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Abstract
Electrochemical behavior of gadolinium was studied on W and Cu electrodes in LiCl-KCl melts 823 K via cyclic voltammetry,
square wave voltammetry, and open circuit chronopotentiometry. The reduction of Gd(III) ions was found to be through a one-
step process: Gd(III) + 3e− =Gd(0). The equilibrium potential of the Gd(III)/Gd(0) redox couple was measured via open circuit
chronopotentiometry in the temperature range of 773–893 K, with subsequent calculation of the apparent standard potential,

E*0
Gd IIIð Þ=Gd 0ð Þ, and the apparent Gibbs free energy of formation for GdCl3,ΔG*0

f GdCl3ð Þ. Three reduction peaks, corresponding
to the formation of GdxCuy intermetallic compounds, were detected from cyclic voltammogram and square wave voltammogram
obtained by co-reduction of Gd(III) and Cu(II) ions or electrodeposition of Gd(III) on Cu electrode. Potentiostatic/galvanostatic
electrolysis was performed on Cu electrode with different electrolytic conditions. The results indicate that the Cu-Gd alloys are
comprised of CuGd, Cu2Gd, and Cu6Gd phases. The morphology and micro-zone chemical analysis of the deposits were
characterized by scanning electron microscopy (SEM) equipped with energy dispersive spectrometry (EDS). The highest ex-
traction efficiency of metallic Gd could reach about 99.60% at − 2.20 V for 12 h at 823 K. Therefore, employing electrochemical
deposition of Gd(III) on reactive Cu electrode to extract Gd is feasible.
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Introduction

Molten salt-based high-temperature chemical treatment tech-
nology has been considered to be the promising techniques for
nuclear-related research and development, especially in the
field of dry reprocessing of spent fuel. Reasonable utilization
and full recovery of spent nuclear fuel are key issues for nu-
clear power plant. To reduce the output and long-lived

radiotoxicity of spent fuel and high-level waste (HLW),
partitioning and transmutation (P&T) strategies have become
a potential option for the advanced fuel cycle and an alterna-
tive for complementary waste management [1, 2]. P&T con-
cepts are have been extensively researched, because they
made it possible to reduce the volume and the long-term
radiotoxicity of nuclear fuels. P&T requires recycling of the
radiotoxic higher lanthanides and actinides. For the extraction
and separation of lanthanides and actinides, various separation
methods (based on electrochemical theory) are currently under
development, for example, electrorefining and electrolysis in
melts. The accuracy of experimental data is significant for
extraction and separation of lanthanides and actinides.
However, the separation of rare earth (RE) is difficult due to
their similar chemical properties. For the reason, a good
knowledge of the basic chemical and electrochemical behav-
iors of RE elements in the proposed separation media is very
significant to determine the available separation methods. In
reactor physics, nuclear poison (rare earth elements account
for 25%) has a large capacity for absorbing neutrons in a
nuclear reaction [3]. The effect may be negative in some re-
actor applications because the fission chain reaction may be
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prevented and disrupted, thereby affecting normal reactions.
In conclusion, most of the rare earth elements as much as
possible should be removed. However, the extraction and sep-
aration of rare earth has been widely studied on active elec-
trode in melts.

In melts, the current effective methods to separate and ex-
tract RE elements is using active electrode (Cu, Ni, Mg, Al,
Bi, Co, and Zn) as the cathode to the formation of intermetallic
compounds by making their deposition potential move to a
more positive direction [4–13], such as Al [14–25], Cu
[26–33], Ni [30, 34–40], and Mg [41, 42]. Castrillejo et al.
have discussed electrochemical mechanism of Pr [14], Dy
[15], Gd [16], Er [17], Ho [18], Eu [19], Lu [20], Tm [21],
Yb [22], Sm [23], and Tb [24] in LiCl-KCl melts on reactive
Al electrode. The electrochemical behavior of Pr [34], Dy [35]
and Nd [36] have been reported by Yasuda et al., and Konishi
et al. and Iida et al. have researched electrochemical deposi-
tion of Tb [38], Yb [39], and Sm [40] on Ni electrode. The
extraction and separation of Yb [32] and Ho [33] have been
discussed by Mei Li and Zhuyao Li et al., and intermetallic
compounds are obtained.We previously studied the extraction
of metallic Er on Cu electrode with high extraction efficiency
(98.92%).

