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Improved Conflat Cell for Repeatable Electrochemical Testing

to 400°C
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Reusable electrochemical cells that can remain hermetically sealed to 400°C using commercially available and easy-to-machine
components are described. Unlike most other cell designs, cell sealing and electrode electrical isolation are decoupled, allowing for
consistent, low cost testing (~$2 in parts per cell rebuild) in a wide range of environments. Additional functionality (e.g. windows,
valving, sensors) can be incorporated without compromising cell performance. Examples using these improved Conflat cells for
extended room temperature testing and investigations of electrode phase transitions and accelerated electrolyte breakdown at elevated

temperatures are provided.
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Lithium-ion rechargeable batteries are the dominant reusable en-
ergy storage technology because of their performance and ease of use,
but safety and cost challenges persist. High profile fires triggered by
lithium-ion batteries highlight safety challenges in everyday use,' and
reflect the unsuitability of current lithium-ion technology for a number
of high value, harsh (e.g. high temperature) environments from outer
space to deep underground. Many applications require operation well
above 100°C.2? Standard electrochemical test hardware is unsuited to
testing at high temperatures (above 60—80°C).* Here we describe im-
portant improvements in cell design to enable reliable electrochemical
testing over a wide temperature range (up to 400°C).

Coin cells are a common lithium-ion electrode and electrolyte
material test platform.’> Coin cell sealing is achieved by plastically
deforming a polyethylene or polypropylene gasket. Gasket softening
limits the use of coin cells to below ca. 80°C for most electrolyte
solvents, or lower with volatile solvents such as tetrahydrofuran.®
Alternative gasket materials may offer slight sealing improvements at
higher temperatures.” Other approaches include embedding coin cells
within a high-temperature compatible epoxy.® However, coin cells can
deform with high internal pressure® and can be challenging to use with
in-situ techniques® and in three-electrode designs.'”

Swagelok cells offer more experimental flexibility as the seal-
ing ferrules and cell body are available in a variety of materials
(e.g. stainless steel, PTFE'"), and many different styles of connec-
tors (e.g. unions for two electrode measurements, tees for three elec-
trode measurements'?) and adapters (e.g. for gas monitoring'®) are
commercially available. However, electrical isolation between elec-
trodes requires either a plastic cell body or plastic-coated plungers,
and higher temperature testing is limited to 55°C.'>!* PTFE also
reacts with lithium at low voltages, a major issue when investigat-
ing negative electrode materials.® Swagelok cells incorporating metal
plungers embedded in alumina'> were successfully cycled at 100 and
150°C.'"%!" However, mismatched thermal expansion coefficients be-
tween the metal body, alumina sleeves, and metal plungers can limit
cell sealing performance at higher temperatures.

Conflat-style flanges can be used to achieve ultra-high vacuum
tight seals by impinging opposing knife edges in to a softer gasket
material. Conflat-style electrochemical test cells using stainless steel
flanges and PTFE gaskets were successfully demonstrated at 200°C;°
low voltage electrode materials were investigated using a custom-
machined flange separating the PTFE gaskets from the electrodes and
electrolyte. Additional PTFE was required between the steel flanges
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to ensure electrical isolation, preventing full impingement of the knife
edges and complete sealing of the cell. PTFE also softens considerably
at temperatures above 200°C. Commercial high-temperature compat-
ible designs incorporating other plastics (e.g. PEEK) are also limited
to 200°C.'81

All cell designs described above use the cell gasket for two pur-
poses - cell sealing, and electrical isolation. A modified Conflat-style
cell intended for molten sodium electrode cells used copper gas-
kets for cell sealing and commercial ultra-high vacuum compatible
feedthroughs for electrical isolation.”® Such a cell design can operate
at temperatures up to 300°C but lacks the ability to apply (or control)
stack pressure (typically 0.1-1 MPa normal to the electrode surface,
to mimic a tightly wound and tightly packed commercial cell).?!

