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ABSTRACT: Silicon-based anodes are widely expected to vastly improve the perform-
ance of lithium-ion batteries (LIBs). However, the silicon anode interface is well-known to
be unstable and reactive, leading to various electrolyte side reactions that would ultimately
lower the battery performance. Consequently, it is critically important to rationally design
the silicon anode to stabilize its interface. The Langmuir−Blodgett (LB) technique is a
well-established, versatile, and powerful method for fabricating ultrathin films over solid
substrates. Here, we utilize LB approach to generate thin films composed of small organic
molecules over silicon electrodes as protective layers. Such molecular layers were found
capable of mediating the electrochemical behavior of silicon electrodes in both aqueous
and organic carbonate electrolytes. This study illustrates the applicability of small-molecule
LB films in electrode interface engineering for LIB technology development.
KEYWORDS: lithium-ion battery, Langmuir−Blodgett technique, silicon electrode, solid electrolyte interphase, electrolyte reactions

1. INTRODUCTION
Rechargeable batteries are pivotal for realizing vehicle
electrification and large-scale green energy storage.1−3 Despite
the ubiquitous application of lithium-ion batteries (LIBs) in
daily digital devices and in electric cars, the limited energy
densities of contemporary LIBs pose outstanding obstacles for
future evolution of battery-based portable electricity storage
devices.4−6 Consequently, substantial research efforts have
been devoted to development of novel battery systems such as
lithium−air batteries and lithium−sulfur batteries.7−10 On the
other hand, LIB is still an important player in the battery
competition when silicon (Si) is employed, which is a low-cost
anode material with a theoretically high capacity beyond 3500
mAh/g that is plausibly 10 times higher than that of graphite
anodes.11,12 Although principally favorable, Si anodes are
confronted with a series of setbacks such as dramatic volume
changes, high surface reactivity, and unstable solid electrolyte
interphase (SEI) in charging and discharging processes.13,14

Chemical developments of silicon anodes include binder
engineering,15,16 electrolyte optimization,17−20 Si composite
enhancement,21−23 nanostructured Si anode,24,25 and preli-
thiation.26,27 It is also a common strategy to improve the SEI
layers to minimize the adverse effects of Si lithiation/
delithiation by electrolyte additives, which could electrochemi-
cally produce protective layers on electrode surfaces.28−30

Additionally, functional artificial SEIs have been constructed
with nonreactive thin films that are fabricated externally.31 For
example, graphene-based artificial SEIs have been applied to
the LiMn2O4 cathode32 and the lithium metal anode33 to
improve the performances of these electrodes. Such graphene

thin films are constructed via Langmuir−Blodgett (LB)
techniques.

LB technique is a classic strategy for creating monolayers
and thin films with supramolecular structures, which are
referred to as LB films. LB films are typically generated by
organizing molecules or nanomaterials into a dense monolayer
over a subphase (commonly water), followed by transferring
the monolayer onto a flat substrate. Repeated deposition of
monolayers leads to creation of multilayered thin films.34,35

Compared to other thin-film techniques such as self-assembled
monolayers,36,37 where nanopatterns could be achieved
spontaneously,38,39 LB technique is often known to be
technically more challenging and time-consuming. Never-
theless, LB technique depends on simple instrumentation that
is readily compatible with various materials as well as large-area
film fabrication, which are advantageous for industrial
application.40 The existing applications of LB techniques in
battery technology include electrode fabrication, interlayer and
artificial SEI construction, and electrochemical diagnosis.31

Anode SEIs in LIBs are typically composed of both
inorganic and organic layers.41,42 Rationally engineered organic
layers on Si electrodes have attracted wide research attention
in recent years, commonly utilizing surface functionalization of
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Si materials via covalent chemical bonding.43−48 Silicon surface
decoration could also be achieved with non-covalently bonded
layers, such as LB films.49 In this work, we investigate the
application of LB films for Si electrode SEI engineering.
Specifically, we demonstrate that LB films of stearic acid (SA)
molecules could be fabricated over the Si anode surface and
that such organic LB films could be used to mediate the
electrochemistry of Si wafers and Si thin-film electrodes.

