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a b s t r a c t 

The key to understanding the performance of Li–O 2 batteries is to study the chemical and structural 

properties of their discharge product(s) at the nanometer scale. Using TEM for this purpose poses chal- 

lenges due to the sensitivity of samples to air and electron beams. This paper describes our use of in situ 

EELS to evaluate experimental procedures to reduce electron-beam degradation and presents methods to 

deal with air sensitivity. Our results show that Li 2 O 2 decomposition is dependent on the total dose and 

is approximately 4–5 times more pronounced at 80 than at 200 kV. We also demonstrate the benefits 

of using low-dose-rate STEM. We show further that a “graphene cell”, which encapsulates the sample 

within graphene sheets, can protect the sample against air and e-beam damage. 

© 2018 Elsevier B.V. All rights reserved. 
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1. Introduction 

Lithium–air or, more accurately, Li–O 2 battery with a high the-

oretical specific energy has attracted a lot of attention recently

[25,15,19] . As the name suggests, the operating principle of Li–O 2 

battery is based on the interaction between lithium (Li) and oxy-

gen (O 2 ). In a non-aqueous Li–O 2 battery, oxidation occurs at the

anode ( Li → L i + + e −) and lithium ions (Li + ) are transported via

the electrolyte towards the porous cathode support, where they

react with the incoming oxygen and electrons, flowing through an

external circuit, to form a reversible discharge product of lithium

peroxide (Li 2 O 2 ) [19,4] . During charging, Li 2 O 2 decomposes to Li + 

and O 2 . Worldwide research in the past five years has given

us a better understanding of the complex chemistry involved in

this process [23,21,1] . However, high overpotential during charging,

poor capacity retention and low cycle life are still the main obsta-

cles to developing applications of Li-O 2 battery technology [12,7] . 

It has been reported that the reversibility and charge overpo-

tential of Li–O 2 batteries depend strongly on the morphology of

Li 2 O 2 . Small peroxide particles cause a lower charge overpoten-

tial than large ones do [16,17] . It has been also reported that large

current densities ( > 200 μA/cm 

−2 ) lead to a quasi-amorphous thin-

film discharge product. The morphology of the discharge product
∗ Corresponding author. 
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lso depends on the type of carbon support and electrolytes used

n the battery [14] . 

In addition to the desired Li 2 O 2 , several undesired discharge

roducts are also formed. Depending on the electrolyte and cur-

ent density, it has been reported that significant amounts of ir-

eversible Li 2 O can form [7] . Moreover, several carbonate-based

roducts including lithium carbonates produced by decomposed

lectrolytes, especially in carbonate-based electrolytes, have been

eported [13] . Ether-based electrolytes, which are less prone than

arbonate-based electrolytes to superoxide attack, are a better

hoice for Li-O 2 battery because their main discharge product is

i 2 O 2 [3] . Carbon, the material most commonly used as a porous

athode support, can form carbonates caused by side reactions

ith the electrolyte [20] . Recently, several carbon-free support

athodes such as nano-porous gold, indium–tin oxide and titanium

itride have been used to avoid parasitic reactions involving car-

on and electrolyte and/or Li 2 O 2 , and hence to reduce the charge

verpotential and improve the cycling performance of Li-O 2 bat-

eries [22,18,5] . Furthermore, catalyst nanoparticles dispersed on a

orous cathode support have been used to improve the (dis)charge

verpotential and prolong the cycle life [18,5] . It has been specu-

ated that the catalyst particles control the growth of Li 2 O 2 facets

nd facilitate the growth of kinetically active facets, thus improv-

ng the reaction kinetics. Nevertheless, the working mechanisms of

hese catalysts are far from understood. 

