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Carbon paper properties 
 

Table S1. SIGRACET #4412 Carbon paper properties 
Parameter Value 
Thickness 380 µm 
Areal weight 7.7 mg/cm2 
Surface area (BET) 18 m2/g 
Carbon black particles mean size 50±13 nm 

 
 

 
Figure S1. SIGRACET  #4412 carbon black particles size distribution The size distribution was 

estimated by a statistical analysis of SEM image with approximately 100 particles counted in 
total. 

 
 

 
Figure S2. SIGRACET  #4412 BJH pore size distribution 
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Figure S3. Raman spectra of SIGRACET  #4412. Raman scattering spectra were collected with 

a Renishaw inVia microscope with Ar+-laser operating at 514 nm wavelength 
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Calculation details 
Table S2. Parameters used in numerical simulations 

 
Parameter Value 
Temperature, 𝑻 293 K 
Open circuit cell voltage, 𝑼𝒄 − 𝑼𝒂 2.96 V vs Li/Li+ [1] 
Initial electrolyte concentration, 𝒄𝒆,𝟎  1 mol/L 
Anode exchange current, 𝒊𝟎𝒂 12.6 A/m2 [2] 
Cathode reaction rate constant, 𝒌𝟎 1 × 10-8 m/s (assumed, see [3] for details) 
Electrolyte conductivity, 𝒌 1 S/m [4] 
Li+ diffusion coefficient, 𝑫, 1.7 × 10-10 m2/s [4] 
Anion diffusion coefficient, 𝑫- 4.9 × 10-10 m2/s [4] 
Cation mobility, 𝒖, 2.8 × 10-14 m/sN [4] 
Oxygen diffusion coefficient, 𝑫𝑶𝟐 4.64 × 10-10 m2/s [5] 
Oxygen solubility (@ 1 atm.), 𝒄𝑶𝟐

𝟎   6.0 mM  
Carbon conductivity, 𝝈 100 S/m 
Discharge product resistivity, 𝑹𝑳𝒊𝟐𝑶𝟐 5.0 × 10-10 𝝮m (fitted) 
Carbon density, 𝝆𝒄 2.26 g/cm3  
Molar mass of Li2O2, 𝑴𝑳𝒊𝟐𝑶𝟐 45.88 g/mol 
Gravimetric density of Li2O2, 𝝆𝑳𝒊𝟐𝑶𝟐 2.31 g/cm3 
Initial small pore radius, 𝒓𝟎 15 nm 
Small pore volume fraction 3% 
Solid phase (carbon) volume fraction 12% 
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Additional discharge curves 
 

  

Figure S4. Experimental (solid) and simulated (dashed) galvanostatic Li-O2 disharge curves for 
carbon paper electrodes in 1M LiTFSI in MeCN at 500 µA/cm2. 

 

 
 

Figure S5. Galvanostatic Li-O2 disharge curves for carbon paper electrodes in 1M LiTFSI in 
MeCN and 1M LiTFSI in DMSO at 100 µA/cm2 that have been used in SEM experiment. 

 
Figure S6. Galvanostatic Li-O2 disharge curves of carbon paper electrodes in 1M LiTFSI in 

DMSO with 150 ppm of water at various current densities. 
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Determination of appropriate electrolyte volume 
 

For determination of appropriate electrolyte volume for utilization of whole volume of 

accessible pores we measured CVs of the cell with various electrolyte volume. Results are shown 

in Fig. S7.  Here, we can see that EDL charging current increases together with electrolyte volume. 

For subsequent experiments with DMSO-based solvent 130 µl was chosen as an appropriate 

volume. For experiments with MeCN 300 µl was added to each cell since MeCN is highly volatile 

solvent. 

 

Figure S7. CV for carbon paper electrodes in 1M LiTFSI DMSO in Ar with various electrolyte 
volume. 
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Neutron data processing 
 

Scattering curves for discharged electrodes 
 

Figure S8. Fragment of differential SANS curves at low q values for dry electrode and 
electrodes, which were galvanostatically discharged in 1 M LiTFSI in DMSO and MeCN at 

200 µA2cm-2geom. Solid lines shows Porod approximation. Region of Porod approximation (0.15-
0.7 nm-1) is colored in yellow. 
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Figure S9. Fragment of differential SANS curves at low q values for galvanostatically 
discharged electrodes in 1 M LiTFSI in MeCN and DMSO. 

