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Introduction

Li-ion battery is a key energy technology to support the 19
demands of hybrid electrical vehicles, electricity consumption
and portable electronic devices." > Metals and semiconductors
that alloy with lithium are promising alternatives to
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Magnetically tuneable piezoresistive sensor for
direct, in situ strain measurement in Li-ion
batteries

J. Matthew Kaule,” Lance R. Hoffman,® and Hitomi Mukaibo*®

This paper demonstrates the first example of using generic Li-ion battery components (Nickel,
carboxymethylcellulose and styrene-butadiene rubber) to prepare piezoresistive materials (PRM) that
detect strain of lithiating Sn in operando. The PRM was prepared by mixing the three components and
molding it into the desired shape. Three different types of Ni microparticle arrangement strategies were
investigated to study their effects on piezoresistive performance: an alignment parallel to or
perpendicular to the direction of strain, and no alignment (control, random dispersion). The alignment
was directed by an external magnetic field during sample preparation, and confirmed using cross-
sectional SEM images. Significant differences were found between the different alignments, with the
parallel alignment resulting in the lowest percolation threshold of 4 vol % Ni and perpendicular
alignment the highest of 11 vol % Ni. For a fixed fraction of Ni microparticles at 4 vol %, the difference in
alignment resulted in a difference in the gauge factor by three orders of magnitude. The stress-strain
curve of the prepared PRMs showed a typical response seen for porous structures, which was consistent
with the SEM images. The PRM samples are compatible with the low operating potential and the
organic Li-ion electrolyte, and its porous structure allows electrolyte infusion that ensures ionic
conductivity of the material. Lithiation of Sn was successfully detected as a change in resistance using a
parallel-aligned PRM with no additional treatment. The method described here offers significant merits
over conventional approaches: the ability to directly monitor strain without complex modelling, the
simple low cost setup that does not require specialized equipment, and the ability to easily control the
PRM performance by magnetically directed assembly.

microscopy (ESM),'? in situ atomic force microscopy
(AFM),"*'¢ in situ transmission electron microscopy (TEM) '™
, and in situ X-ray transmission microscopy®’. All of these
sophisticated approaches have been demonstrated to be
effective and insightful, but they require extensive
instrumentation and expertise. This makes it challenging, if not
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conventional Li-intercalating anodes, due to their extremely
high energy density.> The most prominent drawback for such
materials is their drastic volume change induced by their
reaction with Li-ions during battery operation. The volume
change results in stress, cracking, and loss of mechanical
integrity that strongly deteriorates the battery performance.
Direct measurement of the volume change during operation can
help to understand its reaction mechanism, reveal critical
information on the battery performance, and lead to better
design and optimization of the alloying anodes.* Previous
reports for such measurements include digital image correlation
(DIC) analysis,”™® dilatometry,”"" electrochemical strain

This journal is © The Royal Society of Chemistry 2013

impossible, for their application to the broad Li-ion battery
community.

The objective of this paper is to demonstrate a simple,
generic technique for detecting lithiation-induced strain by: (1)
preparing composite piezoresistive material (PRM) with
conventional Li-ion battery elements and (2) tuning the
sensitivity of the PRM through magnetic alignment.
“Composite PRM” is a widely used term that indicates a
material with electrically conducting particles (or fillers)
dispersed within an insulating polymer matrix.?! Percolation
and quantum tunnelling is a well-accepted mechanism for the
conductivity within such composite materials.?" >> When strain
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is applied, material deformation changes the distance between
the conductive particles, which results in a measureable change
in electric resistance. Composite PRMs have gained interest for

numerous applications

23-25
b

including magnetorheological

electrodes®® 2

elastomers stretchable/transparent
adhesives®®, tactile sensors,?’ and material fatigue sensing.”’
Although a random mixture of all components is the most
common configuration of composite PRM, aligning the
conductive particles (also known as directed assembly) has
been reported to be effective in improving the PRM
performance.®® This is because conductive particles are at a
much closer proximity after the alignment, which results in a
reduced percolation threshold and higher sensitivity to applied

strain. Previous reports have used tensile strain,®' electric

fields,*” template array,*® and magnetic fields**">**

to align the
conductive particles and modify PRM performance.

