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Abstract

The state-of-the-art cathode materials experience severe structural and mechanical degradation over lithiation cycles albeit their
small deformation. It has been a great challenge to characterize the mechanical behavior of composite electrodes in-situ and in
real-time because of their environmental sensitivity and intricate microscopic heterogeneity. We use nanoindentation to measure
the in-situ mechanical behavior of individual phases in a cathode composite electrode LiNi,Mn,Co,0,. We focus on the
understanding of the mechanical properties of the constituents in dry and wet conditions. We evaluate the influence of electrolyte
soaking on the elastic modulus, hardness, and volume change of the conductive matrix with different degrees of porosity. More
interestingly, we measure the modulus, hardness, and fracture strength of agglomerated active particles and sintered pellets, and
compare their mechanical properties in the dry and liquid environment. We show that the electrolyte enhances the fracture
strength of NMC agglomerated particles. The increase in interfacial strength may be a result of the additional capillary force
between primary particles. Results offer mechanistic understanding of the complex behavior of composite electrodes and will

feed chemomechanical models on Li-ion batteries.
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Introduction

Mechanical degradation is currently a major challenge in the
development of high energy density Li-ion batteries and solid-
state batteries [1-3]. The repetitive deformation during Li in-
sertion and extraction creates long-range stresses within the
active materials, solid electrolyte interface (SEI), and along
the interfaces between electrodes and the Li/electron conduc-
tive agents. Mechanical stresses induce material defects such
as dislocations [4, 5], cavities [6], and cracks [7-9] throughout
the active material, rupture of the SEI layer, and separation of
electrodes from the conductive network [10, 11]. The constant
disruption of the solid interfaces leads to Li depletion, increase
of ohmic and thermal resistances, and steady fade of cyclic
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efficiency, while the isolation of the active materials results in
a mostly immediate loss in capacity of batteries [12, 13].
Mechanical issues are an overwhelming problem in elec-
trodes of intrinsically large volumetric expansion such as
conversion- and insertion-type anodes [14—18]. Limited suc-
cess has been achieved to mitigate their mechanical failure
upon Li reactions. For cathode materials that undergo a much
less obvious volumetric strain (~5%), structural degradation is
less recognized. In recent years, experiments have shown that
the state-of-the-art cathode materials such as lithium nickel
manganese cobalt oxides (NMC) experience significant inter-
granular and intragranular failure [19, 20]. Intragranular fail-
ure normally takes place in abusive operating conditions such
as high temperature and high voltage, where oxygen release
and extra Li insertion amplify the internal strain within the
grain. Intergranular fracture is the cause of structural disinte-
gration of NMC secondary particles. As-synthesized NMC
materials are often in the form of “meatball’ secondary parti-
cles composed of an agglomerate of smaller and anisotropic
primary particles. This hierarchical structure is vulnerable to
intergranular fracture because the weakly bonded interface
cannot sustain internal stresses developed from the anisotropic
expansion of the primary particles [21, 22]. The structural
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decohesion clearly contributes to the increase of impedance of
NMC cathodes over cycles [23, 24].

The mechanical behavior of the inactive materials also
plays a role in the electrochemical performance of elec-
trodes. For instance, stiff binders can help contain exces-
sive deformation of active materials during (de)lithiation,
maintaining better contact with the conductive matrix and
preventing pulverized active particles from disintegrating
[25, 26]. At the same time, however, mechanical confine-
ment promotes higher mechanical stresses within the active
materials, lowering the accessible capacity [27, 28]. In ad-
dition, stiffer binders can lead to severe cracking of the
conductive matrix and promote interface fracture depend-
ing on the binder/particle contact geometry [29, 30].