The chemical properties of Li-O 2 batteries could be understood

n detail by analyzing the discharge product with respect to dif-

erent carbon and non-carbon cathode supports, binders and elec-
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Fig. 1. Schematic illustration of graphene cell preparation. The process is performed inside an argon glove box. (a) Holey-carbon TEM grid with graphene. (b) Li 2 O 2 suspen- 

sion in hexane is dripped onto the grid. Before the hexane has evaporated, a second grid is placed on top of it. (c) As the hexane evaporates, the graphene films adhere to 

each other, thus encapsulating Li 2 O 2 particles to form a “graphene cell”. 
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rolytes. Furthermore, structural and chemical studies of the dis-

harge product at the nanometer scale are needed to find probable

rystallographic and/or compositional variations between the dis-

harge products grown on catalyst particles and those grown on

ther areas of the cathode. This will enhance our ability to develop

etter catalyst/grain refiner nanoparticles. 

Transmission electron microcopy (TEM) studies of the discharge

roducts allow crystallographic and compositional analysis at the

ub-nanometer scale. However, the air and electron-beam sensitiv-

ty of the discharge products makes it difficult to retain the pristine

ondition of the sample throughout TEM measurements, which can

ender the results unreliable. In this work, we evaluate ways to

void air and e-beam degradation by using in situ EELS to analyze

ischarge products in their pristine form. 

. Experimental details 

We used Li 2 O 2 , Li 2 O and Li 2 CO 3 samples obtained from Sigma

ldrich to find the best conditions under which air and e-beam

egradation can be prevented. After crushing the sample, we pre-

ared a suspension in anhydrous hexane, which we dripped onto

EM grids. All sample preparations are performed inside a glove

ox filled with argon and with O 2 and H 2 O levels of < 1 ppm. To

revent exposure of the sample to air, TEM grids are loaded into

 custom-made vacuum transfer TEM holder inside the glove box.

or experiments with the “graphene cells” described below, a stan-

ard TEM holder is used. 

.1. Graphene cell preparation 

We prepared “graphene cells” by encapsulating Li 2 O 2 particles

etween graphene sheets as follows. First, multilayer (3–4 layers)

raphene films are transferred onto standard holey-carbon TEM

rids, following the procedure described in reference [6] . Briefly,

tandard Au Quantifoil grids (with holey-carbon film) are placed

n top of CVD-grown graphene on copper foil, onto which drops of

sopropanol are applied. As the isopropanol evaporates, the holey-

arbon film of the grid adheres to the graphene. The copper foil is

hen etched away with a FeCl 3 solution, and the graphene-coated

rids are rinsed several times with deionized water. Finally, the

rids are removed from the water and left on filter paper to dry

n ambient temperature. 

Two such grids form the scaffold of a graphene cell as follows.

irst, drops of the hexane suspension containing the Li 2 O 2 parti-

les are applied to the graphene sides of the grids. Then, before

he solution has completely evaporated, one graphene grid is im-

ediately placed face down on top of the other. As the hexane

vaporates, the graphene sheets adhere to each other, thereby en-

apsulating the Li 2 O 2 particles. We prepared the graphene cells in-

ide an argon glove box as schematically shown in Fig. 1 . 
.2. TEM investigation and Li 2 O 2 fraction calculation 

TEM measurements are performed in a FEI Tecnai microscope

quipped with a Gatan EEL spectrometer and operated at 80 and

00 kV. EEL spectra are recorded in diffraction mode with a reso-

ution of 0.7 eV, determined from the full width at half maxima of

he zero-loss peak. Li–K and O–K edges are recorded at acquisition

imes of 0.1 and 5 s, respectively. 

Under e-beam exposure, Li 2 O 2 gradually decomposes to Li 2 O,

eaning that the proportion of Li 2 O 2 in the sample decreases with

ncreasing Li 2 O. To determine which experimental conditions will

etain Li 2 O 2 in pristine condition the longest during TEM analy-

is, we acquired time-evolved EELS series for different experimen-

al conditions. 

