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Abstract

The electrochemical behavior of Cr(Ill) in FLINAK melts at 600 °C was studied
through cyclic voltammetry (CV) and square wave voltammetry (SWV). Cr(IlI)
reduction proceeded in two steps: initial Cr(Ill) reduction to Cr(II) followed by
subsequent reduction to Cr. The peak corresponding to the reduction of Cr(IIl) to
Cr(Il) was also observed in SWVs and CVs even though only CrF, was added to the
FLINAK melts. This result confirms that Cr(II) was converted to Cr(III) via the
disproportion: 3Cr(Il) = 2Cr(IIl) + Cr. Such a conversion could be attributed to the

formation of the stable species [CrFq]*, as determined through Raman spectroscopy.

Keywords: Square wave voltammetry; Chromium species; Molten fluoride; Stable

valence; Raman spectroscopy
1. Introduction

Molten fluorides are suitable for use as coolants of molten salt reactors because
these materials present excellent heat transfer propertiesl’3. However, pyrohydrolysis
of the absorbed water left in raw molten fluorides commonly occurs upon melting,
and formation of HF is inevitable [Eq. (1)]. Given its high solubility in fluorides*”,
HF(g) remains in the salts and causes corrosion of structural materials®®. This
corrosion is caused by the reaction of Cr and HF'*'!| as shown in Eq. (2). Despite this
problem, however, high-temperature Cr-bearing alloys, such as Hastelloy, are still

used in molten fluorides because of their acceptable, time-tested, and overall

high-temperature propertieslz’B.
H,0 + 2F < O” + 2HF (H,0 + F < OH + HF) @)
Cr + xHF & (x/2)H, + CrF, 2)

* Corresponding author. Tel: +86-021-39194105; Fax: +86-021-39194105.

E-mail addresses: xieleidongsinap@163.com.



RSC Advances

The Oak Ridge National Laboratory (ORNL) performed periodic sampling and
off-line chemical analysis and found that the corrosion valence state of Cr is
determined by the acid-base properties of the molten fluoride employedm; here, a
Lewis acid is defined as a fluoride ion acceptor, and a Lewis base is a fluoride ion
donor. In LiF-NaF-ZrFs, for example, the Cr(Ill)/Cr(Il) ratio increases with
increasing basicity of the melt (i.e., decreases in the amount of ZrF4)15 . Pure FLINAK
consisting of LiF, NaF, and KF [LiF:NaF:KF, 46.5:11.5:42 (mol%)] is known to be a
strongly basic solvent that tends to stabilize the Cr(IIl) valence state'*. Using the
theory of non-electric transfer reported by Ozeryanaya16 as a basis, Olson'’ speculated
that the Cr in FLINAK salt dissolves as a form of Cr(II), which would be further

converted to Cr(Ill). Yoko et al.'>'"

proposed that disproportionation of 3Cr(Il)—
2Cr(IIN+Cr probably occurs. Unfortunately, no relevant studies have yet been
published to prove this disproportionation.

Nourry20 recently found that U(III) could be oxidized to U(IV) in LiF-CaF,-UF;
melts through cyclic voltammetry (CV) and square wave voltammetry (SWV). Bing21
proposed that Fe** could be converted to Fe** in KCI-CaCl,~NaCl-MgCl, melts by
CV. Manning22 also used CV to verify that O* and O, are stable in LiF-BeF,—ZrF,
and LiF-BeF,-ThF, melts whereas O, is unstable in these eutectics. Reports thus far
20-24 suggest that the electrochemical method can be used to investigate the stable
valence of electro-active species because the technique offers quick responses and
in-situ monitoring.

The aim of the present work is to determine the stable valence state of Cr in
FLINAK melts through CV and SWV. Further study of the stable species of

FLINAK-CrF; and FLINAK-CrF, was performed through Raman spectroscopy.
2. Experimental

Highly-purified (99.98 wt%) LiF-NaF-KF [46.5:11.5:42 (mol%)] [FLINAK]
eutectic salt was supplied by Shanghai Institute of Organic Chemistry, Chinese
Academy of Sciences. The Cr(IIl) concentration varying from 58 to 1500 ppm was
added into FLINAK melts in the form of CrF; (Sigma-Aldrich, 99.99%), while Cr(II)
varying from 600 to 1300 ppm was added in the form of CrF, (Alfa Aesar, 99%). The
fluorides were melted at 600 °C in a vitreous carbon crucible placed in a stainless
steel cell inside an electric furnace. The temperature was measured by a
nickel-chromium thermocouple positioned just outside the crucible.

