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Abstract: Lanthanum (La) thin film was electrodeposited at room temperature (298 K) using lanthanum nitrate, ionic liquid 1-butyl-3-

methylimidazolium hexafluorophosphate (BMIMPF) and cosolvent acetone as the electrolyte. Results show that the reduction from

La’' to La’ involves the transformation of La**—La?" occurring at around -1.7 V vs. Pt and La**—La" occurring at around -2.1 V vs. Pt.
The electrolyte BMIMPEF, exhibits an electrochemical window from -2.5 V vs. Pt to 1.5 V vs. Pt. The low hygroscopic property of
BMIMPEF, allows La electrodeposition under air atmosphere. The precipitate films were observed by scanning electron microscopy
and metallographic microscope, showing a dense texture. Then the films were characterized by energy dispersive spectrometry and X-
ray photoelectron spectroscopy, confirming therein a large amount of La. The electrochemical tests of changing voltage scan rate and
the concentration of lanthanum nitrate reveal that the reduction of La*" is an irreversible process. The diffusion coefficient of La** in

BMIMPF, is calculated as 1.47x10” cm?-s'. This research provides a simple approach to obtain La thin film, which can be used for

the electrodeposition of other lanthanides thin film.
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Lanthanum (La) metal and oxides have been widely used as
catalysts?l. La metal is very sensitive to O, atmosphere and
water, and can be oxidized easily under these conditions. In
order to prepare active metals such as La metal, one of the
most potential approaches is electrolysis which is controllable,
convenient and safe. However, it is difficult to electrodeposit
La metal in aqueous electrolytes because the reduction
potential of lanthanum ion is much more negative than that of
water.

Tonic liquid is a candidate to replace water as the electrolyte
solvent, consisting of many kinds of cations and anions, such
as [1-butyl-3-methylimidazolium (BMIM)] *, [1-ethyl-3-me-
thylimidazolium (EMIM)] *, [1-butyl-1-methylpyrrolidinium
(BMP)]", [1-octyl, methyl pyrrolidine (OMP)]", [AICL,], [PF,]’,
[CF,SO,]" and [BF,] . So far, ionic liquids as electrolyte sol-
vent have received extensive attention due to their moderate
conductivity, high thermal stability, low vapor pressure, and
low flammability*®. The wide electrochemical window of
ionic liquids is a specific advantage, which maintains their
electrochemical stability against the oxidation and reduction
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processes'”. These properties of ionic liquids make them a
good electrolyte solvent for the electrolytic reduction of many
metallic ions®'”), especially for the very active metals!**,
Tsuda et al® achieved La metal electrodeposits in the ionic
liquid of aluminum trichloride-chlorinated 1-ethyl-3-
methylimidazole salt with LiCl and SOCIL,. Legeai et al*
obtained La electrodeposition at room temperature in the ionic
liquid of 1-octyl, methyl pyrrolidine (trifluoromethyl sulfonyl)
imide salt. Zhang et al® prepared La metal with nano-
structure in the ionic liquid of 1-butyl-3-methylimidazole
dicyandiamide (BMI-DCA) with LaCls,.

Achieving better water/air resistance and solubility of La
salt in ionic liquid is still a strategy for improving the
performance of La electrodeposition in ionic liquids. Herein,
the ionic liquid of 1-butyl-3-methylimidazolium hexafluoro-
phosphate (BMIMPF,) was adopted as solvent for electrolyte
La(NO,),. Using acetone as an auxiliary solvent®?”, the
moderate solubility and low viscosity of La(NO,), in
BMIMPF, was reached. Electrodeposition of La thin film was
achieved at room temperature under air atmosphere.
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1 Experiment

The materials used in the experiments were prepared as
follows. A certain amount of lanthanum nitrate hexahydrate
(La(NO,);-6H,0, purity of 99.5%, Aladdin) was dried in a
vacuum oven at 373 K for 24 h. Similarly, the ionic liquid
BMIMPF; (purity of 99%, Shanghai Cheng Jie Chemical Co.,
Ltd) was dried at 373 K for 24 h, and then sealed. Due to the
low boiling point of acetone, it was dehydrated using 3A
molecular sieve which was washed by deionized water and
dried at 473 K for 4 h. Since the lanthanum salt is difficult to
directly dissolve in the ionic liquid, the dried acetone as a
cosolvent was used for improving the solubility of the
lanthanum salt. Further, the acetone was removed by heating.

The electrochemical tests were performed on a three-
electrode system connected to an electrochemical workstation
(CHI 660 E, Cheng Hua Instrument Inc). A platinum column
with a diameter of 1 mm served as the reference electrode.
One platinum plate (10 mmx10 mm) served as the working
electrode and the other platinum plate served as the counter
electrode. Prior to use, these Pt electrodes were polished,
soaked in dilute HCI acid solution for 5 min to remove the
surface oxides, soaked in NaOH solution for 5 min to remove
the grease stains, ultrasonically cleaned in anhydrous ethanol
for 5 min to remove organic contaminants, washed with
ultrapure water (18.2 MQ-cm) and finally dried.

