L ocal Structure of Molten CdCl, Systems
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The local structure of molten CdCl, was investigated by X-ray absorption fine structure gXAFS)
and X-ray diffraction(XRD) analyses. The nearest Cd%*+-Cl~ distance decreases from 2.61 A in the
room temperature solid state to 2.47 —2.50 A in the molten state. The coordination number decreases
from 6 in the solid to 4 in the melt. The obtained structural parameters from the XAFS and the XRD
analyses suggest that a tetrahedral coordination (CdCls)%~ is predominant in molten CdCl,. The
XAFS result of a molten 50%CdCl,-KCI mixture shows that the 4-fold (CdCl4)%~ structure holds

also in the mixture.
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1. Introduction

Pyro-electrochemistry [1], using molten salts, may
become a reprocessing technology of spent nuclear fu-
els. For example, actinide metals are recovered with
a cadmium cathode from the spent fuel [2]. Cadmium
chloride is used for the recovery of °N, gas, which is
a component of nitride fuel [3]. Cadmium is also used
for preparing transuranium chloride from metal [4].
Knowledge of the structure and physical properties of
cadmium and its compounds is therefore very impor-
tant for the development of pyrochemical processes of
spent nuclear fuels.

Takagi et al. [5] studied the structure of molten
CdCl, by using X-ray diffraction (XRD) and Ra-
man scattering methods. They concluded that the lo-
cal structure of molten CdCl, is tetrahedral (CdCl,)%~.
We have studied the structure and physical properties
of some molten salts which are used in pyrochemi-
cal processes. For example, structural information on
molten UClI3, based on XRD [6] and X-ray absorption
fine structure (XAFS) analyses was reported [7]. In the
present study, the local structure of molten CdCl, and
its mixtures with KCI was investigated by using high
temperature XAFS. In addition, high temperature XRD
measurements of molten CdCl, were performed to
compare them with [5] and the present XAFS results.

2. Experimental

2.1. XAFS Measurement

The XAFS of molten CdCl, and CdCl,-KCI was
measured at the BL11XU beamline in the SPring-8
(Harima, Japan). The operating energy and the ring
current were 8 GeV and 80-95 mA, respectively. Ra-
diation monochromatized double diamond (111) crys-
tals were used in the XAFS measurement. In this
beamline, a gap of the insertion device (ID) is adjusted
to obtain the strongest beam intensity for each energy.
Thus, the strongest and continuous X-ray beam for a
wide energetic range can be used in spite of the beam-
line with undulator. The XAFS spectrum for the Cd
K-edge (Ep = 26.711 keV) was obtained for each mea-
surement.

Details of the high temperature XAFS measure-
ments are described in [8]. The quartz cell, which con-
sists of a upper storage tank for the solid sample, a
quartz window for the XAFS measurement, and a bot-
tom storage tank for the dropped melt was used. The
sample of CdCl, (99.9% purity) was dried at 573 K
under reduced pressure for 1 day to avoid moisture.
When the upper tank was filled with the solid sam-
ple, it was sealed off under reduced pressure. The X-
ray beam passes through the quartz window in trans-
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Fig. 1. Normalized X-ray absorption spectra of solid and
molten CdCl, and molten 50%CdCl,-KCI mixture.

mission XAFS measurements. No displacement of the
baseline was detected in the empty cell. After heating
over the melting point (841 K for CdCl5), the cell was
filled with the melt. The measurement was performed
for 26.2 to 28.6 keV at 923 K.

The computer program code WinXAS ver.2.3., de-
veloped by Ressler [9], and the XAFS simulation code
FEFF8 [10] was used in the XAFS data analysis. The
phase shift and backscattering amplitude parameters,
to be used in the curve fitting of the WinXAS, were
simulated by using the FEFF8. The coordination num-
ber Nj, interionic distance r; and Debye-Waller factor
cj2 were obtained from curve fitting in k-space. The cu-
mulant expansion technique [11] was used to treat an
anharmonic vibration effect. Thus, the following equa-
tion was used in the fitting procedure:

2 (k) = 2N;S; (K)Fj (k) exp(—207K?) exp(—rj/A)
j
- eXp <§C4jk4> sin (Zkrj + ¢ (k) — %CSjks)/(erZ),

where N;j = coordination number(CN) of the ion |
around the central ion i, Sj(k) = amplitude reduc-
tion factor, mainly due to many-body effects, Fj(k) =
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Fig. 2. XAFS functions k3y (k) and Fourier transform mag-
nitudes |FT(k3x(k))| of solid and molten CdCl, and molten
50%CdCly-KCI mixture.

backscattering amplitude for each neighboring atom,
oj = Debye-Waller factor corresponding to thermal vi-
bration, A = electron mean free path, ¢;;(k) = total
phase shift experienced by the photoelectron, rj = av-
erage distance of ion j from the central ion i, C3,C4 =
3rd and 4th cumulants.

