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The use of neutron reflectometry methods
for the study of nanometer-scale
electrochemical systems: a review
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A method of optimizing a model electrochemical cell for conducting a neutron reflec-
tometry experiment to study the processes of formation and evolution of a critically
important solid electrolyte interphase layer on the electrode is proposed. During the
optimization of the model cell, its optimal parameters are set. The conducted experiment
proved the possibility of using neutron reflectometry on an optimized model experimental
cell for the study of the solid electrolyte interphase layers with a thickness of more than
1 nm.
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Buxopucrannsg MeToxiB HEMTPOHHOI pedeKTOMeTpPil IaA ITOCHAiIKeHHS eJeKTpoxXimiu-
HHUX CHCT€M HAaHOMETPOBOro macmrady: oraan. €.Kocaukin

3ampoIIoHOBAHO METOJ OITHMIi3allii MoAenbHOI eleKTPOoXiMiuHol KOMIpKM AJs IpPOBemeH-
HSA eKCIePUMeHTYy 3 HeHUTPOoHHOI pedieKToMeTpil mo mochifsxeHHIO mpolleciB GopMyBaHHA Ha
€JIeKTPOAL KPUTUYHO BaiKJIUBOrO MIXK(ASHOTO TBEpPOTO IIapy eJeKTPOJIiTy Ta Horo eso-
mrortii. Ilim wac mpoBemeHHA omTuMisallii MofenbHOI KOMipKM BCTAHOBJEHO ii ONTHMAaJBbHI
napaMerpu. IIpoBeseHNII eKcIlepUMeHT B3acCBifUUB MOMKJIUBICTL 34CTOCYBAHHSA HEUTPOHHOL
pediiekToMeTpil Ha ONTUMiZOBaHIN MOZENLHIN eKCHEePMMEHTAJILHIN KOMIpIl AJIa JociimskeH-
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1. Introduction

The modern development of portable
electronic devices from telephones to elec-
tric cars [1, 2] and "green” technologies of
electricity production [3, 4] proves the im-
portance of the development of batteries.

To date, lithium-ion batteries remain the
leaders of the commercial market of power
carriers, which is due to their advantages:
high values of operating voltage and spe-
cific capacity, and low self-discharge rate
[5]. One of the problems with using such
chemical current sources is the reduction of
the life cycle. This happens due to the for-
mation of “"dead lithium”, which is the
cause of the loss of charge carriers [6, 7]
and also due to the degradation of the elec-
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trode surface [8, 9]. Another problem is the
non-zero probability of an internal short
circuit, which can lead to an explosion. The
reason for this is the uncontrolled deposi-
tion of lithium on the electrode, which leads
to the growth of lithium dendrites [6, 7].
The main cause of the problems is consid-
ered the insufficient formation of the near-
surface solid electrolyte interphase layer,
which is thought to be a passivating ele-
ment that protects the electrode from the
chemically aggressive environment of the
electrolyte and affects the uniform deposi-
tion of lithium on the electrode [6—9].

It is the interest in the study of the
processes of the formation of the solid elec-
trolyte interphase layer and the evolution of
its parameters during the cyclic operation

Functional materials, 30, 2, 2023



Ye.Kosiachkin / The use of neutron reflectometry ...

¥

Fig. 1. Schematic (left) and model (right) representation of a model electrochemical cell for a
neutron reflectometry experiment (with the option of varying the neutron scattering length density
of the liquid electrolyte phase). Components of the cell: I — silicon substrate, 2 — metal electrode,
3 — solid electrolyte interphase layer, which is formed or evolves during the experiment, 4 —
liquid electrolyte, 5§ — opposite electrode, 6 — potentiostat, 7 — the system for realisation of
variation of neutron scattering length density in the liquid phase, 8 — control electrode [13].

of lithium-ion batteries that prompts the
application of new experimental methods
for the study of near-surface layers at the
boundary of phase separation. One of the
few such methods is neutron reflectometry,
which allows the investigation of parame-
ters of the layers of an electrochemical cell
at the subnanometer level [10]. Note that
the electrochemical cell is a complex multi-
component system. Due to that to increase
the sensitivity of the experimental method
regarding the appearance and evolution of
near-surface layers, preliminary optimiza-
tion of the model cell is necessary. In works
[11-13], a procedure for optimizing an elec-
trochemical cell and an example of its im-
plementation [13] were proposed to increase
the sensitivity of neutron reflectometry to
the formation and evolution of the solid
electrolyte interphase layer.