 
SLD calculation 

SLDs were calculated using the common software available online [6]. 

Table S3. Properties of the cell components and the calculated SLD values. 

 Chemical formula M, g mol-1 r, g cm-3 SLD, ´1010 cm-2 
Carbon black C 12.01 2.15  7.17  
Lithium peroxide Li2O2 45.88 2.31 2.37  
LiTFSI LiN(CF3SO2)2 287.09 1.33 2.34 
DMSO (CH3)2SO 78.13 1.10 -0.004 
DMSO-d6 (CD3)2SO 84.17  1.19 5.28 
Acetonitrile CH3CN 41.05 0.79 1.32 
Acetonitrile-d3  CD3CN 44.07 0.84 4.92 
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1M LiTFSI 
1 M Li TFSI /d6-DMSO:  
j = 1´10-3 mol/cm3  
m/ r = 1´10-3 ´287.09 / 1.334 = 0.2152;  
SLD = 0.2152´2.3392+(1-0.2152) ´5.2781 = 4.64565´1010  cm-2 
 
1 M Li TFSI /d3-MeCN: 
j = 1´10-3 mol/cm3  
m / r = 1´10-3 ´287.09 / 1.334 = 0.2152;  
SLD = 0.2152´2.3392+(1-0.2152)´4.9222= 4.1493´1010 cm-2 
 

Carbon paper SLD determination 
 
To separate the contributions from open and closed pores, and analyze their changes with 

the contrast variation, first, the curve from pristine soaked electrode and the difference curve 

between pristine dry and pristine soaked electrodes are considered in Fig. S10, where all the curves 

are corrected for the incoherent background (the details are given below). As one can see, at 

sufficiently large q-values the two curves are of the power-law type with significantly different 

exponents. Fig. S10 clearly shows that the transformation of the initial curve from the pristine dry 

electrode to the curve from the soaked electrode is mainly related to the variation in the level ‘open 

pores’; the scattering for the level ‘closed pores’ at large q-values remains unchanged. The fact 

that the exponent in the power-law scattering in the difference curve satisfies the Porod law, I(q) 

~ q-4, is a strong indication that this curve represents mainly the scattering from the open pores, 

which are further filled with the solvent and matched at some extent against the carbon paper. It is 

important that this procedure does not change the q-dependence, and only the absolute intensity 

varies following the changes in the squared contrast factor 

(Δ𝜌)< = (𝜌> − 𝜌)<    (S1) 

 
which is the squared difference between SLDs of the carbon-based matrix of the paper, rs, and the 

pores, r. Since in the dry state the pores are empty, then r = 0, and (Dr)2 = (rs)2. After the pores 

are filled, the scattering from them is proportional to (rs - re)2, where re is SLD of electrolyte, i.e. 

the absolute intensity at the level ‘open pores’ is reduced by the factor of e2 = (rs - re)2 / (rs)2. Let 

us denote the experimental curves from pristine dry and soaked electrodes as I1(q) and I2(q), 

respectively, and introduce the scattering from the open pores at r = 0, Iop(q), and the scattering 

from the closed pores, Icl(q),which is insensitive to the contrast. Then, one can write: 
 

𝐼@(𝑞) = 𝐼BC(𝑞) + 𝐼EF(𝑞) (S2a) 
𝐼<(𝑞) = 𝜀<𝐼BC(𝑞) + 𝐼EF(𝑞)               (S2b) 
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The simplest calculations give: 

 
 𝐼BC(𝑞) =

HI(J)-	HL(J)
@-ML

      (S3) 
 

To evaluate further the contrast reduction factor e2 and, hence, determine rs, we used  

analysis of the curves for the two levels, which was based on the universal exponential/power-law 

approximation combining the Guinier regime at small q-values with the power-law type scattering 

at large q-values [7]. For the difference curve it gives:  

 

