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Lithium peroxide precursor on the a-MnO, (100) surface.
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a-MnO; is an active electrocatalyst for the cathode of lithiumbsitteries, where the main reaction is the reversible faonat

of lithium peroxide. In this work we study adsorption of litlhn and oxygen on the low-energy (100) surface by atomistic
simulations based on density functional theory, in ordeuriderstand the first steps of lithium peroxide formation.ygen
prefers to adsorb in molecular form both in presence andsemte of co-adsorbed lithium. This represents a markeerdiite

with respect to other manganese oxides, where oxygen dhsisoctakes place, and we argue that this might be of adgarita

the formation and dissolution of lithium peroxide. By stutlythe formation energies of 20,-like species at the surface we
have identified the most probable precursor for the formatid.i,O, nanoparticles on this surface. The possible consequences
of these findings for the functionality of the battery arecdssed.

1 Introduction other contexts it has been shown that it is an active catéyst
oxygen reduction reactions, for the oxidation of ammonidwi
Renewable energy sources, like solar and wind, suffer fronNO13, and that of metharié in presence of visible light, or
the limitation of being available intermittently. This m@ases water'®. In order to understand the properties at the origin of
the importance of energy storage and as a consequence a latge high activity ofa-MnO,, several theoretical studies have
effort is devoted to the development of new devices for thisappeared in the last yed?s'6-21 In particular, great attention

purpose. One of the main issues that need to be resolved kas been devoted to the insertion of lithium, lithium oxidd a
that of increasing the energy density of the devices. Tolreacimpurities into the channels of this compound.

this goal, a promising candidate system is the Li-air bgtter

that h h tical imetri densit b Using density functional theory (DFT) with the Hubbard
at has a theoretical gravimetric energy density comparab ., .o g, (DFT+U), Cockaynet al.'” found that the inser-

7 . :
to thgt of gasolin&™. Hovyev_er, expe_rlmental studies done in tion of potassium, water, OHand HO* occurs easily and
practical prototypes of Li-air batteries have shown thatyth stabilize the compound. By the same method, Léngl.26
;uﬁer from high recharging overpotentials and poor cyid_:-lab have investigated the insertion of Li ions and Li oxide, and
!ty. In ordgrto be able to bring thes_e problems “'Tder conitrol found that the insertion of lithium oxide £© into the chan-
is essential to understand the main process t_ak_lng plabe.attnels of bulka-MnQO; is reversible, while the insertion of high
cathode, namely the reversible forma’Florj of I|th|gm pedexi concentrations of lithium ions lead to irreversible stuat
To enhance the performance of Li-air batteries, catalysty, , jificationd. Later Tompseitt al. 18 confirmed the the dif-
rlcﬂavce) b.eetﬂ mtrod?ced n t_hg(l)lxygen caj[ho?r(]e, amongtthemd ferences between insertion of lithium and insertion ofilith
thn 2 ISI bltlé_tmOfSthprobmsln A,lncreatsw:gd € cadp:flm yr;lrll oxide, found that LiO incorporation leads to a metallic char-
1€ cyclability ot the batlery. A recent study on ditterer acter of the compound, which is of advantage for battery-oper
air electrocatalystshas shown thati-MnO, nanowires give ation'®. Traheyet al.'? investigated the formation of lithium

the highest charge_ storage capacity a_md cyclability amding 4oxides in the channels of bulk-MnO, and concluded that
the catalysts studied, and are superior to other Mpaly- LioO insertion and lithiation might increase the activity of

morphs, likey-MnO2, B-MnO2 andA-MnO2. Also Tra- a-MnQ, as an electrocatalyst, by donating electrons to man-

rl\l/leygnd ;:]o—worke;jrs studied Ithetef;ec;b?MtnOZ/ rtall”ns;d?llltel_-_ ,ganese and lead to the formation of Mrions. Indeed, charge
nbz when used as an electrode/electrocatalyst for Li-ally o4 by impurities in the channels have been shown to

cellsl_z. They fOl_Jnd that th_is elec_trode provided an exception-Change the electronic and magnetic propertiesréiinOy,
ally high rever5|ble_capaC|ty during the early cycles, (_:aryc even leading to the formation of spin glasks2:23
to the cell where this catalyst was not present. In additioa, ) ) ) o )
presence ofr-MnO,/ramsdellite-MnQ reduces significantly ~ Still, the reaction mechanisms of lithium peroxide forma-
the polarization during the first couple of cycles. tion and decomposition in presence@MnO; and the role

