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ABSTRACT: A series of salts (R4N)2[Pd(NO3)4] (R = CH3, C2H5, n-
C3H7; 1−3) were synthesized in high yield from a nitric acid solution of
palladium. The salts were characterized by a combination of
physicochemical methods, and their crystal structures were determined
by X-ray diffraction. The conformation of the [Pd(NO3)4]

2− anion was
studied in detail using crystal structure data and density functional theory
calculations. A combination of nonhygroscopicity and stability under
normal conditions, together with thermolability, high solubility in various
solvents, and the lability of nitrato ligands, makes salts 1−3 valuable
starting materials for the synthesis of Pd compounds and the preparation of Pd-containing catalysts. In this work, these applications
were illustrated by the synthesis of heteroleptic Pd(II) nitrato complexes with N-donor ligands and the preparation of Pd0.1Ni0.9/
SiO2 catalysts, which worked well in H2 generation from hydrazine hydrate. Generally, it was shown that up to several weight percent
of Pd can be deposited on various oxide/hydroxide supports using a straightforward chemisorption procedure from acetone
solutions of 1−3.

1. INTRODUCTION

Materials prepared by the deposition of palladium on diverse
supports are widely used in heterogeneous catalysis, account-
ing for about 90% of the annual demands of this metal.1 The
most resource-intensive application of such materials is in the
automotive emission depollution system,2,3 but they are also
vital for important industrial processes, such as ethylene glycol
synthesis (via dimethyl oxalate)4 and the production of
purified terephthalic acid.5,6 Along with other noble metals,
Pd-containing catalysts are of great interest to research
directed toward the development of hydrogen energy systems,
including fuel cell fabrication,7 hydrogen storage,8,9 and
hydrogen generation.10,11

Among the palladium-containing compounds used for the
preparation of supported catalysts, the palladium nitrate trans-
[Pd(NO3)2(H2O)2] (CAS: 32916-07-7) is of great impor-
tance.12−14 The thermolability of this reagent is a major
advantage (decomposition at about 100 °C),15 resulting in the
ready formation of metallic Pd nanoparticles or ionic Pd
species on the surface of the support under mild conditions.16

Furthermore, the substitutional lability of the nitrato ligands in
[Pd(NO3)2(H2O)2] provide a straightforward route to the
heteroleptic palladium(II) complexes by the sequential
reactions [Pd(NO3)2(H2O)2] → [Pd(NO3)2L

1
2] →

[PdL2
2L

1
2].

17

Despite the noted benefits, the hygroscopicity of this
palladium nitrate causes difficulties in handling, especially

after prolonged storage. The closely related thermolabile salts
(NO)2[Pd(NO3)4] and Pd(NO3)2 can be prepared by
dissolution of Pd in liquid N2O5 or fuming HNO3;
unfortunately, they are extremely sensitive to moisture.18,19

The series of salts M2[Pd(NO3)4] (M = Na, K, Rb, Cs) were
also synthesized20−22 and characterized, but their lack of
solubility in organic solvents and the unavoidable residue of
MNO3 salts make them less attractive as starting compounds
for catalyst preparation and synthesis.
Recently, we have reported on anionic platinum nitrato

complexes, which were isolated as the tetraalkylammonium
salts (R4N)2[Pt(NO3)6] and (R4N)2[Pt2(OH)2(NO3)8] (R =
CH3, ..., C4H9).

23,24 These salts are stabile under normal
conditions, possess a high solubility in various organic solvents,
and decompose at moderate temperatures. Moreover, the
chemisorption of platinum onto ceria and titania from acetone
solutions of the nitrato complexes was successfully utilized as a
method for the preparation of efficient catalysts for CO
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oxidation23,25 (Pt/CeO2) and H2 photogeneration (Pt/
TiO2).
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In this work, we describe the method of preparation,
structure, and properties of the series of salts (R4N)2[Pd-
(NO3)4] (R = CH3, C2H5, n-C3H7, 1−3). Essentially, these
tetranitratopalladate anion containing salts are useful starting
compounds due to their stability under normal conditions and
nonhygroscopicity, combined with the general lability and
thermolability of nitrato complexes. The applicability of salts
1−3 as suitable materials for the synthesis of palladium
complexes and the preparation of catalysts were demonstrated
by the synthesis of heteroleptic Pd(II) nitrato complexes with
N-donor ligands and the preparation of Pd0.1Ni0.9/SiO2
catalysts, which are effective in hydrazine hydrate decom-
position.

2. EXPERIMENTAL SECTION
2.1. Reagents. All reactants were purchased from commercial

suppliers and used as received. Ultrapure nitric acid (70 wt %, 15.9
M), produced by EuroChem (Novomoskovskiy Azot), was used in all
cases. Pure palladium powder (99.99%) acid produced by “The
Gulidov Krasnoyarsk Non-Ferrous Metals Plant” Open Joint Stock
Company was used. The (R4N)NO3 (R = Me, Et, n-Pr, n-Bu) nitrate
salts were prepared by the action of concentrated nitric acid on the
corresponding bromide salts ((R4N)Br, Acros Organics, 98%),
recrystallized from H2O/HNO3 solutions, and dried in a stream of
air.23 Acetone was dried prior to use by means of the NaI solvate.27

1,10-Phenanthroline-5,6-dione was prepared according to the
reported method.28

Cerium dioxide was prepared by the thermal decomposition of
Ce(NO3)·6H2O at 450 °C for 6 h in air. Ni(OH)2 was precipitated
from a solution of Ni(NO3)2 by the addition of NaOH and washed
thoroughly with water and then with acetone, and the product was
filtered off and dried in an air stream and then under vacuum for 24 h.
SiO2 (Polisorb, 220 m2/g), TiO2 (Hombifine N, 320 m2/g), and
Al2O3 (Pural TM80, 180 m2/g) were used as received.
2.2. Complex Preparation. 2.2.1. Preparation of the Salts

(R4N)2[Pd(NO3)4] (R = Me (1), Et (2), n-Pr (3)). Compounds 1−3 were
synthesized using the procedure described below. Palladium powder
(1 mmol) was dissolved in 3 mL of concentrated nitric acid with
constant stirring. The solution was heated at 60 °C until NO2 fumes
ceased, the resulting solution was cooled to room temperature, and 3
mmol of the corresponding salt (R4N)NO3 (R = Me, Et, n-Pr) was
then added. After complete dissolution of the salt, the solution was
evaporated in an air stream to minimize the volume to about 0.75 mL.
The crystalline product was filtered off and dried in an air stream
before being washed with 25 mL of diethyl ether and then dried in an
air stream. Due to the high solubility of the (R4N)[Pd(NO3)4] salts,
the yield mainly depends on the degree of solution evaporation and
was about 80% in the described protocol. Single crystals of
compounds 1−3 were picked directly from the nitric acid solutions.
2.2.1.1. (Me4N)2[Pd(NO3)4] (1). Anal. Calcd (found) for

