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The material H[H 1d-i0.19MIN0 6701.00, Obtained by the delithiation of layered,MnO; using acid, gives
a 2-fold increase in oxygen reduction ability versusMmOs. Using elemental analysis by the ICP
technique, average oxidation state determinationduéde titrations, and thermal analysis, we determined
the chemical composition of the proton-exchanged material to bey H[H 19Mne 670100 Rietveld
refinement shows that the structure of the delithiated material is a monoclinic distortionR¥ gteicture
resulting in theC2/m space group with cell parameters=5.049(2) A,b = 8.707(2) A,c = 4.903(1) A,
B =109.17(2). The BET surface area for the materials increases from 18 to?sy upon delithiation.
Application of H[H.1d-i0.19MNg 67101.90 @S an electrocatalyst in a lithium-air cell gives a specific discharge
capacity of 1618 mA h ¢

Introduction manganese oxide phases as intercalation hosts, which is
appropriate for secondary battery applications, and as oxygen
reduction catalysts for metal-air battery application. Both
applications utilize the redox properties of Mn in oscillating
between oxidation states. In addition, manganese oxides have
the advantage of being inexpensive and environmentally
friendly. Commercial Zn-air alkaline batteries, which have
been widely used for more than five decades, employ
manganese oxide as the electrocatalyst.

There are a number of factors that determine the perfor-
mance of an @ reduction catalyst. Surface area, metal
L - ~~ oxidation state, electrical conductivity, structural distortions,
because @reduction is the slower Qf the two hglf-reacUons oxygen vacancies, porosity, and the ability by the catalyst
for the cell. The noble metal Pt, in nanoparhcu!ate form, to decompose the reduction intermediate are key factors.
has exce_llent performanc_e as an oxygen reduction EIGCtrO'Large surface areas provide a large number of active sites
cata!yst_ln fuel 98”5 bg_t IS Very expensive for _Iarge-;cale which leads to high catalytic activity. The role of structural
a_Lppllcatlon and’ in addition, EXperiences pQISOﬁIﬁ'ganSI- distortions was alluded to in explaining the electrocatalytic
t!on metal oxides have been widely mvestlga_ted as altema’superiority ofy-MnOOH versus some other manganese oxide
tives to Pt and have shown a lot of potential as electro- phases, as reported by Matsuki ef dlhe role of oxygen

—6
catalysts: ) ) _ vacancies is highlighted in the excellent catalyst RYO
Manganese oxides have been widely studied not only aSOxygen vacancies in the structure result in lone electrons

cathodes for both primary and secondary batteries but alsoy, some of the transition metal d orbitals. The lone electrons,
as eI_ectrocataIysts fqr metal-air batteﬁésl.f Their applica- also known as F centers, are available to be donated to
tion in these areas is due to the properties of a number of |4 haq molecularn the catalyst surface. High porosity
of the catalyst material allows better access of thecQhe

There is a large amount of interest in improving thg O
reduction efficiency of electrocatalysts for metal-air batteries
and fuel cells. In principle, the reaction between the anode
material and oxygen cathode in these types of cells is limited
only by the amount of anode because ® in large
abundance. Thus, such types of cells give high discharge
capacities. For instance, the Li-air battery is promising as a
high-energy density source.

The electrocatalyst used to accelerater€uction in the
cell is key in determining the electrical discharge by the cell
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active sites besides increasing the number of active sites.concentrations. The compoupeMnOOH was also prepared using
The decomposition of the reduction intermediate acts to a reflux method according to Ardizzone et'al.
facilitate fast Q reduction. Manganese oxides, in general, Average oxidation state (AOS) determination was performed

readily decompose 4D, into OH~ and KO 29 Thus, they using potentiometric titration$. The sample was initially digested
are likely to effect fast @reduction ' with concentrated HCI to obtain a solution of &rand determine

