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A hydrothermal method was used to prepare hexagonal layeredyLill\i.odVines]O- nanoplates R3m)

from a mixed solution of Nji1Mng g0, and LIOHH,O at 200°C. In addition, an ion-exchange method was
used at room temperature to obtain thg MVing s£0, precursor from I3 MnO--birnessite. Even though the
spinel phaseRd3m) was dominant at 15€C, it was completely converted into a hexagonal layered phase at
200 °C in a condition of excess LiO#H,0. The as-prepared Li[MiLioodMNngs]O2 consisted of stacked
nanoplates with a plate thickness of approximately 7 nm. Ex situ X-ray diffraction and X-ray absorption
spectroscopy were used to study electrochemical Li insertion and extraction reactions @fLigNEVing s1-

O.. The results show that the Li[iilio.0dViNg51O- electrode operates predominately with the redox couple
Ni2*/Ni** between 4.8 and 2 V. On the other hand, the oxidation state of Mn was constant, even at a 4.8 V
change, indicating that thetdstate was predominant. The cycling behavior between 2 and 4.8 V at a current
rate of 60 mA/g shows a maximum capacity of 200 mA h/g with only a slight capacity fading out to 30
cycles.

Introduction distance is typically 0.7 nm, and the birnessite formula is
generally expressed as¥nO..,(H-0),, where A typically
represents an alkali metal cation; an ion-exchange method is
generally used to study Na and*KThe average oxidation state

of the mixed valence manganese normally falls between 3.6
and 3.8, which indicates a predominance of4Mmwith minor
amounts of MA™.1921 Recently, Xu et al. obtained layered
lithium-rich Lix[LiyNipMnm]O2, (x = 1,y < /3,y + n+ m=

1) by using a hydrothermal treatment of the mixed layered Ni-
(OH), and the birnessite-type manganese oxide in a concentrated
LiOH solution at 200°C. They reported a reversible capacity
'of 120 mA h/g between 2 and 4.2%.

We now report on the synthesis and characterization of
layered hexagonal Li[NisilLio 0dVines1]O2 nanoplates derived
from the use of layered NigVing 550, materials obtained from
an ion exchange with g&IMnO; birnessite at room temperature.
The as-prepared nanoplates had a plate thickness of ap-
proximately 7 nm and showed highly reversible lithium-ion
reactions without conversion to a spinel-like phase.

Ni-based cathode materials have been widely used as copre
cipitated Ni—xMy(OH), precursors for obtaining final products
that have a lower cation-mixing ratio than products obtained
by a conventional method with M&nd Ni(OH) precursord. 11
However, the method using the coprecipitated powders requires
a high firing temperature to obtain an ordered layered structure
above 700°C. Delmas et al. and other groups investigated ion-
exchange reactions as well as extractions and insertions in
layered transition metal oxide bronzes below 300214 The
products obtained by the methods of Delmas et al., however
have stoichiometries which differ from LiMnMxO,, contain
water and protons, are of poor crystallinity, or do not maintain
their structure during cycling. Armstrong et al. reported that
anhydrous and stoichiometric 4gMInO,, which is analogous
to LiCoO,, was obtained by ion exchange from a NaMnO
precursof*16The LiMnO, was obtained by refluxing NaMnO
with an excess of LiCl or LiBr in LiCo@and was obtained by
ion exchange from a NaMnprecursof>16The LiMnO, was
obtained by refluxing NaMn@with an excess of LiCl or LiBr
in n-hexanol at 145150 °C for 6—8 h. However, the layered ~ Experimental Section
LiMNnO»> had about 10% M¥ ions in the Li sites, and
furthermore, during Li intercalation/deintercalation, the Mn

atoms moved to adjgcent layers ar_ld traqsformed oa Sp'nel'water for 30 min at 40C, we added the solution to 0.74 g of
like structure, which induced capacity fading.