C8H24N6O12Pd: C, 19.11 (18.8); H, 4.81 (4.8); N, 16.72 (16.6). IR
(cm−1, KBr): 3046 (νas(CH3)), 1495 (δas(CH3)), 1412 (δs(CH3)),
1510, 1484 (ν5(NO3)), 1251 (ν1(NO3)), 967 (ν2(NO3)), 946
(νas(C−N)), 797, 767 (ν4(NO3)).
2.2.1.2. (Et4N)2[Pd(NO3)4] (2). Anal. Calcd (found) for

C16H40N6O12Pd: C, 31.25 (30.9); H, 6.56 (6.5); N, 13.67 (13.6).
IR (cm−1, KBr): 2989 (νas(CH3)), 2954 (ν(C−H)), 1438
(δas(CH3)), 1389 (δs(CH3)), 1504, 1480 (ν5(NO3)), 1250
(ν1(NO3)), 975 (ν2(NO3)), 1002 (νas(C−N)), 789, 775 (ν4(NO3)).
2.2.1.3. (Pr4N)2[Pd(NO3)4] (3). Anal. Calcd (found) for

C24H56N6O12Pd: C, 39.64 (39.2); H, 7.76 (7.4); N, 11.56 (11.5).
IR (cm−1, KBr): 2977 (νas(CH3)), 2937 (νas(CH2)), 2879 (νs(CH3)),
1470 (δas(CH3)), 1387 (δs(CH3)), 1480 (ν5(NO3)), 1252
(ν1(NO3)), 980 (ν2(NO3)), 968 (νas(C−N)), 799 (ν4(NO3)).
2.2.2. Reactions of (Et4N)2[Pd(NO3)4] with N-Donor Ligands. To

prepare complexes 4 and 5, 0.17 mmol of pyridinium nitrate

(pyHNO3) or 0.085 mmol of 1,10-phenanthroline-5,6-dione (phd),
correspondingly dissolved in 2 mL of acetone, was added to a freshly
prepared solution of the salt 2 (50 mg, 0.081 mmol) in 1 mL of
acetone. The mixture was stirred to obtain a clear solution and then
evaporated to about 1.5 mL in an air stream and placed in a
refrigerator (5 °C) for crystallization in a closed vial. After 40 min, the
fine crystalline precipitates were filtered off with a porous PTFE
membrane (0.22 μm), washed with acetone, and dried in an air
stream. The yields were 85% (4) and 80% (5). Single crystals for an
X-ray crystallographic study were picked directly from a mass of as-
prepared products.

2.2.2.1. [Pd(py)2(NO3)2] (4). Anal. Calcd (found) for
C10H10N4O6Pd: C, 30.91 (30.9); H, 2.59 (2.6); N, 14.42 (14.1).

2.2.2.2. (Et4N)[Pd(phd)(NO3)2]NO3·C3H6O (5). Anal. Calcd (found)
for C23H32N6O12Pd: C, 39.98 (40.2); H, 4.67 (4.5); N, 12.16 (12.0).

2.3. Apparatus. 15N NMR spectra were recorded at 50.7 MHz
using an Avance III 500 Bruker spectrometer with a 5 mm broad-band
probe. A 90° excitation pulse of 14 μs was applied. The spectra were
recorded at −45 ± 0.2 °C. δ(15N) values (ppm) are reported relative
to an external reference, a 1 M aqueous solution of Na15NO3. The
spectral window was about 600 Hz (10−12 ppm), and the delay
between pulses was 100 s. 15N-enriched 10 M nitric acid (98 atom %
15N) (Sigma-Aldrich, 609323) was used for the solution preparation.
An aliquot of the enriched nitric acid was mixed with a calculated
volume of the Pd solution in concentrated naturally abundant nitric
acid (15.9 M) to obtain 25 atom % 15N enrichment. To obtain
integral intensities for the signals and evaluate the Pd spices
distribution, the 15N NMR spectra were fitted by the superposition
of Voight profiles as implemented in ACD/Laboratories NMR
processor software (version 12.01).

Elemental CHN analysis was carried out on a Vario MICRO cube
CHNS analyzer. The composition of Pd-Ni/SiO2 catalysts was
determined using micro beam X-ray fluorescence analysis on a
M1MISTRAL Micro-XRF spectrometer (Bruker).

Differential thermal analysis of the salts 1−3 was carried out with a
TG 209 F1 Iris instrument (NETZSCH) in a He (70 mL/min)
stream at a heating rate of 10 °C/min.

Infrared spectra for tablets of KBr were recorded in the range of
400−4000 cm−1 on a Scimitar FTS 2000 apparatus. Electron
absorbance spectra of the solutions were recorded with a PG
Instruments T60 UV−vis single-beam spectrophotometer; quartz cells
with a 1 cm optical path length were used. Diffuse reflectance spectra
were recorded in the 240−800 nm range with a Kolibri-2 compact
multichannel spectrometer (VMK-Optoelektronika) equipped with a
fiber optic cable (Ocean Optics, QR-400−7) and D/W lamp
(AvaLight-DHS). BaSO4 powder was used as a reference.

Raman spectra were collected using a LabRAM HR Evolution
(Horiba) spectrometer with excitation by the 514 nm line of an Ar+

ion laser. The spectra at room temperature were obtained in the
backscattering geometry with a Raman microscope. The laser beam
was focused to a diameter of 2 μm using a LMPlan FL 50x/0.50
Olympus objective. The spectral resolution was 3 cm−1. The laser
power on the sample surface was about 0.2 mW.

X-ray powder diffraction analysis of the polycrystalline samples was
carried out on a DRON-RM4 diffractometer (Cu Kα radiation,
graphite monochromator in the reflected beam, scintillation detector
with amplitude discrimination). The samples were prepared by
deposition of a suspension in hexane on the polished side of a cell
made of fused quartz. A sample of polycrystalline silicon (a = 5.4309
Å), prepared similarly, was used as an external standard.

