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ABSTRACT

Trustworthy preparation and contacting of micron-sized batteries is an essential

task to enable reliable in situ TEM studies during electrochemical biasing. Some of the challenges
and solutions for the preparation of all-solid-state batteries for in situ TEM electrochemical studies
are discussed using an optimized focused ion beam (FIB) approach. In particular redeposition,
resistivity, porosity of the electrodes/electrolyte and leakage current are addressed. Overcoming
these challenges, an all-solid-state fluoride ion battery has been prepared as a model system for in
situ TEM electrochemical biasing studies and first results on a Bi/Lag 9Bag 1Fs 9 half-cell are pre-
sented. Microsc. Res. Tech. 79:615-624, 2016. © 2016 Wiley Periodicals, Inc.

INTRODUCTION

Affordable, reliable, and safe electrochemical energy
storage systems are required for a wide variety of
applications such as hybrid and electric vehicles (Bel-
harouak et al., 2011; Han et al., 2014; Smith et al.,
2012), stationary systems (Purvins and Sumner, 2013;
Takami et al., 2013; Wagner, 2007; Xu et al., 2010),
notebook computers (David, 2001; Warner, 2015), or
also for spacecrafts (Marsh et al., 2001; Nishizawa
et al., 2013). A large number of groups worldwide are
working to develop an understanding of the local proc-
esses that occur during the charging/discharging of
such storage systems with the main purpose of opti-
mizing efficiency, power density, and life-time. A pleth-
ora of characterization tools are used with the
possibility to carry out in situ and in operando studies
of energy storage systems (Fell et al., 2012; Hardwick
et al., 2007; Harks et al., 2015; Mansour et al., 2010;
Nonaka et al., 2001; Ramdon et al., 2014; Sagane
et al., 2013; Shao, 2014). Presently, lithium ion bat-
teries (LIBs) are the systems most studied and indus-
trially relevant among the battery systems. Future
developments and performance optimization of bat-
teries depend critically on understanding the electro-
chemical reactions and degradation processes taking
place during cycling. Therefore, in situ studies of elec-
trochemical processes are necessary to follow the
structural transformations during cycling using vari-
ous characterization techniques, e.g. optical micros-
copy (Beaulieu et al.,, 2001; Rosso et al., 2006),
scanning electron microscopy (Chen et al., 2011; Orsini
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et al., 1998), transmission electron microscopy (Huang
et al., 2010; Liu and Huang, 2011; Yamamoto et al.,
2010), X-ray (Hatchard and Dahn, 2004; Li and Dahn,
2007; Obrovac and Christensen, 2004), neutron dif-
fraction (Roberts et al., 2013; Sharma et al., 2010; Peti-
bon et al., 2015), nuclear magnetic resonance
spectroscopy (Bhattacharyya et al., 2010; Key et al.,
2009, 2011), and Raman spectroscopy (Hardwick et al.,
2008; Long et al., 2011). Among these techniques, in
situ TEM provides the highest spatial resolution to
directly visualize dynamic processes following morpho-
logical changes along with structural and chemical
changes. In situ TEM studies require complex sample
geometries to, on one hand, fulfill the stringent
requirements for reliable TEM analysis and, on the
other hand, to provide the right environment for reli-
able observation of chemical reactions to correlate the
structural changes with the actual operating condi-
tions. A variety of TEM sample holders have been
developed over the last couple years to approach an
environment closely mimicking the actual operation
conditions of batteries (Bernal et al., 2015; Eswara
Moorthy et al., 2013; Miller et al., 2015; Uhlig et al.,
2003) inside a TEM. Despite this, the preparation of
an actual battery system and developing or employing
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the right imaging conditions, to prevent preparation
and beam induced artifacts still remains a challenge.