The fraction of Li 2 O 2 at each instant of an EEL spectra series is

alculated as follows. Background-subtracted pristine Li 2 O 2 , indi-

ated by the absence of a peak at 533 eV, and 50% decomposed

i 2 O 2 , indicated by peaks of equal intensity at 530 and 533 eV,

re designated as two reference spectra. To determine the propor-

ion fraction of Li 2 O 2 in a spectrum, the background is subtracted

rom the spectrum and a least-squares fit is used to calculate the

wo scale factors to be applied to the reference patterns such that

heir sum best matches the spectrum under consideration. A sim-

le computer program is written to automate the spectra analysis.

lthough we took extreme care to choose areas with similar par-

icles for all the different series, thickness variations between the

reas cannot be eliminated. And since the thickness variation in

he sample may affect the EELS edge profile, which in turn would

ffect our ability to quantify the fraction of Li 2 O 2 , we assigned the

eference spectra from the corresponding series. If the first spec-

rum of the series already contained a peak at 533 eV, a spectrum

rom another area with no peak at 533 eV is used as the first ref-

rence. Note that such reference spectra can lead to a less reliable

nalysis. 

. Results 

We studied the effect of air and e-beam exposure on Li 2 O 2 , Li 2 O

nd Li 2 CO 3 using electron energy loss spectroscopy (EELS). EELS is

 very powerful technique that can provide detailed chemical infor-

ation about the sample under TEM investigation [8] . Background-

ubtracted Li–K and O–K edge EEL spectra acquired from Li 2 O 2 ,

i 2 O and Li 2 CO 3 are shown in Fig. 2 (a) and (b), respectively. These

EL spectra agree well with previously reported XAS spectra [24] .

he unambiguous differences between the spectra of Li 2 O 2 , Li 2 O

nd Li 2 CO 3 are due to differences in the local Li and O environ-

ents in these compounds. These spectra can be used as reference

pectra to verify the chemical compositions of the Li–O 2 battery

ischarge product. One of the predominant differences in the EEL

pectra is the O–K edge position for Li 2 O 2 (at 530 eV) and Li 2 O (at

33 eV). Therefore, O–K edge is monitored for further studies. 
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Fig. 2. Li 2 O 2 , Li 2 O and Li 2 CO 3 EEL spectra (a) Li–K edge and (b) O–K edge. 

Fig. 3. Effect of air exposure on Li 2 O 2 is shown by the O–K edge EEL spectra. 
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The air-sensitive nature of Li 2 O 2 is shown in Fig. 3 . The EEL

spectrum acquired from Li 2 O 2 exposed to air for one hour in am-

bient atmosphere is quite different from that of the Li 2 O 2 not ex-

posed to air, which was obtained using a homemade TEM holder

with a vacuum transfer stage. 

Electron beam irradiation in a TEM can change the pristine na-

ture of Li 2 O 2 and Li 2 CO 3 samples. Fig. 4 (a) shows the typical evo-

lution of O–K edge Li 2 O 2 EEL spectra under 200-kV electron beam

exposure. Increasing e-beam exposure reduced the intensity of the

peak at 530 eV, whereas a further created a new peak at 533 eV.

The simultaneous reduction of the peak at 530 eV and the increase

at 533 eV with increasing e-beam exposure reveals that e-beam ir-

radiation transformed Li 2 O 2 into Li 2 O. The detailed evolution of the

EEL spectra during the transformation can be viewed in Movie S-

1. It is evident in Fig. 4 (b) and (c) that e-beam irradiation trans-

formed the single crystalline Li 2 O 2 particles into polycrystalline

Li 2 O. The complete evolution of Li 2 O 2 particles under e-beam irra-

diation can be viewed in Movies S-2a and S-2b. It is apparent that

this transformation did not proceed via core-shell growth, where

Li 2 O would be is the newly formed shell. Like Li 2 O 2 , Li 2 CO 3 is

transformed under e-beam irradiation to Li 2 O, as can be concluded

from Fig. 4 (d). 

