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Lithium (Li) ion intercalation and extraction are critically important for high performance Li-ion
batteries, and they are highly sensitive to local crystalline morphologies and defects that remain poorly
understood. Using electrochemical strain microscopy (ESM) in combination with local transport
analysis, we demonstrate that we cannot only probe Li-ion concentration and diffusivity with
nanometer resolution but also map local energy dissipation associated with electromigration of Li-ions.
Using these techniques, we uncover drastic differences in ESM response and energy dissipation
between micro- and nano-crystalline lithium iron phosphate (LiFePO,) under different charging states,
which explains the superior capacity observed in Li-ion batteries with nanocrystalline LiFePO,
electrode. © 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4742933]

As the world gradually moves away from traditional
gasoline-fueled internal combustion engines and towards
environmentally friendly electric vehicles, there is tremen-
dous demand for high performance electric energy storage
devices,' and lithium (Li) ion batteries have emerged as one
of the most promising competitors for their high energy den-
sity and excellent cycling stability.? In recent years, there
have been numerous studies on nanostructured electrodes
that have led to significant improvements in Li-ion battery
performances,”’ yet the mechanisms responsible for such
enhancements are not well understood. Such a fundamental
understanding requires local probing and analysis of coupled
electrochemistry and mechanics®™'® in Li-ion battery electro-
des with nanometer resolution, and there has been, until
recently, a lack of such techniques.

Scanning probe microscopy (SPM) based techniques
have been applied to probe Li-ion electrodes'' through map-
pings of topography'*~'* or electronic states'>™'” at nano-
scale, yet only recently have the Li-ion diffusions in
electrode materials been directly probed using electrochemi-
cal strain microscopy (ESM),'®'* similar to the well estab-
lished piezoresponse force microscopy (PFM).>**!' While
previous studies have demonstrated the feasibility of ESM in
probing electrode materials, including crystalline LiCoO,
(Ref. 22) and amorphous Si,?® the mechanisms of ESM are
not well established, and it is difficult to separate contribu-
tions from diffusion and electromigration.> The theoretical
analyses developed so far have focused primarily on the dif-
fusion pl‘OCCSS,24 with the Li-ion concentration gradient
assumed to be induced by the electrochemical reaction
occurring at the interface between SPM tip and electrode
sample, and the liquid meniscus formed at the tip-surface
junction serving as the Li-ion reservoir. As the process is
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controlled by electrochemical reaction in addition to diffu-
sion, the data interpretation and its implications for Li-ion
battery electrodes are highly nontrivial and not well
understood.

To overcome these difficulties, we focus on Li-ion fluc-
tuation dominated by electromigration instead wherein the
applied voltage is relatively small, and thus the possible elec-
trochemical reactions at the tip-surface junction can be
ignored. Under such conditions, the fluctuation of Li-ion
concentration is induced solely by the gradient of tip induced
electric field, allowing us to probe the local concentration
and diffusivity of Li-ions with nanometer resolution, as vali-
dated by careful relaxation studies. The technique was then
applied to understand Li-ion intercalation in lithium iron
phosphate (LiFePO,) with different crystalline morpholo-
gies, which has been extensively investigated in recent years
for its high capacity, high power density, abundant material
sources, low costs, and low toxicity.25 -28 Indeed, much
higher ESM responses have been observed in nanocrystalline
LiFePO,, which correlates well with much enhanced macro-
scopic performance in Li-ion batteries with nanocrystalline
LiFePO, electrodes.” Further analysis reveals that Li-ion
redistribution in nanocrystalline LiFePO, shows much
smaller energy dissipation and thus smaller energy barriers
for Li-ion intercalation and extraction, which explains the
substantial performance enhancement often observed in
nanostructured electrodes.

