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HIGHLIGHTS

GRAPHICAL ABSTRACT

» We synthesized for the first time the
new compound LiRu,04 with the
CaFe,04-type structure.

» The electrochemical Li intercalation
of the CaFe,04-type is reported for
the first time.

» We determined Li position in the
structure according to an advanced
powder XRD method.

» LiRu;04 demonstrated a reversible
Li intercalation reaction at 3.2—3.5V
vs. Li/Li*, ~80 mAhg™.

» Our study would promote research
on other CaFe,04-type compounds
with Mn, Fe, or Ti.
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A new material, LiRuyO4, has been synthesized by ion-exchange reaction from NaRu,0O4 that has been
prepared by solid state reaction at 950 °C under Ar flow. The crystal structure of LiRuyQy, isostructural
with the parent NaRuyOg, has been refined by an X-ray Rietveld method (Pnma, a = 9.13940(5) A,
b =2.80070(9) A, c=11.0017(1) A, Z=4,Rp =5.30%, wRp = 6.73%, XZ = 0.41, 23 °C). The structure belongs
to CaFe;04-type, where double chains of edge-sharing octahedral RuOg share the corners with neigh-
boring double chains and form tunnels in between them parallel to the shortest b-axis so that the one-
dimensional Li array is placed inside each of the tunnels. Detailed structural analysis indicates that the
tunnel inside has more than enough space to be filled with the Li atoms. The electrochemical tests of
LiRu;04 demonstrates a reversible Li intercalation reaction at 3.2—3.5 V vs. Li/Li" with a capacity of
~80 mAhg~'. The material exhibits excellent high-rate characteristics (93% capacity retention at 10C/1C)
as well as high capacity retention with cycles (99% at 50 cycles).

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

However, the search for new electrode materials seems never-
ending because recent development in electronic mobile devices

Lithium intercalation materials with various crystal structures
have been extensively studied [1—3] for several decades due to
increasing attention for the applications as rechargeable batteries.
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and electric vehicles have brought about the need for much higher
battery performances in energy and power densities, cycle life and
safety than ever. Among several intercalative structure-types for
lithium ion batteries, the crystal structures with one-dimensional
tunnels have received attention for their easy ion diffusion and
stable framework hosts [4—7].


mailto:st.hong@dgist.ac.kr
www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
http://dx.doi.org/10.1016/j.jpowsour.2013.01.119
http://dx.doi.org/10.1016/j.jpowsour.2013.01.119
http://dx.doi.org/10.1016/j.jpowsour.2013.01.119

286 Y.H. Jung et al. / Journal of Power Sources 233 (2013) 285—289

The calcium ferrite (CaFe;04)-type structure, one of many dif-
ferent types of oxides with the same general chemical formula of
AM>0y, is a tunnel structure [8]. Edge-sharing of MOg octahedra
make an irregular hexagonal (or pseudo-trigonal) one-dimensional
channel and A (alkali or alkaline earth metal) ions are located at the
center of this channel. A number of materials with this structure
show interesting magnetic and electrical properties [9—13]. Elec-
trochemical insertion characteristics, however, have been rarely
investigated. Recently, a closely-related structure has been reported
for lithium ion intercalation in high pressure phase of LixTiO;, an
intergrowth structure between ramsdellite-type and CaFe;O4-type
[14]. Here, we report synthesis, crystal structure and electro-
chemical properties of LiRu;04 as not only a novel material, but also
a new crystal structure-type, to the best of our knowledge, ever
reported for electrochemical lithium intercalations.

2. Experimental

NaRu,04 was first synthesized through a solid-state reaction
from a mixture of NayCO3 (99.5%, Aldrich) and RuO; (99.9%, Aldrich)
with a nominal composition of Na:Ru = 1.02:2. The mixture was
pressed into a pellet, and heated at 950 °C for 12 h under Ar flow.
Small amount (~1%) of Nas_xRusOg, a ruthenium bronze, was
observed in the X-ray diffraction pattern as an impurity. Then,
LiRuy04 was prepared by sodium/lithium ion-exchange method in
the same way as LiMo4Og case [15]. An excess amount (0.463 g,
3.458 mmol) of Lil (beads, 99%, Aldrich) was added to NaRuyO4
powders (0.500 g, 1.729 mmol) in an Ar-filled glove box. The pellet
was sealed in an evacuated fused-silica tube (a 30 cm long and
10 mm diameter), heated rapidly to 340 °C at a rate of 5 °C min~!
and slowly to 460 °C at a rate of 0.5 °C min~". Then, it was main-
tained at 460 °C for 12 h, cooled to room temperature, and washed
with acetonitrile to remove remaining Lil. Less than 1% of RuO; and
unidentified phases were observed as discernible impurities after
the exchange reaction, which seemed a decomposition product
from Nas_yRu4Og, in agreement with a separate ion-exchange
experiment using the Nas_xRusOg9 as a major phase. The study of
the decomposition reaction is beyond the scope of this work and
will not be discussed.

