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Compounds of the formula LiGo,Rh/O, (0.0 < y < 0.20 andy = 1.0) have been synthesized by high temperature solid-state
reaction and characterized by X-ray diffractiofRD), X-ray photoelectron spectroscopy, and infrared spectroscopy. Single-phase
materials were obtained fgr < 0.10 andy = 1.0 as observed by XRD. However, IR and electrochemical data indicate that the
true solid solubility may bey < 0.05. Their cathodic behavior in coin cells with Li metal as anode and a liquid electrolyte has
been examined. Cyclic voltammograms and galvanostatic charge/discharge curves showytkatdd5, the phase transforma-
tion occurring atx = 0.5 in Li;_,Co0, is suppressed and the deintercalation voltage is decreased. The compositiorys with
= 0.05 and 0.10 show improved cathodic behavior and discharge capacity retention compared to(yiGoO) at 0.14C rate

in the voltage range 2.7-4.3 V up to 18 cycles. Electrochemical studies on LiBimv that phase transitions occur on charge/
discharge cyclingvarying x in Li; ,RhG,) in the voltage window 3.2-3.7 V and these are reversible. This compound shows an
initial charge capacity of 162 mAh/g when charged to 4.0v¥. Li metal), corresponding tox = 0.85 in Li; _,RhG,. After an

initial loss of 40 mAh/g in capacity, the discharge capacity retention corresponds to 90% after 18 cycles with respect to the initial
discharge capacity in the voltage window, 2.7-4.0 V.
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Commercial lithium-ion batteries presently use LiCo&s the  are isostructural and can be synthesized in air or oxygen. The effect
cathode material due to its high performance characterisfics. of a Rh-dopant on the electrochemical properties of Ligh@s not
LiNiO,*® and Li(Nil,yCoS,)ozﬁ'll are now being investigated ex- Yyet been reported. Synthesis and preliminary electrochemical behav-
tensively as prospective high capacity cathodes. These mixed oxidesr of ARhO, (A = Li, Na, and K have been reported by Mendi-
possess a hexagonal layer structure and contain ordered array of lbioureet al3* However, detailed electrochemical study on LiRH©
and Co ions sandwiched between the oxide ion layers. The metdacking. Presently, we report the synthesis, characterization, and ca-
ions adopt an octahedral oxygen coordination and the unit cell conthodic properties of the Rh-doped LiCe@nd LiRhG.
tains three formula units of LiCoO They are usually referred to as

03 type ora-NaFeQ-type with the space groupR3m. Isostruc- Experimental
tural analogues with other transition metals, viz., LiGrQiRhO,, Compounds of the type LiGoy,Rh,O, (0.0< y < 0.20) were
LiFeO,, and LiMnG, are known. While LiMQ with M = Co, Ni, synthesized by heating stoichiometric mixtures of high purity raw
Cr, and Rh can be prepared by a high temperature solid-state reacaaterials, Cg0, (Merck), Rh(NO;)3-2H,0O (Alfa), and LiOH
tion in air or oxygen; LiFe@%% and LiMnO*°1° can only be  (Merck) at 850°C for 20 h in air followed by slow coolingL°C
prepared under hydrothermal or soft-chemistry techniques. The latmin™?). LiRhO, was synthesized by heating stoichiometric mixtures
ter two compounds have received wide attention for their cathodicof rhodium and lithium salts as above at 900°C for 24 h in flowing
behavior because of the obvious cost considerations, containingxygen atmosphere followed by slow coolittifC min™?). Powder
cheap and environmentally friendly iron and manganese oxides. X-ray diffraction (XRD) was used to identify the crystalline phases

In addition to the nickel dogant mentioned above, several 3d(Siemens D5005, Cu d; radiatio. The XRD patterns were in-
transition elements like M Cr?! Fe?? and nontransition metals dexed and lattice parameters calculated using least squares fitting of
like B,23 Al,%*?" and M¢f® have been studied extensively as dopants the d spacings and Miller indicegkl). Midinfrared spectral studies
in LiCoO, with the aim of improving its electrochemical character- in the range of 400-4000 cm were done using a Fourier transform
istics in terms of cycling efficiency, intercalation voltage, and infrared(FTIR) Bruker Equinox 55 system with a spectral resolution
cost reduction. A wealth of information is now available not of 4 cm . Fine powders of the compounds were mixed with KBr
only with respect to the cathodic behavior but also on the physicaland pressed to give translucent pellets. X-ray photoelectron spec-
properties of these doped LiCeQn the pristine as well as in troscopy (XPS) studies were carried out on the powder samples
the chargedLi deintercalatedl state” 102932 Theoreticalab initio ~ USing @ VG electron spectroscopy for chemical analysis lab MKIl
calculations by Cedezt al?**®have indicated that the replacement SPectrometer. Samples were loaded by dusting the sample powder
of Co in LiCoO, by other 3d transiton elements (M on to a polymeric-based adheswe tape stuck on the sample holder.
= Ti, V, Mn, Ni) decreases the average intercalation voltage, | SPectra were recorded using an X-ray souffdg Ko, radiation
whereas a replacement by a nontransition metal like Al increases th@’Ith a scan range of 1.200'0 eV binding energy. ngh_-resolutlon
intercalation voltage for a given value ®in Li; ,CoO, However Spectra were recorded in selected energy ranges of interest. The