LiFePO, was prepared following a sol-gel process previ-
ously reported,’® as detailed in the supplementary informa-
tion,®' resulting in an inhomogeneous film consisting of both
nano- and micro-crystalline areas, as shown in the scanning
electron microscopy (SEM) image in Fig. S1(a). Portions of
the film are microcrystalline with distinct facet planes
(Fig. S1(b)), while other portions of the film are composed of
nanocrystalline sizes with no clear facet plane (Fig. S1(c)).
The resulting inhomogeneous cathode exhibits a high initial

© 2012 American Institute of Physics
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capacity of 160 mAh/g, as shown in Fig. S1(d), and the corre-
sponding atomic force microscopy (AFM) topography map-
pings of micro- and nano-crystalline areas are shown in Figs.
S1(e) and S1(f). This inhomogeneous film thus provides us a
single specimen to probe local electrochemical activities of
LiFePO, with different crystalline morphologies under other-
wise identical conditions using ESM. To this end, a 3V AC
voltage is applied to the sample through a conductive SPM
tip that induces local fluctuation in Li-ion concentration, as
schematically shown in Fig. 1(a). The concentration fluctua-
tion is translated into surface vibration due to changes in
molar volume,** which is then recorded by photodiode, mak-
ing it possible to map the local electrochemical strain with
nanometer resolution. A representative ESM amplitude map-
ping on as-processed LiFePO, is shown in Fig. 1(b), where
ESM responses on the order of 100pm is observed in the
microcrystalline area. Since intrinsic ESM responses are usu-
ally small, AC voltage is applied near the cantilever-sample
resonance to enhance sensitivity, magnifying such response
by orders of magnitude, as shown by three representative res-
onance peaks at three different locations in Fig. 1(c). Since
resonant frequency often shifts with respect to location due to
its sensitivity to surface morphology and structural heteroge-
neity, a dual frequency resonance tracking (DFRT) tech-
nique** is adopted to track the resonance as it shifts during
scanning. This also makes it possible to simultaneously deter-
mine the quality factor Q using the damped harmonic oscilla-
tor model,* and thus determine the intrinsic ESM amplitude
mapping by correcting the resonance magnification with
quality factor, as shown in Fig. 1(d) overlaid on three-
dimensional (3D) topography, where much smaller ESM
amplitudes on the order of 1 pm are observed after correction.
The corresponding mappings of quality factor and resonance
frequency are shown in Figs. 1(e) and 1(f). Finally, we also
note that there is little phase contrast in the mapping, which
differs from typical PFM because the opposite polarities that
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commonly exist in ferroelectrics are not found in Li-ion
electrodes.

In order to understand the electrochemical implications
of ESM response, we examine the transport of Li-ions in
electrodes in more detail. For small perturbations under SPM
induced electric field, it is assumed that the redistribution of
Li-ion concentration 7 is governed by,>¢

V</>>,

where the first term is the diffusion contribution with D
being the diffusion coefficient, and the second term is the
electromigration contribution. Under equilibrium conditions
before SPM probing, both contributions are balanced, and
there is no evolution of Li-ion concentration. Since the AC
voltage is applied with relatively high frequencies in the
range of 100 kHz, much shorter than typical diffusion time
scales, and large gradients exist in the tip induced electric
field, the redistribution of Li-ion concentration underneath
the SPM tip is assumed to be solely due to electromigration,
and such small perturbations do not change overall concen-
tration distributions of Li-ions. With such approximations,
Eq. (1) can be simplified as

on
a= Y

DzFn
RT

(DVn) +V - < (1)
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and it is evident that changes in Li-ion concentration induced
by SPM tip is proportional to the local equilibrium concen-
tration ngy as well as the diffusion coefficient D. Since this
change is directly proportional to molar volume change and
thus the ESM response probed, we conclude that ESM am-
plitude also correlates with the local concentration as well as
the diffusion coefficient of Li-ion. It is worth mentioning
that the analysis of ESM signal is highly nontrivial, and our
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FIG. 1. ESM of LiFePO, nanocrystals; (a) the schematic illustration of ESM; (b) ESM amplitude mapping before resonance correction; (c) resonance peaks at
three locations, and the schematics of DFRT using actual experimental data; and mappings of (d) corrected ESM amplitude; (e) quality factor; and (f) resonant

frequency, all overlaid on 3D topography.
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current analysis, although providing great insight, is still
semi-phenomenological. More detailed numerical simulation
of ESM response is currently ongoing.