The powder X-ray diffraction (XRD) data were collected at room
temperature on a Bragg-Brentano diffractometer (Bruker D4
Endeavor) with a Cu X-ray tube (1 = 1.5418 A) and a position-
sensitive detector (LynxEye) with 3.7° slit. Data acquisition cov-
ered the angular range of 15° < 26 < 140° at a step width of
0.01858°. Crystal structures were confirmed and refined using the
powder profile refinement program GSAS [16]. The morphology of
synthesized particles was characterized using Scanning Electron
Microscopy (SEM, Philips, S-4800). The chemical analysis was car-
ried out by inductively coupled plasma-atomic emission spectro-
scopy (ICP-AES, Perkin Elmer, Optima 5300DV).

Electrochemical characterizations of LiRuyO4 were performed
using coin-type cells consisting of cathode, polyethylene separator
(Celgard), anode (Li metal) and electrolytes [1 M LiPFg in ethylene
carbonate/ethyl methyl carbonate solvent (1/2, v/v)]. The electrode
was fabricated by LiRuyO4, carbon black and PVdF binder in
a weight ratio of 80:10:10 on an Al foil. The loading of active ma-
terial was 2—3 mg cm 2. All coin cells were assembled in an Ar
filled glove box. Cyclic voltammetries and galvanostatic cycling
tests were performed using Potentiostat VMP (Bio-Logic) and
TOSCAT-3100 (Toyo), respectively.

3. Results and discussion

The XRD pattern for the synthesized NaRuO4 (Fig. 1(a))
matched well with the previously known orthorhombic structure
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Fig. 1. X-ray diffraction patterns of (a) NaRu,04 synthesized from solid state reaction of
Na,CO3 and RuO, at 950 °C for 12 h, and (b) LiRu;04 prepared by ion exchange reaction
from NaRu,04 at 460 °C for 12 h. * Indicates RuO; as an impurity phase obtained after
ion exchange reaction. Inset shows a SEM image of LiRu,04.

(space group Pnma, no. 62) [9], and the lattice parameters were
refined as a = 9.27244(3) A, b = 2.82080(9) A and ¢ = 11.1766(4) A
by the Rietveld method. It is apparent that the powder XRD pattern
for LiRu;04 is analogous to that for the Na phase as shown in Fig. 1,
but all the peaks are shifted to higher angles, indicating a smaller
unit cell. The same structure type was assumed, and the refined cell
parameters for the Li phase are: a = 9.13940(5) A, b = 2.80070(9) A,
and ¢ = 11.0017(1) A. The cell volume decreases by 3.6%, as
expected from the smaller ionic size of Li* (0.76 A) than Na*
(1.02 A) [17]. The SEM image showed that the crystals grew with
a long bar-shape, presumably along the shortest b-axis, which
conforms to the refined preferred orientation (P.0.) coefficients in
the Rietveld refinement: the March-Dollase type P.O. coefficients of
(100) and (010) are 0.584 and 2.091 with the fraction of 41.5% and
58.5%, respectively.

The amount of Li in the phase prepared by the ion-exchange was
to be carefully determined because the compound is expected to
have nonstoichiometric amount of lithium with the general for-
mula Li;_xRu04 (0 < x < 1) like the parent Na phase [10]. The ICP
analysis confirmed the absence of Na in the phase, and the Li:Ru
ratio was close to 1:2, but the experimental errors were too large to
confirm the precise value. Even though the possibility of lithium
deficiency can not be completely excluded, the electrochemical
charge/discharge characterization also indicated that the fresh
electrode of Li;_yxRuy04 is equivalent to a discharged one (x = 0).

The initial structural model for LiRu;O4 was adopted from
NaRu;04 structure [9,10] for the Rietveld refinement, except the Li
site. First, only ruthenium and oxygen atoms were considered and
fully refined isotropically, and later the Li position was determined
from the Fourier difference synthesis map in a similar way to the
structure determination from the powder diffraction data descri-
bed in our previous work [18]. After Rietveld fitting was carried out
with a structural model only with the Ru and O atoms without Li,
LeBail fitting was used to extract the structure factors which were
used as input data for the single crystal refinement program,
CRYSTALS [19]. Positional and isotropic thermal parameters were
fully refined without the Li atoms, and then the Fourier difference
map resulted in the Li coordinate. The electron density of the Li was
weak as expected from its small atomic number, but clear enough
to determine its location in the unit cell as presented in Fig. 2. The
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Fig. 2. (a) Observed and (b) difference Fourier maps for LiRu,04 at y = 0.25. The
contour levels are adjusted unequally so that weaker densities can be seen clearly.