The structure and microstructure of the samples were studied by
high-resolution transmission electron microscopy (TEM) using a
ThemisZ electron microscope (Thermo Fisher Scientific, USA) with
an accelerating voltage of 200 kV and a maximum lattice resolution of
0.06 nm. The device is equipped with a SuperX energy-dispersive X-
ray spectrometer (EDX) (Thermo Fisher Scientific, USA) with a
semiconductor Si detector with an energy resolution of 128 eV. For
electron microscopy studies, sample particles were deposited on
perforated carbon substrates attached to aluminum grids using the
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ultrasonic dispersant UZD-1UCH2. Images were recorded using a
Ceta 16 CCD sensor (Thermo Fisher Scientific, USA).
The XPS measurements of samples were performed on a SPECS

(Germany) photoelectron spectrometer equipped with a PHOIBOS-
150 hemispherical energy analyzer and Al Kα irradiation (hν = 1486.6
eV, 200 W). The binding energy (BE) scale was precalibrated using
the positions of the photoelectron of Au 4f7/2 (BE = 84.0 eV) and Cu
2p3/2 (BE = 932.67 eV) core level peaks. The residual gas pressure
was better than 8 × 10−9. The binding energy of peaks was calibrated
by the position of the C 1s peak (BE = 284.7 eV) corresponding to
the hydrocarbons present on the sample surface. Spectral analysis and
peak fitting were performed with XPSPeak 4.1 software. Integral
intensities of the spectra were corrected by their respective atomic
sensitivity factors.29

2.4. X-ray Crystallographic Data Collection and Refinement.
Crystal data and experimental details for compounds 1−3 and 5 are
given in Table S1 in the Supporting Information. Experimental data
for the determination of the crystal structures of 1 and 4 were
collected on a Bruker D8 Venture diffractometer, while a Bruker
APEX-II CCD diffractometer at 150 K with graphite-monochromated
Mo Kα radiation (λ = 0.7107 Å) was used for the crystal structures of
2, 3, and 5. All calculations were carried out with the SHELX-97
crystallographic software package.30 The structures were solved by the
standard heavy-atom method and refined by the anisotropic
approximation. The H atoms were refined in their geometrically
calculated positions; a riding model was used for this purpose.
Absorption corrections were applied empirically using the SADABS
software.31 A Hirshfeld molecular surface analysis was performed
using the Crystal Explorer 3.1 program.32

CCDC 2026407 (1), 2025660 (2), 2008746 (3), and 2026628 (5)
contain the supplementary crystallographic data for this paper. These
data can be obtained free of charge from the Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
2.5. Density Functional Theory (DFT) Calculations. Geometry

optimization was carried out using the Gaussian 09C software
package.33 Structures of [Pd(NO3)4]

2− anions from X-ray crystallo-
graphic data were used as initial states. The calculations were
performed using the B3LYP34−37 method and the LANL2DZ38−42

basis set for entire molecules placed in a cavity within the water
reaction field (SCRF solvent method43). The calculations of IR
frequencies showed no imaginary vibrations, emphasizing that the
local minima were achieved in all cases. The rigid PES scans for
rotation of the nitrato group were performed by the following
procedure: the dihedral angle O−Pd−O−N was modified from 152
to −14° with a 2 or 4° step, and single-point calculations were
performed at each point.
The relaxed potential energy surface scans (PES scans) for

transformations between two modifications of [Pd(NO3)4]
2− (an

outer-sphere mechanism) and also for substitution of one nitrato
ligand with water or acetone were performed with the ADF-2016
software package using the TZP basis set for all atoms and the B3LYP
functional. Water, chosen as a solvent, was modeled with the
COSMO method. The relativistic effects were taken into account with
a scalar zero-order relativistic approximation (ZORA). The scans
were performed by the following scheme: the substituent from the
outer sphere of [Pd(NO3)4]

2− (NO3
−, H2O, or acetone) was moved

to palladium atom by an oxygen atom; therefore, the Pd−O distance
decreased from 5.0 to 2.1 Å (the last distance is close to the
equilibrium Pd−O distance). The geometry was optimized at each
point of the scan. Also, the geometry of the final state ([Pd-
(NO3)3(L)]

n−, L = NO3
−, H2O,r acetone, n = 1, 2) and NO3

− was
optimized in two independent calculations modeling the situation
when nitrate was moved far away from the obtained complex, and the
sum of the two energies (E([Pd(NO3)3(L)]

n−) + E(NO3
−)) was used

for plotting.
The calculations of the electron localization function (ELF) for all

isomers were performed with the ADF-201644 software package, using
the TZP basis set for all atoms and the B3LYP34−37 functional. Water,
chosen as a solvent, was modeled with the COSMO45 method. The

relativistic effects were taken into account with a scalar zero-order
relativistic approximation (ZORA).

2.6. Pd Sorption on Supporting Materials. The general
procedure described below was used to study the ability of Al2O3,
CeO2, TiO2, SiO2, and Ni(OH)2 to chemisorb palladium species from
solutions of the complexes (R4N)2[Pd(NO3)4]. Oxides were calcined
prior to use at 150 °C under vacuum for 24 h; Ni(OH)2 was also
treated under vacuum at room temperature for 24 h. Then, 100 mg of
the appropriate solid material was added to a freshly prepared 10 mM
solution of (R4N)2[Pd(NO3)4] in 1.5 mL of dry acetone in a 3 mL
vial, and the mixture was stirred vigorously. The resulting suspension
was centrifuged at 4000 rpm, and the color of the supernatant was
visually checked. Additionally, the completeness of the uptake was
confirmed by UV−vis spectrophotometry at 380 nm. To evaluate the
maximum uptake for a given material, the protocol described above
was repeated with solutions of variable Pd concentrations.

2.7. Preparation of the Pd-Ni/SiO2 Catalyst. Nickel nitrate was
dissolved in acetone, and 3 g of SiO2 was then added. The resulting
suspension was stirred for 15 min, and the solvent was then removed
in an air stream with constant stirring. The resulting solid product was
poured into 100 mL of a 0.2 M NaOH aqueous solution, and the
suspension was stirred for 30 min. The solid product was isolated by
centrifugation, washed with water up to the supernatant pH 7, and
then washed three times with acetone and dried under vacuum for 24
h. The Ni(OH)2/SiO2 composite obtained was redispersed in
acetone, and a solution of salt 2 (300 mg) in 5 mL of acetone was
added to the suspension, with constant stirring. After 10 min of
stirring, the solid material was isolated by filtration on a PTFE
membrane (0.22 μm), washed with 50 mL of acetone, and dried in an
air stream. The resulting solid material was calcined at 200 °C in an
air atmosphere and then reduced at 400 °C in a stream of pure
hydrogen (30 min).