. . ; fumaric acid, thereby causing a rapid exothermic reaction which
Birnessite materials have reportedly been used as Precursorg, maqd a brown gel. We annealed the gel at 20Cor 6 h and
for the synthesis of layered materials. Birnessite is a common then at 700C for 12 h. The resultant dark black powders were
manganese oxide; its two-dimensional layered structure ConSiSt%ashed with water three times and vacuum dried at 200
of edge-shared Mn§octahedra with cations and water mol-

. . overnight. By using inductively coupled plasma (ICP) mass
22
ecules that occupy the interlayer regidn:? The interlayer spectrometry to analyze the sample, we confirmed the presence

- — of Ko.32MnO, and an average Mn oxidation state of 3.67.
* Corresponding author. E-mail: jpcho@kumoh.ac.kr.
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Synthesis of Ky 3dMnO Birnessite. After slowly stirring a
solution containing 3.16 g of KMn©and 100 mL of distilled
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ratio of 5:1 in 100 mL of distilled water. The mixture was stirred — 1+ ¥ 1 T ¥ T T T 7 1

for 7 days at room temperature and finally washed with water (e) LiOH:Nig 45Mng 550,= 4:1 at 200°C
four times in order to remove any residues that did not g 5
participate in the reaction. |~ HexagonalRam £

Synthesis of Li[Lig odNig.41MN ¢ 57]O2. After combining LiOH
H,0 and Np.1Mng g0, with weight ratios of 1:1, 2:1, 3:1, and
4:1, we mixed the combination in 50 mL of distilled water and
transferred the mixture to an autoclave where it was maintained
at 150 and 200C for 1—-24 h. The as-prepared powders were
rinsed with water and dried under vacuum at 120 ICP
analysis revealed that the sample with the molar ratio of 4:1
had a Li 19Nig49VNg 55804 25 Stoichiometry. Furthermore, this
composition can be normalized as LiflgdNio.41Mng 51]O2.

Characterization. Powder X-ray diffraction (XRD) measure-
ments were taken with a Rigaku DMax/2000PC with a Cu-
target tube. We then used an ICP mass spectroscope (ICPS-
10001V, Shimadzu) to determine the metal contents. For the
field-emission transition electron microscopy (TEM), which
enabled us to investigate the microstructure of the samples, we
used a JEOL 2100F microscope at 200 kV. In addition, Ni and
Mn K-edge X-ray absorption spectra were obtained using a
BL7C (electrochemistry) beamline at the Pohang Light Source,
which is a third generation synchrotron radiation source in a J (a) Kg 3,MnO,
2.5 GeV storage ring with a ring current of 12070 mA. A PA— N :
Si(111) double crystal monochromator was used to monochro- 10 20 30 40 50 60 70
matize the X-ray photon energy. Furthermore, by detuning the Scattering angle (20)/degree
monochromator, we eliminated higher order harmonic contami- E)igausr%rlépﬁrig Eg‘;ﬁ%lrgg ]f:fosﬁ)a%%g%ér(r?a’l\‘;%‘éﬂgg-?fg ri&?a((jc;olution
nations and subsequently reduced the incident X-ray intensity = *>+'" . . X ; ey
by about 30%. Next, we monitored the incident X-ray intensity ZflL_'OH H:0 and Nb.sMnossO, with a weight ratio of 1:1, 2:1, and
by using pure nitrogen gas-filled ionization chambers. The
spectroscopic data was collected in a transmittance mode. 5.\ %

Electrochemical Characterization.Coin-type half-cell tests '
were conducted on samples which had different C rates betweer+%
2 and 4.8 V and the same 0.2 C rate for charging. We made the/%*, *
cathodes for the battery test cells from the active material W
(approximately 25 mg), the super P carbon black (MMM, [
Belgium), and a polyvinylidene fluoride binder (Solef) in a !
weight ratio of 80:10:10. Next, we prepared a cathode slurry %
by thoroughly mixing aN-methyl-2-pyrrolidene solution with
the polyvinylidene fluoride, the carbon black, and the powdery
cathode-active material. To prepare the electrodes, we coatec
Al foil with the cathode slurry and left it to dry at 13 for
20 min. The coin-type battery test cells (size 2016R), each of §
which contained a cathode, a Li metal anode, and a microporous
polyethylene separator, were prepared in a helium-filled glove- |
box. The electrolyte used was 1.03 M LiPwith ethylene
carbonate/diethylene carbonate/ethyl-methyl carbonate (3/3/4 vol g
%, Cheil Ind. Korea).

