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Electrochemical Preparation of Ho-Ni Intermetallic Compounds in LiCl-KCl Eutectic Melts
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Abstract: The electrochemical behavior of Ho(lll) in LiCI-KCl eutectic melts and the alloying mechanism of Ho-Ni
alloys were investigated by cyclic voltammetry, square wave voltammetry and open circuit chronopotentiometry.
On an inert W electrode, the electroreduction of Ho(lll) proceeds in a one-step process involving three electrons at
-2.06 V. (vs Ag/AgCl). Compared with the cyclic voltammograms on an inert W electrode, three reduction peaks
are observed which indicates the under-potential deposition of Ho(ll) on the reactive Ni electrode due to the
formation of Ho-Ni intermetallic compounds. Three alloy samples were produced by potentiostatic electrolysis at
various potentials and characterized by X-ray diffraction (XRD), scanning electron microscopy and energy
dispersive spectrometer (SEM-EDS), respectively. The results confirm the three alloy samples of Ho,Ni;;, HoNis

and HoNi, intermetallic compounds, respectively.
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As  structural and  functional = materials, materials, magnetic materials, catalytic, hydrogen

intermetallic compounds have attracted considerable
attention due to their high potential for various
The earth-Ni

compounds are essential for high-temperature structural

applications ', rare intermetallic

WeHs B 41.2014-06-30, WefE 2o H 41.2014-10-08

storage alloys, etc**. As a new preparation method of
the rare earth-transition metal intermetallic compounds,
electrochemical synthesis using molten salts is an

effective method because composition and thickness of
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the alloys can be controlled by electrochemical
parameters'®. Kobayashi et al."™ and Yasuda et al.®"!
have investigated the electrochemical formation of Dy-
Ni and Nd-Ni alloys in a molten LiF-CaF,-LnF; and
NaCl-KCI-LnCl; (Ln=Dy and Nd) melts, respectively.
Chamelot and co-worker!"" have obtained NdNi,, NdNis,
GdNi,, GdNi, Ni,Sm and NiSm
compounds on a reactive nickel electrode by the
electroreduction of the lanthanides (Nd, Gd and Sm) in
LiF-CaF,-LnF; molten salts. Nohira et al."? have studied
the electrochemical preparation of Pr-Ni alloys in a
molten LiCI-KCI-PrCl; (0.50 mol %) system. lida and
co-worker!*' have explored the formation of Sm-Ni and
Yb-Ni alloys in a molten LiCI-KCI-LnCl; (Ln=Sm and

Yb) melts. Yang and co-worker " have explored the

intermetallic

* on nickel cathode in molten

electroreduction of Ho®
KCI-HoCl;. The free energies of formation for the
intermetallic compounds between Ho and Ni, the
diffusion coefficients and diffusion activation energy of
Ho atom in the alloy phase were determined.

Since the conditions

operation significantly

influences  the feasibility of pyrometallurgical
reprocessing, it is of crucial importance to have the
knowledge of the electrochemical behavior of Ln in
different melts for the understanding of the process. The
electrochemical reduction of Ho(ll) on a Ni electrode

51 whereas the

has only been studied in the KCI system
LiCI-KCl eutectic melts has not been used for the
electrochemical synthesis of Ho-Ni alloys. Thus, the
electrochemical behavior of Ho(ll) was studied on an
inert W electrode and a reactive Ni electrode in LiCl-
KCI-HoCl; melts by cyclic voltammetry, square wave
voltammetry and open circuit chronopotentiometry. The
preparation of Ho-Ni intermetallic compounds was

carried out by potentiostatic electrolysis at different

potentials, and the samples were characterized by XRD
and SEM-EDS.

1 Experimental

1.1 Preparation and purification of the melt
A mixture of LiCl-KCl eutectic melts (58.5:41.5, n/
n) (analytical grade) was first dried under vacuum for

more than 48 h at 573 K to remove excess water and

then melted in an alumina crucible located in an
electric furnace. The temperature of the melts was
measured with a nickel chromium-nickel aluminium
thermocouple sheathed with an alumina tube. Metal ion
impurities in the melts were removed by pre-electrolysis
at =2.10 V. (vs Ag/AgCl) for 4 h. Anhydrous HoCls
(99.9wt% ; High Purity Chemical Co. Ltd.) was added
directly to the melts as a Ho(ll) ion source.
1.2 Electrochemical apparatus and electrodes