. o the total Mn content. Complete dissolution of the solid sample
Layered LiMnOs (or Li[Li 103MNo6]O2, where the atoms  ,ccyrred, forming MA* solution. The obtained solution was then

in the square brackets represent atoms in the main frameworkitrated with standardized KMnolution in the presence of sodium
of the structure) has been extensively studied as a cathodgyrophosphate to determine the concentration of Mn according to
material for lithium rechargeable batteri@s! Lithium can the following equation.

be extracted from the structure by proton exchange using B - . N

acid2 The extraction occurs, in sequence, initially from the MnO, (aa)+ 4Mn”"(aq)+ 15H,P,0, (ag)+ 8H"(aq)—

interlayer sites, followed by Li, together with lattice O, from 5Mn(H,P,0,)% (ag) + 4H,0 (1)

the transition metal oxide layers. During the Li extraction,
phase transformation occurs through layer shearing, and
decrease in particle size resuftShe presence of H-bonding
in the new phase provides the stabilization energy to
compensate for the energy requirement in layer shearing.

Because of the reversible nature of the ion-exchange reactiorMn0O,(s) + 2F€*(aq)+ 4H"(aq)—

and_ its stability toward Ij ion cycling, LbMnO; was studied oFé (aq) + Mn?*(aq) + 2H,0 (2)

for ion-exchange applicatiod8.To the best of our knowl-

edge, no report is available on the study ofMlinO; and its MnO, (aq)+ 5F€"(aq)+ 8H*(ag)—

proton-exchanged forms (Horms) as electrocatalysts for 5F€* (ag)+ Mn?'(ag)+ 4H,0 (3)
oxygen reduction. The increase in surface area accompanying

Li extraction is expected to enhance the catalytic activity of The AOS was calculated from the total number of moles of oxygen
these materials. Moreover, lattice O loss from the main in the compound. The number of moles of oxygen in the form of
framework during the second step of Li extraction may have MnO was calculated by the difference as follows.

an additional impact on the activity due to the presence of
O vacancies. Thus, k¥NnO; presents a useful precursor

aThe total MnQ content in the sample was determined by reacting
the solid sample with excess Fe[bKHSOy), solution under a N
atmosphere according to eq 2, followed by back-titration of the
excess F& with standard KMnQ solution according to eq 3.

moles of MnO= moles of Mrf* — moles of MnQ

toward active catalysts. The AOS was then calculated on the basis of the total amount of
The properties of the layered MnO; and its H form charge due to oxygen in the compound. _ _

as electrocatalysts for oxygen reduction are reported here. The prepared samples were characterized by various techniques.

For simplification, the as-prepared compoungMmnOs will Powder X-ray diffraction was performed using a Scintag XDS2000

diffractometer with a Cu K source equipped with a Ge detector.

- . . A 0.02 step in 2/count, beam voltage of 45 kV, and beam current
of surface area, acidity, and oxygen vacancies on their
of 40 mA were used. A slow step scan of 10 s exposure was used

proper.tles arg_lhvestlgated. Herein, we als.o Compare the O for refinement quality patterns. Sample morphologies were obtained
reduction abilities of the prepared materials with that of using field emission scanning electron microscopy (FESEM) on a
7-MnOOH, an established electrocatalyst for metal-air bat- psm 982 Gemini. Sample suspensions were prepared in 2-propanol
teries. and applied on Si wafers. Thermal analysis was performed using a
Dupont 951 TGA system. About 10 mg of sample was loaded into
Experimental Section a Pt sample pan. The ramping rate was set &Clfin. Elemental
analysis was performed using inductively coupled plasatamic

The compound LIMnO3z was prepared by solid-state reaction emission spectroscopy (IGFAES) on a TJA Iris.
between y-MnO, (Aldrich) and LiOH (Fischer Chemicals) Surface areas of the samples were studied using a Micromeritics
as previously reportet. The solid precursors were used in a ASAP 2010 system. Before acquiring nitrogen adsorption and
MnO,: LIOH mole ratio of 1:2 and thoroughly ground in an agate desorption isotherms at 77 K, samples were outgassed atd50
mortar. The mixture was heated at 68D for 24 h. A brick red- under a vacuum for 12 h. Surface areas were determined by nitrogen
colored solid was obtained. adsorption data using BrunaugEmmett-Teller (BET) method4?