For a reliable chemical and structural analysis of the discharge

product, it is essential to retain the sample in pristine condition

throughout the measurements. Thus, the transformation of dis-

charge product due to air exposure and e-beam irradiation must

to be eliminated. Using a vacuum transfer TEM holder eliminates

air exposure of the TEM sample during the transfer process. There-

fore, air contact to the sample can be completely avoided if the

TEM sample is prepared and loaded into a vacuum transfer TEM

holder in a glove box. Although it is not possible to eliminate e-

beam irradiation damage completely, suitable imaging conditions
an delay the onset of Li 2 O 2 decomposition long enough to ac-

uire information from the pristine sample. Thus, the main goal

f the research reported in this paper is to determine the optimal

maging parameters that delay the onset of Li 2 O 2 decomposition,

hich we achieved using in situ EELS as will be discussed in the

ollowing sections. 

.1. TEM acceleration voltage 

It is well known that acceleration voltage plays a significant role

n determining e-beam damage [11,9] . To check the effect of ac-

eleration voltage on the decomposition rate of Li 2 O 2 , EELS mea-

urements are carried out at 80 and 200 kV with the same elec-

ron dose rate of 8900 e/nm 

2 s. Fig. 5 compares the O–K edge EEL

pectra acquired at 80 and 200 kV from a fresh sample area not

ubjected to prior e-beam exposure. Note that during the acquisi-

ion time (5 s) of an EEL spectrum, the fresh areas are exposed to

-beam irradiation. The samples are exposed to additional irradia-

ion for approximately another 5 s, which is the time required to

et up the microscope for the EEL spectrum acquisition. Therefore,

or the EEL spectra under consideration, the fresh areas are actually

xposed to some 10 s of e-beam irradiation. The EELS spectrum ac-

uired at 80 kV shows peaks at 530 and 533 eV. This indicates that

 significant fraction of the Li 2 O 2 particles are transformed into

i 2 O (Li 2 O 2 fraction in the sample is ∼70%). The EEL spectrum ac-

uired at 200 kV with the same electron dose shows no detectable

eak at 533 eV, meaning that no decomposition occurred during

xposure. This indicates that e-beam irradiation damage for Li 2 O 2 

s faster at 80 than at 200 kV. Moreover, as can be inferred from

ig. 6 (a), it takes 4–5 times longer for the electron irradiation at

00 than at 80 kV to decompose similar amounts of Li 2 O 2 (Li 2 O 2 

raction in the sample is ∼70%). Thus, to retain the pristine nature

f Li 2 O 2 for longer periods, imaging is better at 200 than at 80 kV.

.2. Electron dose rate 

The Li 2 O 2 -to-Li 2 O transformation also occurs at 200 kV. Fig. 6 (a)

hows for an e-beam dose rate of 8900 e/nm 

2 s how Li 2 O 2 fraction

n the sample is reduced. To demonstrate this process, consecu-

ive EEL spectra are acquired from the same area of Li 2 O 2 sam-

le within 10 s of e-beam exposure, and theLi 2 O 2 fraction in the

ample is then determined from each spectrum. Please refer to the

xperimental section for details. The graph shows that, for a dose

ate of 8900 e/nm 

2 s, the onset of Li 2 O 2 decomposition began after

0 s of e-beam exposure. Thus, Li 2 O 2 samples remain in pristine

ondition for the first 20 s of e-beam exposure. Further irradiation

educed the proportion of Li 2 O 2 , and 50% of the Li 2 O 2 had decom-

osed within 160 s. 
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Fig. 4. (a) Effect of e-beam irradiation on Li 2 O 2 revealed by the O–K edge EEL spectra. Li 2 O EEL spectrum is given as a reference. All O–K edge EEL spectra are acquired at 

200 kV with an acquisition time of 5 s using a vacuum transfer holder. Owing to e-beam exposure, single crystalline Li 2 O 2 particles (b) are transformed into polycrystalline 

Li 2 O (c). (d) Effect of electron beam irradiation on Li 2 CO 3 . 