The knowledge about the mechanical behavior of electrodes
is crucial in understanding the degradation mechanism and in
the design of materials of enhanced mechanical reliability. Ex-
situ nanoindentation has been widely used in the characteriza-
tion of electrode materials, owing to its high spatial resolution
and ability to access a range of material behaviors [31-33].
More interestingly, many studies probed the evolution of me-
chanical properties with lithium concentration and in the
course of electrochemical cycles [34—38]. However, mechani-
cal characterization of composite electrodes in-situ and in real-
time has been a great challenge. The mechanical properties
evolve with the state of charge and the cycle number.
Furthermore, the operation of batteries is highly sensitive to
air — a trace of oxygen and moisture can cause numerous side
reactions [39]. The mechanical measurements performed ex-
situ and without environmental control may substantially de-
viate from the electrochemical conditions in real batteries. A
few recent noteworthy papers reported the effect of the liquid
environment. Wang et al. [40] found that the mechanical re-
sponse of Si electrodes is dominated by the polyvinylidene
fluoride (PVDF) binder and is highly sensitive to the electro-
lyte solution. Wendt et al. [41] observed that even the custom-
ary washing of electrodes using dimethyl carbonate (DMC)
solvent can significantly affect measurements because of the
large amount of solvent absorbed by the PVDF binder. The
studies on the macroscopic behavior of electrodes in liquid
electrolyte are valuable. Nevertheless, we would like to point
out that electrodes in commercial batteries are highly hetero-
geneous. First, the mechanical properties of the active particles,
polymeric binders, and porous conductive matrix are vastly
different. And second, the stress field, Li concentration, and
mechanical failure are strongly dependent on the local details
of the microstructure of electrodes. The averaged and overall
response of composite electrodes is insufficient to unravel their
intricate microstructural features and to understand the evolv-
ing nature of material states and stress field upon Li reactions.

We recently built an experimental platform of operando
nanoindentation to map the local mechanical behavior of
electrodes in a liquid cell and in an argon-filled environ-

SEM

ment [42]. Here we use nanoindentation to measure the in-
situ mechanical behavior of individual phases in a commer-
cial LiNig sMng 3Cog,0, (NMC532) electrode which is the
current choice of cathode for electric vehicles. We focus on
the understanding of the mechanical properties of the con-
stituents in dry and wet conditions, Fig. 1. We compare the
influence of the electrolyte solution on NMC particles as
well as sintered NMC pellets. For the first time, we show
that the electrolyte plays an important role in the fracture
strength of NMC secondary particles. The increase in inter-
facial strength may be a result of the additional capillary
force between primary particles. Furthermore, we perform
experiments to investigate the influence of electrolyte
soaking on the elastic modulus, hardness, and volume
change of the conductive matrix with different degrees of
porosity. Results offer mechanistic understanding of the
complex behavior in composite electrodes and will feed
the parametric input of chemomechanical models.

Experimental Methods

Preparation of NMC Samples NMC is prepared in two forms:
as-received hierarchical particles (small grains) and sintered
pellet (large grains). Commercial NMC532 powder (MTI Co.)
is used in the preparation of both configurations. To allow
indentation testing, a rigid matrix is necessary to hold the
NMC particles in place. The matrix must remain mechanically
stable in dry versus wet conditions to avoid changes in the
mechanical properties of the matrix from being misinterpreted
as changes of the particles. The PVDF binder used in com-
mercial batteries is known to soften in the electrolyte [43] and
thus it is not suitable as the matrix for indentation tests on wet
NMC. Hence, the inert polystyrene (PS) plastic is selected in
our experiments. We perform indentation tests on the PS in
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Fig. 1 Sketch of the mechanical behavior of a composite electrode in the
liquid electrolyte. Compared to the dry state, the polymeric matrix swells
in the volume and softens in the mechanical properties, while the liquid
bridging at the interface of the primary particles enhances the interfacial
strength



