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Abstract: For the recycling of Pd and Ag from high-level liquid waste (HLLW), the electrochemical behaviors of Pd 
and Ag in the simulated HNO3 solutions were investigated by cyclic voltammetry and potentiostatic deposition. 
Scanning electron microscopy (SEM) and X-ray diffraction (XRD) were used to observe the deposits morphology and 
to evaluate their composition. The results indicate that the formation of NO2

− helps to dissolve Ag while Ag is 
electrodeposited. When Pd and Ag are electrodeposited together, more metals are gained in the same time, and the 
deposited Ag does not dissolve in this situation. The metals are electrodeposited completely at the potentials from −0.4 
to −0.6 V (vs MSE) and the deposits contain Ag and PdHx. The electrodeposition of Pd can boost hydrogen evolution, 
and then the reaction between H2 and NO2

− is sped up, thereby lowering the concentration of NO2
− and inhibiting the 

dissolution of Ag. 
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1 Introduction 
 

Palladium (Pd) is a critical element belonging 
to the platinum group metals, which has many 
excellent properties such as great ductility, strong 
hydrogen absorption capacity and high catalytic 
activity [1,2]. Pd plays irreplaceable role in various 
industrial applications owing to its unique 
properties, and hence demand growth for Pd is 
expected to be sustained [3]. However, the low 
abundance of the Pd in earth crust confines the 
resource extraction to a low level even through 
mining. Besides, Ag is also a noble metal mainly 
derived from mining, which is consumed in large 
quantities. Ag and Pd are applied to the 
manufacture of many catalyst materials, and   
their alloy also has wide application prospect in 

industry [3−6]. Unfortunately, the stocks can be 
depleted by continuous mining operation, and 
recycling these rare metals from high-level liquid 
waste (HLLW) is a more environmentally friendly 
alternative method than traditional mining [7]. The 
spent fuel produced after nuclear fission in nuclear 
electricity generation contains metal resources like 
Pd, Ag [8−13] and the other fission platinoids  
(FPs) [14,15]. After the PUREX process, these 
valuable metals are transferred to the HLLW for 
subsequent treatment [16,17]. However, in the 
vitreous solidification process of HLLW, separate 
phases are generated in the form of metals or alloys 
because of the poor intersolubility between the 
fission products and the glass melt. It can 
deteriorate the stability of the glass, which is 
harmful to the long-term storage of nuclear   
waste [18]. Thus, it is necessary to remove these 
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elements from HLLW beforehand [19]. 

The content of Ag (4.21×101 g/t-U) and Pd 
(8.49×102 g/t-U) in spent fuel reaches a relatively 
high level after fission, and the isotopes of Ag and 
Pd include 104Pd (17 wt.%), 105Pd (29 wt.%), 106Pd 
(21 wt.%), 107Pd (16 wt.%), 108Pd (12 wt.%), 110Pd 
(4 wt.%) and 109Ag (100 wt.%) [3,19]. Most of the 
FPs are stable nuclides with short half-life, except 
for 107Pd that has a half-life of 6.5×106 years and 
emits a weak β-ray with energy of 0.035 MeV [20]. 
Thus, the radioactivity of nuclides can be reduced 
to a low level after attenuation, which allows them 
to be recycled for industry application [21,22]. The 
recovery methods of Pd and Ag have been reported, 
such as solvent extraction [23], sorption [12,24] and 
ion exchange [25,26]. Apart from that, Ag and Pd 
can be easily reduced by electrolysis due to their 
high reduction potential, so electrodeposition is 
regarded as a promising recycling way [27−29]. 

The electrochemistry researches are mainly 
focused on the regeneration of Ag and Pd in nitric 
acid medium, because similar acidic condition is 
formed after the leaching of spent fuel. KIRSHIN  
and POKHITONOV [30] investigated the electro- 
deposition ratio of Pd from 1 mol/L HNO3 solution, 
and more than 99% Pd was recovered by the 
cathodic electrodeposition. JAYAKUMAR et al 
[13,31] studied the electrochemical behavior of 
palladium in nitric acid medium, and the recovery 
ratio of Pd was limited to 40% on stainless steel 
electrode. It was reported that Ag and Pd could be 
electrodeposited together during the electrolysis  
of simulated HLLW [28]. However, the coelectro- 
deposition mechanism of Ag and Pd in nitric acid 
medium has not been well studied. In order to 
improve the recovery rate of Ag and Pd in spent 
fuel liquid waste, it is necessary to explore the 
electrochemical behavior of Ag and Pd in HNO3 
solution. 