As an alternative to Li-ion batteries, alternative
technologies are investigated based on different chem-
istries using, e.g., sodium, magnesium or chloride ions
for charge transport in secondary batteries. Batteries
based on a fluoride ion shuttle (fluoride ion battery)
are an interesting alternative to Li-ion batteries as
they can theoretically provide substantially higher
volumetric energy densities compared to Li-ion bat-
teries. Recently, the principle of a secondary battery
based on a fluoride ion shuttle has been demonstrated
(Reddy and Fichtner, 2011). In addition, LIBs are gen-
erally operated under (semi) inert conditions, as the
individual components (cathode, anode and electro-
lyte) are typically air/moisture sensitive. For in situ
TEM studies, in most cases, liquid electrolytes are
used with specialized in situ liquid TEM electrochemi-
cal sample holders. However, recent studies (Abellan
et al., 2014; Gu et al., 2013; Leenheer et al., 2015;
Woehl et al., 2012) have shown that liquid electrolytes
are very sensitive to the electron beam as well as most
of the Li-rich electrode materials, thereby rendering it
difficult to separate electron beam induced damage/
changes and electrochemical effects during cycling.
Hence, an ideal battery system for in situ TEM studies
is one without the aforementioned critical aspects,
enabling to study only the dynamic processes due to
electrochemical cycling. For this purpose, the recently
developed fluoride ion battery (Reddy and Fichtner,
2011) is a good model system. The individual compo-
nents are not particularly air-sensitive and are stable
under the electron beam. A micron-sized all solid-
state fluoride-ion cell can be fabricated by FIB with a
geometry closer to the bulk cell setup compared to
other in situ TEM setups based on individual nano-
wires contacted by an ionic liquid (Liu and Huang,
2011; Liu et al., 2012; Su et al., 2013a,b; Wang, 2014;
Xie et al., 2014; Zamfir et al., 2013). Here, we show
the sample preparation of an all-solid-state fluoride
ion battery accompanied by in situ TEM studies of a
half-cell fluoride ion battery as a first step to follow
and understand the detailed electrochemical proc-
esses in fluoride ion batteries.

MATERIALS AND METHODS

The fabrication of a micron-sized cell from an all-
solid-state battery for in situ characterization is real-
ized by using focused ion beam techniques (FIB). The
starting full cell in pellet form consisting of cathode,
anode and solid electrolyte was pressed at 5 GPa from
powders (Fig. 1a). The pellet was prepared using a
composite of Mg, MgF,, C, and Lag 9gBag 1Fs 9 as anode,
a composite of Cu and C as cathode and Lag gBag 1Fs 9
as solid electrolyte. Both composites were prepared by
ball-milling of the corresponding compounds (Rongeat
et al., 2014). Lag ¢Bag 1Fs 9 was prepared according to
the method by M. Anji Reddy and M. Fichtner (Reddy
and Fichtner, 2011). The pellet for the battery testing
was prepared by assembling the powders in layers, fol-
lowed by compacting them. The thickness of the solid
electrolyte was chosen around 20-30 pm to prevent
local short-circuits. The micron-sized battery is milled
by FIB from the bulk battery and then mounted on a
MEMS device (Meng et al., 2011) with electrical Pt
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Fig. 1. Schematic of the all-solid-state battery and FIB preparation
of a cross section (a) full cell, (b) half-cell. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]

contacts on a SiN membrane. The micron-sized battery
is finally contacted by local Pt-deposition between the
electrical contacts and the anode/cathode materials to
enable electrochemical biasing. In addition, a half-cell
(Fig. 1b) is prepared analogously based on a Bi, C and
Lag gBag 1Fs 9 composite as cathode and LagoBag 1Fs g
acting both as electrolyte and fluoride ion source for
the in situ cell operation.