Exp Mech (2019) 59:337-347

339

dry and wet environments to confirm its stability in the elec-
trolyte solution. In the sample preparation, the PS granules are
first heated to roughly 245 °C on a heat plate. Next, the as-
received NMC 532 powder is lightly pressed onto the PS
surface with a glass slide and subsequently left to cool down
at ambient temperature. For the NMC pellet, as-received
NMC 532 powder is first ball milled into submicron primary
particles. The stainless-steel container and milling balls are
solely used for NMC powder and are cleaned with acetone
and isopropyl alcohol before use. Then, approximately 1g of
the milled powder is pressed into a die (13 mm) under an
applied compressive load of 5 tons (model 4350, Carvar).
The compressed pellet is sintered at 1000 °C for 10 h with a
heating rate of 10°C/min and left in the furnace until cooled.
X-ray diffraction (XRD, Panalytical Empyrean Powder X-ray
diffractometer) is performed using a diffractometer with Cu
K-alpha radiation in a 20 range of 10-80° at40 mA and 45 kV.
Both configurations, NMC particle in the PS matrix and
sintered NMC pellet, are polished for roughly 30 min using
0.05 pum colloidal silica slurry on imperial cloth (LECO Co.)
and dried overnight in a vacuum oven at 80 °C before nano-
indentation. According to our previous measurements, this
fine polishing procedure is expected to reduce the NMC sur-
face roughness to approximately 4 nm [44].

Preparation of PVDF Binders PVDF powder (HSV900, MTI
Co., molecular weight of 600,000) is dissolved in N-Methyl-2-
pyrrolidone (NMP) solvent to form a solution containing
6 wt% PVDF. A portion of the mixture is poured into a glass
container to prepare for the pure PVDF film, and the remainder
of the solution is homogeneously mixed with carbon black
(Super P, MTI Co.) in a 50:50 weight ratio in another glass
container to prepare for the CB/PVDF film. Both containers
are dried in a vacuum oven at 80 °C for a couple of days. The
films are easily peeled off from the containers and the final
thicknesses are approximately 45 um for the PVDF film and
400 um for the CB/PVDF film. Sample weight and dimen-
sions, including volume expansion in the electrolyte, are
probed using a micrometer (1pum resolution) and a precision
balance (0.1 mg resolution). Measurements are repeated at least
three times for each dimension and the average value is used in
the estimation of the density and porosity. Sample dimensions
and calculation details are provided in Tables S1 and S2. The
resulting densities of the PVDF and CB/PVDF films are 1.43
g/em?® and 0.80 g/cm?, respectively. Three CB/PVDEF film sam-
ples are compressed with an electric rolling press to achieve the
final porosities of 50.8%, 27.5%, and 3.8%, respectively. The
porosity is estimated based on the difference between measured
volume and theoretical volume, as follows:

' 1 1
)
. — p‘P/VDF PcB 7 (1)

where V,, is the measured volume of the sample, w,, is the
measured weight of the sample, ppypr is 1.45 g/em’, and pcg
is 1.90 g/em’.

Mechanical Characterization Nanoindentation (Keysight
G200) tests are performed in an argon-filled glovebox (O,
and H,O < 0.5 ppm). Samples are tested in dry and wet con-
ditions. In wet condition, a stainless-steel coin cell case is used
as a container and samples are kept immersed in electrolyte.
All samples are allowed to soak in the electrolyte for 1 h
before indentation tests. The selected electrolyte, 1 M LiPFg
in propylene carbonate (PC) is nonvolatile, enabling a con-
stant fluid level and salt concentration during tests. In a pre-
vious study, we confirmed that the Ar environment and elec-
trolyte solution do not compromise the accuracy of indenta-
tion experiments [42].

Hardness H and elastic modulus E are determined using a
Berkovich indenter following the Oliver-Pharr method [45]:

P
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where P is the load and (3 is a geometrical constant (1.034 for
Berkovich tip). The elastic modulus and Poisson ratio of the
diamond indenter (E;,v;) are 1141 GPa and 0.07, respectively.
The continuously measured contact stiffness S is derived from
the in-phase material response to a superimposed oscillating
signal during dynamic load (also known as continuous stiff-
ness measurement, CSM) [45]. A harmonic displacement of
2 nm and a frequency of 45 Hz are used. The Poisson ratio of
the sample, v, is assumed 0.3 for NMC and 0.4 for PVDF and
CB/PVDF, respectively. The area of contact A is derived from
the contact indentation depth through an experimentally cali-
brated function. The indenter is loaded at a constant P/ P rate
0f 0.05 s, up to the maximum indentation depth (500 nm for
NMC and 2000 nm for PVDF and CB/PVDF, respectively).
Grid indentations are performed on PVDF and CB/PVDF
films with a spacing of 200 um between each indent. For
NMC samples, targeted indentations are conducted at the cen-
ter of large NMC particles (minimum diameter of 15um) to
minimize the boundary effects.