We show here for the first time that conventional elements
used in Li-ion batteries, i.e., Ni microparticles (current
collector), carboxymethylcellulose (binder), and styrene-
butadiene rubber (binder), can be applied to prepare a
composite PRM that detects the volume expansion of
electrochemically lithiated Sn electrode. Furthermore, we show
that the sensitivity and the dynamic sensing range of our PRM
sample can be easily tuned by controlling the alignment of the
Ni microparticles using an external magnetic field during

sample preparation.

Experimental

Chemicals and materials

Chemicals and materials were purchased from the following
suppliers and used as received: carboxymethylcellulose (CMC)
and styrene-butadiene rubber (SBR) from MTI Corporation
(Richmond, USA); nickel microparticles (Ni MPs, 3-7 um)
from Alfa Aesar (Ward Hill, USA), and N,N-
dimethylformamide (DMF) from Fisher Scientific (Pittsburgh,
USA). Peel-A-Way disposable embedding molds S-22 were
(Warrington, USA).
Electrolyte consisting of 1 M LiClO, in ethylene carbonate

purchased from Polysciences, Inc.

(EC) and propylene carbonate (PC) (1:1 vol %) was used as
purchased from BASF (Florham Park, USA). A porous
separator was cut from a polycarbonate membrane (1.2 um
pores) purchased from Millipore (Billerica, USA). The
following materials were used after polishing their surfaces to
remove any oxides and contaminants: 2 mm-thick Sn foil
(99.9985%) purchased from Alfa Aesar (Ward Hill, USA), Li
foil (99.9%) purchased from Fisher Scientific (Pittsburgh,
USA), and Type 304 stainless steel mesh (s.s. mesh) purchased
from McMaster-Carr (Cleveland, USA).

PRM preparation

ALIGNED SAMPLE. PRM composite slurry was prepared by
weighing the Ni MPs, CMC, and SBR to the desired weight
percentage, and then mixing thoroughly with DMF until a
slurry with uniform consistency was obtained. A mold was

2| J. Name., 2012, 00, 1-3
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prepared by cutting the commercial plastic mold to remove the
bottom surface and adjust the height to 8 mm. The mold was
placed on an electromagnet purchased from Magnetech Corp.
(Novi, USA; Part#: OP-1212) covered with plastic wrap, and
the PRM composite slurry was poured into the mold. The mold
was then capped by another electromagnet, also covered with
plastic wrap, and a current of 0.702 A was applied to both
electromagnets using two DC power supplies (Model 9312-PS;
MPIJA, Lake Park, USA) for 1 h. This produces a magnetic flux
of 250 Gauss at the magnet poles’ surface. Following this step,
the mold with the PRM slurry was placed onto a glass slide and
heated in an oven overnight at 120 °C to remove residual DMF.
After the sample cooled, the mold was carefully peeled away
from the sample. Perpendicular and parallel aligned PRM
samples were prepared identically, but rotated 90° from one
another before testing.

CONTROL SAMPLE (NO ALIGNMENT). The PRM composite
slurry and the mold were prepared as described above. The
slurry was poured into the mold and sandwiched between two
plastic wrap covered glass slides for 1 h at room temperature.
The top glass slide was then removed and the sample was
heated in an oven overnight at 120 °C to remove residual DMF.
After the sample cooled, the mold was carefully peeled away
from the sample.

PRM characterization

ALIGNMENT OF NI MPS. Samples with 33 wt % Ni MPs were
prepared for imaging cross-sectional morphology. The
backscatter detector of the field emission scanning electron
microscopy (FE-SEM) (Zeiss Auriga CrossBeam SEM-FIB)
was used. The samples were immersed in liquid nitrogen and
then snapped through their thickness around their centerline.
The broken samples were fixed onto the SEM stub using
double-sided carbon tape, such that their cross-sectional surface
faced the SEM detector. Sufficient electrical contact between
the stub and the sample surface was achieved using carbon
black paste and gold sputtering (60 A thick).

