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Short-range Li diffusionvs long-range ionic conduction in nanocrystalline lithium peoxide Li 0O,
— the discharge product in lithium-air batteries

A. Dunst,* V. Epp~2,T I. Hanzud+?, S. A. Freunbergér and M. Wilkening-
IChristian Doppler Laboratory for Lithium Batteries, andstitute for Chemistry and Technology of Materials,
Graz University of Technology, Stremayrgasse 9, 8010 Gkasztria and
°DFG Research Unit 1277, Graz University of Technology, iBagrgasse 9, 8010 Graz, Austria
(Dated: May 14, 2014)

Understanding charge carrier transport ipQ4, the storage material in the non-aqueous Lib@attery, is key to
the development of this high-energy battery. Here, we stlidinic transport properties and Li selfidision in
nanocrystalline LiO, by conductivity and temperature varialld NMR spectroscopy. Nanostructured,O,,
characterized by a mean crystallite size of less than 50 restarated from X-ray diraction peak broadening,
was prepared by high-energy ball milling of microcrystadlilithium peroxide withum-sized crystallites. At
room temperature the overall conductivityof the microcrystalline reference sample turned out to by ve
low (3.4 x 107 Scnt!) which is in agreement with results from temperature-ddeidLi NMR line shape
measurements. Ball-milling, however, leads to an incredse by approximately two orders of magnitude
(L1x 10710 scntl); correspondingly, the activation energy decreases fr@@ 6V to 0.82 eV. The electronic
contributionoeon, however, is in the order of 8 1012 Scnt! which makes less than 10% of the total one.
Interestingly,”’Li NMR lines of nano-LyO, undergo a pronounced heterogeneous motional narrowinghwhi
manifests in a two-component line shape emerging with asirg temperatures. Most likely, the enhancement
in o can be traced back to the generation of a spin reservoir vigilyhmobile Li ions; these are expected
to reside in the nearest neighbourhood of defects geneoatedar the structurally disordered and defect-rich
interfacial regions formed during mechanical treatment.

PACS numbers: 66.30.-h, 76.60.-k, 82.47.Aa, 82.56.-b
Keywords: solid-state NMR, éusive motion, lithium ion conductors, relaxation NMR, pddes, impedance spectroscopy

I. INTRODUCTION the film thicknesses to a few nm before electron tunneliny
or bulk conduction become iffective?3?427 This is because
The development of new energy storage systems is a vitaf the poor conductivity estimated for pure,0; that is sig-
topic in materials science. In particular, the lithium4zattery  nificantly lower than that of other battery materials. In péan
causes tremendous interest not only from the part of s@ienti cases particle growth has been observed that typicallyslc zd
community but also from an industrial point of view.The to particles in the range of 200 to 400 nm composed cf 2
theoretical specific energy of the non-aqueous lithiumair b few 10 nm large primary crystallites; this suggests addélo
teries is ca. 3500 WRgj,0, based on the mass of active mate- transport mechanisms to be in pl&¢€.0On charging a twc -
rials alone. Therefore, it significantly exceeds that ¢filim-  stage process has been disclosed involvirtgremoval near
ion batteries with conventional insertion materiafé.Poten-  the surfaceand bulk Li»O, oxidation at low and high over
tial key applications, particularly in the long term, indr  potentials, respectiveR#252° This requires Li motion in the
electric vehicles as well as the storage of electricity fiam  surface region of the LD, and electron transport from thz
termittent sources such as wind, solar, and tidal. Li»O, to the solid electron conducting surface. Electron trans-
On discharge, at the positive electrodg ffom the at- port may be relatively easy for 4O directly in contact with
mosphere enters the porous electrode, is dissolved in th@e surface, but becomesflitiult for the majority of LyO,
non-aqueous electrolyte within the pores, and is reduced ahore remote from the surface. When we consider issues such
the electrode surface forming solid lithium peroxide, @i as the reversibility of the Li peroxide accumulation and -=-
can be (re-)oxidized upon chargifg®!® The achievable moval, it can be seen that transport in the solid state, e
amount of LpO, that can reversibly be formed upon dis- in the bulk, plays a capital role. In general, enhanced Li it
charge inside the porous electrode governs the reversible cfusion in the bulk may assist for the electrochemical forr.a-
pacity. While the principal possibility to electrochenllga tion as well as the resorbtion and dissolution of Li peroxir-.
form and decompose (O, in non-aqueous electrolytes is Considering recent studies, both electron and ion tramgpc:
well established, many challenges remain towards practicd.i,O, are shown to be critical for the operation of the Li-
application?681112 These include stability issues of the air battery and improvements require their understanding <
electrolyte and the porous electrode that lead to side reacenicroscopic levef:263%31 In particular, it could be shown re-
tions and compromised cycleability1® Typical side reaction  cently that finely crystalline or amorphous0, decomposes
products at the cathode are,CiOs, Li alkyl carbonates and at lower voltages than large particles. The exact reasans, h
Li carboxylatest317:2021 ever, have not been identified yett
One other major challenge is how to form a large amount In addition to these recent findings, there is a lively dek at2
of solid, insulating L4O, by O, reduction in the conductive on charge transport properties in,Op in general; severa.
porous substrate and tffectively oxidize it on charging?®  theoretical studies have been published up to 43étw?3°
On discharge, formation of a film of insulating2Q, limits including also a very recent one on amorphougCLi by
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a) as an appropriate means to resemble the electrochemically
formed LiO, as closely as possible with respect to both crys-
tallite size and defects. From the point of view of structura
disorder, the sample investigated might serve well to sthdy
influence of structural disorder on ion transport propsries

has been shown also for other Li ion conductors, the tri..
port properties of ball milled oxides may also resemble dffic.t
completely amorphous materials reflecting the upper lirhi* ¢

a disordered oxide or peroxide.

In the present study, long-range as well as short-range 1.i
ion dynamics have been probed by temperature-variable zzn-
ductivity spectroscopy antLi NMR relaxometry. The over-
all conductivityo 4. of the microcrystalline sample turned o
to be very low which is in agreement with previous res e
as well as with’Li NMR line shape measurements preser:.d
here. Ball-milling, however, leads to an increasergf, being
characteristic for long-range ion transport, by approxaha
two orders of magnitude; correspondingly, the activation <
ergy decreases. Similarly, also short-range Li ion dynamic
are influenced by high-energy ball milling. In general, @&
volume fraction of interfacial regions is formed and struat
disorder is introduced by mechanical treatment. The defe..t
generated are anticipated to largely influence both ioaitstr
FIG. 1: Crystal structure of kD, (hexagonal space group portover long distances as well as the elementary stepsict in

P6s/mmg, see also Re_f24. a) 2x2x1 expans_ion of the unit_cell. The hopping to which NMR is extremely sensitive when carriz
covalently bonded @dimers are arranged in an alternating ABAB out at sdficiently low temperatures.

stacking. There are two unique Li sites indicated by polyaedhe
trigonal prismatic Li is in the same layer as the peroxid®asi The
octahedral coordinated one resides between the peroxidesiab)
view along the z-axis showing the Li-Li distances of the twystal-
lographically inequivalent Li sites 2a and 2c.