2.8. Catalytic Hydrazine Decomposition over Pd-Ni/SiO2
Catalyst. The release of a gaseous product during the catalytic
decomposition of hydrazine hydrate was carried out using an
installation that includes a closed 10 mL vial connected to a gas
buret. The temperature of the vial was maintained with a
thermostated water jacket. In a typical procedure, the as-prepared
catalyst (300 mg) was placed in the vial and dispersed in 1 mL of 1 M
NaOH. The vial was then closed and connected to a buret. The
reaction was initiated by injection of hydrazine hydrate (25 μL, 0.463
mmol of N2H4; the exact concentration was determined by an acid−
base titration with methyl red indicator) to the suspension in the vial.
The volume of evolved gases (N2 + H2) was monitored using a water
replacement method. Water in the trap was acidified with H2SO4 to
ensure complete NH3 capture. The selectivity (α) and turnover
frequency (TOF) values were calculated in accordance with the
formulas

α λ λ= − = +n n(3 1)/8 where (N H )/ (N H )2 2 2 4

= ×n n tTOF (H )/( (Pd) )2

3. RESULTS AND DISCUSSION
3.1. Synthesis and Properties of the Salts (R4N)2[Pd-

(NO3)4]. Dissolution of metallic palladium in nitric acid results
in the formation of the palladium(II) aqua-nitratocomplex
series:46,47

+ + + −

= [ ] + +

+ +
−

−

+

−

n n

n

Pd (4 )HNO (4 )H O

Pd(NO ) (H O) 2NO 2NO

2H O H
n n

n
3 2

3 2 4
2

2 3

2

As reported previously, in concentrated nitric acid solution
(above 13 M), the anionic species [Pd(NO3)n(H2O)4−n]

2−n

with n = 3, 4 dominate.47,48 A fast ligand exchange around the
Pd centers was observed in such solutions, but direct
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speciation studies using 15N NMR are possible at low
temperatures (below −40 °C). The typical 15N NMR spectrum
of the Pd nitric acid solution, which was used to prepare the
(R4N)2[Pd(NO3)4] salts, is shown in Figure 1. From a fitting

of the spectrum with a superposition of Voigt profiles, the next
fraction of the species can be calculated: 27% [Pd(NO3)4]

2−,
56% [Pd(NO3)3(H2O)]

−, 8% trans-[Pd(NO3)2(H2O)2], and
9% cis-[Pd(NO3)2(H2O)2].
Evaporation of a nitric acid solution of palladium (13−16 M

HNO3, C(Pd) = 0.33 M) with an excess of the corresponding
(R4N)NO3 (R = Me, Et, Pr) salt results in the formation of
salts (R4N)2[Pd(NO3)4] (1−3). Fast evaporation leads to the
precipitation of small, badly shaped crystals (Figure 2a−c),

while slow evaporation of the solutions, especially in a thin
layer (Petri dish), allows large well-edged pinacoids (Figure
2d) to grow. Attempts were also made to prepare a salt with a
tetrabutylammonium cation (Bu4N

+) in an analogous manner,
but these were without success: after evaporation, an oily mass
was formed that did not transform into a crystalline product,
even under freezing conditions.
X-ray powder diffraction analysis of the obtained solid

products 1−3 shows good agreement with the single-crystal

data that confirms their phase homogeneity (Figure S1). In the
infrared spectra of the prepared salts 1−3, the series of strong
bands observed at about 1500, 1250, 970, and 790 cm−1

(Figure S2) correspond to the ν5, ν1, ν2, and ν4 vibrations of
coordinated NO3

− ions.49 The overall position of the signals is
consistent with the unidentate coordination mode of the
nitrato ligand.50 The frequency of the ν5 band is considerably
lower than the position of the corresponding bands reported
for [Au(NO3)4]

− and [Pt(NO3)6]
2− anions,23,51 which implies

a lower polarization degree of NO3
− by Pd2+ ions.

Interestingly, a close ν5 band frequency value was found for
a rhodium(III) complex salt containing a mixture of the trans-
[Rh(H2O)2(NO3)4]

− and [Rh(NO3)6]
3− nitrato complexes.52

Raman spectra of the salts 1−3 were also studied (Figure S3).
Aside from signals corresponding to the R4N

+ cations, which
were deduced by comparison with the spectra of the
corresponding chlorides (R4NCl), strong bands at 320, 725,
780, and 995 cm−1 can be found that are attributed to the
stretching and bending vibrationa of Pd-ONO2 groups. The
positions of these signals are also in agreement with values
reported for salts containing the [Au(NO3)4]

− anion.51

3.2. Reactivity of the Salts. The salts 1−3 are not
hygroscopic, and both the bulk crystals and powders can be
stored in open containers for prolonged periods (>1 year)
without notable moisture uptake. On the other hand, on
dissolution of the salts in water, hydrolysis proceeds almost
immediately. As evidenced from UV−vis spectra of the
resulting yellow solutions (Figure 3A), [Pd(NO3)4]

2− anions
are almost completely aquated, and the palladium(II) aqua ion
(380 nm, ε = 80)53,54 dominates, accompanied by only traces
of the aqua nitrato species. An additional weak band at 301 nm
corresponds to the absorption of the free nitrate ion.55

The salts can also be easily dissolved in acetone, THF, and
acetonitrile, but they are insoluble in toluene, hexane, dioxane,
ethyl acetate, and diethyl ether. On dissolution in organic
solvents, rapid solvolysis proceeds, accompanied by a color
change from brown to yellow and the corresponding changes
in the UV−vis spectra (Figure 3B). In addition to the long-
wave band at 450 nm, which is characteristic for d−d
transitions in nitrato complexes of Pd(II),46,53,54 a strong
band arises at about 380 nm, corresponding to a ligand to
metal charge transfer. Such changes, by analogy with the
spectral changes observed during the aquation process, can be
attributed to the substitution of nitrato ligands by organic
solvent molecules S, leading to the formation of [Pd-
(S)n(NO3)4−n]

n−2 species.
The prepared salts 1−3 possess sufficient thermal stability

and do not decompose up to 200 °C (Figure 4), which is in
contrast with palladium nitrate ([Pd(NO3)2(H2O)2]), which
starts to decompose below 100 °C. Above 200 °C, fast
decomposition of the salts occurs, with the formation of
metallic palladium and amorphous carbon. An interesting
peculiarity is the melting of salts 1−3 at about 190 °C, just
before decomposition begins. Melting is accompanied by a
notable endothermic effect on the DTA curve (Figure S4),
while further decomposition to Pd metal is highly exothermic,
corresponding to the reaction between nitrato ligands and
organic cations. It should be noted that the decomposition of
the salts proceeds smoothly without any explosion or ignition,
which is in agreement with the general rule that strong
oxidizing properties are observed only for nitrato complexes
containing bidentate nitrato groups.50,56 After complete
decomposition of the salts 1−3, a slow mass growth is

Figure 1. 15N NMR spectrum of a palladium nitric acid solution
(C(Pd) = 0.33 M and C(HNO3) = 13.5 M) at −45 °C. The signals
are assigned according to previous data.47 Legend: 4, [Pd(NO3)4]

2−;
32 and 31, [Pd(NO3)3(H2O)]

−; 2t, trans-[Pd(NO3)2(H2O)2]; 2c−
cis-[Pd(NO3)2(H2O)2].