We measure the fracture toughness K. of NMC by nanoin-
dentation with a cube-corner indenter. The fracture toughness
is calculated following the formula derived by Lawn et al. [46]
and Antis et al. [47] for a radial, half-penny crack:

1

EN\? P
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where « is an empirical constant that depends on the indenter
geometry (0.036 for cube-corner shape [48]), ¢ is the crack
length, and P is the critical load that generates a crack of the
length c. It is important to note that geometrical variations in
the orientation of the indenter relative to the local microstruc-
ture (NMC secondary particles) and grain orientation due to
crystalline anisotropy (NMC pellet) can be expected to affect
the value of the pre-factor a [47]. For instance, anisotropy can
introduce a deviation from the ideal half-penny shape crack
[49, 50] which may lead to an overestimation of the indenta-
tion fracture toughness [S51]. However, equation (4) is still
useful in the determination of an “effective” toughness, which
allows for a quantitative comparison between the NMC mate-
rials in the dry and wet states, as the crack pattern is not
expected to change from one state to the other. A cube-
corner indenter is used because its sharp angle (centerline-to-
face angle of 35.3°) reduces the load threshold for cracking
[52], enabling the characterization of small volumes of mate-
rials such as NMC secondary particles. However, cracks pro-
duced at low loads are small and difficult to measure by con-
ventional microscopy techniques. A method proposed by
Field et al. [53] allows the estimation of the crack length from
the load-displacement curve, which eliminates the need for
direct measurement. When a brittle material is indented with
a sharp indenter, the load-displacement curve may exhibit
sudden bursts in the tip displacement. This sudden tip pene-
tration, so-called pop-in, is thought to be associated with the
formation of half-penny cracks extending from the edges of
the indenter [53]. The extra tip displacement after the pop-in,
h,, relates to the crack length, ¢, as follows:

¢ = V3 + (g%—fz)hx, (5)

where E is the plane strain elastic modulus, Q is an empirical
constant that depends on the indenter geometry (4.55 for cube-
corner [53]), A, is the measured tip displacement, and %, =/,

— h,. The theoretical tip displacement in the absence of pop-in,
h,, is estimated by the extrapolation of the load-displacement
curve before the pop-in event. £ and H are known from in-
dentation tests with the Berkovich tip.

The intricate microstructure of NMC results in a large var-
iation in the load-displacement curves and ambiguity in the
detection of pop-in events. Thus, to avoid subjectivity of in-
terpretation and allow efficient handling of numerous experi-
ments, we write an algorithm to process the pop-in data, iden-
tify and discard invalid tests, and compute fracture toughness.

The first step of the algorithm is the identification of the
pop-in events. Morris et al. [54] showed that pop-in events are
associated with peaks in the reduced stiffness, S,

Y

S= S_l ) (6)
where S is the continuously measured contact stiffness and S
is the instantaneous slope of the loading curve. The inspection
of Figure 2(a) shows that, with exception of very small tip
displacements, a clear correlation exists between the peaks
in S (continuous red line) and bursts in the load-
displacement behavior (continuous blue line). The algorithm
needs to be able to distinguish peaks from random noise in the
S curve in order to correctly identify pop-in events.
Considering the irregularity of the load-displacement curve
at very shallow depths, which may also include a pop-in due
to elasto-plastic transition [55], a minimum tip displacement /-
min (black arrow) must be assigned as the threshold below
which cracking is assumed not taking place. We choose /-
nin=100nm. We investigate the sensitivity of the results to
this parameter in the Results and Discussion section. Having
discarded the reduced stiffness data below #,,;, (continuous
grey line), the reduced stiffness data for # above 4,,;, (contin-
uous red line) is used to find outliers (pop-ins). Figure 2(b)
displays the reduced stiffness distribution for the test in
Figure 2(a) where the ‘0’ symbols represent individual data

Fig. 2 Systematic procedure for (a) (b)
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points. We define any observations above Q3 + 3 IQR or be-
low Q1 —3 IQR as outliers, where Q1 is the 25th percentile
and Q3 is the 75th percentile, and /OR = Q3 — Q1. A real pop-
in event will always introduce a positive skewness to the dis-
tribution, while random noise leads to a symmetric deviation.
Therefore, all pop-in events (outliers) are detected above the
upper boundary (O3 + 3 IQR). The reduced stiffness distribu-
tion for each indentation is presented in the supplementary
information (Figure S1).