weak but observed ghost peaks were most probably due to low data
quality of powders compared to conventional single crystal data.
For example, the highest ghost peak denoted as G is at a special
position of (1/2,1/4,1/2),1.39 A and 1.11 A away from Rul and 02,
respectively. The position and the isotropic thermal parameter for
the Li were fixed even in the final refinement because the X-ray
refinement of such a light atom in the presence of much heavier
atoms like ruthenium is not reliable at all. The final Rietveld
refinement profile fits are shown in Fig. 3, and crystal data and
structure refinement results are given in Table 1. The refinement
parameters were scale factor, phase fractions, background, unit cell
parameters, peak profile coefficients, atomic coordinates, preferred
orientation coefficients [(010) and (100) directions] and isotropic
displacement parameters. The refined atomic coordinate, isotropic
displacement and bond valence sums [20] for LiRu;O4 are repre-
sented in Table 2. Selected metrical data for the LiRu,04 are listed in
Table 3. Bond valence sums, calculated with the program VALENCE
[21] match the expected charges of the ions reasonably well. The
relatively lower valence sum for O3 resulted from the longer Li—03
interatomic distance (2.481 A).

The refined crystal structure of LiRuyO4 is presented in Fig. 4,
where the double chains of edge-sharing octahedral RuOg share the
corners with neighboring double chains and form tunnels in
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Fig. 3. X-ray Rietveld refinement profiles for LiRu;04 including the minor impurity
phase, RuO,, recorded at room temperature. Crosses mark the observed data points
(red) and the solid line is the calculated profile (green). The bottom trace shows the
difference curve (purple), and the ticks denote expected peak positions for LiRu;04
(bottom, black) and RuO; (top, red), respectively. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)

Table 1
Crystal data and structure refinement for LiRu,0,4 from powder X-ray dif-
fraction data.

Chemical formula
Formula weight
Space group

LiRu,04
273.08
Pnma, (no. 62)

z 4
a(A) 9.13940 (5)

b (A) 2. 80070 (9)

c(A) 11.0017 (1)

V (A%) 281.608(9)

dearc (g cm™) 6.441

Temperature (°C) 23

Ry/Rup/Rexp/Rz (%) 5.30/6.73/10.4/5.66
Goodness of fit (total) 0.65

Reduced x? 0.418

Total refined variables 29

between them parallel to the shortest b-axis so that the
one-dimensional Li array is placed inside each of the tunnels. For
the calcium ferrite-type (AM,04) structure, each A site is approx-
imately in the center position surrounded by nine oxygen atoms,
where six of them consist of vertices of a trigonal prismatic poly-
hedron and the other three are capping the three rectangular faces
of the prism. Accommodation of fractional occupancies at the A site
in the tunnel is similar to the hollandite [22], another tunnel
structure. It was also known that the structure has the limited
radius ratio Ru/Ra in the range of 0.53—0.89 [8]. The ratios for
NaRu,04 and LiRuy04 are 0.64 and 0.86, respectively, within the
range.

The tunnel structure implies that the Li ion diffusion in this
structure must be one-dimensional through the tunnels, where the
distance between the neighboring Li ions is 2.80 A, similar to 2.82 A
for LiCoO, [23], shorter than 3.00 A for LiFePOy4 [24], and 3.57 A for
LiMn,04 [25]. It should be also noted that the tunnel inside has
more space than that needed to just fit with the lithium atoms. For
the Na phase, the inside volume seems to just fit: The Na atom is
around in the center position of the trigonal prismatic polyhedron,
and the Na—O distances [9] are 2 x 237 A, 2 x 239 A and
2 x 2.48 A, with an average of 2.41 A which matches well with the
expected Na—O distance of 2.42 A from the ionic radii sum [17]. The
three capping oxygen atoms are distant at 2.55, 2.56 and 3.61 A,
respectively. On the other hand, if Li atom for the Li phase is located
in the center position of the polyhedron, the average Li—O distance
would be 2.30 A, shorter than 2.41 A due to smaller unit cell, but too
long for the expected Li—O distance of 2.16 A [17]. This implies that
the tunnel has more than enough space to be filled with the Li
atoms. In fact, according to the Fourier maps the Li position was
observed to be shifted so that two oxygen atoms are relatively
closer (2.05 A) than the other four (2.33 or 2.48 A), keeping the
average distance of 2.30 A. One of the face-capping oxygen comes
significantly closer to 2.26 A, while the other two capping oxygen
atoms are distant at 3.01 or 3.58 A, respectively.

Table 2
Atomic coordinates, isotropic displacement (A?), and bond valence sums (v.u.) for
LiRu,04 at room temperature.