𝐼@(𝑞) − 𝐼<(𝑞) = 	𝐺𝑒-
PLQL

R + 𝐵 T @
J∗
V
W
	 (S4) 

 
where 

𝑞∗ = J

XYZ[	TP\Q
√^

V_
R    (S4a) 

and k is an empirical constant equal to 1 or 1.1 for the volume- or surface-type scattering, 

respectively, depending on the interval where the P exponent is varied (here, k = 1.1). For the 

difference curve in Fig. S10 one obtains G = 7000 ± 900 cm-1, R = 31.3 ± 1.4 nm, B = (6.3 ± 0.3) 

× 10-5, P = 4.00 ± 0.01. As the next step, in accordance with (S2) and (S3) the curve from the 

soaked electrode was modeled as a sum of two contributions of type (S4): 

𝐼<(𝑞) = 𝜀<𝐼BC(𝑞) + 𝐼EF(𝑞) =
𝜀<

1 − 𝜀< 	
a𝐼@(𝑞) − 𝐼<(𝑞)b + 𝐼EF(𝑞) =

= 	
𝜀<

1 − 𝜀< X𝐺𝑒
-J

LcL
d + 𝐵 e

1
𝑞∗f

W

_ + X1 −
𝜀<

1 − 𝜀<_
g𝐺EF𝑒

-J
LchiL
d + 𝐵 X

1
𝑞EF∗
_
Whi
j 

  (S5). 
 

Parameters in (S5) denoted by index ‘cl’ are referred to the intensity Icl(q). Here, we used 

the fact that, as compared to (S4), the scattering from the open pores is reduced by the factor ML

@-ML
. 

Parameters of (S4) were fixed at the values found above. Also, for Icl(q) the parameters of the 

power-law term were taken from the independent fit of I2(q) at large q-values, Bcl = (1.16 ± 0.02) 

× 10-2, Pcl = 2.34 ± 0.01, and fixed. Finally, the experimental curve I2(q) was fitted to Eq.S5 by 

varying just three parameters including e, Gcl and Rcl, which gave e = 0.06 ± 0.02, Gcl = 240 ± 30 

cm-1, and Rcl = 27.7 ± 1.3 nm. The corresponding contrast reduction factor, e2 ~ 0.004. The 

calculated contribution from the open pores corresponding to this reduction factor is shown in Fig. 

S10 for comparison with I2(q).  

It gives 𝜌> =
kl
@-M

= 4.943 × 10@s	cm-<.  
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Figure S10. Model exponential/power-law approximations (solid lines) to the scattering at two 
levels corrected for background. The exponents in the characteristic power-law dependences for 
the two curves are indicated. Dashed line shows the calculated scattering contribution to I2(q) by 

the reduced scattering the open pores filled with the electrolyte. 
 

Correction for the incoherent background 
 
 Pristine electrodes 
 

To correct the experimental SANS curves from the pristine electrode for the incoherent 

background we used the clearly observed asymptotic behavior of the power-law type: 

 
𝐼(𝑞) = v

Jw
+ 𝐶 (S6) 

 
First, the experimental curve from pristine ‘soaked’ electrode, which shows this behavior at 

sufficiently large q-values (see Fig. S11), was fitted to Eq. S6 Then, the curve corrected for the 

background was subtracted from the experimental scattering curve by ‘dry’ electrode. The 

resulting curve shows a distinct power-law dependence at large q-values (see Fig. S11) and was 

also fitted to Eq. S6. The resulting model curves are given in Fig. S11 together with the obtained 

power-law exponents. The found background values for the two curves are 0.009±0.001 

and - 0.001±0.0007 cm-1, respectively. The negative value in the second case means that the 

background scattering in the preliminary treatment (scattering from the empty sample cell as 

described in the ‘Experimental’ section) was overestimated. These found values were used to 

obtain the scattering curves in Fig. S10 
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Figure S11. Fits of experimental SANS curves (points) to Eq. S6. Arrows show the intervals 
used in the fits. Solid lines are the best model curves. The corresponding specific power-law 

dependences are denoted. 
 
