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The heterobimetallic lantern complex Pd(l-OOCMe)4Zn(OH2) was found to be readily reduced with H2 under fairly mild

conditions (150–250 �C, 5–10% H2/He) both in the carbon-supported and crystalline states to afford a Pd–Zn nanoalloy as

evidenced by the ICP elemental analysis, EXAFS, XANES and XRD data.
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1. Introduction

Currently, much attention is paid to palladium-based
heterometallic complexes due to their potential in
materials science and catalysis. A traditional procedure
for the preparation of supported mixed-metal catalysts
comprises a separate deposition of the constituent metal
precursors (normally simple metal salts) followed by
redox pretreatment of the supported sample [1]. More
advanced procedures make use of mixed-metal clusters
(e.g., heterometallic carbonyls such as
[Pd6Ru6(CO)24]

2)) as precatalysts [2]. However, syn-
thesis and processing of such parent compounds is
rather laborious. Pd-based heterobimetallic carboxylate

complexes could be viable alternative precatalysts;
however, until recently, there were only two well-defined
examples for this type of compound – Pd2Cd2(l-OO
CMe)8Æ(HOOCMe)2 [3] and PdTl(l-OOCMe)4(OO
CMe) [4].

A new convenient synthetic procedure developed
recently in the Kurnakov Institute permits now high-
yield preparations of crystalline PdII-based heterodime-
tallic carboxylate-bridged complexes starting from
Pd3(OOCMe)6 and the complementary metal(II,III)
acetates [5–7]. The complexes contain the transition
(MnII, CoII, NiII), post-transition (ZnII) and rare-earth
(CeIV, SmIII, NdIII, EuIII) metals together with palla-
dium. According to the single-crystal X-ray diffraction
data [5], the palladium atom in each of these lantern-
type complexes is strongly linked to the complementary

5-10% H2/He

150-250oC
PdZn + 4 CH3COOH + H2O
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metal atom by four acetate bridges (see, for example,
figure 1), so that the Pd – complementary metal dis-
tances (2.46–2.68 Å for 3d metals and 3.20–3.40 Å for 4f
metals) are close to the sum of covalent radii, implying
some metal–metal interaction. Such a structure is
favorable for keeping together the constituent metal
atoms during the deposition and redox treatment, giving
promise for the preparation of heterometallic nanocl-
usters and catalysts.

Here we report on the thermal behavior and reduc-
tion with H2 of the complex Pd(l-OOCMe)4Zn(OH2)
(1) (figure 1) in the crystalline and carbon-supported
states. The Pd–Zn catalytic system deserves a special
interest because it is highly active and selective in
methanol synthesis, acetylene hydrogenation, steam
reforming and dehydrogenation of methanol, and rela-
ted industrial processes [8–12]. Pd–Zn alloys, which are
thought to be crucial for the catalytic behavior, are
known to form upon reduction of the Pd/ZnO catalyst
at rather high temperatures ( ‡ 500�C) when the catalyst
was prepared according to the traditional procedure
from the component salts. In this work we found that
complex 1 can be readily transformed to Pd–Zn alloy
nanoparticles by reduction with H2 under much milder
conditions (150–250 �C, 5–10% H2/He), as evidenced by
the data of EXAFS, XANES, XRD and ICP elemental
analysis.

2. Experimental

2.1. Reagents and solvents

Solvents (glacial acetic acid and methanol, both of
reagent grade) were purchased from Reakhim, Russia,
and purified by standard procedures [13]. All gases (H2,
He and Ar) were of special purity grade.

The salt Zn(OOCMe)2Æ 2H2O (reagent grade) was
purchased from Acros, Belgium. Palladium(II) acetate
Pd3(OOCMe)6 was prepared by the oxidation of Pd
black (prepared by reduction of PdCl2 (reagent grade,
purchased from Reakhim, Russia,) with NaBH4) with
concentrated HNO3 in glacial acetic acid according to a
known procedure [14]. The reaction product was puri-
fied from the admixture of PdII nitrate complexes by
refluxing in glacial AcOH with a fresh portion of Pd
black until NO2 evolution ceased followed by recrys-
tallization from hot AcOH.

The complex PdZn(l-OOCMe)4(OH2) (1) was syn-
thesized according to a procedure described in Ref [5].
The as-prepared crystals of 1 contain a THF molecule of
crystallization (according to the CHN, ICP and X-ray
diffraction analyses the exact formula is PdZn(l-OO-
CMe)4(OH2)� THF), which is almost completely
removed upon heating at 50–60�C for 1 h or 1 day
storage in air.

The carbon mesoporous carrier ‘‘Sibunit’’ purchased
from the TDIIC (Siberian Branch, RAS, Omsk, Russia)
had the following characteristics: specific surface area
(BET) is 332 m2 g)1; total pore volume is 0.45 cm3 g)1.
Supported samples were prepared by the deposition of
complex 1 from its methanol solution on Sibunit
(1.5 wt.% based on total metals, 0.93% Pd + 0.57%
Zn).