In order to verify this analysis and interpretation, we
apply a sequence of DC step voltages through the SPM tip to
the as-processed, charged, and discharged LiFePO, films and
measure the corresponding ESM responses, as shown in
Fig. 2. Initially, the ESM amplitude is measured in the ab-
sence of applied DC voltage to establish the response at
ground state. Since the response is dominated by electrostatic
interactions when DC voltage is on, which leads to ultrahigh
amplitudes regardless of DC polarity, we only examine the
relaxation of ESM response after the DC voltage is reduced
to zero, similar to the relaxation studies of induced polar
state in relaxor,”’ interfacial ionic conduction in glass
ceramics,® organic solar cells,* and biological ferroelectric-
ity in aortic walls.* In the as-processed sample, a large drop
in ESM response is observed immediately after the removal
of the positive DC voltage, which then gradually increases
back to the ground level before the application of the nega-
tive DC voltage, as shown in Fig. 2(a). On the other hand, af-
ter the removal of a negative DC voltage, a large increase in
ESM amplitude is observed, which gradually decreases to
the ground state. The different relaxation characteristics
under different DC polarities can be clearly understood from
our interpretation of ESM responses—a positive DC voltage
by SPM tip reduces the Li-ion concentration underneath the
SPM tip, resulting in a smaller response than in the ground
state, while a negative DC voltage increases the Li-ion con-
centration underneath the SPM tip, resulting in a larger ESM
response. The relaxation of ESM response to ground state af-
ter removal of either positive or negative voltage corre-
sponds to the redistribution of Li-ions to the equilibrium
concentration at ground state. Such mechanism is further
confirmed by relaxation characteristics observed for the
charged electrode in Fig. 2(b), where the responses are very
close to ground state regardless of DC voltage polarities due
to the lack of Li-ions in the charged cathode, and little relax-
ation is observed after removal of either positive or negative
voltages. For the discharged cathode shown in Fig. 2(c), the
trend of relaxation is similar to the as-processed sample,
though the variation in ESM magnitude is smaller, which
can be understood from well documented capacity loss dur-
ing the first cycle of charging and discharging.*"** While

Appl. Phys. Lett. 101, 063901 (2012)

these relaxation studies were conducted on a single point in
each sample, the qualitative trend is consistent at different
locations. We also point out that according to Eq. (2), the
ESM response is linear to the applied AC voltage, which is
confirmed by our data shown in Fig. S2, especially under
4 V. Even with continuous application of DC voltage, we did
not observe the formation of solid particles that would indi-
cate electrochemical reactions.*?

The relaxation characteristics after removal of DC vol-
tages confirm that the ESM response correlates with the local
concentration and diffusivity of Li-ions, and this allows us to
examine differences in Li-ion intercalation and extraction in
LiFePO, with different crystalline morphologies. The com-
parison of ESM amplitude mappings for micro- and nano-
crystalline LiFePO, is shown in Fig. 3, obtained using DFRT
and corrected by quality factor. The top row maps micro-
crystalline areas with large crystal sizes in the as-processed,
charged, and discharged states, and the bottom row maps the
nanocrystalline areas with smaller crystalline sizes corre-
spondingly. Again, the differences among as-processed,
charged, and discharged samples are evident, confirming that
the responses correlate with Li-ion concentration. Even more
importantly, notable ESM contrast between micro- and
nano-crystalline areas of large and small crystalline size is
observed. In the as-processed sample, the averaged ESM
response in the nanocrystalline area is more than twice the
response in the microcrystalline area, suggesting that Li-ions
in nanocrystalline LiFePO, have higher diffusivity. After
charging, the averaged amplitude drops substantially in both
areas due to extraction of Li-ions, though the nanocrystalline
area still shows approximately 20% higher averaged
response. In the discharged state, substantially higher ESM
response of more than 70% is observed in the nanocrystalline
area, which is attributed to both higher Li-ion intercalation
and diffusivity. The correlation between nanoscale ESM
response and local crystalline morphologies is evident,
which may help the understanding of enhanced performance
in Li-ion batteries with nanocrystalline LiFePO, electrode.