Figure 2. Photographs depicting the typical morphologies of salts 1
(a), 2 (b) and 3 (c), obtained by fast evaporation, and large crystals of
2 (d), grown by slow evaporation of the solution in a Petri dish. The
graduation for (a)−(c) is 1 mm; the linear size is given in centimeters
in (d).
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observed above 350 °C, which corresponds to Pd oxidation
with the trace oxygen present in the helium stream. At
temperatures above 650 °C, the formed PdO becomes
unstable and decomposes back into metallic Pd and oxygen.19

3.3. Crystal Structures. The structures of salts 1−3 are
built from [Pd(NO3)4]

2− complex anions and R4N
+ cations,

packed without any solvent molecules into monoclinic unit
cells in the case of salts 1 and 3 (P21/n and P21/c space groups,
correspondingly) and a tetragonal (I4/mmm) cell in the case of
the tetraethylammonium salt 2. Increasing the organic cation
size leads to a decrease in the number of cations surrounding
the complex anions, from 12 in the case of salt 1 (Me4N

+) to 9
for salt 2 (Et4N

+) and 8 for salt 3 (Pr4N
+). As evidenced from

an analysis of Hirshfield surfaces (Table 1) for anions and
cations in the structures of 1−3, elongation of the R alkyl chain
from CH3 to n-C3H7 also results in an increase in the O···H
contact fraction for [Pd(NO3)4]

2− anions, from 86% to 93%.
In agreement with this, the fraction of O···O contacts on the
Hirshfield surfaces of complex anions, corresponding to the
contacts between neighboring anions, falls from 5% for salt 1
to almost 0 in the case of salt 3. An analogous trend is also

Figure 3. (A) UV−vis spectrum of salt 2 in 0.2 M HClO4. (B) Evolution of the UV−vis spectrum of the salt 2 solution in acetone (C(Pd) = 5.2
mM). The diffuse reflectance spectrum of 2 is additionally presented (red line) for comparison.

Figure 4. TG curves depicting the thermal decomposition of salts 1−
3 in He. The dashed lines mark the calculated weight loss
corresponding to the complete decomposition of the salt to Pd metal.

Table 1. Hirschfeld Surface Analysis of Complex Salts 1−3

(Me4N)2[Pd(NO3)4] (1) (Et4N)2[Pd(NO3)4] (2)

anion (γ) cation (1) cation (2) anion (α) cation (1) cation (2)

Pd−H 0.2 H−Pd 0.3 H−Pd 0.1 Pd−Pd 1.0 H−O 53.0 H−O 39.9
N−O 2.0 H−O 63.4 H−O 61.1 Pd−O 0.1 H−N 5.0 H−N 0.4
O−N 1.6 H−N 2.7 H−N 3.9 O−Pd 0.1 H−H 42.0 H−H 59.7
O−O 4.9 H−H 33.6 H−H 34.9 O−O 2.8
O−H 86.5 O−H 90.5
N−H 4.8 N−H 5.5

(Pr4N)2[Pd(NO3)4] (3)

anion (β) anion (γ) cation (1) cation (2)

Pd−H 1.2 Pd−H 0.2 H−Pd 0.2 H−Pd 0
O−H 92.7 O−H 93.2 H−O 33.6 H−O 33.8
N−H 6.0 N−H 6.6 H−N 3.5 H−N 3.5

H−H 62.7 H−H 62.7
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observed for N···O contacts. Such tendencies indicate that bulk
R4N

+ cations form voids around the complex anions
[Pd(NO3)4]

2− and separate them from each other. A similar
isolation of complex anions was described for the platinum(IV)
nitrato complexes [Pt(NO3)6]

2− and [Pt2(μ-OH)2(NO3)8]
2−

with R4N cations, where R = n-Pr, n-Bu.23

The palladium center of the [Pd(NO3)4]
2− anions possesses

a distorted-square-planar geometry with four NO3
− ligands

coordinated in a unidentate mode. In all cases, Pd−O bonds
are practically identical (2.00−2.01 Å), as are the the O−Pd−
O angles, which are close to 90°. A general peculiarity of the
[Pd(NO3)4]

2− structure is two possible arrangements of the
NO3 ligands with respect to the PdO4 plane, above and below
(Figure 5); therefore, four different isomers of this anion can
be assumed. Two isomers, designated as α and β modifications,
were previously reported by Khranenko et al. in the structures
of the salts with alkali-metal cations.20−22,57 α-[Pd(NO3)4]

2−

comprises four nitrato ligands situated on one side of the PdO4
plane; in the structure of β-[Pd(NO3)4]

2−, two nitrato ligands
situated in positions cis to each other are located on one side of
the PdO4 plane and the other two ligands are on the opposite
side, forming a chairlike structure.
In the structure of salt 1, a previously unreported form of the

[Pd(NO3)4]
2− anion was found, which we have designated the

γ modification. Two nitrato ligands of γ-[Pd(NO3)4]
2−, located

in positions trans to each other, are situated on one side of the
PdO4 plane, while the other two are located on the opposite
side (Figure 5 and Table S2). Interestingly, the N(1)O3 and
N(3)O3 ligands are located practically in one plane, whereas
the ligands with N2 and N4 atoms are rotated with respect to
each other, at 22°. The system of weak hydrogen bonds (2.4−
2.5 Å) with the nearby tetramethylammonium cation is also
observed in the structure (Figure S5).
The basketlike structure of the α-[Pd(NO3)4]

2− anion in the
crystal structure of salt 2 (Figure 5 and Table S3) is almost
identical with that described previously in KCs[Pd(NO3)4]·
0.5H2O and K2[Pd(NO3)4] salts21,22 and can also be
compared with the structure of the polar [Pd(IO3)4]

2−

complex.58 The nitrato ligands of the α-[Pd(NO3)4]
2− anion

are turned in one direction, and in the structure of 2, pairs of
anions with different directions of ligand rotation are arranged
side by side, with a Pd···Pd distance of about 3.2 Å (Figure
S6A). The disorder of the positions of nitrato ligands and
tetraethylammonium cations is observed in the structure, and
all eight complex anions in the cell are located on a 4-fold axis
(Figure S6B).
The structure of salt 3, with a tetrapropylammonium cation,

contains four crystallographically independent [Pd(NO3)4]
2−

anions of the β and γ modifications. Complex anions of the β
modification are located on the inversion centers, whereas the
remaining γ-[Pd(NO3)4]

2− anions are arranged along the 2-
fold helical axes. The organic cations are situated on glide
planes. The structure of β-[Pd(NO3)4]

2− is similar to that of
the previously described β-K2[Pd(NO3)4] (Figure 5 and Table
S4), and the structure of γ-[Pd(NO3)4]

2− in complex salt 3 is
almost the same as that in case 1 (Table S4).
It is interesting to note that one of the possible isomers of

the [Pd(NO3)4]
2− complex, featuring one nitrato ligand

rotated in the opposite direction with respect to the other
three ligands (designated further as the δ isomer), has not been
observed in the crystal structures to date. To investigate the
electronic structure of the [Pd(NO3)4]

2− complexes, to
determine how the isomers are ranged by electronic energy,
and to figure out the possibility of their interconversion, we
proceeded further with DFT calculations.

