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Materials and methods 

Electrochemistry: Gas diffusion electrodes (cathodes) were fabricated by casting a mixture of 

activated carbon (Kuraray Chemical) and a lithiated Nafion® binder1,2 on carbon paper 

(Spectracarb). The cathodes were dried at 100°C for 24 h to remove all surface adsorbed water, 

after which discs of 12 mm were punched from the sheets. The preloaded Li2O2 cathodes were 

made by combining Vulcan  XC72 carbon (Cabot Corp.), Li2O2 (Sigma-Aldrich, 90%) and PTFE  

with a weight ratio of 4:1:1 in 2-propanol and casting the mixture on Toray carbon paper (TGP-

H-030, Fuel Cell Store). This was carried out in an argon-filled glove box (H2O and O2 content 

< 1 ppm). These preloaded Li2O2 electrodes were dried under vacuum at room temperature to 

remove the 2-propanol solvent. The electrolyte consisted of a solution of 1 M lithium 

bis(trifluoromethanesulfonyl)imide (LiTFSI, Aldrich) dissolved in dried and distilled 

tetraethylene glycol dimethyl ether (TEGDME, < 1 ppm H2O). The battery, comprised of the 

cathode, a glass microfiber separator (Whatman) soaked with the electrolyte and a Li-metal 

anode, were assembled in the operando X-ray diffraction (XRD) cell (described in the next 

section) in the glove box. The cell was subsequently connected to O2 (Linde, 99.995%) under a 

pressure of 1.5 bar where it was allowed to equilibrate for between 2 to 6 h before it was tested. 

Electrochemical (dis)charge tests were performed with a MACCOR battery cycler. An SEM 

image of the cathode at the end of discharge, under similar electrochemical conditions as those 

used in the operando diffraction experiments is shown in Figure S1.  
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Figure S1 Scanning electron micrograph of E-Li2O2 obtained at the end of discharge under the 

same electrochemical conditions as those used in the operando synchrotron diffraction 

measurements.  

Operando cell for synchrotron X-ray diffraction: A Li-O2 cell that allows X-ray diffraction 

measurements to be conducted in transmission mode during battery cycling was designed and 

custom built. A schematic picture of the cell is shown in Figure S2. One half of the cell is 

comprised of a Kapton® window with a diameter of 10 mm enclosed in a conical stainless steel 

casing with a small inlet to allow the intake of O2 gas. An Al mesh current collector was 

integrated into this half. The other half mirrored it, lacking only the O2 inlet with the Al mesh and 

formed the current collector on the anode side. The two halves of the cell were separated with a 

Teflon® spacer to prevent a short circuit leaving a gap of about 1.2 mm to accommodate the 

assembled battery stack, with the cathode on the side of the Al mesh and clamped together with a 

non-conductive clamp. 
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Figure S2 Schematic picture of the Li-O2 cell used for the synchrotron X-ray diffraction. 

 

Operando synchrotron X-ray diffraction: The synchrotron X-ray diffraction experiments were 

performed at the ID11 beam line of the European Synchrotron Radiation Facility (ESRF 

Grenoble, France). Figure 1, shows the experiment set up. A monochromatic X-ray beam with an 

energy of 42 keV (wavelength of 0.2952 Å) and dimensions of 260 nm × 5 µm was used to 

illuminate the Li-O2 cell. The grains that fulfilled the Bragg condition generated a diffraction spot 

on the 2D FReLoN2k CCD detector placed 200 mm behind the sample. During exposure the 

sample was continuously rotated around the axis perpendicular to the X-ray beam over an angular 

range of 0.5° during an exposure time of 60 s for the E-Li2O2 sample and over an angular range 

of 0.25° during an exposure time of 15 s for the C-Li2O2 sample. By collecting several 

subsequent angular exposures a total angular range of 7.5° was covered, resulting in a time 

resolution for individual measurements cycles of 15 min for the E-Li2O2 decomposition and 

7.5 min for the C-Li2O2 decomposition. The instrument parameters were calibrated using CeO2. 
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Figure S3 Contour plots depicting the time evolution of the {101} and {110} powder reflections 

during the decomposition of E-Li2O2 (left) and C-Li2O2 (right). These data were obtained by 

radial integration for each of the 2D diffraction patterns and summation over all ω angles. 

Corresponding galvanostatic charge curves as measured (during operando synchrotron X-ray 

diffraction) during decomposition of E-Li2O2 (C-Li2O2) using a current density of 100 µA/cm2 

(135 µA/cm2) are also depicted.  