With the pop-in events identified, the load-displacement
curve before the first pop-in is fitted with a quadratic polyno-
mial function to predict the theoretical tip displacement with-
out crack /, (dashed blue line, Figure 2(a)). The crack length is
estimated through equation (5) using the pop-in length 4, for
the first five points after the pop in event. The validity of
equation (5) in the estimation of the crack length for NMC
materials was confirmed in our previous work [44]. It is worth
noting that the average crack length in our experiments (~1
pum) is much smaller than the radius of the secondary particles
(~10 um), thus avoiding crack interaction with the matrix.
Finally, K. is calculated through equation (4) and the average
K. of the five points is stored. Note that load-displacements
curves not are manually selected or removed by the user; only
6% of the total number of tests were automatically discarded
by the following criteria: the extrapolated load-displacement
curve yields a negative crack length (4,<0), or no pop-in
events are detected.

Fig. 3 The comparisons of (a)

Results and Discussion

We measure the individual mechanical properties of PVDF
polymeric binder, CB/PVDF conductive matrix, and NMC
particles in the 1 M LiPF4-PC liquid electrolyte. NMC532 is
investigated in the form of secondary particles (small grains)
and sintered pellet (large grains). The conductive matrix is
examined for different porosities and with and without carbon
black filler.

Modulus and Hardness of the Binder
and the Conductive Matrix

Electrolyte uptake causes a volume strain of roughly 30% in
the PVDF film (Figure 3(a)). This large volumetric change
alters the functionality of the conductive matrix in different
aspects. For instance, the increase in the binder volume repre-
sents an effective decrease in the volume ratio of the conduc-
tive filler (i.e., carbon black), and consequently causes an
increase in the electrical resistance of the electrode [56, 57].
For the CB/PVDF composite, the volume expansion depends
on the initial porosity. We find that the dense film expands
30% in volume as compared to 15% volume expansion for the
porous film (50% porosity). Thus, the increase in the specific
volume of the binder in wet condition would occupy pore
spaces in the conductive matrix, which could affect the ion
transport. It is interesting to note that volume expansion

(c)

volume, (b) elastic modulus, and 200
(c) hardness of the PVDF binder
under dry and wet conditions. (d) 150

Elastic modulus and (e) hardness
of the CB/PVDF conductive ma-
trix as a function of the nominal
porosity. Dry measurements are
shown in red and wet measure-
ments are shown in blue. The er-
ror bars represent the standard
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displays an opposite trend to the swelling ratio (weight frac-
tion increase by electrolyte uptake) as reported in literature
which increases with the porosity [58]. The thicknesses of
pure PVDF and CB/PVDF films (50 and 185420 pum, re-
spectively) are sufficiently large so that the elastic modulus
and hardness are approximately constant with different inden-
tation depths (no substrate effect), Figures S2 and S3. The
elastic modulus of PVDF film in dry condition, 590 MPa
(red bar, Figure 3(b)), is in good agreement with previous
reports by tensile tests (400-650 MPa) [56, 59]. In the wet
condition, both the elastic modulus and the hardness of the
binder drop by about 50% (blue bar, Figure 3(b) and (c)). This
deterioration in the mechanical properties is a result of binder
expansion by solvent uptake which facilitates sliding and dis-
entanglement of the polymer chains [60].

The CB filler has a significant impact on the mechanical
behavior of the dry matrix - the modulus of the CB/PVDF
composite (2.5-2 GPa, Figure 3(d)) is about four times that
of pure PVDF (0.59 GPa, Figure 3(b)). Both modulus and
hardness decrease significantly with the porosity,
Figures 3(d) and (e), where the nominal porosity represents
the initial porosity of the matrix without absorption of liquid.
The effect of electrolyte soaking is particularly detrimental to
the properties of the conductive matrix (CB/PVDF), resulting
in a decrease of over 80% in both modulus and hardness. In the
wet state, the mechanical properties of PVDF and CB/PVDF
are roughly the same, indicating that the carbon black loses
most of its role in the mechanical response of the composite.