It seems thus that-MnO;, has a quite unique eletrocatalytic Of this oxide in side-reactions and parasitic reactiotke, the

vestigatiorf:1224 It is however established that lithium per-

* E-mail: yorespo@ictp.it oxide does not form in the channels @fMnOy, but outside
2 The Abdus Salam ICTP, Srada Costiera 11, 1-34151 Trieste, Italy of the manganese oxid® Itis therefore probable that the rel-
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2 Computational methods

All calculations are based on density functional theory TIDF
with the Hubbard correction (DFTX}) to properly describe
the 3d shell of manganese. The performance of post-DFT
methods such as DFU+or hybrid functionals on different
Mn oxides was carefully investigated in the literat¢fhé’.

In particular, fora-MnO, it was showr® that DFT+J with

U > 2.0 eV and hybrid functionals do not reproduce the an-
tiferromagnetic ground state observed in the experinténts
On the contrary, for smaller valuesdfan antiferromagnetic

Fig. 1 (Color online) Different views of the hollandite structifoe ground state is obtained. Therefore we have performed spin-
the case ofi-MnO, compound??23(a) the xz plane containing the  polarized,ab-initio calculations using the DFT¥ technique

Mn atoms and the two types of oxygen atoms the one with sp 29,30 with the Quantum-Espresso packdfewith U=1.6 eV,
hybridization (O(sp)) and those with sphybridization (O(sf)) (b))  as suggested in Ref’. The DFT4J calculations were car-
panoramic view of the channel where the two types of oxygen ried out in the simplified version of Dudaret al.32 as im-

hybridization can be better observed. The small red bgtieesent

: plemented by Cococcioni et &. An exchange-correlation
oxygen atoms, the large violet balls represent manganesgsat

functional in the generalized-gradient approximation s
ployed in the version of Perdew, Burke and Ernzeffiofo-
gether with Vanderbilt ultrasoft pseudopotentfls

For the wavefunctions and the charge density, energy cut-
evant reactions should take place at the Surface—MnOZ. offs of 30 Ry and 300 Ry have been respective|y emp|0yed_
This fact might also be related to the observation that the bea mesh of (1x6x 1) k-points, generated with the method of
haviour ofa-MnO; nanowires is superior to that of butk-  Monkhorst and Pack®, was sufficient for the integration in
MnO,®. Nevertheless, the surfaces have been poorly chatthe first Brillouin zone of the elementary cell used for the
acterized. We are only aware of a recently study employingtudy of the bulk structural properti#s Surface calculations
density functional theory (DFT) to investigate magnetisid a were performed on slabs with symmetrically equivalent sur-
OH™ adsorption orr-MnO2(110)*, but lithium adsorption  faces, stoichiometric composition and thickness between 1
and reaction with oxygen was not investigated. These reagnd 19A, depending on the surface plane. For the (100) sur-
tions have only been investigated on the (110) surface of theace we employed a thickness of lﬂSCorresponding to 23
different compoungB-MnO, 2%, where oxygen was found to |ayers counted as in R& A vacuum thickness of approxi-
adsorb dissociatively. mately 108 was sufficient to obtain convergence of the sur-

To systematically understand the chemical processes oace energy. Atomic positions were relaxed until forcesever
curring at the Li-air cathode in the presence of thé/inO» smaller than 10° a.u. In the slab calculations, all atomic po-
nanowires catalyst in this paper we performatrinitio study sition were relaxed. In the midodle of the slab, the Mn-O dis-
of the adsorption properties of the low-index surface (169) tances changed at most by 0.82luring relaxation, thereby
DFTHJ. We show that this surface has a low surface energy(etaining their bulk values. As initial magnetic order we-im
comparable to that of (110) and lower than that of (001). TherPosed the antiferromagnetic configuration reported to ke th
adsorption of oxygen and lithium is investigated on this sur ground state in previous studfés®. The order did not change
face. Oxygen dissociation is disfavored both in absence andluring the calculation. Surface energiggdre calculated as
in presence of lithium. The formation energy of a Li-O-O-Li Eqgab — NEpuik
unit with a geometry similar to that of bulk ©, is lower than y= Y N 1)
that of bulk L, O,. We discuss how the above results might be,\here £, is the total energy of the slab containingfor-
at the_ongln of the high capacity and cyclability shown bigth 1, 12 units,Epyy is the total energy per formula unit of bulk
material. a-MnO, andA is the surface area of one of the two sym-

