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Palladium nanoparticles are efficient catalyst systems that are 
widely used in a variety of industrial processes.1–3 Pd has a lower 
cost than Pt and is characterized by a unique electronic structure 
(4d10, 5s0), which can be strongly influenced by introducing an 
additional metal into the coordination environment.4 The main 
advantage of bimetallic nanoparticles (BNPs) is the improvement 
of metal properties due to the paired synergistic effect.5 Palladium-
based bimetallic catalysts have attracted increasing attention due 
to their enhanced activity and stability.6,7 Pd–Fe BNPs are promising 
catalysts that exhibit excellent activity in the cleavage of C–O 
and C–C bonds in biomass-derived cellulose, hemicellulose and 
lignin. They show high efficiency in important ‘green’ reactions: 
aqueous phase reforming, hydrogenolysis of C2–C6 polyols and 
furfural, and hydrodeoxygenation of phenol derivatives.8 The most 
important parameter of BNPs is their size, and the enhanced 
properties are most pronounced in nanoparticles <10 nm. However, 
these metal particles are thermodynamically unstable, so when 
in solution, such particles merge into large agglomerates. One of 
the ways to stabilize BNPs is to deposit them on an inert support.9

In previous studies of Pd–Bi and Pd–Sn catalysts,10,11 our 
research group used a new method for preparing highly dispersed 
supported BNPs of the mentioned composition based on the 
employment of organometallic precursors, viz. acetylacetonates.12 
However, the possibility of extending this method to other bimetallic 
systems has not been given enough attention. The present work was 
aimed to develop a new unique approach for preparing highly 
dispersed Pd–Fe BNPs from alumina-supported acetylacetonates.† 

The materials were characterized by XRF, TEM, SEM, EDX, 
XPS, XRD and low-temperature N2 adsorption–desorption 
methods† and the obtained data were compared with previous 
results for supported Pd–Bi and Pd–Sn BNPs to substantiate 
the versatility of the method.

Formation of Pd–Bi and Pd–Sn BNPs on the Al2O3 surface was 
considered earlier.10,11 The formation process follows a similar 
mechanism and can be adapted to a wide range of BNPs formed 
by this method. At the stage of impregnation of the support with 
a solution of Pd(acac)2 and Fe(acac)3 precursors, the formation 
of surface-adsorbed acetylacetonate complexes presumably 
occurs due to the interaction with the coordinatively unsaturated 
centers of Al2O3 with the formation of intermediate acetylacetonate 
complexes [reactions (1) and (2)]. At the stage of calcination in 
an Ar atmosphere, the adsorbed complexes decompose with the 
formation of acetone [reactions  (3)–(5)]. In addition, at this 
stage, dispersion of metals occurs, which covalently bind to the 
support after ligand decomposition.14 Treatment in an O2 flow is 
responsible for the oxidation reactions of acetone and metals 
[reactions (6)–(8)]. Hydrogen treatment results in the reduction 
of PdO and FexOy to their metallic forms [reactions (9) and (10)].

Pd(acac)2 + (Al3+)s ® [Al(acac)]2+
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A new approach to the synthesis of highly dispersed deposited 
bimetallic Pd–Fe nanoparticles with a median size of 3–4 nm 
and a narrow size distribution has been developed, based on 
the use of metal acetylacetonates as starting materials. It has 
been established that Pd in the presence of Fe undergoes 
strong oxidation compared to monometallic nanoparticles. 
Comparison of the obtained results with data for other systems 
has shown the universality of the method for preparing 
highly dispersed palladium-based bimetallic nanoparticles.
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†	 In a typical synthesis, g-Al2O3 (125–250 mm fraction) was dried in a 
vacuum oven for 24 h at 120 °C and stirred in an acetic acid solution (200 ml) 
of the Pd(acac)2 and Fe(acac)3 precursors at 500 rpm for 20 h. The Pd/Fe 
atomic ratio was chosen to be 3 : 1, 10 : 1 and 20 : 1. The total metal content 
was approximately 6%. Excess solvent was removed using a rotary 
evaporator, followed by drying the samples in a vacuum cabinet at T = 80 °C.