2.2. XRD Measurement

The XRD measurement was performed by using
a Rigaku RINT2500TR diffractometer with 12.5 kW
Mo-K,, radiation (0.71069 A). Details of the XRD
measurement of molten salt systems were described
in [12]. The CdCl, samples were sealed in a quartz
cell (0.5 mm in thickness) under reduced pressure after
drying at 573 K for 24 hours. The measurements were
performed at 923 K. Fixed time scans were repeated
several times from 5 to 55 degrees of the diffraction
angle 6.

The reduced intensity function Qi(Q) was obtained
by normalization of the raw intensity data to the elec-
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Table 1. Structural parameters of solid and molten CdCl, and
molten 50%CdCl,-KCI from Cd K-edge XAFS.

Sj(k) Nj i c;& C3 C4  Residual
(A) (A% (10° A% (10* A%
solid CdCls:
Cd?t-ClI~ 0954 57 2.61 0.0105 - - 8.7
Cd?*+-cd?+ 6.2 3.87 0.0173 - -
molten CdCls:
Cd?t-ClI~ 0.819 3.8 2.47 0.0155 0.681  0.229 33
molten 50%CdCl,-KClI:
Cd?t-ClI= 0.897 4.1 2.47 0.0147 1.072  0.938 8.1
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Fig. 3. Curve fitting results of solid CdCl, at room tempera-
ture.

tron unit as described in [13]. The correlation func-
tion G(r) was calculated from the Qi(Q) by fourier
transformation. The interionic distance and coordina-
tion number of the 1st peak was estimated in the G(r)
function. In addition, the obtained Qi(Q) function was
reproduced by the Debye scattering equation

Qi(Q) = iZnu fi(Q) fj(Q)exp(—bi;Q?)

i=1 ]

- sin(Qrij)/rij,
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Fig. 4. Curve fitting results of molten CdCl, at 923 K.

where njj, rij and byj are the correlation number, in-
terionic distance and temperature factor, respectively.
The function f;(Q) is an atomic scattering factor of a
lone atom i. The best structural model was obtained by
using least squares fitting to the experimental Qi(Q)
function.

3. Results and Discussions

3.1. XAFS

Figure 1 shows normalized X-ray absorbance spec-
tra of solid CdCl, and molten CdCl, and 50%CdCl5-
KCI systems. Figure 2 shows XAFS functions k3 (k)
and fourier transform functions |FT| for solid CdCl,
and molten CdCl, and 50%CdCl,-KCI. In the XAFS
function, a phase shift to higher k and decreasing am-
plitude were detected on melting. It corresponds to a
shift to lower r and decreasing 1st peak intensity in R-
space. The 1st peak in the |FT| function is assigned to
the nearest Cd?*-Cl~ interaction. The shift to lower
r of the 1st peak shows that the 1st correlation dis-
tance decreases on melting. The decreasing amplitude
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Fig. 5. Curve fitting results of molten 50%CdCl,-KCI mix-
ture at 923 K.

in k%x (k) and intensity of the 1st peak in the |FT| func-
tion is assigned to a high temperature effect and/or de-
creasing coordination number. In solid state, the 2nd
peak was observed around 3.6 A in the |FT| function. It
is assigned to the 1st Cd*"-Cd?* interaction. The 2nd
peak was not observed around 3.6 A in molten states.
It implies that the correlation between the Cd?* ions
is small in the melts. The XAFS result of the mixture
with KCl is close to that of the pure melt. It suggests
that the local structure around the Cd?* ion does not
change by mixing with KCI.