The morphology and element analysis were obtained by
scanning electron microscopy (SEM, FEI, Sirion-200)
combined with energy dispersive spectrometry (EDS, 10 kV,
10° Pa). The morphology was also obtained by an optical
microscope (OM). X-ray photoelectron spectroscopy (XPS,
Thermo Scientific ESCALAB 250) with monochromatic Al
Ka line (1486.6 eV) was applied to determine the elements
and the valence states of the products.

2 Results and Discussion

2.1 Electrodeposition of La’* in BMIMPF,

Fig. 1 shows the room-temperature cyclic voltammograms
(CVs) of 0, 20, 40 and 60 mmol/L La(NO,), dissolving in
ionic liquid BMIMPF,. It can be seen that the BMIMPF, is
stable in the voltage range of -2.5~1.5 V vs. Pt. The reduction
peak at around 0.5 V vs. Pt probably results from an impurity,
whereas the redox peaks at around -1.3 V vs. Pt are attributed
to the reaction of residual water™**", In the case of La(NO,),
dissolving in BMIMPF,, two reduction peaks appear at -1.7
and -2.1 V vs. Pt, which are suggested as the reduction
process of La**—La*" and La*—La"P", respectively. More-
over, no corresponding oxidation peak occurs, indicating that
the reduction process is irreversible.

Further, the electrodeposition was carried out at -2.4 V vs.
Pt for 60 mmol/L La(NO,), dissolving in BMIMPF,. As
shown in Fig.2, the electrodeposition process at 298 K lasts
for 2 h. A thin film on the Pt electrode could be observed.
After the electrodeposition, the precipitate on electrode was
stored in anhydrous ethanol for later use.

' 0.5

°

?;: 0.0

£2-05¢

a

K-10f |

k=] | ——0 mmolL

2'1-5 r - 7 20 mmol/L

6 21 ——40mmol/L
-2.0 ——60mmol/L

-3 -2 -1 0 1 2
Potential/V vs. Pt

Fig.1 Cyclic voltammogram of La(NO;), with different concentra-
tions dissolving in BMIMPF, at 298 K (scan rate: 10 mV-s™)
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Fig.2 La* deposition curve under applied potential of -2.4 V vs. Pt
at 298 K for 2 h

2.2 Characterization of electrodeposited La thin film

The electrodeposited film under the potential of -2.4 V vs. Pt
was analyzed by OM, SEM, and EDS; and the results are
shown in Fig. 3a, 3b and 3c, respectively. The OM image
clearly shows a thin film on the substrate, and the SEM image
displays the film with small particles and flocculants on the
top. EDS analysis exhibits that this precipitate film contains a
large amount of La and a small amount of C, N, F, and P,
which confirms the reduction process of La’* and La
deposition on the electrode. During the deposition process,
some BMIMPF, coprecipitate maybe is adsorbed on the La
sediments.

To further determine the valence state of the deposited La,
the samples were measured by XPS. As shown in Fig.4a, La
3d,, and La 3d,, signals appear at 835.17 and 851.99 eV,
respectively. O 1s signal appears at 530.03 eV in Fig. 4b.
Compared to the standard XPS peaks of metal lanthanum?**',
these results illustrate that the measured sample is lanthanum
oxide. The shoulder signals at higher energies in Fig.4a imply
that there are complexes containing La** or La element in
slightly different valance states”. In brief, the result suggests
that the measured thin film is mainly composed of La,O,,
which may form through the oxidation of electrodeposited
lanthanum thin film under exposure to air when it was
transferred to the XPS chamber.
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Fig.3 OM (a) and SEM (b) images and EDS spectrum (c) of precipitate film obtained by electrodeposition at -2.4 V vs. Pt for La(NO,),

dissolving in BMIMPF

2.3 Electrochemical behavior of La* in BMIMPF,

In detail, cyclic voltammetry experiments were performed
to investigate the deposition kinetic and determine the
diffusion coefficient of La*" in BMIMPF,. Fig.5a shows the
result of voltammetric experiments under different voltage
scanning rates (v) in the case of 6 mmol/L La(NO;),
dissolving in BMIMPF,. As can be seen from Fig. 5a, the
cathodic peak potential (E,) of the reduction of La® to La*
decreases with the increase of voltage scanning rate.
Furthermore, the relationship between E, and In(v) can be
fitted as a straight line (Fig.5b), indicating that the reduction
process of La* to La* is irreversible. The relationship
between E, and half cathodic peak potential (£,,) for this

irreversible reduction reaction can be expressed by Eq.(1):
1.857RT

|E, - | = L (1)
where R, T, a, n and F represent the gas constant, absolute
temperature, average mass transfer coefficient, electron
transfer number, and Faraday constant, respectively!®*?%,
Since n equals 1 for the reduction of La’ to La®, a is
calculated as 0.0784 in average (Table 1).

