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a b s t r a c t

The preparation of Pd-based catalysts with rich electrons and a high atom dispersion rate is of great

significance for improving the reactivity of cross-coupling reactions, which is a powerful tool for pharma-

ceutical and fine chemical synthesis. Here, we report a PdNi single-atom alloy (SAA) catalyst in which iso-

lated Pd single atoms are anchored onto the surface of Ni nanoparticles (NPs) applied for Suzuki coupling

reactions and Heck coupling reactions. The 0.1% PdNi SAA exhibits extraordinary catalytic activity (reac-

tion rate: 17,032.25mmol h−1 gPd
−1) toward the Suzuki cross-coupling reaction between 4-bromoanisole

and phenylboronic acid at 80 °C for 1h. The excellent activity is supposed to attribute to the 100 percent

utilization rate of Pd atoms and the highly stable surface zero-valance Pd atoms, which provides abun-

dant sites and electrons for the adsorption and fracture of the C-X (X=Cl, Br, I) bond. Moreover, our work

demonstrates the excellent application prospect of SAAs for cross-coupling reactions.

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

Medica, Chinese Academy of Medical Sciences.

Cross-coupling reactions have become a crucial tool in phar-

maceutical and fine chemical production because it is one of

the most effective means to construct C–C bond, such as Suzuki

cross-coupling and Heck cross-coupling reactions [1–9]. Palladium-

based catalysts are regarded as the most outstanding catalysts

for cross-coupling reactions and have attracted extensive atten-

tion. Palladium-based homogeneous catalysts initially used in the

cross-coupling reactions gradually faded from current research

concerns due to the shortcomings of recovery, product purifica-

tion, and environmental hazards of toxic ligands [10–13]. As a

result, palladium-based heterogeneous catalysts promptly became

the forefront of research because of the remarkable advantages of

recovery and separation. Relative to the low abundance of pal-

ladium, improving the dispersion and utilization rate of palla-

dium is a crucial issue for the design of palladium-based hetero-

geneous catalysts. Obviously, due to the limitation of Pd species

size, supported heterogeneous catalysts which dispersed palladium

nanoparticles or clusters by a high-surface area solid support suffer

from poor reactivity, inferior atomic economy, and poor application

prospect [14–19]. On this basis, single-atom catalysts (SACs) that
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maximize Pd atom utilization by isolating Pd single atoms on a

support surface are considered promising to solve these disadvan-

tages [20–25]. Chen et al. revealed that Pd-ECN has excellent reac-

tivity in Suzuki coupling reaction by isolating Pd atoms on the ECN

support [22]. Although there has been some success, due to the in-

teraction between the Pd atoms and the support, Pd atoms in SACs

exhibit positive electrical properties and reduced electron density,

which degrades the reactivity to a certain extent in cross-coupling

reaction compared with electron-rich Pd active center [26,27]. For

this reason, it is significant for cross-coupling reaction to construct

a new catalyst with the advantages of high atom utilization and

stable electron-rich Pd active sites.

Coincidentally, the structural features of single-atom alloys

(SAAs) satisfy the above requirements [28–30]. The basic SAAs can

be described as the isolated noble metal atoms that are stabi-

lized on the surface of another metal through new metallic bonds.

Thus SAAs also have the advantage of 100 percent atom utilization

[31–33]. Besides, due to the electron transfer between noble metal

atoms and support metal atoms, the noble metal atoms of SAAs

have the electronic state of the free metal atom and rich electron

density [34–37]. In short, the extremely high atomic utilization and

rich surface electron density of noble metals allow SAAs to ac-

quire very high cross-coupling reactivity with very low Pd content

in theory. Besides, the practical potential of SAAs in constructing
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C–C bonds has also been demonstrated by Pd/Au SAA, which has

great reactivity and recovery ability in the Ullmann reaction [38].

Although theoretical and practical feasibility is clear, no SAAs are

being used for cross-coupling reaction, which is an urgent problem

to be solved.