NATIVE RESISTIVITY MEASUREMENT. The term “native”
resistivity is used to indicate the resistivity measured without
any compression (zero load). The PRM sample was sandwiched
between two flat brass plates that were connected to a
multimeter. Resistivity, p [(1- mm], was calculated from the
measured resistance, with respect to the distance between the
plates (i.e., the thickness of the sample, 8 mm) and the contact
area between the sample and the plates (100 mm?). The volume
fraction of Ni in each sample, fi,, was determined by:

_ psample

f
v PNi

fin

where pgample is the bulk density of each sample (calculated
from the mass and volume of the samples), py; is the density of
metallic Ni (8.908 g/cm®),* and f,, is the mass fraction of Ni in
each sample.

STRESS VS. RESISTANCE MEASUREMENT. PRM samples with 33
wt % Ni MPs were infiltrated with 1 M LiCIO4/EC + PC

This journal is © The Royal Society of Chemistry 2012
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electrolyte under 100 kPa for 20 h at room temperature to
ensure consistency with the anode testing experiments. The
relationship between sample resistance and applied stress was
studied using custom platens on an MTS Criterion Universal

Table 1 Sample dimensions and Ni MP concentration.

ARTICLE

for 20 h at room temperature, and assembled in a custom device
made of Teflon®, shown in Fig. 2. There were 7 layers of
components in this device: (1) Cu current collector (lead 1), (2)
Sn working electrode, (3) PC-membrane separators (six layers,
infiltrated with electrolyte at 100 kPa, 30 min), (4) s.s. mesh

fm P fv
(wt %) (g/cm’®) (vol %)
33 1.10 4.08
50 1.45 8.16
60 1.64 11.0
67 1.38 12.6
71 1.86 14.9

Screw attaches

& wMTS

Metal plate

Current supply lead

\

Voltage
monitoring lead

Insulating resin V4

Fig. 1 Custom platens for simultaneous monitoring of resistance, stress and
strain as the sample is being compressed by MTS. The photograph shows the
MTS set-up with custom platens. The electric leads from the platens were
connected to a digital multimeter (not shown).

ARBIN System

!

Fig. 2 Device setup for measuring the change in PRM resistance during
lithiation/delithiation of the Sn electrode. The photograph shows the Li-Sn half-
cell assembly.

X =
=
U
=
v
v
|
|

Separator

Testing System (Eden Prairie, USA). Figure 1 illustrates the
setup used here. A brass plate with 2 wires soldered to its
surface was embedded in a cylindrical insulating resin, sized to
match standard MTS platens. The custom platens were screwed
to the top and the bottom MTS mounts, and the sample was
sandwiched between the metallic surfaces of the custom
platens. The MTS applied a compressive strain to the sample at
0.25 mm/min, and recorded the change in stress with strain data
at 5 Hz. Simultaneously, a Model 5492B bench-top multimeter
from BK Precision (Yorba Linda, USA) was used in a 4-probe
configuration to record the change in resistance with time data
at 5 Hz. Data from MTS and the multimeter were combined to
yield the stress vs. resistance relationship of each sample.
Normalized resistance, AR /R, was calculated by the following
equation:

AR R.—R,

Ro Ro
where Ry and R are the resistances of the PRM sample before
and after compression, respectively.
IN SITU STRAIN TESTING. All lithiation/delithiation experiments
were done in an inert argon atmosphere within an MB 200B

glove box (MBRAUN, Stratham, USA). PRM samples were
infiltrated with 1 M LiClO,/EC + PC electrolyte under 100 kPa

This journal is © The Royal Society of Chemistry 2012

lead (lead 3), (5) PRM, (6) Li counter electrode and (7) another
Cu current collector (lead 2). The PRM was sandwiched
between the s.s. mesh and Li foil such that the magnetic
alignment of the Ni MPs was normal to the Sn foil surface. A
set screw was used for applying minimal pressure between the
layers and to ensure sufficient contact. After assembling the
layers, an additional 1 mL of electrolyte was added to the
device to prevent drying.