During electrochemical measurement, a platinum wire (1.0 mm diameter) was

used as the working electrode; the surface area of this wire was determined by
2
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measuring the immersion depth in the melts after completion of the experiment. The
auxiliary electrode was a graphite rod (6.0 mm diameter) with a large surface area
2.5 cmz). All potentials were referenced to a platinum wire (1.0 mm diameter) that
had been proven to function as a quasi-reference electrode Pt/PtOx/O”, with a stable
potential when the O* concentration is constant®°. CV and SWV were performed on
a computer-controlled AUTOLAB digital electrochemical analyzer (Metrohm
AutoLab Co., Ltd.). The entire electrochemical assembly was placed inside a glove
box, as shown in Fig. 1, and the typical concentrations of moisture and oxygen in the

glove box were generally below 2 ppm.
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Fig. 1. Drawing of the experimental cell

1: Glove box. 2: Transition cover. 3: Water cooling coil let. 4: Alumina insulation tubes. 5:
Working electrode. 6: Reference electrode. 7: Thermocouple. 8: Auxiliary electrode. 9: Vitreous

carbon crucible and molten salt. 10: Furnace.

Raman analysis was performed to identify the structures of salt. The HR 800
(HORIBA Jobin Yvon) Raman system equipped with CCD detector was used in the
triple configuration. The 532 nm line of an argon ion laser with 200 mW average power
was used for exciting the sample. Techniques of back scattering and confocal collection
were employed to collect laser signal, which would be focused on the inlet slit (200 pm
width) of a monochromator (800 mm focal distance) and eventually collected by CCD
detector after passing through the outlet slit of the monochromator. The system was
interfaced with a personal computer and the spectra were saved in digital form. We
carried out in situ studies using a Linkam TS1000 environmental cell. The heating
unit consists of a ceramic furnace having a sealed chamber that allows vacuuming and

purging to be performed. With an aim to avoid of deliquesce, the FLINAK sample was
3
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initially loaded into a platinum crucible in glove box, and then quickly transferred to
the furnace with an S-type Pt/Rh thermocouple in intimate contact. The sample was
dried under vacuum for more than 2 h at 200 °C, followed by heating to 600 °C and
keeping it for about one hour under argon atmosphere. Afterwards, the laser was
focused on the sample through a silica window in the cover of the cell equipped with

an independent water cooling system.
3. Results and discussion

3.1. Electrochemical behavior of Cr(1ll) in FLINAK melts

3.1.1. Cyclic voltammetry

A typical cyclic voltammogram of the FLINAK melts after addition of 308 ppm
Cr(IIT) was obtained on a platinum electrode at 600 °C and is shown in Fig. 2. Besides
one couple of cathodic/anodic signals D and D’ corresponding to the deposition and
dissolution of alkali metal, two reduction peaks, A and B, at —0.65 and —0.87 V (vs.
Pt), respectively, in the cathodic run and two anodic counter-peaks, A’ and B’, at —0.54
and —-0.66 V (vs. Pt), respectively, can be observed. Since the deposition potential of
Cr is more positive than that of alkali metal in a fluoride system, the peaks of A and B

were attributed to the reduction of Cr(III).
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Fig. 2. Cyclic voltammograms of FLINAK-Cr(III) (308 ppm) melts at 600 °C and scan rate of 0.2
V/s. Working EL: Pt (S=1 13em?); Auxiliary El.: graphite; Reference El.: Pt.

A/A’ redox system:

Fig. 3 shows the cyclic voltammograms of the FLiNaK-Cr(IIl) (308 ppm) melts
on a platinum electrode with different scanning rates from 0.05 to 0.4 V/s at 600 °C.
The reduction peak potential E,4 remains nearly invariable at different scan rate, as

shown in Fig. 4(a). Meanwhile, the anodic peak current density ip4> determined by
4
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extrapolating the current decay of the oxidation peak B’ (Fig. 3)*"*® is approximately

equal to ips, which means lips/ipal =~ 1. These observations proved that
electrochemical reduction process of peak A is reversible. Thus, |E,~E, | (where E,
is the half-peak potential) must have a value of 2.20 RT/nF or 0.166 V for a reversible
one-electron reaction at 600 °C*’. In this case, |E,—E,»1=0.168V is approximately
equal to 0.166 V, indicating that the A/A’ couple assigned to the reaction of
Cr(III)/Cr(Il) is reversible over the studied scan rates. In addition, the linear
relationship between cathodic peak current density ip4 and the square root of the scan

27,28

rate v'? obtained after subtracting the background current”® presented in the Fig.