b)

Il.  EXPERIMENT

A. Preparation, structural and thermal characterization of
lithium peroxide

Lithium hydroxide monohydrate (Sigma Aldrich) was dis-

Siegel and co-worker®¥ As yet, only Maier and co-workets ~ solved in water (dest.) and an equimolar agueous solutic= of
have investigated electron and ion transport in microcryshydrogen peroxide 30% (Merck) was added under Ar a.ric-
talline Li,O, experimentallyby ac impedance spectroscopy spPhere. The solution was stirred under argon atmosphere at
and dc measurements; they showed that electronic conducti@mbient conditions. The initially produced lithium hydesp
is governed by hole polarons, and ionic conduction is presunPxide LIOOH was dried in vacuo and subsequently treatcd
ably mediated by negatively charged lithium vacancies; thét 493 K for 12 h yielding microcrystalline lithium-peroxio
crystal structure of O, (space grougP6s/mmg is shown  Li2O2 of high purity. To prepare nanocrystalline;O, the
in Fig. 1. To our knowledge, there is, so far, no investiga-source material micro-LO, was mechanically treated in =
tion available reporting on activation energies of the elam high-energy ball mill (Fritsch Pulverisette 7 (premiumel)i
tary hopping processes of individual Liions. Such inforimat A grinding beaker made of stabilized Zs@45 mL) and 140
can be made available by nuclear magnetic resonance (NMRilling balls (ZrG;, 5 mm in diameter) were employed; the
spectroscopy. microcrystalline starting sample was milled for 180 min a* 2
The present work is aimed at understanding both shorttotational speed of 600 rpm. The complete synthesis was fiune
range and long-range Li ion transport in nanocrystallineunder Ar atmosphere.
Li»O,, that is, a nanostructured sample with mean crystal- From then on, the samples prepared were stored in an
lites having a mean diameter of less than 50 nm which igtrgon filled glove box. They were characterized by X-r&y
comparable to that found in electrochemically formegtdi. ~ Powder difraction (XRD) carried out at room temperafure
The samples investigated have been prepasegituvia a with a Bruker D8 Advance dliractometer operating in Bra¢ 2 -
top-down approach: chemically synthesised microcrysall Brentano geometry with Cu-Kradiation at 40 kV. Dirac-
lithium peroxide was mechanically treated in a high-energytograms were analyzed by Rietveld refinement with the . c-
planetary ball mill. The starting material was obtainedighh ~ 9rams FULLPROF and X'PertHighScorePlus (Panalytical).
purity by dehydration of a mixture of LIOH and 8,. Al- To determine decomposition temperatures we carried ~ut
though composed of crystallites with the same mean diamehermogravimetric (TG) and fierential scanning calorime-
ter, a nanocrystalline sample prepared by ball-millingds n try (DSC) measurements: for simultaneous thermal anadyis
directly comparable with the discharge product formed in &#49C Jupiter (Netzsch) was used. The heating rate was %3 K

lithium-air battery. Here, however, we considered ballimg ~ min™* from 293 K to 773 K; experiments were carried o
with a Helium gas stream of 50 mL niih
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B. Characterization of ion transport and Li di ffusivity erence (SLR). For this purpose, the spin-locking technique
. o 7/2pltick) — acq®4348 was employed. The corresponding

1. Impedance analysis and polarization measurements locking frequency was chosen to be/2r = 28 kHz with

For the impedance measurements a Novocontrol Concept € duration of the locking pulsg varying from 100us to

1T
broadband dielectric spectrometer equipped with an Alphaz 0 ms. The recycle delay was set to at Iee_thF!g =Tain
A analyzer as was employed. Conductivities were measure(c)imIer to guarantee ful Iongltudlnal relaxation betvye_enheu
under inert gas atmosphere produced by fresh evaporation gf:an..Botth and_ Ry, were obtained by parameterizing tgg
. I . resulting magnetic transientsl,(ts) and M,(tock), respec-

dry nitrogen gas (1 atm.) within a ZGS active sample cell . . e

P ! - 1 tively, by stretched exponential®t,(tg) o« 1 — exp((t/T1,)?)
which is capable to measure conductivities down to'4® 2

. . andM, (tiock) oc exXp(tiock/ T10)2), respectively.

at frequencies ranging from 3Hz to 20 MHz. A Quattro | Qdd" 7Li NMR sti N lated echod$5? h b
cryosystem (Novocontrol) was employed for temperature reg n adaition LI | stimulated echo ave beer.
ulation with an accuracy of ca. 0.5 K. For impedance mea-recorded t_)y ut|I|Z|r_19_ the_Jeener-BroekééMUIse sequency
surements the powder samples were cold-pressed. The powcﬁé a function of mixing timéy, (10 us < tm < 100 s) at a

samples were cold-pressed (P.O. Weber press) with an unia xed prgpqration timéy: (907)x — tp — (45?)3/ = tm - (45°) -
pies w b ( P ) Wi un t—acquisition. Note that SAE NMR, that is, two-time corre!z-

ial pressure of 30 kN to cylindrical pellets (8 mm in diam- . kes ad i . betd
eter, approximately 1 mm in thickness). Electrodes were apt-'on spectroscopy, takes advantage of interactions bet
uadrupole moment of the nucleus and the electric field 1ra-

plied by plasma Au sputtering (Leica EM SCD050). Complexq_

impedance data were recorded at temperatures ranging fro?ir\ent (EFG)_tensor at the nuclear. sfteThe '.[echnique giv_er,
133K to 573 K. access to single-particle correlation functions, so daflg

In order to estimate the ionic and electronic contributions> " >!" hopping correfation functions. In general, theuftss

to the total conductivity, potentiostatic polarizationasare- from stimulated echo measurements are comparable to jyqyse

ments were performed on the gold sputteregQai pellets from SLRo NMR measurement®. The diference is that Li

: . 0
which were pressed under protective Ar atmosphere. The peﬁAE NMR, being comparable to Li exchange NMR is