Curve fitting results are shown in Figures 3-5. The
structural parameters obtained by the fitting are listed
in Table 1. In the fitting of solid CdCl, occur two kinds
of interaction, Cd?*-CI~ and Cd?*-Cd?*. The struc-
tural parameters of solid CdCl, are almost the same
as those of CaF, with the density 4.08 g/cm? [14]. By
melting, the coordination number of the pair Cd%*-CI~
decreases from 5.7 to 3.8. The interionic distance of the
pair Cd?*-Cl~ decreases from 2.61 A to 2.47 A. The
latter value is slightly larger than 2.42 A reported by

Y. Okamoto et al. - Local Structure of Molten CdCl, Systems

T T T T T T

* @) |

A

0 2 4 6 8
r(A)
Fig. 6. X-ray reduced intensity function Qi(Q) and correla-
tion function G(r) of molten CdCl, at 923 K.
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Takagi et al. [5]. The decrease of the Cd2*-Cl- dis-
tance by 0.14 A on melting is close to the difference
between the ionic radii Cd(6-fold) = 0.95 A and Cd(4-
fold) =0.78 A [15]. The curve fitting results imply that
the tetrahedral coordination (CdCl4)?~ is predominant
in the melt.

Structural parameters in the mixed melts are almost
the same as those in pure CdCl; melt. Evidently the
local structure does not change by mixing with alkali
chloride. This is compatible with the Raman spectro-
scopic results on Cd?* in molten LiCI-KCI-CdCl, by
Barresen et al. [16].

3.2. XRD

The X-ray reduced intensity function Qi(Q) and the
correlation function G(r) of molten CdCl, are shown
in Figs. 6(a) and (b), respectively. The Qi(Q) function
shows a prepeak at Q = 1.65 A-1. This suggests that
the melt has a rigid local structure and/or some net-
work structure like zinc chloride melt [17] and rare
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Table 2. The XRD Debye scattering parameters of molten
CdCl,.

nij (Nij) iy (&) bij (A?)
Cd?*-CI~ 4.1(8.2) 2.50 0.012
Cl--CI- 10.3(20.6) 3.92 0.018
Cd?+-Cd?+ 5.1(5.1) 4.30 0.045

earth halide melts [18]. The sharp 1st peak at 2.50 A
in the G(r) function is assigned to the nearestOCd2+—
Cl~ correlation. This value is larger than 2.42 A mea-
sured by Takagi et al. [5], and is slightly shorter than
the sum of the ionic radii [15] r[Cd(4-fold) and CI] =
2.59 A. The coordination number, evaluated from the
peak area with a cut-off distance rqy,; = 3.05 A is 4.1.
These values are almost compatible with the XAFS re-
sult in the previous section. The 2nd peak at 3.9-4.4 A
is assigned to the 1st CI~-Cl~ and Cd?*-Cd?* correla-
tions, though the peaks are not separated. These results
imply that a 4-fold tetrahedral structure is most likely
in the melt.

The reduced intensity function Qi(Q) was repro-
duced by using the Debye scattering equation. In the
fitting, a model expected from the G(r) function was
rigidly used to reduce computational errors and to
avoid artificial fitting. At first, the parameters (r(Cd?*-
Cl7) = 2.50 A and coordination number = 4.1) of the
nearest Cd**-CI~ correlation obtained directly from
the G(r) function were fixed in the fitting. Then a
correlation with shorter distance in the 2nd peak of
the G(r) function was set to be the 1st CI~-Cl~ pair,
since it is naturally thought to be the interaction fol-
lowing to the nearest Cd?>*-CI~ pair. Finally, a dis-
tance of the Cd?*-Cd?* pair was fixed to be 4.3 A,
since it is considered that the 2nd peak is mainly due
to the Cd?>*-Cd?* correlation. The structural param-
eters as the result of least squares fitting were listed
in Table 2. The calculated Qi(Q) curves are shown in
Fig. 7, together with partial contributions. The distance
ratio r(CI—-CI~)/r(Cd?>*-CI~) = 1.59 is close to 1.633
in the right tetrahedron. It suggests that the local struc-
ture of CdCl, changes from 6-fold CaF,-type to tetra-
hedral (CdCl4)?~ structure on melting.

4. Conclusion

The local structure of molten CdCl, was investi-
gated by using high temperature XAFS and XRD tech-
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Fig. 7. Curve fitting results of molten CdCl, at 923 K.
niques. Both results show that the local structure of
molten CdCl, changes from the CaF,-type 6-fold to
the 4-fold tetrahedral coordination (CdCl4)?~ on melt-
ing. Although the result of molten CdCl, is close to
the report by Takagi et al. [5], the Cd?*-Cl~ distance
is significantly longer in the present work. The local
structure around the Cd?* ion does not change by mix-
ing with KCI, since XAFS data of the mixture were
close to those of the pure melt.
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