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Palladium catalysts play a significant role in modern chemical 
science and industry. Outstanding contributions to the C−C 
coupling reaction in organic synthesis catalyzed by Pd 
derivatives1,2 were made by Suzuki, Heck and Negishi, who 
received the 2010 Nobel Prize in Chemistry. Palladium catalysts 
are widely used in petroleum cracking,3 catalytic combustion of 
methane,4 CO oxidation,5 alcohol oxidation,6,7 selective 
hydrogenation of unsaturated hydrocarbons8,9 and dehydro
genation of alkanes.10

With the development of nanoscience and technology, 
bimetallic catalysts have been synthesized based on a combination 
of palladium with various metals (Pt, Au, Ag, Pb, Ga, In, Nb, Ru 
and Zn); this provided more opportunities for optimizing catalytic 
performance compared to monometallic palladium catalysts.11−13 
Recently, the application of palladium-based bimetallic catalysts 
has been expanded in the emerging field of renewable energy 
conversion.14–18 A bimetallic nanocatalyst based on palladium (for 
example, Au–Pd) was prepared by the standard colloidal method, 
including the reduction of a mixture of an aqueous solution of 
HAuCl4 and an acidic solution of PdCl2 with NaBH4 in water, 
followed by immobilization of the resulting dark red colloid on 
TiO2 or activated carbon and drying at 110 °C for 16 h.19 A rather 
original approach to creating complex-shaped palladium 
nanoparticles (star-shaped concave icosahedra, pentatwinned rods 
and bipyramids) is presented.20 An unusual cathodic corrosion 
method for producing nanocrystals of individual precious metals 
and their alloys is described.21 Since colloidal palladium is widely 
used for various purposes,22 the search for milder and more facile 
methods for its preparation remains highly urgent.

We recently found that corrosion of the gold anode under 
galvanostatic conditions in the presence of aliphatic diamines, 
such as ethylenediamine (EDA), 1,2-diaminopropane, 1,3-di
aminopropane and 1,4-diaminobutane, as ligands in a weakly 
alkaline aqueous medium results in the electrolytic deposition of 
gold on platinum or iron cathode. The process was monitored 
using cyclic voltammetry with a low potential scan rate 

(1 mV s–1); EDA was the most effective.23,24 Evidently, the 
process begins with forming a complex of gold with a diamine at 
the anode, which is transferred into the solution and reduced at 
the cathode with the deposition of gold on its surface. Later, 
these processes were investigated in more detail by voltammetric 
and gravimetric methods. It was found that electrolysis using a 
gold anode in a medium of branched-chain diamines gives, along 
with the electrolytic deposition of gold on the cathode, colloidal 
gold in an electrolytic solution.25–27 This result made it possible 
to assume that similar processes can also be realized for anodic 
corrosion of other metals, particularly palladium.

This work aimed to study the anodic corrosion of palladium 
under galvanostatic conditions in a weakly basic medium in the 
presence of EDA as a ligand, resulting in the electrolytic 
deposition of palladium on a steel wire cathode and the formation 
of colloidal palladium in the electrolyte medium.

The study of anodic corrosion of palladium was carried out 
using EDA as a ligand (for details, see Online Supplementary 
Materials) since it was the most active in transferring gold from 
the anode to the cathode compared to other aliphatic diamines.23 
The electrolysis was investigated using cyclic voltammetry in a 
0.1 m EDA solution in a 0.05 m aqueous solution of K2CO3 as a 
supporting electrolyte. Cyclic voltammograms (CVs) were 
recorded in the potential range E = 0–1200 mV at different 
potential scan rates [Figure 1(a)]. The peaks on the anodic 
branches of the CV curves at potentials of about 800 mV were 
poorly resolved. The intensity of the current peaks (Ip,a) increased 
with an increase in the potential scan rate, confirming the  
Pd–EDA complex formation. During the reverse scanning of the 
potential, small peaks at potentials E = 100–350 mV were 
detected on the cathodic branches of the CV curves (steel cathode), 
which attests to the reduction of the products of anodic corrosion 
of Pd. No Ip,a was present in the CV curve recorded in the 
supporting electrolyte without EDA in the same potential range.