In this paper, electrochemical mechanism and thermody-
namic data of gadolinium as one of lanthanides is discussed in
LiCl-KCl melts on W and Cu electrode. The corresponding
Cu-RE intermetallic compounds were obtained on Cu elec-
trode. By employing electrolytic deposition of metallic Gd
on reactive Cu electrode to extract Gd element, the extraction
efficiency of rare earth is calculated. The focus of the paper is
that the electrochemical process and high extraction efficiency
of metallic Gd in LiCl-KCl melts.

Experimental preparation and equipment

LiCl (99.9%)-KCl (99.9%) molten salt system (weight ratio =
50 g/50 g) was dried under argon for over 24 h at 473 K to
remove water before being used. Gd(III) and Cu(II) ions were
added into LiCl-KCl melts in the form of CuCl2 (99.9%) and
GdCl3 (99.9%) without water, respectively. All experiments
were operated in argon atmosphere which was maintained to
avoid contact with O2 and H2O.

Cyclic voltammetry, square wave voltammetry, open cir-
cuit chronopotentiometry and potentiostatic/galvanostatic
electrolysis tests controlled with the Nova 1.10 software were
performed using an Autolab PGSTAT 302N. The electro-
chemical measurements with three-electrode device were per-
formed in a quartz crucible. The working electrode was a
tungsten wire (φ = 1 mm), a copper wire (φ = 2 mm), and a
copper piece (S = 2 mm× 2 mm). The lower extreme of the
working electrode was polished completely with SiC sandpa-
per and then cleaned using ultrasonic cleaning equipment to

remove oxidation film and impurities of electrode surface. The
counter electrode was a spectral pure graphite rod (φ = 6 mm).
Ag/AgCl couple was used as reference electrode, which
consisted of AgCl (1.0 wt.%) in LiCl-KCl melts.

Potentiostatic/galvanostatic electrolysis was carried out to
extract Gd element on Cu electrode. Then the samples were
successively polished with 3000# SiC sandpaper. The analysis
and characterization of the samples were via X-ray diffraction
(XRD) (Rigaku D/max-TTR-III diffractometer) using Cu-Kα
radiation at 40 kVand 150mA. The microstructure and micro-
zone chemical of Cu-Gd alloys were analyzed by scanning
electron microscopy (SEM) equipped with energy dispersive
spectrometry (EDS) (JSM-6480A; JEOL Co., Ltd.).

Results and discussion

Electrochemical process of Gd(III) on W electrode

The electrochemical mechanism of gadolinium chlorides in
LiCl-KCl melts was researched by several kinds of electro-
chemical methods, such as cyclic voltammetry, square wave
voltammetry, and open circuit chronopotentiometry.

Figure 1 shows the cyclic voltammograms obtained on tung-
sten electrode in the absence and in the presence of GdCl3. The
dashed curve of purified blank salt has no additional reaction
signal within the examined electrochemical window except the
currents corresponding to the reduction/oxidation of Li. The
solid line clearly shows a new pair of redox peak after the
addition of GdCl3. The signals A/A', detected at about −
2.04 V/− 1.83 V (vs Ag/AgCl), are ascribed to characteristic
of formation of a new solid phase (pure Gd).

Figure 2a exhibited a series of cyclic voltammograms ob-
tained on W electrode with different scan rates. The variation

Fig. 1 Figure 1 shows the cyclic voltammograms obtained on tungsten
electrode in the absence and in the presence of GdCl3. Temperature:
823 K; scan rate: 0.1 V s−1
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of peak currents and potentials of voltammogram are recorded
by the change of scan rate.