lets were placed inside air-tight Swagelok-type electemch sensitive to even slower Li ffusion processes.
ical cells in order to protect them during measurements from
air and humidity. The polarization experiments were cdrrie
out at 293 K with a VMP3 instrument from Biologic that was Ml RESULTS AND DISCUSSION
equipped with a low-current option and controlled by EC-lab A. X-ray diffraction, chemical and thermal analysis
software. Polarization measurements were carried outavith
constant voltagé) = 5 V. The currenti was recorded as a The purity of the lithium peroxide prepared was checked uy
function of timet. X-ray powder dffraction (see Fig2), energy dispersive x-ray’
diffraction (EDX), infrared (IR) spectroscopy and inductively
couples plasma mass spectrometry (ICP-MS). The powuer
Temperature-variable and frequency-dependént NMR diffractogram obtained for microcrystalline;0; can be fully
measurements were recorded with an Avance Il spectrometéndexed with literature 2values. We could not detect any sig-
(Bruker BioSpin) connected to a shimmed cryomagnet withnificant amounts of crystalline impurity phases. Fortulyat~
a nominal magnetic field of 7.04 T corresponding to a resothe same is true for the ball milled material which was tréaic
nance frequency abo/2r of 116.5 MHz. A commercial high for 3 h in a planetary mill. It has also been characterizec Ly
temperature probe (Bruker Biospin) was employed allowingKRD, EDX, IR spectroscopy and ICP-MS (see also the sup-
/2 pulse lengths of about 2/6. plemental material section). As expected, the XRD peaks |.2v
Prior to the measurements the samples were fire sealed broadened due to sizefects and strain generated but n.i-
evacuated glass NMR tubes of 5 mm in diameter and caher any mechanochemically induced phases were formec ..or
3 cmin length. The measurements were performed at tempeany traces of crystalline impurities, such as abrasion GhZ|
atures ranging from 133 K to 604 K. Temperature regulatiorshow up. Negligible abrasion is also corroborated by ICP-'wi3
and monitoring was carried out with a Eurotherm temperaturésee supplemental material). IR spectroscopy (see FigeS? )
controller in combination with a type T thermocouple. veals a negligibe amount of x-ray amorphous lithium carz:-
’Li NMR spectra were obtained after Fourier transforma-ate which is most likely due to post contamination. The imp: .-
tion of the free induction decays (FIDs) recorded with a sin-rity level concerning metal ions is fortunately very low asst
gle pulse experiment using recycle delays of up to 60 s at thbeen verified by EDX (see Fig. S2) and particularly ICP-M&
lowest accessible temperaturési NMR spin-lattice relax-  (see Table 1 in the supplemental material section). Altog
ation (SLR) rates; in the laboratory frame of reference were this is a perfect starting condition which helps us to intetp
acquired by means of the classical saturation recoverygepuldooth results from NMR line shape measurements and i< a«-
sequence 1 7/2 — tg — n/2 — aquisition (acg3®4? The  ometry and conductivity spectroscopy.
initial ten /2 pulses in rapid succession are used to destroy The mean crystallite size of micro-4®,, which is our
any longitudinal magnetizatiod,. Immediately after this sat- source material, lies in them range as can be seen frcm
uration comb, the recovery i, is recorded as function of the sharp XRD reflexes. From the extent of peak broade-irg
delay timety at different temperatures. In additiof,i NMR we can roughly estimate a mean diame&tdr of the crystal-
SLR rates have also been recorded in the rotating frame-of refites. The well-known equation introduced by Scherrerdge:

2. NMR spectroscopy



Energy & Environmental Science Page 4 of 15
4

a) conductivity spectrar’(v), whereg” is the real part of the
complex conductivity-; of nanocrystalline O, are shown
which were recorded during heating the sample from 353 K
Li;0, up to 533 K. They reveal distinct dc plateaus referring to
nano x3 o’(v » 0) = o4 At lower T a dispersive regime shows
up which can be associated with locak., short-ranged,
(forward-backward) jump processes. In many cases a Jonache
power lawo’ o« V¥, is appropriate to account for the frequenrcy
dependence af’ in this frequency range. The deviation from
oqc in the low-frequency regime is because of polarization ei-
fects of the ion-blocking electrodes applied.in the regime
of electrode polarization (EP) often shows a slight chamng= 1
\ ‘ | . | slope in this frequency range as indicated in Big); the ar-
20 30 40 50 60 row points to the EP flank of the isotherm recorded at 5332 k

20() At lower T (Fig. 3b)) the dispersive part starts to do~.-
b) nate the spectra and’ tends to obey the relation’ o v.
‘ ‘ ‘ ‘ ‘ This is the signature of nearly-constant-loss (NCL) bebra 1
0 being typical for complex crystalline and structurally atis
dered ion conductors, see R@&R2 for an overview on this
topic. The behavior” o v implies a negligible frequenc:
dependence of the dielectric loss, that is the imaginary rer
of the complex permittivitye” (v) = o’(v)/(27v) yielding
ol (V) = 2nve(o (v) = AV with @ > 0 but close to 0
3 andA being almost independent &t € (v)2r ~ Av=“.

0= - pos po~s yoo po NCL behavior is frequently interpreted in terms of striG
T¢0) localized ion hopping which can be illustrated as caged dy-
namics in a double well potential, for exampfeThe ac-
FIG. 2: a) X-ray powder diractograms of micro- and nanocrystalline tivation energy associated is anticipated to be very sma!l.
lithium peroxide. Miller indiceslkl) indicate the reflexes of LO,. The electrical response of crystalline;O, found at lowT
Vertical bars in the lower part of the figure illustrate peaisiions  clearly suggests the presence of NCL-type (ion) dynam.:zs,
and relative intensities of pure lithium peroxide. Compate the  most probably because of the short distances of possiblc ¢ c-

pattern of micro-LiO, that of nano-LiO, was magnified by a factor ¢y nied and unoccupied (interstitial) Li sites within thgstai
of three. b) TG (red line) and DSC measurements (grey lineanb- structure (see Fidl).

Li,O,; above ca. 500 K LiO, starts to decompose. A weight loss of
ca. 32% points to the release of Oxygen leaving ove®Li

(100)

(002)
{ (101)
(102)
(004)
; (103)
(110)
(>(1 04)

micro

100

920 —

80 —

TG (%)

(Buw/mw) 0sa

70 —

In contrast to such shallow activated processgsis sen-
sitive to long-range ion transport usually determined byimu
higher activation energies being the sum of both the migna*:

(dy ~ 25 nm. This is in good agreement with other OXidesenthalpy and the enthalpy needed to foeng, vacant Li sites.

which had been treated in high-energy ball mills to produce>'©9€! and co-coworkefsnicely summarized the types of de

nanocrystalline ceramics; usually the crystallite sizamuch feCt.S' their eq“"'b”“f_“ form_atlpn energies gnd CONCAs.
less than 50 nm and centres about 10 to 2Fhm As it turned out by first principle calculations the domine. !

Unfortunately, nanocrystalline 4, decomposes at ele- positively and negatively charged defects are hole pok.on

vated temperatures. Our JBSC measurements (see Fa). and Li .vacancie'.s, respectively. In single crystalling@i the
reveal that oxygen is released at temperatures signifjr,antlform"’ltlon energies havg been calculated tc; rangsezzrom 0.5
larger than 493 K. The TG curve is very similar to that re-o'95 eV with concen_tr_atlons in the Qrder. of l(fm ) )
ported in Ref.37. Thus, NMR (and conductivity) measure- In general, slow Li ion transport in oxides is characterized
ments (see below) had to be restricted to this limit. Thearin Py activation energies being much larger than 0.6%Y. Tdc
pretation needs careful consideration of the thermal litiabi Can €ither be read out from the distinct dc plateaus of&.

of nano-LbO, also with respect to grain growth and healing ©" by analyzmg_complex plane pI_ots which can be constru ed
of defects initially introduced. when the imaginary paiZ” of ¢ is plotted as a function »f

the real part, that iZ’. An ideal Debye process, governec .,
an exponential relaxation function, would give a semieirc!