. > . 1-x ’ ; collected XPS spectra were analyzed using XPS Peak 95 version 3.1
the imposed condition was that these LiM@mpounds must exist

) . o - . software peak fitting program.
in the a-NaFeQ structure. This prediction has been verified experi- — The galvanostatic charge/discharge cycling tests were carried out

mentally in the case of solid solutions Li(€gAl,)O,, y < 0.5by  ysing two electrode coin cells with lithium metal foil as the anode. A
Cederet al,?* and several othe/S:?” Since LiCoQ and LiNiO, 1:1 (v/v) mixture of ethylene carbonatEC) and dimethyl carbonate
form complete solid solutions, it is expected that LiGo@1d  (DMC) containing 1 M LiPk was used as the electrolytslerck).
LiRhO, may also form solid solutions because all these compoundsThe cathodes were made up of the oxide material, Super P carbon
black as the conducting additive and polyvinylidene fluoride
(PVDF  binder (in the weight ratio 80:10:10 in
* Electrochemical Society Active Member. n-methylpyrrolidinone(NMP) solvent and were mixed to form a
Z E-mail: phychowd@nus.edu.sg uniform slurry. Electrodes were fabricated by coating the above
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Figure 1. XRD patterns of the compounds, Li(€gqRh,)O,. y values and
(hkl) Miller indices are indicated. Cu & radiation.

slurry onto an Al foil (25 wm thick) using a paint applicator and
drying it in an air oven at 80°C to evaporate the solvent. The foil
was then pressed between stainless steel rollers and dried in
vacuum oven to ensure that the electrode is free from moisture an
solvent. The foil was then cut into circular strips of 16 mm diam.
Coin-type test cellgsize 2016 were assembled using polypropylene
(Celgard as the separator in an argon-filled dry bd4B150B-G,
MBraun, USA which maintains @ H,O contents at<0.1 and
<0.02 ppm, respectively. The open circuit volta@CV) of freshly
fabricated cells with LiCo® cathode was around 3.0-3.5 V, while
that with LiIRhO, cathode was around 3.0-3.2 V. The cathode active

material in the coin cells is in the range of 10-15 mg and currents
used for galvanostatic cycling are in the range of 0.05-0.25 mA. The N
charge/discharge tests and cyclic voltammograms were performe&iRR -

using computer controlled multichannel battery testing units
(Bitrode, USA; Macpile, Biologic, FrangeThe freshly fabricated
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LiIRhO, indicating that the solubility of Rh is less than 0.20 under
the synthesis conditions presently employed. The XRD pattern of
LIRhO, showed only barely detectable impurity peaks, which did
not correspond to RiD; or Li,CO;. During the least squares fitting
of the LiCo_,RhO, (y = 0.20) and LiRhQ@ care was taken to
exclude the extraneous impurity peaks. The hexagonal lattice param-
eters(a andc) are listed in Table I. The values for LiCgQure in
very good agreement with those reported by Delmesal®
and Saadoune and Delmadhe a and ¢ parameters of LiRh®
(y = 1.0) are also in accordance with the values reported
(a = 3.018,c = 14.20 A by Mendiboureet al3* Substitution of
Rh at the Co site in LCo, _yRN,)O, is expected to increase bath
and ¢ parameters if a Vegard’s law-type behavior is obeyed, since
the ionic radius of RH" ion (0.665A) is larger than that of Cb ion
(0.545 A; octahedral coordination; low spin state Our results
show that while the parameter follows the expected trefwdth the
exception of composition witly = 0.1), the c parameter decreases
up toy = 0.1 and then shows an increase yor= 0.2. The reason
for this behavior is not clear at present but it is possible that cova-
lency effects play a role. We note thata corresponds to the metal-
metal interlayer distance and covalency effects have been invoked
by Saadoune and Delnfa® explain the behavior af andc param-
eters in their study on the solid solutions, LiNjCo,O,

< y =< 1.0). As can be seen from Table I, th& ratio shows a

mooth variation withy similar to that noted by the group of

Delmas®”’