3.4. DFT Calculations. The DFT-optimized structures of
each type of [Pd(NO3)4]

2− complex (α, β, γ) are close to those
found from crystallographic data, and no serious changes in
geometry were observed during the optimization. This
observation highlights that the electron energies of α, β, and
γ complexes observed in the crystal structure of salts 1−3
correspond to local minima on the potential energy surface.
Additionally, the δ isomer of the [Pd(NO3)4]

2− complex was
considered, which has not been observed in the crystal
structures of the isolated compounds (Figure 6). Among all of
the isomers, the α-[Pd(NO3)4]

2− has the minimum electron
energy and was chosen as a reference (E = 0 kJ/mol) for
comparison. In this reference frame, the electron energies of β-
[Pd(NO3)4]

2− and δ-[Pd(NO3)4] isomers are 1.24 and 1.71
kJ/mol, respectively, while the highest energy value (4.98 kJ/

Figure 5. Structure of α, β, and γ modifications of the complex anion [Pd(NO3)4]
2−: the α form from the structure of 2, the β form from the

structure of 3, and the γ form from the structure of 1.

Figure 6. DFT optimized structures of [Pd(NO3)4]
2− isomers and

their relative electronic energies.
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mol) was calculated for the γ-[Pd(NO3)4]
2− species (Figure

6).
Several intense bands around 925, 1200, and 1390 cm−1

were observed in the DFT-calculated IR spectra of [Pd-
(NO3)4]

2− anions (Figure S7), related to vibrations of the
coordinated nitrate. Interestingly, some vibrations of N−O
bonds are overlapped in the case of α and γ isomers, which is
consistent with the high symmetry of these ions. The bands
corresponding to vibrations of Pd−O bonds are located close
to 340 and 700 cm−1, but the intensities of these bands are
more than 5 times weaker than those of the N−O vibrations.
The calculated wavenumber values are generally in agreement
with the experimental values, except for the ν5 bending band of
NO3

− ligands, which is observed at about 100 cm−1 higher
wavenumber.
Figure S8 demonstrates the ELF in [Pd(NO3)4]

2−

complexes, calculated in the cut planes formed with palladium
and bonded oxygen atoms. Electrons are seen to be localized
around the PdO4 core almost symmetrically, even in the case
where the nitrato ligand is rotated by 180°. The ELF around
the aforementioned atoms is also seen to repeat the shape of
the outer orbitals of oxygen (p orbitals) and palladium (d
orbitals), which means that the s orbitals of oxygen only take
part in σ bonds in nitrato ligands, and the π system of the
nitrato ligand does not take part in the formation of Pd−O
bonds. The localization of electrons over oxygen atoms is more
diffuse than for palladium, which is related to the large
difference in atomic charges of the atoms.
The differences between electronic energy values for α-

[Pd(NO3)4]
2−, β-[Pd(NO3)4]

2−, and δ-[Pd(NO3)4]
2− isomers

are lower than that of RT under normal conditions; therefore,
the tetranitratopalladate anion can switch between these
structures under ambient conditions if the energy barriers for
these transformations are low enough. To analyze this
possibility, we performed the calculations for the interconver-
sion of α-[Pd(NO3)4] to δ-[Pd(NO3)4]

2−, conducting a rigid
PES scan for one O−Pd−O−N dihedral angle, while the other
bonds and angles were kept constant. This situation imitates
the possible transformation of α-[Pd(NO3)4] to δ-[Pd-
(NO3)4]

2− by the rotation of the nitrato ligand around the
Pd−O bond. The resulting energy profile, described in Figure
7, clearly shows that there is a relatively high barrier of about
95 kJ/mol for the switch from α-[Pd(NO3)4] to δ-[Pd-

(NO3)4]
2− structures, with the transition state having the

rotated NO3 ligand aligned in the {PdO4} plane.
In a nitric acid solution, on the other hand, due to the

substitutional lability of palladium(II) complexes,59,60 the
outer-sphere mechanism should definitely operate as well,
including the formation of five-coordinated intermediates:

α‐[ ] + → {[ ] }

→ δ‐[ ] +

− − −

− −

Pd(NO ) NO Pd(NO )

Pd(NO ) NO
3 4

2
3 3 5

3

3 4
2

3

The relaxed PES scan was performed to model the given outer-
sphere mechanism of transformation. The maximum energy in
PES is related to the five-coordinated complex {[Pd-
(NO3)5]

3−} with Pd−O distances of 2.2 Å, and an energy
barrier of 85 kJ/mol is observed. Despite the limitations of the
chosen calculation method, the energy of the transition state,
in this case, is lower than that calculated for the rotation of
NO3

−, confirming the hypothesis of the outer-shell trans-
formation mechanism.
We also calculated relaxed PES scans for substitution of the

nitrato ligand by water or acetone to illustrate the lability of the
nitrato complex toward such reactions. The calculations were
performed in the same manner as for the NO3

− exchange
reaction. In both cases, the incoming ligand (acetone, water)
approaches the Pd atom by an O atom until the Pd−O
distance is decreased to about 2.1 Å (average Pd−O distance),
which refers to the maximum in PES (Figure S9). After this,
the five-coordinated complex decomposes, forming free NO3

−

ion and the [Pd(NO3)3(L)]
n− complex (L = H2O, acetone).

The energy barriers are 72 and 85 kJ/mol for acetone and
water, respectively, which is quite close to that found for NO3

−

exchange. It should be noted that the models chosen are the
simplest ones; therefore, the energies obtained from the
relaxed PES scans may be overestimated, resulting in the sharp
shape of the plots.

3.5. Reaction with N-Donor Ligands. As evidenced from
the study of [Pd(NO3)4]

2− anion reactivity in water and
organic solvents, the nitrato ligands can be easily substituted by
various species. To illustrate this peculiarity, we studied the
interaction of salt 2 with two different N-donor ligands,
pyridine (py) and 1,10-phenanthroline-5,6-dione (phd), in
acetone. Palladium complexes with such types of ligands are of
interest in antitumor therapy, as a building block for the
synthesis of heterometallic complexes, and as synthetic
metallopeptidases.17,61,62

The addition of py or phd to a freshly prepared solution of 2
leads to an immediate color change from brown to yellow and
the gradual formation of a fine crystalline precipitate. The
products, obtained in high yield, are the molecular complex
trans-[Pd(py)2(NO3)2] (4) and the adduct (Et4N)[Pd(phd)-
(NO3)2](NO3)·C3H6O (5), respectively. The formation of
Pd(py)2(NO3)2 in the trans form can be attributed to the
much stronger trans influence of the py ligand in comparison
with the nitrato ligands, while the geometry is dictated by the
structure of the bidentate ligand in the case of cis-[Pd(phd)-
(NO3)2].
The crystal structure data for complex 4 have already been

deposited in the structure database (CSD 1001419), but the
synthesis and description of the structure have not been
presented in the literature. Complex 4 crystallizes in the
triclinic space group P1̅ (Z = 2) without solvent molecules.
There are two crystallographically independent Pd centers in
the structure, both located on inversion centers and arranged