4(a), proved that the first reduction step of Cr(IIl) is controlled by ion diffusion.
B/B’ redox system:

The sharp oxidation peak B’ and the ratio of lipg/ipsl>1 imply the formation of
an insoluble reduction product29’30. Thus, the couple B/B’ may be attributed to the
deposition and dissolution of Cr. Meanwhile, the cathodic peak current density ipg
linearly increases with v'’* as shown in Fig. 4(b), which proved that the reduction of
Cr(Il)/Cr is controlled by ion diffusion. These results are consistent with those

reported by Yoko'®, Bailey®', and Ludwig™.
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Fig. 3. Cyclic voltammograms of FLiNaK-Cr(III) (308 ppm) melts at different scan rate from 0.05
to 0.4 V/s at 600 °C. Working EL: Pt (1.13cm’); Auxiliary El.: graphite; Reference El.: Pt.
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Fig. 4. Plots of peak current density and peak potential vs. the square root of the scan rate in
FLINAK-CrII) (308 ppm) melts at 600 °C for cathodic peaks A and B. Working El.: Pt
(S=1.13cm’); Auxiliary El.: graphite; Reference El.: Pt.

3.1.2. Square wave voltammetry

The use of SWV for analytical purposes, which is theoretically valid for
reversible systems, can be extended to other systems as long as the criterion of
linearity between the peak intensity and the square root of the frequency signal is
observed™™’. The typical square wave voltammograms of FLINAK melts after
addition of 308 ppm Cr (III) obtained on a platinum electrode at 10—45 Hz are shown
in Fig. 5(a). Two reduction peaks, A and B, at about —0.55, and —0.83 V (vs. Pt),
respectively, can be observed. And the peak current densities of dip4 and dipg show a
linear relationship with the square root of the frequency in the range of 10—45 Hz, as
shown in Fig. 5(b) and (c). By measuring the half peak width, W;,, the number of

exchanged electrons can be calculated by the following equati0n38’39:

RT
Wi, =352 %~ 3)

The electron transfer numbers of peaks A and B are calculated as 1 and 2,
respectively. Thus, peak A at —0.55 V (vs. Pt) and peak B at —-0.83 V (vs. Pt)
correspond to the reductions of Cr(III)/Cr(Il) and Cr(Il)/Cr, respectively. These results
are in accordance with those obtained through CV.

At a given temperature of 600 °C, from the obtained SWVs, the current density
of the reduction peak for Cr(IlI)/Cr(Il) have a linear relation with Cr(IIl)
concentration at a signal frequency of 10 Hz, as showed in Fig. 6. The equation of this
straight line is:

8ip, (mA/cm?) = —0.00493[Cr(11I)] (ppm) 4)

This equation can be used to determine the Cr(III) concentration in molten
FLINAK.
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Fig. 5. (a) Square wave voltammograms of FLINAK-Cr(III) (308 ppm) melts at 600 °C. (b) and (c)
Plots of peak current intensity and peak potential vs. the square root of the frequency for cathodic
peaks A and B. Frequency signal: 10-45 Hz, pulse height: 20 mV, step potential: 2 mV.

Working EL: Pt (1.13cm’); Auxiliary El.: graphite; Reference El.: Pt.
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Fig. 6. Linear relationship between peak current intensity (8ip,) and Cr(III) concentration in
FLINAK melts at 600 °C. Frequency signal: 10 Hz, Pulse height: 20 mV, step potential: 2 mV.