i -Ni = 9. O,
(d) LiOH:Nig 45Mng g50,= 2:1 at 200°C

(c) LIOH:Nig 45Mng 550,= 1:1 at 150°C
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. . Figure 2. SEM and TEM images of samples prepared at (a) U550
Results and Discussion with a weight ratio of 1:1 and at ¢bd) 200 °C with a ratio of 4:1

Figure 1a shows XRD patterns of K-birnessite, gdVinO,) (LIOH-HZO/Nio 4Mo.5:0z).
prepared by a selgel method. The pattern is dominated by
two major peaks at £2(002) and 22 (212) scattering angles,  Mngs£0;, before and after hydrothermal reactions with LiOH
which are signatures of synthetic birnessite materials; the patternH,O at a variety of temperatures (15C and 200°C) and
also shows a preferred orientation along ¢kexis. In addition, weight ratios of Ng 4g9Ving 550, to LIOH-H,0 (1:1, 1:2, and 1:4).
the very sharp peaks indicate the formation of highly crystalline In the case of the sample prepared at 2&0for 4 h and a
materials. The pattern of thegkMnO, can be indexed with weight ratio of 1:1 (LiIOH/N§ 49Ving 5502), the peaks assigned
hexagonal lattice constants, where the valuea of 2.847(8) to the spinel phase with a cubdi@3m space group are dominant
A andc = 21.535(9) A are expanded to= 2.851(4) A ancc though they contain a residual birnessite phase (Figure 1c);
= 21.616(8) A after reaction with NiGi6H,0O (Figure 1b). The however, when both the hydrothermal temperature and the
broadening of the two major peaks at approximatel§ 42d weight ratio were increased, a layered hexagonal phase with an
approximately 25.2 indicates increased disordering in the R3m space group became dominant (Figure 1d,e). When the
cations between the layers or indicates decreased crystallinity.hydrothermal temperature was 200 for 4 h and the weight
Figure 1c,d,e shows XRD patterns of ion-exchangeglsNi ratio was 4:1 (LiOHH;0O/Nig 4gMng 550>), all of the peaks could
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Figure 4. Plots of lattice constanta andc, along with the volume
expansion of the cathode at designated charge and discharged potentials,
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Figure 3. Voltage profiles of the sample between 2 and 4.8 V ata (a) 5.0 — r r r r Tt r T T 1
rate of 0.01 C and corresponding ex situ XRD patterns.

identical to Figure 3.

—_

be assigned to a hexagonal layered phase (Figure 1e). We,.=I
attribute the small XRD peaks between°2énd 25 to the |
superlattice ordering of Li and Mn in the layers that contained <
transition metals. These superlattice peaks are observable in=
XRD patterns of LiMnOsz-based oxide&*26 :

Figure 2 shows scanning electron microscopy (SEM) and
TEM images of the samples prepared at 16qa) with a weight
ratio of 1:1 and at 200C (b—d) with a weight ratio of 4:1
(LIOH-H20O/Ni.48Mno 5502). The first sample clearly shows a
typical octahedral spinel phase with a [111] plane direction.
After hydrothermal reactions at 20UC, the morphology is 0 40 80
completely transformed into stacked nanoplates with a particle
size of about 200 nm. The high-resolution image of Figure 2c
in Figure 2d clearly shows the stacked nanoplate with a thickness
of approximately 7 nm along the-axis, as well as a lattice
fringe along the (003) plane withdspacing value of 0.46 A.
Figure 3, which shows the voltage profiles of the sample
between 2 and 4.8 V at a rate of 0.01 C and ex situ XRD patterns
at different charge and discharge voltages, demonstrates how
the initial hexagonal layer structure is maintained.