Sn was lithiated/delithiated at a constant current of
0.5 mA/g Sn using a Model BT2043 battery cycler from
ARBIN Instruments (College Station, USA). Sn was lithiated
from its open circuit voltage to 0.01 V. The change in voltage
between leads 2 and 3 during Sn lithiation/delithiation was
measured using the auxiliary voltage monitoring probe of the
ARBIN system. Since our sample is confirmed to show ohmic
response,’® the measured change in voltage was used to
calculate the resistance of PRM (R = E /I ).

Results and discussion

Alignment of Ni MPs

Figure 3a and 3b shows FE-SEM images of the cross-sectional
morphology of the PRM samples. The samples were imaged
with a backscatter detector to enhance the contrast between the
metallic Ni MPs and the organic CMC/SBR binder. The Ni
MPs were dispersed as aggregates within the porous macro-
structure of the binder. The porous nature of the binder is
important for the following battery anode experiments, for it
allows penetration of electrolyte and ensures Li-ion
conductivity. When the samples were prepared without
application of the magnetic field (Fig. 3a), the aggregates were
scattered randomly throughout the binder matrix, similar to
what has been reported for metal microparticles dispersed in a

homogeneous polymer matrix.?” 2 373% On the other hand,

J. Name., 2012, 00, 1-3 | 3
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when the samples were prepared under the influence of the
magnetic field (Fig. 3b), we observed regions where Ni MPs
anisotropically aligned as linear aggregates along the magnetic
field line (Fig. 3b inset). The binder material surrounding the Ni
MPs (appearing semi-translucent in the SEM image) is
expected to help maintain the alignment of the aggregates after

a) Randomly distributed b)
(no magnetization)

Anisotropically aligned
(magnetized)

3 NiMP ® Pale
%, ;*; e e
. 54 ¥ i
Binder $¥y o L

-t

,,ﬁﬂm.&.ﬁ

- - Direction of Heou#
magnetic field %%" Eias

Pole magnet

Fig. 3 Cross-sectional FE-SEM images and schematic illustrations of the PRM
prepared (a) without and (b) with application of magnetic field. The insets show
the zoomed-in images of the Ni MP aggregates embedded within the binder. The
scale bar for both insets are 10 um. The dotted line indicates the direction of the
magnetic field that was present during the sample preparation.
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of the aligned aggregate structure. The length of the aggregates
depends on the volume fraction of the Ni MPs, and is expected
to become longer with higher Ni MPs content.”’

We prepared three different types of samples as depicted in
Fig. 4. Resistivity of the samples were measured using two
parallel electrodes that sandwiched the opposing sides of the
sample. c-PRM is the sample prepared without application of

1.E+09
A Overshoot
1.E+08 4
1.E+07 4

1.E+06 4§

Resistivity (2:'mm)

1.E+05 4

1.E+04 4

u para-PRM
perp-PRM

1.E+03 +
® cPRM

1.E+02 T T T T T T T T
30 35 40 45 50 55 60 65 70 75

Ni MP concentration (wt %)

Fig. 5 Effect of Ni MP alignment and composition on the native resistivity (zero
load) of PRM. The lines are given to guide the eye and highlight the trend.
Resistivity above 100 MQ-mm was beyond the measurable range (overshoot) of
the multimeter used.