Working El: Pt (1.13cm’); Auxiliary El.: graphite; Reference El.: Pt.
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3.2. Electrochemical behavior of Cr(1l) in FLINAK melts

Fig. 7 shows the square wave voltammograms of FLINAK-Cr(II) (1300 ppm)
melts on a platinum electrode at 600 °C and different holding times. Peaks A and B,
which are assigned to the reductions of Cr(IIl)/Cr(II) and Cr(IT)/Cr, respectively, can
be observed even though only CrF, was added to the FLINAK melts. Besides, the A/A’
attributed to Cr(III)/Cr(Il) redox system also can be observed in FLINAK-CrF, melts
by cyclic voltammetry, as shown in Fig. 8. Thus, both SWV and CV results proved
that the Cr(II) will be converted to Cr(Ill), which is more stable in FLINAK melts.
Moreover, through scanning electron microscope—energy dispersive spectrometry
(SEM-EDS) and X-ray diffraction (XRD) analysis, the deposited metal Cr can be
found at the bottom surface of solidified FLINAK-CrF, salt, as shown in Fig. 9(a) and
(b). These observations indicate that Cr(II) can be converted to Cr(III) and metal Cr

through disproportionate reaction as shown in Eq. (5):

3 Cr(Il) = 2 Cr(IIl) + Cr (5)

-2
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o .
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Fig. 7. Square wave voltammograms of FLINAK-Cr(II) (1300 ppm) melts recorded on a platinum
electrode at 600 °C and different holding times. Pulse height: 20 mV, step potential: 2 mV,
frequency: 10 Hz. Working EL.: Pt (1.13cm’); Auxiliary El.: graphite; Reference El.: Pt.
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Fig. 8. Cyclic voltammograms of FLINAK-Cr(II) (1300 ppm) melts recorded on a platinum
electrode at 600 °C and different holding times. Scan rate: 0.1 V/s. Working El.: Pt (1.13cm’);
Auxiliary El.: graphite; Reference El.: Pt.

(b) 4 1-Cr
3.4 2-LiF
3-NaF

4-KF
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;6:: —. B f‘?"’ N~ ),;’f 20 / degree
Fig. 9. Analysis of the bottom surface of solidified FLINAK-CrF, salt by (a) SEM-EDS and (b)
XRD techniques

3.3. Conversion ratio of Cr(Il) to Cr(IIl)

Plots of the cathodic peak current density (dips and 0i,z) of FLINAK-Cr(II)
(1300 ppm) melts versus holding time at 600 °C are shown in Fig. 10; here, diya
increases from —1.92 mA/cm® to —3.58 mA/cm” and then reaches a plateau at about
-3.75 mA/em” after 140 min. di,p increases from —3.25 mA/cm’ to —5.09 mA/cm’
within the first 120 min and then suddenly decreases to —4.50 mA/cm? at 140 min.
This sudden decrease at 140 min suggests that Cr(II) is nearly depleted in the system
because of disproportionation. After 140 min, the concentrations of Cr(Il) and Cr(III)
remain nearly constant due to the equilibrium of disproportionation. Thus, the di,4 and
oipp assigned to the reduction current densities of Cr(III)/Cr(Il) and Cr(II)/Cr

eventually remain at —3.75 and —4.40 mA/cm?, respectively.
9
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As it is stated in the Eq. (4) that diys has a linearity with Cr(IIl) concentration,
when 9i,4 equaled to —3.75 mA/cm?, the concentration of Cr(III) was found to be 761
ppm. Meanwhile, based on the disproportion reaction shown in Eq. (5), 761 ppm
Cr(IIT) was converted from 1141 ppm Cr(II). That means, the conversion ratio of Cr(II)
to Cr(Ill) was approximately equal to 87.77% since the initial concentration of Cr(II)

was 1300 ppm, as shown in Eq. (6).

A
o= C_: X 100% = % x 100% = 87.77% (6)

where a is the conversion ratio of Cr(II) to Cr(IlI), Cy is the initial concentration
of Cr(Il) and AC is Cr(Il) involved in disproportionate reaction.

When the added concentration of Cr(II) varied from 600 to 1300 ppm, the
conversion ratio of Cr(I) to Cr(Ill) is 86.71 to 88.23% estimated from the SWV

analysis within the experimental error, as shown in Table 1.

0!
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5L
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Fig. 10. Plots of peak current density (Ji,4 and di,g) vs. holding time at 600 °C as measured from

the SWVs of FLINAK-Cr(II) (1300 ppm) melts. Frequency signal: 10 Hz, Pulse height: 20 mV,
step potential: 2 mV. Working El.: Pt (1.13 cm’); Auxiliary El.: graphite; Reference El.: Pt.