The linear relation of the square root of the scan rate and the
peak current was observed in Fig. 2b. On the basis of linear
sweep voltammetry [43], the electrode process is controlled
by the rate of mass transfer when scan rate reaches 0.3 V s−1.
As the scan rate gets larger, the electron transfer rate becomes
significantly lower than that of mass transport. Figure 2c
shows that the reversibility of the system was discussed by
researching the relation of the peak potential and the scan rate.
The peak potential, EP, is basic constant with a low scan rate,
whereas, for the higher scan rates, the anodic and cathodic
peak potentials change slightly towards more positive and
negative, respectively. These results indicate that the reduction
of Gd(III) ions on W electrode is reversible at low scan rates.

Only a peak A detected within the electrochemical window
indicates that deposition of gadolinium is a step three-electron
process [44]. The width of the half-peak,W1/2, is related to the
electrons transfer numbers as follows [45, 46]:

W1=2 ¼ 3:52RT=nF ð1Þ

where R is the ideal gas constant (J mol−1 K−1); F is the
Faraday constant (C mol−1); T is the temperature (K) and n
is the number of exchanged electrons.

Figure 3 displays the square wave voltammograms
(SWVs) obtained on W electrode with different frequencies
in LiCl-KCl-GdCl3 melts. The validity of Eq. (1) was proved
by plotting the peak current vs the square root of the frequency
[46, 47]. The straight line going through the origin (see inset in
Fig. 3) demonstrates that Eq. (1) can be used to calculate the
number of electrons in the frequency range discussed [46].
According to the half-height width of peaks A, the transfer
electron numbers are 2.79, 2.86, 2.84, and 2.88 (average val-
ue: 2.84), respectively, which suggests that the reduction pro-
cess of Gd(III) proceeds as a one-step process involving three
electrons.

The calculation of apparent Gibbs free energy
of formation for GdCl3

Open circuit chronopotentiometry is an electrochemical meth-
od by researching the deposition and dissolution of alloys. The

Fig. 2 a Exhibited a series of cyclic voltammograms obtained on W
electrode with different scan rates; b variation of the cathodic and
anodic peak currents with the square root of the scan rates; c variation

of the cathodic and anodic peak potentials with the logarithm of the scan
rates. Temperature: 823 K
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open potential (E) vs time (T) was detected in the absence of
current. Figure 4 expresses open circuit potential curves ob-
tained at different temperatures in LiCl-KCl-GdCl3
(1.48 wt.%) melts on W electrode by electrodeposition at −
2.50 V vs Ag/AgCl at different deposition times. A series of
stable plateau were detected in Fig. 4, measuring the corre-
sponding equilibrium potential. The measured potentials for
the Gd(III)/Gd(0) are determined by the Nernst equation:

Eeq
Gd IIIð Þ=Gd 0ð Þ V vs Ag=AgClð Þ ¼ E0

Gd IIIð Þ=Gd 0ð Þ

þ RT
3F

ln
aGd IIIð Þ
aGd 0ð Þ

ð2Þ

where aGd(III) and aGd(0) are the activity of Gd(III) ions and
metal Gd, respectively, while Eeq

Gd IIIð Þ=Gd 0ð Þ is the standard po-

tential at a hypothetical liquid reference state of unit mole

fraction and unit activity. The apparent standard potential,
E*0
Gd IIIð Þ=Gd 0ð Þ, for the Gd(III)/Gd(0)redox couple is defined as:

E*0
Gd IIIð Þ=Gd 0ð Þ ¼ E0

Gd IIIð Þ=Gd 0ð Þ þ
RT
3F

lnγGd IIIð Þ ð3Þ

where γGd(III)=aGd(III)/XGd(III), γGd(III) is the activity coefficient
of Gd(III), and XGd(III) is the molar fraction of Gd(III) in melts.
Equation (2) and Eq. (3) can be expressed as:

Eeq
Gd IIIð Þ=Gd 0ð Þ V vs Ag=AgClð Þ

¼ Eeq
Gd IIIð Þ=Gd 0ð Þ þ

RT
3F

ln XGd IIIð Þ ð4Þ

The potential values with respect to the Cl2/Cl
− system

were obtained by the following equations.