Figure 4 depicts a plot of lattice constaatandc along with
the volume expansion of the cathode at the designated charge
and discharged potentials, identical to Figure 3. Up to the
beginning of the 4.8 V plateau, tleeaxis increases. However,
the c-axis decreases rapidly at the end of the plateau when the
last lithium ions are removed from the lithium lay&fsThe 140 2 1 1 1 1 1 1 1 2 1
a-axis presumably decreases because the radius Of il 0 5 10 15 20 25
smaller than that of Ni. During the lithium extraction, the Cycle number
oxygen lattice contracts in response to the increase in the averag&igure 5. (a) Voltage profiles of the Li[Nj4iLio0dViNos]O> cathode
oxidation state of the nickel, and there is a decrease in theafter 1, 10, 20, and 30 cycles at a rate of 0.2=€40 mA/g, inset is
average bor lergth of NO. Once the 48 V platsau fs &1k diubares bty e s niion s e e )
rﬁached, tha-_a_X|s remains _app_roxmately constant, suggesting according to ref 26 at 0.2, 0.5, 1, 2, 3,ca# C rates. The charge rate
that the transition metal oxidation state does not change duringyas fixed at 0.2 C<£ 60 mA/g).
further charging. This constant value of theaxis, which is
related to the removal of oxygen atoms from the lattice, should  Figure 5a shows the voltage profiles of the Lij¥iLio.os
be accompanied by the removal of the lithium; moreover, the Mngs]]O; cathode after 1, 10, 20, and 30 cycles. The irreversible
expelled oxygen may react with the electrolyte that is responsible capacity ratio after the first cycle is 11%, representing a charge
for the irreversible capaci§.2° capacity of 200 mA h/g and a discharge capacity of 187 mA
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Figure 6. Comparison of Ni and Mn K-edge XANES spectra of the
pristine sample (before charging) and after charging to 4.8 V, in relation
to the references.

h/g. The discharge capacity reached a maximum after 10 cyclesg
and then diminished slowly before reaching a value of 197 mA .§
h/g after 30 cycles. The inset of Figure 5a shows the discharge . ) . ) .
capacity as a function of the life cycle: the capacity was 200 0 2 4 6
mA h/g after 10 cycles and then diminished by 1% up to 30 Interatomic distance (A)
cycles. Because of the unique morphology of the cathode Figure 8. FT magnitude of Ni K-edge EXAFS spectra for the samples
nanoplates, we can expect faster lithium-ion diffusivity into and before charging and after charging to 4.8 V.
out of the nanoplate layer. Hence, we prepared the cathode
powders with the same stoichiometry as the reference at 750mixing by means of the structural distortion of the NiO
°C, and they had a similar particle morphology to that shown octahedra. Two absorption peaks for the-1dp dipole-allowed
in ref 30 (that is, spherical, with a particle size of about 13 transitions, with and without the shakedown process of the
um). Next, we compared the rate capability of these powders ligand-to-metal charge transfer, were observed at about 8342
with that of the nanoplates. As can be seen in Figure 5b, theeV (Figure 6a, peak B) and 8351 eV (Figure 6a, peak C),
capacity loss of the nanoplates is much smaller than that of therespectively?? Furthermore, because of the local structural
samples prepared at 78Q at higher C rates. For instance, the distortion around the Ni@octahedra during the Li-ion extrac-
capacity of the nanoplates is 184 mA h/g, whereas the capacitytion, there was a systematic decrease in the peak intensity for
of the sample prepared at 758G is 160 mA h/g at a 3 Cate. the ligand-to-metal charge-transfer process, followed by a
Furthermore, in contrast to the reference sample, the capacitydecrease in the NiO bond covalency. The increase in the
of our sample was fully restored to 200 mA h/g after extended Ni*"—O0? character in the 4.8 V charged state is closely
high-rate cycling. associated with the transfer of the hole state in the oxygen 2p
To obtain detailed information on the oxidation state of the band to the Ni atomic site.
samples, we compared Ni and Mn K-edge X-ray absorption near- As shown in Figure 6b, a weak double-peak (Al and A2)
edge spectroscopy (XANES) spectra of the pristine (before char-structure is visible in the pre-edge region, A, of the Mn K-edge
ging) sample and a sample after charging to 4.8 VV with reference XANES spectra. Peaks Al and A2 are assigned to the
spectra (Figure 6a,b). The Ni K-edge peak feature for the pristine quadruple-allowed 1s> 3d (i) transition and the 1s> 3d (g)
sample shows that the Ni clearly shifts toward the higher transition, respectively. The experimental spectra of the pristine
energy region after charging to 4.8 V with respect to those of sample (before charging) are consistent with the octahedral or
lower oxidative Ni reference materials. The peak position is near-octahedral coordination of manganese. Furthermore, the
quite similar to a peak that corresponds to théNitate. intermediate bump at 6552 eV (marked with a solid circle) is
As shown in Figure 7, the chemical variation of the Ni ion prominent in the pristine sample. The magnitude of this bump
can be discussed in terms of the relation between the oxidationis related to the connectivity between the Mn@rtahedra in
states of the Ni ion and the edge position. Our results agreethe structure. After the sample was charged to 4.8 V, the shape
well with those of an earlier repott.Furthermore, the sample  of the near-edge spectrum in region B and region C changed
that exists in the Ni state before the occurrence of any charging significantly. This result does not represent an increase of the
is oxidized to the Ni" state after 4.8 V charging. A weak Mn oxidation state because Mnnormally cannot be oxidized
absorption peak, A, for the 1s> 3d quadrupole-allowed beyond the 4 oxidation state. Rather, the change can be
transition, appeared at about 8333 eV with Ni-=3ipp orbital explained by a possible rearrangement of the Mn local structure.