Hydrogen treatment of the unsupported PdZn ace-
tate complex: a sample of complex 1 (98 mg,
0.230 mmol) was loaded to a quartz boat (5 � 25 mm),
which was placed in a quartz tube 10 mm in diameter,
connected to gas supply lines (Ar and 10% H2/He) and
put into a thermocontrolled tube oven. The tube was
evacuated, filled with argon and heated to 90 �C with a
rate of 5 K min)1 in an Ar flow (10 cm3 min)1). Then
the feeding gas was changed for a 10% H2/He gas
mixture (10 cm3 min)1), the temperature was raised with
a rate of 5 �C min)1 to 250 �C and this temperature was
maintained for 2 h. Then the feeding gas was changed
for Ar and the tube with the sample was slowly cooled in
the oven to a room temperature in an Ar flow.
According to ICP elemental analysis, the residue, an air-
stable black solid powder (38.7 mg, 98% based on
Pd + Zn), has the following composition: Pd, 61.12%,
Zn, 36.09%. Calcd. for PdZn: Pd, 61.94%, Zn, 38.06%.

2.2. Physical measurements

The elemental C,H,N analyses were performed on an
automated C,H,N-analyzer (Carlo Erba Strumentazione,

Figure 1. Molecular structure of the complex PdZn(l-OO

CMe)4(OH2) (1) by the data of single-crystal X-ray diffraction analysis

[5] (Pd–Zn distance is 2.5811(6) Å, the sum of Pd and Zn covalent radii

is 2.53 Å).
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Italy). The elemental ICP analyses were performed on
an Iris Advantage instrument (Thermo Jarrell Ash,
USA). Solid samples were dissolved in aqua regia for
3 h.

The DTA-TG analyses were performed on DSC-20
and TG-50 units of a thermoanalyzer TA-3000 (Mettler)
under argon with a rate of 5 �C min)1. The X-ray
powder diffraction of the solid residue was measured
with a Huber Imaging Plate Guinier Camera 670
(CuKa1-radiation). The X-ray patterns were indexed
using the program TREOR90 [15].

XAFS measurements were carried out at HASYLAB
(DESY in Hamburg, Germany) on the beamline X1
(PdK-edge, 24350 eV) using a double-crystal Si(311)
monochromator, which was detuned to 50% of maxi-
mum intensity to exclude higher harmonics in the X-ray
beam, and on the beamline E4 (ZnK-edge, 9659 eV)
using a double-crystal Si(111) monochromator, which
was detuned to 30% of the maximum intensity to
exclude higher harmonics. The spectra were recorded in
the transmission mode at a low temperature (T = 80 K)
in order to decrease the Debye–Waller factors. All
spectra were measured simultaneously with the reference
spectrum of a Pd or a Zn foil placed behind the second
ionisation chamber, for calibration of the energy scale.

All experiments were performed using an in situ
EXAFS cell described in Ref. [16], in which a fractioned
sample was exposed to the flowing gas. After reduction
treatment (5% H2 in a He flow), the sample was flushed
by pure helium at the same temperature to avoid the
formation of palladium hydride.

To extract quantitative information from EXAFS
spectra, Fourier-filtered shell contributions were fitted
using the standard EXAFS formula in the harmonic
approximation:

v ¼ S2
0

X

j

NjFjðkÞ
kR2

j

expð�2r2
j k

2Þ sin½2kRj þ /jðkÞ�;

with the summation over atomic shells j. The required
scattering amplitudes and phase shifts F and u were
calculated by the ab initio FEFF8.10 code [17]. The fit-
ting was done in the k- and r-spaces. The shell radius Rj,
coordination number Nj, Debye–Waller factor r2

j and
adjustable ‘‘muffin-tin zero’’ DEj were determined as
fitting parameters. The errors of the fitting parameters
were found by decomposition of the statistical v2 func-
tion near its minimum, taking into account maximal
pair correlations. Analysis of the EXAFS spectra was
performed with the software VIPER for Windows [18].

3. Results and discussion

3.1. XANES data

Figure 2 shows the ZnK and PdK XANES of the
carbon-supported 1 after different treatments. A com-
parison of curves 3 and 4 in figure 2a and b suggests that
that the PdII–ZnII complex is not strongly perturbed in
the as-prepared sample, and its heating at 120 �C under
He and reduction at 50 �C in a 5% H2/He flow pro-
duced only minor changes in the spectra.