Atom Wyckoff  x y z Uiso*100 BVS
Li1 4c 0.725 1/4  0.642 1.25 0.87
Rul 4c 0.44539(12) 1/4  0.61818(12) 1.17(3) 3.55
Ru2 4c 0.41052(11) 1/4  0.10191(11) 1.17(3) 3.46
01 4c 0.5395(7) 1/4 0.7773(8) 24(2) 220
02 4c 0.4041(8) 1/4 0.4417(7) 2.4(2) 2.15
03 4c 0.2006(8) 1/4 0.1824(6) 24(2) 1.69
04 4c 0.6237(8) 1/4 0.0292(8) 2.4(2) 1.84
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Table 3

Selected interatomic distances (A) in LiRu,04 at room temperature.
Li1—Li1l 2.8007 (1) Ru1-02 2 x 2.071(6)
Li1-01 2.256 (8) Ru1-03 2 x 2.060 (5)
Li1-02 2 x 2.050 (5) Ru2—-01 2 x 1.984 (6)
Li1-03 2481 (6) Ru2—03 2113 (7)
Li1—04 2 x 2.326 (6) Ru2—04 2.106 (8)
Rul-01 1.951 (9) Ru2—04 2 x 2.035 (6)
Rul-02 1.977 (7) - -

Fig. 5 shows a cyclic voltammogram of an electrode of LiRu;04 in
the range from 2.5 to 4.0 V with the scanning rate of 0.5 mV s~ at
room temperature. There appeared two reduction peaks at 3.35 and
3.23 'V, and the corresponding oxidation peaks at 3.53 and 3.32 V,
respectively, showing a reversible Li intercalation reaction. The
galvanostatic charge/discharge profiles are shown in Fig. 6(a). Two
discharge plateaus were observed at around 3.4 and 3.3 V, con-
sistent with the cyclic voltammogram result. The initial discharge
capacity at a current rate of C/10 is about 80 mAhg~! whereas the
theoretical one is 98 mAhg~! per 1 Li (In this work, 1C corresponds
to 80 mAg~!). The gravimetric capacity is relatively low compared
to those for the 3d transition metal oxide materials due to con-
taining heavy Ru atom. However, it is interesting to note the su-
perior behavior at higher rates up to 10C as shown in Fig. 6(a): 93%
of capacity retention at the 10C-rate over 1C-rate. It is well known
that particle size effects become very important for compounds
with one-dimensional diffusion like LiFePO4, as shown by the
excellent higher rate performance for the nano-sized LiFePO4
compared to a micro-sized one [26]. It is to be noted that LiRuy04
synthesized for the present experiment consists of tens of micro-
sized particles but still exhibits excellent high-rate characteristics.
Such a result might be from weak Li ion diffusion barriers due to the
distinctive crystal structure with the wide space inside the tunnels
and the short Li—Li diffusion length (2.80 A). In addition, it exhibits
fairly high capacity retention with cycles, suggesting high structural
stability during Li de/insertion: the discharge capacity was about

Fig. 4. (010) view of the crystal structure of LiRu,04. RuOg and Li are shown as octa-
hedra (green in the electronic version of paper) and spheres (blue), respectively. The
unit cell is outlined. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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Fig. 5. Cyclic voltammogram of LiRu,04 (scan rate = 0.5 mV s~ ).

99% of the initial one even after 50 cycles of charge/discharge at
a current rate of C/2 as shown in Fig. 6(b). It is noteworthy to
compare with the very poor cycleability of -MnO5, a hollandite-
type structure with much bigger tunnels. It seems that too big
a tunnel is not stable upon intercalation reaction. When the tunnels
of a-MnO, are occupied by other molecules or cations such as Li,0,
NH**, Rb* or K, a better cycle performance was observed due to
structure stability [27].
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Fig. 6. (a) Charge/discharge voltage profiles for LiRu,04 at 25 °C and various C-rates,
and (b) cycling performance for LiRu;04 at 25 °C and C/2-rate between 2.7 and 4.0 V.
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4. Conclusions

In the present study we report the synthesis and crystal structure
of a new compound, LiRu;04 with the CaFe,04-type structure. In the
crystal structure of LiRu,04, double chains of edge-sharing octahe-
dral RuOg share the corners with neighboring double chains and
form tunnels in between them parallel to the shortest b-axis so that
the one-dimensional Li array is placed inside each of the tunnels. The
tunnel inside has more than enough space to be filled with the Li
atoms. LiRu,;04 demonstrated a reversible Li intercalation reaction at
3.2—3.5 V vs. Li/Li* with a capacity of ~80 mAhg~, exhibiting
excellent high-rate characteristics as well as high capacity retention
with cycles. The electrochemical lithium intercalation of the calcium
ferrite type compound has been characterized for the first time. This
work would provide an important basis for understanding the
structure—property relationship as well as promoting a further
investigation of new materials of the structure type by substitution
of ruthenium with other transition metals like Mn, Fe, Ti or else.
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