B. Long-range transport: Conductivity measurements and whose origin coincides with the abscissa. Depressed z<rii-
potentiostatic polarization experiments circles, as found for many complex ion conductors showing
o o ) structural disordef® directly correlate with the presence of u
1. Conductivity spectroscopy —ionic conduction dispersive part o6~ and point to a non-Debye response znr’

so-called correlated motidt8 The single semicircles, ok
Conductivity spectroscopy is able to probe both long-rangeerved for each temperature here, have to be regardec 13 a
(v — 0) as well as short-range ion dynamics. In F&. sum of both the response from the bulk and that from the p.cs-
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FIG. 3: a) conductivity spectra of nanocrystalling@} prepared by high-energy ball milling. b) conductivity sppagecorded under the sam=
conditions as in a) but at lowdr. « (= 1 — «) is the Jonscher exponent; a value close to 1 (indicated dyaished line) points to so-calle
NCL-type behaviour being frequently interpreted in terriogalized ion motions. The isotherms shown were recordeti7a K, 183 K,
193 K, 213 K, 233 K, 253 K and 273 K. ¢) Scaling of the isotherimsven in a); the inset shows selected complex plane pls (s Z’).

sible response of grain boundaries. Electrofieats show up  served. As pointed out by Ngai and Rendélsuch decrease
as spikes or tails in the Nyquist plots presented in Big).  could also be interpreted in terms of a change of the unde:y-
Analyzing—Z"(Z’) with an appropriate equivalent circuit unit ing motional correlation function. In a wider sense, both 'n
including a resistance and a constant phase element cednecterpretations reflect a change in defect chemi$iryLi,O, at
in parallel yields a (total) capaci®@ in the order of 16'* F  elevatedr because of oxygen loss when exposed to a reduciiig
(inset of Fig.3) for the main relaxation process observed. Thisnitrogen atmosphere.
indicates that, to a major extent, the electrical respoasé, Despite of this slight irreversibility observed, the cond:
thusogc, reflects bulk ion conductio??. tivity spectrac”’(v) recorded up to 450 K (at least) can he
The same can be deduced from permittivity speetfa)  scaled such that they collapse into a single master curvs. 7.
shown in Fig.4. While EP shows up once again at low fre- means that their shape does not vary significantly with i~-
guencies and high temperatures, the permittivity found atreasing temperature. Heng, (see Fig.3c) is meant to be
higher frequencies (or lower temperatures) is well belo@ 10 the 'characteristic’ frequency at whieH = 207 holds. This
and indicates presumably bulk response. The dashed line Bcaling behavior roughly proves that a single (main) cta o2
Fig. 4b) illustrates the permittivity plateau leadingd@0) ~  carrier process seems to be relevant up to 473 K.
30. This is in line with that valuee((0) ~ 35) which has Finally, in Fig.5 o4.T, determined frona~’ (v), is plotted for
been reported for microcrystalline 40, by Gerbig et af’ micro- and nanocrystalline kO, as a function of inverse tem-
Moreover, experiments with fierent electrodes (Ti or Pt) and perature. The arrows mark the conductivities recorded -
ac conductivity measurements as a function of oxygen paring the heating run and the cooling run, respectively. Heat-
tial pressuré’ did not show any indications that oxygen ions ing up to 570 K has negligible influence eny. of the mi-
determine the overall conductivity. In amp @tmosphere the cro sample; a much larger influence, however, is observet 1or
incorporation of oxygen consumes electrons leading to th@anocrystalline LiO,. 04T of the nano sample starts to dc
formation of holes that are quite localized corresponding t viate from the Arrhenius line drawn if the temperature vas
a superoxide ion ©on O%* sites as electron spin resonanceraised to 500 K. This temperature is in good agreement 'vith
(EPR) spectra had indicated; moreover, the superoxid@®©  that determined via T®SC (see above). Note that betwe=n
ions seem to associate with lithium vacandiés. each data pointofycT) the equilibration time to reach a cer
Interestingly to note¢’(0) decreases with increasifigal- ~ Stant temperature was about 20 min. As mentioned above :"is
though the temperature was still below the decompositiofieature might be due to kO release andr a kind of sintering
point. Since this process is irreversible, it might reflde t of the sample. Grain growth and significant sintering, how-
influence of defect healing due to soft sintering of the sam&ver, could not be observed by XRD.
ple or reflect the smooth onset of,0 release. According to Most importantly, when comparing the initial conductivi-
Sidebotton? and similarly to Roling* with the help of the ties of micro- and nanocrystalline 10, (heating runs), tha.
Debye model for dipolar relaxation the change in permiifivi of nano-LbO, is by more than two orders of magnitude
Ae = €(0) — €/() (see Fig.4) can be related to the num- larger than that of micro-LD,. At room temperature we havc
ber fractionn’ of the mobile ions and the distance traversedogcnano~ 1.35x 1071% S cntt which corresponds — when tre
in a single hop. Thus, a slight decreasangfassociated with Nernst-Einstein equation is applied — to an overall solates
a change decrease in ion conductivity (and consequently diffusion codicient in the order of 4 102° m?s*. In accor-
o”’(dc), as presented below), could explain the decrease olslance with the increase ofyc, the corresponding activatio~



Energy & Environmental Science Page 6 of 15
6

a) b)

o 353K

10° P 0373K |
OOO 393K
7| . 413K _|
10 o 00 433K
6 ° o EP 453 K
107 % o ° 473K |
5 °° "o %.
w 100 %° o \® |
° o °\%
4 o ) ¢ —
10 Mok 0% o %
° o o
103 r 313K 00 oo 00 —
o | 203K 00000 000 |
107 [ 273k 00k Oy~~~ —— o= bulk
1| B3 i
10 ] 8'(°°)
10° A I A O M I B
1 1 7
10 10 10 10 10 10
v (Hz) v (Hz)

FIG. 4: a) permittivity spectra of nanocrystalline;0, recorded at the temperatures indicated. b) magnificaticgheofpectra shown on tnz
left side. Spectra have been recorded in steps of 2Q0 .~ 30, which is in good agreement with that deduced for micrstafine L,LO,, see
Ref37, indicates bulk response rather than large contributioom fjrain boundaries.

Li»O, which was treated for 1 h in a Pulverisette 5 m!
Gerbig et al. report an activation energy being reducec ty
o4 AE, = 0.14 eV compared to that of microcystalline,O,.
This result agrees well with our value of 0.82 eV. In order 1~
--16 estimate any electronic contributions to the total value-gu

we carried out preliminary potentiostatic polarizationane
surements at room temperature.