Here we present an improved Conflat cell design that decouples cell
sealing and electrical isolation without compromising stack pressure
or cell performance. Glass-to-metal seals are the commercial standard
for primary high-temperature compatible cells (e.g. Li/SOCI, cells for
down-hole tools). Glass-to-metal Conflat adapters are commercially
available, can be used to maintain an ultra-high vacuum tight seal
to 415°C, and are compatible with aggressive electrolytes and low
and high voltage electrode materials. Furthermore, a wide range of
vacuum-tight accessories are available (including Conflat to Swagelok
adapters). Glass-to-metal Conflat cell performance at room and higher
temperatures is described below.

Experimental

Double-ended glass-to-metal Conflat adapters are the core com-
ponent of the improved Conflat cell described here. A schematic of
an adapter and all other cell components is provided in Figure 1.
Double-ended adapters were purchased from Larson Electronic Glass
(Redwood City, CA USA). All adapters consisted of two 54 mm (2-
1/8”) Conflat half nipples bonded together via a nominal 25 mm long
glass section. The inner diameter of the glass varied from adapter
to adapter between 21 mm and 23 mm. Two metal/glass combina-
tions with matched thermal expansion coefficients in a wide variety
of adapter lengths and diameters are available. The maximum operat-
ing temperature is limited by the mechanical properties of the glass,
glass-to-metal bonds, and gaskets.

Conflat flanges and the corresponding copper gaskets were pur-
chased from Nor-Cal Products, Inc. (Yreka, CA USA). Flanges were
sealed by impinging the Conflat knife edges into the gasket until the
flange edges were in uniform mechanical contact. Flange sealing was
performed using 1/4”-28 bolts and plate nuts (MDC Vacuum Products
LLC, Hayward, CA USA). Anti-seize tape (McMaster-Carr, Aurora,
OH USA) was applied to the bolts prior to assembly for cells operated
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Figure 1. Exploded view of the cell assembly. Components are labeled and
described in the text.

above room temperature. Uninsulated crimp ring terminals (Digikey,
Thief River Falls, MN USA) were placed between plate nuts and
the inner flange face to ease connection with alligator-clip terminated
wires. One end of each adapter was wrapped in electrically insulating
fiberglass tape (McMaster-Carr) for ease of handling on conductive
surfaces.

Internal cell components - a series of rigid stainless steel parts, a
Belleville spring, electrodes, and a separator - are shown in Figure 1.
This configuration is the same as standard coin cells but adapted
to the longer double-ended adapters. As there is a fixed distance
between the flanges when sealed, one can adjust the compression
of the Belleville spring by incorporating shims. Shims were selected
such that the Belleville spring was compressed by 0.254 mm (0.010”),
corresponding to a stack pressure of 0.8 MPa. Spring compression
was determined using feeler gauges between the adapter body and top
flange, and controlled within ~15 pm (0.0005”). Shims and spring
were constrained in custom machined cups for alignment and ease of
assembly.

All cells were assembled upright in an Ar-filled glove box main-
tained at <5 ppm H,O and O,. Li electrodes were punched from
brushed 0.102 mm (0.004”) thick lithium foil (Rockwood Lithium,
Charlotte, NC USA). Whatman GF/A glass filters (Fisher Scientific,
Hampton, NH USA) were baked at 400°C for 24 hours under flow-
ing argon, and stored in the glove box prior to use. Electrolyte was
introduced in two stages with 100 wL aliquoted below and above the
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Figure 2. a) Capacity and b) coulombic efficiency of a lithium/graphite Con-
flat cell as a function of cycle number. Instrument and channel numbers are
indicated.

separator. When required, electrolyte was incorporated into the sepa-
rator by momentarily evacuating the cell using a Conflat-to-Swagelok
flange, rubber Conflat gasket, a three-way valve, and the glove box
roughing pump. This method allows for direct control of the amount
of electrolyte in the cell, which can be important for quantifying elec-
trolyte breakdown.

Graphite electrodes were purchased from MTI Corp. (Richmond,
CA USA) and cycled using 1 M LiPF (battery grade, Sigma-Aldrich,
St. Louis, MO USA ) in ethylene carbonate (EC, 99%, Aldrich):
diethyl carbonate (DEC, 99%, Alfa-Aesar, Ward Hill, MA USA)
1:2 vol.:vol. electrolyte. 500 nm thick Al films were sputter-deposited
on to 16 mm dia. stainless steel spacers (MTI Corp.) and cycled us-
ing 1 M LiCIO, in EC:DEC 1:2 vol.:vol. or 1 M LiN(SO,CF;), in
EC : propylene carbonate (PC, 99.7%, Aldrich) 1:1 vol.:vol. elec-
trolyte. 200 nm thick sputter-deposited Si films were cycled using
1 M LiN(SO,CF3), in EC:PC 1:1 vol.:vol. electrolyte.