Herein, we successfully construct a PdNi single-atom alloy by a

galvanic replacement reaction between the H2PdCl4 precursor and

the Ni NPs obtained by the high-temperature reduction of Ni-Al

layered double hydroxides (LDHs). A battery of elaborate charac-

terizations, including AC-HAADF-STEM, CO-DRIFTS, and XPS, verify

the formation of PdNi SAA structure, in which Pd atoms are iso-

lated by Ni atoms on the surface of Ni NPs. The 0.1% PdNi SAA ex-

hibits extraordinary catalytic performance toward the Suzuki cou-

pling reaction between 4-bromoanisole and phenylboronic acid

(yield 96.6%, selectivity 97%) at 80 °C for 1h. Noteworthily, the re-

action rate of 0.1% PdNi SAA is much higher than Pd/Al2O3 cata-

lyst (4.7-fold) and other bimetallic PdNi samples with higher Pd

content (13.1, 82.7-fold). In addition, 0.1% PdNi SAA also showed

good reactivity in Heck coupling reaction. As mentioned above, the

unique zero-valent Pd atoms with rich electrons and 100 percent

atom utilization efficiency of PdNi SAA determine its excellent cat-

alytic performance.

The entire synthesis route of PdNi bimetallic catalysts is illus-

trated in Fig. 1a. Firstly, the substrate of Ni nanoparticles (NPs)

highly dispersed on amorphous alumina was obtained by high-

temperature reduction of Ni-Al LDHs. Subsequently, three PdNi

bimetallic catalysts with different Pd contents (0.1 wt%, 0.8 wt%, 3

wt%) were prepared by a simple galvanic replacement (GR) method

to disperse Pd atoms on the surface of Ni NPs. The accurate ele-

ment contents of three bimetallic catalysts are determined by in-

ductively coupled plasma-optical emission spectroscopy (ICP-OES,

Table S1 in Supporting information). The Pd contents of 0.1% PdNi,

0.8% PdNi, and 3% PdNi are 0.093 wt%, 0.807 wt%, and 3.056 wt%,

respectively. Transmission electron microscopy (TEM) images (Figs.

S1-S4 in Supporting information) reveal that Ni NPs of Ni sub-

strate and three PdNi samples are anchored and highly dispersed

onto the Al2O3 support with a close size (16.5–20.2 nm), and there

Fig. 1. Synthesis process and morphological characterizations of 0.1% PdNi SAA. (a)

Schematic illustration of the synthesis approach of bimetallic PdNi samples. (b, c)

AC-HAADF-STEM images of 0.1% PdNi SAA. The crystal plane spacing of 0.203nm

indexed to the (111) plane of the metallic Ni. (d) The enlarged area labeled by the

white dashed line of (c). (e) enlarged STEM image and (f) corresponding intensity

profile of 0.1% PdNi SAA. (g) EDS mapping images of 0.1% PdNi SAA.

Fig. 2. Characterizations of catalyst structure. (a) XRD patterns of NiAl-LDH,

Ni/Al2O3, and 0.1% PdNi SAA. (b) CO-DRIFTS spectra of 0.1% PdNi SAA, 0.8% PdNi,

and 3% PdNi samples, within 2120–1800 cm−1 by flowing He gas for 20min. (c)

The enlarged and peak fitting curves of (b) within 2120–2010 cm−1. (d) Pd 3d XPS

spectra of 0.1% PdNi SAA, 0.8% PdNi, and 3% PdNi samples.

are no obvious changes of the PdNi bimetallic catalysts morphol-

ogy structure during the GR process. High-angle annular dark-field

scanning transmission electron microscopy (HAADF-STEM, Fig. 1b)

and high-resolution transmission electron microscopy (HR-TEM,

Fig. S1c) demonstrated that both Ni substrate and PdNi samples

exhibit a uniform lattice spacing of ∼0.203nm indexed to Ni (111)

and the lattice fringes of Pd species are absent. The XRD patterns

(Fig. 2a and Fig. S5 in Supporting information) of both 0.1% PdNi

and 0.8% PdNi samples show a series of the same characteristic re-

flections like substrate at 2θ 44.5°, 51.8°, and 76.3°, corresponding
to the (111), (200), and (220) of a Ni (JCPDS No. 04-0850) phase.

The absence of characteristic reflections of metallic or oxidic Pd

phase implies a high dispersion of Pd species. Differently, due to

high Pd contents, the XRD patterns (Fig. S5) of the 3% PdNi sam-

ple show obvious characteristic reflections at 2θ 40.0°, 46.5°, and
67.9°, indexed to the (111), (200), and (220) of a Pd (JCPDS No. 88-

2335) phase, which demonstrated the existence of Pd clusters or

NPs. Meanwhile, the 0.15% Pd/Al2O3 control sample was synthe-

sized by a simple impregnation method, in which Pd atoms were

highly dispersed on the surface of amorphous Al2O3 (Fig. S7 in

Supporting information).