In this article, we describe the fabrication procedure
and discuss challenges like contamination during
metal deposition and porosity of the battery materials.
Large TEM lamellae with dimensions of ~70 X 35 X
10 pm® were milled incorporating the interfaces
(Anode-Electrolyte and Cathode-Electrolyte in case of
the full cell, Cathode-Electrolyte in case of the half-
cell) using conventional FIB TEM lamella preparation
methods (Jublot and Texier, 2014; Kuwano et al.,
2008; Mayer et al., 2007) (Figs. 2 and 3). The prepara-
tion was initially performed at 30 kV with an ion
beam current of 20 nA, followed by cleaning at 6.5 nA
ion-beam current. This milled battery lamella was
then mounted on a Cu lift-out grid on a flip stage
using an Omniprobe 200 system. The areas of interest,
the aforementioned interfaces, were thinned to about
100 nm thickness. The final thinning steps were per-
formed at 5 kV with 0.15 nA ion beam current. After-
wards, the thinned battery lamella was transferred
onto a MEMS device (Protochips E-AEK11). For load-
ing, the TEM lamella mounted on the flip stage was
tilted 90° and transferred using the Omniprobe micro-
manipulator onto the MEMS device. Prior to the
transfer, two Pt columns with dimensions of ~1.5 X
1.5 X 4 pm? are prepared on the contacts of the MEMS
device by ion beam induced deposition (IBID) to sup-
port and facilitate the mounting process. The IBID
parameters were 30 kV acceleration voltage, 48 pA
current and 200 ns dwell time. Afterwards, the
micron-sized cell is contacted by local Pt-deposition
between the electrical contacts of the MEMS device
and the electrodes of the cell to enable electrochemical
biasing (Figs. 3a and 3c¢).
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Fig. 2. Battery lamella on the copper grid, (a) side view after deposition the two Pt-protection walls,

(b) top view after initial thinning.

Fig. 3. (a) SEM image of the micron-size half-cell mounted on the
MEMS device, (b) STEM image of the thin area at cathode/electrolyte
interface of the half-cell, (¢) SEM image of the micron-sized full-cell

RESULTS AND DISCUSSION

During the various stages of the sample preparation
of a battery for in situ TEM investigation, a variety of
challenges arise to successfully produce an opera-
tional battery sample, e.g. the porous nature of the
pellets, contamination during metal deposition, con-
tact resistance and leakage currents. These aspects
are pivotal for the successful operation of an in situ
biasing experiment and are discussed in detail for the
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mounted on the MEMS device, (d and e) STEM images of the thin
areas at interfaces of the full cell. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

electrochemical biasing studies on the fluoride

battery.

Porosity of the Battery Materials

Generally, in a bulk battery, the ball-milled compos-
ite components for anode and cathode require an opti-
mum porosity to enable compensation of volumetric
changes during electrochemical cycling. However, for
in situ TEM measurements, which require a thin
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Fig. 4. (a) Cracks during lifting-out and thinning of a TEM lamellae from a porous battery (b) lamella

after pressing at 5 Gpa for 5 min.

lamella, porosity poses a huge problem affecting both
the mechanical stability and the interface-connectivity
in the electron transparent region of the battery
lamella. A compromise between porosity and stability/
conductivity of the battery-lamella is required for a
successful in situ TEM study. To obtain the required
porosity, the initially assembled powder based bat-
teries were further compressed at a pressure of ~5
GPa for ~5 min to produce a stable, dense battery with
good contact between neighboring grains as well as
between the electrodes and electrolyte (Fig. 4).

Contamination during Metal Deposition

Contamination of the battery lamella during electri-
cal contacting by Pt (or also W) deposition is a major
problem during FIB preparation (Duchamp et al.,
2014; Nan and Lung, 2013). Figures 5a—5d shows the
deposition of Pt and W “wires” with nominal dimen-
sions of 25 pm (length) X 1 pm (width) X 1 pum (height)
using ion beam induced deposition (IBID) and electron
beam induced deposition (EDID) inside the FIB. Both
the Pt and the W wires were deposited using the fol-
lowing parameters: current 1.6 nA, acceleration volt-
age 5 kV and dwell time 1.4 ms (EBID) and current 46
PA, acceleration voltage 30 kV and dwell time 200 ns
(IBID). In addition to the predefined areas for the
wire, deposition outside the wire is visible as bright
halos. For both the Pt and the W deposition the con-
tamination area around the wires was smaller for
EBID (~1 pm) compared to IBID (~17 um Pt, ~3.5 um
W). For conventional TEM sample preparation, this is
not critical, but for the in situ sample preparation, this
metal deposition might create an electrical contact
between the electrodes resulting in a short circuit of
the micron-sized battery. The probability of this to hap-
pen is much higher, if the size of the battery is small.
Preventing this is a prerequisite to obtain a functional
battery. Consequently, a MEMS (Protochips, E-
AEK11) device with a wide separation between the Pt
contacts has to be used (50 um, in the present case).