Fig. 5. Comparison of the e-beam irradiation effect on Li 2 O 2 at different accelera- 

tion voltages. Both spectra are recorded from a fresh spot of the sample with elec- 

tron dose rate of 8900 e/nm 

2 s. 
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To determine the dependence of decomposition onset on the

ose rate, we repeated our experiment with different dose rates.

ig. 6 (b) compares the time required to initiate Li 2 O formation for

90 0, 890 0 and 38,0 0 0 e/nm 

2 s. For a dose rate of 1900 e/nm 

2 s,

he onset of decomposition is delayed for 60 s, whereas for a dose

ate of 38,0 0 0 e/nm 

2 s and above, no onset of decomposition is

bserved (first acquired EEL spectrum shows a presence of Li 2 O).

hus, it can be concluded that the decomposition onset can be de-

ayed by using a lower dose rate. The total dose required to ini-
iate Li 2 O formation for dose rates of 1900 and 8900 e/nm 

2 s are

1.14 × 10 5 and 1.78 × 10 5 e/nm 

2 , respectively. The dependence of

he decomposition on the total electron dose is addressed later in

he paper. The typical decomposition trends of Li 2 O 2 at different

lectron dose rates are shown in Fig. S-3. 

To verify these decomposition trends, we repeated the exper-

ment for each dose rate. Variations in decomposition time are

ound between different measurements at the same dose rates,

ee Fig. S-4(a). These differences can be attributed to the differ-

nt thicknesses of the samples, where thin samples are prone to

amage sooner, as reported by Egerton [11] . Slow transformations

f thick Li 2 O 2 samples are observed (not included here). The times

equired for 50% Li 2 O 2 decomposition from various experiments

re shown in Fig. S-4(b). 

.3. Graphene cell 

It is predicted in the literature that conductive coating could re-

uce e-beam irradiation damage in insulating samples [11] . With

his in mind, we used a graphene cell, which encapsulate the

ample with conductive graphene sheets. A schematic descrip-

ion of graphene cell preparation is shown in Fig. 1 . To deter-

ine whether a graphene cell can reduce the e-beam decompo-

ition of Li 2 O 2 , we acquired several EEL spectra series. Fig. 7 (a)

hows a typical decomposition of Li 2 O 2 in a graphene cell for

 dose rate of 8900 e/nm 

2 s. Compared to a standard grid sam-

le, the graphene cells delayed the onset of Li 2 O 2 decomposition:

i 2 O 2 in a graphene cell withstood four times the e-beam expo-

ure than a standard grid sample. The variation in the effective-

ess of graphene cells against e-beam decomposition is described

urther on in this paper. With increasing e-beam exposure, Li O 
2 2 
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Fig. 6. (a) Typical decomposition trend of Li 2 O 2 with dose rate of 8900 e/nm 

2 s. (b) Effect of electron dose rate to initiate Li 2 O formation. All data are for 200 kV irradiation. 

Fig. 7. Effectiveness of a graphene cell in delaying the formation of Li 2 O. (a) A typical decomposition trend of Li 2 O 2 with a dose rate of 8900 e/nm 

2 s. (b) Effect of electron 

dose on Li 2 O formation onset. All data are for 200 kV irradiation. Average values from the standard grid are given as a reference. 
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in a graphene cell began to decompose and, within 15 min of e-

beam exposure, 50% of the Li 2 O 2 had decomposed into Li 2 O. As in

the standard grid, the onset of Li 2 O 2 transformation is further de-

layed in a graphene cell when the electron dose rate is reduced

to 1900 e/nm 

2 s. In this case, no detectable Li 2 O 2 decomposition

had occurred for the first 350 s of e-beam exposure, which is four

times higher than that for an electron dose rate of 8900 e/nm 

2 s in

a graphene cell and approximately six times more than that with

a standard grid at the same electron dose rate of 1900 e/nm 

2 s.

The effectiveness of a graphene cell in delaying the onset of de-

composition is also observed for higher dose rates. For a dose

rate of 38,0 0 0 e/nm 

2 s, a graphene cell delays Li 2 O 2 decomposi-

tion for 25 s, compared to a standard grid, in which an average

of 20% of Li 2 O 2 decomposed after 10 s of e-beam exposure. When

the e-beam dose rate is increased to 225,0 0 0 e/nm 

2 s, no decom-

position was observed in samples encapsulated in a graphene cell.