EAg=AgCl V vs Cl2=Cl
−ð Þ ¼ E0

AgCl þ
RT
1F

ln XAgCl ð5Þ

EAg=AgCl V vs Cl2=Cl
−ð Þ ¼ −1:0910−1:857� 10−4T Kð Þ ð6Þ

E*0
Gd IIIð Þ=Gd 0ð Þ VvsCl2=Cl

−ð Þ
¼ Eeq

Gd IIIð Þ=Gd 0ð Þ V vs Ag=AgClð Þ

þ EAg=AgCl V vs Cl2=Cl
−ð Þ− RT

3F
lnXGd IIIð Þ ð7Þ

Table 1 shows that the apparent potential values with dif-
ferent temperatures are exhibited. According to Table 1, the
linear relationship of apparent standard potential changing
with temperature can be defined as:

E*0
Gd IIIð Þ=Gd 0ð Þ VvsCl2=Cl

−ð Þ ¼ −3:154þ 3:120

� 10−4T Kð Þ ð8Þ

Therefore, the apparent standard Gibbs free energy of the
formation for GdCl3 can be calculated by the following ex-
pression:

G*0
f GdCl3ð Þ ¼ −3FE*0

Gd IIIð Þ=Gd 0ð Þ ð9Þ

Table 2 shows the results of the apparent Gibbs free energy
of the formation for GdCl3.The variation of apparent Gibbs
free energy of formation for GdCl3 with temperature is exhib-
ited in Fig. 5.

G*0
f GdCl3ð Þ ¼ −1007:304þ 0:17949T ð10Þ

The apparent Gibbs free energy is also a function of tem-
perature:

ΔG*0
f GdCl3ð Þ ¼ ΔH*0

f GdCl3ð Þ−TΔS*0f GdCl3ð Þ ð11Þ

Fig. 3 Square-wave voltammograms at different frequencies obtained in
LiCl-KCl-1.48 wt.% GdCl3 melts on W electrode; Inset: the linear
relationship of I versus f1/2 for square-wave voltammograms.
Temperature: 823 K

Fig. 4 Open circuit potential curves obtained at different temperatures in
LiCl-KCl-GdCl3 (1.48 wt.%) melts on W electrode by electrodeposition
at − 2.50 V vs Ag/AgCl at different deposition times
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Therefore, the apparent standard enthalpy (ΔH*0
f GdCl3ð Þ )

and entropy (TΔS*0f GdCl3ð Þ ) of formation for GdCl3 are -

1007.304 kJmol−1 and− 179.49 Jmol−1K−1, respectively, which
were similar to the research results for LaCl3 obtained by
Castrillejo et al. (− 1045.3 kJ mol−1 and − 185.6 J mol−1 K−1)
[48] and Fusselman et al. (− 1053.9 kJ mol−1 and −
197.9 J mol−1 K−1) [49].

On the basis of the difference value between the apparent

Gibbs free energies of formation for GdCl3 (G*0
f GdCl3ð Þ ), the

activity coefficient of Gd(III) was calculated from and the

Gibbs free energies of formation for GdCl3 (G0
f GdCl3; SCð Þ

) in LiCl-KCl melts as follows:

2:303RT logγGdCl3 ¼ ΔG*0
f GdCl3ð Þ−ΔG0

f GdCl3; SCð Þ ð12Þ

where ΔG0
f SCð Þ is the Gibbs free energy of formation for

GdCl3 from the reaction of the pure compounds in the
supercooled state. The Gibbs free energies of formation for
GdCl3 in the supercooled state are summarized in Table 3. The
order of magnitude of the calculated activity coefficients is
approximately 10−4. Compared with the results obtained by
Bagri et al. [50] and Zhou et al. [51], order of magnitudes of
the results were all about 10−4.

Co-reduction process of CuCl2 and GdCl3

Figure 6 shows that cyclic voltammograms obtained on Welec-
trode in LiCl-KCl-GdCl3 (1.46 wt.%)-CuCl2 (0.98 wt.%) melts.
To determine the accuracy of peak potential, the cyclic
voltammetrys with different termination potentials (− 2.1 V、−
2.0 V, and − 1.9 V) were operated. Five pairs of reduction-