Aberration-corrected high-angle annular dark-field scanning

transmission electron microscopy (AC-HAADF-STEM) was carried

out to provide a more unambiguous surface distribution state of

Pd and Ni species in 0.1% PdNi sample. It is obvious in AC-HAADF-

STEM images (Figs. 1c and d) to distinguish numerous atom-sized

brighter spots (highlighted by white cycles) on the surface of

Ni NPs attributed to individual Pd atoms without any Pd clus-

ters or NPs information. And the enlarged AC-HAADF-STEM im-

age (Fig. 1e) and the intensity profile (Fig. 1f) further confirm that

isolated Pd atoms are highly dispersed on the surface of Ni NPs,

demonstrating the successful synthesis of PdNi single-atom alloy

structure. Moreover, energy-dispersive spectroscopy (EDS) elemen-

tal mapping (Fig. 1g) of 0.1% PdNi sample verified that Pd atoms

are highly dispersed on Ni nanoparticles rather than amorphous

alumina. Besides, the AC-HAADF-STEM images (Fig. S14 in Support-

ing information) of 0.8% PdNi sample and 3% PdNi samples intu-

itively displayed the particle size of Pd, less than 3nm and more

than 6nm, respectively.

CO adsorption in situ diffuse reflection infrared Fourier trans-

form spectroscopy (CO-DRIFTS) was further carried out to no-

tarize the accurate existence form of Pd species of three
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bimetallic PdNi samples, since CO is a very sensitive probe for

Pd species structures (Fig. 2b). The test details of CO-DRIFTS are

described in the Experimental chapter of Supporting Information.

Firstly, it is noted that for all PdNi bimetallic samples, two broad

peaks appear near 1895 and 2057 cm−1, which are attributed to

CO on Ni sites demonstrated in previous works [39,40]. In addi-

tion, the two shoulder peaks at 2085 and 1970 cm−1 can be at-

tributed to linear CO on Pd0 and bridge-bonded CO on Pd sites

caused by the formation of Pd clusters or NPs, respectively. Note-

worthily, in order to intuitively analyze the linear CO on Pd, the

profiles (Fig. 2c) of three PdNi bimetallic samples within 2010–

2110 cm−1 are deconvoluted and fitted to two peaks of linear CO

on Pd0 sites (∼2085 cm−1) and linear CO on Ni sites (∼2057 cm−1).

For 0.1% PdNi sample, there is only linear CO on Pd0 (2085 cm−1)

without any bridge-bonded CO signal (1970 cm−1), which convinc-

ingly demonstrates the successful synthesis of PdNi single atom al-

loy (SAA), well corresponding to AC-HAADF-STEM image (Fig. 1d)

and the intensity profile (Fig. 1f). In contrast, although the peak of

linear CO on Pd0 (∼2085 cm−1) also exists in the 0.8% PdNi sample,

the appearance of the shoulder peak (1970 cm−1) reveals the coex-

istence of large Pd ensembles and Pd single atoms in this sample.

Furthermore, the shoulder peak (∼1970 cm−1) of bridge-bonded

CO on Pd ensembles for 3% PdNi sample shows stronger relative

intensity compared with the linear CO peak (2085 cm−1), which

represents the main existence species of this sample is large Pd

ensembles or continuous Pd shell on the surface of Ni NPs, which

accords well with the XRD pattern (Fig. S5) and AC-HAADF-STEM

images (Fig. S14).

X-ray photoelectron spectroscopy (XPS) measurements (Fig. 2d

and Fig. S6 in Supporting information) of Pd 3d and Ni 2p were

employed to probe the surface elemental composition and inves-

tigate the electronic interaction between Pd and Ni. XPS spectrum

of Pd 3d shows that the Pd electronic states of all PdNi bimetallic

samples should be attributed to Pd0, which are well in line with

CO-DRIFTS result (Fig. 2c). Compared with metallic Pd, the Pd 3d

binding energy of 0.1% PdNi can be observed as a noteworthy up-

shift indexed to the electron transfer between Pd and Ni atoms.

And the upshift of Pd 3d binging energy becomes weaker for 0.8%

PdNi and 3% PdNi samples as the Pd existence transfers to large

Pd ensembles or continuous Pd shell on the surface of Ni NPs, im-

plying the electronic state tends to metallic Pd. Besides, the corre-

sponding shift trend of the three samples is also shown in the XPS

spectrum of Ni 2p (Fig. S6).

The Suzuki cross-coupling reaction between 4-bromoanisole

and phenylboronic acid is employed as the model reaction to eval-

uate the catalytic performance of the 0.1% PdNi SAA sample and

other control samples. The conversion of Ni/Al2O3 substrate in 5h

is only about 4% (Fig. 3a), demonstrating the substrate is inactive.