Fig. 7 (b) compares the time required to initiate Li 2 O 2 decompo-

sition in graphene cells and standard grid samples at different

dose rates. The total doses required to initiate Li 2 O formation in

a graphene cell for dose rates of 190 0, 890 0 and 38,0 0 0 e/nm 

2 s

are ∼6.65 × 10 5 , 10.68 × 10 5 and 9.5 × 10 5 e/nm 

2 , respectively. 

For samples encapsulated in a graphene cell, the oxygen re-

leased during the Li 2 O 2 -to-L 2 O transformation would be trapped

within the graphene pocket, thus creating an oxygen-rich environ-

ment. One might predict that this oxygen-rich environment delays

the Li 2 O 2 -to-Li 2 O transformation. However, we used an electron

beam to drilled holes in the graphene cell close to the sample area

to allow oxygen release, but observed no significant difference in

the Li 2 O 2 decomposition behaviour. Therefore, the oxygen-rich en-

vironment is at least not the main reason for the delayed Li 2 O 2 

decomposition. 
To determine whether the graphene cell is consistently effective

hroughout the grid area, we acquired several sets of EEL spectra

rom different areas of the graphene cell. Fig. S-5 shows the time

equired for a 50% Li 2 O 2 decomposition at different dose rates.

learly, although the graphene cell shows better performance in

eneral than the standard grid in terms of lowering the decompo-

ition rates, but the performance of the graphene cell is not consis-

ent everywhere. The trends of decomposition in a graphene cell at

ifferent dose rates are shown in Fig. S-6. Average decomposition

urves from standard grids are shown for easy comparison. We at-

ribute the large variation in e-beam-induced decomposition to dif-

erences in the encapsulation of Li 2 O 2 by the graphene sheets. As

hickness variations of the samples also led to variations, is it dif-

cult to uncouple the performance of the graphene cell in various

reas of the grid. 

Apart from delaying Li 2 O 2 decomposition, the graphene cell

lso protects Li 2 O 2 from degradation due to air exposure. EEL spec-

ra acquired from Li 2 O 2 in graphene cells exposed to air are quite

imilar to those in non-exposed samples. This indicates that Li 2 O 2 

ithin a graphene cell can be retained in pristine condition, even

f the cell is exposed to air. Therefore, a graphene cell acts as a

apsule for air-sensitive discharge products. Fig. S-7 compares non-

ir-exposed Li 2 O 2 O–K edge spectra with air-exposed samples in a

tandard grid and a graphene cell. 

.4. STEM mode 

In scanning-TEM (STEM) mode, a focused probe is scanned over

he sample residing for only a short time (generally a few μs,

epending on dwell time) over the same spot. To check whether

his kind of irradiation could increase the onset of Li O de-
2 2 
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Fig. 8. Comparison between the total dose required to decompose 50% of Li 2 O 2 at 

different dose rates in a standard grid and a graphene cell at 200 kV. 
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omposition, we exposed the sample undergoing STEM scanning

o different electron dose rates. In STEM, the dose rate can be

hanged in two ways: changing the beam dwell time or chang-

ng the pixel size by changing the magnification. For a dose rate of

ess than 100 e/nm 

2 s, we found that Li 2 O 2 can withstand 30 min

f STEM scanning without appreciable decomposition. Therefore,

TEM mode is ideal for studying the morphology of the discharge

roduct while retaining the pristine nature of the sample. 

However, we observed faster Li 2 O 2 decomposition with increas-

ng dose rate. For example, at a dose rate of 100 e/nm 

2 s, Li 2 O 2 

nder STEM scanning remains in pristine condition for 30 min,

hereas for a dose rate of 28,0 0 0 e/nm 

2 s at a magnification of

60 kX and a dwell time of 50 μs, 50% of the Li 2 O 2 decomposed

ithin 30 s. Details about the parameters used during our STEM

nvestigations are listed in Table S-8. 