Figure 2. XANES curves of complex 1 after different treatments, (a) PdK edge XANES, 1-Pd foil; 2-PdO; 3-unsupported complex 1; 4-supported

sample as prepared; 5-supported sample after treatment at 120�C under He; 6-supported sample after treatment with 5% H2/He at 50�C; 7-
supported sample after treatment with 5% H2/He at 150�C; 8 -supported sample after treatment with 5% H2/He at 250�C, (b) ZnK edge XANES,

1-Zn-foil; 2-ZnO; 3- unsupported complex 1; 4-supported sample as prepared; 5- supported sample after treatment at 120�C under He;

6- supported sample after treatment with 5% H2/He at 250�C.
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3.2. DTA-TG data

In agreement with these results, the DTA-TG data
showed only small weight changes for the unsupported
complex 1 during its heating from 20 to 150 �C under Ar
(figure 3). Two moderate effects were observed in this
interval: (i) a weight loss of 2 ± 1.0% with a small
endothermic effect (D H = 3.3 ± 0.5 kJ mol)1) within
20–90 �C due to the removal of traces of crystallization
THF molecules�; (ii) a weight loss of 4.3 ± 1.0%
within 92–140 �C due to the removal of the coordinated
H2O molecules with an endothermic effect of
43.5 ± 5.0 kJ mol)1 (cf. D H = 40.65 kJ mol)1 for
water evaporation). The main structure of the tetraace-
tate-bridged PdIIZnII complex seems to maintain up to
150 �C. Essential structural changes began upon heating
above this temperature: an intense weight loss with a
large endothermic effect occurred in the interval 155–
216 �C and terminated at 220 �C.

The total weight loss in the temperature interval
90–220 �C (56.4 ± 1.0%) corresponds, within the
experimental error, to the complete removal of the
acetate and water ligands to produce a mixture of Pd
metal and ZnO (55.91% calculated weight loss). The
ICP elemental analysis data confirmed the
Pd:ZnO = 1:1 mol/mol composition of the solid resi-
due after thermolysis (found: Pd, 56.24%, Zn 34.63%.,
Calcd. for PdZnO: Pd, 56.67%, Zn 34.81%).

Unlike thermolysis in inert atmosphere and low-
temperature (50�C) H2 reduction, hydrogen treatment of
the supported complex 1 at 150�C produced not only Pd
metal + ZnO but also another species, presumably
nanoparticles of a Pd–Zn alloy. This is reflected by
changes in the PdK-edge XANES curves (see figure 2b,
curve 7). When the supported sample was treated with
5% H2/He at 250�C, the XANES pattern exhibited
more profound changes as seen in figure 2 (a, curve 6,
and b, curve 8).

3.3. EXAFS data

The nature of these changes can be revealed by
analysis of the EXAFS data (figure 4). The spectra of
the unsupported and the supported complex 1 (curves 3
and 4 in figure 4a and b) show that the geometry of the
complex is largely retained although the lower intensity
of the scattering events at the PdK edge indicates some
structural distortion. The next neighbor to Pd is at
�1.6 Å (uncorrected) and weaker scattering events are
at longer distances (figure 4a , curve 4). The next
neighbor to Zn is at �1.5 Å (figure 4b, curve 4). Heating
the sample to 120�C in He or treatment with H2 at 50�C
does not change this structure (figure 4a, curves 5, 6,
figure 4b, curve 5).

When the reduction temperature was increased to 150
and 250�C, the EXAFS pattern exhibited dramatic
changes. From the PdK edge EXAFS it is seen that the
reduction of Palladium(II) begins at 150�C (figure 4a,
curves 7 and 8), but the scattering feature of the next
neighbor is different from that in the Pd foil. It has a
smaller amplitude and occurs at a somewhat shorter
distance �2.3 Å (uncorrected) for reduction at 150�C,
even shorter at the higher reduction temperature. No
order is observed beyond the first neighbor. The ZnK-
edge EXAFS spectrum for the sample reduced with H2

at 250�C (figure 4b, curve 6) is different from that for Zn
metal, with a pronounced peak at a distance larger than
that of Zn(0)–Zn (2.45 Å compared to 2.25 Å (both
uncorrected)), although the position of the edge (fig-
ure 2b, curve 6) implies that the oxidation state of the
Zn atom is noticeably lower than + 2. Thus, the XAFS
spectra at both the Pd and ZnK edges collected after H2

reduction at 150–250�C indicate the appearance of the
other element in the first shell, suggesting alloy forma-
tion. In order to check this hypothesis, model fits of the
EXAFS spectra were performed, the results of which are
given in figure 5 and Table 1.

The PdK-edge spectra (figure 5a and b) may be
readily fitted in both spaces with a single-shell model
with a zinc shell around the central absorbing palladium
atom. For fitting the Zn spectrum (figure 5c and d), a
three-shell model was necessary: two oxygen shells and
one palladium shell around the central absorbing zinc
atom. It should be noted that the Pd–Zn and Zn–Pd
distances practically coincide, which nicely confirms
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Figure 3. Thermal decomposition of unsupported complex 1 under Ar: (a) weight change; (b) differential curve.