It may be pointed out that since the ionic radius ofRIs closer
to that of Li* (0.76 A; octahedral coordinatipit as compared to the
ionic radius of Cd", there is a possibility of cation disorder in both
LiCo; _yRh,O, (y = 0.1, 0.2) and LiRhQ@in the sense that some Li
and Rh ions can interchange their positions in the respective layers.
Theoretical calculations by Wuet al3® have shown that
the a-NaFeQ structure can exist only if the radius ratio
rifir;) is <0.90. For RR= 0.90, cation disorder can oc-
cur, finally leading to a disordered rock salt structure. For M
Rh and Co, the RR values are 0.875 and 0.717, respectively, and

cells were aged for 24 h before the electrochemical tests to ensurthus we may expect cation disorder in LiRh@nd fory > 0.1 in

equilibration and soaking of cathode in the electrolyte.

Results and Discussion

Characterization by XRD, FTIR, and XRSThe XRD patterns
of LiCo;_yRh,0, (0.0 < y =< 0.10) showed the formation of single

LiCo;_,Rh,0,. We have not done a Rietveld analysis of the ob-
served powder XRD patterns, but an approximate indication of cat-
ion disorder can be discerned from tt¥@ and the relative intensity
ratio (RIR) of the (003) and (104) lines in the XRD patterns (RIR

= [(003)/1(104)). For a cation-disordered rock salt structure, we

phase with a well-defined rhombohedral-hexagonal layer structureknow that thec/a ratio should be 4.899(24). As seen from Table I,

No impurity phases are seen in this range of dogifg. 1). How-
ever, the XRD pattern of thg = 0.20 compound showed in addi-

thec/a value for LIRhQ is 4.801, indicating the existence of cation
disorder in the lattice. Foy = 0.1 andy = 0.2, even though the

tion to the peaks due to the desired phase, impurity peaks due to/a ratio is >4.899, the possibility of slight cation disorder exists.

Table I. Structural, IR, and cathodic capacity data of the compounds L{Co,_,Rh,)O, (0 <y < 0.20 andy = 1.0).

y Hexagonal lattice parameters, A FTIR bands, ¢ém Cathodic capacitymAh/g)?
Discharge capacity retention
a c Initial Initial 1st-18th cycle
(+0.002 (*£0.009 c/a RIR? charge discharge (%)
0.0 2.816 14.08 5.000 2.67 550 610-620(b)°  655(sh 171 156 74
(LiCo0,) (537; 539¢ (595; 602 [653(sh]
0.05 2.818 14.07 4993 1.78 530 595-6bp  650(sh 170 135 91
0.10 2.812 14.00 4979 1.82 525 595; 625 (0] 161 144 86
0.20 2.841 14.04 4942 061 515; 550 595; 625 650 - - -
1.0 2.958 14.20 4801 0.85 525-555(b) 600 (sh - 162 122 90
(LIRhOy) [1.17°

#\oltage window: 2.7-4.3 V foy < 0.1 and 2.7-4.0 V foy = 1.0. Current rating, 0.14C.

b Relative intensity ratio of003) and(104) lines in the XRD pattern.
¢ (b) broad,(sh shoulder.

Values in parentheses are for LiCo€@ken from Ref. 40, 41.
€Value in bracket is from Ref. 37.
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distinct shoulder(sh) band at 655 cm'. Doping with rhodium

(y = 0.05-0.20) shifts these bands toward lower wavenumber as
can be expected from the relative masses of Co and Rh atoms and
their effective reduced masses. However, the broad band observed in
the region 595-615 cit for y = 0.05, splits into two discernable
bands at 595 and 625 crhfor y = 0.10 and 0.20. This possibly
indicates ordering of the Co and Rh ions in the lattice. The spectrum
of LIRhO, shows only a broad band extending from 525-555 tm

and a weak shoulder around 600 tmThese bands can be assigned

to the Rh-O stretching and bending vibrations.

The observed XPS spectra at high resolution for LiGoO
Li(Coy Rhy 1O, and LIRhGQ were curve fitted and deconvolution
was done in cases where necessary. Calibration was done using C 1s
peak of 284.6 eV. The spectra are shown in Fig. 3 and the binding
energiesBE) are listed in Table Il. The O 1s spectrum in LiCpO
can be deconvoluted to give two pealdsand B in Fig. 2a with
BEs at 528.9 and 531.3 eV. Peak A can be assigned to O 1s in
Figure 2. FTIR (transmittancespectra of the compounds, Li€gRh,0, in LiCoO, in good agreement with the values of 529.0 and 529.6 eV
the 400-800 cm' region.y values are indicated. reported for LiCoQ by Elp et al.** and Galakhowet al,*® respec-

tively. This is also comparable with the value 528.9 eV reported by
Mansouf® in the isostructural compound, LiIN|OThe peak B with