2. Experimental

A detailed description of the model elec-
trochemical cell ( ) is given in [13].
The main components are: 1) a single-crys-
tal silicon substrate (Holm GmbH, Ger-
many) with a size of 8.5%x5x1.5 cm and a
roughness of the working surface of
0.5 nm; 2) a metal electrode (thickness up
to 100 nm), which was sputtered to the sur-
face of the substrate by the method of mag-
netron sputtering with control of the thick-
ness and roughness of the layer. At the
same time, the material of the electrode and
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its thickness could vary; 3) a custom bath-
tub made of polyether ether ketone for cre-
ating a working volume of liquid electrolyte
in the amount of 3.2 ml; 4) As a reference
electrode, a Li/Li+ electrode was used; 5) As
the counter electrode lithium foil on a
nickel grid was used. 6) A 0.5 M solution of
lithium perchlorate (LiClIO,4, Sigma-Aldrich,
USA) in protonated or deuterated propylene
carbonate (PC, d-PC, Sigma-Aldrich, USA)
was used as an electrolyte (with the possi-
bility of varying the neutron scattering

length density).
The method of optimizing the compo-

nents of the electrochemical cell to increase
the sensitivity of neutron reflectometry to
the appearance and evolution of the near-
surface solid electrolyte interphase layer is
described in works [11, 12]. Its essence is to
evaluate the change in the neutron reflec-
tion curves in the entire working range of
scattering vectors, between the initial state
of the system (without a solid electrolyte
layer or before its evolution) and the final
state of the system (after the appearance or
evolution of the layer). An electrochemical
cell with the maximum change in the reflec-
tion curve between the initial and final
state is considered optimal, which is ex-
pressed by the formula [11, 12]:
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Fig. 2. Schematic representation of the initial (a) and final states (b) of the experiment. The main
parameters of variation and their ranges of values: d; is the thickness of the electrode, which varies

between 50 and 1000 A, p; is the neutron scattering length density of the electrode, which varies
within (-2-10)-106 A~2; p is the neutron scattering length density of the liquid phase of the
electrolyte, which varies within (0-6)x107% A2 [12].
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Fig. 3. Dependence of the optimal thickness
of the electrode layer d; (I), the density of
the neutron scattering length of the electrode
layer p; (2) and the electrolyte p. (3) on the
thickness d, of the solid electrolyte inter-
phase layer. At d, = 200 A, there is a jump-

like change in the values of the optimal pa-
rameters [12].
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where R;, is the neutron reflection curve
from the system in the initial state; Ry;, is
the neutron reflection curve from the sys-
tem in the final state; bkg is a background
intensity; pg, P1s Pas Ps are values of the
neutrons‘ scattering lengths densities for
substrate, electrode, solid electrolyte inter-
phase layer, and liquid electrolyte, respec-
tively; dy, dy are thicknesses of the elec-
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Fig. 4. Logarithmic dependence of the differ-
ence of the reflectometry curves between the
initial and final states of the system on the
thickness of the solid electrolyte interphase
layer. Possible metals for use as an electrode
are represented by symbols [12].

trode and solid electrolyte interphase, re-
spectively.