Acid treatment of LiMnOs was performed at room temperature Oxygen reduction studies were conducted by cyclic voltammetry
using 4 M H,SO, to obtain the proton-exchanged material. About experiments. Gas-diffusion electrodes were prepared. Sample
3 g of the sample LM was stirred in 50 mL of the acid for about mixtures consisting of sample, carbon powder, and PTFE binder
22 h. The mixture was then filtered and the precipitate rinsed with at @ ratio of 10:10:80 by weight were made. The mixtures were
deionized water. The obtained solid was dark-brown. The concen- Suspended in water and sonicated. The suspensions were coated
tration of the HSOy, before and after reactiion with the sample, ©N XR 72 carbon papers. The cell set up consisted of the sample
was determined according to VodélA primary standard solution mixture as working electrode with an SCE as the reference and Pt
of sodium tetraborate was used to titrate the acid. The extent of @S the counter electrode. The electrolyteseneM KOH and a 1
protonation was then determined by the difference of the determined

be abbreviated as LM and its'"Horm as HLM. The effects
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M LiPFgin a 1:1:1 DMC:EMC:EC mixture. In a typical experiment,
N, gas was purged through the cell for about 30 min followed by
an initial scan. This was followed by 30 min of,@as purge and

another scan. The oxygen flow was maintained above the electrolyte

during the scan to ensure saturation.

Results and Discussion

Chemical Composition. The chemical compositions of
the samples LM and HLM were determined by AOS

determination and elemental analysis. The determined AOS

for Mn in the sample LM is 4. Analysis of the sample by
ICP gave a 2:1 Li:Mn ratio. Both data support the chemical
formula LibMnO;. The sample HLM gave an AOS of 3t7

for Mn, which is in agreement with a previous report that
protonation of LiMnO; resulted in a decrease in average
oxidation state of Mri? The decrease in AOS is indicative
of loss of lattice O as lithia (l.00), accompanied by proton
gain to give an oxygen-deficient compound. On the basis of

the ICP and AOS data, we calculated the chemical formula

for sample HLM to be H[H1d-i0.19Mnos7]O01.00 cOmpared

to the original Li[Lio33Mng 602 The amount of LT and

H* ions in a proton-exchanged structure was previously
reported to be lower than the original amount of" lion
before acid treatmenit. However, in this case, the ICP and

AOS data support these amounts being equal. The high
concentration of acid used in the reaction competes with the

H* exchange from the structure.
The SO, that was used for the Li extraction was titrated
with standard NzB4O1o solution, before and after its reaction

with the as prepared sample, to determine the extent of proton

exchange. The number of moles of exchanged ibhs
determined from the aciebase titration is in good agreement
with ICP data. The titrations showed that about 0.2 mol Li
remained in the structure upon protonation using 4.0 M for
22 h, which is in agreement with the determined chemical
formula. Thus, the analyses indicate that some of the Li from
the main framework, in addition to the Li from the Li layers,
was extracted. It is interesting to note that concentrated HCI,
unlike H,SQO,, causes the complete dissolution 0fMnOs.
This is attributed to the reducing strength of the @in,
particularly on heating, which is strong enough to oxidize
Mn from its 4+ oxidation state to 2. The green color of
Cl, in solution is evident on digestion of the sample. In
contrast, the Sg~ ion is an oxidizing agent but is not strong
enough to oxidize Mf.

In the study of a similarly prepared sample, Paik et al.
showed that substantial extraction of Li was achieved by
using 2.5 M HSO,.*2 However, with the present as-prepared
sample, the Li extraction with the 2.5 M acid was much less
efficient. This is most likely due to a difference in particle
size between the current;MnOs; and the previously reported
samples.