Indeed, it has recently been demonstrated that LiFePO,
film annealed at 600 °C on Pt-coated Si shows nanocrystal-
line morphology similar to Fig. S1(c) and exhibit a superior
initial energy capacity of 312 mAh/g, while LiFePO, film
annealed at 800 °C shows microcrystalline morphology simi-
lar to Fig. S1(b), and possesses a relatively low capacity of

s00t@)___As-Processed 15 300tP) . Clharged' 45 300(c) ‘ D!schgrqu 15
250 10 250( J10 =250 10
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FIG. 2. Relaxation characteristics of ESM responses of LiFePO, electrode at different stages of processing and testing, where the left axis indicates the ESM
response and right axis indicates the applied voltage; (a) as processed; (b) charged; and (c) discharged. During the experiment, the amplitude was measured ev-

ery 0.5 ms, and the data were averaged over every 0.2 s period.
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FIG. 3. Comparison of corrected ESM amplitude mappings of LiFePO, electrode in micro- and nano-crystalline areas at different stages of processing and test-
ing, with the averaged amplitude identified in each mapping.

120 mAh/g.*® Our local ESM studies thus correlates well end, we examine the mappings of quality factor, which is
with such contrast in macroscopic battery performances and  inversely proportional to energy dissipation associated with
may help understand the mechanisms responsible for per- Li-ion redistribution and thus reflects the energy barrier for
formance enhancement in nanocrystalline LiFePO,. To this Li-ion intercalation and extraction. While the total energy
As-Processed

i

2.0

Microcrystalline

Nanocrystalline
m
[y
(=]

00 05 10 15 20
um

FIG. 4. Comparison of ESM dissipation mappings of LiFePO, electrode in micro- and nano-crystalline areas at different stages of processing and testing, nor-
malized by the respective ESM amplitude, with the averaged dissipation identified in each mapping.
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dissipation at each point is directly correlated with the
quality factor, the energy dissipation per unit Li-ion redis-
tribution is more significant and can be analyzed by nor-
malizing the total dissipation with respect to ESM
magnitude, which is directly proportional to redistributed
Li-ion concentration. Although we are interested in dissipa-
tion originating from ionic motion, it is pointed out that the
mechanical dissipation is also included in the data that can-
not be separated from ionic effects for the time being. Fur-
thermore, we have ignored the effects of noise background.
The mappings of such energy dissipation per unit Li-ion
redistribution for micro- and nano-crystalline LiFePO,
under different states are shown in Fig. 4, and the contrast
between the micro- and nano-crystalline LiFePO, is evi-
dent. The nanocrystalline region shows substantially
smaller energy dissipation compared with the microcrystal-
line one in as-processed and discharged samples, suggest-
ing much smaller energy barriers for Li-ion intercalation
and extraction in nanocrystalline LiFePO,. This difference
may be due to the one-dimensional ion transport channel in
LiFePO,,** for which clear crystalline facets as seen in
microcrystalline region might not be desirable when they
are misaligned with the transport channel. Indeed, it
appears from 3D topography that the dissipation is rather
uniform within one facet, yet varying from facet to facet in
microcrystalline region in the as-processed state. On the
other hand, for nanocrystalline region without clear crystal-
line facet, the dissipation is rather uniform, especially in
the as-processed state.

In summary, we have probed local electrochemical
strain in inhomogeneous LiFePO, cathodes with nanometer
resolution and established clear correlation between nano-
scale Li-ion electrochemical activity and local crystalline
morphology on one hand, and macroscopic battery level per-
formance on the other. Not only have the local Li-ion con-
centration and diffusivity been probed, but also the energy
dissipation during Li-ion transport been mapped. It is discov-
ered that nanocrystalline LiFePO, exhibits higher Li-ion dif-
fusivity and lower energy dissipation than microcrystalline
LiFePO,, which explains its higher capacity often observed
at macroscopic battery level. This study thus can help under-
stand Li-ion interaction and extraction at nanoscale, particu-
larly their dependence on crystalline morphologies and
defects, and can help develop electrode materials for Li-ion
batteries with enhanced performance.
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