In this work, in order to explore the possibility 
of selective electrodeposition, the basic researches 
on electrolytic recovery were carried out in HNO3 
solution. Particularly, we put emphasis on electrode 
potential, electrolysis time and NO2

− formation 
during the electrodeposition, and their influences 
were also discussed by various methods in details. 
 
2 Experimental 
 

Analytical-grade reagents of HNO3 (Guanghua, 

Guangdong, China) and NaNO2 (CRM, Beijing, 
China) were purchased. Pd(NO3)2·2H2O (SCR, 
Shanghai, China) and AgNO3 (Shenbo, Shanghai, 
China) were dissolved in 3 mol/L HNO3, and 
ultrapure water was used during the preparation. In 
addition, the simulated HLLW was prepared 
according to previous studies [32,33]. 

All the electrochemical experiments were done 
through the electrochemical workstation (PARSTAT 
4000 A, Ametek, USA). The experiments were 
carried out by using a three-electrode electrolyzer 
with a porous glass sand core acting as separator 
(Fig. 1). The other equipment included a graphite 
carbon rod (surface area: 1.9 cm2) as the working 
electrode, a Pt plate as the counter electrode, and 
mercurous sulfate electrode (MSE) with a Luggin 
capillary as the reference electrode. The HNO3 
solution containing metallic ions was injected into 
the cathode chamber, and HNO3 solution with the 
same concentration was injected into the anode 
chamber. Before the experiments began, the 
solution was purged with nitrogen to remove 
oxygen. 
 

 
Fig. 1 Diagram of experimental apparatus 
 

In the cyclic voltammetry experiments, the 
potential range was set to be from 0.8 to −0.7 V, and 
the scanning rate was 20 mV/s. The electrolytic 
reduction experiments were carried out at the 
potentials of −0.1, −0.2, −0.4 and −0.6 V (all 
potentials are displayed versus an Hg/Hg2SO4 
electrode (MSE)). The ICP-AES (ICPS−7510, 
Shimadzu, Japan) was used to determine the 
concentration of metal elements in the solution. The 
UV−Vis spectrometer (UV−3600, Shimadzu, 
Japan) was used to determine the concentration of 
NO2

− through ethanediamine photometry. 
After the electrodeposition, the deposits   

were washed with deionized water and then dried  
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in a vacuum drying oven for the subsequent 
characterization analysis. The morphology and 
element composition of the deposits were analyzed 
by SEM−EDS (ProX, Phenom, Netherlands) and 
XRD (D/MAX 2500 V, Rigaku, Japan). 
 
3 Results and discussion 
 
3.1 Cyclic voltammetry 

The electrodeposition potentials of Pd(II) and 
Ag(I) in 3 mol/L HNO3 are determined by cyclic 
voltammetry, and the results are shown in Fig. 2. 
Correspondently, the cyclic voltammogram (CV) of 
control experiment carried out in HNO3 solution 
under the same conditions is displayed in Fig. 3. 
 

 
Fig. 2 Cyclic voltammograms of 10 mmol/L Pd(II),   
10 mmol/L Ag(I) and 10 mmol/L Ag(I) + 10 mmol/L 
Pd(II) in 3 mol/L HNO3 solution at 298 K with scan rate 
of 20 mV/s 
 

 
Fig. 3 Cyclic voltammogram of 3 mol/L HNO3 solution 
at 298 K with scan rate of 20 mV/s 
 

On the CV curve of Pd(II), the first reduction 
peak (a) appears at 0.10 V in the cathodic direction, 

which can be explained as the reduction from Pd(II) 
to Pd(0) (Reaction (1)) [1]. The reduction peak (b) 
at −0.10 V corresponds to the reduction from NO3