The linear relationship between the cathodic peak current
(1) and the square root of v (Fig. 5¢) indicates that the
electrodeposition of La in BMIMPF, is a diffusion-controlled

process. The diffusion coefficient can be determined by Eq.(2):

3 1/2
I, = 0.4958132ACD"*y"" (“F) )

RT

where A, C, and D represent electrode area, solution
concentration and diffusion coefficient, respectively™. Based
on the obtained average mass transfer coefficient a, the
diffusion coefficient D is calculated as 1.47x10° cm*s™. The
influence of La®" concentration on the electrodeposition of La
in BMIMPF, was also investigated. With increasing the initial
concentration of La(NO;), dissolving in BMIMPF,, the
cathodic peak current (/,) obviously increases while the E,
shifts to higher values, as shown in Fig.5d. This result further
confirms the diffusion-controlled electrodeposition process of
La in this case.

A summary of electrochemical studies on the diffusion
coefficients of some lanthanide ions in different ionic liquids
is listed in Table 2. From Table 2, the temperature, La
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Fig4 XPS spectra of La 3d (a) and O 1s (b) on electrodeposited La
thin film

precursors and the type of ionic liquid obviously affect the
diffusion coefficient. High viscosity of ionic liquids is a
crucial factor leading to the slow mobility of La** or La-
complex ions in ionic liquids. Because raising the temperature
reduces the viscosity, the poor solubility of metal ions in ionic
liquids should be taken into consideration.

In order to prepare the highly active La film by electro-
deposition under mild conditions, the ionic liquid BMIMPF
was used in this work. This hydrophobic ionic liquid shows
advantages for the electrodeposition of light rare earth
elements: wide electrochemical window, low hygroscopy, low
viscosity, good ionic conductivity, and low solubility in water.
Although BMIMPF, might decompose to release HF gas
when it is heated to around 453 K, [BF,] is more stable than
other anions, such as [BF,]  and [SbF,]""***¥, La thin film was
obtained by electrodeposition in BMIMPF, at 298 K through a
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Fig.5 CVs of 6 mmol/L La(NO,), dissolving in BMIMPF under different voltage scanning rates (a); relationship between cathodic peak

potential of reduction of La’" to La®" and voltage scanning rate (b); relationship between cathodic peak current of the reduction of La®" to

La”" and voltage scanning rate (c); CVs of La(NO,), with different concentrations dissolving in BMIMPF; (d)

Table 1 Related parameters for CVs of La(NO,), dissolving in BMIMPF, under different voltage scanning rates

v/mV-s! E/V vs. Pt E,,/V vs. Pt I/mA |E-E,,|/V vs. Pt a
10 -1.700 -1.146 -0.3938 0.554 0.0861
20 -1.790 -1.199 -0.5126 0.591 0.0807
30 -1.846 -1.200 -0.6556 0.646 0.0738
40 -1.859 -1.227 -0.7128 0.632 0.0755
50 -1.893 -1.263 -0.7532 0.630 0.0757

Table 2 Diffusion coefficients of lanthanide ions under different conditions
Electrolyte system Temperature, 7/K Diffusion coefficient, D/cm?s™ Ref.
LaCl,-LiCI-EMIMBE, 298 1.19x10¢ [23]
La(NTf,),-MPPiNTf, 323 2.88x107 [29]
LaCl;-BMIDCA 333 1.17x101° [26]

NdTFSA,-[P2225][TFSA] 373 ~107 [20]
La(NO,),-BMIMPF 298 1.47x107 This work

Note: EMIMBEF,: 1-ethyl-3-methylimidazolium tetrafluoroborate; MPPiNTf,: N-methyl-N-propylpiperidinium bis(trifluoromethylsulfonyl)imide;

BMIDCA: 1-butyl-3-methylimidazolium dicyanamide; P2225: triethyl-pentyl-phosphonium bis(trifluoromethyl-sulfonyl)amide; TFSA: trifluo-

romethanesulfonate.

more convenient way in this research, whereas most results were
reported with the electrodeposition at higher temperatures in a
glovebox!"****!_ It must be mentioned that La** salts show poor
solubility in ionic liquids. In this work, cosolvent acetone
significantly improves the solubility of La(NO,), in BMIMPF,.
La(NO,); can dissolve in acetone, which completes the
coordination sphere of La’*". Besides, the acetone can dissolve
well in BMIMPF,. Many anionic metal ion complexes

dissolve more easily in ionic liquids than metal cations do®.

As the acetone is removed from the mixture (La(NO;),-acetone-
BMIMPF,), La*" might be extracted into the ionic liquid as an
anionic nitrification, namely [BMIM], La(NO,), 7,

3 Conclusions

1)  1-butyl-3-methylimidazolium  hexafluorophosphate
(BMIMPEF,) exhibits an electrochemical window between -2.5~
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