Our value of RIR for LiCoQ is 2.67, one of the highest values @ BE of 531.3 eV is assigned to the O 1s in@0; which compares
ever reported, indicating a well-ordered lattice of Li and Co ions in Well with the value of 531.7 eV observed by MansBuwho ob-
the respective layer@able )).8 This value decreases with increasing Served it as a surface impurity along with LiNiCEven though we
y in Li(Co,_,Rh)0, and falls to 0.61 fory = 0.2. This is much ~ have not detected LLO; impurity in the LiCoG by XRD, it is seen
lower than that of LIRh@ (our value is 0.85; value from the JCPDS N the XPS spectrum because of the high sensitivity of the latter
file is 1.187, showing that cation disorder exists fgr= 0.20, ~ technique. The deconvoluted O 1s peaksand D in Fig. 3ain
Clear splitting of the(006), (102, and(108), (110 doublet peaks in LlR_hOZ occur at 529.6 gnd_531.2 ev, respectlve_ly. Peak C can be
the XRD patterns of the system (o, _,Ni,)O, was also consid- ~ assigned to the oxygen in LiRhWhereas peak D is due to430,
ered to be an indication of the absence of cation disofdation impurity.
mixing).%1® But, this argument cannot be used for the  The Rh-doped composition, LiGgRh, 0, also is found to con-
Li(Co,_,Rh,)O, system, due to large difference in taeandc val- tain two O 1s peaks(,not shown with the BEs of 528.2_and 531.2
ues of the end membetable ). Thus, while they = 0.2 compo- €V corresponding to that of the compound andQ®; impurity,
tively free of this and can be considered to be “clean” phases.and LiIRhG is a reflection of the covalency of the Co-O and Rh-O
However, the IR and electrochemical studigscussed laterdo bonds. This is so due to the fact that these compounds are isostruc-
reveal that foly = 0.10, the Rh ions are not randomly distributed in tural with a common Li atom and there is only one type of oxygen
the Co layers and ordering and clustering of Co and Rh ions isatom(6¢ position in the space grouR3m). A higher BE of O 1s in
occurring. This indicates that the solubility range of Rh ions in the LiRhO, compared to LiCoQ indicates a less covalent Rh-O bond
lattice may bey < 0.05 under the synthesis conditions presently compared to the Co-O bond. Accordingly, we expect more covalent
employed. Chemical precursor techniques may help in enhancingi-O bond in LiRhQ, and a lower BE for Li 1s compared to that in
the solid solubility to highey values. LiCoO,. As can be seen from Table II, the BE of Li 1s in LiCp®

Infrared (IR) and Raman spectra have been used to characterizq;\igher than that in LiRh@ Interestingly, the BE of Li 1s in 10%
LiCoO,, LiNiO,, and their various solid solutions in the Rh-doped compound is higher, by 1.3 eV compared to that of
literature?*** Factor group analysis based on the crystal symmetry| jco0,. This higher ionicity of the Li-O bond is indirectly reflected
of the above layer-type compounds predicts four IR-activein the increased mobility of Li ions in the lattice. The BE of 53.3 eV
(2Az, + 2E) and two Raman active (f+ Eg) vibrational  for Lj 1s in LiCoO, compares well with the values of 53.7 eV
modes’®*! The IR modes correspond mainly to the vibrations in- reported by Manso(¥ for |_|N|O2 The Co 2p), spectrum shows a
volving the atomic motion of cations against their oxygen neighborsgg of 779.5 eV in LiCoQ, and it gets shifted to 779.3 eV in the
with the octahedral coordination. Nazt al*° have identified these 1094 Rh-doped compound. The intensity of the peak is also reduced
four IR bands in LiCo® at 269, 420, 539, and 602 cth whereas  (Table Il and Fig. 3h Our values compare very well with that of
Huz_ﬂ?g and Fre(f\"'ilreported the bands at 271, 537, 595, and 653779 9 eV reported by Galakhat al*® The Rh 3d,, and Rh 3g),
cm . The 653 cm* band was a shoulder band. The low frequency peais in LIRhQ occur at 308.3 and 313.0 eV, respectivéijg. 3¢
band situated at 269-270 cﬂlwas identified as due to the asym- 5nq Taple I). These BEs may be compared with the values of 308-
metric gtretchlng vnbrayon of LiQunits whereas the threg bands in 309 eV reporteﬁ for RhyO5 where the RR" ion is in sixfold oxy-
the region 400-600 cnt correspond to the CoaOstretchlngl and  gen coordination with thex-Al,O; structure. As can be expected,
bending vibrations. The FTIR spectra in the range 400-800°doT  {he relative intensities of the peaks are smaller for the doped system