The rest of this article is organized as follows: we presenimetric surfaces of the slab. In all cases adsorption ergergie
the computational methods used for this calculations inZSec where obtained using as a reference the DFT energies for
Then we study the surface energy of three stoichiometric suiisolated molecular oxygen and for bulk body centered cubic
faces, the oxygen adsorption and the formation of Li-O-Id an lithium. The binding energy of the Omolecule is affected
Li-O-O-Li species on the (100) surface and we discuss the imby an overbinding error in DFT. To estimate this error, we
plications for Li-air batteries in Sec.3. Finally concluss are  have followed the approach of Ré&f.and calculated the for-
givenin Sec.4. mation energies of bulk GeQTiO, and ZrG. It results that

2| Journal Name, 2010, [vol]1-9 This journal is © The Royal Society of Chemistry [year]
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DFT with our parameters overestimates the oxygen binding (a) (b) (©)
energy by 0.43 eV/O atom. This means that our values need
to be shifted down accordingly but our conclusions are rbbus
against this error.

3 Resultsand discussion

3.1 Stoichiometric surfaces energies

We have investigated the energetics of three low-index sur-
faces, namely (100) (equivalent to (010)), (001) and (110).
Cutting the crystal along the (100) and (110) directionsl$ea
to the formation of 5-coordinated Mn (5¢-Mn) ions and two-
coordinated oxygen atoms (see Figs.2 (a) and (b)). Other ter
minations of these surfaces would lead to the creation gélar
numbers of dangling bonds, therefore they have not been con-
sidered in this work. On the contrary, cutting along the (001
direction requires either the creation of four-coordiaiatén
atoms or singly-coordinated oxygen atoms, with substtyntia
higher energy costs. This qualitative picture is confirmgd b
the calculations (Table 1), with the surface energies edias
follows: y =~ 0.68 J/n? for the (100) surface in both DFT and
DFT+U. Almost the same energy= 0.70 J/n} is obtained
for the (110) surface by using DFT+ in agreement with the in a-MnO, nanostructures is larger than the calculated one:
value obtainedy = 0.77 J/m) in a recent DFT stuckt. A for example in Ref!®, rods with a diameter of 18 nm and
largery = 1.41-1.50 (DFT-DFTH) J/n? is found for the (001)  lengths between 0.2 and 1y0m were produced; in Ref’,
surface. These results are qualitatively in agreementthvéh  wires with diameters of 20-50 nm and lengths of p+& were
observation that the two surfaces (100) and (110) are thé mosynthesized; in Re#/, nanorods with diameters of 40-80 nm
commonly found inar-MnO, nanowires’—42 and lengths of 300-800 nm were observed. So, in all these ex-
To have a more quantitative comparison with the experifperiments, the nanostructures are more elongated tharf Wulf
ments, one can consider the shape of nanostructures. 8vulffconstruction suggests. This discrepancy could be expgldipe
theorem states that, in the shape that minimizes the enérgy two effects: it could be due to the adsorption of other chainic
a particle, each facet has distance form the center of thie par compounds not considered in this work, which would modify
cle which is proportional to its surface enefdy Therefore it  the surface free energies of the facets and therefore tleeasp
is possible to build the equilibrium shape by using the siefa ratio (thermodynamic effect); or it could be due to the prepa
energies of the different facés*®. In the present case, the ration conditions employed for the production of the nanos-
(100) and (110) have similar surface energies, and the alcuructures to produce a non-equilibrium shape (kineticatffe
lated ratio of the (100) and the (001) surface energie€id;  Understanding the origin of these discrepancies requires f
this should correspond to the aspect ratio of particles ateq ther investigations that go beyond the scope of this paper.
librium. In most experiments on nanostructuce®inO, only We have shown that the (100) is indeed present in nanos-
(100) and (110) facets were observéd? but also the (001) tructures at equilibrium. Now on this surface we consider pr
was seen in experimefit However, the aspect ratio observed cesses relevant for Li-air batteries, namely the adsarpifo
oxygen and lithium.

P | 7|

(100) (110)

Fig. 2 Supercells containing the simulatedMnO, surfaces slabs
for three low Miller indexes (a) (100) (b) (110) (c) (001). 8mall
red balls represent oxygen atoms, the large violet ballessmt
manganese atoms.