− 
to NO2

− (Reaction (2)) [28,34], which can also be 
seen from the CV curves of other HNO3 solutions 
containing different solutes, as well as the pure 
HNO3 solution. The weak reduction peak (d) at 
−0.45 V is related to the adsorption of H on metallic 
Pd (Reaction (3)) [34]. Then, the reduction  
current (e) caused by hydrogen evolution is visible 
in the cathodic sweep around −0.5 V, which is 
accompanied by many bubbles forming in 
experiments (Reaction (4)). During the positive 
scan, a large oxidation peak (f) at −0.48 V suggests 
the desorption of H from Pd, and the broad 
oxidation peak (h) occurring at 0.4 V indicates the 
oxidation of Pd(0) to Pd(II) [34].  
Pd2+→Pd0 (φ0=0.915 V vs NHE)             (1)  

3 2 22H NO 2e NO H O+ − −+ + → +  
(φ0=0.94 V vs NHE)                   (2)  

Pd H e PdHxx x++ + →                      (3)  
2H+→H2 (φ0= 0 V vs NHE)                 (4)  

As is noticed on the CV curve of Ag(I), the 
reduction peak at −0.1 V is associated with the 
reduction of NO3

−, as described in Reaction (2). The 
reduction peak (c) is assumed to be the reduction of 
Ag(I) according to Reaction (5), and the reduction 
reaction proceeds simultaneously with the 
generation of NO2

− thereafter [35]. An obvious 
oxidation peak (g) is observed at 0 V in the anodic 
scan, which is assigned to the oxidation of Ag [36].  
Ag++e→Ag                             (5)  

As shown on the CV curve of Ag(I)−Pd(II), it 
is confirmed that the reduction current is much 
larger than that of both single-element solutions. 
Compared with the Pd(II) solution, the adsorption 
and desorption peaks between H and Pd are 
observed on the CV curve of Ag(I)−Pd(II) solution, 
but the peak current decreases. And the oxidation 
peaks of Ag and Pd coalesce into a wide oxidation 
peak in this situation. 

Moreover, it is seen that the hydrogen 
evolution reaction begins at −0.6 V in Ag(I) 
solution, while the hydrogen evolution potential 
drops down to about −0.45 V in the two other 
solutions containing Pd(II). It is supposed that the 
electrodeposition of Pd may bring about effect of 
electrocatalysis, and then the activation energy of 
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hydrogen evolution is reduced, causing that the 
hydrogen evolution reaction appears to happen at a 
low overpotential. 
 
3.2 Potentiostatic electrolysis in Ag(I) and Pd(II) 

solution 

The electrodeposition behavior of Ag(I) and 
Pd(II) in HNO3 solution is investigated. As shown 
in Fig. 4, the electrodeposition ratio of Ag changes 
with increasing the electrolysis time under different 
potentials. Ag electrodeposition ratio (RE) is 
calculated according to Eq. (6) [29]:  

Ag,0 Ag,
E

Ag,0
100%tC C

R
C

−
= ×                    (6) 

 
where CAg,0 and CAg,t are the concentrations of Ag(I) 
ion at t=0 and at the time t, respectively. 
 

 
Fig. 4 Electrodeposition ratio of Ag in Ag(I) solution 
([Ag(I)]=10 mmol/L; C(HNO3)=3 mol/L; Potential: from 
−0.1 to −0.6 V (vs MSE)) 
 

As shown in Fig. 4, the electrolysis proceeds 
well at the potential of −0.1 V, and about 80% Ag 
has been recovered from the solution after 180 min. 
On the other hand, when the electrolytic potential is 
more negative than −0.2 V, the electrodeposition 
ratio reaches the maximum after 40 min and begins 
to decrease subsequently. 

The amount of NO2
− produced in Ag(I) solution 

is shown in Fig. 5, and the concentration of NO2
− in 

the solution is very low at the potential of −0.1 V. 
However, the concentration of NO2

− increases 
significantly after electrolysis for 40 min under  
the potentials higher than −0.2 V. It is inferred  
that the NO2

− produced by reduction reaction acts  
as a self-catalyst, resulting in a sharp rise of its 
concentration [34]. 