3196 J. Phys. Chem. C, Vol. 111, No. 7, 2007 Cho et al.

The intermediate bump almost disappears, which is consistent  (2) Rossen, E.; Jones, C. D. W.; Dahn, JSRlid State lonic4992

; ; ; 57, 311.
with a disordered arrangement of the Mn@ctahedra in the (3) Rougier, A.: Gravereau, P.: Delmas,CElectrochem. S04996

sample. o . . 143 1168.

Besides discussing the oxidation state in relation to the (4) Spahr, M. E.; Novak, P.; Schnyder, B.; Hass, O.; Nesper].R.
XANES spectra, we quantitatively analyzed the local structure Electrochem. Socl99§ 145, 1113. _ . _
variations of the sample by using extended X-ray absorption M.: (SZ)J?S_P'% %szg?%rgl\j}c\(ééggg]%'eﬁ’ Noguchi, H.; Itoh, J.; Okada,
fine structure (EXAFS) spectra and by fOCUS”".g on the specified " (6) Schougaard, S. B.; Breger, J.; Jiang, M.; Grey, C. P.; Goodenough,
local structure around each central atom. Figure 8 shows theJ. B. Adv. Mater. (Weinheim, Ger2006 18, 905.

Fourier transform (FT) magnitudes for the Ni K-edge SOC(;Z)O%h&;-JlgU”Q' H.; Park, Y.; Kim, G.; Lim, H. 8. Electrochem.
weighted spectra of the pristine samples charged at 4.8 V. All 8) Cho, JKim, G.: Lim, H. SJ. Electrochem. S0d999 146, 3571.

of the FTs show typical FT features for B8mlayered structure (9) Cho, J.Chem. Mater2001, 13, 4537.