LiCo,,RhO; (y = 0.00-0.20) and LiRhQ(y = 1.0) are shown it y — 0.1 and the BEs get shifted by 0.1-0.2 eV as compared to
in Fig. 2 and the bands are listed in Table I. No distinct peaks Werey = 1.0(Fig. 3 and Table .

observed in the region 700-4000 cinfor all the compounds. We

have not measured the spectra in the far IR re@idi®-350 cmb). Cyclic voltammetry—Cyclic voltammogramsl-V curves have

Band positions reported in Ref. 40 and 41 for LiGoDe also listed  been recorded for the various cathodic compositions, LiCRh O,

in Table | for comparison. In general, only broad bands have been0.0=< y < 0.10 andy = 1.0), using coin-type cells with Li metal
observed for the compounds in the range 400-800'cdue to the as the reference and counter electrode to reveal the phase transitions
highly covalent nature of the @&h)-O bonds as compared to the taking place during the charge/discharge process. Representative |-V
sharp band noted at 270 chin far IR region?®#!In LiCoO,, we  curves are shown in Fig. 4. The oxidation and reduction peaks in the
observed bands at 550 ¢t a broad band at 610-620 ¢h and I-V curves, respectively, indicate the voltage range in which Li

LiCo,.,,Rh,0,

Transmittance (arb)

400 450 500 550 500 650 700 750 800
Wavenumber, cm”’
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F '0'1' LA AR AR A IS Table Il. XPS Binding energies of the compounds LiCe_,Rh,0,
£a) Ots (y = 0.0, 0.10, 1.9.
- F Peak C Peak D
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s (x0.1, eV
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o Li 1s 53.3 54.6 48.1
- Co 2py, 7795 779.3 —
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@ Corresponds to O 1s binding energy value inQ®;.

peak shifts slightly to a higher voltage range and the peak at 4.2 V
gets broadened and finally merges with the main oxidation peak.
Similar behavior occurs with the reduction peaks. These observed
features are in good agreement with the 1-V behavior reported in the
literaturé®“® and indicate that from the second cycle onward, the
charge/discharge process occurs in a reversible manner in the volt-
age scanning region of 3.5-4.3 ¥s. Li metal) as a single-phase
reaction(Fig. 4a.

The cyclic voltammograms of the Rh-doped compounds,
y = 0.05 and 0.10 shown in Fig. 4b and c show distinct changes as
compared to LiCoQ The first cycle I-V curve foy = 0.05 shows
one broad oxidation peak occurring at 3.98-4.00 V which is lower
than the value noted for = 0.0. The 4.2 V peak is either broadened
or suppressed in the Rh-doped compound as compared to pristine
LiCoO,. These features are essentially unchanged during the second
to seventh cycles, including the reduction peaks occurring at 3.85 V
(vs. Li metal). Significantly, there is a decrease in the hysteresis
between the main oxidation and reduction peak voltages as com-
pared to LiCoQ indicating a better reversibility of the electrode
with the compositiony = 0.05. This is indeed reflected in the
charge/discharge cycling behavior to be described later. The I-V
curve of the phase witlhi = 0.10 essentially retains the features of
they = 0.05 sample with respect to the main oxidation and reduc-
tion peaks and the voltage rangésg. 40. In addition, distinct
oxidation peaks occur at 4.09 and 4.20 V and the associated reduc-
tion peaks with a hysteresis. The 4.2 V peak is reminiscent of the
behavior of LiCoQ (y = 0.0), possibly indicating that in thg
= 0.10 composition, the distribution of Rh ions in the Co layer is
not uniform (i.e, nonrandom and clustering of Co and Rh ions
might have occurred during high temperature synthesis. This is cor-

roborated by the IR data, the unusually low values of the hexagonal
a andc lattice parameteréTable | and Fig. 2 and the galvanostatic
charging curves described later. Nevertheless, existence of the peaks
indicates the phase transitions in the compound at these voltage
values and that these are reversible with respect to Li deintercalation
and intercalation. These occurxat< 0.5 in Li(Ca, Ry 1)O, and
indicates either ordering of tH€o-Rh ions and/or the Li vacancies
deintercalation and intercalation occurs in the compounds. Existencé their respective layers. This is in addition to any disorder or
of sharp peaks indicates first-order phase transitions in the comelustering of the ions in their respective layers introduced during
pound and two-phase coexistence of two Li-intercalated composihigh temperature synthesis of the compounds.