By combining Fig. 4 with Fig. 5, it is seen that 
the electrodeposition ratio of Ag does not decline 
when there is only little NO2

− in the solution. On the 
contrary, with the concentration of NO2

− in the 
solution increasing, the amount of deposited Ag 
decreases to varying extents after a period of time. 
The electrodeposition of Ag is impeded because the 
NO2

− in solution accelerates the dissolution of Ag, 
and the reaction equation is shown as Reaction (7). 
Therefore, in order to improve the electrodeposition 
ratio of Ag in HNO3 solution, it is necessary to 
inhibit the formation of NO2

−.  
2 2 22Ag 4HNO 2AgNO 2H O 2NO+ → + +       (7)  

Figure 6 shows the variation of the Pd 
electrodeposited ratio as electrolysis time increases, 
and correspondingly the change in concentration of 
NO2

− is shown in Fig. 7. It can be seen from Fig. 6 
that the electrodeposition ratio of Pd increases as 
 

 
Fig. 5 Concentration change of NO2

− during electrolysis 
in Ag(I) solution ([Ag(I)]=10 mmol/L; C(HNO3)= 
3 mol/L; Potential: from −0.1 to −0.6 V (vs MSE)) 
 

 
Fig. 6 Electrodeposition ratio of Pd in Pd(II) solution 
([Pd(II)]=10 mmol/L; C(HNO3)=3 mol/L; Potential: 
from −0.1 to −0.6 V (vs MSE)) 
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Fig. 7 Concentration change of NO2

− during electrolysis 
in Pd(II) solution ([Pd(II)]=10 mmol/L, C(HNO3)= 
3 mol/L; Potential: from −0.1 to −0.6 V (vs MSE)) 
 
the reduction potential increases, and the electro- 
deposited ratio of Pd reaches higher than 95% at the 
potential of −0.6 V after electrolysis for 60 min. 
Compared with the reduction process of Ag(I),   
the redissolution phenomenon of deposited metal 
does not appear during the electrolysis of Pd(II) 
solution. As shown in Fig. 7, few NO2

− is found 
during the electrolysis process. In addition, the 
concentration of NO2

− decreases when solution is 
electrolyzed at −0.4 and −0.6 V, which means that 
the electrodeposition of Pd may be effective for 
inhibiting the formation of NO2

−. 
In order to understand the coelectrodeposition 

mechanism of Ag and Pd in HNO3 solution further, 
the potentiostatic electrolysis of Ag(I)−Pd(II) 
solution is investigated. 

As electrolysis time increases, the changes of 
the electrodeposited ratio and the concentration of 
NO2

− are described in Fig. 8 and Fig. 9, respectively. 
Unlike the electrodeposition in Ag(I) solution,   
the electrodeposited Ag is not redissolved during 
the electrodeposition in Ag(I)−Pd(II) solution. 
Furthermore, it is confirmed that both Ag and Pd 
can be well electrodeposited at the potentials of 
−0.4 and −0.6 V, and nearly all the metals are 
recycled after electrolysis for 60 min. 

Obviously, it is more easier to recycle Ag  
from Ag(I)−Pd(II) solution than Ag(I) solution. 
According to Fig. 9, there is few NO2

− generated in 
the solution when the electrodeposition proceeds  
at the potentials of −0.4 and −0.6 V. By combining 
Fig. 8 with Fig. 9, it is speculated that the electro- 
deposition of Pd hinders the formation of NO2

−, and 

promotes the electrodeposition of Ag indirectly   
in this process. Therefore, in order to improve   
the electrodeposition ratio of Ag, the coelectro- 
deposition of Ag and Pd is accepted as a beneficial 
way. 
 