X-ray Analysis. The powder X-ray diffraction pattern of
the as-synthesized material is indicative of theMnOs;
structure. The structure of iMnQ; is layered, as shown in
Figure 1, with a monoclinic unit cell and space gra0p/
m.2>2LFigure 2 shows the Rietveld refinement fit of the X-ray

(20) Strobel, P.; Lambert-Andron, B. Solid State Chen1988 75, 1, 90.
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Figure 1. Layered structure of LMnOs.
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Figure 2. Rietveld refinement fits for the powder X-ray patterns for (a)
sample LM and (b) the proton-exchanged sample HLM.

pattern that was performed using GSAS (general structure
analysis systenty. The obtained cell parameters are in good
agreement with cell parameters, reported by Meng et al., that
were obtained by the profile matching of synchroton data
from a powder sampl&. The obtained cell parameters are
shown in Table 1. The presence of two types of cations, Li
and Mrf*, in the transition metal layer that have a large
difference in their charges causes cation ordering, which leads
to the lowering of symmetry of the structure froR3m to
C2/m. A prominent difference between these two symmetries
is the peak at@2 21°, due to the superstructure, which is not
present in a typicaR 3m XRD pattern. Earlier reports have
discussed the lowering of symmetz+25

The acid treatment of the as-prepared material using 4.0
M H,SO, at room temperature resulted in a phase change,
as evidenced by the new peaks at tlfevalues of 38 and

(21) Massarotti, V.; Bini, M.; Capsoni, D.; Altomare, A.; Moliterni, A. G.
J. Appl. Crystallogr 1997, 30, 123.
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(GSAS)Los Alamos National Laboratory Report LAUR 86-748; Los
Alamos National Laboratory: Los Alamos, NM, 2004.

(23) Meng, Y. S.; Ceder, G.; Grey, C. P.; Yoon, W.-S.; Jiang, M.; Breger,
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Table 1. Crystal Data for Samples LM and HLM 102
LM HLM Li ;MnOz lgg I
1 LM

space group C2/m /m C/m 9 |
cryst syst monoclinic monoclinic monoclinic X 94
a(d) 4.940(1) 5.051(1) 4.9261(5) 5 92 |
b (A) 8.527(1) 8.706(2) 8.527(1) 00 |
c(A) 5.018(1) 4.904(1) 5.0280(7) 88 |
B (deg) 109.14(2) 109.19(2) 109.22(1) g6 | HIM
cell volume (&) 199.75(4) 203.70(6)
Dealcd (g/C®) 3.89 3.30 8
min/max @ (deg) 81 61 25 125 225 325 425 525 625 725 825
no. of reflections 181 102 Temperature (°C)
E;zof gicl)g 8133 Figure 4. TGA profiles for the as-prepared sample and its fdrm.
WRbrof 0.149 0.136 . :
X-ray radiation 1.5418 1.5418 that the extra interlayer atoms were Li atoms, rather than
wavelength, Culi (&) _ Mn atoms, an unreasonably high Li:Mn ratio was obtained.
chemicalformula — LaMnosiOz - LlozMnosiOz0 Thermal Analysis. The thermal behavior of lMNO; and

, _ _ _ its proton-exchanged form has previously been repdfted.
Sy;c'?r:re(\)/tlgrlljs(jl);tra?!ported data that was obtained from profile matching of The TQA profiles obtained for ITM and HLM in Qare.
shown in Figure 4. X-ray analysis of the sample obtained
by heating sample HLM to 600C indicates a mixture
comprising mostly the spinel compound LiMDy and
“_’m — A St migrated Mn Mn,Oz, which points to the following decomposition reaction

Figure 3. Layer shearing upon proton exchange. H[H0-18|‘i0-1.5Mn0-57]01-90_>
0.15LiMn,O, + 0.19Mn,0; + 0.59H,0 + 0.080, (4)

