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The new quaternary Yy.Dy,Snp,My (M =Sb, Pb) phases crystallize as maximally disordede (MD)
representatives with the orthorhombic structure type ZrSi,. During electrochemical lithiation and sodiation,
the formation of Y1.4Dy,Sm.,M,Li, and Y,,Dy,Sn,,M,Na, maximally disordered — high-entropy intermetallic
phases (MD-HEIP), as the result of insertion of LINa into structural voids, was observed. Carbon nartobes
(CNT) and Mg-T—Ga (T = Co, Ni) phases are efficient catalytic additiveso improve the cycling stability of
the anodes for lithium-ion (LIBs) and sodium-ion bdteries (SIBs). The results show that the catalystsan

increase the electrode capacities up to 15 % for Bls and up to 10 % for SIBs.

Intermetallic compound / Crystal structure / Lithiu m-ion battery/ Sodium-ion battery

Introduction

Multicomponent intermetallics with  sufficiently
large voids are favorable for the insertion of bir
Na" ions. The insertion of lithium atoms into
octahedral voids of hexagonal s3ry and REsM;
(RE=Y, La, Gd; M=Ge, Sn) binary phases was
described in [1-3]. The crystal structures of
the REsM3 intermetallic compounds belong to the
MnsSis-type. For this binary structure, the presence
of an octahedral void in Wyckoff positionb?2is
typical. The incorporation of a third element
(alkaline or transition metall) into the D site leads

to the formation of ERETM; ternary phase with a
HfsCuSn-type structure[4]. Two mechanisms of
substitutionand insertion for the modification of the
binary GdSm structure (ZrSitype) have been
proposed[5]. By the first mechanism, due to partial
replacement of Gd by La and Sn by Sb atoms,
a four-component maximally disordered (MD) phase
of composition Gd,LasSn.,Sh, was obtained.
By the second mechanism, due to insertion of Li or

Mg atoms into tetragonal antiprism, maximally
disordered — high-entropy intermetallic phases
70

(MD-HEIP) GdLasSn,ShM, (M=Li, Na, Mg)
were prepare(b].

Additives in the form of carbon nanotubes (CNT)
and transition-metal oxides (TMOs) improved the
charge transfer process and activated the surfase a
of the electrodes, which results in excellent
electrochemical lithium/charge storage properties
when evaluated as electrode materials for lithiom-i
batteries and electrochemical capacif6is

In this paper, we present results obtained on the
structural and electrochemical (lithiation and
sodiation) properties of %Dy,Srnp M, (M = Sbh, Pb)
phases by modification with CNT and MB-Ga
(T = Co, Ni) composites.

Experimental section

Elements with a nominal purity of more than
99.9 wt.% were used as starting components for
preparing alloys by arc-melting of stoichiometric
amounts of the pure metals in an argon atmosphere.
The ingots were homogenized in quartz ampoules
under vacuum at 670 K for 300 h.
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After melting and annealing, the total weight loss
was less than 2 %. Small good-quality single cigsta
of the Y.,Dy,Sn.,M, (M=Sb, Pb) phases were
isolated from the alloys.

Single-crystal data were collected at room
temperature by using a four-circle diffractometer
(Xcalibur Oxford Diffractio with a CCD detector
(graphite  monochromatized M  radiation,

A =0.071073 nm). Scans were performed in &he
mode, empirical absorption corrections were made by
CrysAlis RED [7]. The crystal structures of the
quaternary compounds investigated in the present
work were successfully solved by direct methods and
refined using SHELX-97 package progral®ks

The alloys were studied by wavelength-dispersive
spectrometry (WDS) and electron probe microanalysis
(EPMA), using a TESCAN scanning electron
microscope (SEM).

A potentiostat—galvanostat from CH Instruments
(Austin, TX, USA) was used to measure all
electrochemical relationships. The electrode malteri
were prepared by grinding powders containing
80 wt.% Y.,Dy,SnyM, (active material), 10 wt.%
black carbon (electronically conductive additivaehd
10 wt.% polyvinylidene fluoride (PVDF binder) in an
agate mortar. The mixtures were pressed onto a
stainless-steel grid (about 5 mg, diameter 11 riing.