All electrochemical measurements were performed
using an Autolab PGSTAT 302N (Metrohm, Ltd.) with
NOVA 1.8
voltammetry (CV), square wave voltammetry (SWV) and

software where techniques of cyclic

open circuit chronopotentiometry (OCP) were employed.
The working electrodes were W wire (d=1 mm; 99.99%)
(2 mmx11 mm; 99.99% ), which were
polished thoroughly using SiC paper (2000 grit), and

and Ni plate

then cleaned ultrasonically with dilute hydrochloric
acid and ethanol prior to use. The Ag/AgCl electrode
(Ag: d=1 mm; 99.99%) used as reference electrode (RE)
was encased in a Pyrex tube, in which the LiCl-KCI

(99.998%). All
potentials are referred to the Ag/AgCl couple.

eutectic melts contain 1.0wt% AgCl

1.3 Characterization of deposits

The deposits were prepared by potentiostatic
electrolysis under different conditions. After electrolysis,
the alloy samples were washed in hexane (99.8 %) in an
ultrasonic bath to remove salts and stored in a glove box
for analysis. These deposits were analyzed by X-ray
diffraction (XRD, X' Pert Pro; Philips Co., Ltd.) using Cu
Ka radiation (A=0.154 06 nm) at 40 kV and 150 mA with
a 260-6 scan mode in the 26 range of 20°~90°, and the
step size was 0.02°. The microstructure and micro-zone
chemical analysis were measured by scanning electron
microscopy and energy dispersive spectrometer (SEM-
EDS, JSM-6480A, JEOL Co., Ltd.) under conditions of
accelerating voltage of 20.0 kV, the valid time of 30.0 s
and the incident angle of 90.0°.

2 Results and discussion

2.1 Electrochemical behavior of Ho(l) ions in
LiCI-KClI eutectic melts on a W electrode
2.1.1 Cyclic Voltammetry
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Fig.1 presents the typical cyclic voltammograms
(CVs) obtained in the LiCl-KCl melts before and after
the addition of HoClsat 1 023 K. On the dotted curve,
peaks A and A’ correspond to the deposition and
dissolution of Li metal, since no alloys or intermetallic
compounds exist in the W-Li phase diagram® at 1 023
K. The solid curve represents the CVs after the addition
of HoCl; in the LiCl-KCl melts. Except for the cathodic/
anodic peaks A/A’, the peaks B/B’ observed at —2.06~
1.89 V  (vs Ag/AgCl) are ascribed to the deposition and

subsequent reoxidation of holmium.
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Fig.1 Typical CVs of the LiCI-KCI melts before (dotted
line) and after (solid line) the addition of HoCls
(2.50x10* mol-cm™) on a W electrode (5=0.322
cm?) at 1 023 K. Scan rate: 0.1 V-s™

2.1.2  Square wave voltammetry

The square wave voltammetry technique was used
to determine the number of electrons involved in the
electrochemical step. For a simple reversible reaction,
the width of the half-peak, W,, depends on the number
of electrons exchanged and on the temperature as
follows!":

Wip=3.52RT/(nF) 1)

where R is the universal gas constant, T is the
absolute temperature (K), n is the number of exchanged
electrons, and F is the Faradays constant (96 485 C -
mol™).

Fig.2 shows a square wave voltammogram obtained
in the LiCl-KCl-HoCl; melts on a W electrode. The
peak shown in Fig.2 exhibits an asymmetrical Gaussian
signal attributed to the nucleation overpotential, the rise
of the current is delayed by the overpotential caused by

the solid phase formation. The relationship (1) can be

0.00

-0.05

I/A

-0.10

-0.15

2.2 -2.1 -2.0 -1.9
E/V (vs Ag/AgCl)

Fig.2 Square wave voltammogram of the LiCI-KCI-HoCl,
(2.50x10 mol+cm™) melts obtained on a
W electrode (S=0.322 cm? at 1 023 K. Pulse
height: 25 mV; potential step: 1 mV;
frequency, 30 Hz

utilized to calculate the number of electrons involved in

the reduction reactions of Ho(ll)/Ho(0) when we apply

this technique at low frequencies and small step
potentials!"”"™. Using this methodology, the value of n is

2.86, close to three electrons, which indicates that the

electroreduction of Ho(lll) proceeds in a one-step process

involving three electrons. The result is consistent with
the ones obtained from the cyclic voltammograms.