2. MATERIALS AND METHODS
Stearic acid, sodium perchlorate, and copper(II) perchlorate were
obtained from Sigma Aldrich. Water was obtained from a Milli-Q
water purification system (Millipore). Organic solvents, copper
sulfate, and sulfuric acid were obtained from VWR. Carbonate
electrolyte was obtained from Tomiyama Pure Chemical Industries,
LTD. Silicon wafer (n-doped, 0.002−0.005 Ω cm) was obtained from
International Wafer Service, Inc and was cleaned with oxygen plasma
(with G500 Plasma Cleaning System, Yield Engineering Systems).
Metal-coating process was accomplished with a multitarget co-
sputtering instrument, and Cu coating was sputtered over a thin Ti
adhesion layer. Silicon thin-film electrodes were fabricated by
sputtering Si thin films onto Cu-coated glass disks following reported
protocols.50−53 The obtained thin Si films were amorphous, and the
thickness of the amorphous films was about 50 nm. There were thin
oxide layers on the surface of Si thin films, and the samples were
handled in air. It was found that the thin oxide layers did not
significantly impact the electrochemical properties of the Si
electrodes.

LB films were fabricated with a KSV NIMA LB trough (Biolin
Scientific). The trough was thoroughly rinsed with ethanol and water
before use. Stearic acid was predissolved in chloroform to produce a
solution with 1 mg/mL concentration. The solution was spread over
the water surface in the LB trough using a microsyringe. After

evaporation of the solvent, the film was compressed at a barrier
moving speed of 10 mm/min. The LB films were transferred onto
silicon substrates by vertical dipping (5 mm/min) at a surface
pressure of 28 mN/m. The multilayer LB films were fabricated in Y-
type. For characterization of LB films, the surface morphology was
measured by atomic force microscopy (AFM, Neaspec) in the
constant tapping mode, and the images were taken with a tapping
amplitude of 90−95 nm and a resolution of 19.5 nm/pixel. Fourier
transform infrared (FTIR) spectroscopy was accomplished with a
Nicolet iS50 spectrometer (Thermo Fisher).

Electrochemical measurements were carried out with a VSP300
potentiostat (Biologic Co.) and a PGSTAT302N potentiostat
(AutoLab). For measurements in aqueous electrolyte, a small beaker
cell (Figure 2a) was used with the Pt counter electrode and the Ag/
AgCl (1 M KCl) reference electrode. The electrical connection to the
silicon wafer was achieved with the copper wire attached at the back
side of the wafer (coated with copper layer). The wafer was wrapped
with epoxy resin to only expose the front side for electrochemical
measurement. The aqueous electrolytes included 1 M KCl with 1 mM
K3Fe(CN)6, 0.1 M NaClO4 with 0−10 mM Cu(ClO4)2, and 1 M
H2SO4 with 0.5 M CuSO4. Cyclic voltammetry (CV) was carried out
at a rate of 0.1 V/s for aqueous systems. For Cu electrodeposition
reaction, Cu foil was used as the CE instead of Pt wire. For
electrochemical measurements with the silicon thin-film electrode, the
pouch cell was fabricated with the lithium foil counter electrode, a
Celgard separator, and 1.2 M LiPF6 ethylene carbonate/ethyl methyl
carbonate (3:7 w/w) electrolyte. The cells were tested at 30 °C. CV
measurements in carbonate electrolytes were carried out at a rate of
0.1 mV/s, and the voltage hold test was carried out at 50 mV versus
Li/Li+.

3. RESULTS AND DISCUSSION
The surface pressure−area (π−A) isotherm of the SA
monolayer at the air−water interface is shown in Figure 1a.