Table 1 Surface energies idy/n? for a-MnO, for three types of

surfaces: (100), (110) and (001). Two calculations are sho®wT 3.2 Oxygen adsorption at the a-MnO (100) surface

and DFTH (U = 1.6 eV): Atomic oxygen and molecular oxygen adsorption an
MnO,(100) have been considered. The three stable config-
Surface Plane (100) (110) (001) urations we found are shown in Fig.3. Before adsorption, at
DFT 0.67 0.64 141 the surface there are 5-coordinated Mn ions. We have con-
DFT+U (1.6) 0.68 0.70 1.50 sidered (a) a dissociatively adsorbed oxygen called “At3mi

(b) a molecularly oxygen adsorbed in the top of one of the 5c-

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [voll, 1-9 |3
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Fig. 3 Oxygen adsorption sites at theMnO,(100) surface: (a) stoichiometric surface (b) atomicatlgabed oxygen; (c) Molecular (on top)
adsorption (c) Molecular (bridge) adsorption. The smalllalls represent oxygen atoms, the large violet balls sgprtananganese atoms.

Mn ions called “Molecular Top” and (c) molecular oxygen ad- at the surface before nucleation can start.
sorbed in a bridge position between two 5¢-Mn called “Molec-  The 0-0 distance in the molecule adsorbed on (100) is just

ular Bridge”. We considered also a configuration where a dis'slightly higher than in the isolated oxygen molecule, namel
sociatively adsorbed oxygen is in a bridge position between 56 A for “Molecular Top” and 1.29A for “Molecular
the two 5¢-Mn ions, but this relaxes into one of the stable con Bridge”. Itis instructive to speculate about the possilolese-

figurations. Since there are only two adsorption sites in the;yences of this adsorption behaviour for the catalytiovégti
S|mulat|pn cells, given by the two 5-coordinated Mn atoms, ¢ a-MnO, for oxygen evolution reaction (OER) and oxygen
adsorption of one O atom corresponds to a coverage of 1/gqction reaction (ORR), in the context of Li-air batteriét
monolayer (ML). Since molecular oxygen also adsorbs on thg,s heen suggested that lithium peroxide formation take=spl
same site, a single adsorbed molecule also corresponds 10 Ihoygh a mechanism involving the formation of surface ad-
ML. The values of the adsorption energies of oxygen for thesorped oxygen iorf$. In fact, even in the final product lithium
stable configurations are ;hown in Table 2. The energy 9aiBeroxide (LpOy), oxygen is present ang ions?950  \We

for molecular adsorption is 0.20-0.56 e\/@nolecule, de-  hink that the fact that oxygen adsorption is molecular doul
pending on the functional and the position. The most stablge crycial for the effectiveness of this material as we wiid
configuration is the “Molecular Bridge” configuration, with ¢ss jn Sec.3.5. If one plots the catalytic activities ofibatts

an adsorption energy of 0.56 eV/Gnolecule in DFT and 55 3 function of their adsorption energies for reactants; us
0.24 eV/Q molecule in DFTH. Dissociation of the 0xygen )1y one obtains a volcano cur¥ i.e. the catalytic activity is
molecule is energetically unfavorable on this surfacey2-  maximal at some intermediate adsorption energies. However
1.55 eV/Q molecule with respect to the configurations with \,5cano curves have been established for oxygen evolugion r

molecular adsorption. It should be noticed that our cellés  5ctions only for the case where adsorbed atomic oxygen is a
eral dimensions of 9.92 x 5.80A, i.e. these adsorption en- aaction intermediaf®53, while a comparable study for re-

ergies refer to a high-density case where adsorbate-aatsorb 4ctions where oxygen appears only in molecular form is stil
interaction is not negligible. This is the relevant case nvhe lacking.

studying the nucleation of lithium peroxide on the surfduze,

cause we assume a high density of adsorbates must be presen?-_0 further_ investigate the role af-MnQ; as cata_lyst, we
notice that it has been recently proposed that highly active

transition metal oxide catalysts for the oxygen evolutieaa-
Table 2 Adsorption energies of oxygen (in eV4Qfor a-MnO, on tion are characterized by an occupation around 1 of the rele-