The search for the optimal cell parame-
ters was carried out by varying the parame-
ters of the electrode, namely its thickness
and its material (the value of the neutron
scattering length density), and the liquid
electrolyte — the relative composition of the
protonated and deuterated components of the
solvent. The physical and electrochemical lim-
its of parameter variation are highlighted in
[12] and shown in Fig. 2. The method de-
scribed above is implemented in Matlab soft-
ware by using Parrat’s recursion [14].
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Table 1. Values of optimal parameters of model cells with different electrode materials. py, p;, p,
are the values of the neutron scattering length density of the silicon substrate, metal electrode,

and electrolyte, respectively. d; is the thickness of the electrode. x? is the value of different

reflectometric curves from the initial and final states [12]

No. Si Electrode Electrolyte x2
Pos X1076 A2 dy, A Py, X1076 A2 P, X106 A2 x1073
1 2.07 457.73 6.388 6.003 6.3439
2 2.07 258.66 6.486 4.966 10.8953
3 2.07 176.14 6.591 3.784 12.4126
4 2.07 297.23 -0.768 0.065 11.8009
5 2.07 351.12 0.595 0.067 26.3756
6 2.07 420.22 1.169 0.066 32.5676
7 2.07 483.98 1.417 0.066 26.2973
8 2.07 409.01 1.177 0.066 19.9617
9 2.07 359.26 0.897 0.066 19.0530
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Fig. 5. Reflectometry curves (a) and corresponding neutron scattering length density profiles (b) in
the experiment with a variation of the scattering length density of the liquid phase of the
electrolyte. The numbering of the curves corresponds to the concentration of the deuterated
component: I — initial configuration with a fully protonated electrolyte, 2 — deposition of the
initial solid electrolyte layer, 3—7 — concentration of the deuterated component 20 %, 40 %,

60 %, 80 %, 90 % (by volume), respectively [13].

3. Results and discussion

When studying the change in neutron
specular reflection curves (formula 1), de-
pending on the variation of the parameters
of the electrochemical cell (Fig. 2) and the
thickness of the solid electrolyte layer, two
optimal regimes were established (Fig. 3),
which are determined by the thickness of
the solid electrolyte interphase layer (less
and more than 20 nm) and have a jump-like
change in optimal parameters at the transi-
tion point [12].
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In Fig. 4 the logarithmic dependence of
the difference of the reflectometric curves
on the thickness of the deposited solid elec-
trolyte interphase layer is shown. The de-
pendencies are represented by different val-
ues of the neutron scattering length density
of the electrode [12]. The parameters of
such systems are shown in Table 1. The
value of the difference of the reflectometric
curves for the copper electrode is several
orders of magnitude smaller than others
due to the presence of a plateau of total
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external reflection of neutrons at the initial
values of the scattering angles, which is
important for intensity normalization when
using neutron reflectometry.

Based on the optimization results, a
model electrochemical cell (Fig. 1) was cre-
ated. With the help of the optimized model
cell, an experiment on neutron reflec-
tometry (Fig. 5) was carried out with a vari-
ation of the contrast of the neutron scatter-
ing length density of the liquid phase of the
electrolyte [18]. The purpose of the experi-
ment is to identify the minimum wvalues of
the thickness of the solid electrolyte inter-
phase layer (which are 1 nm), which can be
investigated by the method of neutron re-
flectometry, due to the use of the proposed
method of optimization of the experimental
model cell.

4. Conclusions

Thus, in the series of papers [11-13], a
method for optimizing the parameters of a
model electrochemical cell was proposed to
increase the sensitivity of the neutron re-
flectometry method regarding the appear-
ance and evolution of the solid electrolyte
interphase layer at the electrode-electrolyte
boundary. The authors draw attention to
the universality of the method of use and
the possibility of its adaptation to other in-
vestigated systems. An example of the crea-
tion of an electrochemical cell according to
such an algorithm is given, and the value of
the minimum detection thickness of the
solid electrolyte interphase layer when stud-
ied by neutron reflectometry with this con-
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figuration of the experimental cell is ex-
perimentally determined.
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