. Discussion 

As the reaction products of degradation caused by exposure to

ir or e-beam irradiation are quite similar to some of the discharge

roducts in a Li–O 2 battery, it is essential to keep the sample in

ristine condition until and during TEM analysis Degradation due

o air exposure during sample transfer to the TEM can be avoided

y using a vacuum transfer TEM holder or a graphene cell. In both

ases, Li 2 O 2 is kept in pristine condition during insertion of the

ample into the TEM (Figure S-7). For the air exposure test, the

EM sample is kept at ambient atmosphere for 1 h. Therefore the

hanges in EEL spectra are due to air exposure of 1 h. We chose

his duration of air exposure to show the effect prominently. It

hould be pointed out that the EEL spectrum acquired after air ex-

osure for 2 min showed no significant difference from the non-

ir-exposed sample (not shown here). However, a few-nanometer-

hick Li 2 O 2 layer, typically formed during the fast discharge, is

ikely to be transformed much faster in contact with air than the

ample under study. Therefore, to ensure that the sample is kept

n pristine condition for TEM investigations, air exposure should

e avoided entirely. 

Although it is not possible to prevent e-beam damage com-

letely, our results show that the pristine condition of Li 2 O 2 can

e preserved longer against e-beam irradiation by using (a) a rela-

ively high acceleration voltage, (b) a lower electron dose rate, (c)

 graphene cell and (d) STEM mode. It is observed that, at 200 kV,

i 2 O 2 can sustain an electron dose that is 4–5 times higher than at

0 kV. Moreover, Li 2 O 2 encapsulated in a graphene cell can sustain

n electron dose that is approximately 4 times higher than Li 2 O 2 

n a normal TEM grid before it begins to decompose. Keeping the

ample at low temperatures using a cryo-transfer holder can also

elp to preserve the sample in its native state; a detailed study of

his parameter is the subject of further research. 

Decomposition of Li 2 O 2 to Li 2 O occurs also if Li 2 O 2 is heated.

t has been reported that Li 2 O 2 decomposition proceeds via Li 2 O 2 –

i 2 O solid solution formation until 50% of the Li 2 O 2 has decom-

osed [26,27] . However, our EELS study showed that, with increas-

ng e-beam exposure, the peak around 530 eV became weaker and

imultaneously a new peak at approximately 533 eV appeared and

ncreased (Movie S-1). The presence of two distinct peaks at 530

nd 533 eV, which are representative of Li 2 O 2 and Li 2 O, respec-

ively, throughout the Li 2 O 2 -to-Li 2 O transformation indicate that

o solid solution is formed during e-beam decomposition. Further-

ore, the electron diffraction Movie S-2b shows that there is no

pitaxial relation between Li 2 O and Li 2 O 2 . 

For insulating materials in TEM, the knockout displacement

ross section is considerably lower than that of ionization damage.

herefore, although knockout damages do occur in insulating spec-

mens, ionization damage remains the predominant form of dam-

ge [10] . As the inelastic scattering cross section varies inversely
o the acceleration voltage, Li 2 O 2 decomposes faster at 80 than at

00 kV. 

Our experiments show that a “graphene cell” can delay Li 2 O 2 

ecomposition as depicted in Fig. 7 (b). Zan et al. and Algara-

iller et al. have demonstrated the damage reduction capabil-

ty of graphene by encapsulating MoS 2 between graphene sheets

2,28] . One can argue that the configuration in our sample, un-

ike the almost two-dimensional graphene–MoS 2 –graphene sand-

ich, is quite different: the Li 2 O 2 particles are tens of nanometers

hick and are only partly covered with graphene, resulting in only

 small reduction of e-beam damage. But, the clear damage reduc-

ion observed for Li 2 O 2 encapsulated in a graphene cell suggests

hat even partial graphene coverage can delay the decomposition

f Li 2 O 2 . Although the exact mechanisms responsible for the re-

uction of beam damage are difficult to determine with certainty,

he remarkable electric and thermal conduction of graphene is ex-

ected to contribute effectively to dissipating accumulated charge

nd/or heat under an electron beam. However, comparing results

rom different parts of a graphene cell, we found that the effec-

iveness of graphene cell is not consistent throughout the grid.

his is probably due to the flawed attachment of graphene sheets

nd Li 2 O 2 particles at that particular area. Functionalization of

raphene sheets may improve the attachment properties. 