(100) surface: Three configurations are shown: a disseelgti vant g state of the surface catiorfs®®> They proposed that
adsorbed oxygen called "Atomic” and two molecularly adsarb the occupation of the outward-pointing setates of surface
oxygen called “Molecular Top” and “Molecular Bridge” (sels@ cations (5c-Mn) is an activity descriptor for the oxygenlevo
Figs. 2 and 3). tion reaction of perovskites. It is not established whethiar

descriptor works also for other transition metal oxideshwit
cations in octahedral coordination. It is thus interestmgal-

O, Adsorption Atomic  Molecular Molecular

(100) Bridge Top culate the occupation of the 3d states for our compound twhic
DFT 0.20 —0.56 —0.38 is known to be a good catalyst for this reaction. In fact, Far t
DFTHU (1.6) 155 —0.24 —0.20 (100) surface the relevang state (the ¢ state) has an occu-

pation of 0.94 in DFT and 0.95 in DFT as calculated by

4| Journal Name, 2010, [vol] 1-9 This journal is © The Royal Society of Chemistry [year]
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Fig. 4 Li adatom adsorption sites at the (100) surface éflnO,. Seven stable positions where found. The small red ballesept oxygen
atoms; the large violet balls represent manganese atomgrélen atoms represent lithium atoms.

the Lowdin method®. Thus the very active catalyatMnO,  fore, a single adsorbed Li in the simulation cell corresysiod
also fulfills the criterion of having an occupatienl for the  1/7 ML =0.14 ML. Liis strongly adsorbed on this surface with
gy State of the surface 5¢c-Mn where oxygen can be adsorbedvalues that go from-1.40 to —3.35 eV/Li. The strongest ad-
As can be seen from Table 2 the two methods used hergorption occurs in sites with high oxygen coordination trat
yield the same trend in the adsorption energies of oxygen dar from the 5¢-Mn ions, meaning that the Li adatom prefers
the (100) surface and the relative difference between tlsem ito get adsorbed inside the depression present at this ylartic
of the order of 0.2 eV/@ For this reason, taking into ac- surface, created by cutting a channel of the crystal dunimng s
count also that the adsorption energies of Li adatom and th&ce formation (sites (a), (b) and (c)). The adsorption giesr
formation energies of LD, molecule at the (100) surface of inthese sites are similar to those obtained inside the aiamn
a-MnO;, are of the order of & 3 eV, we have decided to use the bulk, at the 8h Wyckoff position{ —3.3 eV/Li) 1618 That
only the DFT+J method withU = 1.6 eV in the following, as  bulk site corresponds to our (a) site, which gives the steshg
no additional information will be obtained with the standlar adsorption at the surface. When the Li adatom is adsorbed in
DFT approximation. positions near the 5¢c-Mn ions ((e) and (g)) or with low oxy-
gen coordination ((f)), the adsorption is weaker. This gfgan
is probably due to the electrostatic interaction betweerLih
and the Mn ions, and the small number of nearest-neighbour
As a second step, lithium adsorption on (100) has been invesixygen ions. We have estimated the upper limit of the (100)
tigated. The adsorption energies for the stable adsorpiiess  surface capacity, considering a nanoparticle with (10@) an
are shown in Table 3. We have found 7 stable positions on th€D01) surfaces only and the aspect ratio of 2.1 given by the
(100) surface ofr-MnO, and they are shown in Fig.4. There- Wulff constructiorf (see Sec. 3.1). From this one can calcu-
late the total (100) surface area (38% and volume (16.8°3)
of the nanoparticle in dependence of the distashoéa (100)
facet from the center of the nanoparticle. The total charge
present at (100) surfaces is their total area divided by ithe a
of the surface cell (57.5/5\) and multiplied by 7 times the
charge of the electron. The total mass is the volume divided
by the density (2.47 a.lfkﬁ). The capacity C is then the charge
divided by the mass: C = 2639.82 mAh/édlg. If we taked

3.3 Lithium adsorption at the a-MnO, (100) surface

Table 3 Adsorption energies of a Li adatom (in eV/Li atom) on the
(100) surface otr-MnO, and distances to the nearest surface
oxygens (Li-O) given ird , calculated with DFT+U: seven stable
positions were found and the labels (a),(b),...,(g) cpoesd to the
configurations shown in Fig.4.

