs/C was

onfirmed by examining the normalized mass activity evolution of the

hree Pd-based catalysts ( Fig. 4 (c)). After 20000 cycles, Com Pd-C re-

ained only 82.1% of its initial mass activity, while PdNCs/AgNWs/C

ncreased slightly to 86.2%. Remarkably, PdNCs/N-AgNWs/C retained

6.5% of its initial mass activity, indicating superior stability compared

o the other catalysts. To further understand the excellent stability of

dNCs/N-AgNWs, continuous CV tests were conducted on AgNWs/C

nd N-AgNWs ( Figs. 4 (d)(e)). For N-AgNWs, the negligible decay in

he reduction peak of surface oxides demonstrated that the N dopant

n the Ag crystal significantly suppresses the oxidative dissolution of

g [ 58 ]. The uniform distribution of PdNCs on the AgNWs ( Fig. 4 (f))

emonstrates their remarkable structural stability. These observations

eveal that both the Ag-N bonding and epitaxial heterointerfaces be-

ween PdNCs and N-AgNWs significantly contribute to enhancing the

urability of PdNCs/N-AgNWs/C. 

.3. Catalysis enhancement mechanism discussion 

Considering the unique structure of PdNCs/N-AgNWs and their out-

tanding electrochemical performance in the ORR, we argue that the

ubstantially enhanced activity and durability can be ascribed to syner-
74
etic effects among the N-AgNWs, PdNCs, and epitaxial heterointerfaces

 Fig. 5 ). The N dopant plays a critical role in activating and improv-

ng the ORR activity of AgNWs. Additionally, due to the high electri-

al conductivity of Ag crystals, N-AgNWs serve as favorable cocatalysts

or PdNCs. In addition, the heterointerfaces between the PdNCs and N-

gNWs greatly optimized the electronic state of Pd, contributing to a sig-

ificant positive shift in the binding energies of the Pd 3d peaks observed

n PdNCs/N-AgNWs. Previous studies have revealed that such a positive

hift in Pd binding energies results in a downshift of the d-band center,

hich in turn weakens the interaction of adsorbates [ 2 , 59 ]. Typically,

he Pd surface exhibits strong adsorption energies for oxygen species

O∗ ), which can hinder the oxidative adsorption of hydroxides and limit

he ORR kinetics [ 2 ]. Ag exhibited significantly weak binding to O∗ [ 60 ].

ccording to the classical d-band model, which describes the interaction

etween the catalyst surface and intermediate adsorption, moderate ad-

orption of intermediates is critical for favorable ORR activity [ 61 , 62 ].

herefore, the greatly enhanced ORR activity of PdNCs/N-AgNWs can

e attributed to the synergistic co-catalytic effect of N-AgNWs and the

eterointerfaces between PdNCs and N-AgNWs. These factors collec-

ively regulate the electronic state of Pd, leading to a weakening of the
∗ adsorption strength. Regarding the stability of PdNCs/N-AgNWs, the

trong N–Ag bonding significantly regulates the electronic state of Ag

 53 ], thereby suppressing the oxidative dissolution of Ag and enhancing
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Fig. 3. (a) Polarization profiles of electrocatalysts. (b) Tafel plots and (c) activity (at 0.9 V) of PdNCs/N-AgNWs/C and control samples. (d) Linear sweep voltammetry 

profiles of PdNCs/N-AgNWs/C at different rotation speeds and corresponding Koutecky-Levich plots at 0.65, 0.75, and 0.85 V (vs. RHE). 

Fig. 4. Polarization profiles of (a) PdNCs/N-AgNWs/C and (b) PdNCs/AgNWs/C before and after durability tests. (c) Mass activity evolution for various Pd-based 

catalysts at 0.9 V (vs. RHE). CV curves of (d) N-AgNWs/C and (e) AgNWs/C before and after durability tests. (f) TEM image of PdNCs/N-AgNWs/C after durability 

testing. 

75
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Fig. 5. Schematic illustration of the catalytic enhancement mechanism of PdNCs/N-AgNWs toward the ORR. 
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he stability of N-AgNWs as a support material. Compared to pure Ag, N

ossesses a higher electronegativity, which promotes electron transfer

rom Ag to N. It is believed that this electron transfer reduces electron-

lectron repulsion among Ag atoms, contributes to the structural stabil-

ty of N-AgNWs. In the case of PdNCs/N-AgNWs, electrons transferred

rom Pd to Ag at the epitaxial heterointerfaces between N-AgNWs and

dNCs further weaken electron repulsive interactions among Pd atoms.

oreover, these heterointerfaces effectively limit the mobility of small-

ized PdNCs, preventing their aggregation and maintaining high struc-

ural stability through crystal confinement [ 48 ]. Both factors contribute

ignificantly to enhanced stability. The uniform dispersion of PdNCs

elps suppress Ostwald ripening [ 63 ]. Additionally, PdNCs/N-AgNWs

ith Pd loadings as low as 9.5 wt.% can be readily prepared through

pitaxial growth, making them well-suited for mass production. There-

ore, PdNCs/N-AgNWs hold great potential as ORR catalysts in fuel cells.

. Conclusions 

We report a Pt-free ORR catalyst consisting of PdNCs epitaxially

rown on N-doped AgNWs. The PdNCs were uniformly dispersed on the

-doped AgNWs, featuring sizes in the range of 3–5 nm and a Pd loading

f only 9.5 wt.%. In ORR applications, the PdNCs/N-AgNWs heterostruc-

ure exhibits the highest mass activity of 1.68 A mg− 1 Pd among reported

dAg bimetallic catalysts. This performance is notably superior, exhibit-

ng 12.0- and 1.7-times higher mass activities compared to Com Pd-C

nd PdNCs/AgNWs, respectively. The PdNCs/N-AgNWs heterostructure

lso shows a 27 mV more positive potential in half-wave potential com-

ared to Com Pd-C catalyst. In addition, it exhibits exceptional stability,

ith only a 1.5 mV drop in half-wave potential after 20000 cycles of test-

ng. The increased ORR activity is primarily attributed to the N-AgNW

ocatalyst and the heterointerface, which effectively regulates the elec-

ronic state of Pd. The uniform distribution of ultrasmall Pd NCs is be-

ieved to provide abundant catalytic active sites, further enhancing ORR

ctivity. The excellent stability of the PdNCs/N-AgNWs catalyst can be

ttributed to several factors. First, strong N–Ag bonding effectively sup-

resses the oxidative dissolution of surface Ag on PdNCs/N-AgNWs. Sec-

nd, the epitaxial heterointerfaces between PdNCs and N-AgNWs play a

rucial role in restricting the mobility and aggregation of PdNCs through

rystal confinement. In addition, the N dopant in Ag contributes to the

igh structural stability by mitigating the electron-electron repulsion

mong Ag atoms. This work offers an active and stable Pt-free electrocat-

lyst for the ORR, leveraging the synergistic effects of epitaxial growth

f heterostructures and a durable catalyst support. By integrating these
76
trategies, both the activity and stability of the catalyst are enhanced,

ffering promising implications for catalytic applications. 
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