 
Fig. 8 Electrodeposition ratio of Ag and Pd in 
Ag(I)−Pd(II) solution ([Ag(I), Pd(II)]=10 mmol/L; 
C(HNO3)=3 mol/L; Potential: from −0.1 to −0.6 V (vs 
MSE)) 
 

 
Fig. 9 Concentration change of NO2

− during electrolysis 
in Ag(I)−Pd(II) solution ([Ag(I), Pd(II)]=10 mmol/L; 
C(HNO3)=3 mol/L; Potential: from −0.1 to −0.6 V (vs 
MSE)) 
 

In order to explore the mechanism of the 
coelectrodeposition of Ag and Pd further, the 
analysis of the electrodeposition products acquired 
at the potentials of −0.1, −0.4 and −0.6 V is done. 
The morphology and composition of the deposits 
characterized by SEM, EDS and XRD are shown in 
Fig. 10 and Fig. 11. 

The SEM−EDS images of the deposits 
obtained at different potentials from Ag(I)−Pd(II) 
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Fig. 10 SEM images and EDS analysis results of deposits obtained by electrolysis of Ag(I)−Pd(II) solution under 
different potentials (vs MSE) for 80 min: (a) −0.1 V; (b) −0.4 V; (c) −0.6 V 
 
solution are displayed in Fig. 10. The deposits 
present to be a stacked sheet structure at −0.1 V 
(Fig. 10(a)), and the morphology of deposits 
appears to be dendritic at −0.4 V (Fig. 10(b)). As 
the overpotential becomes larger, the dendrites 
become bushier and have more slender bifurcations 
(Fig. 10(c)). The dendritic crystal structure always 
appears when metals with relatively low melting 
point such as Ag are electrodeposited [27]. It is seen 

that the morphology of deposits evolves from 
stacked sheet structure to pine-like shape with the 
potential increasing. The mass ratio of Ag to Pd is 
about 3:1 at −0.1 V, and the majority of the deposits 
on the substrate is Ag according to the EDS analysis. 
As a higher overpotential is applied, the Pd content 
of the deposits increases, which makes the mass 
ratio of Ag to Pd come to nearly 1:1 at −0.6 V. 
Therefore, it is inferred that Ag is initially deposited 
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in a certain shape, and then Pd is widely dispersed 
on the Ag crystal surface. 

Combined with the result of XRD in Fig. 11, it 
is concluded that the deposits are Pd and Ag at 
−0.1 V, whereas the deposits are composed of  
PdHx and Ag at −0.4 V. The composition of deposits 
has changed because Pd transforms into PdHx 
(Reaction (3)). 
 

 
Fig. 11 XRD patterns of deposits obtained from 
Ag(I)−Pd(II) solution at −0.1 and −0.4 V (vs MSE) 
 
3.3 Potentiostatic electrolysis in Pd(II)−NO2

− 
solution 
According to the previous results, the 

generation of NO2
− is significantly restrained during 

the electrolysis when Pd is involved in the 
electrodeposition. In order to verify the mechanism 
further, the electrodeposited ratio of Pd and the 
concentration change of NO2

− in Pd(II)−NO2
− 

solution are studied. 
As is described in Fig. 12, the electro- 

deposition rate of Pd increases as the reduction 
potential becomes higher. However, even it is under 
the same potential, obtaining the same recovery 
ratio needs more electrolysis time in Pd(II)−NO2

− 
solution compared with the Pd(II) solution (Fig. 6). 
According to Fig. 13, the concentration of NO2

− in 
the solution increases slightly with the electro- 
deposition time increasing at the potentials of −0.1 
and −0.2 V, and the concentration of NO2

− decreases 
drastically as the potential goes up to −0.4 V. It is 
inferred that the deposited PdHx itself acts as an 
electrode, which enhances the hydrogen evolution 
reaction, accelerating the reaction between NO2

− and 
H2 eventually [1]. And the decomposition reaction 
of NO2

− is speculated to be Reaction (8):  
2 2 22HNO H 2NO 2H O+ → +                 (8) 

 

 
Fig. 12 Electrodeposition ratio of Pd in Pd(II)−NO2

− 
solution ([Pd(II), NO2

−]=10 mmol/L; C(HNO3)=3 mol/L; 
Potential: from −0.1 to −0.6 V (vs MSE)) 
 

 
Fig. 13 Concentration change of NO2

− during electrolysis 
in Pd(II)−NO2

− solution: ([Pd(II), NO2
−]=10 mmol/L; 

C(HNO3)=3 mol/L; Potential: from −0.1 to −0.6 V (vs 
MSE)) 
 
3.4 Potentiostatic electrolysis in simulated 

HLLW 
In fact, the real spent fuel waste has various 

side reactions during electrolysis due to the 
existence of assorted metallic elements [32,33], so 
it is necessary to study the effects of other elements. 