tions. Broad and smooth curves in the anodic and cathodic |-V plots  The I-V curves of LIRh@ (y = 1.0) are shown in Fig. 4d. The
indicate either a second-order phase transition or continuous singlenain oxidation peak was observed at 3.70-3.75 V in the anodic
phase Li deintercalation/intercalation reactions in the oxide materi-region preceded by a small shoulder peak at 3.65-3.70 V. In addition
als. In the pristine LiCo@(y = 0.0), the first cycle anodic curve to the main oxidation peak, three other low intensity oxidation peaks
shows two distinct peaks, one broad peak in the range 4.0-4.15 \are observed at 3.25, 3.35, and 3.9-4.0 V. The corresponding reduc-
(vs. Li) indicating a single-phase deintercalation and a small buttion peaks occur at a lower voltage due to hysteresis effects. This is
sharp peak at 4.2 V corresponding to the well-known hexagonal-a clear indication of several reversible phase transitions occurring in
monoclinic crystallographic phase transformation occurring atthe LiIRhO, crystal lattice during Li deintercalation and intercala-

X = 0.5 in Li,C00,.2%% The corresponding reduction peaks occur tion. These phase transitions must be due to the ordering of Li ions
at a lower voltage, due to hysteresis effects. During the second anih the Li layer and/or Rh iongin the Rh layey in the crystal lattice
subsequent cyclesecorded up to seven cycleshe main oxidation  at fixed values ok in Li,RhO, (x < 1.0). Similar type of crystal-

Binding energy (eV)

Figure 3. XPS spectra of LiCp_ ,Rh/O,: (@ O 1s iny = 0.0 and 1.0(b)
Co 2p iny = 0.0 and 0.10(c) Rh 3d iny = 0.10 and 1.0.
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Figure 4. Cyclic voltammograms for the compounds LiCQRhO,
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counter electrode. Scan rate, 0.05 mV/s.

lographic phase transitions are well known to occur igNiO,
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Figure 5. Representative charge/discharge curves of the compounds,
LiCo,_,RhO, (y = 0.05 and 1.pat 0.14C rate. Voltage window: 2.7-4.3 V
fory = 0.05 and 2.7-4.0 V foy = 1.0.

compared to the main oxidation and reduction peaks in the cyclic
voltammograms indicates that the extent of departure from the origi-
nal hexagonal layer structure is small. In any case it would be inter-
esting to establish the crystal symmetry of thesgRhiO, phases.
Another interesting feature observed in the LiBh® that the |-V
curves(first to seventh cyclesoverlap exactly without any shift in
the voltage values during cycling as can be seen in the Fig. 4d.

Cathodic behavior and galvanostatic charge/discharge
cycling—Galvanostatic charge/discharge curves have been recorded
for LiCo, _yRh /O, cathode materials at 0.14C (1€ 140 mAh/g)
up to 18 cycles in the voltage window 2.7-4.3 V fpr< 0.10 and
2.7-4.0 V for LIRhG. The data are presented in Table |. Represen-
tative charge/discharge curves pf= 0.05 and 1.0 are shown in
Fig. 5. All the compounds showed an irreversible capacity loss be-
tween the first charge and first discharge. Pristine LiCoO
(y = 0.0) showed an irreversible loss of only 15 mAh/g while
y = 0.05 and 0.10 compositions and LIRs® = 1.0) showed ir-
reversible losses of 35, 17, and 40 mAh/g, respectively, in the first
charge/discharge cycle. From the second cycle onward, the charge
and discharge capacities are almost the sanhi€b) indicating good
reversibility of the materials for all values gf This is evident from
Fig. 5 where the curves for composition wigh= 0.05 indicate the
suppression of the phase transitigpsesent in LiCoQ; not shown
and a single phase nature of the Li deintercalation/intercalation pro-
cess at reduced voltage ranges. Note the behavior of LjRhO
(y = 1.0): even though exhibiting plateaus in the charge/discharge
curves, shows excellent reversibility at 0.14C rate in the 2.7-4.0 V
voltage window.

The discharge capacity at the 0.14C rate as a function of number
of cycles for various compositions gfin LiCo, _,Rh,O, is shown

(0 < x < 1.0) 315951 However, the low intensity of the peaks as in Fig. 6. The capacity retention, as a percent of the initial discharge
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Figure 6. Discharge capacitys. number of charge/discharge cycles for the
compounds, LiCp_,Rh O, at 0.14C ratey values indicated. Voltage win-
dow: 2.7-4.3 V for 0.0< y < 0.10 and 2.7-4.0 V foy = 1.0.