Direction of load
<

o 1
SRR 2L

3%
%

No alignment (control)

Perpendicular alignment

(c-PRM) (perp-PRM)
% Ni MP
= Iinaer

= == Direction of
magnetic field

@ Ohmmeter

Parallel alignment
(para-PRM)

Fig. 4 Schematic illustrations of the three different types of PRM prepared. The
red dotted line indicates the direction of the magnetic field that was present
during the sample preparation.

the magnetic field is removed from the sample. Although not
studied here, maintaining external magnetic field until the
binder fully solidifies is expected to improve the reproducibility

4| J. Name., 2012, 00, 1-3

magnetic field. perp-PRM and para-PRM denotes the samples
with Ni MP alignment perpendicular and parallel to the
direction of applied load, respectively. The differences in
alignment and interparticle distance of the Ni MPs are expected
to affect their percolation threshold, piezoresistive sensitivity
and dynamic sensing range, as discussed in detail below.

Percolation threshold

The differences in the percolation threshold with Ni MP
alignment was studied by measuring the native resistivity (i.e.,
the resistivity at zero load) of each sample (Fig. 5). In general,
when the mass fraction of the Ni MPs was 33 wt %, we
observed high or immeasurable resistivity (= 100 MQ - mm).
The resistivity of CMC/SBR composite without Ni MPs was
also immeasurable, which indicates that at low particle
concentration, the conductive Ni MPs were well isolated from
each other by the insulating CMC/SBR binder. However, with
increasing fraction of the Ni MP, resistivity dropped by 3 to 5
orders of magnitude (note that the resistivity is plotted in log
scale). This trend is similar to what has been reported for
similar particle-based PRMs, indicating that the number of
contacts between the Ni MPs increases rapidly with increasing
Ni MP content.** This leads to more electrical pathways, and
hence lower native resistivity of the PRM.

Figure 5 also highlights the effect of Ni MP alignment on
the native resistivity of the samples. para-PRM has linear
particle-aggregates aligned with its ends facing the electrode
(Fig. 4), which enables electrical pathways to form between the

This journal is © The Royal Society of Chemistry 2012
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two electrodes with lower particle fraction.** *” Indeed, within
the range of the Ni MP concentration studied here, para-PRM
consistently resulted in the lowest resistivity indicating that the
parallel alignment is preferable to obtain PRM with minimal Ni
MP loading. This is an important merit of the Ni MP alignment,
especially when it is necessary to make the PRM a lighter
material. The apparent linearity of the plot can be related to the
increase in electron tunnelling probability with higher Ni MP
concentration (i.e., reduced interparticle distance).”’ On the
other hand, formation of electrical pathway between the two
electrodes would be inhibited by the perpendicular alignment in
perp-PRM. This is expected to result in a higher resistivity,
which is the trend we observed for Ni MP content higher than
50 wt %. Similar effects of conductive particle alignment and
resistivity has been reported for other composite PRMs.*> %’
Taking the relationship between f,,, and f,, into account (Table
1), we see from Fig. 5 that the volumetric percolation threshold
are 4, 8, and 11 vol % for para-PRM, c-PRM and perp-PRM,
respectively. These values are comparable to what has been
reported previously for composite PRMs (1-25 vol %).2"> 33
4! This indicates that the non-uniform, porous nature of the
CMC/SBR binder does not significantly affect the percolation
threshold of our PRM samples.

Piezoresistivity

Piezoresistance of the composite PRMs prepared here is gained
by applying unidirectional compressive force normal to the
surface of the two electrodes (see Fig. 4). This brings the
conductive particles together and develops a network of
electronic pathways, i.e., a conducting backbone, by formation
of electron tunnelling pathways or by formation of direct
contact between the microparticles.?"” * Larger compressive
force results in more pathways and hence lower resistance.
Sharp protrusions of the conducting particles, such as those
observed in Fig. 3, have been reported to enhance the formation
of electron tunnelling pathways between microparticles.”' *°
However, it is important to note that due to the Poisson effect,
the binder material will also expand in the direction
perpendicular to the direction of compression, which will pull
the particles apart.' Hence a 3-dimensional redistribution of the
particles is expected to occur, and the piezoresistive property
we observe will be a result of the combination of both increase
and decrease in the inter-particle distance.