—1

10919(0gcT - S K cm)

-1

. G)0l60|

(s, w

—-20 2. Electronic vs ionic conduction at 293 K

\
%

X When an ionic conductor is polarized between blocking e\ <-
o

trodes, a gold film in this case, the ions will start to migrate
L | | | | | o4 Afte_r a_while3 a <_:oncentratio_n gradient is establish_ed duaad .
15 20 25 30 35 40 45 netionic motion in the electric field stops, the electricdiel-
1000/T (1/K) duced migration being counterbalanced by the chemical-back
diffusion of the mobile species. When this stationary statz ‘s
FIG. 5: Arrhenius plot of the total conductivity of nanoctaline  reached, the residual current is due to electronic conaluct
and microcrystalline 1O, when measured in a flow of dry nitro- only.
gen. The arrows denote the heating and cooling runs, resplgct The nanocrystalline sample exhibited a normal behavior
The activation energies refer to the heating runs. Durir@isg we  and the current dropped exponentially (see Bjg.It has to
obtain 0.90(7) eV (micro) and 0.83(7) eV (nano). To obtamright e noticed that the time needed for stabilization of the ¢uir-
axisogc values have been roughly converted into solid-staftesibn ot js very long, a fact that indicates a very low condutgjv.
codfiicientsD via the Nernst-Einstein equation. and thus a very low mobility of the ionic species. Unforit:-
nately, no clear plateau was reached during the experinet.
Nevertheless, the electronic conductivity of nang&iis es-
energy for overall (long-range) charge carrier transporei  timated to be approximatelyX010-12 Scnt?, that is less thar.
duced fromE, = 0.88 eV to 0.82 eV. The result reflects the 10% of the total conductivity measured at room temperat::.e
influence of crystallite size and structural disorder idtroed ~ (~ 1.1 x 10719 Scnt?).
via ball-milling on macroscopic properties such as overall Inthe case of our microcrystalline sample, the condugtivit
conductivity, which is the sum of both the electronic andwas so low, that it was impossible to measure any currc... at
ionic contribution. For comparison, Maier and co-workers,the same polarization voltage (0.5 V) that was used for the
who measured ionic (ion) and electronic (eon) conducésiti nanocrystalline material. Consequently, the voltage iap;.
of microcrystalline LyO, found Eajon = 0.95(5) eV (423 — was increased tenfold, up 5 V. Evenin this case, it was not nos
473 K) andEgeon = 1.3(1) eV (423 — 473 K), respectively.  sible to see any unequivocal exponential decrease of the cu.
The bulk ion conductivityrionmicro Of 1071° to 10° Scnt?  rent. It has to be noticed that by being submitted to such lucr
recorded at 373 K is in perfect agreement with our value ofvoltages, the electrodes will no longer be blocking andet-~*
2x107° Scnt! (373 K) keeping in mind that the latter repre- will be no accumulation at the electrode since there is an oi-
sents the total conductivity. going chemical reaction. Remarkably, even under such hz:s
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oor 7 ders of magnitude higher. For comparison, the record holder

| in terms of extremely good ion conductivity is1bGeRS:»
with 10~2 Scnt? at room temperatur€, followed by garnet-
type oxide$?7® (10-2 Scnt? at approximately 300 K) or Li-

il bearing argyrodite$’ Activation energies range from 0.35 i~
0.25 eV. The electronic conductivity of nanocrystalline@i
nanocrystalline Li,0, | prepared by ball-milling is still lower than that of LiFeRC

i (10°® S/cm, 0.6 eV#"78) that may serve here as a yardstick
for a mixed conductor with practical battery applicatiolrs.
the case of LiFeP@carbon coating and nanosizing is neces-

600

500

400

300

current (pA)

oL | ! ! ! N sary to prepare an electrode material able to work as a e¢~*h-
0 100 200 300 400 500 ode in lithium-ion batteries. Similar conductive coatihgyv-
polarization time (h) ever, cannot be realized on the formidigappearing LiO,;

the electronic conductivity values not to be rate limitinguAd
FIG. 6: Polarization curve (dc) of a nanocrystalline lithiperoxide  have to be again several orders of magnitude higher. '..is
prepared by high-energy ball milling. The electric contadhe pel-  might be achieved by further doping of the material as well
let pressed was realized by plasma gold sputtering. Thegelap- 55t rther introduction of structural disordéiTaking benefit
plied across the pellet was 0.5 V. The almost constant AWBIth .\ o1 trivial nano-size féects would lead to the questic:
is reached at long polarization time, that is the (quasijicstary how does ion conductivity depend on the size of the crysial-
state, is slightly below 100 pA. . . . . o c
gty P lites. This would require a systematic study which is beyc..
the scope of the present investigation focussing on theegiern

conditions micro-L3O, does not show any traces of damagetary steps of hopping in ball-milled 4O,.

during the 1000 hours of the experiment. The conductivity of
this sample seems to be extremely low at room temperaturec. Short-range motions: NMR spectra and relaxation rates
which makes it is impossible to measure it in such a direct
way with our VMP3 instrument, which is so far limited to Temperature-variablé.i NMR spectra, when recorded un-
measurements at ambient temperature der staticj.e., non-rotating conditions, are sensitive to Li i¢n
Maier and co-workers performed similar measurements butopping processe€$:2 In Fig. 7 ’Li NMR spectra of both
at higherT; they were able to exactly determine botl, and  micro- and nanocrystalline kD, are shown. AlthougHLi
oeon Of Microsocrystalline lithium peroxid&. If we roughly  is a quadrupole nucleaus, due to symmetry reasons theic is
extrapolate their data on micro<40, towards room temper- no electric field gradient present at the Li sites which wo.'%
ature we getrion/ceon # 1000. The same can be anticipated lead to a so-called quadruple powder patt&rAt sufficiently
from our experiments. For our ball-milled sample, howeverlow temperature the NMR line is dipolarly broadened ana s
we foundaoion/oeon ~ 10. This trend is in qualitative agree- shape is similar to a Gaussian. For comparison, the ccr2-
ment with the result reported for nano,O,, which was, sponding rigid-lattice Li NMR spectrum of kO, crystalliz-
however, only softly milled in a Pulverisette 5 planetaryimi ing with cubic symmetry, looks very simildf2* At temper-
for just 1 hour: Gerbig et al. report on an increaser@f, by  atures below ambient the Li hopping ratés low and does
half an order andreon by one order of magnitud®.As is well no dfect the spectra. With increasing temperature, howevr:,
know, the milling conditions, such as the type of mill, the du increases and causes line narrowing. teaches the value o:
ration of milling, the atmosphere, the ball-to-powderaatic.,  the NMR line width, whichis 17.5 kHz at 290 K, homonucle< *
can drastically influence the structural properties an@&atef dipole-dipoleinteractions governingthe line in the rigittice
chemistry of the material obtained. regime become increasingly averaged. In the present ¢ése, ©
Irrespective of the exact influence of the milling condigpn so-called motional narrowing clearly proceeds in a heterca
this comparison reveals that during millingeo, increases nous way which means that a narrow NMR line emerges at
more thanrio, does, leading to a smaller ratigon/ceon. On  €levatedT and superimposes the broad dh&t8 The spec-
the basis of EPR, in ReB7 the increase ofreon (Measured trum of micro-LbO, reveals that this process starts at arcund
in oxygen atmosphere) of a ball-milled sample has been a#t82 K; it can be even better recognized when the spectr: m
sociated with an increasing concentration of superoxige Orecorded at 604 K is regarded.
species on peroxide sites corresponding to electron holes. Importantly, in the case of nanocrystallineO;, the sam=
Before we look in detail on Li jump rates and activation en-process occurs, however, it starts at significantly lowar-.C
ergies deduced from NMR, we shall compare the conductivperatures. For comparison, at 355 K the two dynamically dif-
ity results with other ion conductors. Taking into accolr@t ferent spin reservoirs can be wellfidrentiated from eac!.
electronic contribution to the total conductivity, ion ddmics  other while the corresponding spectra of the microcryisgll
in nanocrystalline LiO, turned out to be relatively poor. Val- sample still show the broad Gaussian-shaped line. Reguic-
ues ofaion in the order of 10%° Scnmt andoeonin the order  ing previous studies on nanocrystalline@iby Heitjans anc
of 1072 Scnt? are below those being desired for a lithium- co-workers258 such two-component NMR line shapes hee
oxygen battery. Preferably ionic conductivities shouldilbe been interpreted in terms of (mobile) Li spins residing in o
the order of 10° to 1072 Scnt?; electronic ones even two or- near the large volume fraction of interfacial regions gerc:
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Li,O, (micro) Li,O, (nano)
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116 MHz
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FIG. 7: Static’Li NMR spectra of microcrystalline (left) and nanocrysiradi (right) Li,O, recorded at 116 MHz and at the temperatures inui-
cated. The arrows indicate a motionally narrowed NMR lingesimposing the broad line being characteristic for Li iomsicrocrystalline
Li,0,. Since the electric field gradient at the Li sites in@j vanishes due to symmetry reasofiSNMR spectra of LyO, are composed of .
single line (the 'central’ line) only, see also R&B. The same situation is found,g, for Li,O with perfect cubic symmetr¥/.