oxidation peaks A/A′, I/I′, II/II′, III/III′, and B/B′ were detected
within the range of the electrochemical window. The reduction
potential starts to increase from about − 0.15 V and peaking at
about − 0.24 V (signal B), which is caused by the deposition of
Cu(I) to Cu [33, 52]. Therefore, the peaks I′, II′, and III′ at about
− 1.99V,− 1.89V, and− 1.80V between the deposition potential
of Cu andGd should be corresponded to the deposition of Cu-Gd
intermetallic compounds, which is formed through
underpotential deposition of Gd on Cu electrode. Therefore, the
deposition potential value of Gd(III) on Cu electrode is more
positive than one of Gd(III) on Welectrode. The formation pro-
cess of Cu-Gd intermetallic compounds can be expressed by the
following three steps: (1) xCu(II) + xe−⇄ xCu(I); (2) xCu(I) +
xe− ⇄ xCu(0), yGd(III) + 3ye− ⇄ yGd; (3) yGd + xCu ⇄
GdyCux. The whole process of the formation of Cu-Gd alloy
can be expressed as follow:

yGd IIIð Þ þ xCu IIð Þ þ 3yþ 2xð Þe−⇄GdyCux ð13Þ

Figure 7a displays square wave voltammograms obtained
in LiCl-KCl-GdCl3 (1.46 wt.%)-CuCl2 (0.98 wt.%) melts on
W electrode at 823 K. It exhibits five obvious peaks with the
potentials of − 2.05 V, − 1.98 V, − 1.88 V, and − 1.79 V, which
correspond to the formation of pure Gd metal, three different
Cu-Gd alloys and the deposition of Cu metal, respectively.
The height of peak A decreases obviously addition of
1.46 wt.% GdCl3 on account of the formation of intermetal-
lics. Avery thin layer of Cu-Gd alloy was prepared by cathod-
ic deposition onWelectrode at deposition potential of − 2.5 V
in LiCl-KCl-GdCl3 (1.46 wt.%)-CuCl2 (0.98 wt.%) melts.
Similarly, four electrochemical platforms at potential −
1.91 V, − 1.78 V, − 1.70 V, and − 1.56 V were detected in

Table 1 The apparent potential values with different temperatures are exhibited

T/K
Eeq
Gd IIIð Þ=Gd 0ð Þ=V

vs Ag=AgCl
E*0
Gd IIIð Þ=Gd 0ð Þ=V
vs Ag=AgCl

E*0
Gd IIIð Þ=Gd 0ð Þ=V
vs Cl2=Cl

−

La [44] Er [31]

773 − 1.894 − 1.765 − 3.00 – − 2.914
813 − 1.869 − 1.734 − 2.98 − 3.040 –

853 − 1.843 − 1.701 − 2.95 – –

893 − 1.818 − 1.669 − 2.93 – –

Table 2 Comparison of thermodynamic data for GdCl3 obtained in the LiCl-KCl melts with different temperatures

Temperature/
K

G*0
f GdCl3ð Þ=kJ mol−1 G0

f GdCl3; SCð Þ=kJ mol−1

[45]
logγGdCl3 γGdCl3

773 − 868.500 − 816.191 − 3.534 2.92 × 10−4

813 − 861.552 − 806.555 − 3.533 2.93 × 10−4

853 − 854.025 − 796.969 − 3.493 3.21 × 10−4

893 − 847.007 − 788.097 − 3.445 3.59 × 10−4
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Fig. 7b, respectively. Since Gd metal deposited on Cu, and
diffuses into the Cu electrode, the potential value of Cu-Gd
intermetallic compound gradually shifts to more positive. The
possible platform equilibrium reaction involves two steps de-
scribed as follows: (1) xGd(0) - xe − = xGd(III); (2) zCuxGdy -
3(zy-xm)e− = xCuzGdm + (zy-xm) Gd(III) (equilibrium reac-
tion of platform I, II, and III).

Electrochemical behavior of GdCl3 on Cu electrode

To further explore the formation of Cu-Gd intermetallic com-
pounds, we researched the cyclic voltammograms obtained on
Cu electrode at 823 K in LiCl-KCl-GdCl3 (1.48 wt.%). In Fig. 8,
five pairs of peaks A/A′, I/I′, IIII′, III/III′, and B were obtained,
which corresponds to the deposition/dissolution of Gd
metal、three different Cu-Gd intermetallic compounds and Cu
metal, respectively. Three pairs of reduction/oxidation peaks, I/I′,
II/II′, and III/III′ at − 1.98 V/− 1.73 V, − 1.91 V/− 1.51 V, and −
1.79 V/− 1.41 V, are clearly observed. As the scan rate increases,
the peak current value is getting larger.