Fig. 4 SEM image of the
NMC532 (a) sintered pellet and
(b) as-received secondary parti-
cles. (c) XRD profiles in compar-
ison with the reference pattern
[58]

* *

Modulus, Hardness, and Fracture Strength of NMC
Secondary Particles and Pellets

The NMC material is evaluated in two configurations: as-
received hierarchical particles (small grains) and sintered pel-
let (large grains). The final grain size of the pellet (3—10 pum,
Figure 4(a)) is significantly larger than the size of the primary
particles in the as-received NMC sample (0.1-1 pum,
Figure 4(b)). The XRD profile of the NMC pellet is consistent
with the reference pattern [61], confirming that the elemental
composition and crystal structure are maintained during
sintering (Figure 4(c)). For the hierarchical particles, a PS
matrix is used to hold the particles during indentation.
Figure 5 confirms that the elastic modulus (3.8 GPa) and the
hardness (0.25 GPa) of the PS matrix remain unchanged in the
presence of the electrolyte, thus attributing the changes in the
measured mechanical behavior in dry versus wet environ-
ments to the NMC particles alone. Targeted indentations are
performed on the polished NMC samples. The surface finish,
microstructure and indentation sites are shown in Figure 6(a)
(NMC secondary particles embedded in PS matrix) and in
Figure 6(b) (sintered NMC pellet). The low resolution of
Figure 6(a) is partly because of the poor electrical conductivity
of the PS matrix. While both samples exhibit a certain degree
of porosity, the primary particle size differs significantly. At an
appropriate indentation depth, this difference allows probing
the mechanical response within a single particle (sintered
NMC pellet) and across particle interfaces (as-received

ref. pattern
as-received powder
sintered pellet
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Fig. 5 Elastic modulus (blue) and hardness (red) of polystyrene in dry
condition (filled square), submerged in 1 M LiPF4-PC electrolyte for 1 h
(open square), and submerged in the electrolyte for 6 days (open circle).
The error bars represent the standard deviation

NMC powder). The pellet experiment is approximate to the
intrinsic properties of NMC in the bulk form, while the mea-
surement of NMC secondary particles is dependent on the
packing arrangement of the agglomerate, porosity, and phys-
ical interactions between the primary particles.

For elastic modulus and hardness measurements, a mini-
mum of 15 indentations are performed for each configuration.
The load-displacement curve and elastic modulus as a func-
tion of indentation depth are shown in Figure 7. The decrease
in modulus with indentation depth is a consequence of two
main reasons: (i) the substrate effect, and (ii) deep indentation
induced material damage. In an earlier work, we showed that
tests on NMC particles are independent on the matrix proper-
ties if the indentation site is away from the particle/matrix
interface and if the indentation depth is chosen much less than
the secondary particle radius (8—10 pum) [44]. Potential crack
formation and propagation in a brittle material induced by
deep indentation is another reason of the decrease of modulus
[62, 63]. The dashed line in Figure 7(b) indicates the selected
indentation depth (85 nm) to minimize material damage. This
value represents the lowest indentation depth where the sur-
face roughness is negligible while the area function calibration
and surface contact detection remains accurate in our
experiments.

Fig. 6 SEM images of the polished NMC agglomerates in a polystyrene
matrix (a) and sintered pellet (b). The residual impressions at the pre-
selected sites are shown after removal of the indenter

Figure 8 shows the elastic modulus, hardness and fracture
toughness of NMC sintered pellet and secondary particles
(NMC agglomerates) in dry (red box) and wet (blue box)
conditions. The grey circles represent individual indentations,
the box indicates the 25-75% range, the white line is the
median, and the average values are shown in the labels and
indicated by the white squares. Regardless of the environment
effect, the mechanical properties of the agglomerated second-
ary particles are generally lower than those of sintered pellets.
This difference is attributed to the weak interfaces between the
primary particles in the NMC agglomerate. Kendall et al. [64]
showed that the contact between particles within an agglom-
erate introduces compliance to the system and results in a
lower elastic modulus of the assembly. The modulus of the
agglomerate is dependent on the packing ratio, the diameter of
the primary particles, and the interfacial energy [64]. Thus, the
synthesis procedure of NMC powder, which strongly affects
the particle morphology and internal porosity [65, 66], can
have significant impact on the mechanical properties of the
agglomerate.