 The resulting powder was subjected to successive temperature treatments 
for 2 h in an Ar atmosphere at 525 °C (to decompose the organometallic  
complexes), in an O2 atmosphere at 375 °C (to remove organics) and in an 
H2 atmosphere at 525 °C (to reduce PdO species).13 The heating rate 
during the Ar treatment was 0.7 °C min−1 to ensure complete decomposition 
of metal acetylacetonates and 1.0 °C min−1 during the O2 and H2 treatment.
	 A description of the instrumental methods and the results of XRD, 
SEM, XPS and low-temperature N2 desorption–adsorption studies are 
presented in Online Supplementary Materials.
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[Pd(acac)]+
s  ® (Pd2+)s + Me–CO–Me	 (4)

[Fe(acac)2]+
s  ® (Fe3+)s + Me–CO–Me	 (5)

Me–CO–Me + O2 ® CO2 + H2O	 (6)

(Pd2+)s + O2 ® (PdO)s	 (7)

(Fe3+)s + O2 ® (FexOy)s	 (8)

(PdO)s + H2 ® (Pd0) + H2O	 (9)

(FexOy)s + H2 ® (Fe0) + H2O	 (10)

The metal content in the samples was determined by XRF 
analysis (Table 1). The Pd/Fe ratios are close to those theoretically 
calculated.

The textural characteristics of the support do not undergo 
significant changes upon the deposition of BNPs, except for a slight 
decrease in the average pore diameter and volume, which may 
indicate partial adsorption in the large pores of alumina (Table S1, 
see Online Supplementary Materials). SEM micrographs are 
representative and demonstrate significant destruction of the 
initial fraction of the support during the synthesis [Figure S1(a), 
see Online Supplementary Materials]. The obtained samples 
have a fraction of up to 50 mm. EDX mapping showed a uniform 
distribution of metals on the alumina surface [Figure S1(b),(c)]. 
Rare inclusions of large Pd agglomerates are formed at the high-
temperature treatment stage. Elemental analysis in several areas of 
the 3Pd-1Fe sample showed that the average Pd/Fe atomic ratio is 
2.9 (Table S2), which coincides with the theoretically calculated one.

The XRD patterns for both the support and the H2-pretreated 
Pd–Fe samples demonstrate primarily the main diffraction peaks of 
g-Al2O3 (Figure S2). The growing peaks at 2q of 40.2° and 46.7° 
confirm the formation of a well-crystallized Pd0 phase.15 However, 
no Fe phase and other Pd phases were detected in the XRD patterns, 
probably due to the small crystallite sizes and low metal content 
relative to the support.

TEM micrographs of the obtained samples demonstrate that 
the metal particles are well dispersed on the support surface 
[Figure 1(a)]. The particle shape is close to spherical. However, 
at a high Fe content (3Pd-1Fe), large agglomerates with an 
octahedral shape characteristic of iron oxides are formed.16 For 
comparison, images of Pd–Bi and Pd–Sn samples with a ratio of 
3 : 1 are shown [Figure 1(b),(c)].10,11 The corresponding distribution 
histograms show rather narrow particle distributions with the main 
fraction of particles ranging in size from 2 to 6 nm. The character 

of the histograms corresponds to a lognormal distribution with a 
median value of approximately 3–4 nm for all samples. This indicates 
the possibility of preparing deposited monodisperse BNPs by this 
method regardless of the choice of the doping metal.