Adsorption  Energy Li-O J by th _ : _
site (eV/Li) d @) = 100A, similar to what is observed in the experiments, then
@) —3.35 1.97 2.162,2.52 we get: C =26 mAh/g. Thus these seven adsorption sites for
(b) —329 1.86,1.89,2.37, 2.45 lithium correspond to a surface capacity-080 mAh/g. Of
(©) 2322 1.9%2 252 3.Kk2 course, a simultaneous occupation of all seven sites weuld r
(d) ~3.30 1.85¢2 sult in a high Li-Li repulsion. This value therefore repnetse
(e) _287 1.78.2.122 a theoretical upper limit for the surface capacity.
® —2.67 1.70 All the adsorption energies inside the semi-channel at the
(9) —1.40 1.96,2.14 surface are near in energy, differing from each otherIp

meV at most. This row of sites with similar energies along

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [voll, 1-9 |5



Journal of Materials Chemistry A Page 6 of 9

the channel direction might facilitate the migration ofilitm  ations of the magnetic momemsg: are reported in Table 4.
ions along the semi-channel. On the contrary, migratioheft Li adsorption produces changes of the magnetic moments be-
atom in the direction perpendicular to the channel is dearl tweenAu = 0.33ug andAu = 0.54ug in this 5¢-Mn cation,
disfavoured, because the lithium has then to go through sitewhile the changes in all the other Mn cations Afe< 0.1ug.
which lie at least 1.3 eV higher in energy. This is consistently shown by both Bader and Lowdin analy-

To study how much charge is transferred from the Li adatonsis- To test vv_hether other locations could be possible fer th
to the surface and where this charge goes, we have performed@9€ magnetic moment, we have employed the method pro-
Bader analysi®¥ and a Lowdin analysf of the charge distri-  Posed in Ref?®. This method is used to try to localized the
bution in the system. We have calculated effective changgs a Magnetic moment at other Mn ions. In particular, we tested
atomic magnetic moments. To obtain the total charge of th&he hypothesis that the magnetic moment could be localized
atoms, the charge of the core electrons has been added to tAB & 6¢-Mn ion closer to the Li adsorption site. Electrostati
charge of the valence electrons calculated by the code.eln ticonsiderations might lead to think that this could be a good
Bader analysis, the atomic magnetic moments have been cdilte for the additional charge. As a result of this procedure
culated as difference between the Bader charges for thecup af/€ 0btain that the localization of the charge in a 6c-Mn is not
down spins. As shown below, the absolute values of the effecStable and it always prefers to go to the Sc-Mn. Similar rissul
tive charges are quite different between the two methods, byVere observed in the case of fBeMnO; polymorpl?®.
the magnetic moments and the trends in effective chargles yie AS & consequence of the change in the spin polarization of
a consistent picture, e.g. over the fate of the charge ddnatdhe 5¢-Mn cation, the distances of the truncated octaheitha w
by adsorbed lithium. Depending on the adsorption site thdhe five oxygen atoms increase; the largest change is prdduce
amount of charge donated to the surface is between #§.90 in the oxygen that is below the plane formed by the other 4
and +0.93¢| for Bader and between +0.@and +0.6(g| for ~ OXygen atoms and the 5¢-Mn cation. This change in the_ dis-
Lowdin. It is well known that effective charges are usually tance £d) is between . and 024 A (see Table 4), and is
different from formal oxidation stat€&58 Since oxygen for- strictly correlated to the change in magnetic moment, he. t
mally has an oxidation number of2, the additional charge longer the change in spin polarization the longer the chahge
is expected to go to the manganese cations. In fact, the varthis distance.
ations of the effective charges of the Mn atoms upon Li ad-
sorption are rather small (hundredths of_an electronicg®ar 34 gyrface Li,O, precursor:

Roughly half of the charge donated by Li goes on the O atoms
surrounding it. A clearer message is brought by the magnetiExperimentally it have been established that inagro-
moments of the ions. Indeed, it was noticed before that contic electrolyte the fundamental cathode discharge product is
sidering the change in magnetic moments gives a better indi-i,0,*24. Still, Li,O has very similar energetig$and might
cation about cation reduction than the effective chad§@s  have negative consequences for the reversibility, sing® Li
The main change in magnetic moment is located on the 5cformation needs @dissociation, while LiO, formation does
Mn cation, that is farther to the Li adsorption site. The vari not. In order to shed light over the reaction paths that lead
to the formation of L3O, or Li,O, we have investigated the
first steps of the reaction of lithium with oxygen onMnO,