Table 1 Independence of conversion ratio on Cr(II) concentration

[Cr(D] / ppm dipa / mA cm™ Conversion ratio (o)
600 -1.71 86.71%
900 -2.61 88.23%
1300 -3.75 87.77%

10
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3.4. Determination of structures of Cr(lll) and Cr(ll) in FLINAK melts through

Raman spectroscopy

Yoko'® speculated that the stable complex ion [CrFe]* may be present in
FLINAK melts. Using first-principles molecular dynamics modeling, Nam™® also
predicted the presence of [CrF¢]> in molten FLINAK. To verify this speculation, the
FLINAK-CrF; and FLINAK-CrF, melts were extracted on-line by using a nickel
sampler at 600 °C and rapidly quenched. Then c.a. 0.1 g samples were transferred to a
platinum crucible for Raman analysis. The predicted Raman spectra of [CrFs]> was
calculated according to density functional theory (DFT) using the (U) B3LYP method
with the LanL.2DZ basis set. No imaginary frequency modes were observed at the
stationary states of the optimized structures.

Fig. 11 shows the Raman spectra obtained in FLINAK-Cr(Ill) fluorides. No
detectable peak can be observed in pure FLINAK [Fig. 11(a)], which indicates that
completely free ions exist in the systems studied. When 2000 ppm Cr(III) was added
to FLINAK, two peaks, located at 269 and 561 cm'l, were observed at 200 °C as
shown in Fig. 11(b). As the test temperature increased to 600 °C, the sample melted
and two peaks at 274 and 545 cm™ were also observed in Fig. 11(c), which agreed
well with that measured at 200 °C. These peaks may be ascribed to the Cr(IIl)
complex. In order to validate this structure, the predicted Raman spectrum of [CrFe]*
was determined through DFT calculation and the result was shown in Fig. 11(d). Two
main peaks at about 274 and 554 cm™, which were assigned to Cr-F cutting and Cr-F
breathing vibrations, respectively, can be observed, which is in a good agreement with
that reported by J. Mi"' and L. Daimay*. The good agreement between the
experimental and calculated results indicate that the stable structure of Cr(Ill) in
molten FLINAK is the [CrF6]3 " complex.

FLINAK melts obtained after addition of 1300 ppm Cr(II) were also subjected to
Raman analysis and the results were shown in Fig. 12. Two main peaks assigned to
the Cr(III) complex can be observed at both 200 and 600 °C, as shown in Fig. 12(a)
and (b), indicating that Cr(IIT) with the [CrFg]” structure was more stable in molten
FLINAK-CrF, system. This result supports our conclusion from the SWV and CV
results that Cr(II) is converted to Cr(III) with the [CrFg]* structure in molten FLINAK.
It should be noted that several weak signals appear at about 334, 418 and 486 cm™ as
shown in Fig. 12(b). These peaks may be attributed to residual Cr(II) that had not
been completely converted to Cr(III).

11
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Fig. 11. Raman spectra of the pure FLINAK and FLINAK-Cr(IIT) (2000 ppm) sample.
(a) FLINAK sample, (b) FLINAK-Cr(III) (2000 ppm) sample measured at 200 °C,
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Fig. 12. Raman spectra of the FLINAK-Cr(II) (1300 ppm) sample.
(a) measured at 200 °C and (b) measured at 600 °C

4. Conclusions

The electrochemical behavior of Cr(IlI) in molten FLINAK at 600 °C was
studied through CV and SWYV. Results showed that reduction of Cr(IIl) proceeds
through two steps: initial reduction of Cr(IIl) to Cr(Il) at —0.65 V (vs. Pt) and
subsequent reduction to Cr at —0.87 V (vs. Pt).

The peak corresponding to reduction of Cr(Ill) to Cr(I) also appeared in the
SWVs and CVs even though only CrF, was added to the FLINAK melts. Besides, the

deposited Cr metal can be found at the bottom surface of solidified FLINAK-CrF, salt.

These results confirmed that Cr(Il) was converted to Cr(IIl) via the disproportion:

12
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3Cr(I) = 2Cr(III) + Cr. This disproportion equilibrium was established after CrF, was
added to FLINAK for 140 min and the final conversion of Cr(II) to Cr(III) was in the
range of 86.71 to 87.77% when initial concentration of Cr(II) varied from 600 to 1300
ppm. Such a conversion could be attributed to the generation of the more stable

species [CrFg]™, as identified through Raman spectroscopy.
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This work proved the stable valence of Cr in molten FLINAK is

Cr(IIT) determined by CV and SWV. The conversion of Cr(II) to Cr(III)

should be attributed to the formation of more stable species [CrF]”

identified by Raman spectroscopy.
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