There is no apparent difference between the elastic modu-
lus and hardness of NMC samples in dry versus wet condition.
However, while the properties of sintered pellets remain most-
ly unchanged in the electrolyte, the average fracture toughness
of the secondary particles is improved from 0.104 MPa m? in
the dry condition to 0.212 MPa m? in the liquid environment.
This difference is statistically significant according to the stan-
dard t-test (p value=0.007). It is worth noting that for the
computation of the fracture toughness, we assumed that the
threshold for cracking was #,,;, = 100 nm. To test the sensitiv-
ity of the calculations to this parameter we compute K. for -
min =350 nm and #,,;, =150 nm, Figure S4. The trend is the
same, however, £,,;, = 100 nm results in the least number of
discarded tests and at the same time, the least spread in the
data. The detailed fracture toughness calculation for each in-
dividual test is provided in the supplementary information,
Figures S5-S8. These results suggest that crack propagating
along the interface of primary particles is influenced by the
liquid penetration. Notice that, for the secondary particles, the
variation in the data is significantly higher in wet condition
than in dry state. This variation is not observed for the pellet
measurements. The large deviation is likely a result of hetero-
geneity in liquid saturation rather than random noise in the
experiments. To better understand the behavior, we first con-
sider the nature of the bonding forces in granules.

For granular materials, the strength of an agglomerate is
governed by interparticle bonding rather than the strength of
the individual constituent particles [67]. Rumpf and Schubert
[68] considered the adhesion between single particles includ-
ing the following mechanisms: (i) bonds without material
bridges (van der Waals, electrostatic, and magnetic forces),
and (ii) bonds with material bridges that can be liquid or solid
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(binding agents, sintering, crystallizing salts). The relative im-
portance of the bonding forces varies case by case. NMC
powder is usually synthesized via the two-step process: (i)
precursors are fabricated by hydroxide co-precipitation; and
(ii) precursors are mixed in appropriate proportions and calci-
nated [66, 69]. The resulting powder consists of secondary
particles in which many primary particles are aggregated,
Figure 9(a). The characteristic sizes of primary particles, in
the range of several hundred nanometers, are sufficiently
small such that van der Waals forces can be significant. It is
also possible that chemical bonds form along particle bound-
aries depending on the calcination conditions.

Because of the high polydispersity and irregular particle
shapes, it is impractical to obtain precise analytical predictions
for the strength of the NMC agglomerates. As a first approx-
imation, we use the classical Rumpf model to represent the
tensile strength o, of agglomerates composed of spherical par-
ticles of a uniform size:

a,:nF:l.l(l?E> (#)F (7)

where 7 is the average number of interparticle contacts per
unit area of the cross-section and F is binding force. This
equation is applicable for different bonding mechanisms.
Our initial speculation was that the liquid electrolyte may act

Fig. 8 (a) Elastic modulus, (b)

(a)

Indentation depth [nm]

as a lubricant in the NMC agglomerate which reduces the
inter-particle friction and thus the interlocking forces in the
secondary particles. However, the experimental result sug-
gests otherwise. Compared to the dry state, the wetted ag-
glomerate possesses negative capillary pressure which ab-
sorbs liquid electrolyte into the microchannels between prima-
ry particles, Figure 9(b). Capillary forces are typically stronger
than van der Waals attraction but weaker than the solid brid-
ges, and therefore can potentially impact the strength of NMC
agglomerates. To evaluate the magnitude of the additional
capillary force brought by the liquid bridging, we rewrite
equation (7) using capillary forces F [68]:

1_
o = 6STE%COS0, (8)

where S is the liquid saturation, ¢ is the void fraction, D is the
surface average diameter of primary particles, +y is the surface
tension, and @ is the liquid-solid contact angle. The surface
tension of the PC solution is 41.1 mN/m [70]. Assuming 6 =0,
a saturation value of 0.95, and void fraction of 0.028 [71],
equation (8) predicts a fracture strength of ~16 MPa for
NMC primary particles bonded only by the capillary forces.
We calculate the interfacial strength using linear elastic frac-
ture mechanics: K;c = o,y/ma/Y. Assuming a half crack
length a of 1um and a half penny surface crack (Y=0.64),

(b)
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201 13.9 0.291 Bl Wet
ness of NMC agglomerate and P — — R b
sintered pellet in dry (red box) and 600 P 0o o 6 ©® oWdHooo o K o o . Dry
wet (blue box) environment Pellet 200 14.0 0.298
—— —E— 1
©2 8% ° o © Bg@o W o @ o o
108 7.8
—al- —
%0 §890 88 8 8008 0 o
Agglomerate 7.8 0.104 o o
¥ A i .. -7
oo o Podo 00 oo Median
O Mean
T T T T T T T T T T T T T T T T T T
80 120 160 200 24 4 8 12 16 20 0.0 0.3 0.6 0.9 1.2

Elastic Modulus [GPa]

Hardness [GPal] Fracture Toughness [MPa m'?]



Exp Mech (2019) 59:337-347

345

Fliquid bridge
(

Fsotid bridge

Fig.9 Schematic illustration of physical interactions between the primary
particles in dry (a) and wet (b) conditions

we find an increase of 0.044 MPa m'? in fracture toughness of
NMC secondary particles in the liquid electrolyte compared to
its dry state. This difference is on the similar order of magni-
tude as determined in experiments (median difference of
0.085 MPa m'” and average difference of 0.108 MPa m'?).
It is worth noting that the analysis is based on an idealized
model of spherical primary particles of a uniform size, while
the as-synthesized NMC particles are polydisperse and of ir-
regular shapes. In addition, previous work has shown that the
Rumpf model may largely underestimate the strength of gran-
ular materials [64]. Here we use the theoretical calculations to
evaluate the liquid bridging due to the capillary forces which
can be significant in determining the interfacial strength of the
agglomerated particles. Other mechanisms are also possible
underpinning the liquid effect. For example, previous work
showed that the native oxide SiO, on Si anodes can react with
the decomposition products of LiPF¢ (PFs or HF in trace
amounts in the electrolyte) to form SiOyF, at the ambient
temperate prior to electrochemical cycles [29]. A solid surface
layer may act as a nano-filler at the interface of primary parti-
cles and alter the interfacial strength of the secondary particles.
Further experiments are necessary to fully understand the bond-
ing nature of NMC agglomerates in the liquid environment.

Conclusions

We use in-situ nanoindentation in an inert environment to
measure the mechanical properties of a PVDF polymeric
binder, a CB/PVDF conductive matrix, and NMC active ma-
terials in dry and wet conditions. Commercial NMC cathode is
studied in the form of as-received secondary particles (ag-
glomerate of primary particles) and sintered pellet (large sin-
gle particles). For both configurations, there is no apparent
difference between the elastic modulus and hardness in dry
and wet states. The fracture toughness of sintered pellets re-
mains mostly unchanged in both conditions, while the inter-
facial strength of the secondary particles is largely enhanced
when submersed in the electrolyte. The result suggests that
crack in an NMC agglomerate propagates along the interfaces
between primary particles and is influenced by the liquid

saturation. A possible reason is the capillary pressure that
absorbs liquid electrolyte into the microchannels and
nanopores between primary particles, creating an additional
bonding force. The mechanical response of conductive matrix
is largely dependent on the porosity and carbon content in dry
condition. When wetted by electrolyte, the PVDF binder un-
dergoes a volume expansion of up to 30% and a decrease in
the elastic modulus and hardness of roughly 50%. The effect
of electrolyte soaking is particularly detrimental to the me-
chanical strength of the conductive matrix (CB/PVDF), which
results in a decrease of over 80% in the mechanical properties.
Experimental results highlight the significance of the liquid
environment on the mechanical behavior of both active mate-
rials and conductive agents in composite electrodes.
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