And it is obvious that the reaction rate is rapidly improved due

to the deposit of Pd. Although a uniform mass catalyst (0.02 g)

was employed in the model reaction, and thus the Pd content of

0.1% PdNi SAA sample was much lower than other control sam-

ples, 0.1% PdNi SAA afforded a quite high 4-phenyltoluene yield

(Fig. 3b) about 96.6% after 1h at 80 °C with the excellent selec-

tivity about 97%. Moreover, the reaction rate of Pd species in dif-

ferent samples was calculated to show the activity of Pd more

directly. The reaction rate (Fig. 3c) of 0.1% PdNi SAA is approxi-

mately 17,032.25mmol h−1 gPd
−1, which is much higher than 0.8%

PdNi (1267mmol h−1 gPd
−1), 3%PdNi (199.5mmol h−1 gPd

−1) and

Pd/Al2O3 (3619mmol h–1 gPd
−1) samples. Thus, 0.1% PdNi SAA has

excellent catalytic performance for Suzuki cross-coupling reaction.

It is supposed to be attributed to the advantages of PdNi SAA’s

unique electronic structure and high Pd atom utilization efficiency.

Afterward, the durability and chemical stability of 0.1% PdNi SAA

were investigated. The same conditions as the model reaction was

selected, reacted at 80 °C for 1h, then recovered the catalyst and

Fig. 3. Catalytic performance of the catalysts in Suzuki coupling reaction. (a) Con-

version of 4-bromoanisole in Suzuki coupling reaction versus time over 0.1% PdNi

SAA, 0.8% PdNi, 3% PdNi, Pd/Al2O3, and Ni/Al2O3. (b) Yields of the Suzuki coupling

reaction of 4-methoxybiphenyl over 0.1% PdNi SAA, 0.8% PdNi, 3% PdNi, Pd/Al2O3,

and Ni/Al2O3 after 1 h. (c) The reaction rate of 0.1% PdNi SAA, 0.8% PdNi, 3% PdNi,

and Pd/Al2O3. (d) Recyclability and stability of 0.1% PdNi SAA. Reaction condi-

tions: deionized water (5mL), ethanol (5mL), 0.1% PdNi SAA catalysts (20mg), 4-

bromoanisole (0.33mmol), phenylboronic acid (0.66mmol), and K2CO3 (0.5mmol)

at 80 °C.

reacted five cycles. It also has great reactivity (conversion 85%) for

Suzuki coupling reaction after five cycles with consistently excel-

lent selectivity (above 95%). The XRD patterns and TEM image (Fig.

S12 in Supporting information) comparison between the fresh 0.1%

PdNi sample and the sample after five cycles shows no obvious

changes. And the Pd content of 0.1% PdNi SAA barely decreased

after model reaction (Table S2 in Supporting information), which

demonstrated that Pd is not leached to the solution in large quan-

tities and the reaction occurs in a heterogeneous catalytic process.

Furthermore, a reaction was performed according to the experi-

ment in Fig. S15 (Supporting information). Firstly, the reaction of

p-iodophenol and phenylboric acid is carried out according to the

model reaction conditions, then the catalyst was removed by cen-

trifugation. Finally, p-iodophenol and 4-fluorophenylboronic acid

were added to react according to the model reaction conditions.

The absence of 4-fluoro-4′-hydroxybiphenyl in products detected

by GC–MS is further evidence that Pd leaching is negligible. Cor-

respondingly, the Pd residue in product of all extension reactions

was lower than the detection limit of ICP-OES.

To investigate the substrate universality, a broad scope of aryl

halide and phenylboric acid derivatives was selected to evaluate

the 0.1% PdNi SAA catalytic performance (Table 1). Various aryl

halide and phenylboric acid derivative as substrates can reach a

high yield within 1h, revealing the excellent substrate universality.

Moreover, the 0.1% PdNi SAA was applied in Heck cross-coupling

reactions and exhibited great reactivity (Table 2), which fur-

ther demonstrated its great application prospect in cross-coupling

reaction.