2.2 Electrochemical behavior of Ho( ions on a
nickel electrode and formation of Ho-Ni
intermetallic compounds

2.2.1  Electrochemical behavior of Ho (I} ions in

LiCI-KClI eutectic melts on a Ni electrode
In order to investigate the formation of Ho-Ni
compounds, cyclic voltammetry was
conducted on a Ni electrode in the LiCl-KCI-HoCl;
melts. Fig.3 shows the typical CVs of the LiCl-KCl

(dotted line) and after (solid line) the

addition of HoCl; (2.50 x10 * mol cm ) on a Ni

electrode at 1 023 K. On the dotted curve in Fig.3,

comparison to the CVs of the LiCl-KCI melts on a W

intermetallic

melts before

electrode, the peaks A/A’ correspond to the deposition
and re-oxidation of Li metal. The sharp increase signals
F/F" can be ascribed to the deposition and dissolution
of Ni metal.

The shape of the solid curve in Fig.3 obtained on a
Ni electrode is very different from the one obtained on a
W electrode after the addition of HoCl; in the LiCI-KCI
melts (solid curve in Fig.1). Except for the peaks A/A’



180 Jd Hl fk

#o% 4R

%31 4%

and B/B" at =2.42 V/-2.33 V and -2.06 V/-1.89 V (vs
Ag/AgCl), corresponding to the reduction/oxidation of
lithium and holmium, respectively, additional peaks
appear prior to the reduction of Ho(ll) to give pure metal
on a W electrode. Of evidence, these peaks, C/C’, D/D’
and E’, are attributed to the formation and re-oxidation

of Ho-Ni intermetallic compounds.

0.3

0.2

2.5 -2.0 -1.5 -1.0 -0.5 0.0

E/V (vs Ag/AgCl)

Fig.3 Typical CVs of the LiCl-KCl melts before (dotted
line) and after (solid line) the addition of HoCl; on a Ni
electrode (S=0.322 cm? at 1 023 K. Scan rate: 0.1 V-s™

In addition, square wave voltammetry was
employed to further investigation of the electrochemical
behavior of Ho(lll) on a Ni electrode, since square wave
voltammelry is more sensitive and has a higher
19)

Fig.4 shows a

resolution than cyclic voltammetry!
square wave voltammogram obtained at a step potential
of 1 mV and frequency of 30 Hz in the LiCl-KCI-HoCl;
(2.50x10™ mol - cm~) melts on a Ni electrode at 1 023

K. It exhibits four peaks B, C, D, and E, corresponding
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-2.5 -2.0 -1.5 -1.0 -0.5

E/V (vs Ag/AgCl)

Fig4 Square wave voltammogram of the LiCl-KCIl-HoCl;
melts obtained on a Ni electrode (S=0.322 c¢m?) at
1 023 K; Pulse height: 25 mV; potential step:
1 mV; frequency: 30 Hz

to the reactions of Ho(ll)/Ho(0), the formation of three
different intermetallic compounds, respectively, which
is consistent with the results obtained from cyclic
voltammogram on a Ni electrode.

Open circuit chronopotentiometry was carried out
of Ho-Ni

intermetallic compounds. Since the deposited Ho metal

to further investigate the formation
reacts with Ni and diffuses into the Ni electrode, the
electrode potential gradually shifts to more positive
values. During this process, a potential plateau is
observed when the composition of the electrode surface
is within a range of a two-phase coexisting state!?, Fig.
5 shows an open circuit chronopotentiogram after
(vs Ag/AgCl) for
35 s on a Ni electrode. Five potential plateaus are
observed at -2.28, -2.01, —-1.82, —1.61 and -1.10 V (vs

Ag/AgCl), respectively. The first potential plateau A is

potentiostatic electrolysis at —=2.60 V

thought to be due to the presence of the codeposited Li
metal on the electrode. The second plateau B is
considered to be ascribed to the Ho(Ill/Ho(0) potential.
After that, three plateaus C, D and E correspond to the
of different Ho-Ni intermetallic

coexisting states

compounds.