Fig. 5 Variation of the Gibbs free energy of the formation for GdCl3 with
temperature in melts

Table 3 The extraction efficiency of LiCl-KCl-GdCl3 (1.48 wt.%)
melts obtained during potentiostatic electrolysis at − 2.20 V (vs Ag/
AgCl) on Cu electrode

Electrolytic
time (h)

The concentration of
GdCl3 in melts (wt.%)

Extraction
efficiency
(%)

0 0.99 0

1 0.90 11.11

2 0.78 21.21

4 0.60 39.39

6 0.43 56.57

8 0.26 72.72

10 0.13 86.86

12 0.004 99.60

Fig. 6 Cyclic voltammograms curves obtained in LiCl-KCl-GdCl3
(1.46 wt.%)-CuCl2 (0.98 wt.%) melts. Work electrode: tungsten;
temperature: 823 K

Fig. 7 a Square wave voltammetry; b Open circuit chronopotentiometry
curves obtained in LiCl-KCl-GdCl3 (1.46wt.%)-CuCl2 (0.98wt.%)melts
on W electrode. Temperature: 823 K; electrodeposition time: 30 s
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Figure 9a shows square wave voltammetry obtained in LiCl-
KCl-GdCl3 (1.46 wt.%) melts on Cu electrode. In order to
detect the peak clearly, Gaussian fitting was adopted in Fig.
9a. It exhibits four obvious peaks with the potentials of −
2.04 V, − 1.99 V, − 1.89 V, and − 1.78 V, which correspond to
the formation of pure Gd metal, three different Cu-Gd alloys
and the deposition of Cu metal, respectively. The potential
values of intermetallic compounds on Cu electrode were similar
with the one on W electrode. Figure 9b exhibits open circuit
chronopotentiometry with different molten salt systems. Curve
4 corresponds to the open circuit chronopotentiometry obtained
in LiCl-KCl-GdCl3 melts on W electrode after potentiostatic
electrolysis at − 2.5 V for 30 s. The potential stays at about −
2.38 V (curve 1), which is by reason of the deposits of Li metal
on W electrode. Therefore, the equilibrium potential of Li(I)/
Li(0) in LiCl-KCl melts is about − 2.38 V at 823 K. However,
the equilibrium potential of Gd(III)/Gd is at about − 1.92 V.
Curve (2 and 3) demons t ra tes the open c i rcu i t
chronopotentiogram are performed in LiCl-KCl-GdCl3 melts
with deposition potential − 2.30 V for 20 s. In curve 2 and 3,
the plateau potential of I、II, and III become more positive.
This phenomenon is attributed to the formation of Cu-Gd al-
loys. Curve 4 is associated with the open circuit
chronopotentiogram conducted in LiCl-KCl melts on Cu elec-
trode. Only a plateau (Cu − e−⇄Cu(I)) was detected.

Potentiostatic/galvanostatic electrolysis
and characterization of the Cu-Gd alloys

Electrochemical extraction of Gd element was carried out by
galvanostatic/potentiostatic electrolysis on Cu electrode. The
preparation of Cu-Gd alloys has been performed via
galvanostatic/potentiostatic electrolysis. Figure 10a shows
the XRD patterns of the deposits obtained on Cu electrode
in LiCl-KCl melts containing 1.48 wt.% GdCl3 after galvano-
static electrolysis at − 0.5 A for 6 h. The Cu-Gd alloy is com-
posed of CuGd phase as shown XRD patterns of Fig. 10a.
When the electrolytic condition was changed to potentiostatic
electrolysis, Cu-Gd alloy contains Cu2Gd and CuGd phases
by the analysis of XRD. According to the analysis of SEM/
EDS below, the plating consists of two layers (Cu2Gd and
CuGd intermetallic compounds).