Table 4 Total charge donated to the surface(}ichange on the (100).

magnetic momemp of the 5-coordinated Mn atom (5¢-Mn) and Among all possible configurations considered in the pre-
the change in distandd to the oxygen atom below the surface vious subsections for the separate adsorption of oxygen and
plane (5¢-Mn)-O, calculated with DFT+U. The labels (a),(kg) lithium, we took the low-energy structures to build configur
correspond to the configurations shown in Fig.4. tions for the co-adsorption of two Li atoms and two oxygen

i N atoms, with both molecular and dissociated oxygen, to inves
Adsorption Au (Bader) Au (Lowdin)  (5¢-Mn)-O tigate the formation of Li-O-O-Li and Li-O-Li species. Ingh

site () (k) Ad (A) co-adsorption case two Li and two O atoms cover a substan-
(a) —0.49 —0.48 0.24 tial portion of the surface. It is unclear to which coveraljs t

(b) —0.45 —0.45 0.24 case corresponds, because to calculate the coverage i woul
(c) —0.45 —0.49 0.24 be necessary to know how many Li's and O’s are needed to
(d) —0.41 —0.44 0.2 form a full monolayer of adsorbates. This however depends
(e) —0.50 —0.54 0.26 on the atomic structure of such a monolayer, which is not
® —0.38 —0.4 0.17 known. We considered configurations where oxygen is ad-
(9) —0.33 —0.34 01 sorbed on Li or on 5¢c-Mn. We also considered configurations

where Li is adsorbed on top of a previously adsorbed oxygen

6| Journal Name, 2010, [vol]1-9 This journal is © The Royal Society of Chemistry [year]
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Fig. 5 Selected LiO, configurations at the (100) surface@fMnO,. The small red balls represent oxygen atoms; the larget\ialés
represent manganese atoms; the green atoms represemh l¢toms.

molecule. The resulting low-energy structures are shown irLi species. Once lithium is adsorbed, molecular adsorption
Fig. 5. Adding the two Li atoms to the surface reduces bothof oxygen is always favorable, while dissociative adsanpti
5¢-Mn cations present at the surface in the simulation asll, is endothermic (ks = 0.26 eV for case (g) and 3.58 eV
confirmed by inspection of the magnetic moments. for cases (j) and (k)). Lithium adsorption on pre-adsorbed
The formation energies for the configurations shown inoxygen is disfavored with respect to adsorption of oxygen on
Fig. 5 are given in Table 5, as well as the oxygen adsorptiore-adsorbed lithium, with adsorption energies in the eang
energies obtained for both cases of molecular and atomic ad=2.0 = —2.56 eV/Li/O;.
sorption.a-MnO, (100) offers several sites where Li-O-O-Li ~ The most stable configurations (Fig. 5 (a) and (b)) have the
species can be formed, with a relatively exothermic adsorpoxygen molecule adsorbed on top of the 5¢-Mn and the two Li
tion (Eags < —2.86 eV/Li). On the contrary, Li-O-Li species atoms adsorbed to the-MnO;, not to the adsorbed oxygen.
are completely disfavored, with adsorption energies hang Still, there is also a configuration with a Li-O-O-Li geometr

least 1.6 eV/Li above the formation energies of the Li-O-O-(Fig. 5 (c)) lying only 60 meV higher. Remarkably, the geom-
etry of this Li-O-O-Li species is very similar to that of bulk

Li»O,, with O-O distances of 1.50A and Li-O distances of

Table 5 Adsorption energies of kD, (in eV/Li/O; atom) on the 2x1.94A and 2x2.05A, to be compared with distances in the
(100) surface otx-Man and oxygen aglsorptlon on the lithiated bulk of 1.55A (0-0) and 1.9 (Li-O). In this configuration,
surface, calculated with DFT+U. Data is shown for the seléct 0, is adsorbed on 5¢c-Mn and the two Li atoms interact with

configurations (@), (b)......(k) of Fig. 5. oxygen atoms belonging to thee-MnO; surface. We argue

that this configuration is the most probable to be the precurs
for the formation of LyO, on thea-MnO, (100) surface.

Adsorption Energy Oxygen adsorption

site (eV/LIIO,) (eVIOy)

@ ~3.29 ~0.33 o o .