As an additional approach to reduce the metal con-
tamination during electrical contacting of the battery,
two Pt walls were deposited on cathode and anode

before performing the initial thinning. This aims
to reduce the flow across the active area of the bat-
tery and thus contamination/redeposition. The Pt-
protection walls were deposited vertically on the
lamella (Fig. 2a) and are about 300 nm wide and 7 um
high. After the deposition of the Pt-protection walls,
the area between the two Pt-protection walls was
cleaned using the Ga ion beam to remove any metal
deposition on the complete battery. This was per-
formed before thinning the area of interest at the
interfaces between the electrodes (Fig. 2b). With this
process we reduce metal contamination and redeposi-
tion during the later sample preparation stages. The
Pt protection walls were used to protect the micron-
sized battery from residual deposition during the con-
tacting. In addition, removing the SiN membrane
between the contacts also helped to reduce contamina-
tion by allowing free gas flow (Precursor gas from the
Gas Injection System, GIS) from the GIS around the
sample (Duchamp et al., 2014).

Contact Resistance

The conductivity of the metal contacts has to be suf-
ficiently high to prevent significant losses at the con-
tacts during the charging/discharging process of the
micro battery. Therefore, it is important to know
the resistivity of the metal deposited from the GIS on
the MEMS device. The aforementioned Pt and W
structures deposited by IBID and EBID were used to
measure and compare the resistivity of the resulting
metal wires (Fig. 6). A Keithley 2611A power supply
with a Protochips Aduro 200 in situ electrical TEM
sample holder was used running a voltage sweep of
100/150 mV and measuring the corresponding current.
The resistance of Pt deposited by EBID is 6 orders of
magnitude higher compared to that deposited by IBID
(1.88 MQ and 156 Q, Figs. 6a and 6b). A similar differ-
ence was observed for W, where the resistance was
0.135 MQ and 95 Q for EBID and IBID respectively
(Figs. 6¢ and 6d). Based on the nominal wire geometryé
the resistivity of Pt is calculated to be 7.5 X 10~
Qm ! (EBID) and 6.2 X 10 ¢ Q m ™! (IBID), in agree-
ment with previously reported results (Botman et al.,
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Fig. 5. (a) Pt deposited by e-beam, (b) Pt deposited by ion beam, (¢) W deposited by e-beam, (d) W
deposited by ion beam. [Color figure can be viewed in the online issue, which is available at wileyonline

library.com.]

2008; Brunel et al., 2011; Fernandez-Pacheco et al.,
2009; Lin et al., 2003; Mulders, 2014; Reguer et al.,
2008; Teresa et al., 2009; Vaz et al., 2008). The resistiv-
ity of the Wis 5.4 X 10 3Qm ! (EBID) and 3.8 X 10
Q m ! (IBID), also in agreement with previously
reported results (Horvath et al., 2006; Kanzaki et al.,
2011; Li and Warburton, 2007; Li et al., 2008, 2012;
Prestigiacomo et al., 2004; Reguer et al., 2008). The
resistance difference between the IBID and EBID tech-
niques can be partially attributed to differences in the
carbon content incorporated from the precursor system
into the wires in addition to some gallium incorpora-
tion (Jenkins et al., 1999; Koh, 1991; Langfischer
et al., 2002; Li et al., 2006; Melngailis, 1991). More-
over, there are other potential effects that could influ-
ence the conductivity such as density, where the IBID
wires are more denser than that deposited by EBID
(Tham et al., 2006), and also cross-linkage/carboniza-
tion level of the residual carbon or gallium incorpora-
tion. However, it is expected that the high carbon
content is the main factor changing the wire structure
from a percolating Pt or W network to isolated metal
nanoparticles, so that the conductivity switches from a
metallic conductivity to a “hopping” process.