49 and the shrinking of the peak at 45The new XRD  The calculated percentage weight change according to the
pattern essentially matches that of a structure inRBm eq 4 is 17.7%, which is reasonably close to the experimental
Symmetry, as for CrOOH. The structure of CrOOH consists percentage of 13.0%. The X_ray pa’[tern (not Shown) for the
of close-packed O atoms arranged in the “AABBCC” heated sample HLM shows evidence of extra peaks, of low
fashion, giving aP3 type structure. In the structure of jntensity, which could not be identified. The presence of the
CrOOH, the H atoms reside in trigonal prismatic sites, extra phase explains the discrepancy between the calculated
resulting in strong H-bonding. The retention of the peak at and experimental wt % loss. In the report by Paik et.-al.,
21° 26 upon acid treatment is due to monoclinic distortion the material HI[Lé.39Mno.670s resulted only in LiMnO, as
of the R3m structure, which arises from cation ordering in the decomposition produtt.The difference in the decom-
the transition-metal |a.yerS. Rietveld refinement fit of the position products further Supports the delithiation of Samp|e
powder X-ray pattern of the proton-exchanged sample HLM, [ M from the transition-metal layers.
shown in Figure 2, conforms to the monoclinic structure in SEM and Surface Area Ana|yses_|mages of the as-
theC2/m Symmetry. The geometry around the Mn is distorted prepared Samp|e LM and its*Horm, obtained using a SEM
octahedral. The correspondifiga ratio andj values for  technique, indicate a decrease in particle size upon proton
sample HLM are 1.724 and 10971 9espectively, which are  exchange, as expected. The as-prepared sample LM shows
consistent with monoclinic symmetry. The corresponding particles of spherical morphology whose sizes are in the
ideal values for rhombohedral symmetry are 1.732 and range 76-220 nm. The H form sample HLM indicates
109.14. The peak broadening, uporfléxchange, increases  average particle size in the range of-2I20 nm. Particles
with 26 suggesting microstrain effect, which supports the of sample HLM appear to be agglomerated, in contrast to
presence of defects in the structure of sample HLM. AS those of sample LM. The preparedMnOOH consists of
previously suggested, the refinement data supports layerneedies of about 10 nm width and 500 nm length, as
shearing, as shown in Figure'3. indicated in the SEM image in Figure 5. Surface area
As previously reporteéf the sample shows a decrease in  measurements, performed using the BET method, showed
thec parameter upon Li extraction. As indicated in Table 1, an increase in surface area upon acid treatment, consistent
proton exchange causes th@ndb parameters to increase. with SEM data. The obtained BET surface areas are 4§ m
This is consistent with protonation occurring within the main for sample LM and 57 g for the sample HLM, whereas
framework. The refinement data indicates the complete the surface area of the preparednOOH was 36 rg.
removal of all interlayer Li and partial delithiation from the Electrochemistry. Cyclic voltammetry experiments were
main framework. The calculated chemical composition performed using sample mixtures consisting of the sample,
determined on the basis of the occupancies j&id3:- carbon powder, and PTFE in a 4:1:1 mass ratio. The sample
Mno 67020, Which is in good agreement with the composition mixtures were coated on carbon papers. The experiments
that was obtained from elemental analysis and titration. On indicate that all the prepared samples reduce oxygen.
the basis of the occupancies, there is indication of Mn Reduction peaks were obtained whesv@as present. Upon
migration from the main framework into the interlayer sites. deaeration of the cells with AN the reduction peaks dis-
When the refinement was performed with the assumption appeared.
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Li,MnO,

Figure 5. Scanning electron micrographs of sample LM, proton-exchanged
sample HLM, andy-MnOOH.
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Figure 6. Cyclic voltammetry plots vs standard SCE obtained at a scan
rate of 50 mV/sm 1 M KOH electrolyte for (a) samples LM, HLM, and
y-MnOOH in G; and HLM in N; (b) carbon powder and PTFE coated on
carbon paper.