(b) 3924 _0.23 3.5 Implicationsfor Li-air batteries

(© —-3.23 —0.18 We now discuss the implications of our results for the func-
(d) —-3.23 —0.22 tionality of Li-air batteries. First, we notice that, onshsur-

(e) —3.02 —-0.15 face, molecular adsorption of oxygen is always preferrest ov
® —3.00 —0.10 dissociative adsorption, both on the bare and on the lgHiat
(9) —3.00 +0.26 surfaces. As a consequence, we expect only the Li-O-O-Li
(h) —2.97 —0.92 species to form on the (100) surface, and not Li-O-Li. In fact
(i) —2.87 —-0.72 in previous studie¥!8it was shown that the formation of Li-
) -1.15 +3.58 O-Li is possible inside the channels of butkMnO;. It thus

(K) —1.06 +3.76 seems that Li-O-Li formation is possible only in the bulk kut

is unlikely at the surface. This result marks a differencewi

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [voll, 1-9 |7
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B-MnO,, where dissociative adsorption of oxygen was pre- (c) Li adsorption is mostly favored inside the semi-channel
ferred on the lithiated (110) surfag® Our results therefore at the surface; we expect Li diffusion to be easy along the
seem to point out that it might be a characteristic propefity odirection of the semi-channel. The additional charge dehat
a-MnO, (100) not to offer to @ the possibility to dissoci- to the surface causes the increase of the magnetic moment of
ate and subsequently to form,. This might be the reason a 5-coordinated Mn (5c-Mn) ions producing an increase of
behind the better activity and cyclability of a battery with ~ the distance between the 5c-Mn ions and the nearby oxygen
MnO, as cathode electrocatalyst. atoms.

Itis important to note that all the formation energies f&th  (d) Co-adsorbing two Li atoms and two oxygen atoms, we
Li-O-O-Li molecules that are in the range 62.86 — —3.23  find a Li-O-O-Li configuration with a geometry similar to that
eV/Li are more exothermic than the calculated formationene of bulk Li» O, lying only 60 meV higher than the most stable
gies for the LhO, molecule (1.0 eV/Li/Oy) and bulk (-2.60  structures. In this configuration, the oxygen molecule is ad
eV/Li/Oy), using the same computational parameters. We exsorbed on 5¢c-Mn and the two adsorbed Li atoms interact also
pect therefore the formation of these initial Li-O struetsiat ~ with lattice oxygen.
thea-MnO, (100) surface to form easily, to be dissolved with  (e) On (100) there is a high density of sites where the Li-
difficulty during battery re-charging, and to offer an adiean  O-O-Li can form, thereby offering a high density of possible
geous nucleation site for 4O, formation. On the contrary, on nucleation sites for O, formation. This could be of advan-
B-MnOs it was shown that the formation of Li-O-O-Li species tage for the kinetics of the process.
was favored with respect to the formation obOp molecule
in the vacuum, but not with respect to bulk,0,26. We ex-
pect therefore nucleation of 4@, on 3-MnO, to be more
difficult than ona-MnO; (100). The different behavior on ) . )
the two catalysts might be related to the superior activisy d The authors would like to thank Federico Munoz, for fruitful

played bya-MnO, nanowires for the performance for Li-air discussions. The YC'’s position was partly sponsored by the
batteries compared with tf8MnO, nanowire$. grant “ERC Advanced Grant 320796 — MODPHYSFRICT".

Moreover, on the surface studied here there is a large numC_omputationaI resources were provided by CINECA, through
ber of sites where the Li-O-O-Li can form; a large number ofthe ISCRA-C project AFSGMNOZ2, and by The Abdus Salam
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formation energy of the initial Li-O-O-Li species on thisrsu
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4 Conclusions 4
The properties of the (100) surface of the manganese axide °
MnO, with a Hollandite structure have been investigated by
ab-initio methods based on density functional theory (DFT), ©
atthe level of DFTH (U = 1.6 eV). It has been concluded that

(a) The (100) surface has a surface energy comparable to
that of (110), and lower than (001); Wulff construction pre- 8
dicts an aspect ratio of approximately 2.1 for nanostrasur
of this compound.

(b) Molecular oxygen adsorption is preferred over dissocia 1
tive adsorption at both the bare and lithium-coveeeMnO, 11
(100), with adsorption energies betweei®.33 eV/Q and
—0.10 eV/GQ. Molecular adsorption could be a major advan-12
tage of this compound over other Ma@olymorphs, because
it could lead to direct LiO, formation, avoiding side reac-
tions.
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