-0.8

E/V(vs Ag/AgCl)

0 200 400 600 800
t/s

Fig.5 Open circuit potentiogram of LiCI-KCl-HoCls
(2.50x10* mol+em™) melts on a Ni electrode
(S=0.322 cm?) at =2.6 V vs Ag/AgCl for 35 s
at 1 023 K
2.2.2  Potentiostatic electrolysis and characterization
of deposits
Based on the results of cyclic voltammogram,
voltammogram and open circuit

Ho-Ni alloy

prepared by potentiostatic electrolysis on a Ni electrode

square wave

potentiogram, the compounds  were
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(S=2.88 cm? in the LiCl-KCI-HoCl;
cm™) mellts.
Fig.6 shows the XRD patterns of Ho-Ni alloy

samples obtained by potentiostatic electrolysis in the

(2.50x10~ mol

*

% HoNi,
* A HoNi,
® Ni
Sample ¢ *
* *
* o
‘\. M N - At
A
[ ]
Sample b ’ ®
A } \ A A
A A
A “u Ad ‘_L.- \ A
20 30 40 50 60 70 80 90
20/ )
Fig.6 XRD patterns of the deposits obtained by

potentiostatic electrolysis in the LiCl-KCI-
HoCl; melts on a Ni electrode at 1 023 K;
sample b: at —1.8 V for 10 h; sample ¢ at
-22 Vfor 10 h

Ni substrate

Resin

Resin

Ni substrate

Al e

LiCl-KCI-HoCl; melts at —=1.8 V (1 023 K, 10 h, sample
(b)) and -2.2 V(1 023 K, 10 h, sample (c)),
respectively. XRD patterns indicate that the Ho-Ni
alloy samples are comprised of HoNis and HoNi,,
respectively.

At -1.8 V (vs Ag/AgCl), the sample
obtained by potentiostatic electrolysis at —=1.8 V for 5 h.

(a) was

The cross-sectional SEM image of the sample (a) in Fig.
7a shows the thickness of the alloy layer is around
20 pm. The EDS point analysis of labeled A in the Fig.
7a shows that the atomic ratio of Ni to Ho is about 17:2
(Fig.7b). Because the alloy layer is very thin, there is no
corresponding signal can be detected by XRD. Nohira

et al.®

pointed out that one phase forms preferentially
and another phase starts to form upon the completion of
the preferentially phase formation. According to the Ho-
Ni phase diagram™' and the analysis of EDS, we think
the observed alloy layer in the sample (a) is Ho,Ni,

layer with 20 wm thickness.
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Fig.7 SEM and EDS analysis of the Ho-Ni alloys obtained by potentiostatic electrolysis in the LiCl-KCIl-HoCl; melts; SEM
image (a) and EDS point analysis (b) at =1.8 V for 5 h ; SEM image (c¢) and EDS point analysis (d) at —1.8 V for 10 h;
SEM image (e) and EDS point analysis (f) at =2.2 V for 10 h

Fig.7¢ shows the SEM image of sample (b) obtained
at —1.8 V. (vs Ag/AgCl) for 10 h at 1 023 K. The
thickness of alloy layer is close to 60 wm. The EDS of
labeled A in Fig.7¢ indicates that the atomic ratio of Ni
to Ho is close to 5:1 (Fig.7d). The XRD pattern confirms
(b). At the same

potential, the Ho-Ni intermetallic compound obtained is

the presence of HoNis in the sample

different at different electrolysis time. The longer the

electrolysis time, the richer Ho intermetallic compound
is obtained by potentiostatic electrolysis at the same
potential.

At -2.2 V, only one intermetallic compound HoNi,
is characterized by XRD in Fig.6. The cross-sectional
SEM image of the sample (c) is presented in Fig.7e. The
result shows that the thickness of deposited alloy layer

is about 130 pwm and the atomic ratio of Ni to Ho is
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close to 2:1 (Fig.7f). Combined with the XRD pattern of
the sample (c¢) in Fig.6, we think that the alloy layer is a

uniform HoNi, layer.
3 Conclusions

The electrochemical behavior of Ho(ll) in the
eutectic LiCl-KCl melts on W and Ni electrodes were
investigated by a series of electrochemical techniques.
The results show that the reduction mechanism of Ho(lll)
proceeds in a one-step process exchanging three
electrons on a W electrode. The under-potential
deposition of Ho () on a Ni electrode is due to the
formation of different Ho-Ni intermetallic compounds.
According to the study of cyclic voltammograms, square
wave voltammogram and open-circuit
Ho-Ni

compounds were obtained by potentiostatic electrolysis

chronopotentiograms,  the intermetalic

under different potentials. The formation of Ho-Ni
alloys with different ratios of the two metals, i.e.

Ho,Ni;;, HoNis and HoNi,, is confirmed by XRD,
SEM-EDS.
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