in which the Ni cations form well-distributed octahedral layers. (10) Park, S. H.; Park, K. S.; Sun, Y. K;; Nahm, K. S; Lee, Y. S.;
The FT peaks A and B correspond to the six nearest neighborsYO(slhi‘)’vme'gCtﬁ‘?h&Am-uﬁCtazsooTl,45&1]215'_'- 1 Prakash. - Sun YK
of the coordinated oxygen around the central Ni atom and six gjecirochem. S'Ond’_Stgte g’eﬁdo4"7, A4g7,7. o T o
coordinated Ni atoms in the next edge-shared octahedral site. (12) Delmas, C.; Braconnoer, J.-J.; Maazaz, A.; HagenmulleRep.
The result is consistent with that of the ex situ XRD patterns Chim. Miner.1982 19, 343. _ .
described above. After charging the sample to 4.8 V, FT peak Ch(elrﬁ)lggg?sf&’;"’h(';ﬁ H.; Liles, D. C.; Thackeray, M. M. Solid State
B shifts slightly to the lower Ni*—O bond distance, that is, (14) Armstrong, A. R.; Bruce, P. GNature 199G 381, 499.

from approximately 2.04 A to 1.9 A (for a phase correction (15) Capitaine, F.; Gravereau, P.; Delmas S0lid State lonic4996
factor of approximately 0.44 A). On the basis of the effective 89 197. _ .

ionic radii determined by Shannon and Prewitt, we considered 19&36)9 'irgge' P.G.; Armstrong, A. R.; Gitzendanner, RILMater. Chem.
the oxidation states of the Ni iorj fo.r two qiscrete bond Qistances (17)’Chen, R.; Zavalij, P.; Whittingham, M. &hem. Mater1996 8,

to be NE* and N, where the ionic radii can be obtained for 1275. _ _

a given coordination numbé&?.This estimate is consistent with (18) Ching, S.; Petrovay, D. J.; Jorgensen, M. L.; Suib, Slnbrg.

Chem.1997 36, 883.
the XANES result. (19) Ching, S.; Landrigan, J. A.; Jorgensen, MQhem. Mater1995

7, 1604,

Conclusion (20) Le Goff, P.; Baffier, N.; Bach, S.; Perei-Ramos, JMater. Res.
o Bull. 1996 31, 63.

After preparing Li[Nb.41Lio0dVINg 5102 nanoplates from Iz (21) Shen, Y.-F.; Suib, S. L.; O'Young, C.-I. Am. Chem. S0d.994

MnO, birnessite at low temperature, we demonstrated a new 116, 11020. ) )
way of obtaining a highly ordered layered structure. The results , (22) Tsuda, M.; Arai, H.; Sakurai, YI. Power Source2002 52-56,

of electrochemical lithium extraction in Li[N.%lll—iO.OdVInO.SJ]' (23) Xu, Y.; Feng, Q.; Kajiyoshi, K.; Yanagisawa, K.; Yang, X.; Makita,
O, for up to 4.8 V, suggest that the charge is compensated byY.; Kasaishi, S.; Ooi, KChem. Mater2002 14, 3844.
the electronic transition between4iand Nft. However, the (24) Park, Y. J.; Hong, Y.-S.; Wu, X.; Kim, M. G.; Ryu, K. S.; Chang,

S . ; S. H.J. Electrochem. So2004 151, A720.
oxidation state of Mn remains constant at predominantty 4 (25) Ammundsen, B.: Paulsen, Ady. Mater. 2001, 13, 943.

Furthermorg, the electrochemical cycling results show a maxi-  (26) Hong, Y. S.; Park, Y. J.; Wu, X.: Ryu, K. S.: Chang, S. H.
mum reversible capacity of 200 mA h/g between 2 and 4.8 V Electrochem. Solid State Le2003 6, A166.
with little capacity loss after 30 cycles. This new synthetic _ (27) Amatucci, G. G.; Tarascon, J. M.; Klein, L. Q. Electrochem.

; . . - Soc.1996 143 1114.
method can be applied to the insertion of other transition metals (28) Lu, Z.; Dahn, J. RJ. Electrochem. SoQ002 149, A815.

such as Co and Fe ions. (29) Armstrong, A. R.; Holzapfel, M.; Novak, P.; Johnson, C. S.; Kang,
S.-H.; Thackery, M. M.; Bruce, P. G.. Am. Chem. So2006 128 8694.
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