Electrochemical cycling was performed on two systems: an Arbin
MSTAT multichannel potentiostat with an incubator (Fisher) main-
tained at 25 £ 0.5°C, or at higher temperatures using a lab-built
multichannel system (“Vulcan”) with channel-dependent temperature
control. All cells were tested on their side (with both ends of the Con-
flat cell being supported by the heater). Vertical operation (as shown
in Figure 1, only one end supported by the heater) may further im-
prove electrolyte retention and cell performance. Cell temperatures
were verified by embedding a 1000 € Resistance Temperature De-
tector (RTD, Heraeus Sensor Technology, Hanau, Germany) within a
ceramic washer, replacing the active cell components with the RTD
assembly, and measuring the overall cell resistance as a function of
heater temperature.
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Figure 3. a) Potential vs. capacity and b) capacity vs. cycle number for a
Li-Al Conflat cell cycled at 90°C. Cell electrolyte is indicated.

Results and Discussion

Results from a Conflat cell with lithium and graphite electrodes
cycled near room temperature are provided in Figure 2. Cycles were
performed between 1.2 V and 5 mV vs. Li metal at a rate of C/10 with
a two-step trickle charge (C/20, C/40) on lithium insertion at 25°C
(cycles 1-30) or 30°C (cycles 31-40). Cycles 41-90 were performed at
arate of C/10 without trickle steps at 25°C. In total, cycles 1-90 were
performed over the course of 91 days. After a few cycles, cell capacity
was nearly constant at 5.05 mAh for the first 40 cycles (see Figure
2a). Eliminating the trickle insertion steps reduced cell capacity from
5.05 mAh to 4.85 mAh. Cell capacity subsequently faded by less than
0.1% per cycle after cycle 40. After more than 300 days of storage
in the lab, additional cycling at a rate of C/20 led to a capacity of
4.8 mAh.

Coulombic efficiency data corresponding to the capacity data
shown in Figure 2a) is provided as Figure 2b). Coulombic efficiency
(CE) values are shown on a log-linear-log scale to highlight the region
of interest (i.e. close to 100%).22> Almost all CE values are between
99.7-99.95%, and within experimental uncertainty of unity. CE val-
ues outside of this range after the first few cycles are due to switching
the cell between instrument channels. CE values also match capacity
retention values (~99.9% per cycle) over cycles 40-90. These CE
values are better than the 99.8% CE reported for similar coin cells
and 99.7% for similar Conflat cells sealed using (only low tempera-
ture compatible) HDPE gaskets.® Here, CE measurement resolution
is limited by uncertainty in test instrument current measurement; CE
values are limited by material performance, not by the cell. No effort
to optimize electrolyte composition, volume, or stack pressure was
made. Glass-to-metal Conflat cells with copper gaskets perform at
least as well as coin cells at room temperature, and can also operate
at higher temperatures.
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Figure 4. Potential vs. capacity data from a Li-Al Conflat cell cycled at 110°C.
Cell electrolyte is indicated.

Results from a lithium-aluminum cell cycled at 90°C are provided
in Figure 3. Cycling was performed between 1.2 V and 50 mV at arate
of C/5 for cycles 1-2.5 and at a rate of C/30 for cycles 2.5-5. Potential
vs. capacity data shown in Figure 3a) is dominated by flat plateaus
on lithium insertion and removal associated with the Li + Al <> LiAl
phase transition commonly observed at room temperature and ex-
pected from the equilibrium phase diagram.?* Reversible formation
of LiAl corresponds to a capacity of 990 mAh/g. Lithium insertion
and removal capacities corresponding to the data shown in Figure 3a)
are provided in Figure 3b). Lithium insertion capacities start to plateau
at ca. 1070 mAh/g before increasing to 1200 mAh/g when the cycling
rate decreases (and the duration of each cycle increases). Lithium re-
moval capacities are within 50 mAh/g of the expected value. Insertion
capacities above 1000 mAh/g can likely be attributed to Li consump-
tion due to solid-electrolyte interphase (SEI) formation. Changes in
the potential vs. capacity data shown in Figure 3a) above 0.5 V sug-
gest a small but increasing amount of lithium is being removed from
previously inaccessible/non-existent sites; changes below 0.2 V sug-
gest increasingly sluggish kinetics, even at 90°C. Both changes are
consistent with the growth of non-trivial SEI layer.

