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In Situ Observation of Solid Electrolyte Interphase Formation in Ordered 

Mesoporous Hard Carbon by Small-Angle Neutron Scattering

C. A. Bridges, X.-G. Sun, J. Zhao, M. P. Paranthaman, 
S. Dai, J. Phys. Chem. C 2012, 116, 7701–7711.
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Precipitation of Lithium Peroxide in Carbon for Li-Air Batteries by SANS

SIGRASET carbon paper

SEM

SANS, YuMO (IBR-2M)
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M.V.Avdeev, Submitted to J. Phys. Chem. Lett.
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Li-Ion Batteries: Interface Structure

From Gaston Narada International LTD
http://www.gaston-lithium.com/ 

Specific energy density: 100 - 250 W·h/kg



Neutron diffraction studies of electrochemical cell in operando 

Evolution of neutron diffraction from lithium-based electrical 
current source in the process of three charging/discharging 
cycles (~20 hours per cycle)

graphite

HRFD diffractometer, IBR-2 (Dubna)

Thermal mode of moderator

olivine
Bulk structure of electrodes
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Dendride Formation in Li Deposition



Optical micrographs
X-ray microtomography image

SEM image of lithium dendrites

Dendride Formation in Li Deposition
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Reflectometry studies of electrochemical interfaces
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In-Situ NR Studies of SEI Formation

Scheme of NR experiment 
with electrochemical interface
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EC   - ethylene carbonate
DEC - diethyl carbonate

Scheme of NR experiment 
with electrochemical interface
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Characterization of SEI in
50% d-EC-DEC-LiPF6/Cu

SLD: 10-20% lower than that 
of electrolyte;
thickness of 4 – 8 nm

V = 0 – 6 V 

Good model electrode 
- no Li intercalation

Matching of Si substrate

In-Situ NR Studies of SEI Formation



SEI detection by NR: choice of electrode material



Full matching of substrate

Calculations

Electrode



Full matching of substrate

Calculations

Difficult realization of strictly homogeneous structure with required SLD

Electrode



Single metal layer: probing of different materials

d2 ~ 4 – 8 nm
2 = (0.9 - 0.8) 3
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d2 ~ 4 – 8 nm
2 = (0.9 - 0.8) 3

Best material with respect to condition 
‘electrode SLD = electrolyte  SLD’

Maximal effect for ~50 nm thick layer

Poor adhesion: additional adhesive layer
(Ti, ~5 nm) is required   

Calculations
Electrode

Single metal layer: probing of different materials



Deposition and XRR characterization

X-ray measurements:
Centre for X-ray Diffraction Studies, St.-Petersburg State University
http://researchpark.spbu.ru/en/xrd-eng

Layer Thickness, Å SLD, × 10-6 Å-2 Roughness, Å

Cu 480 64.3 20

Ti 51 35.0 10

SiO2 7 15.0 7

Si - 20.1 2

Deposition: PNPI NRC KI
Cu[50 nm]/Ti[5 nm]/Si

CuCuO

SiO2

Si

Cu/Ti

Ti



IBR-2 Neutron Scattering Instruments

Diffractometers:

HRFD, RTD, DN-12, DN-6,

FSD, SKAT/Epsilon, FSS

Small-Angle Scattering:
YuMO

Reflectometers:

REMUR, REFLEX, GRAINS

Neutron Imaging: 

NRT

Inelastic Neutron Scattering:

NERA-PR, DIN-2PI

http://ibr-2.jinr.ru – User Policy 

GRAINS



Multifunctional neutron reflectometer GRAINS with a horizontal 
sample plane at the pulsed IBR-2 reactor (JINR, Dubna)

Stage I. Starting configuration. 

Liquid reflectometry  (2014)

Stage II. Polarization analysis (2016-2017)

http://flnph.jinr.ru/en/facilities/ibr-2/instruments/grains



NR measurements at air/solid, air/liquid and solid/liquid interfaces

Specular reflection

Incident beam

Background 

from fast neutrons

Ni(8.4nm)Ti(7nm)x8/Floatglass (MIRROTRON Ltd.)

TOF channels (32 µs per ch)

Z
  
 (

0
.6

7
 m

m
 p

e
r 

c
h
) 

NiMo(650A)/Si (PNPI NRC KI)

-100 0 100 200 300 400 500 600 700

0,0

2,0x10
-6

4,0x10
-6

6,0x10
-6

8,0x10
-6

1,0x10
-5


, 

n
m

-2

z, nm

0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10

1E-4

1E-3

0.01

0.1

1

R
e

fl
e

c
ti

v
it

y

Qz,A
-1

D2O/Si

0,005 0,010 0,015 0,020 0,025 0,030 0,035 0,040

1E-4

1E-3

0,01

0,1

1

R

q, A
-1

  45,3%

   50%

   60%

   70%

   80%

    90%

   100%

Contrast variation water/SiOx(40A)/Si

z

ρ(r), 
·1010cm-2

-0.56

6.34

Si

D2O

H2O

SiOx

2.07

3.2



Electrochemical cell for in operando NR measurements

nn

Configuration of originally designed three electrode

electrochemical cell for in operando neutron reflectometry



Neutron reflectivity experiments

after filling

d-PC

V.I.Bodnarchuk, A.A.Rulev, E.E.Ushakova, M.V.Avdeev, 
V.I.Petrenko, et al., Submitted to Appl. Surf. Sci.



Neutron reflectivity experiments

Experimental data

GRAINS reflectometer, IBR-2 (Dubna)

Fitting curves

d-PC

after filling



Neutron reflectivity experiments

The real-space profile of the scattering length density (SLD) as a function of depth for the electrodeposited 

layers, showing the evolution of the thickness, SLD, and interface roughness with charge growing. Fits were 

obtained with several parameters kept constant at values determined from previous OCV simultaneous fit.

after filling



Increase in the degree of heterogeneity of the electrodeposited layer (fitting parameter) as a function
of rate of the layer thickness (defined as charge passed through the cell).

Neutron reflectivity experiments



Conclusions

In contrast to other techniques probing electrochemical interfaces,
SANS and NR provide averaged information of the surface layer
evolution; this allows one to avoid artefacts related with the locality of
information which can be distorted by many factors.

The results of SANS and NR experiments on electrochemical interfaces
are indicative of the fact that nanoscale can be important for the
microscopic properties of these systems.
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