Figure 6 shows the voltammograms that were obtained
using 1 M KOH electrolyte. Delithiation of the as-prepared
sample LM results in an increase in the @duction ability.
The increased surface area on the fdrm contributes to
the increased activity. Sample-MnOOH gives an Q@

reduction peak current that is higher compared to sample mAhg

HLM. However, the reduction peak for sample HLM is at
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Figure 7. Cyclic voltammetry vs standard SCE for samples LM and HLM
in organic electrolyte at a scan rate of 50 mV/s.

higher Mn oxidation state (3:#) than in the case of
y-MnOOH. The more positive Oreduction potential for
HLM implies that if applied in an alkaline metal-air cell
sample, HLM would give a relatively higher operational
potential for the cell.

Both samples LM and HLM showed a restoration of the
O, reduction peak when the electrolyte was repurged with
O,, indicating stability of the samples toward the, O
reduction. The reduction peak potentials versus SCE for the
samples are in the region expected for two-electron reddction
of O, as shown in eq 5

H,O+ O,+2e —HO, + OH" (5)
An experiment in which the sample was excluded while using
carbon powder and PTFE alone gave no reduction peak in
the scanned potential window.

Cyclic voltammetry of samples LM and HLM in an
organic electrolyte, consisting @ M LiPF¢ in a mixture of
DMC:EMC:EC, was studied in view of the potential ap-
plication of the materials in Li-air batteries. Organic elec-
trolyte is used in Li-air cells to avoid reaction between Li
and HO.227 Slightly higher Q reduction peak currents are
obtained in the organic electrolyte, as shown in Figure 7,
compared to KOH electrolyte. This is explained in terms of
increased @ solubility in the organic electrolyte. The
reduction potentials are in about the same region as for KOH
electrolyte. However, there is a difference in the relative
potentials for the reduction peaks of the two samples. The
O, reduction potential for HLM is shifted about 0.1 V toward
the more negative potential relative to the potential in KOH
electrolyte. On the other hand, the reduction potential for
sample LM is shifted about 0.1 V in the opposite direction.
Clearly, there is a different type of electron-transfer process
in play in the organic electrolyte compared to KOH
electrolyte, which is not clear at this point.

When tested as electrocatalysts in Li-air cells, the samples
gave discharge profiles as shown in Figure 8. Consistent with
the CV data, a higher specific discharge capacity of 1618
! for sample HLM was obtained versus 1040 mA h
gt for sample LM, at a current density of 0.15 mA/&m

the most positive potential compared to the other two samplesFor convention, the specific capacity is normalized to the

LM and y-MnOOH. This is explained in terms of the
presence of acidic protons in sample HLM, which facilitate
a positive shift of the reduction potential. Although
MnOOH has H atoms in its structure like HLM, the protons

weight of carbon. The specific capacity for sample HLM
corresponds to an energy density of about 3721 mw g

(26) Abraham, K. M.; Jiang, ZJ. Electrochem. Sod.996 143 1.

in the latter are more acidic because of the presence of a(27) Abraham, K. M.; Jiang, Z. U.S. Patent 5510209, 1996.
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Figure 8. Discharge profiles for Li-air cells consisting of (a) sample LM
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form H[Hg 14 i10.19MNg 6701.90 Show Q reduction abilities.
The increased surface area of thé Fbrm gives higher
catalytic activity toward reduction of YDcompared to sample
LM. Sample HLM displays a more positive,@eduction
potential relative tg’-MnOOH in KOH electrolyte. The acid-
treated LiMnO3z; may therefore act as a good electrocatalyst
in alkaline metal-air batteries. Analyses by ICP, average
oxidation state determination, and titrations support the
presence of O vacancies in the form. However, there is
no evidence of the vacancies playing any significant role in
its catalytic activity.

Oxygen reduction by the two samples LM and HLM in
an organic electrolyte follows a different electron-transfer
reaction than for KOH electrolyte. The reduction potentials
due to HLM and LM are shifted toward the negative and
positive directions, respectively, compared to the KOH
electrolyte. In a Li-air cell, consisting of organic electrolyte,
the delithiated sample HLM gives a specific capacity that is
50% higher than that of sample LM.
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Conclusions

The layered LiMnOs (or Li[Li 9 33VINg 6]O2), prepared by
the reaction of/-MnO, and LiOH, and its proton-exchanged
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