To study the nature of the interaction between Pd and Fe, 
elemental mapping of the particles was carried out, which 
confirmed the close localization of Pd and Fe (Figure 2). Similar 
results are observed for all investigated samples of the Pd–Fe 
composition. A similar pattern was previously revealed for deposited 
Pd–Sn and Pd–Bi BNPs.10,11

The electronic state of Pd on the surface was studied by XPS. 
Monometallic Pd/Al2O3 was prepared as a reference sample for 
comparison. The XPS spectra for the Pd 3d core levels of all 
synthesized samples after the last pretreatment step in H2 atmosphere 
(at 525 °C for 2 h) are presented in Figure 3. Two asymmetric 
peaks separated by 5.3 eV were found in the 3d spectrum of the 
palladium core, assigned to the Pd  3d5/2 and Pd  3d3/2 levels. 
The Pd 3d5/2 signals can be deconvoluted into two peaks: one 
centered at 335.2 eV, attributed to the metallic form of Pd0, and 
the second peak centered at 336.4 eV, associated with the presence 
of the adsorbed oxidized form of Pdii

ads.17 The peak area ratio in the 
doublet is 3 : 2 in accordance with the spin–spin coupling law for 
d-elements and coincides with the deconvolution results (Table S3). 
The shift of Pdii and Pd0 toward lower binding energies indicates 
the presence of electronic interaction between Pd and Fe. It was 
observed that the addition of iron in a significant amount (3Pd-1Fe) 
leads to the formation of a fully oxidized state of palladium 
Pdii(~45%) presumably due to the strong interaction between Pd 
and Fe, which is almost always in the oxidized state in air. A decrease 
in the amount of added iron promotes the formation of the Pdii

ads 
form bound to the oxygen-containing groups of the support. At the 
same time, the content of the reduced Pd0 form increases with 
decreasing iron content (20Pd-1Fe) due to the weakening of the 
electronic interaction between the metals. The formation of the 
Pd–O–Fe phase also cannot be excluded.18

Although the valence state was investigated after the reducing 
treatment of the samples, a high contribution of the oxidized 
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Figure  1  TEM micrographs and particle size distribution histograms for (a) 3Pd-1Fe, (b) 3Pd-1Bi (adapted from ref. 11) and (c) 3Pd-1Sn (adapted from 
ref. 10) samples.

40 nm40 nm

Figure  2  EDX mapping of the 3Pd-1Fe sample (Pd – green, Fe – red).

Table  1  Metal content in Pd–Fe/Al2O3 determined by XRF  analysis.

Sample Pd (wt%) Fe (wt%) Pd + Fe (wt%) Pd/Fe (at/at)

3Pd-1Fe 5.9 0.9 6.8 3.2
10Pd-1Fe 6.6 0.3 6.9 10.9
20Pd-1Fe 6.3 0.2 6.5 19.6
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form, which is not typical for monometallic Pd, is observed for all 
Pd–Fe samples. This effect is partly due to the interaction of Pd 
with oxygen species from alumina,19 as in the case of monometallic 
Pd. However, Pd in the Pd–Fe samples is oxidized to a significantly 
higher extent than in Pd–Bi and Pd–Sn.10,11 This feature is probably 
explained by the high affinity of Fe and, consequently, Pd–Fe 
BNPs for oxygen.

In conclusion, a novel approach to the synthesis of Al2O3-
supported Pd–Fe BNPs has been developed. This method enables 
the preparation of supported BNPs with a median size of 3–4 nm 
regardless of the selected dopant metal by using acetylacetonates 
as organometallic precursors. At the same time, the nature of the 
particles formed and the electronic state of the alloy components 
depend on the nature of the added metal, which determines the 
functional properties. In the case of Pd–Fe, we observed a high 
content of the oxidized form of Pd compared to Pd–Bi and Pd–Sn.

This work was supported by the Ministry of Science and 
Higher Education of the Russian Federation (grant no.  
075-15-2023-468).

Online Supplementary Materials
Supplementary data associated with this article can be found 

in the online version at doi: 10.71267/mencom.7600.
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Figure  3  XPS spectra of Pd 3d core levels for (a) Pd, (b) 3Pd-1Fe, (c) 10Pd-
1Fe and (d ) 20Pd-1Fe samples. The signals were deconvoluted with contribu
tions from (1) Pd0, (2) Pdii and (3) Pdii

ads (shown as relative percentages).
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