ated during milling’#8® This assignment can also be adapted oFT T T T
to explain the spectra of nano-0,, which is anticipated to W
be characterized by a large number fraction of defects.eSinc

the feature of a two-component line shape did also show up B e ‘ I ]
for micro-Li,O; at elevated temperatures, the emergence of R °T A () /.,/" b

a narrow NMR line is either connected to thermally induced I “or o’ b

defects, forming also in micro-kO, or to an intrinsic hetero- z e o 7 B
geneous Lfi dynamics in the peroxide. E f’ e ]

It is worth noting that the heterogenous narrowing shown sk oo’ i i
in Fig. 7 for nanocrystalline LiO, is fully reversible. The o
irreversible decomposition into 4D, which smoothly starts O e
above 500 K according to T/BSC and which could also have ok ¢ i
its microscopic (atomic-scale) infancy at 473 K, cannot be e
used to explain the two-component behavior observed. Here, TK

we believe that its origin is almost completely related te th

mechanlcally induced defect-rich structure formed. The@ar f|G. 8: Line widths (fwhm, full width at half maximum) of thevo
fractionAs of the narrow NMR component as well as the evo-NMR components visible in th&.i NMR spectra shown in Fig?.
lution of the widths of the two NMR lines of nano4®, are  A; denotes the area fraction, which also equalsiln@ber fraction
shown in Fig 8. of fast difusing Li spins in nanocrystalline lithium peroxide preghrc

Starting from approximately 18 kHz the broad componentby high-energy ball milling.

slightly decreases. The motionally narrowed NMR line shows

up at elevated; its widths is 1.7(1) kHzA¢ reaches 5% at

450 K, thus, indicating that only a small number fraction of L

ions is involved in the fast diusion processAs corresponds veals an additional intensity slowly decaying with acciiosi

to the area fraction of that component of the FIDs which af-time, see also Réf. Before we briefly discuss the sepaiu’s
ter Fourier Transformation yields the narrowed NMR line. Inanalysis of this slowly decaying part in the frame of a spin-
Fig. 9 two FIDs of a spin-lockingRy, experiment (28 kHz) locking NMR experiment, which is certainly limited becauze
are shown which have been recorded at quiteecknt tem-  of the low intensity of this contribution, we firstly presehe
peratures viz. 233 K and 455 K. While in both cases the fastatesR; andRy, which can be deduced from the FIDs wh-n
decaying part corresponds to the broad Gaussian obtained dhe whole area under the curve is evaluated as a functior « f
ter Fourier transformation, only the FID recorded at 455 K re waiting or locking time.
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FIG. 9:7Li NMR (transversal) transients of nanocrystalline®j Lo T st docaving oart of FID. R
recorded with the spin-lock technique at 28 kHz and a Larmer f A ’ yinap e
quency of 116 MHz. In contrast to the signal recorded at 238, 3o, ! -8
FID obtained at elevatet reveals a slowly decaying intensity which &o 006,
is responsible for the motionally narrowed NMR line visilitethe 21 %% °,  SAENMR 1,
Fourier transforms in Figr. @ L\ ®e. J ° o g
% ®e ° o o fsj
€ 1r Rip ®*e, . —41 g
As an example, in Fig.l0 selected magnetization tran- = T e e
sients of our spin-lock experiments are shown. They quan- o e heoocecs o o o o | 0
tify the transversal decay ®fl,(tiock) according toM, (tiock) o K'\' R, { nano
exp(tiock/T10)72). vo(T) is shown in Fig.11 Over the I LRI L oo o |
whole temperature range the transients can be best fittld wit micro
stretched exponentials; a separation of the two spin reserv as 25 30 a5 a0 45 5o as
discussed above.g, by the use of two single exponentials, 100077 (K°)

is hardly possible because of the low number fraction of fast

relaxing spins. Therefore, the rates shown in Hifj. which  Fig. 11: a) Stretching factorg,, used to parameterize the vai-
gives an overview of the NMR rates (and stretching exponentgus magnetization transientg( R,,) and echo decay curves (SAZ
v) of nano-LpO, measured, represent those ions which are NONMR) of nano-Li,O,; b) Arrhenius plot of theéLi NMR relaxation
directly responsible for the motionally narrowed NMR line rates of nanocrystalline k®, measured. The rates shown were 2"~
detected. The observation that tRg-transients can only be tained by analysing the magnetization transients and eahwpihg
fitted with stretched exponentials rather than with a siegle ~ curves with stretched exponentials. The data were acqairdd &
ponential might be connected to the fact that non-expoakenti MHz (and at a locking frequency ab,/2r = 28 kHz. For com-
curves can be expected flri; this can be due to intrinsic as Parison. ther, rates of microcrystalline LD, are also shown. The
well as extrinsic reasons: (i) as a Spi12-31ucleus7Li inter- arrows point to those rates which were recorded during egoli

101 g (T acts with electric field gradients being associated witledisf
3= - D Mz introduced, (ii) the interaction with paramagnetic impies

may also lead to such a behavior, gord(iii) independent of

such extrinsic influences the underlying hopping correfai

function could be of non-exponential shape from the outtz:.

not being an intrinsic feature of a single ion hopping prece.

in nanocrystalline LiO;,, the latter could also be the result i

heterogeneous dynamids., the overall dynamics observed

is the result of a superposition of many jump processes cach

" ” - - being describable by single exponential motional coriatat

10 10 10 10 10 functions. The latter might be corroborated by the obs@mncz.