Results from a lithium-aluminum cell cycled at 110°C between
1.2 V and 10 mV vs. Li metal at a nominal rate of C/30 are pro-
vided in Figure 4. Two things are immediately apparent. First, the
insertion capacity has increased dramatically, to almost 7,000 mAh/g.
Second, at least two plateaus on insertion and three plateaus on re-
moval are apparent. New reactions (in addition to Li + Al <> LiAl)
are occurring at potentials below 200 mV. The equilibrium Li-Al
phase diagram contains multiple Li-Al phases (LiAl, Li;Al,, LigAly).
Electrochemical formation of LizAl, and LigAls has only been ob-
served above 400°C using molten salt electrolytes;>* slow diffusion
is thought to inhibit their formation at room temperature.”> The to-
tal lithium removal capacity of ~2200 mAh/g corresponds with the
expected capacity of LigAls (2250 mAh/g) but not with the relative
incremental capacities of LizAl, (1000 — 1500 mAh/g expected,
1000 — 2000 mAh/g observed) and LigAly (1500 — 2250 mAh/g
expected, 2000 — 2200 mAh/g observed). We are now performing
ex- and in-situ studies to identify Li-Al phases and phase transitions.
The bulk of the capacity shown in Figure 4 can likely be attributed to
electrolyte breakdown and SEI formation at low voltages.

Results presented in Figures 2 and 4 demonstrate long term cy-
cling of a Conflat cell at room temperature, and short term cycling at
intermediate temperatures, respectively. Long term cycling of a Li-Si
Conflat cell at intermediate temperatures (approximately 200 hours at
each of 50°C, 75°C, and 100°C, and 250 hours at 120°C, for a total
of ~850 hours) is presented in Figure 5. The Li-Si cell was cycled
between 1.2 V and 50 mV vs. Li metal for a total of 6 cycles at each

Downloaded on 2019-07-31 to IP 167.37.63.9 address. Redistribution subject to ECS terms of use (see ecsdl.org/site/terms_use) unless CC License in place (see abstract).


http://ecsdl.org/site/terms_use

Journal of The Electrochemical Society, 166 (2) A398-A402 (2019) A401

10000

410000 | .-
-20000

-30000

cycle 7, 75°C ——

Differential capacity (mAh/g/V)

- cycle 12, 75°C i
40000 cycle 13,100 °C - - - -
cycle 18, 100 °C
cycle 19,120 °C -------
-50000 - cycle 24,120 °C 1

0.1 1
Potential vs. Li/Li* (V)

Figure 5. Differential capacity curves for a Li-Si cell cycled at various tem-
peratures. The first (black) and last (gray) cycle at each of 75°C, 100°C, and
120°C are provided.

temperature; three cycles at a rate of C/7 followed by a galvanostatic
intermittent titration (GITT) cycle and two additional cycles at a rate
of C/7. Differential capacity curves from the first and last cycle at
each temperature (other than at 50°C, which is very similar to data at
75°C) are shown. A logarithmic scale is used on the horizontal axis of
Figure 5 for the sake of clarity. In general, differential capacity curves
maintain their shape; the insertion peak near 0.1 V shifts to higher po-
tential as the temperature increases, and then sharpens considerably
when the cycling temperature is increased from 100°C to 120°C. The
differential capacity peak at 130 mV at 120°C may correspond to the
formation of Li;3Sis, observed at 158 mV vs. Li metal at 415°C;¢
precise phase identification is ongoing, but the need and opportunity
for low voltage electrochemical testing at intermediate temperatures
is readily apparent.