Based on a SEM-EDX analysis, the Pt-IBID wire
consists of ~64 at% Pt and ~36 at% Ga with carbon
below the detection limit, while the Pt-EBID wire

Microscopy Research and Technique

consists of ~36 at% Pt and ~64 at% C. This Pt content
is higher than reported previously (Li et al., 2006; Lin
et al., 2003, 2004). As the electrical and structural
properties of the IBID or EBID deposited wires depend
on a number of factors such as beam current and
energy (Hoyle et al., 1994; Platen et al., 1992), scan-
ning conditions (Hiroshima and Komuro, 1997; Hoyle
et al., 1993), vacuum conditions (Utke et al., 2008) and
the precursor compound (Utke et al., 2008), it is not
surprising that the composition varies somewhat
between different setups. For the W-IBID wire we
measured ~44 at% W, ~18 at% Ga and ~38 at% O
with carbon below the detection limit, while the W-
EBID wire consists of ~23 at% W, ~33 at% C and ~43
at% O. The oxygen content in the W wires can be
attributed either to the rest gas in the vacuum system
(Melngailis, 1991), insufficient decomposition of the
W(CO)g precursor (Koh, 1991), or oxidation when
removing the test structure from the FIB.

For contacting the lamella on the MEMS device, two
Pt contacts with dimensions of 5 pm (length) X 2 pm
(width) X 1 pm (height) were used. The resistance of
two contacting Pt-EBID wires would be 375 kQ, while
it is only 31 Q in the case of Pt-IBID. This resistance
from the Pt-IBID structure is negligible compared to
the resistance the whole micron-sized battery (~1
MQ), whereas the Pt-EBID wires would have added
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Fig. 6. I-V curves and the resistance for (a) Pt deposited by e-beam, (b) Pt deposited by ion beam, (c)
W deposited by e-beam, (d) W deposited by ion beam. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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Fig. 8. I-V curve of the in situ electrochemical charging. [Color fig-
ure can be viewed in the online issue, which is available at wiley
onlinelibrary.com.]
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noticeably to the resistance. Therefore, we used IBID
for contacting the sample, even though the metal con-
tamination area is larger.

Leakage Current

Any leakage current through the MEMS device
leads to a higher charging current and gradual loss of
energy stored in the charged battery and thus to a
faster discharge than expected. This leads to varying
results of charging currents in in situ experiments.
Therefore, it is important to have low leakage cur-
rents, especially for characterizing the charged state
where it provides more time to perform additional
TEM characterization. The IV curves of the standard
MEMS (Protochips E-AEL11) devices and the new
high resistance MEMS (Protochips E-AEK11) devices
have been acquired using blank devices mounted in
the Aduro TEM holder at a vacuum level of 10~ 7 mbar.
A Keithley 2611 source meter and the Keithley control
software has been used to perform voltage sweeps
between —5 V and 5 V. The standard MEMS devices
from Protochips have resistances of ~30 MQ (Fig. 7a)

ZA=[1101]

Fig. 9. (a) The HRTEM micrograph and the corresponding FFT of the as prepared cathode, (b) the
HRTEM micrograph and the corresponding FFT of the cathode after charging. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

Microscopy Research and Technique


http://wileyonlinelibrary.com
http://wileyonlinelibrary.com
http://wileyonlinelibrary.com

M. HAMMAD ET AL.

As prepared
g After chargin
g
=]
=
]
&
i 8
a = .
) ik
& i @
- : = i
= - e a
- m o =
3 g 8
=3 T |
i 1 2
i e | @
o i o m )
& M = ] a
- o i = -
- N | i
LT P
4.0 4.5 5.0 5.5 6.0
1/nm

622
i
-
= |8
3
&
Z
]
c
2
=
Fig. 10.(a) SAED pattern of the as-prepared cathode

(Bi + Lag ¢gBag 1F2.9 + C), (b) SAED pattern of the charged cathode
(BiF5+(Bi)+LaggBag 1Fs9 + C), (c) the profile of the SAED patterns

while, the new high resistance MEMS devices have
resistances of ~1.5 GQ leading to leakage currents ~2
nA at 3 V (Fig. 7b).