Figure 6a shows the change in the normalized resistance
with strain. Sensitivity of a PRM can be evaluated using the
gauge factor, defined as the fractional change in resistance with
applied strain.*? The gauge factor is related to the slope of each
curve in the Fig. 6a, and a PRM is considered to be more
sensitive with larger gauge factor. The c-PRM showed a
gradual drop in resistance with strain, starting around a strain
value of 0.12. Using the approach by Abyaneh et al., the gauge
factor of c-PRM was —0.06.>%*? Significant fluctuations in the
resistance were observed in this sensing regime. Such
fluctuations have also been reported by other groups, and can
be attributed to the inhomogeneous, random distributions of the

This journal is © The Royal Society of Chemistry 2012

Ni MPs, and their
compression, as discussed above.

3-dimensional redistribution with

39,40

A steep drop in resistance with strain is seen for the para-
PRM sample, starting around 0.09 strain. This indicates a rapid
formation of electron pathway with compressive force. The
smaller fluctuation observed within the sensing range can be
attributed to the effective formation of electron pathways, both
laterally and vertically with respect to the direction of the
applied strain. The gauge factor for para-PRM was 23, which is

a)
LI S ——
0.8
L o6
<
<
x~ 0.4
< — para-PRM
024 - pep-PRM
c-PRM
0.0 T T Y
0.00 0.05 0.10 0.15 0.20
Compressive strain ( - )
b) 7
61 — para-PRM
54 == perp-PRM ]
g c-PRM y
s 4 CMC/SBR
1] /
g 31 /
P '_,' i
1
0 - . .
0.00 0.05 0.10 0.15 0.20
Compressive strain ( - )
c)
1.0 1
0.8 1
L 0.6 1
S
<
= 04
< — para-PRM
0.2 == perp-PRM
c-PRM
0.0 T
0 1 2 3 4

Stress (MPa)

Fig. 6 (a) Change in normalized resistance (AR/R,) with applied compressive
strain. (b) Change in stress with applied compressive strain. (c) Change in
normalized resistance (AR /R,) with stress obtained from Fig.6a and 6b. All PRM
samples contained 33 wt % of Ni MPs.

comparable to the values of 10-34 reported for PRM with metal
particles (Ni, Au, Cu, Zn) embedded in
polydimethylsiloxane.*® ** ** It is important to note that these
gauge factors reported previously were obtained using
randomly distributed particle with concentrations varying from
50 wt % to 88 wt %, which is much higher than the value used

J. Name., 2012, 00, 1-3 | 5
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here (33 wt %). This supports our argument that alignment of
conductive particles results in higher gauge factors with lower
particle concentration. Little change in normalized resistance
was observed once the normalized resistance reached 0.01,
indicating that particle rearrangements still occur to
accommodate strain, but does not induce measurable changes in
electron pathway formation/destruction.”> No piezoresistive
response was observed from perp-PRM within the 0.2 strain
studied here.

In summary, the sensitivity and the dynamic sensing range
were para-PRM > c-PRM > perp-PRM and 0.10-0.13 (para-
PRM), = 0.13 (c-PRM), N/A (perp-PRM), respectively. Such
differences were expected, taking into consideration that the
composition used here (33 wt % Ni) was closest to the
percolation threshold of para-PRM, and furthest from that of
perp-PRM. Figure 6a confirms that sensitivity and the dynamic
ranges of PRM can be tuned by simply altering the direction of
the anisotropic alignment and keeping all other parameters the
same. Although not investigated here, intermediate responses
may be obtained by aligning the particles at varying angles with

respect to the applied force.