Y 15Dy SrpyM,  electrodes were modified by
composite additives (CA), which consisted of carbon
nanotubes (CNT) and Md—Ga (T = Co, Ni) phases.
The modified electrodes were prepared from
powdered Y.,Dy,Srnp,M, (85wt.%), MgT-Ga
(5wt.%), CNT (5wt.%) and 5 wt.% polyvinylidene
fluoride (PVDF binder). The components were mixed,
pressed into pellets and sintered at a temperature
400°C for 10 h.

The charge-discharge curves were performed in
two-electrode Swagelok-type cells (coin prototype).
The lithium cells contained an ;¥YDy,Srp,M,
electrode as a working electrode with Li refereand
LiCoO, counter electrodes and the sodium cells
contained Na as a reference ang®tD; as a counter
electrode. Electrochemical impedance spectroscopy
(EIS) of the alloys was performed in three-eleatrod
cells with Y;,Dy,SnyM,/LiCoO, electrodes (in the
case lithium-ion cells) or ¥,Dy,Sn.,M,/NaCoG; (in
the case of sodium-ion cells). Ethylencarbonate/
dimethylcarbonate nonaqueous electrolytes contginin
Li* or Na ions were used. The anode and cathode
sections were separated by an electrolyte-impregnat
Celgard 2320 separator.

Results and discussion

The binary compound Y$Snwas modified to a
maximally disordered — high-entropy intermetallic
phase  (MD-HEIP)  with general  formula
Y 1.0y Sy ML, (whereM = Sb or PbL = Li or Na)
by substitution and insertion steps. For the partial
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substitution of the Y atoms in Wyckoff positiorc,4

Dy was used, and Sb or Pb was used for the partial
substitution of Sn atoms. As a result of this
substitution, maximum disordered (MD) phases of
Y 1Dy, S, M, are formed. In the structure of the
binary phase Gd$n there are empty tetragonal
antiprisms, into which lithium or sodium can be
inserted. According to the literatuf@,10], insertion

of lithium into the antiprisms oRSn, (R = rare-earth
metal) phases leads to the formation of an ordered
RLiSn, phase, which belongs to the structure type
CeNiSh, which is derived from the Zrgtype. If Li or

Na atoms, or others, are introduced into the voids
the maximally disordered (MD) phase, a high-entropy
intermetallic phase (HEIP) is formed, which congain
five elements whose contents exceed 5 at.%.

Since  Y..Dy,SnyM, is a multicomponent
compound, it was important to use single-crystal
diffraction to accurately determine the distributiof
the atoms on the crystallographic sites. The génera
structural results are summarizedTiable 1 Detailed
structural refinements showed that only lithium tan
inserted into the tetragonal antiprisms, whereas
sodium is not inserted but partially replaces tonzs,
forming a split site with them. The refined atomic
coordinates and displacement parameters for the
investigated Y, Dy,Sn,,M, single crystals are
presented ifable 2

According to the X-ray diffractionFHg. 1) and
electron microscopic Hig. 2 examinations, the
Y 1Dy Snp,My (M =Sb, Pb) compounds before
lithiation and sodiationcontain only the ZrSitype
phase. Electrochemical lithiation/sodiation at avlo
current density (0.1 mA ch) was conducted for an
accurate and detailed determination of the
electrochemical reaction of ;YDy,Sn.,M, (M = Sb,
Pb) with lithium and sodium at room temperature. As
show only the orthorhombic phase with Zf8ipe,
and the shift of the diffraction peaks reflects the
expansion of the crystal lattice during the littaat
process. However, the pattern of the sample
corresponding to the second plateau with a maximum
value of z> 1.0 contains two phases. According to
phase analysis, at= 1.2 in addition to residues of the
orthorhombic phases a new phasg,(&h/Sh) is
observed Fig. 39. Thus, the total lithiation process
occurs in two stages. The first one is the insertb
lithium into structural voids, and the second ah¢hie
decomposition of the orthorhombic phase into new
phases and replacement of tin atoms by lithiums Thi
process is reversible, so we can introduce thergéne
scheme of lithiation/delithiation:

insertion

I. (Y/Dy)(Sn/Sb) + zLi* + z&
(Y/Dy)(Sn/Sb)Li,

Il. (Y/Dy)(Sn/Sb)Li, + (k+m)Li* + (k+m)e
decomposition
/substitution

(Y/Dy)(SN/Sb.iLi e + Lin(SN/Sh)
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Table 1Crystal data and structure refinement.

Empirical formula Y 1Dy, S, Sh, Y 1,Dy,Sn,Ph,
Formula weight 343.98 g midl 343.96 g mot
Temperature 293 K 293 K

Wavelength MdKo, 0.71073 A MoKa, 0.71073 A
Crystal system, space group orthorhom@Bimcm(63) orthorhombicCmcm(63)

Unit-cell dimensions

Volume
Calculated density

Absorption coefficient

F(000)

Theta range for data collection

Index ranges

Reflections collected/unique

Refinement method

Data/parameters
Goodness of fit onF
R[F? > 25(F?)]
wWR(F?)

Extinction coefficient

Largest difference peak and hole

a=4.4008(6) A
b=16.427(1) A
c=4.3727(5) A

316.13(6) A

8.558 g &m

17.43 mm
581

Omax = 26.4° Oin = 4.8°
-Sh<5,-20<k< 20,

-5<1<5

1100/208
Refinement Bh
Least-squares matrix: full

208/15
1.19
0.033
0.096
0.0014(4)

3.49 and -2.46 e A

a=4.4409(6) A
b=16.4674(10) A
c=4.3927(5) A
321.24(6) R
8.614 g cri
17.15 mnt
580
Omax = 26.3°0min = 4.8°
-4<h<5,-20< k<16,
5<1<4
1042/211
Refinement or?
Least-squares matrix: full
229/18
1.20
0.053
0.134
0.0013(6)
4.09 and -2.49 e’ A

Table 2 Fractional

atomic coordinates and displacement arpaters

for YDy, Sn.,Sh, and

Y 1Dy, Sy, Phy, (A?).
Atom | Site x/a | y/b zlc Ueq | Occ.
Yl—nyxsnzySQ/
Y1 4c 0 0.40085(6) Ya 0.0039(5) 0.60
Dyl 4c 0 0.40085(6) Ya 0.0039(5) 0.40
sni & 0 0.75136(10) Ya 0.0131(6) 0.80
Sh1 & 0 0.75136(10) Ya 0.0131(6) 0.20
Sn2 & 0 0.06227(10) Yy 0.0122(6) 1.00
Ull UZZ U33 U12 UlS U23
Y1 0.0051(7) 0.0046(7) 0.0021(7) 0 0 0
Dyl 0.0051(7) 0.0046(7) 0.0021(7) 0 0 0
Snl 0.0128(9) 0.0136(9) 0.0129(9) 0 0 0
Sh1 0.0128(9) 0.0136(9) 0.0129(9) 0 0 0
Sn2 0.0087(8) 0.0194(9) 0.0086(8) 0 0 0
Yl-xDYXan—vva
Y1 4c 0 0.40098(11) Ya 0.0015(9) 0.60
Dyl 4c 0 0.40098(11) Ya 0.0015(9) 0.40
Sni & 0 0.75141(17) Y, 0.0152(10) 0.90
Pb1 & 0 0.75141(17) Y, 0.0152(10) 0.10
Sn2 & 0 0.06271(18) Ya 0.0146(10) 1.00
Ull U22 U33 U12 U13 U23
Y1 0.0012(12) | 0.0034(12)|  0.0000(11 0 0 0
Dyl 0.0012(12) | 0.0034(12)|  0.0000(11 0 0 0
sni 0.0153(16) | 0.0167(16)  0.0137(16) 0 0 0
Y1 0.0012(12) | 0.0034(12)|  0.0000(11 0 0 0
Dyl 0.0012(12) | 0.0034(12)|  0.0000(11 0 0 0
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Fig. 1 X-ray powder diffraction pattern for Y$nY ,,Dy,Sn.,Sh, and Y,,Dy,Sn..,Ph,.
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Fig. 2 Scanning electron microscopy images for initial amsdified samples:Y..Dy,Sn.,Sh, (a),
Yl-nyxSnZ-ySQ/_CA (b)- Yl-nyxSnZ-yPQ/ (C) and Yl-nyxsr]Z—yPh/_CA (d)
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For the sodiation process, only one plateau is
observed for (Y/Dy)(Sn/Sb) (Fig. 39, which
corresponds to the electrochemical substitution by
sodium of constituent elements in the orthorhombic
phase (ZrSitype). The electrochemical
sodiation/desodiation procesSid. 39 occurs in one
stage:

insertion

(Y/Dy)(Sn/Sh) + zZNa’ +z6¢ ———
(Y/DY)1.ASN/Sb).Na, + (Y/Dy),(Sn/Sb)

Discharge curves for the tested,,®y,Sn.yM,
(M =Sh, Pb) electrodes are shown lgs. 4a,b
For the discharge processes, from 3.3V to 1.8V fo
Li-ion cells and from 3.0 V to 1.5V for Na-ion &=l

2

better discharge characteristics were observed for
electrodes doped with composite additives (CA). The
effect of the addition of carbon nanotubes (CNTJ an
Mg-T—Ga (T = Co, Ni) phasesn the improvement of
the hydrogen sorption kinetics of the intermetallic
phase is due to the following factors:

- CNT improve the electrical connectivity withineth
electrode, thus improving the capacity by connegctin
and maintaining more electron conduction pathways
between the active material and the current catect

- Mg-T-Ga additives, by filling the intergranular
space during sintering, activate the grain surtddbe

Y 1.Dy,SnyM, alloy, causing a decrease of the
activation energy for the insertion/deinsertion of
lithium or sodium ions during the charge/discharge
processes.

Potential / V

Y1xDyxSnzySbyLiz -CA
Y1—nyxsn2_ySby Li-
Y1—ny:n:Sf'12-beyLiz
YSnzLiz

0.8 R ——— ;
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Fig. 4 Discharge potential curves of electrodes for ln-tells (a) and Na-ion cells (b).
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Fig. 5 Electrochemical impedance spectra (EIS) of the teldes for Li-ion cells (a) and Na-ion

cells (b).

As additives to the electrodes, Laves phases References

MgT,xGa, MgCoGag, MgCoGa, MgNiGas,
MgoNigGay, and MgNi,Ga from Mgd—Ga ternary
system11-13] were used.

Electrochemical impedance spectroscopy (EIS) is
an important electrochemical method for investiggti
the kinetics of the electrode and the reactionintak
place on its surface, and has been successfultyinse
the study of Li- and Na-ion electroddsg. 5 shows
the EIS curves of the initial and modified
Y 1.DySnyM, (M = Sh, Pb) electrodes after the first
charge/discharge cycles (charging at 5 mA for 1800
and discharging at 1 mA tel.5 V). It can be seen
from Fig.5a (for Li-ion cells) and Fig.5b
(for Na-ion cells), that the diameter of the senciei
in the high-frequency region decreases
the sense Y,Dy,Sn.,Pb, — Y,Dy,Sn,Sh —

Y 15Dy S, Sh—CA. This means that substitution
followed by CA-modification increases the charge-
transfer capability on the electrode surface.

Moreover, as shown iRig. 5 the diameters of the
semicircles of the CA-modified electrodes are samnall
than those of the ,Dy,Sn.,Sh, and Y...Dy,Sr.,Ph,
electrodes, which demonstrates that the charge-
transfer reaction is facilitated for the Dy,Sn.,Sh~
CA electrodes. This also indicates that CA-
modification improves the catalytic activity of the
electrode surface.
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