According to Fig. 14, the electrodeposition of 
Ag and Pd also proceeds well at −0.4 V in the 
simulated solution, and about 70% Ag and 80% Pd 
have been recovered after electrolysis for 3 h. 
However, the electrodeposition speed is slower in 
the simulated liquid waste compared with HNO3 

solution (Fig. 8), which may be affected by other 
symbiotic elements in the simulated solution. In the 
simulated HLLW, Mo is considered to exist as 
binuclear complexes in the solution [37], and it has 
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different valence states according to the acidity and 
alkalinity of the solution, so the complexes of Mo 
existing in the electrolyte may be complicated. 
Similarly, a variety of complicated nitro complexes 
of Ru can be formed in HNO3 solution [38]. These 
elements can hinder the electrodeposition of Ag and 
Pd in the simulated liquid waste. Thus, the 
interactions of these substances during electrolysis 
are worthy of note. 
 

 
Fig. 14 Electrodeposition ratio of Ag and Pd in simulated 
liquid waste at potential of −0.4 V: ([Ag(I), Rh(III), 
Ru(III), Re(III), Zr(IV), Sn(II), Nd(III)]=0.5−1.5 mmol/L; 
[Pd(II), Ce(III)]=2.5−3.5 mmol/L; [Mo(VI)]=8.0 mmol/L; 
[U(VI)]=50 mmol/L; C(HNO3)=3 mol/L; Potential:  
−0.4 V (vs MSE)) 
 
4 Conclusions 
 

(1) In the Ag(I) solution, Ag can be well 
recycled through electrodeposition at the potential 
of −0.1 V. When the reduction potential is higher 
than −0.2 V, the electrodeposition of Ag is hindered 
because part of the deposited Ag is redissolved due 
to the NO2

− formed during electrolysis. 
(2) When it comes to the coelectrodeposition 

of Ag and Pd, it is confirmed that the deposition of 
Pd can inhibit the generation of NO2

−, and make it 
possible for Ag to be completely electrodeposited in 
30 min at lower potentials. This is because the 
hydrogen evolution is enhanced by the catalysis of 
Pd, which also helps speed up the reaction between 
H2 and NO2

−, eliminating the obstacle of Ag 
electrodeposition. 

(3) According to the analysis of the deposits, 
Ag constitutes the majority of deposits at −0.1 V, 
whereas the Pd content in the deposits increases 
when a higher potential is applied. It is inferred that 

Ag initially deposits as sheet structure and then 
evolves into pine-like shape, while Pd is widely 
dispersed on the Ag crystal surface. 

(4) In addition, it is confirmed that Ag and Pd 
can be well electrodeposited from the simulated 
HLLW simultaneously, and about 70% Ag and 80% 
Pd have been recovered after electrolysis for 3 h. 
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摘  要：为从高放射废液(HLLW)中回收钯和银，采用循环伏安法和恒电位沉积法研究钯和银在模拟硝酸溶液中

的电化学行为。利用扫描电子显微镜(SEM)和 X 射线衍射仪(XRD)观察沉积产物的形貌并分析其组成。结果表   

明，在单独电沉积银时亚硝酸根的生成促进银的溶解。当同时电沉积钯和银时，相同时间内更多金属被沉积，且

沉积的银没有再出现溶解。在−0.4 ~ −0.6 V (vs MSE)的电位下，溶液中的金属被完全电沉积回收，沉积物组成为

银和氢化钯。钯的电沉积可以促进析氢，随后加速亚硝酸根和氢气之间的反应，使溶液中的亚硝酸浓度降低，从

而抑制银的再溶解。 

关键词：电沉积；金属回收；亚硝酸生成；促进作用；形貌特性 
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