Stress-Strain curve

All PRM samples exhibited the typical three compression
regimes seen in porous structures: an initial elastic regime, a
stress plateau, and a final densification regime (Fig. 6b).** The
initial regime is due to the elastic bending of the material, and
occurred between 0 and 0.06 strain. All samples exhibited
larger slope in this regime compared to the CMC/SBR binder,
indicating the stiffening of the material with the addition of Ni
MPs. The subsequent stress plateau is generally attributed to
elastic buckling, plastic yielding and/or brittle fracture of the
material, due to collapsing of the porous structure. Such a
regime was not observed from the CMC/SBR binder sample,
suggesting that the addition of Ni MPs enhances the formation
of pores within the composite. Increased porosity with addition
of filler particles has been previously described for compound
materials, and is attributed to the weak bonding between the
filler particles and the surrounding matrix.*> Comparing the
data for para-PRM in Fig. 6a and 6b, we see that the start of the
stress plateau at 0.06 strain is accompanied by the sharp drop in
its relative resistance. This suggests that the stress plateau is
strongly related to the initiation of electron pathways formation
for materials close to its percolation threshold. The change in
resistance of para-PRM continues beyond the stress plateau and
into the succeeding densification regime. The final
densification regime corresponds to the compression of the
material after the pores have completely collapsed, and this is
where the significant drop in resistance for c-PRM was
observed. para-PRM exhibits a larger slope in this regime than
those of c-PRM and perp-PRM. This indicates that once the
pores are collapsed, the samples are stiffer along the direction
of the Ni MP alignment.

Resistance-stress curve

6 | J. Name., 2012, 00, 1-3
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The stress-strain curve of our samples was measured
simultaneously with the piezoresistance using the custom MTS
setup (Fig. 1). Combining the data from Fig. 6a and 6b, we
obtain the resistance-stress curve (Fig. 6c¢). This figure
illustrates the range of stress that the samples are able to detect
in terms of relative resistance, and also acts as a calibration
curve to determine the applied compressive stress from the
measured relative resistance. Defining the sensitivity to stress
here as the slope of the curves in Fig. 6¢, we observe that the
PRM samples a trend similar to that found in the

Table 2 Compressive strain and formation potential for reported Li,Sny
phases.

Phase Volume Uniaxial = Compressive
increase expansion strain on
factor* (-)  factor (-) PRM" (5
Sn 1 1.00 0

Li,Sns 1.23 1.07 0.018
LiSn 1.53 1.15 0.038
Li;Sn; 2.28 1.32 0.079
LisSn, 2.76 1.40 0.101
Li;3Sns 2.81 1.41 0.103
Li;Sn, 2.99 1.44 0.110
Li»»Sns 3.59 1.53 0.133

" Compressive strain was calculated assuming 8-mm thick PRM and 2-mm
thick Sn foil.

°
~

Voltage (V)
5 @
Voltage (V)
o
S

0.0
Lithiation 0 5 10
0.5 1 Time (h)
0.0 T T T T — T
0 2 4 6 8 10 12 14
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b)
10 e - S ————
_—>
o+ 097 Lithiation
=
x5
~
S 08
[~
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2.0 1.5 1.0 0.5 0.0
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Fig. 7 Change in (a) voltage with time and (b) normalized resistance (AR/R,) of
para-PRM with cell voltage during lithiation of Sn. The inset is a zoomed-in figure
of the voltage-time curve. The applied current density was 0.5 mA/g Sn and the
cut-off voltage was 0.01 V.
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piezoresistance performance: the para-PRM is most sensitive to
stress between 1.2 to 3.0 MPa, the c-PRM detected stress at or
above 1.9 MPa and the para-PRM did not show any sensitivity
to stress in the measured range.

In situ strain measurement

The lithiation of Sn to its alloying limit of Li,,Sns will result in
the maximum possible lithiation-induced volume change; an
expansion by a factor of 3.59.*° Recalculating the value
assuming isotropic expansion in Cartesian coordinates gives a
maximum uniaxial expansion factor of 1.5. Table 2 summarizes
these values for various Li,Sn, phases reported in literature. In
our experimental setup, with 8-mm thick PRM and 2-mm thick
Sn foil, the expected maximum compressive strain of 0.13
occurs when Sn fully lithiates to Li,,Sns. The highest
piezoresistance sensitivity at or below strains of 0.13 was
observed with para-PRM, and hence this alignment was chosen
for all strain-testing experiments discussed below. It is also
important to note that our para-PRM cannot detect strains
below 0.09 (Fig. 6a). Therefore we do not expect to detect
strains due to the formation of Li,Sns, LiSn and Li;Sn;. This
limitation can be circumvented by using PRMs with wider
dynamic sensing range, or by layering PRMs that function
under different ranges of strains.