Fig. 4 shows our proposed Suzuki reaction mechanism over

PdNi SAA based on experimental results and catalyst structure

characterization details. Here, every isolated Pd atom acts as an

adsorption site for aryl halides due to the 100 percent dispersion,

demonstrating Pd’s ultra-high availability. In adsorption, the po-

lar C-X bond (X=Cl, Br, I) in aryl halides is adsorbed by strong

electrostatic interaction to the zero-valance Pd atom. And then,

the electron-rich Pd weakens the C-X bonds as an electron donor,

which is considered the rate-determining step for the reaction

[26,41]. The electron-rich Pd is demonstrated as having a crucial

role in reducing the activation energy of the reaction. Finally, the

transmetallation and reductive elimination steps are followed by
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Table 1

Suzuki cross-coupling reactions for various aryl halides and arylboronic acids over

0.1% PdNi SAA.

Entry Aryl halide Phenylboronic acid Yield (%) TON valuec Error value (%)

1 4-NO2C6H4Cl C6H5B(OH)2 54 a 408 0.50

2 4-AcC6H4Cl C6H5B(OH)2 16 a 121 1.20

3 4-MeOC6H4I C6H5B(OH)2 95 b 1789 1.31

4 4-MeC6H4I C6H5B(OH)2 94 b 1771 0.70

5 4-OHC6H4I C6H5B(OH)2 97 b 1823 0.71

6 4-CF3C6H4I C6H5B(OH)2 97 b 1828 0.78

7 4-OHC6H4Br C6H5B(OH)2 97 b 1832 0.78

8 4-MeC6H4Br C6H5B(OH)2 96 b 1820 1.65

9 4-NO2C6H4Br C6H5B(OH)2 91 b 1714 0.44

10 4-MeOC6H4I 4-FC6H4B(OH)2 92 b 1741 0.31

11 4-MeC6H4I 4-FC6H4B(OH)2 98 b 1849 0.15

12 4-OHC6H4I 4-FC6H4B(OH)2 95 b 1785 0.55

13 4-MeOC6H4Br 4-FC6H4B(OH)2 95 b 1792 0.71

14 4-CF3C6H4I 4-FC6H4B(OH)2 98 b 1859 0.50

15 4-OHC6H4Br 4-FC6H4B(OH)2 97 b 1826 0.85

16 4-MeC6H4Br 4-FC6H4B(OH)2 98 b 1845 0.75

17 4-NO2C6H4Br 4-FC6H4B(OH)2 93 b 1755 2.99

a Reaction conditions: DMF (10mL), 0.1% PdNi SAA catalysts (50mg), aryl halide

(0.33mmol), phenylboronic acid (0.66mmol), and K2CO3 (0.5mmol) at 120 °C, 24h.
b Reaction conditions: deionized water (5mL), ethanol (5mL), 0.1% PdNi SAA cat-

alysts (20mg), aryl halide (0.33mmol), phenylboronic acid (0.66mmol), and K2CO3

(0.5mmol) at 80 °C, 1 h.
c TON of the reaction was calculated on the basis of the molar amount of Aryl

halide vs. the molar amount of Pd of catalyst in the reaction time.

Table 2

Heck cross-coupling reactions for various aryl halides and arylboronic acids over

0.1% PdNi SAAa.

Entry Substrate 1 Substrate 2 Time (h) Temperature (°C) Yield (%)

1 4-MeOC6H4I Styrene 24 100 79

2 4-MeC6H4I Styrene 24 100 87

3 4-OHC6H4I Styrene 24 100 83

a Reaction conditions: DMF (3mL), 0.1% PdNi SAA catalysts (68mg), substrate 1

(1mmol), substrate 2 (1mmol), and Et3N (1mmol) at 100 °C, 24h.

Fig. 4. Proposed mechanism. Proposed reaction paths for the Suzuki cross-coupling

process over 0.1% PdNi SAA.

forming the final coupling products. It is worth noting that the

electron-rich Pd and the ultra-high utilization of PdNi SAA lead to

the high activity of the reaction.

In summary, we applied SAAs for cross-coupling reactions and

constructed PdNi SAA with high activity and stability by a two-step

method consisting of Ni NPs obtained from the structural, topo-

logical transformation of LDHs followed by a galvanic replacement

method. The successful synthesis of PdNi SAA was characterized by

AC-HAADF-STEM, CO-DRIFTS, and XPS. The PdNi SAA exhibits ex-

traordinary catalytic activity in Suzuki and Heck cross-coupling re-

actions. Noteworthily, the reaction rate of PdNi SAA is much higher

than other control samples. It is obvious that the excellent catalytic

performance of PdNi SAA is derived from the unique zero-valent

Pd atoms with rich electrons and high atom utilization efficiency.

Our work demonstrates the excellent application prospect of SAAs

for cross-coupling reaction and provides a reference for other SAAs

applications in various cross-coupling reactions.
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