Electrochemical Performance
of the Micron-sized Battery

Before performing the sample preparation for the in
situ studies, the as-prepared components of the fluo-
ride ion battery and ex situ cycled fluoride ion bat-
teries were investigated to study the effect of the
electron beam on the material. The results confirmed
that the fluoride ion battery materials are stable under
normal operation conditions, so that standard TEM
techniques can be used for imaging and analytical
TEM of the fluoride ion battery components. No dam-
age can be observed for the electrode materials, while
for the electrolyte, the critical dose where the
(002)LaF;, (120)LaFs, (032)LaF; reflections intensities
started to decrease was 1100 e/nm?s at 300 kV.

In addition, the effect of the electron beam current
on the measured current in the electrochemical circuit
was measured by positioning the electron beam in the
TEM on the electron transparent thinned areas, thick
areas and the Pt contacts of the MEMS device (Proto-
chips E-AEK11). For these measurements, a DC
voltage between 0 and 180 mV was applied on the
micron-size battery and the corresponding areas illu-
minated by the electron beam. The thickness of the
thinned and thick areas was ~100 nm and 6 pm,
respectively, while the thickness of the Pt contacts was
around 4 pym. The measured effect of the electron beam
during charging was ~0.5 nA, 1-2 nA, and 1-1.5 nA on
the electron transparent thinned areas, thick areas
and the Pt contacts respectively. They were found to be
negligible compared to the operating currents of the
fluoride ion battery.

All of the above indicates that the all-solid-state flu-
oride battery is a suitable system for demonstration of
in situ TEM electrochemical measurements. As a first

of the cathode before and after charging. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]

test, the electrochemical performance of a cathode
half-cell fluoride ion battery, consisting of Lagg¢Bag
Fs5 g as electrolyte and Bi + Lag gBag 1Fs 9 + C as a cath-
ode, has been biased inside an aberration corrected
FEI Titan 80-300 TEM using a Protochips Aduro
holder and a Keithley 2611 source meter.

The cathode half-cell was charged from 0 to 3 V over
a period of 1 h. The charging led to the formation of
BiF; at the cathode and a reduction of the Lag 9Bag 1Fo 9
in the electrolyte forming a full cell during the reaction.
Figure 8 shows the I-V charging curve of the half-cell
measured in situ in the TEM. The structural and chem-
ical modifications of the cathode and electrolyte du-
ring charging were characterized using BF-TEM and
selected area electron diffraction (SAED). From the BF-
TEM images and SAED studies of the cathode (Figs. 9
and 10), the formation of BiF3; could be confirmed,
which was absent in the as-prepared (discharged) state.
In addition, the expected change in the electrolyte dur-
ing charging could be observed, where reflections corre-
sponding to La and Ba were detected after charging.
The combination of the CV measurements and the
observed structural changes prove the local electro-
chemical reaction of the battery. Thus, this method of
sample preparation results in a working micron-size
all-solid state battery for in situ TEM studies, overcom-
ing the aforementioned challenges to a great extent.

CONCLUSION

Starting from a powder based all solid-state fluoride
ion battery; an optimized FIB based approach to pre-
pare a micron-sized battery for in situ TEM studies
has been shown in this work. This preparation has
been optimized for in situ TEM characterization by
overcoming major challenges such as porosity, metal
contamination and redeposition, leakage currents and
contact resistance. The sample preparation was per-
formed as a large area cross-section lift-out, which has
been transferred onto electro-contacting MEMS

Microscopy Research and Technique


http://wileyonlinelibrary.com

MICRON-SIZED ALL-SOLID-STATE FLUORIDE ION BATTERIES

(Protochips E-AEK11) devices. The sample geometry
and the contacting of the micron-sized battery on the
MEMS (Protochips E-AEK11) device have been
optimized to minimize the metal contamination and to
maintain reasonable conductivity of the contacts. The
successful battery preparation has been demonstrated
for a half-cell fluoride ion battery (LaggBag 1Fg o/Bi +
LaggBag 1Fo9 + C) showing the fluorination of Bi to
BiF3 and simultaneously the reduction of LaggBag
F5 9 to La and Ba during charging, following the charg-
ing process by CV and by electron diffraction.
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