Figure 7. Rigid PES scan of the O−Pd−O−N dihedral angle during
interconversion of α- to δ-[Pd(NO3)4]

2−.
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into chains that run along all axes (Figure S10). The palladium
atom in trans-[Pd(py)2(NO3)2] coordinates in a square-planar
manner, without notable distortions (Figure 8A), and Pd−O
and Pd−N bonds are close2.01−2.02 Å (Table S5). The
organic ligands are situated in positions trans to each other and
are practically coplanar, while the planes of the NO3 ligands are
parallel to each other.
The neutrally charged complex [Pd(phd)(NO3)2] with 1,10-

phenantrolinedione (phd) crystallizes in the triclinic space
group P1̅, along with the tetraethylammonium cation from the
parent salt 2, the nitrate anion, and acetone, which was used as
a solvent (Figure S11). In the structure of 5, two molecules of
[Pd(phd)(NO3)2] are arranged around the center inversion in
the middle part of the cell. The palladium atom has a distorted-
square-planar environment formed by two oxygen atoms from
the nitrato ligands and two nitrogen atoms from phd. The Pd−
O bond lengths are 2.01−2.03 Å, and the Pd−N bond lengths
are about 2.00 Å (Table S6). Due to the tough geometry of
heteroaromatic rings, the N3−Pd−N4 angle differs sufficiently
from 90° (81.7°). Also, note that N3, N,4 and O1A atoms lie
practically in one plane, but the O2A atom is located out of
this plane; as a result, the O1A−Pd−N3 and O2A−Pd−N4
angles are noticeably different.
Compounds 4 and 5 are both almost insoluble in acetone,

ethanol, and ether but can be readily dissolved in solvents

whose molecules are strongly bound ligands (acetonitrile,
water, DMF), presumably accompanied by nitrato ligand
substitution that is evidenced from ESI-MS data (Figures S12
and S13). Such lability of the nitrato ligands in 4 and 5 or
analogous related compounds can be further exploited to
prepare heteroleptic palladium(II) complexes or polynuclear
frameworks.

3.6. Pd Deposition on Oxide or Hydroxide Supports.
As mentioned in the Introduction, the supported palladium
catalysts are intensively used in various fields, and the
development of facile methods and precursors for the
preparation of such materials is an important task. Previously,
we have reported on a labile polynuclear platinum(IV) nitrato
complex that can be chemisorbed onto ceria or alumina
materials by means of nitrato ligand substitution and the
binding of platinum ions with −OH groups on the surface of
the oxide.23 In this context, a combination of the stability of
salts 1−3 and lability of the [Pd(NO3)4]

2− species toward
ligand substitution can be applied to the deposition of
palladium species onto various solid supports that have
reactive donor groups on the surface:

{ ‐ } + ‐ → ‐ ‐ + −Pd NO M OH Pd (OH) M NO3 surf surf 3

Indeed, the experiments with Al2O3 and CeO2 have shown that
a fast uptake of palladium takes place from the solution upon

Figure 8. (A) Structure of trans-[Pd(py)2(NO3)2] (4). (B) Structure of the [Pd(phd)(NO3)2] complex in the crystal structure of the adduct 5.

Figure 9. Solution of 2 in acetone (C(Pd) = 12 mM) before (A) and after the addition of CeO2, Al2O3, TiO2, SiO2, and Ni(OH)2 solids (100 mg)
(B). (C) Diffuse reflectance spectrum of the palladium species deposited on Al2O3 (a) along with the UV−vis spectrum of the acetone solution of
salt 2 (b).
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addition of these oxides to acetone solutions of salts 1−3,
which is evident from the discoloring of the supernatant and
the color change of the solids (Figure 9A,B). Diffuse
reflectance spectra of the materials with sorbed Pd species
consist of a broad band at about 400 nm, which correlates with
the position of the bands observed in spectra of the salt 2
acetone solution (Figure 9C). Unlike the case of platinum
complexes, the sorption process for [Pd(NO3)4]

2− anion salts
proceeds extremely quickly: generally, almost immediately after
the oxides are suspended. The sorption is irreversible, and
deposited palladium species cannot be washed out with excess
acetone. On the other side, palladium can be leached out from
the resulting materials by a treatment with aqueous solutions
of acids or strongly complexing agents. For example, under the
dispersion of the 2/Al2O3 material in 2 M NaI (Figure S14)
almost complete transfer of the Pd(II) into the solution occurs
in the form of the [PdI4]

2− complex.63 Analogously, complete
desorption of Pd can be achieved with 2 M HNO3 or 2 M HCl
(but not with 2 M NaCl). These observations emphasize that
Pd deposits from the solution of (R4N)2[Pd(NO3)4] salts as an
ionic species and also support the proposed mechanism of Pd
binding by surface −OH groups. It is interesting to note in this
context that oxide-supported palladium species can be easily
reduced to metallic palladium by passing hydrogen through a
suspension of the material (Figure S15).
To extend the range of the supporting materials, TiO2, SiO2,

and Ni(OH)2 were also tested. Ni(OH)2 was introduced to
probe the transition-metal hydroxide as a target support due to
currently growing interest in bimetallic Pd-Ni materials for
hydrogen energy applications: for example, in the oxygen
reduction reaction64 and catalytic decomposition of hydrazine
hydrate (vide inf ra).65−67

In all cases, with the exception of silica, fast palladium uptake
was observed from an acetone solution of 2 (Figure 9A).
Overall, the quantities of [Pd(NO3)4]

2− that can be
chemisorbed by a given oxide or hydroxide depend on the
prehistory of this material (preparation method and con-
ditions). For the materials used in this work, these values were
estimated in experiments where the concentration of 2 was
gradually increased, while the color of the supernatant was

controlled (see the Experimental Section). Up to 3 mol % of
Pd can be deposited on Al2O3 and TiO2 and 2 mol % can be
sorbed by CeO2, while the uptake of Ni(OH)2 is up to 10 mol
% of Pd. The inability of SiO2 to interact with [Pd(NO3)4]

2−

anions can be explained by the lack of negatively charged −OH
groups on the surface with which to attack the palladium
centers. On the other hand, this fact can be applied for the
selective deposition of palladium on oxide or hydroxide
materials dispersed over the SiO2 matrix.

3.7. Catalytic Hydrogen Generation from Hydrazine
Hydrate with Ni0.9Pd0.1/SiO2. Previously, a synergetic effect
was shown for Pd-Ni nanoparticles in the reaction of catalytic
decomposition of hydrazine hydrate with the formation of
H2.