Electrodes upon discharge 
 

The correction of the experimental SANS curves from the electrodes upon discharge was 

made basing on the comparison with the scattering curve from the pristine ‘soaked’ electrode, 

I2(q). The procedure is illustrated in Fig. S12 for one of the fully discharged samples. In Fig. S12a 

one can see a difference in the incoherent background at largest q-values. The additional side 

effect, which is strongly stochastic for all samples, is a slight difference between the curves in the 

q-region below q ~ 1 nm-1. Here, the curves differ by some factor, which is related to the deviations 

(±10%) in the sample thickness (in the calibration procedure the thickness of 400 µm was set for 

all samples in accordance with the properties of the used electrode paper). In Fig. S12a the regions 

of the corrections are denoted by the dashed ovals. To correct the curves, the ratio I(q)/I2(q) was 

plotted (see Fig. S12b). Then, the subtracted background value and the coefficient regulating the 

absolute intensity of the curve under correction were simultaneously varied to fit the considered 

ratio to unity in the denoted region. This procedure assumes that the curves with the almost 

matched open pores should repeat the I2(q) curve at large q-values (scattering from closed pores) 

besides the interval where the diffraction peak appears during the discharge. The resulting ratio 

between the corrected in this way curve and I2(q) is also shown in Fig. S12b, while the curve itself 

is plotted in Fig. S12c, again in comparison with I2(q). The I2(q) curve was then subtracted from 

the corrected curves for the electrodes under discharge. The corresponding difference curves are 

shown in the main text in Fig. 4a,b. 
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Figure S12. Steps of the correction of the scattering curves from electrodes under discharge for 
the incoherent background and electrode thickness. In (a) the regions of the corrections are 
denoted by the dashed ovals. Example is given for the fully discharged electrode under the 

current density of 200 µA cm-2. 
 

Volume fraction and specific surface area of open pores in pristine electrode material 
 

The volume fraction of the open pores at the scale below 100 nm was estimated using the 

Porod invariant: 

𝑄 = 	∫𝑞<𝐼(𝑞)𝑑𝑞    (S7) 
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The approximation to Iop(q) according to Eq. S4 was used to increase the q-range and, hence, 

the precision in Q. The corresponding dependence q2Iop(q) used is given in Fig. S13a. The obtained 

Q-invariant, 1.2 × 1021 cm-4, was related to the volume fraction of the open pores, j, by the 

standard equation: 

𝑄 = 2𝜋<(∆𝜌)<𝜑(1 − 𝜑)    (S8) 

where (Dr)2 = (rs)2, rs is the matrix SLD, and from the estimated rs = 4.943 × 1010 cm-2. Then, 

Eq. S8 gives j ~ 0.026. 

The specific area, S/V, of the open pores was also estimated from the Porod asymptotic 

behavior of Iop(q) at large q-values: 

lim
J→�

a𝑞�𝐼(𝑞)b = 2𝜋(Δ𝜌)< �
�
≈ 𝐵   (S9) 

where B is the parameter from the power-law type approximation (S4). The corresponding 

dependence q4Iop(q) is demonstrated in Fig. S13b. From B = 6.295×1028 cm-5 known from the fit 

and the contrast Drs one obtains S/V ~ 4.1 m2 cm-3. 

  
Figure S13. (a) The dependence q2Iop(q) used in the integration Eq. S7 for the Q-invariant. (b) 
The dependence q4Iop(q) illustrating the Porod limit Eq. S9. 
 

Li2O2 diffraction peak approximation. 
 

The curves are modeled in Fig.6c using the Eq. S10 combining power-law and the 

scattering describing the diffraction peak in a Gaussian approximation: 

𝐼�(𝑞) − 𝐼<(𝑞) = 	𝐵 T @
J∗
V
W
+ 𝐴	𝑒-

(P�P�)L

L�L + 𝐶    (S10) 

Modeled parameters are listed in table S4. 
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Table S4. Fitting parameters for high-q value region for scattering 

 

Parameter Value 

B 0.0118(3) cm-1 

R 37.9(5) nm 

P -3.85(1) 

A 0.020(1) cm-1 

qo 1.88(2) nm 

w 0.25(2) nm 

C 0.0012(4) cm-1 
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