(s) that at leasty of our Ry, transients varies with temperature;

this points to a shift of Li dynamics in favor of an overe
FIG. 10: Temperature-variabl&i NMR Ry, transients recorded in (non-exponential) diusion process. Such a process increas-
the lab-frame using a spin-locking frequency of 28 kHz. @alnd  jhgly may become governed by correlated motion either e

dashed lines show fits with stretched exponentials. Theécktr® 5 structural disorder or repulsive (Coulomb) interactiai
exponentsy, are shown as a function afin Fig. 10. the jumping ions

magnetization (a.u.)
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FIG. 12: a) and byLi spin-lattice relaxation rates (116 MHz, 28 kHz locking@duency) of micro- and nanocrystalline,0, as a function
of inverse temperature. The dashed lines correspond tordaws characterizing the nonftlisive background contributions to the overall
rates. The correction procedure to obtain SLR rates maialyged by diusion is described in the text; solid lines represent Arilngfits, the
activation energies obtained are indicated. Arrows maekfitting ranges. c) comparison of thiei SLR NMR rates recorded in the rotatino
frame of reference with those obtained from SAE NMR for naig®,.

Compared to the correspondipgvalues of microcrystalline influence of non-dtfusive and weaker-than-activated bac.t:-
Li»O,, which vary over the temperature range covered fromground dfects on the (purely) diusion-induced rate®;,
0.84 to 0.72 Ry) and from 0.64 to 0.44Ry,), the results in- andrgi\E, we parameterized the low-temperature backgrorird
dicate that ball-milling shifty of R, towards values closer to rates with appropriate power lai&, « T#. An extrapola-
one rather thanfgecting the stretching exponents in the op-tion to higher temperatures allowed for calculating theree.
posite direction. At least, this is valid for the so-calleshn  diffusion-induce®y, qir rates (see unfilled symbols in Fit2
diffusive temperature regime which in the caseRpf be-  a)and b)). After this correction proceduR,, 4ir(1/T) of mi-
comes apparent below 200 K. For comparison, in the tempeecrocrystalline LyO, reveals a low-temperature flank pointita
ature regime covered here, tRerates are clearly notinduced to a (low-T) activation energy of 0.30 eV (Fid2 a)). This is
by translational Li dfusion; even up to 500 K only a non- in good agreement with calculated hopping barriers for nea-
diffusive background rate is detected which does only weaklatively charged Li vacancies (0.33 — 0.39 eV) by Radin =t
depend orT. This can be easily explained by theffdrent  al.?* and Hummelshgj et &2 The calculations of Radin anA
sensitivities of the two methods to Lifilisivity.*%8” While  Siegel reveal that the lowest energy pathway (0.33 eV) eoi:e
Ry, measurements do probe Li dynamics with jump rates irsponds to migration between adjacent octahedral 4ites.
the order of the locking frequency, that is, 28 kHz in our ¢case
Ry is, however, sensitive to jumps with rates on the MHz time At elevated temperatures, that is at 430 K, the NMR ra:cs
scale that is defined by the Larmor frequency itself. reach a plateau value. If not associated to slight microstru
It is worth mentioning that th&; rates apparently show a tural changes of the material, which are not detectable ia
shallow local minimum around 430 K. In the same temperaXRD, it might be related to a shallow local rate maximurm
ture regime, steps iRy, (1/T) (andrgiE(l/T)) show up (see Since no substantial NMR line narrowing shows up, this, hc..-
Fig. 12). These might be related to variations in th&uSion  ever, can only be an indication of localize@,, strictly short-
mechanism andr slight structural changes. The observationsranged Li motions between adjacent energy minima in u.e
will be discussed in more detail below. When analyzing thestructure of the peroxide. As mentioned above, such lo~=!-
low-T flanks of difusion-induced NMR rate peaks we expectized motions appear a8 # v (or ¢’ « v) in conductivity
activation energies being much smaller than that probed bgpectroscopy. With increasing temperature, the ratesaser
conductivity spectroscopy in the dc limit. This is simplyedu further and follow an Arrhenius line with an activation eggr
to the fact that in the lowF limit NMR relaxometry is in gen-  of 0.47 eV (Fig.12 a)). Interestingly, this value is in agree
eral sensitive to local jump processs rather than to lomgea ment with that proposed for the binding or interaction egey
ion transport. This has been recently outlined by our grougetween hole polarons and lithium vacancies (0.47%Ws
on a fluorine anion conduct&tHere, we use the results from we will see below, a somewhat smaller activation enery, 3
NMR to make comparisons with recent theoretical predigtion found by SAE NMR in this region (0.41 eV), which is in
about local hooping barriers. agreement with the first-principle calculations of Radim <~
For this purpose and for further analysis of our data, it isSiegel for nearest neighbor hole polaron hopping (0.424\V).
important to emphasize that the poor ion conductivity pcbbe Others have found 0.38 éVand 0.37 e\?* Hence, it cannot
expectedly manifests itself in the observation that ongrtite  be excluded that also polaron dynamics are indirectly sgen »
Ry, is able to probe Li dynamics below 500 K. This also holds’Li NMR. When comparing these values we have to keej»in
for the SAE NMR measurements, which reveal &utiion-  mind, however, that the involvement of trigonal prismaties
induced contribution at elevated temperatures. To septitat  in Li dynamics leads to a barrier of 0.39 é¥/.



Page 11 of 15 Energy & Environmental Science
11

Even after a generous background correction the correspondrate only the slowly decaying part of the FID it should be
ing rates of the nanocrystalline sample are shifted towardpossible to separate the ions being responsible for the nar-
larger values (see Fig2b)) and follow an Arrhenius law be- rowed line from those reflected by the broad one.
ing determined by a smaller activation energy of only 0.22eV In Fig. 9 the two vertically drawn arrows indicate the
As in the case of the microcrystalline sample a discontjnuit integration range we used to construct the corresponring
is observed. It shows up at 400 K and is most likely of thetemperature-variable magnetization transients. For eomp
same origin as discussed for the non-treated sample. For corson, in Fig.11b) the SLR rates resulted are shown as grey ~ir-
parison, in the case afsh. of nano-LiO; (see Fig.12c))  cles in the upper part of the Arrhenius diagram. Their tem€e-
it is shifted to even lower temperatures (360 K). The activa-ature dependence might be interpreted as a shallow maxim:m
tion energy turned out to be slightly larger than that probedince the rates indeed start to decrease with increasing iem
via the spin-lock NMR technique. Altogether, the shift ofth perature. With the maximum condition valid forRa,(1/T)-
relaxation and decay rates observed for the sample mechameak,w;7. ~ 0.5, we obtain a motional correlation rate ot
cally treated indicates enhanced local Li hopping as costpar 77! = 3.5x10° st at 473 K. Within a factor of two the correle
to the starting material, which has also been observed faion timer. is expected to be equal to the Li residence time ha-
nanocrystalline LiO™#8 and other ion conductors prepared tween two successful jumps. Assuming a mean jump dist2:.ce
by milling.63798%92 As in the case oR; of micro-Li,O,,  ofonly 2.5 A, the Einstein-Smoluchowski equation for 3D un-
above 400 K the rates; . increase further; the corresponding correlated motiot°yields a self-difusion cogficientD in the
activation energy is approximately 0.42 eV (as already menerder ofD(473 K) = 1 x 10°* m?s1. For comparison with
tioned above). conductivity spectroscopy, aftlision codicient within this