Figure 1. (a) Surface pressure−area (π−A) isotherm of SA monolayer at the air−water interface. (b) FTIR spectrum of the three-layer SA LB film
on the silicon wafer. AFM images of (c) 1-layer and (d) 11-layer SA LB films on the silicon wafer (inserted images demonstrate the height profile
across the defects).
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The evolution of SA monolayer during compressing underwent
a typical process successively consisting of the gaseous state,
liquid state, solid state, and collapsed state (as area per
molecule decreasing). The transition point between the liquid
condensed state and the solid state, namely, the curve slope
changing point in the compressed state, was observed at a
surface pressure of 25 mN/m, which is consistent with
previous reports.54−56 SA monolayers were transferred onto
the Si wafer via vertical dipping method, and FTIR spectrum of
the thin films on the Si wafer is shown in Figure 1b. The peak
at 1705 cm−1 is ascribed to carbonyl stretching, and the peaks
at 2917, 2849, and 1460 cm−1 are attributed to CH2
groups.57−59 The large background peaks at 1235 and 1105
cm−1 originated from the oxide species at the silicon wafer
surface.60 AFM images of SA films on silicon wafers with 1-
layer and 11-layer thicknesses (Figure 1c,d) demonstrate that
the films have a flat and smooth morphology. The height
profile across defect regions could be utilized to illustrate the
film thickness.61 The defect depths of 1-layer and 11-layer SA
films were found to be about 1 and 10 nm, respectively, the
contrast between which is in good agreement with their layer
number difference. With the isotherm, FTIR and AFM
characterizations, it is confirmed that single- and multi-layer
SA LB films were successfully fabricated on silicon wafer
substrates.
After verification of LB film transfer onto the Si wafer, the

electrochemical impact of the LB film was firstly examined in
aqueous electrolyte. The electrochemical cell setup is shown in
Figure 2a, where the Si wafer working electrode (WE), the Pt

wire counter electrode (CE), and the Ag/AgCl reference
electrode (RE) are positioned in close proximity. The
suitability of this cell setup was investigated by CV measure-
ment of K3Fe(CN)6 solution. For the initial test, the Si WE
was replaced by a Pt WE, same as the CE. As shown in Figure
2b (black curve), the potential separation between the cathodic
and anodic peaks is 74 mV, which is close to a reversible
reaction,62,63 demonstrating that the cell setup was appropriate.
Next, a Pt-coated Si wafer WE was paired with a Pt CE to carry
out the identical experiment, and the result is shown in Figure
2b (yellow curve). The potential difference between the two
peaks increased appreciably to 346 mV. Such a result illustrates
the imperfection of the semiconducting Si wafer as the WE in
aqueous electrolyte.64

To reliably explore the impacts of LB films on the
electrochemical behaviors of the Si wafer, Cu electrodeposition
reaction was selected as the testing platform. The Si wafer

electrode was found to be electrochemically nonactive in the
NaClO4 supporting electrolyte between −0.7 and 0.3 V versus
Ag/AgCl (Figure 3a), resolving the concern of Si wafer-
induced side reactions. When 1 mM Cu(ClO4)2 was added to
the NaClO4 supporting electrolyte, it was found that such a
low Cu concentration was not sufficient to result in noticeable
Cu electrodeposition (Figure 3b, dashed curve). Increasing
Cu(ClO4)2 concentration to 10 mM successfully led to
unambiguous observation of Cu deposition on the Si wafer
electrode between −0.05 and −0.7 V versus Ag/AgCl. At a
more negative potential, the Cu deposition signal is overlapped
with that from hydrogen evolution. Thus, the influence of the
SA LB film was subsequently probed with 10 mM Cu(ClO4)2
electrolyte above the potential of −0.7 V versus Ag/AgCl. As
shown in Figure 3c, the bare Si wafer electrode showed clear
Cu electrodeposition between −0.05 and −0.7 V versus Ag/
AgCl, while the SA LB film could significantly suppress the Cu
reduction reaction at the Si wafer surface, as evidenced by the
reduced current. Separately, Cu deposition was also examined
with CuSO4 as the copper salt in H2SO4 electrolyte. As shown
in Figure 3d, the Si wafer electrode was nonactive in sulfuric
acid electrolyte between −1.1 and 0.8 V, and minor hydrogen
evolution occurred beyond −1.1 V. Addition of CuSO4 in the
electrolyte resulted in Cu deposition starting at about −0.1 V,
and a very broad peak corresponding to Cu reduction was
observed. In comparison, the existence of SA LB films could
suppress Cu reduction. These observations demonstrate that
LB films could mediate electrochemical reactions at the Si
wafer electrode interface.65