Due to the high value of the maximum current potential on 
the anodic branch of the CV curve, the stoichiometry of the 
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For the first time, corrosion of a Pd anode was detected 
during electrolysis in a weakly alkaline aqueous solution of 
ethylenediamine. The kinetics and mechanism of the process 
were investigated by the methods of cyclic voltammetry and 
gravimetry. Scanning electron microscopy showed corrosion 
of the Pd anode and deposition of Pd on the cathode surface, 
while the formation of colloidal Pd in the working solution 
was identified by transmission electron microscopy.
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anodic process cannot be determined directly. Probably, the 
anodic process is multielectron, and each anodic CV peak in the 
ligand solution is actually the sum of the peaks corresponding to 
the transfer of single electrons. An indirect confirmation of this 
assumption is the absence of a clear linear dependence of Ip,a on 
the potential scan rate for the anodic process.

The cathodic current peaks (Ip,c) linearly depend on the 
potential scan rate (Figure S1, see Online Supplementary 
Materials). Evidently, the reduction of Pd anodic corrosion 
products occurs directly on the cathode surface, with electron 
transfer being the rate-limiting step. In this case, the Laviron 
equation28 can be applied [equation (1)].

Ip,c = nFQv/4RT,	 (1)

where n is the number of electrons participating in the reaction 
with one molecule, F is the Faraday constant (96485 C mol–1), 
Q  is the charge corresponding to the peak area in the cathodic 
branch of the CV, v is the potential scan rate (mV s–1), R is the gas 
constant (8.314 J mol–1 K–1) and T is the absolute temperature.

The number of electrons n participating in the cathodic 
process in the range of v = 20–200 mV s–1, calculated using the 
Laviron equation, was 1.84–2.15. Therefore, in the cathodic 
reduction of Pd anodic corrosion products in the EDA solution, 
two electrons are involved.

Electrolysis under galvanostatic conditions using a Pd anode 
was carried out in a 1.0 m solution of EDA in a 0.05 m aqueous 
solution of K2CO3 for two current values of 5 and 10 mA to 
determine the effect of the current on the corrosion process. As 
in the case of anodic corrosion of Au, gravimetric measurements 
of the anode and cathode showed a loss in mass of the Pd anode 
and an increase in the cathode mass. Obviously, in the course of 
the process, a Pd–EDA complex is formed at the anode, then it 
migrates into the solution and subsequently is reduced at the 
cathode, with Pd metal being deposited on the cathode surface. 
The time dependences of the Pd anode mass loss (mcorr) and the 
increase in a cathodic deposition (mdep) for a current of 10 mA 
are presented in Figure 1(b), while the same dependences for a 
current of 5 mA are shown in Figure S2. The difference between 
the mcorr and mdep values was used to calculate the mass of Pd in 
the electrolyte solution (msol). According to Figures 1(b) and S2, 
the values of mcorr , mdep and msol increase monotonically. To 
interpret the kinetics of the process, we can represent the sum of 
anodic dissolution and cathodic deposition of Pd as a system of 
differential equations:

dm1/dt = k1,	 (2)

dm2/dt = k1 – k2m2,	 (3)

dm3/dt = k2m2,	 (4)

where m1 is mcorr , m2 is msol and m3 is mdep. The solution of this 
system of equations using the Mathcad program made it possible 
to find k1 and k2 that most accurately describe the obtained 
experimental data presented in Figures 1(b) and S2. The 
constants k1 and k2 for the Pd anode in an EDA solution for 
currents of 5 and 10 mA are summarized in Table 1.