�According to the elemental analysis and X-ray diffraction data, the as-

prepared crystals of complex 1 contain one THF molecule of crystal-

lization for the formula unit, corresponding to the exact formula

PdZn(l-OOCMe)4(OH2)� THF).4 These THF molecules are easily

removed upon storage of complex 1 even at room temperature for

several days preceding the DTA-TG measurements. The samples under

study contained 5–10% THF molecules of the original composition.
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alloy formation. As to the remaining signals in the ZnK-
edge spectrum, the nearest O (and/or C) environment of
the Zn atom in the reduced sample is similar to the first

shells in the reference complex 1 and in ZnO (figure 4b,
curve 4). The presence of these FT peaks implies that
some Zn ions have survived after reduction in H2 at
250�C, but those having next O neighbors have not
formed an ordered oxide phase because the typical ZnO
scattering pattern is absent. The fate of the Pd ions
originally related to these Zn ions remains unclear, but
again the formation of large (e.g. Pd metal) particles can
be excluded.

The EXAFS results for the supported samples agree
well with observations made upon reduction of the
unsupported PdZn acetate complex 1 in hydrogen. In
this experiment the crystalline complex 1 preheated
under argon to 90�C was treated with a 10% H2/He gas
mixture during a temperature ramp from 90 to 250�C,
kept at 250�C for 2 h and purged with Ar to destroy a
Pd hydride that could also be present after the hydrogen
treatment. The elemental ICP analysis showed that the
solid reduction product constituted mostly of Pd and Zn
in a 1:1 atomic ratio (total metal content 97.2%).
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Figure 5. Model fits of PdK and ZnK EXAFS spectra taken from

carbon-supported 1 reduced with 5% H2/He at 250�C (cf. figure 4a,

curve 8, figure 4b, curve 6), a) and b) PdK edge, k-space (a) and r-space

(b), c) and d) ZnKedge, k-space (c) and r-space (d), for model

parameters see Table 1.

Figure 4. EXAFS spectra of carbon-supported 1 after different treatments (Fourier transform (absolute value) of k2-weighted EXAFS function),

(a) PdK edge, 1-Pd foil; 2-PdO; 3- unsupported complex 1; 4-supported sample as prepared; 5- supported sample after heating to 120�C under He;

6- supported sample after treatment with 5% H2/He at 50�C; 7-supported sample after treatment with 5% H2/He at 150�C; 8-supported sample

after treatment with 5%H2/He at 250�C, (b) ZnK edge, 1-Zn foil; 2-ZnO; 3-unsupported complex 1; 4-supported sample as prepared; 5-supported

sample after heating to 120�C under He; 6-supported sample after treatment with 5% H2/He at 250�C.

Table 1

Parameters of best model fits of spectra taken after reduction of

carbon-supported 1 (5% H2/He) at 250�C (cf. figure 5)

K-edge Path r(Å) Coord. number 103 r2(Å))2 E0(eV)

Pd Pd–Zn 2.588 (2) 3.7 (1) 5.8 (6) 3.9 (2)

Zn–O 1.814 (3) 0.3 (1) 0.5 (1) 11.5 (6)

Zn Zn–O 1.996 (1) 0.9 (1) 0.5 (1) 10.5 (2)

Zn–Pd 2.586 (3) 3.2 (2) 4.9 (3) 3.7 (5)

The values in the parenthesis are the standard errors in the last digit.
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3.4. XRD data

The XRD analysis of the solid residue revealed a
single crystalline phase, a PdZn 1:1 alloy (figure 6 and
Table 2). From the half-width of the diffraction lines,
using the Scherrer equation b Kk/L cos h, the average
size of the PdZn crystallites was estimated as 25±
5 nm; hence, this procedure allows the preparation of
metal alloy nanoparticles. The EXAFS data shown
above (metal–metal coordination numbers below 4, cf.
Table 1) show, however, that the alloy particles achieved
by reduction of the carbon-supported complex are much
smaller than those obtained from the unsupported
complex.

4. Conclusions

This study showed that the palladium–zinc alloy
nanoparticles can be formed by reduction of PdII and
ZnII under rather mild conditions when the PdII–ZnII

heterometallic carboxylate complex 1 is used as a parent
compound. This result can be due to the fact that the
tetrabridged structure of complex 1 is rather stable even
at elevated temperatures, up to 100–150�C, keeping the
Pd and Zn atoms together under conditions of hydrogen
treatment (150–250�C). The reduction easily proceeds at
low H2 partial pressures (0.05–0.10 atm), under much
milder conditions than have been used in traditional
preparation procedures [9, 11]. These facts demonstrate
the advantage of using heterometallic carboxylate
complexes as parent compounds for the synthesis of
nanoalloys and mixed-metal catalysts.
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