 

Determination of the grain volume 

For diffraction spots from a single crystal the integrated intensity Ig is directly related to the 

crystal volume Vg by:3,4  
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where 0Φ is the incident flux of photons, Fhkl is the structure factor of the (hkl) reflection, λ is the 

photon wavelength, ω∆  is the angular range over which the grain is rotated, v is the volume of 

the unit cell, P is the polarization factor, Tr is the transmission factor, r0 is the Thomson 

scattering length and exp(-2M) is the Debye-Waller factor. The Lorentz factor of the grain is 

given by Lg = 1/sin(2θ), where 2θ is the scattering angle. The angles η and ω are the azimuthal 

angle and sample rotation angle, respectively. 

For a powder diffraction experiment, the integrated intensity Ip of a diffraction ring of a 

polycrystalline material with randomly oriented grains is given by: 3,4 
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where mhkl is the multiplicity factor of the  powder ring, V is the volume of the diffracting phase 

and Lp = 1/{4sin(θ)} is the Lorentz factor for an integrated powder ring. The volume of the 

diffracting phase is equal to V = f Vgauge, where f is the volume fraction of the diffracting phase 

and Vgauge is the illuminated gauge volume, which is defined by the beam size and the thickness 

of the sample.  

The volume of an individual crystal is calculated from the integrated intensity of an individual 

(hkl) reflection normalized by the powder intensity of the  powder ring in which the reflection 

from the individual crystal appeared: 
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Relation between the peak profile and the particle dimensions 

The peak profile I(Q) of the scattered intensity originating from a single particle at the Bragg 

condition Q = Qhkl can be described as I(Q)   ∝ |F(q)|2, where F(q) is the form factor of the 

particle and the wave vector is expanded as Q = Qhkl + q.  The scattering particles are toroidal in 

shape. For toroidal shapes the form factor has been derived explicitly.5-7 As the toroidal particles 

do not show the central hole, their shape can satisfactory be approximated by an oblate ellipsoid 

of revolution. The form factor of an ellipsoid of revolution with a semi-axis Rc along the rotation 

axis and Ra perpendicular to the rotation axis corresponds to8,9 
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where q = |q| is the length of the q vector, V = 4πRa
2
Rc/3 the volume of the ellipsoid, 

Rq = [Ra
2sin2(α)+ Rc

2cos2(α)]1/2 is the semi-axis of the ellipsoid in the direction of the q vector and 

α the angle of q with the rotation axis of the ellipsoid of revolution. Note that for a sphere (Ra = 

Rc = R) the semi-axis along the q vector reduces to Rq = R. The scattered intensity now generally 

corresponds to: 
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For increasing q the intensity is reduced to half of its maximum value at qRq ≈ 1.815. As a result, 

the intrinsic full width at half maximum (FWHM) of the diffraction peak amounts to ∆qparticle  ≈ 

2×1.815/Rq. For a finite instrumental resolution ∆qres the experimental peak width corresponds to 

∆qexp = [∆qres
2 + ∆qparticle

2]1/2. For the flat toroidal particles Rc < Ra, and therefore, the peak 

profile (characterized by ∆qparticle) is more extended along the rotation axis of the particle than in 

other directions. 

 

Orientation of the particle 

Electron microscopy experiments10  indicate that the Li2O2 toroidal particles grow with their axis 

of rotation aligned with the crystallographic c axis of the lattice structure. This means that for a 

given (hkl) reflection the angle ψ between the scattering vector Qhkl and rotation axis of the 

toroidal particle, which is along the crystallographic (001) direction, can be estimated11: 
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where a = 3.140 Å and c = 7.696 Å are the lattice parameters of the crystal structure of the Li2O2 

toroidal particles.12-14  For the (100), (110), (101) and (102) reflections this angle corresponds to 

ψ = 90o, 90o, 70.5o and 54.6o, respectively. The angle ψ defines the orientation of the peak profile 

on the detector. 
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Peak fitting 

In order to get information on the size of the grains, the intensity on the detector was fitted with a 

least squares fit to an anisotropic 2D Gaussian function  

2 2
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where bI  is a background intensity, 0I  is the amplitude of the peak, x and y are coordinates on 

the image, px  and py are the coordinates of the peak maximum,  ϕ is the angle of the peak with 

respect to the coordinate system, d and f the peak width along and perpendicular to detector angle 

η.  From d and f the full width at half maximum was calculated and corrected for the instrumental 

resolution. In Figure S4 an example of the fit is presented, with the corresponding projection in 

Figure S5. 

 

 

Figure S4 Gaussian fit to the peak shape of a (101) reflection from a C-Li2O2 crystallite. The 

surface represents the fitted anisotropic 2D Gaussian. The picture covers a range in reciprocal 

space of ∆Q = 0.28 Å-1 in the horizontal and vertical direction around the reflection. 
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Figure S5 Top view of the Gaussian fit of the peak shape for the grain shown in Figure S4. The 

picture covers a range in reciprocal space of ∆Q = 0.28 Å-1 in the horizontal and vertical direction 

around the reflection.  
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