Our PRM samples are compatible with the low operating
potential and the organic Li-ion electrolyte, since all
components are materials commonly used as current collectors
(Ni) or binders (CMC, SBR) in Li-ion batteries.*’*° Hence
para-PRM was used without additional treatment. Figure 7a
shows the change in cell voltage as the Sn is lithiated into
various Li,Sn, compounds. As seen in the inset, a rapid drop in
voltage is observed until a slope starts around 0.25 V. From
here, the voltage gradually decreases until it reaches its cut-off
voltage of 0.01 V. The slope at 0.25 V indicates the lithiation of
Sn, and the gradual decrease in voltage with time has been
attributed to the continuous lithiation of Sn through different
Li,Sn, phases.’® Fig. 7b shows the change in AR/R, with the
cell voltage. Between the open circuit and 0.25 V, where no
lithiation of Sn was indicated in Fig. 7a, minimal change in
AR/R, was observed. In contrast, AR/R, drops rapidly
between 0.25 V and 0.17 V, indicating formation of Li,Sn,
leading to detectable compressive strain. Beyond 0.17 V, the
drop becomes gradual again until the cell reaches 0.01 V. In
summary, we show here that a simple PRM setup based on
generic Li-ion battery components can act as an effective strain
sensor that detects the lithiation of the active electrode and the
strain it induces on the cell system.

The final AR/R, value of 0.73 corresponds to a
compressive strain of 0.11 (Fig. 6a). This is 15% lower than the
0.13 calculated for Liy;Sns, indicating that some fraction of Sn
did not fully lithiate to Li,,Sns. Indeed, X-ray diffraction of the
Sn after charging showed multiple peaks that indicated
existence of Sn and multiple Sn,Li, phases.® Tt is also possible
that other components of the cell device (e.g., the PC separator
and Li foil) partially buffered the strain induced by Sn
lithiation. A AR/R, value of 0.73 also corresponds to

This journal is © The Royal Society of Chemistry 2012

compressive stress of 1.32 MPa. From Fig. 6b, the elastic
regime of para-PRM is below 1.1 MPa. This suggests that
compression due to lithiation has led to plastic deformation of
our sample, and indeed we observed decrease in piezoresistive
response when Sn lithiation/delithiation was repeated. The key
strategy for designing a reversible PRM device to monitor
extended cycling of Sn electrode would be to increase the
elastic regime of the PRM, or decrease the compressive strain
induced by the electrode. Elastic regime of the PRM can be
extended by optimizing the porosity of the binder,”' or by
applying a binder that is more elastic than the CMC/SBR
combination. The compressive strain can easily be reduced by
using a thinner electrode.

Conclusions

In conclusion, we demonstrate the first example of detecting

lithiation-induced strain using composite piezoresistive
materials. The piezoresistive materials were prepared from
elements conventionally used in Li-ion batteries; Ni, CMC and
SBR. We show that the Ni MPs can be magnetically aligned
within the CMC/SBR binder to change its percolation
threshold, which led to a difference in the gauge factor by three
orders of magnitude. The magnetic alignment of the conductive
Ni MPs was used to tune the sensitivity and the dynamic
sensing range of the PRM and effectively detect strain induced
by Sn lithiation. The method described here offers significant
merits over conventional approaches: the ability to directly
monitor strain without complex modelling, the simple low cost
setup that does not require specialized equipment, and the
ability to easily control the PRM performance by magnetically
directed assembly. We are interested in expanding this research
to explore other Li-ion battery materials for PRM preparation,
and study the effect of microparticle shape and dimensions to

improve PRM performance.
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