Let us point out that the fierence betweeR;, andrgl.  order is in good agreement with12< 10° Scnt' as probed
of nano-LpO, likely reflects the increased sensitivity of SAE at the same temperature. This agreement points out thar 1on
NMR to very slow Li exchange process@$7959° These transport to whichryc is sensitive, seems to be mainly gov
might be found in the crystalline cores of the nanostructure erned by the fast Li sub-ensemble detected by NMR. Thic Li
sample. Indeed, the shape of the curgg-(1/T) resembles reservoir could be a spatially local onearor in the surface-
that of Ry, (1/T) of micro-Li,O,. In the present case we tend influenced interfacial regions of the nm-sized, structyidis-
to interpret the SAE decay rates as dipolar relaxation rategrdered LO; crystallites’#* It might comparable to that ex-
rather than to take them as real jump rates. The latter hagected for that expected for Li ion surfacéfdsion.
been found for a variety of materials with Li migration path- For comparison with other Li ion conductors, both actr/e
ways being formed by multiple electrically inequivalent Li materials and solid electrolytes, dfdision codicient in the
sites. Because of both the small activation energy found bprder of D(473K) = 1 x 10°* m?s! reflects rather poo-
SAE NMR and the low pre-exponential factor associated, weon diffusivity. Considering recent examples that have beer: 1 -
thus suspect that dipole-dipole interactions stronglyiarice  vestigated by NMR, Li-bearing argyrodite ¢HSeBr, shows
the spin-alignment echo damping and hence govern the decaglues as high as 1& m2 s at 263 K8 Li diffusion in the
rates obtained. Furthermore, at the lowest temperatgigs ~ anode material Ligis in the order of 10*> m*s* at 300 K
seems to be increasingly influenced by spifitdion which ~ while we have 4« 10-2°m? s~1 in the case of nano-kD; (see
hamper the detection of echo damping that is (purely) induceFig.5).82 Additionally, the well-known garnet-type electroly.c
by particle difusion. Al-doped Li;Zr,LagO;, shows aD value of 1014 m?s™ at

Mechanical treatment has also afeet on the background a@mbient temperature rather than at 473 K; the correspoiiung
rates measured by the various NMR techniques. For botActivation energy is much lower and turned out to be 25
R, andRy, we observed an increase of the noffutiion in-  €V.*2. Interestingly, quite recently Siegel and co-workérs
duced rates by one order of magnitude. Several phenomesalculated the ion conductivity for amorphous,@} and
could serve as origins for this observation such as (i)ttric found enhanced dynamics characterized by Bent™. This
localized motions, as characterized by an NGieet (vide S three orders of magnitude larger than that for nanoc ys-
supra), (ii) coupling of the spins to unpaired electrongjigr ~ talline Li>O, prepared by ball milling.
a change of lattice vibrations. The increasing concemimati ~ Considering electronic properties, quite recently Geng et
of electron holes observed by Gerbig and co-workersght ~ al.*°* have employed first-principles density functional the-

be useful to explain such fiierences observed for ball-milled ory calculations to study the properties of gain boundarie.
Li,Os,. Li,O,. They report on electronic conduction channels in peh-

Taken together, enhanced long-range ion transport, as evfrystalline LbO. opened up by stable grain boundaries. Cou-
denced by conductivity spectroscopy; is also accompanyied b5'd€ring also space chargéieets, which are known to mfé g
increased short-range motions of all of tHe NMR spins.  €Nce both ionic and electronic charge carrier transi8re

This is reflected by decreased activation energies and ift Underpins the important role of interfaces being impa.:~
creased (dfusion-induced) overall relaxation rates. Impor- ©© consider when dynamic properties shall be engineered, se

tantly, the latter shows increased Li dynamics even in thie bu &/S0 Ref.S.
of Li,0, nanocrystallites. To detail the fadti spin reser-

voir as seen via NMR line shapes, let us reconsider the two-
component line shape and the associated FIDs of nanocry&harge carrier transport and Li ion dynamics of nanociys-
talline Li,O, at elevatedl in a quantitative way. If we inte- talline lithium peroxide were investigated by the complem~-

IV. SUMMARY AND CONCLUSIONS
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tary techniques of conductivity and NMR spectroscopy. Inin summary, enhancement of charge carrier dynamics in
agreement with the recent study by Gerbig et al. translation nanocrystalline LiO, is most likely related to the various
Li ion dynamics as well as electron transport turned out todefects and strain high-energy ball milling can introduce.
be rather poor in microcrystalline 4@,. After high-energy Defects are introduced in both the bulk and the surface-
ball milling, however, the overall conductivity has been in influenced regions of the nanocrystallites. In many cases *h
creased by more than two orders of magnitude and reachdarge volume fraction of interfacial regions formed during-
1.1x 101°Scnt! at room temperature. Potentiostatic polar- chanical impact show structural disorder facilitating fcans-
ization measurements reveal a discernable electronicibont  port over short and long distances. Although the enhanceracn
tion (approximately 10 %) to the total conductivity. Comgar is easily measurable, compared to other oxidic lithium icn
to the non-milled starting material, the activation enedgy = conductors it turned out to be much lower. It seems that baii-
creased from 0.88 eV to 0.82 eV. milling has a larger influence oo, than onojen; at room
While at very low temperatures the nearly constant lossemperature we foundion/oeon ~ 10, which is much large.
phenomenon leaves its fingerprints in the frequency deperihan the ratio estimated for the microcrystalline courdaetrp
dence of the conductivity’, above 250 K théLi NMR re-
laxometry measurements on nanei point to sort-range
motions with an activation energy of approximately 0.22 eV.
In a similar way this is also observed for microcrystalline
lithium peroxide, the activation energy, however, is soimatv
larger (0.30 eV). Most importantly, well below the decompo- The authors were equally involved in experimental workadart
sition range of nanocrystalline 4@,, the static’Li NMR line analysis and project planning. All authors have given aygire,
shapes are composed of two components. While the broad ote the final version of the manuscript.
is identical to that one observed for micra0p, the motion-
ally narrowed line represents a sub-ensemble of relatfasly
Liions. Analyzing this componentin the frame oTg NMR
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Short-range Li diffusion vs long-range ionic conduction in nanocrystalline lithium
peroxide Li;O, — the discharge product in lithium-air batteries

A. Dunst et al., Graz University of Technology
Broader context

Electrochemical energy storage is considered as the key technology to enable the shift from
fossil to renewable energies. Among the few alternatives to Li-ion batteries that theoretically
exceed significantly their specific energy, the non-aqueous Li-O, battery has attracted intense
interest. It relies on the reversible formation of lithium peroxide in the positive electrode, 2Li"
+ O, + 2e¢ = LiO,. Major challenges, however, face its practical realization. One is poor
charge transport in Li,O, that is widely recognized as a major factor limiting its achievable
amount on the conductive substrate during discharge and the rate and overpotentials at which
it can be formed and decomposed during cycling. So far, charge transport in Li,O, is only
poorly understood. To shed light on Li ion dynamics in Li,O, it needs to be investigated in a
complementary way by both macroscopic as well as microscopic techniques. In particular, Li
NMR relaxometry offers an atomic-scale access to information on the elementary steps of ion
hopping. Such results will build a first basis to understand the complex interplay of
morphology, defect density and ion transport in Li;O,. They may help to improve the key
metrics of the Li-O; battery, such as capacity, rate and efficiency.
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