Microstructure analysis of the elements was applied to re-
search the distribution of Gd element in Cu-Gd alloys.
Figure 11 exhibits a set of SEM micrograph of a cross section
of Cu-Gd alloys obtained via galvanostatic electrolysis at −
0.5 A for 2 h. From these images, Cu-Gd alloys were clearly
distinguished by two phases (dark and bright parts). The
bright part is known as the Cu-Gd phase, and the dark part
is corresponding to Cu phase. Many different lightspots ran-
domly distribute on the surface in SEM images. The dark and
bright parts are Cu substrate and Cu-Gd intermetallics, respec-
tively, which are displayed via EDS mapping analysis. The

Fig. 9 a Square wave voltammetry in LiCl-KCl-GdCl3 (1.48 wt.%)
melts; b Open circuit chronopotentiometry with different molten salt
systems.Work electrode: tungsten; temperature: 823 K; frequency: 25 Hz

Fig. 8 Cyclic voltammograms obtained on Cu electrode in LiCl-KCl-
GdCl3 (1.48 wt.%) at different scan rates. Work electrode: tungsten;
temperature: 823 K
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conclusions of EDS quantitative analysis of the points labeled
A district mean that the clad layer is composed of Cu and Gd
elements. For the point A in Fig. 11a, the atom percentage
ratio Cu/Gd is about 85.77/14.23 (6.03/1). Combined with
the XRD result, we think the Cu-Gd phase is CuGd com-
pound. Figure 12 shows a group of SEM/EDS mapping anal-
ysis of the Cu-Gd alloy by galvanostatic electrolysis at − 0.5 A
for 6 h. Because of the extended electrolysis time, the coating
is thicker than that in Fig. 11a. For the point A in Fig. 12a, the
atom percentage ratio Cu/Gd is about 49.67/50.33 (0.99/1);
therefore, Cu-Gd phase is Cu2Gd intermetallic compound.

In order to completely extract Gd element, potentiostatic
electrolysis at − 2.20 V for 12 h is performed in LiCl-KCl-
GdCl3 (1.48 wt.%) melts on Cu electrode. The two coating
can be clearly observed, and the EDS results of the red frame
labeled A and B district from Fig. 13a mean that the layer
included Cu and Gd, with the Cu/Gd atomic ratio of about
67.60/32.40 (2.09/1) and 45.74/54.26 (1.05/1), respectively.
Therefore, the phase is composed of Cu2Gd and CuGd phases.
Table 3 shows the ICP/AES analysis of supernatant in melts
obtained at different electrolytic time by potentiostatic elec-
trolysis. The extraction efficiency for gadolinium is about

a b

c d

Fig. 11 SEM micrograph and
EDS analysis of a cross section of
Cu electrode in LiCl-KCl-GdCl3
(1.48 wt.%) melts by
galvanostatic electrolysis at −
0.5 A for 2 h. Temperature: 823 K

Fig. 10 The XRD patterns of the
deposits obtained on Cu electrode
in LiCl-KCl melts containing
1.48 wt.% GdCl3 after galvano-
static electrolysis at − 0.5 A for
6 h and potentiostatic electrolysis
− 2.20 V for 12 h, respectively
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a b

c

d e

Fig. 13 SEM micrograph and
EDS analysis of a cross section of
Cu electrode in LiCl-KCl-GdCl3
(1.48 wt.%) melts by
potentiostatic electrolysis −
2.20 V for 12 h. Temperature:
823 K
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c d