Readers may note the change of electrolytes between data pre-
sented in Figure 3 (1 M LiClO, in EC:DEC, 90°C) and Figure 4
(1 M LiN(SO,CF;), in EC:PC, 110 °C). Li-Al cells with 1 M LiClO,
in EC:DEC 1:2 vol.:vol. electrolyte consistently failed (irregular volt-
age profiles, no Li removal capacity) when tested above ca. 100°C.
1 M LiN(SO,CF;), in EC:PC 1:1 vol.:vol. is expected to be stable to
higher temperatures.”” Reversible cycling of Li-Al at 90°C as shown
in Figure 3 also corresponded with increasing lithium consumption
over time, even though the underlying reaction (Li + Al <> LiAl)
did not change. Stable electrode phase transitions can thus be used
to measure electrolyte breakdown and SEI formation as a function of
time.

Results from a Li-Si conflat cell cycled between 1.2 V and 50 mV
is presented in Figure 6. The first 23 cycles were performed at 120°C
at arate of C/10, followed by one GITT cycle, and then two additional
cyles at arate of C/10. Five subsequent C/10 cycles were performed at
100°C. Test duration was 600 hours at 120°C and 100 hours at 100°C.
The first cycle insertion capacity was over 10,000 mAh/g and is not
shown - a first cycle irreversible capacity of 7,000 mAh/g can only be
reasonably attributed to electrolyte breakdown and SEI formation.

Lithium insertion and removal capacities shown in Figure 6 are in
line with the reversible formation of Li, Si (x < 3.75) at 3580 mAh/g.?
Uncertainties in gravimetric capacity are primarily due to uncer-
tainty in the thin film mass. Irreversible capacity drops quickly from
600 mAh/g on the second cycle to stabilize at approximately 150
mAh/g per cycle for cycles 10-20. High insertion capacity and low

4500 T T
insertion —x—
removal —8—
4000 - R
&)
~
<
g 3500 R
>
b~
2
s 3000 R
]
(6]
2500
120 °C » 100 °C —»
1 1 1 1 1
0 5 10 15 20 25 30

Cycle number

Figure 6. Capacity vs. cycle number for a Li-Si cell cycled at 120°C and
100°C as described in the text.

removal capacity during the 150 hour GITT cycle implies additional
Li consumption and SEI growth. Once the operating temperature was
reduced to 100°C, irreversible capacity quickly stabilized to approx-
imately 70 mAh/g per cycle. Excluding the GITT cycle, lithium re-
moval capacity faded by approximately 15 mAh/g per cycle.

An irreversible capacity of 150 mAh/g would quickly lead to ca-
pacity fade in a balanced cell; this cell was very unbalanced. However,
the underlying capacity fade of the electrode material was an order
of magnitude lower than the irreversible capacity. One can therefore
use materials systems with known capacities (e.g. lithium-silicon) or
distinct phase transitions (e.g. lithium-aluminum) as platforms for
accelerated electrolyte degradation.

Cycling results above 120°C are not presented for two reasons.
First, electrode and especially electrolyte failure was very pronounced
at 120°C. Electrolyte breakdown was so significant that breakdown
products become visible through the electrically insulating glass
spacer, as shown in Figure 7. The glass spacer provides an oppor-
tunity for in-situ measurement of electrolyte breakdown products and
SEI characterization. Conflat flanges with optical, infrared, or X-ray
transparent windows are also commercially available. Second, 120°C
is close to the melting point of Li (181°C); molten lithium cannot
support any stack pressure. We are investigating the use of use pre-
lithiated materials (e.g. LiAl foil) for testing electrode and electrolyte
materials over a wide range of temperatures. Glass-to-metal Conflat

Figure 7. Image of Conflat cell after extended cycling at 110°C. Electrolyte
breakdown products are visible (black, within white dashed circle, and inset
solid circle).
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cells without temperature-sensitive components have been tested up
to 325°C, limited only by our available heater power and thermal
insulation.

Conclusions

Glass-to-metal Conflat cells, introduced here, enable researchers

to measure the performance (and limits) of electrode and electrolyte
materials over a wide range of temperatures. Decoupling cell sealing
and electrical isolation by using copper gaskets and glass-to-metal
seals allowed for extended cycling at low, intermediate, and high tem-
peratures with various electrolytes and negative electrode materials.
Opportunities for metastable phase transitions and advanced elec-
trolyte characterization (including direct observation of electrolyte
breakdown products) are discussed.
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