65,67 Hydrazine can decompose over metallic catalysts with
(1) hydrogen formation, N2H4 → N2 + 2H2, or (2) via a
disproportionation reaction, 4N2H4 → N2 + 3NH3.

68 Both
individual Ni and Pd nanoparticles show poor activity and
selectivity, while the bimetallic nanoalloy Pd40Ni60 shows 80%
H2 selectivity (50 °C) with a relatively high rate of reaction.65

Therefore, we examined the [Pd(NO3)4]
2− chemosorption

described above to prepare a Pd-Ni catalyst for the hydrazine
hydrate decomposition process.
A silica-supported Pd-Ni catalyst was prepared by

chemisorption of [Pd(NO3)4]
2− species on SiO2-supported

Ni(OH)2 particles from an acetone solution of 2. Treatment of
the composite under a H2 atmosphere at 400 °C results in the
reduction of Pd and Ni to give the target Ni0.9Pd0.1/SiO2
material containing 10 wt % of Ni and 2 wt % of Pd (as
determined by X-ray fluorescence analysis). The XRD pattern
of the as-prepared Ni0.9Pd0.1/SiO2 catalyst shows highly intense
and diffuse reflections of the SiO2 matrix (Figure S16) as well
as wide reflections attributed to small- sized metallic Pd
particles. The positions of the reflections are slightly shifted in
comparison to that of a Pd etalon, which can be attributed to
the partial alloying with Ni.67 Additionally, a broad line is
observed at 61° corresponding to the NiO oxide phase that is
well-known to cover highly dispersed Ni particles in an air
atmosphere.69,70 The high-angle annular dark-field scanning
TEM (HAADF-STEM) images and the corresponding
elemental mappings demonstrate that in the Ni0.9Pd0.1/SiO2

Figure 10. HAADF-STEM photographs of the Ni0.9Pd0.1/SiO2 catalyst combined with the elemental mappings showing the spatial distribution of
Ni, Pd, and Si.
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material Ni uniformly covers the surface of the SiO2 support,
while Pd particles, also being regularly distributed on the
surface, are mainly concentrated in well-defined domains
(Figure 10). These Pd-rich domains are observed in HR-TEM
images (Figure S17) as particles with a size of about 5−7 nm
with clearly defined interplanar distances of 2.2 Å attributed to
the (111) facets of the face-centered cubic Pd.64

The survey X-ray photoelectron spectrum of Ni0.9Pd0.1/SiO2
has shown that silicon, oxygen, carbon, palladium, and nickel
are situated on the surface. An analysis of the Pd 3d region
reveals the presence of a single palladium form with a binding
energy of 335.3 eV (Figure S18), which is typical for metallic
Pd.71 In the Ni 2p3/2 range the only nickel species is observed
with a binding energy of 856.5 eV, attributed to the surface
NiO.70 The Ni0.9Pd0.1/SiO2 material was further tested in a
hydrazine hydrate decomposition reaction.
At 50 °C, the Ni0.9Pd0.1/SiO2 catalyst shows up to 80% H2

selectivity with a TOF value of about 13 h−1 per Pd atom.
Experiments were also performed to test the stability of the
Ni0.9Pd0.1/SiO2 catalyst.65 After each step, when N2H4 was
depleted, a new portion of hydrazine hydrate was introduced.
It can be clearly seen from Figure 11 that the catalyst shows

stable hydrogen production over seven cycles, without notable
deactivation. Interestingly, during the first step, the initial rate
of the reaction is almost twice as high as the average rate on all
of the next stages, while the selectivity grows slightly from cycle
to cycle. This fact can be attributed to the gradual reduction of
the oxide layer, covering the nickel surface (Figure S18), under
the reductive reaction conditions. An examination of the spent
Ni0.9Pd0.1/SiO2 catalyst (after durability tests) with XRD
(Figure S16) and HAADF-STEM and HR-TEM (Figure S19)
does not show notable changes in the morphology of the
catalyst in comparison to the as-prepared material. The
intensities of reflections corresponding to metallic phases in
the XRD pattern of the spent catalyst are slightly higher than in
the case of the as-prepared material, which can be due to
partial dissolution of the SiO2 matrix in an alkaline media.
These findings also agree well with the XPS results, which
indicate that the nickel and palladium surface species remain
unchanged (NiO and Pd0) under the reaction condition but

the M/Si (M = Ni, Pd) ratios increase considerably (Figure
S18 and Table S7).
Among the catalysts tested so far for hydrazine decom-

position, the supported M-Ni materials with M = Pt, Ir, Rh
have shown superior rates of H2 evolution (TOF values up to
400 h−1) and almost 100% H2 selectivity, while the palladium
analogues demonstrated lower selectivity and TOF values.8,66

An analogous tendency is observed for cobalt-containing
catalysts promoted with noble metals.72 At the same time, it
should be noted that the preparation method and precursors
highly influence the activity of the resulting catalysts; therefore,
new preparation techniques for such materials are crucial for
further development.73 The parameters achieved in this work
are close to the results reported earlier for Pd30Ni70 and
Pd40Ni60 nanoparticles under the same conditions (n(N2H4)/
n(catalyst) = 10),65 which is quite an important achievement
with regard to the reduction of the percentage of noble metals
in catalysts.

4. CONCLUSIONS
In summary, the series of quaternary ammonium tetrani-
tratopalladates (R4N)2[Pd(NO3)4] described here are non-
hydroscopic and demonstrate high stability under normal
conditions, in contrast to the commonly used palladium(II)
nitrate. On the other hand, the given salts are highly soluble in
various solvents, while the nitrato ligands can be readily
substituted by an appropriate donor fragment. These proper-
ties, in combination with a high-yielding synthesis and
thermolability (that is a general characteristic of transition-
metal nitrato complexes), ensure their applicability as
straightforward starting materials for the synthesis of palladium
compounds and the preparation of Pd-containing catalysts.
In the current work, the aforementioned aspects were

implemented by (a) the synthesis of compounds 4 and 5,
starting from salt 2, and (b) the Pd deposition on various
supports from solutions of (R4N)2[Pd(NO3)4] salts and the
preparation of a Ni0.9Pd0.1/SiO2 catalyst. To outline the other
perspectives, it should be noted that palladium nitrato
complexes can be utilized as homogeneous catalysts for alkene
nitration,12 as starting materials for the preparation of
heterometallic compounds,74 or in electrolytes for palladium
electrodeposition.75 It is also worth noting that nitrato
complexes of palladium are components of spent nuclear fuel
and their separation is crucial for the stability of the vitreous
solid used for prolonged storage of high-level waste.76

Therefore, in view of the noted wide range of applications,
we believe that the tetranitratopalladates 1−3 will find their
place in the arsenal of chemists.
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