To further explore the applicability of the LB film in LIBs
under an organic carbonate electrolyte environment, Si thin-
film electrodes were fabricated to be examined in an LIB pouch
cell setup (versus lithium foil CE). The Si thin-film electrode
would not undergo significant mechanical degradation during
cycling, which makes the Si thin film a good platform for
investigating the chemical effects of LB films on electrode’s
reactions. Figure 4a demonstrates the first-cycle CV measure-
ment of the cells starting from open-circuit voltage (OCV).
The SEI formation was observed at 0.39 V versus Li/Li+, and
the presence of five layers of SA LB films appreciably
suppressed the SEI formation. As shown in Figure 4b,c, the
SEI reactions in later cycles were not outstanding. At 50 mV
versus Li/Li+, the lithiation capacities of the Si thin-film
electrodes with and without the SA film are 89 and 87 μA h/
cm2, respectively, for the first cycle. The values for the second
cycle are 54 and 57 μA h/cm2, respectively. These results
demonstrate that the introduction of the LB film did not
disturb the Si lithiation and delithiation reactions. During the
repeated CV cycling, the lithiation/delithiation processes seem
slightly suppressed with the presence of LB films, which was
likely due to the limiting effect of LB films on the charge and
mass transfer across the silicon interface.

Potentiostatic hold is an accelerated technique for estimating
the calendar life of LIBs,66,67 and the cycled cells were then
subjected to potentiostatic hold at 50 mV versus Li/Li+. After a
period of 12 h, the parasitic current was found smaller for the
Si thin-film electrode covered with the five-layer SA LB film
(Figure 4d), which indicates potentially a longer calendar life.
Such an observation is consistent with the CV measurement,
where LB films were found to suppress electrolyte side
reactions. These findings indicate that LB films could also serve
to tune the surface properties of the Si electrode in organic
carbonate electrolytes and thus to mediate the reactions at the

Figure 2. (a) Schematic illustration of the beaker cell with WE, CE,
and RE. (b) CV measurements in K3Fe(CN)6 solution between two
Pt electrodes (black) and between Pt-coated Si wafer WE and Pt CE
(yellow).
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Si electrode surface in LIBs. In practical Si electrodes, the Si
particles would experience significant mechanical strains and
surface condition changes. Multilayer films composed of small
organic molecules, such as LB films, could serve as a reservoir
of protective agents, where the organic molecules could
possibly adapt to the expansion and shrinking of Si interfaces
in a dynamic manner. Therefore, the LB films could serve as a
platform for investigating artificial organic interfaces on Si
electrode surfaces for improving the calendar life of Si-based
batteries.

4. CONCLUSIONS
In summary, we have investigated the impact of small-molecule
LB films on the electrochemical behavior of Si electrodes.

Single- and multi-layer SA LB films have been fabricated at the
air−water interface and transferred onto Si substrates, and
these layers presented a flat and smooth morphology. In
aqueous electrolyte, the SA LB film was found to suppress
copper deposition on the Si wafer electrode, demonstrating the
capability of small-molecule LB films in mediating Si
electrode’s behavior. Furthermore, the effect of LB films in
LIBs with organic carbonate electrolyte was also examined.
When cycled against lithium foil counter electrode, the Si thin-
film electrode bearing SA LB films presented lower charge
consumption in SEI formation. During the potentiostatic hold
test, the LB films also led to a smaller terminal parasitic
current. These results indicate that LB films composed of small
organic molecules can protect the Si electrode from side

Figure 3. CV measurements of the Si wafer electrode in (a) 0.1 M NaClO4 electrolyte and (b) 0.1 M NaClO4 electrolyte with Cu(ClO4)2. (c) CV
measurements of Si wafer electrodes with (yellow) and without (black) the SA LB film in 10 mM Cu(ClO4)2 electrolyte (0.1 M NaClO4). (d) CV
measurements of Si wafer electrodes with (yellow) and without (black) the five-layer SA LB film in 0.5 M CuSO4 electrolyte (1 M H2SO4) and
bare Si wafer in CuSO4-blank electrolyte (dashed).

Figure 4. CV measurements of Si thin-film electrodes with and without SA LB film: (a) First cycle from OCV, (b) second cycle, and (c) fifth cycle.
(d) Parasitic currents measured during 12 h potentiostatic hold at 50 mV versus Li/Li+ (inserted image demonstrates the profile during 10−12 h).
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reactions at the electrode/electrolyte interface such as
extensive electrolyte decomposition. As the structure and
functionality of the LB films could be readily tuned by
choosing different organic molecules or molecule combina-
tions, the molecular LB film strategy is expected to provide a
facile and versatile platform for interface engineering of Si
electrode in LIBs.
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