Figure 7. Galvanostatic charging curves of the compounds, LiGBh O,
at two different current ratingsy = 0.0, 0.05, 0.10(0.14C rat¢ and
y = 0.0, 0.10(0.04C rate¢ in the voltage window 2.7-4.3 \Ws. Li).

capacity, is presented in Table I. We have not examined the behavicand 0.05 compositions. A similar trend is also seen for compositions
at higher current ratings or up to extended number cycles for they = 0.00 and 0.10 recorded at 0.04Big. 7). However, there is no
obvious reason that rhodium, being a precious metal, is not a comfurther appreciable decrease in the deintercalation voltage between
mercially viable element as a dopant to improve the cathodic behavthe compositionyy = 0.05 and 0.10. A possible reason for this be-
ior of LiCoO,. Nevertheless, Fig. 6 shows that Rh doping has ahavior is that the decrease in the voltage is not a linear function of
beneficial effect in suppressing the phase transitions and capacitthe dopant concentratiory), or there may be a clustering/ordering
fading in LiCoQ,. They = 0.05 composition exhibits better elec- of Co/Rh ions in the Co layer for thg = 0.10 composition, as
trochemical performance and a capacity retention of 91% as comecompared to the case whgn= 0.05 where the Co and Rh ions are
pared to they = 0.10 compositior{86%), although the latter shows randomly distributed in the Co layer in the lattice. Evidence for the
consistently higher capacity up to at least 10 cycles. More impor-latter argument was seen in the IR and |-V data, as discussed earlier.
tantly, LIRhO, has a much better charge/discharge cycling behaviorThus, the effect of an increase iy from 0.05 to 0.10 in
retaining as much as 90% of the initial discharge capacity after 18Li(Co,_yRh,)O, system is not reflected in a further decrease in the
cycles(Table | and Fig. & On the other hand, the cathodic perfor- deintercalation voltage. Since Rh is a 4d transition metal, the voltage
mance of the isostructural analogues, LigEGand LiCrO,?* were ~ range of 3.2-3.7 V(vs. Li) presently noted with respect to Li
found to be very poor. Also, the performance of LiGgRh, o0, deintercalation/intercalation in LiRhGs slightly more than that en-
(M = Rh: y = 0.05 is much better than that of other trivalent countered in other 4d metal oxides like B> and MoQ™ and is
ion-doped LiCoQ reported in the literaturéVl = Fe:y < 0.2422 in accord with empirical arguments proposed by Ohzekal*® that

M =B:y=0052M= Al y=< 028%%) The above results the operating voltage@s. Li metal) for the metal(di-) oxides vary

are in agreement with the cyclic voltammetric |-V curves describedin the approximate order, 3d 4d > 5d. 1057

earlier with respect to the suppression of phase transitions in Detailed studies by the group of Delnidand other&***’have
LiCoO, by the Rh dopant and the existence of phase transitionsshown that deintercalation of lithium in LiCo®rings about exten-

in LiRhO, during chargedischarge process. In earlier studiesSIV€ changes in its physical p_ropertles. The_ dlamagnetlc_behawor of
changes in the intercalation voltage have been observed in solic0Q; arises due to the existence of Coin the low-spin state
solutions, L{Co ,Al,)O, (y < 0.50%*27 and LiCoy_,Niy) O, (d°: ). Strong Co-Qo bonding, due to shqrt interatomic dis-
(0 <y =1)5752where complete solid solubility of the dopant tances(=hexagonala-axis), leads to the forma_tlon of a fillechd

ion has been established. A close examination of Fig. 6 in Ref. 220and separated by an empfyf@nd and thus LiCo©can be con-
also indicates a chandesduction in the deintercalation voltage in Sidered to b a d band semiconductor. The charging prodgéss

the system LiCo, _,Fg))O, (y < 0.24). Available literature data on delntercalatlohle%ds to the creation of €6 ions with the low-spin
Li(Co,_,Al,)O; also show that the increase in the deintercalation configuration, %, and these induce paramagnetism in the com-
voltage is directly proportional to the dopant concentration Pound. For small values ofin Li;_,Co0,, (0 < x =< 0.2), these
(y).24?>%3In our studies on the (Co,_,Rh,)O, system, clear indi- Cd** ions are Iocali_zed and act as electronic holes, _contributin_g_ to
cation of reduction in the deintercalation voltage for= 0.05, as  P-type semiconduction. In room temperature electronlc conductivity,
compared toy = 0.0 is obtained from the I-V curves shown in Fig. ¢ INCreases by two to three orders of magnitude, from 1
4a and b. In order to more clearly discern the effect for composi- X 10 Sfcm forx = 0.0 to ~1 S/em forx = 0.05 with a low-
tions,y = 0.0, 0.05, and 0.10, galvanostatic charging curves at both"®d activation energy for conductigh ‘Tukamoto and W‘?g?
0.14 and 0.04C have been recorded, and the data are shown in Fifpund a similar behavior in Mg-doped LiCeQ@5 atom % which