Comparison of the data in Table 1 with the known results24 on 
the corrosion of the gold anode showed that in the EDA solution, 
the corrosion of Pd proceeds with more difficulty than the corrosion 
of the gold anode. Comparable k1 values were found for Pd 
corrosion in an EDA solution and Au corrosion in a 2,2-dimethyl-
1,3-diaminopropane solution.26 The k2 values corresponding to the 
deposition of metals on the cathode were different.

After completing the anodic corrosion of Pd in a weakly 
alkaline solution of EDA for 40 h, the anode and cathode were 
examined using a scanning electron microscope, and the 
electrolyte was studied using a transmission electron microscope. 
Electron microscopy studies have shown that during electrolysis, 
the Pd anode undergoes corrosion [Figure 2(a)], and Pd is 
deposited on the surface of the steel cathode in the form of 
globules [Figure 2(b)]. The analysis of the chemical composition 
of the steel cathode by energy-dispersive X-ray spectroscopy 
(EDX) demonstrated the presence of Pd on the surface 
[Figure 2(c)].

Colloidal palladium particles with a round shape and a size of 
10–40 nm were detected in the working solution (electrolyte) 
using transmission electron microscopy after the end of 
electrolysis at a current of 10 mA [Figure 2(d )]. Fewer Pd 
colloidal particles with a smaller size (5–20 nm) were found in 
the transmission electron microscope image after electrolysis at 
a current of 5 mA (Figure S3). These results correlate with the 
results of gravimetric measurements [Figures 1(b) and S2].
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Figure  1  (a) CV curves of Pd anode in 0.1 m EDA solution in 0.05 m 
aqueous solution of K2CO3 at potential scan rates (n) of 200, 125, 100, 50 
and 20 mV s–1. (b) The time dependences of Pd anode dissolution and 
cathode mass increase in the 0.1 m EDA solution at a current of 10 mA: 
(1) mass loss of the Pd anode (mcorr), (2) calculated mass of Pd in solution 
(msol) and (3) mass of the cathode deposit of Pd (mdep). 

Table  1  Comparison of the kinetic parameters of anodic corrosion of Pd  
in a solution of EDA and Au in solutions of EDA22 and 2,2-dimethyl-1,3-
diaminopropane.24 

Metal Diaminoalkane
k1 /mg h–1 k2 /h–1

10 mA 5 mA 10 mA 5 mA

Pd EDA 0.0875 0.0500 0.0071 0.0025
Au EDA 0.55 – 0.11 –
Au 2,2-Dimethyl-1,3-

diaminopropane
0.09 – 0.02 –
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Figure  2  Scanning electron microscope images of (a) Pd anode surface 
and (b) steel cathode surface after electrolysis in EDA solution. (c) EDX 
spectrum and elemental composition of the steel cathode surface after 
electrolysis with Pd anode. (d ) Transmission electron microscope image of 
the electrolyte after anodic corrosion of Pd in EDA solution at 10 mA 
current.
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In conclusion, we first investigated the electrochemical 
behavior of a palladium anode under galvanostatic conditions in 
a weakly alkaline aqueous solution of EDA, a representative of 
aliphatic diamines, and found anodic corrosion of Pd. Evidently, 
corrosion occurs via the formation of a Pd–EDA complex (cyclic 
voltammetry data) at the anode, followed by the migration of this 
complex into solution and subsequent reduction on the cathode 
surface to give a compact Pd deposit and nanosized colloidal Pd 
in an electrolyte medium. These results were recorded in the 
form of micrographs using scanning and transmission electron 
microscopes. The kinetics of the anodic dissolution, cathodic 
deposition and transfer of Pd into the EDA solution at currents of 
5 and 10 mA was studied by the gravimetric method. It was 
found that the anodic corrosion of Pd in the EDA solution 
proceeds with more difficulty than the corrosion of the Au anode 
under the same conditions. As far as we know, this is the first 
example of Pd anode corrosion leading to colloidal Pd.
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