Note that, for both standard grid and graphene cells, lower elec-

ron dose rates delay the decomposition onset. However, at higher

ose rates, decomposition onset does not appear to occur at all

 Fig. 7 (b)). This suggests the possibility of a threshold dose rate

elow which an onset of decomposition can be found. However,

y comparing the total dose required for a 50% Li 2 O 2 decompo-

ition ( Fig. 8 ) in a standard grid and a graphene cell at different

ose rates, we found that the total dose required for decomposi-

ion is roughly independent of the e-beam dose rate. This implies

hat decomposition is dependent on the total dose. 

We found that Li 2 O 2 could withstand STEM scanning for 30 min

or electron dose rates lower than 100 e/nm 

2 s without decompos-

ng at all. Therefore, one may conclude that Li 2 O 2 can withstand a

igher electron dose in STEM mode than in TEM mode. However,

hen we calculate the total dose to which Li 2 O 2 particles were ex-

osed during STEM scanning, we found it to be one order of mag-

itude less than that required to decompose Li 2 O 2 particles in TEM

ode [Table S-8]. Furthermore, as mentioned above, increasing the

ose rate by decreasing the pixel size ( i.e. , increasing the magnifi-

ation) and/or increasing the beam dwell time accelerates the de-

omposition of Li 2 O 2 . Although this result suggests at first glance

hat the decomposition is dose rate dependent, our calculations of
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the total dose clearly shows that decomposition is dependent on

the total electron dose [Table S-8]. 

5. Conclusion 

TEM provides the ability to obtain chemical, structural and mor-

phological information about discharge products at a local scale,

which is essential for understanding the complex chemistry and

further improving Li–O 2 battery technology. However, we have

shown how the sensitivity of discharge products to air exposure

and electron-beam irradiation limits the application of TEM in Li–

O 2 battery research. 

Concerning damage caused by e-beam irradiation, we found

that the onset of Li 2 O 2 decomposition occurs 4 to 5 times faster

at 80 than at 200 kV electrons for the same dose rate. Therefore,

we recommend that relatively high acceleration voltages be used

in TEM studies. However, for acquiring chemical information us-

ing EEL spectra, one should bear in mind that the EELS signal also

increases at low acceleration voltages, therefore the signal/damage

ratio is independent of accelerating voltages without considering

signal-collection efficiency and statistical noise [11] . 

As decomposition is dependent on the total dose, using a low

e-beam dose rate obviously delays the onset of decomposition and

thereby allows the sample to be analysed in its pristine state. For

instance, at 200 kV in TEM mode, the onset of Li 2 O 2 decompo-

sition occurs after 60 s at an electron dose rate of 1900 e/nm 

2 s

compared to 20 s at 8900 e/nm 

2 s. The total dose rate-dependent

decomposition is also evident in STEM mode, where no decompo-

sition of Li 2 O 2 is evident until a total dose of 4.8 × 10 4 e/nm 

2 has

been reached. 

We also found it necessary to avoid air contact to preserve

the sample in its pristine state. This can be achieved by using

a TEM holder with vacuum transfer functionality or a “graphene

cell”, where the discharge product is encapsulated between two

graphene sheets that protect the sample from air contact while be-

ing transferred to the TEM. 

A graphene cell also delays the onset of e-beam degradation

compared to the sample on a standard TEM grid. Although the

performance of the graphene cell is not consistent throughout the

grid, probably due to faulty encapsulation, and further work is

needed to improve the contact between the graphene and the

Li 2 O 2 or other beam-sensitive materials, we can nevertheless con-

clude that graphene cells are promising carriers for studying Li–O 2 

battery discharge products. 
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