Fig. 12 SEM micrograph and
EDS analysis of a cross section of
Cu electrode in LiCl-KCl-GdCl3
(1.48 wt.%) melts by
galvanostatic electrolysis − 0.5 A
for 6 h. Temperature: 823 K
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Fig. 14 SEM micrograph and
EDS analysis of a cross section of
Cu electrode in LiCl-KCl-GdCl3
(1.48 wt.%) melts by
potentiostatic electrolysis
electrolysis − 1.75 V for 10 h.
Temperature: 823 K
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Fig. 15 SEM micrograph and
EDS analysis of a cross section of
Cu electrode in LiCl-KCl-GdCl3
(1.48 wt.%) melts by
potentiostatic electrolysis
electrolysis − 1.65 V for 10 h.
Temperature: 823 K
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99.60% after potentiostatic electrolysis at − 2.20 V for 12 h in
LiCl-KCl-GdCl3 melts on Cu electrode. Kui Liu et al. [53]
studied the co-reduction of Gd(III) ions and Al(III) ions, and
the extraction efficiencies were 89.7% (potentiostatic electrol-
ysis) and 96.5% (galvanostatic electrolysis), respectively.
Compared with co-reduction on Mo electrode, the extraction
of Gd on Cu electrode has higher extraction efficiency in the
LiCl-KCl-GdCl3 melts. Therefore, the extraction of Cu elec-
trode is a good choice.

Figure 14 exhibited SEM micrograph and EDS analysis
of a cross section of Cu electrode in LiCl-KCl-GdCl3
(1.48 wt.%) melts by potentiostatic electrolysis electrolysis
− 1.64 V for 10 h at 823 K. From the SEM image (Fig. 14a),
the thickness of the Cu-Gd alloy layer prepared is about
125 μm. The EDS results of the alloy layers (red frame A
and B) taken from Fig. 14a indicates that the layers are
composed of Cu and Gd, with Cu/Gd atomic ratios of about
65.92/34.08 (1.93/1) and 48.91/51.09 (0.96/1), respectively.
Therefore, the alloy layers of the sample are composed of
Cu2Gd and CuGd, respectively, when the measurement error
is taken into account. Figure 15 exhibited SEM micrograph
and EDS analysis of a cross section of Cu electrode in LiCl-
KCl-GdCl3 (1.48 wt.%) melts by g potentiostatic electrolysis
electrolysis − 1.55 V for 10 h at 823 K. According to the
potential curve, only a Cu-Gd intermetallic compound exist
at more positive than − 1.55 V. The thickness of the depos-
ited alloy layer is about 120 μm, and Cu/Gd atomic ratios of
about 85.32/14.68 (5.81/1). Therefore, the coating is com-
posed of Cu6Gd phase. According to the analysis results of
XRD and SEM/EDS, Three intermetallic compounds I、II,
and III are respectively CuGd、Cu2Gd, and Cu6Gd,
respectively.

Conclusion

The electrochemical co-reduction of Gd(III) and Cu(II) was
investigated, meanwhile the electrochemical behaviors of
GdCl3 in LiCl-KCl melts were first studied on W electrode.
Cyclic voltammogram and square wave voltammogram indi-
cated the reduction of Gd(III) ions in LiCl-KCl melts is a one-
step three-electrons transfer process: Gd(III) + 3e− =Gd(0).

The equilibrium potential of Gd(III) was measured by open
circuit potential curve in the temperature range of 773–893 K.

The apparent standard potential, E*0
Gd IIIð Þ=Gd 0ð Þ, and the appar-

ent Gibbs free energy of formation for GdCl3, G*0
f GdCl3ð Þ

were calculated by experimental data.
The experiments of co-reduction of Gd(III) and Cu(II) on

W electrode showed that three groups of peaks, correspond-
ing to the formation of GdxCuy intermetallic compounds, were
detected from cyclic voltammogram, square wave voltammo-
gram, and open circuit chronopotentiometry.

The electrochemical behavior of Gd(III) was explored on
Cu electrode, and the reduction potentials of Gd(III)/Gd(0) on
Cu electrode were observed at more positive than that on W
electrode, by reason of the formation of Cu-Gd intermetallics.
Galvanostatic/potentiostatic electrolysis was carried out to
form Cu-Gd intermetallics characterized by XRD and SEM/
EDS. The extraction efficiency was calculated during
potentiostatic electrolysis at − 2.20 V for 12 h at 823 K.
According to the analysis results of XRD and SEM/EDS,
three intermetallic compounds (CuGd、Cu2Gd, and Cu6Gd)
were detected. It was found that the highest extraction effi-
ciency could reach 99.60%. Therefore, the cycle of spent fuel
by electrochemical extraction of Gd (fission products) proves
to be satisfactory using Cu as working electrode.
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