7. The curve fory = 0.05 at 0.14C is an expanded version of the also induces the Co ion formation in the lattice to satisfy the
first-charge curve given in Fig. 5. The deintercalation voltages atcharge neutrality condition to give Li(G6,,Co)j"Mgi")O,, y
0.04C (for a given capacity for y = 0.00 and 0.10 are slighty =~ = 0.05. At and abovex = 0.5 in Li; ,CoO,, the compound
lower than that noted at 0.14C, though it is more clearly seen forchanges over from semiconductor to metaith o ~ 10° to

y = 0.00. For a capacity of 40 mAh/g, correspondingte- 0.15 ~ 10° S/cm and possibly from paramagnetic to Pauli paramagnetic
in Li;_,(Co,_,Rh)0,, the deintercalation voltages at 0.14C for (T-independent magnetic susceptibilityehavior® Indirect studies

y = 0.00, 0.05, and 0.10 are 4.05, 3.93, and 3.9%/%/Li metal), by Li-NMR,3O*57'58 IR,40 Ramarﬁ2 and X-ray absorption
respectively. Thus, there is a decrease of 0.12 V between0.00 spectroscopt?®® also confirm the above changes in physical prop-
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erties of Ly _,Co00, as a function ofx brought about either by
chemical or electrochemical deintercalation.

It has been established that in doped systems of the type, 2
Li(Co;_yNi,)O, (y = 0-1.0P*and Li(Cq _,Fe)O, (y < 0.24) 3.
the trivalent Ni and Fe ions preferentially oxidize to the galence 4
state during charging process as compared to thé @ms. Hence,
we can expect Rh ions also to oxidize to & #alence in the pres- 5
ently studied system, LiGo,RhO, (y < 0.1). Increasec_:l elec- g
tronic conductivity as well as appearance of paramagnetism can beg
expected on Li deintercalation fgr < 0.2. In the case of LIRh® 9
(y = 1.0), we may expect Pauli paramagnetism and metallic con-
duction in Ly _,RhG, for x = 0.5 similar to Li _,Co00,, since the
electronic configurations of C@d meta] and Rh(4d meta) ions
are the same in the low-spin state and possibly encounter supercon-
ductivity analogous to the behavior shown by, LiNbO,, x
~ 0.64% It may also be possible to stabilize “RBOn the layer

starting from LiRhQ similar to “CoQ," ®162and “NiO,.” 5263 De-
tailed physical studies on Li,RhG, (x < 1) are presently under-
way and will be reported elsewhere.

17
Conclusions ig
Rhodium can be substituted at the Co site in LiGd® form

uniform solid solutions of the composition Li¢oRhO,

Nominal composition withy = 0.20 leads to cation disorder in the
lattice and formation of impurity phase (LiRBunder the synthe-

sis conditions employed by us. Synthesis techniques using chemical
precursor may enhance the solid solubility to higher valugs ©he
observed trends in the variation of hexagonal lattice parameters have
been explained on the basis of the values yo= 0.0 and 1.0

(LIRhO,) and possible role of covalency effects. Infrared spectra of 26.

the solid solutions show a systematic shift of the characteristics IR
bands to lower wavenumbers with increasing valuey. dIthO2
shows only a broad absorption band in the reglon 525-555'@nd 2
a shoulder band at 600 cr
for O 1s, Li 1s, Co 2p, and Rh 3d for the phases LIC&RhO,;

y = 0, 0.1, and 1.0. The observed BEs have been compared witR -
those reported in the literature. Cyclic voltammograms and galvanosp.

static charge/discharge curves at 0.04 and 0.14C show that for
y = 0.05, the phase transformation occurring xat= 0.5 in
Li;_,CoG, is suppressed and the deintercalation voltage is de-
creased. The compositions wigh= 0.05 and 0.10 show improved
cathodic behavior and discharge capacity retention compared tQ

LiCoO, (y = 0) at the 0.14C rate in the voltage range 2.7-4.3 V up g?:
to 18 charge discharge cycles. Electrochemical studies on LiRhO3s.
(y = 1.0) indicate that phase transitions occur on charge/dischargé®:

cycling (varying x in Li; ,RhO,) in the voltage window 3.2-3.7 V
and these are reversible. This compound shows an initial charge
capacity of 162 mAh/g when charged to 4.Q%. Li metal), corre-
sponding tox = 0.85 in Li;_,RhO,. After an initial loss of 40

90% after 18 cycles with respect to the initial discharge capacity in

the voltage window 2.7-4.0 V. The nature of the phase transitions#4.

(first or second orderand the crystal structures of the;LiRhO,

phases are yet to be determined. We may expect interesting changes

46.
47.

in physical properties in Li ,RhO, as a function ok as exhibited
by the isostructural and isoelectronic, LiCoO,. It may be possible
to stabilize RhQin the layer structure similar to Cg@nd NiG, by

48.

electrochemical charging to higher voltages. The above studies argg.
in progress.
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